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Studies of both normal and disease state physiology require the visualization of multiple 

cells and cell types simultaneously. Multiphoton microscopy has enabled researchers to 

visualize fluorescently-tagged cells with subcellular resolution in live animal models of 

disease, overcoming the optical-scattering effects of tissue. However, most multiphoton 

microscopes only provide two or four color channels, limiting the number of fluorescent 

labels, and thus cell types, that can be simultaneously imaged. 

 This thesis describes the development and demonstration of a hyperspectral 

multiphoton microscope that enables simultaneous visualization of multiple cell types. 

Three laser excitation sources are multiplexed with multiple detection channels, each 

providing improved spectral detection through the use of angle-tuned bandpass filters. 

The detection system was designed to provide efficient detection of highly-scattered 

light from tissue while minimizing the impact of scattered light on spectral resolution. 

We demonstrated the ability of the instrument to image multiple, spectrally-similar 

fluorescent labels, and developed methodology to post-process data to generate images 

with each fluorescent label clearly separated and indicated with a unique color in a 

composite image. 

 We demonstrated hyperspectral imaging and spectral separation of ten 

overlapping colors of fluorescent beads, up to seven fluorescent labels in live cells, and 

five labels in live mouse cortex. In addition, we demonstrated multicolor labeling 



 

techniques enabling identification of morphologically-similar cells based on color 

“hue”, and characterized color variability using the spectral capabilities of the 

microscope. 

 In other work in this thesis, we explored third harmonic generation for label-free 

visualization of myelinated nerves over large viewing areas for eventual surgery room 

applications. Nerves are notoriously difficult to see in the surgical field, and nerve 

injuries are a common cause of post-surgery morbidity. Third harmonic generation has 

been established as an excellent tool for myelin visualization, but the requirements for 

a high zoom microscope objective have limited the area of imaging to areas too small 

for surgery room use. We demonstrated third harmonic generation imaging in both 

mouse sciatic nerve and rat cavernous nerve on the prostate with low-zoom, low 

numerical-aperture objectives, and found that myelin produces less signal than fat 

deposits, potentially limiting the utility for nerve visualization in areas with high fat 

content. 
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CHAPTER 1 

INTRODUCTION 

 

This thesis is an ambitious attempt to describe the sheer magnitude of concepts learned 

over the course of a PhD. Although far from complete, it summarizes my work in the 

development of novel methods for multicellular visualization in live animal models, the 

characterization of a nonlinear optical microscopy (third harmonic generation 

microscopy) for visualization of nerves during surgery, and multiple fellowships for 

science outreach and commercialization of technology. 

 Chapter 2 begins with an introduction to fluorescence microscopy for biological 

studies and continues by describing the basics of multiphoton microscopy and its impact 

on studies of normal and disease-state physiology in rodent models of disease. It 

continues by detailing key design elements in a multiphoton microscope, and ends with 

a discussion on fluorophore selection considerations and a section on the effects of 

tissue optical scattering on image formation. 

 Chapter 3 is a thorough overview of current methods for multi- and 

hyperspectral detection in fluorescence microscopy. It begins by discussing the basic 

concepts behind hyperspectral imaging and data processing. It continues by discussing 

several general approaches for multiplexed imaging, including multiple detection 

channels, dispersion and tunable detection, and multiple excitation sources. This chapter 

sets the stage for the following chapter on hyperspectral multiphoton microscopy. 

 Chapter 4 describes my work on developing a hyperspectral multiphoton 
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microscope. The chapter details the microscope design and construction, in addition to 

tests verifying the instrument performance. It continues by describing the results from 

demonstration experiments, including spectral imaging of ten colors of fluorescent 

beads, live cells expressing multiple, fluorescently-labeled subcellular features, and 

multiple, multi-color preparations in live mouse cortex. 

 Chapter 5 describes preliminary results for a study characterizing third harmonic 

generation (THG) microscopy for peripheral nerve visualization during surgery. In most 

surgeries, nerves are difficult to see relative to other structures, and imaging modalities 

that highlight the nerve clearly, with a large imaging area, would allow surgeons to 

avoid nerve damage. We demonstrated THG signal generation in both sciatic nerve and 

rat prostate cavernous nerve with ~2.5 mm fields-of-view, but ascertained that fat 

deposits generate enough signal to obscure the dimmer signal from the fatty myelin-

sheathe surrounding nerves. This chapter also includes a protocol on gaining optical 

access to the cavernous nerve on rat prostate, learned through training at Dr. Arthur 

Burnett’s lab at Johns Hopkins University.  

 Chapter 6 describes an inquiry-based curriculum module I designed during a 

year-long National Science Foundation GK-12 teaching fellowship. I partnered with a 

local high school physics teacher to develop three modules introducing students to lens 

properties, lens systems through the construction of telescopes, and exploration of 

vision with the human eye, using custom-made human eye models. Students had the 

opportunity to cause “defects” in the eye, such as myopia (near-sightedness) and learn 

how these defects are optically resolved. 

 Chapter 7 describes another inquiry-based curriculum module, co-authored with 
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another student in the lab. This module allows students to explore the vein system in 

leaves using fluorescence imaging, and it is designed to introduce open-ended, inquiry-

based learning in a short time period. This activity has been implemented yearly by our 

lab, and continues to draw students’ interest toward the concept of using light to explore 

biology. 

 Chapter 8 describes my experience in a newly-offered PhD Technology 

Commercialization Fellowship from the Cornell College of Engineering and Johnson 

Graduate School of Management. With the aid of several seasoned entrepreneurs, I 

explored commercialization of the hyperspectral multiphoton microscope technology 

described in Chapter 4. Through this experience, I found an interest in product 

development and developed a sense for public perception of multiphoton microscopy. 

 Finally, Chapter 9 summarizes the key findings described within this thesis, and 

proposes a number of future directions for the hyperspectral multiphoton microscope. 
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CHAPTER 2 

MULTIPHOTON MICROSCOPY 

 
This chapter begins by describing the relevance of fluorescence imaging for biological 

studies and the value of in vivo imaging for the study of disease mechanisms. It then 

continues with a brief introduction to multiphoton imaging and its applications before 

fully describing the underlying physics and critical design parameters for a multiphoton 

microscope. The chapter concludes with a discussion on fluorescent label selection and 

the effect of optical scattering on detection methodology. 

 

2.1 Fluorescence Imaging for Biological Studies 

Tissue is composed of a complex network of cell types, chemicals, and extracellular 

scaffolding. To begin to understand both normal and disease-state physiology, it 

becomes necessary to visualize the intercellular dynamics that drive these processes.  

Fluorescence microscopy has become the tool of choice for biological researchers, 

enabling targeted visualization of structures ranging in size from individual molecules 

to large tumors in entire small animals. The value of this generalized technique is 

evident in the large number of technologies that have been developed in recent years to 

further expand its capabilities [see [1] for an in-depth technical review]. Its key strength 

relies on the ability to specifically label a structure of interest with fluorescent labels. 

With ultraviolet light or laser excitation, labeled structures fluoresce and provide high-

contrast images that differentiate them from surrounding cellular or tissue components.  

Over the last several decades, scientists have developed fluorescence 
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microscopy from a simple observation tool to a highly-quantitative technique. 

Quantities such as molecular kinetics [2, 3], pH [4, 5], and calcium transients [6, 7], 

among many others, may be indirectly measured through changes in fluorescent signal. 

Labeling multiple cell types in cell cultures or tissue slices leads to measures of cell 

proximity, density, expression, and distribution. These metrics are being used to unravel 

complex disease processes, such as tumor initiation and progression [8, 9], and 

inflammation in disease or injury states [10–13], among many others.  

 The model chosen to study these complex cellular interactions has a great 

influence on the types of visualization techniques that may be used. In vitro is one of 

the easiest for controlled scientific studies, as the entire cellular environment can be 

tightly controlled. Fluorescent imaging of fluorescently-tagged cells in cell culture 

dishes is straight-forward, and can easily be scaled for high-throughput applications 

such as drug screening. Although methods have generally improved, especially in the 

field of toxicology [14], it is impossible to fully mimic the true tissue environment in 

its complexity within a culture model, so results may not translate to tissue or whole-

animal results [15].  

Ex vivo tissue, such as histological sections, arguably provides a more accurate 

representation of the tissue environment. Although they may be distorted by the tissue 

processing, most of the cell types involved in the mechanism of interest are present and 

visually accessible. In addition, human tissue may be extracted via biopsy or autopsy, 

providing human-specific information. Fluorescence imaging of tissue slices labeled 

with fluorescent antibody conjugates or dyes is also relatively straight-forward and 

upscale-able, although more time-consuming if many tissue slices are required. 
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However, the inherent limitation of ex vivo studies is that they fail to capture the 

dynamic complexities of a mechanism. They provide a single snapshot of the process, 

which may not show the critical time points or cell types involved in the mechanism, or 

worse, misrepresent the mechanism entirely. 

 In vivo imaging provides the most biologically-relevant results, as studies take 

place in the native tissue environment, involving all the cell types and structures critical 

to understanding a full disease mechanism. Blood flow and nutrient distribution 

continue throughout the experiments, maintaining normal physiology. In addition, for 

chronic experiments, the same cell types may be observed time and time again, tracking 

cell dynamics over a period of weeks or months [16, 17]. Not only does this remove 

animal-to-animal variability in animal studies of disease, but it also minimizes the 

number of animals that must be used for studies as they do not need to be sacrificed for 

each study time point. Although there is an ongoing debate on the translatability of 

results in animal models to humans [18, 19],    results from animal studies are regularly 

used in the research and pharmaceutical industry to identify new drug targets, promising 

drug candidates, and potentially toxic drug effects. However, imaging in vivo is difficult 

due to the opacity and thickness of tissue and requires specialized approaches to image 

at tissue depths and resolutions that provide relevant experimental results. 

 

2.2 Two-Photon Excitation Microscopy for Biological Imaging 

2.2.1 Two-Photon Microscopy Basics 

In 1990 at Cornell University, Denk et al. [20] developed a fluorescence technique 

called two-photon excitation fluorescence (2PEF) microscopy that enabled sub-micron 
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resolution imaging of fluorescently-tagged structures deep in live, light-scattering 

tissue. This technique has gained traction over the years, and is now the tool of choice 

for cellular visualization for in vivo studies in animal models [21, 22]. 

 The primary strength of 2PEF is its ability to overcome tissue scattering through 

inherent optical sectioning. Optical sectioning describes the ability of a microscope to 

provide in-focus images of a plane in a three-dimensional (3D) sample, without 

requiring physical sectioning of the sample. In wide-field fluorescence microscopy, the 

entire field of view (FOV) is illuminated by an ultraviolet (UV) source which generates 

fluorescence throughout the sample. The sample is “imaged” with a microscope 

objective that replicates the image on a viewer’s retina or a camera. If the sample is too 

thick (i.e. more than a few cells thick), fluorescence is generated everywhere structures 

are labeled, and the image that is acquired contains signal from all depths. This leads to 

a blurry image where individual cells are unresolvable.  

One method to get around this and achieve optical sectioning is by using line-

scanning microscopy, where an excitation laser is focused into the sample and scanned 

in two dimensions using galvanometer scan mirrors. Confocal line-scanning microcopy 

(CLSM) achieves optical sectioning by placing a pinhole at the conjugate plane of the 

objective focus, rejecting any light that does not originate from the focal volume within 

the sample. A z-stack, or 3D image, is generated by scanning this small focal volume 

throughout the sample and collecting the fluorescence signal corresponding to each 

position. In transparent, or thin samples, most of the photons detected by the microscope 

objective have a ballistic trajectory, traveling a straight distance from the focal volume 

to the front aperture of the objective. However, in thick samples, such as living tissue, 
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photons experience multiple scattering events on their way back to the objective. In 

CLSM, this causes many signal photons to violate the assumption that photons 

originating from the focal volume map to the pinhole, and signal is quickly lost as a 

function of depth (~100 µm maximum depth in mouse cortex).  

2PEF provides optical sectioning through nonlinear excitation of fluorophores. 

Although this is described at greater depth in the next section, in summary, excitation 

only occurs in the small, sub-micrometer focus of the microscope objective. Because 

out-of-plane fluorescence is never generated in the first place, all photons that are 

detected are attributed to the current location of the focal volume. This can be paired 

with a line-scanning microscope to generate 3D images of all fluorescent structures. 

This technique has been used extensively for in vivo studies, and has unearthed 

a number of structural and cellular dynamics that would have been impossible to 

elucidate outside the living tissue environment. One example is the measurement of 

blood flow in small capillary beds and arterioles/venules. These vessels are too small to 

image effectively with common techniques such as arterial spin labeling magnetic 

resonance imaging (MRI) and laser speckle imaging, but are clearly visible via 2PEF 

and critical to neurovascular studies [23–28]. The field of immunology especially 

benefits from the capabilities of 2PEF, as cell migration, inter-cellular interactions, 

chemical signaling, and cellular locations in specific anatomical locations (such as 

lymph nodes, injury sites, metastatic sites, etc.), are critical in understanding the 

underlying processes [29, 30]. In animal models of disease, researchers have elucidated 

the mechanism of cerebral malaria [31], visualized influenza infection in the trachea 

and the resulting T-cell response [32], identified a potential reduction in blood flow that 
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when corrected, leads to restored memory in Alzheimer’s disease (Schaffer-Nishimura 

lab, in preparation), and studied in vivo kidney function [33]. This is only a small subset 

of the advancements made with 2PEF as a tool, and researchers continue to explore new, 

complex cellular mechanisms in vivo that would be impossible to view otherwise at this 

scale. 

The following sections discuss the generation of a two-photon signal and other 

nonlinear techniques to create optical contrast, the key components to a two-photon 

microscope, and considerations when designing instrumentation and experiments for in 

vivo two-photon experiments. 

 

2.3 Multiphoton Signal Generation 

2.3.1 Two-Photon Excitation Fluorescence 

Two-photon excitation is a nonlinear absorption process, involving the absorption of 

multiple excitation photons to excite a single fluorescent molecule. Linear excitation of 

a fluorophore requires the absorption of energy (in this case, a laser photon) to excite 

the molecule from its low energy ground state to a higher energy state (Fig. 2.1a) The 

energy of the photon, must be equal to or greater than the energy difference between the 

two states. Once the fluorophore is in an excited state, it spontaneously decays to the 

ground energy state, releasing that energy in the form of a signal photon. However, in 

two-photon absorption, two photons from a laser source at twice the wavelength are 

simultaneously absorbed by a fluorophore to achieve the same excitation (Fig. 2.1b). 

This dependence on the absorption of two photons leads to an increase in fluorescence 

signal intensity (Is) that scales as the square of the laser excitation intensity (IL), 
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Figure 2.1 – Simplified Jablonski diagrams illustrating multiphoton energy 
transitions 
a) Simplified Jablonski diagram of linear absorption and emission of a fluorophore. An 
absorbed energy photon (blue) excites the molecule from a ground state (S0) to an 
excited state (S1). The molecule spontaneously relaxes and emits a photon at a slightly 
longer wavelength (green). b) Two-photon absorption and emission of a fluorophore. 
Two photons combine to reach the excited state. c) Second harmonic generation (SHG) 
requires simultaneous excitation of a non-centrosymmetric molecule to a virtual state. 
A photon half the wavelength (blue) of the excitation photons is emitted. d) Third 
harmonic generation (THG) requires excitation with three long-wavelength photons to 
produce a photon at one third the wavelength. 
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𝐼" ∝ 𝐼$%.   [Eqn. 2.1] 

The near-simultaneous absorption of two laser photons, within ~10-16 s of each 

other [22], requires high photon flux through a volume. Using a high energy, continuous 

wave (CW) laser source is impractical, even when focused through a microscope 

objective to a small focal volume. With a CW source, average power is high and leads 

to immediate thermal damage in biological samples at the intensities required to induce 

two-photon absorption. However, by using a femtosecond pulsed laser with high peak-

power to introduce a high photon flux, but low average-power source to minimize 

sample damage, significant signal generation is achieved. Excitation is restricted to the 

microscope objective focal volume, as laser intensity attenuates rapidly outside the 

focus (Fig. 2.2). Increasing laser repetition rate, using a higher numerical aperture (NA) 

objective (to constrain the focal volume further), decreasing pulse duration, and 

increasing peak power all lead to an increase in two-photon generated signal. 

 

2.3.2 Second Harmonic Generation and Third Harmonic Generation 

Although 2PEF depends on exogenous dyes or transgenic strategies for labeling, 

second and third harmonic generation (SHG and THG, respectively) primarily leverage 

intrinsic material properties to generate images. SHG relies on the 𝜒 % (2𝜔;𝜔,𝜔) 

susceptibility tensor, converting two photons at the fundamental frequency into a single 

photon at twice the fundamental frequency (Fig. 2.1c). The 𝜒 %  coefficient only exists 

for non-centrosymmetric molecules, such as highly-organized tissue structural 

components like collagen and myosin [34]. On the other hand, all materials have a non-

vanishing 𝜒 - coefficient which may be exploited by THG. Similar to SHG, in THG   
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Figure 2.2 – Linear and two-photon fluorescence generation in a cuvette of dye 
With linear, or one-photon excitation, fluorescence is generated everywhere the laser 
propagates (left). Signal increases proportional to the laser intensity. With two-photon 
excitation, fluorescence is generated only in the microscope objective focal volume, 
providing automatic optical sectioning at the focal plane. Signal increases proportional 
to the square of the laser intensity. Image used with permission from the Chris Xu lab 
at Cornell University.  
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three photons at the fundamental laser frequency are converted to one photon at three 

times the fundamental frequency (Fig. 2.1d). The signal generated is proportional to the 

𝜒 - (3𝜔;𝜔,𝜔, 𝜔) tensor and the cube of the laser intensity. Signal generation occurs at 

bold optical interfaces, such as lipid bodies and myelin in the central nervous system 

[35]. 

The term “multiphoton” refers to imaging that utilizes a number of nonlinear 

processes. Throughout this thesis, two-photon and multiphoton are used 

interchangeably.   

 

2.4 Multiphoton Microscopy 

The layout of a multiphoton microscope is optimized for two specific purposes: 1) to 

deliver a femtosecond pulsed laser beam to the sample to maximize multiphoton signal 

(the excitation path), and 2) collect that signal from a sample as efficiently as possible 

(the detection optics). Figure 2.3 shows the basic layout of a standard two-channel 

multiphoton microscope and should be referred to throughout this section. Briefly, a 

laser is raster scanned through a scan-tube lens combination onto the back aperture of a 

microscope objective. The objective focuses the excitation laser into the sample to 

generate localized 2PEF. Emitted sample fluorescence is collected from the sample 

using the same objective, and routed to the detection optics via a primary dichroic mirror 

that allows laser light to pass through but reflects the shorter-wavelength fluorescence 

generated from the sample. Another dichroic mirror divides the fluorescence light into 

two spectral bins (green and red, for example), that is sent to two separate detection 

channels consisting of a color filter and a photomultiplier tube (PMT). We go through  
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Figure 2.3 – Basic multiphoton microscope layout 
A femtosecond pulsed laser source is routed into a scan system, consisting of 
galvanometer scan mirrors and a scan and tube lens. This provides x-y raster scanning 
for imaging creation. The laser light passes through a longpass dichroic mirror, with a 
cutoff wavelength between the laser excitation wavelength and the emitted 
fluorescence. The microscope objective focuses the laser into the sample, fluorescence 
is generated, and collected by the objective. The primary dichroic reflects the emitted 
fluorescence to detection optics. A secondary dichroic divides the fluorescence into two 
broad color channels, filters further select fluorescence particular to the labels used, and 
photomultiplier tubes (PMTs) integrate the photon signal. 
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each element and key design choices for each 

 

2.4.1 Laser Excitation Source 

As mentioned before, the laser source needs to provide short, high peak power pulses 

for optimal 2PEF signal generation. In addition, fluorophore excitation requires the 

ability to change the laser wavelength for the brightest fluorescent signal. Having the 

ability to tune wavelength allows the microscope user to take advantage of broad two-

photon excitation spectra and excite several fluorophores with the same laser source. 

Typically, Titanium:Sapphire (Ti:Sapph) lasers are used based on their short pulse 

duration (50-300 fs), tunability (~680-1020 nm), and relative ease of use. A number of 

manufacturers, particularly Coherent, produce turn-key systems favored by researchers 

for this purpose. Ytterbium-doped fiber (Yb:fiber) sources (Amplitude Systèmes and 

IMRA) provide a fixed wavelength solution (~1040 nm) preferable for excitation of red 

proteins. 

 Of particular importance when choosing a laser, is the laser repetition rate and 

pulse energy. A dim dye, with a low two-photon cross section (a measure of how bright 

it fluoresces when two-photon excited, in units of Goeppert-Mayer, or GM) requires 

high energy, while bright dyes perform well at low energy and a wider range of 

repetition rates (Fig. 2.4). Having a high pulse energy eventually leads to ablative 

damage, a nonlinear process that causes instantaneous ionization of material in the laser 

focus. A combination of high laser repetition rate and power leads to thermal damage, 

which must be avoided for biological studies. Therefore, a laser with a repetition rate 

between 1 MHz and ~100 MHz is suitable for simultaneous excitation of both dim and  
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Figure 2.4 – Characterization of signal generation for bright and dim dyes as a 
function of laser pulse energy and repetition rate 
The boundaries of this diagram show the signal generation extremes for dim dyes (0.5 
GM cross-section) and bright dyes (100 GM cross-section). Lower dashed lines 
represent the lowest pulse energy possible to generate a signal, and dark lines represent 
dye saturation. The diagonal dashed line represents thermal damage, where excess laser 
energy is absorbed by the tissue, and the bold line at the top represents ablative damage, 
where tissue is ionized within the focal volume. Choosing parameters in the purple 
region enables simultaneous imaging of bright and dim dyes without saturation or lack 
of signal. Used with permission from Matthew Farrar, “Nonlinear optical techniques for 
imaging and manipulating the mouse central nervous system,” PhD thesis, Cornell 
University, 2012, ProQuest (AAT 3531021).  
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bright dyes, with care not to saturate bright dyes. 

In addition, consideration must be given to the optics used to route the laser 

source. A pulse short in time contains many wavelength components, typically a 

Gaussian profile with a bandwidth of ~50 nm. As the beam travels through glass, bluer 

wavelengths travel faster than red wavelengths, leading to pulse stretching. This effect 

is known as dispersion. To compensate for dispersion, compressor optics may be placed 

outside of the laser, between the laser and the sample. Compressor optics consist of a 

beampath with multiple passes through prisms, effectively pre-compressing the 

compensate for the dispersion introduced by the downstream optics. Some lasers have 

these optics built into the system, and dispersion compensation can be tuned based on 

the specific microscope configuration. 

 Before the laser is routed to the microscope, either an electro-optic modulator 

(EOM) or a combination of waveplates and polarizing beamsplitter cubes is used to 

provide continuous tuning of laser power delivered to the microscope. The experimenter 

needs to set the laser power to maximize signal without saturation or thermal tissue 

damage, and vary power based on imaging depth. 

 

2.4.2 Scan Mirrors and Tube/Scan Lens 

As 2PEF only occurs within the focal volume, this volume must be scanned throughout 

the sample to generate an actual image. Typically, galvanometric scan mirrors are used, 

with two orthogonal small mirrors each attached to a small rotating motor, providing 

custom control of scan patterns by controlling each independent motor. When routed 

through a telescope for beam expansion (termed the scan and tube lens), the angular 
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direction of the laser beam is mapped to the back aperture of the microscope objective. 

This translates to various positions in x and y in the FOV of the microscope objective. 

In order to achieve the best resolution from the microscope objective, the beam must 

overfill, or be larger than, the back aperture of the objective. The larger the scan mirrors, 

the easier it is to magnify the beam to the correct size, but the slower the image 

acquisition speed since the mirrors themselves provide more inertia. To capture cellular 

dynamics in vivo, an image line speed of approximately 1 kHz is recommended. Another 

option is to use resonant scan mirrors, which oscillate at a fast, but fixed speed. 

 

2.4.3 Microscope Objective 

The choice of microscope objective depends greatly on the experiment itself. For 

optimal resolution, a high NA (implying a small focal volume) is preferred. Since the 

same objective is used for detection, the wide cone of acceptance angles from the sample 

increases the ability to collect signal diffusing from the sample. However, this high NA 

implies a tradeoff in terms of a small working distance that is difficult with many 

biological samples, and a small FOV. Very high NA objectives also often require oil 

immersion, which is often incompatible with live animal preparations. Another option 

is to use a low NA objective, which provides a wide FOV, but low resolution and 

detection efficiency. Most multiphoton users that experiment with live animal 

preparations often use a low NA (low magnification) objective to create a large FOV 

“map”, and then a moderately high NA objective with a long working distance and water 

immersion to perform detailed imaging. 

 A key feature to pay attention to, when choosing an objective, is its transmittance 
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of both visible and near-infrared wavelengths. An objective with high transmission 

across this range (~350–1100 nm) limits laser attenuation through the objective and loss 

of signal light from the sample. 

 

2.4.4 Sample Stage 

The scan mirrors provide x-y translation, but the sample itself (or the microscope 

objective, in certain setups) must be translated in the z-axis. Most multiphoton setups 

have a three-axis motorized stage for the sample, enabling rapid adjustments of overall 

sample position beneath the objective and small, finely-tuned, micrometer-level 

adjustments during imaging. For experiments involving elaborate sample paraphernalia 

(patch clamp, incubator, live animal maze/wheel, etc.), a large area beneath the 

microscope itself is required. 

 

2.4.5 Detection Optics 

Detection optics for multiphoton microscopes typically consist of only a few elements. 

Fluorescence is only generated at one point in the sample, so the detection system must 

simply collect as much light as possible from the focal volume and map it to the right 

color detector. The position of the focal volume is controlled by a signal to the scan 

mirrors, so software attributes the signal to the right pixel. A long-pass dichroic mirror 

placed directly above the microscope objective diverts visible-wavelength fluorescence 

from the sample toward the detection optics, while allowing laser excitation light to pass 

through. To block any laser light that may scatter into the detection optics pathway and 

saturate the detectors, a short-pass blocking filter is typically placed at the entrance of 
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the detection optics, or in front of each detector,  

 The detectors typically consist of photomultiplier tubes (PMTs), due to their 

sensitivity (individual photon counting) and relatively high quantum efficiency (~40%). 

Because PMTs saturate easily, the microscope is typically light-shielded, and imaging 

performed in a dark room. However, these detectors are not wavelength sensitive, and 

require optics to select the correct color for detection. In a two-channel microscope, a 

secondary long-pass dichroic divides the emission light into two color channels, and a 

glass filter placed before the PMT has a bandpass matching the emission profile of the 

fluorophore of interest. Dichroics and filters are chosen to independently detect each 

color as much as possible, and avoid light leakage between the channels for clear color 

discrimination. Other channel optics such as lenses collect the fluorescence from the 

objective and focus the fluorescence on the relatively small active area of the PMT. As 

every photon contributes to signal, high efficiency is critical in the design of detection 

optics. 

 

2.4.6 Electronics and Software 

The PMTs provide a low level current output, which is converted to a voltage and 

amplified using a preamplifier circuit. High frequency noise is often filtered with a 

lowpass filter, set to a cutoff frequency inversely proportional to the amount of time the 

laser spends per pixel (the pixel dwell time). Data acquisition boards are typically used 

to generate signals to control the scan mirrors, laser power, laser shutters, and acquire 

analog PMT signals. Custom or commercial software may be used to orchestrate these 

settings while providing real-time visualization of the acquired images. 
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2.5 Multiphoton Experiment Considerations and Optimization 

When designing a multiphoton experiment, there are multiple conditions to consider. 

The following sections discuss the most-pressing experimental design considerations 

within the purview of this thesis. The first, scattering from tissue, heavily influences the 

ability to image deep in a sample, and the types of samples that may be considered. We 

begin with a discussion of optical scattering in tissue, its impact on image formation, 

and microscope design considerations to minimize the effect of scattering on the 

resulting images. The second section covers fluorescent label choices, which are of 

concern in biologically complex or challenging samples, and critical in drawing accurate 

biological conclusions.  

 

2.5.1 Optical Scattering 

Interestingly, the very structure of the tissue of interest - cells, subcellular organelles, 

and extracellular matrix elements such as collagen – provides a challenge for imaging 

in vivo. Scattering is essentially the misdirection of light due to points of varying 

refraction index. These tissue strictures act as scattering elements for both the excitation 

laser and fluorescence. For shallow depths or nearly transparent samples, photons 

emitted at the focal volume travel in a ballistic trajectory toward the microscope 

objective. Few scattering elements exist to impede photon travel. This trajectory is 

within the NA of the objective and leads to high light collection efficiencies. However, 

in scattering samples, especially at depth, photons experience multiple scattering events 

during the return to the tissue surface and no longer enter the objective via a ballistic 
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trajectory (Fig. 2.5a). Photons outside the acceptance angle of the objective are no 

longer collected, leading to lower detection efficiencies. When fluorescence is 

generated deep in tissue, the fraction of light that is generated for a fixed laser power 

exponentially decreases with depth, in addition to scattering loss of emission photons. 

The laser power can be increased to generate more fluorescence for detection, but at a 

certain point, the photon flux is so high at the surface of the tissue that fluorescence is 

generated out-of-focus, leading to a high background signal (termed the surface-

background-ratio, or SBR). This is ultimately the limitation in imaging depth for 2PEF 

microscopy. 

 Scattering is highly wavelength dependent, and an important factor in choosing 

the laser wavelength for excitation. Scattering decreases with longer wavelength, so 

generally the use of long wavelength light guarantees deeper imaging capabilities, in 

addition to lower phototoxicity [36]. This factor makes the longer wavelengths of light 

necessary for 2PEF more attractive to researchers. In addition, scattering affects the 

transmission of generated fluorescence, with blue wavelengths scattering more than red 

wavelengths. Therefore, fluorophore selection for deep imaging favors red and far-red 

fluorescent labels. 

While it is nearly impossible to predict the exact scattering characteristics of a 

tissue for imaging, many models exist based on scattering theory and measurements 

made in a variety of tissue types. Typically, scientists use the Mie model for scattering 

to predict tissue light diffusion, where the tissue is represented as a medium with 

scattering spheres of a higher refractive index. The amount of scattering varies as 

(1/λ0.5), with longer wavelengths producing less scatter. When the scattering elements 
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Figure 2.5 – Effects of scattering on light collection efficiency with a microscope 
objective 
a) Fluorescence photons are emitted isotropically from the laser focal volume and 
collected by the microscope objective. In non-scattering samples, photons enter the 
objective in a ballistic trajectory and exit the back aperture roughly (left). In scattering 
samples, photons enter the objective with oblique trajectories, producing a divergent 
cone of light at the back aperture (right). b) Photons emitted by the fluorescent focal 
volume scatter until absorbed by tissue (yellow), scatter and exit the tissue outside the 
objective’s FOV (magenta), scatter and enter the objective beyond the objective’s NA 
(blue), or enter the objective within the NA and are detected (green). Images used with 
permission from [22] for a and  [35] for b. 
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are much smaller than the wavelength of light, which is a limit of the Mie regime, the 

Rayleigh regime, predicts a much greater dependence on wavelength (1/λ4)  [37]. Other 

models incorporate continuous variations in refractive index that may better capture the 

multicomponent structures of cells (cytosol, and scattering elements like the nucleus, 

mitochondria, etc.)  [38]. Regardless of the model, particularly dense or opaque tissues, 

such as bone, muscle, cartilage are more difficult to image due to high scattering, 

although it is possible at shallow depths. Tissues such as cerebral cortex and dermis are 

more transparent, and enable deeper imaging, especially at long wavelengths. 

 For standard, 2PEF experiments in vivo, detection is entirely epifluorescent. 

That is, a detector is not, and cannot, be placed opposite the laser source to collect 

forward-scattered fluorescence. Therefore, the detected fraction consists of 1) ballistic 

photons, and 2) scattered photons with original trajectories away from the objective, but 

scatter in a trajectory that enables objective detection. 2PEF is an isotropic process, with 

photons emitted equally in all directions around the focal volume. Therefore, there are 

four general fates for a photon generated by a fluorophore in a scattering sample: 1) 

ballistic emission and detection, experiencing no scattering events, 2) continual 

scattering in tissue until it is absorbed, 3) exit from the tissue surface, but either missing 

the objective entirely or incident on the objective front aperture at an angle beyond the 

objective NA, or 4) exit from the tissue, despite scattering, and collection by the 

objective (Fig. 2.5b). Beaurepaire et al. showed that, up to moderate depths, scattering 

actually increases the detected signal fraction, as both ballistic and a subset of scattered 

photons are detected [39]. For greater depths, scattering leads to a decrease in collection 

efficiency scaled as z-2. The NA plays a key role in detection, with the collected power 
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scaling proportional to θNA
2 for all depths. At the surface of the sample, highly scattered 

fluorescent signal forms a diffuse radius, so a large FOV also increases fluorescence 

detection efficiency [40]. Therefore, a high NA, low zoom objective will provide 

optimum detection for scattering samples. 

 An important repercussion of collecting a wide distribution of photon angles in 

scattering samples is the divergent cone of light exiting the objective back aperture 

(OBA) [40]. For 2PEF, where every photon contributes to the signal to improve the 

signal-to-noise ratio (SNR), it becomes critical to collect the entire cone of light. 

Commercial systems, with standard one inch diameter optics, severely clip the outer 

rays of this cone, leading to loss of signal at depth (by a factor of ~3 when compared 

with a system designed with larger aperture optics [40]). Many custom multiphoton 

microscopes now favor the use of large aperture lenses for collection, in addition to 

minimal sample-to-detector distances.  

 

2.5.2 Fluorescent Labels 

Fluorescent label choice is especially important for good experimental results, and a 

frequent point of discussion for many two-photon researchers. Key features that play a 

role in this decision are specificity, brightness, stability, and color palette. 

 Specificity refers to how specifically a fluorophore labels a structure of interest 

versus other structures. A fluorophore that labels all components of all cells would be 

highly ineffective, as there would be no contrast between a structure and its surrounding. 

For some studies, labeling an entire cell population is suitable. For example, CX3CR1 

GFP mice are bred to have a targeted mutation generating green fluorescent protein 
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(GFP) expressing microglia in the brain. However, the researcher must be aware that 

other cells, such as macrophages, also express CX3CR1 and thus will be GFP-positive. 

To tell macrophages apart from microglia, another method must be used for labeling. 

One such method is to acquire macrophages from another mouse, expressing a different 

color protein, and transfer them to an irradiated CX3CR1 mouse via bone marrow 

transplantation. Microglia, which remain resident in the brain, will express GFP, and 

macrophages, produced by the transplanted bone marrow, will express the other 

fluorescent label. Combination techniques like this are common when ensuring 

specificity of labeling in studies, and require a thorough understanding of the biology 

involved. 

 Researchers have a variety of methods to enable specificity. Generally, labels 

may be categorized as exogenous (dyes and fluorescently tagged antibodies), 

endogenous (auto fluorescence or SHG/THG), or transgenic organisms. Most 

exogenous fluorescent dyes tend to localize to specific structures upon application, 

providing automatic specificity. For example, Hoechst preferentially labels DNA and 

localizes in the nucleus. Injection of a dye into vasculature is commonly used for blood 

vessel visualization. Another exogenous labeling method, antibodies conjugated to a 

fluorescent protein, can also be designed to target specific antigens on structures of 

interest, providing targeted labeling. However, antibody labeling is difficult in vivo, 

especially in the brain where the blood brain barrier prevents materials from exiting 

vasculature into the surrounding tissue. Endogenous fluorescent species, such as NADH 

or riboflavin, often fluoresce at shorter excitation wavelengths, and can provide insight 

into both structural and metabolic information in the tissue [41]. Transgenic methods 
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tie a gene for a fluorescent protein to a promoter, enabling the cell itself to produce the 

fluorescent protein. This is especially useful in vivo, where a fluorescent protein gene is 

tied to a promoter specific to a cell population or subcellular compartment. For example, 

in the CX3CR1-GFP mice mentioned previously, CX3CR1 is the promoter and GFP is 

the fluorescent protein. Stable transgenic animal lines with fluorescent expression are 

critical to most in vivo two-photon experiments. 

 Fluorescent label brightness and stability are also critical to consider, as dim 

fluorophores lead to low SNR images and unstable labels lose their fluorescence 

quickly. The brightness of a fluorophore is a function of its absorption cross section (a 

measure of its efficiency as a function of wavelength). Although the emission is 

identical for a fluorophore despite one- or two-photon excitation, the absorption profiles 

can vary greatly depending on the molecule symmetry. Typically, two-photon cross-

sections are much broader, and may contain additional peaks. Researchers typically 

choose bright labels with a high two-photon cross-section, and try to excite the label at 

its peak absorption, when the cross-section information is available. Stability also 

depends on the fluorophore’s chemical structure. Certain labels become easily damaged 

when excited by a laser source, termed photobleaching. The chemical structure of the 

label itself is altered and it is no longer able to fluoresce. Almost all labels will 

photobleach at high enough laser powers, so care must be taken while imaging to 

maximize SNR in an image by controlling PMT gain and laser power, while minimizing 

photobleaching.  

 Finally, the color palette of labels used in a single experiment is severely 

restricted. Although fluorophores exist in almost any color [42], the fluorophore 
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emission profile is very wide (~80–200 nm). Use of more than two or three labels leads 

to inevitable spectral overlap, as the visible spectrum is limited to 400–700 nm. Spectral 

overlap between detection channels, or bleed-through, leads to images where structures 

appear in multiple channels. When all structures have visually obvious morphological 

differences, spectral bleed-through is more of an annoyance than a critical experimental 

flaw. However, when visually identical cells are only specified by their fluorescent label 

color, or cells are closely packed and overlapping, this could lead to misidentification 

of cell types.  

Researchers typically minimize spectral overlap by choosing colors as far apart 

as possible. This is typically blue and red, or green and red for a two-color experiment, 

and blue, green, and red for a three-color experiment. Colors are separated by choosing 

dichroic mirrors to split fluorophore emission between fluorophores, and filters are 

chosen to collect light primarily from the emission peak of each label (discussed in 

2.4.5). However, in experiments with multiple cell types and fluorophores, researchers 

must use multiplexed approaches to differentiate overlapping labels for clear 

identification of multiple cell types. 

 

2.6 Conclusions 

The number of advancements two-photon microscopy has enabled in the field of normal 

and disease state physiology is astounding. The ability to visualize individual cells in 

living tissue, and to capture the cellular dynamics that may play key roles in disease 

progression, are critical to the human understanding of disease and eventually to the 

resulting treatment approaches. However, it is obvious that in today’s world, there are 
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many questions that must still be answered. The prevalence of Alzheimer’s disease 

continues to grow [43], and we are yet to identify the initiating factors, much less the 

driving elements. Cancer continues to be a forceful enigma, involving incredibly 

complex interactions between vasculature [44], normal cells [45], extracellular matrix 

[46], and subsets of the immune system [47]. 

 Two-photon microscopy in vivo provides the opportunity to untangle these 

interactions in an environment that is the most translatable to real medical advancement: 

animal to human.  However, many two-photon studies focus on one or two cell types 

and their interactions, potentially missing the complexity of cellular interactions 

involving multiple cell types. The limited spectral capability of current two-photon 

setups due to label overlap severely limits experimental design, and is the subject of this 

thesis. 
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CHAPTER 3 

OVERVIEW OF MULTISPECTRAL METHODS 

 
In the previous chapter, we established the value of in vivo microscopy for the study of 

cell dynamics for studies of normal and disease mechanisms. Multiphoton microscopy 

enables sub-cellular resolution in living tissue, despite scattering effects. However, 

much of the value of in vivo studies relies on the ability to interrogate multiple cell types 

and study complex multi-cellular interactions, typically by tagging each cell of interest 

with a unique fluorophore. Unfortunately, due to the wide emission spectra of robust 

fluorophores, spectral overlap is unavoidable and must be addressed. 

 This chapter summarizes key concepts in spectral imaging of fluorescent labels, 

beginning with a description of hyperspectral/multispectral methods, overarching 

design methods, and methods to analyze spectral datasets. It then continues by 

reviewing common multispectral methods for detection, excitation, and a number of 

multiphoton specific methods relying on nonlinear optical processes. Each section 

emphasizes the applicability of the technique for in vivo multiphoton imaging. 

 

3.1 Key Concepts for Spectral Imaging 

 It is standard for most fluorescent images to contain four dimensions of 

information: x-, y-, and z-axis dimensions, and time (t). However, there is often more 

information available in the sample that is simply not collected, but can be used to 

expand the image dataset for more sophisticated analysis. For example, each 

fluorophore emits a unique spectral distribution of photons, known as that fluorophore’s 
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emission spectrum. By collecting images at distinct spectral emission wavelength 

ranges, known as bands, the spectral identity of each of these fluorophores can be 

determined. Images with multiple bands of spectral data are termed multispectral 

datasets. After an arbitrarily large number of bands is exceeded, this term is expanded 

to hyperspectral. 

 Hyperspectral datasets, also commonly called lambda stacks or hyperspectral 

stacks in the microscopy world, tie together spatial information with spectral 

information. For a dataset with n bands of spectral information, and i x j pixels per 

image, a single frame (one image per z position) has m greyscale images, with each 

image corresponding to the emission intensity of image fluorophores within that spectral 

band. For a given pixel, pi,j, the spectrum of the fluorophores within that pixel may be 

extracted as the grey values across the m spectral dimension. With multiple frames over 

time in 3D space, the complete dataset is a multidimensional matrix with dimensions [i, 

j, m, z, t]. See Figure 3.1 for a graphic describing this construction. 

 Although there are many methods to create a hyperspectral dataset, many which 

are covered within this chapter, there are a number of standard methods for dataset 

analysis. Hyperspectral datasets provide more information than is often needed, 

including redundant information, and must be distilled into an easy-to-interpret format. 

For most spectral analysis, this is Nf images, where Nf is the number of fluorophores in 

the sample. For example, for a hyperspectral image of cells expressing three different 

fluorophores, green, yellow, or red fluorescent protein (GFP, YFP, and RFP, 

respectively), there would be three images, each corresponding to the distribution and 

concentration of each label. These are termed the unmixed images.  
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Figure 3.1 – Layout of a typical hyperspectral stack for fluorescence microscopy 
a) Hyperspectral stack collected for multiple emission detection bands. Each of the 
images is an i x j grayscale image of the sample, collected at a wavelength band, for m 
wavelength bands. Three cells labeled by three unique fluorescent proteins (blue, green, 
and red) are shown as representative image elements. Strictly speaking, each image is a 
greyscale image, but cells are show in color to facilitate visual identification. b) Spectra 
extracted from the white boxed regions in a. Spectra are obtained by plotting the 
grayscale value for the pixel in each band in the hyperspectral stack as a function of 
wavelength. As these cells only express one fluorophore each, these spectra are 
technically basis spectra. 
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As mentioned before, the spectrum for any pixel can be extracted in vector form across 

the m dimension of the lambda stack. If this is a pixel that only contains one fluorophore, 

this spectrum is representative of that fluorophore in terms of the instrument used for 

acquisition, and is called a pure pixel. The spectrum that is extracted from a pure pixel 

is called the basis vector, basis spectra, spectral end member, or fluorophore signature. 

Unless there is a nonlinear absorption process such as Förster resonance energy transfer 

(FRET), where energy from excitation of one label is transferred to another fluorescent 

label before emission, the spectrum of any pixel containing more than one fluorescent 

label is assumed to be the linear sum of the basis spectra for each fluorescent label in 

that pixel. This enables the use of linear unmixing using least squares approaches, in 

addition to other techniques such as principal component analysis (PCA), or sparse 

component analysis (SCA). In effect, each equation solves for the amount of each 

fluorophore in a given pixel, resulting in an overall dimension reduction of the dataset 

and label-specific images that may be used for biological analysis. In other words, the 

output image is now color-coded, with each color representing one fluorophore. 

The next sections cover some of the many methods for collecting hyperspectral 

datasets. Most are multiplexed approaches, where some combination of a number of 

excitation sources or detection channels are interleaved to provide multiple channels of 

spectral information. Some simultaneously collect multiple channels, while others use 

a sequential approach. 

 

3.2 Multiplexed Spectral Detection Techniques 

Multiplexed imaging has become much more common for widefield and confocal 
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fluorescence microscopy. Researchers prefer to keep experiments to one or two labels 

for simplicity of protocol and comparison with other literature results. However, a 

number of new studies show that the information collected from multiple cell types 

simultaneously can be predictive of disease state, and reveal subtle intercellular 

relationships.   For studies of both cultured cells and tissue slices, multi-color antibody 

approaches are common for labeling multiple subcellular structures, and multiplexed 

label kits are now becoming available commercially. Many of the multispectral 

techniques have been translated to multiphoton microscopy where applicable. Each of 

the following describes a spectral detection technique available in widefield and 

confocal microscopy, and its translation to two-photon microscopy, or lack thereof (Fig 

3.2). 

 

3.2.1 Glass Filter Combinations 

Arguably the easiest technique for spectral detection is to use a series of glass filters and 

dichroics for selected excitation and detection of multiple fluorophores. Glass filters are 

highly transmissive and widely available for multiple passbands (see Chroma, Semrock, 

and Thorlabs for an example selection). This is by far the most commonly used 

approach, and any discussion would be remiss without their inclusion.   

For widefield fluorescence, there are multiple filter approaches. Typically, a 

white light source is used for excitation of multiple fluorophores, with a filter in place 

to select a wavelength band for targeted excitation. Most fluorescence microscopes have   
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Figure 3.2 – Multiplexed detection methods for hyperspectral image formation 
a) Glass filter and dichroic combination for spectral detection. Multiple dichroics and 
filters may be placed in parallel for simultaneous spectral detection. Sample 
fluorescence (white) is split into two channels in this diagram (red and green), with 
bandpass filters matched to peak fluorophore emission. b) Diffraction grating dispersion 
for spectral detection. Spectral elements may be mapped to a photomultiplier tube 
(PMT) array, or a charge coupled device (CCD). c) Prisms also act as dispersive 
elements, dividing sample fluorescence into its spectral elements for detection. d) 
Acousto-optical and liquid crystal tunable filters (AOTF and LCTF, respectively) 
provide rapid bandpass selection. e) Angle-tuned bandpass filters exhibit different 
bandpass center wavelengths as a function of wavelength. 
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different label channels (FITC, Rhodamine, DAPI, etc.) that consist of a pair of 

excitation and emission filters matched for that label. Multiband excitation, emission, 

and dichroic filters allow for simultaneous emission and detection of all fluorophores of 

interest, enabling high-speed imaging. However, this requires the use of a color CCD 

camera, which suffers from noise problems and does not solve the fluorophore overlap 

problem. Another approach is to switch the excitation filter with a filter wheel and 

sequentially collect images for each filter position with a multiband detection filter, or 

to also place single detection filters on a wheel and synchronize those filters with the 

excitation filters. These techniques are sequential in nature, but may use a high 

sensitivity, greyscale CCD for detection. 

Most standard confocal setups also require selection of individual filter sets. 

However, the Bio-Rad Radiance Rainbow system uses a clever combination of two filter 

wheels in its detection, with the first containing a long-pass dichroic set, and the second, 

a short-pass set [1]. This allows the user to select an arbitrary bandwidth down to ~10 

nm for a single detector. Use of up to four PMTs enables detection across the entire 

visible range. However, restriction of one band per PMT per image does slow 

acquisition speed as spectral images are sequential, and makes this unsuitable for fast 

dynamics when multiple spectral channels are required. 

Glass filter combinations are by far the standard for multiphoton microscopy. 

As detection efficiency is directly correlated with imaging depth, large area optics with 

efficient filter/dichroic combinations are key. Researchers often choose dichroics with 

cutoff wavelengths near the short end of fluorophores, and wide bandpass filters to 

collect as many photons possible per channel. Two color-channel microscopes are most 
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common (due to the prevalence of two-color experiments and the detection efficiency 

of splitting light as little as possible), but some four-channel microscopes are available, 

including a custom four-channel design within the Schaffer-Nishimura lab. With careful 

fluorophore selection, fluorophore emission can be contained within four spectral 

channels, although some spectral overlap is nearly guaranteed (for example, the 

GFP/YFP combination with only ~20 nm of peak separation and significant overlap). 

Patalay et al. used a similar four-channel microscope (JenLab DermaInspect) paired 

with fluorescence-lifetime imaging microscopy (FLIM) to study changes in 

fluorescence patterns between the four channels in healthy skin versus skin samples 

with basal cell carcinoma [2]. This is a rather rudimentary version of multiplexed 

detection, but still demonstrates the value of at least some spectral detection capability. 

The appeal of this technique is not only its simplicity, but its aptitude for scattering 

insensitivity. As outlined in the previous chapter, highly scattered light from deep in 

vivo imaging causes a highly divergent cone of light to exit the back aperture of the 

microscope objective. Therefore, detection optics capable of detecting the full cone of 

light is necessary for optimal deep-tissue imaging. Glass filters and dichroics are 

available in large sizes, enabling large area detection optics, and are angle insensitive 

(although optics with several optical coatings do have some angle-dependent 

transmission characteristics).  

Ricard et al. took this design to the next level by creating a five-channel system 

(four dichroics, and five PMTs and filters) for multicolor detection in vivo [3]. They 

labeled five different cell elements in a mouse glioblastoma model, and collected second 

harmonic generation (SHG) signal from mouse dura for a total of six unique 
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fluorophores. They expanded the number of total channels by acquiring images from 

the five channels simultaneously for two different laser wavelengths. 

Overall, glass filter/dichroic combinations are still the most efficient, but severely 

limited for multiplexed imaging, especially in multiphoton microscopy. With the 

continual development of new fluorophores, fixed filter bandpass availability and 

dichroic cutoff wavelengths become a hindrance for optimal detection of an 

experiment’s fluorophore combination. 

 

3.2.2 Dispersion Gratings 

 One of the easiest methods to build a multiplexed microscope is to increase the 

number of detection channels, either through the use of a high-resolution spectrometer 

or a tunable detection channel approach. One technique uses a diffraction grating to 

spread the detected fluorescence into its color components, which are then mapped to a 

PMT array or an electron multiplying CCD camera (EMCCD). The META detector for 

the Zeiss LSM 510 provided one of the first truly flexible approaches to spectral 

detection for both confocal and multiphoton microscopy, using a grating to project 

fluorescence to a 32-channel PMT array. A similar design with more flexibility is 

utilized in the newer Zeiss Quasar detector. The user was given the ability to turn on or 

off different elements of the array to influence the detection width [4]. As an example, 

Kulesa et al. used a confocal microscope with the META detector to image neural crest 

development in a embryotic chick model, using three fluorophore colors to track cell 

nuclei and membranes [5]. Thaler et al. used two-photon with the META detector to 

develop a nonlinear unmixing method for the measurement of resonance energy transfer 
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(RET) in multicolor cell culture [6].  

 Researchers have also built custom grating-based designs for hyperspectral 

multiphoton imaging. Tseng et al. built a 16-channel descanned (confocal detection 

path) with an undisclosed detector for characterization of glycation and associated 

autofluorescence spectra in bovine tissue [7]. Cicchi et al. utilized a purchased Multi-

PMT detector available from Becker & Hickl, consisting of a diffraction grating and a 

16-channel PMT array [8]. They performed simultaneous 2PEF, FLIM, and 

hyperspectral multiphoton microscopy to study autofluorescent species in cancerous 

human bladder tissue. Kumazaki et al. built a line-scanning multiphoton microscope, 

where the sample was manually translated in x to build an image [9]. A resonant scanner 

running at high speeds scanned a line in the fluorescent sample, and imaged through a 

slit in a diffraction grating polychromator onto an electron-multiplying CCD (EMCCD) 

camera. This provided rapid spectral detection, but is highly incompatible for deep 

imaging in vivo, where line scanning, confocal systems lead to high background signal 

due to scattered photon detection. 

 Many spectrometers/spectrographs also utilize a grating and slit system to select 

small bandwidths of light for detection. One common method for collecting spectra in 

vivo is termed microspectroscopy. Zipfel et al. and Pavlova et al. scanned a small area 

of autofluorescent tissue via two-photon excitation and routed detected light into a 

grating-based spectrometer and CCD to generate accurate two-photon emission spectra 

[10, 11]. However, this required long integration times, and is not suitable for imaging, 

as PMT provide the sensitivity, quantum efficiency, and large active area necessary for 

efficient in vivo signal collection. 
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 Overall, grating approaches provide a flexible method for parallel detection of 

multiple wavelength bands with both confocal and multiphoton microscopy. However, 

gratings are very poorly suited for deep imaging in vivo, where collection of a cone of 

divergent light is necessary. Because grating systems are angle-dependent (i.e., the 

angle of incidence on the grating greatly affects the angle of exit of light components), 

detection of a cone of light would lead to significant spectral blurring, where colors are 

incorrectly mapped to their detectors. This effect would be expected to worsen at greater 

imaging depths. In addition, gratings are inefficient, as light is also routed into high 

order diffraction modes, which are not detected. 

 

3.2.3 Prisms 

Prisms provide a higher efficiency than diffraction gratings, but with a similar effect, 

and are featured in the Leica SP detector for confocal and multiphoton applications. In 

addition, by tuning the prism angle, light may be rerouted to various channels, enabling 

a flexible PMT-array to individual PMT channel system. 

Custom research microscopes improved on these concepts by utilizing EMCCD 

cameras. Sinclair et al. developed a confocal scanning system that maps fluorescence 

through a pinhole into a high throughput prism spectrometer, and onto an EMCCD array 

[12]. This instrument was capable of collecting ~8300 spectra per second for a 25 µm x 

25 µm area. Bestvater et al. created a highly-parallel spectral system for multicolor 

detection in fluorescence correlation spectroscopy (FCS) [13]. Essentially, the focal 

volume of a confocal system is parked in one location, and diffusion of fluorescently 

labeled molecules create transient signals. By including two or more labels, interactions 
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between different molecule types can be tracked. Bestvater et al. removed the SP 

detector from a Leica system and routed the beam through a Pellin Broca prism, which 

spread the spectral components onto a EMCCD camera, with 2- to 5-nm resolution (the 

signal is mapped nonlinearly in color across the detector due to the prism properties). 

The parallel nature of detection and high prism translation lent itself well to the sensitive 

readouts necessary for FCS. Cha et al. combined a multifocal focusing system with four 

“beam-lets” for fast scanning with a custom detection method [14]. A prism exhibits 

minimal dispersion compared to a diffraction grating, often limiting the spectral 

resolution due to detector space constraints. Cha et al. used a double-prism system to 

increase the total emission dispersion and take full advantage of eight channels in a PMT 

array. They were able to demonstrate multicolor imaging for mouse kidney, peripheral 

nerve, and brain, although they did not attempt separation of more than three labels. 

Despite the highly transmissive nature of prisms, they still map spectral 

components to position on a detector via angle dependence. Detection of the divergent 

cone of light from scattering samples in multiphoton microscopy would lead to loss of 

spectral resolution with depth. In addition, both the diffraction grating and prism 

approaches utilize PMT arrays, which are limited in spectral resolution due to fixed 

geometry and lack of control of individual PMT elements. They also exhibit a lower 

quantum efficiency than the high sensitivity Gallium Arsenide Phosphate (GaAsP) 

PMTs typically used for multiphoton microscopy. In addition, these commercial 

detection systems are typically a part of confocal/multiphoton combination instruments, 

and utilize descanned detection, which is required for confocal detection. Routing 

multiphoton signals through a descanned route with a pinhole leads to loss of signal at 
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depth, as scattered photons are blocked at the pinhole [15]. Therefore, a system 

dedicated to multiphoton microscopy, with non-descanned detection optimized for 

scattered light detection is preferred. 

 

3.2.4 Liquid Crystal and Acousto-Optical Tunable Filters 

Another option for flexible tuning of spectral detection channels uses liquid crystal or 

acousto-optical tunable filters (LCTF and AOTF, respectively). LCTFs operate by 

turning multiple, birefringent liquid crystal cells to selectively pass custom wavelength 

bands. AOTFs operate in a similar manner using a birefringent crystal and a 

piezoelectric transducer to generate acoustic signals that alter the wavelength-dependent 

crystal transmission. Both of these tunable methods allow for rapid changes in bandpass 

center wavelength and width, providing a customizable filter on demand. 

 Leavesley et al. used an AOTF attached to a widefield fluorescence microscope 

to differentiate GFP from highly-overlapping autofluorescent tissue in lung samples 

[16]. Lansford et al. designed a similar approach for two-photon microscopy, placing a 

LCTF in place of a standard glass barrier filter in front of the detector [17]. They were 

able to differentiate several overlapping fluorophores in protein-expressing cells, 

including GFP from fluorescein, separated only by 7 nm. However, in vivo samples 

requiring optimal detection were not performed. 

 Although these approaches are simple, involving the replacement of a glass filter 

with one of these widely-availably commercial modules, they are poorly suited for two-

photon detection in vivo. LCTFs have low passband transmission. Both LCTF and 

AOTFs have bandpass transmission profiles with gradual spectral edges (Gaussian in 
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shape), and poor blocking of out-of-band fluorescence. AOTFs also have a small clear 

aperture, making wide-angle detection of divergent light difficult. 

 

3.2.5 Angle-Tuned Filters 

 An interesting method for tuned bandpass detection involves the angular rotation 

of a filter. By varying a filter to steeper angles relative to the incoming light, the 

transmitted passband shifts toward bluer wavelengths. Most filters are interference 

filters, constructed by depositing multiple layers of optical coatings to cause 

constructive interference for wavelengths within the passband, and destructive 

interference for wavelengths outside the passband. By rotating the filter, different 

wavelengths experience constructive and destructive interference. Semrock, a company 

in Rochester, NY specializing in multi-layer optical coatings for filters, developed an 

angle-tuned bandpass filter (ATBF, VersaChrome) involving thousands of optical 

coatings. These filters maintain a high transmission, rectangular passband over 60˚, 

resulting in more than 60 nm of center wavelength tunability. 

 Favreau et al. used  VersaChrome filters in a widefield fluorescence setup and 

compared their performance relative to an AOTF [18]. They found that the ATBFs 

maintained higher transmission and better out-of-band blocking than the AOTF, in 

addition to a better passband shape. 

 These filters are relatively new, and could enable effective hyperspectral 

detection for 2PEF. With nearly 100% transmission across the bandpass, these tunable 

filters approach the efficiency of standard interference glass filters, which are still the 

norm for high-sensitivity 2P detection. The customizability of the filter clear aperture 



 

48 

for large-area detection could also provide a 2PEF advantage. 

  

3.3 Multiplexed Excitation Techniques 

In addition to multiplexed detection methods, multiplexing excitation sources can 

provide further spectral discrimination power. One method is to excite each fluorophore 

individually so spectral overlap is no longer an issue. This is often used with linear 

excitation. However, two-photon spectra have broad absorption spectra [19], and it may 

be difficult to excite fluorophores individually. Another method is to excite multiple 

fluorophores in different combinations (Fig 3.3). As each fluorophore has a unique 

emission intensity as a function of excitation wavelength, this information may be added 

to the fluorophore’s spectral signature. 

 

3.3.1 Sequential Wavelength Acquisition 

The easiest, and most common, method for wavelength multiplexing is to collect on or 

more spectral channel images simultaneously for sequential excitation wavelengths. For 

widefield fluorescence, this requires a number of excitation filters to select a spectral 

subset of the white light source. Favreau et al. used a variant of the VersaChrome angle-

tuned bandpass filters for both excitation and detection to directly compare an 

“excitation scan” versus an “emission scan” [1, 20]. They determined that excitation 

scans inherently provide a higher signal-to-noise ratio (SNR), as a single detection 

channel is responsible for all light emitted. This enables faster acquisition where  
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Figure 3.3 - Multiplexed laser excitation methods for hyperspectral acquisition 
a) Excitation source tuning. Images for multiple detection channels (red – blue in this 
figure) are collected for a laser wavelength, λ1. The laser is rapidly tuned to a new center 
wavelength, and imaging continues for consecutive wavelengths. b) Pulse-interleaved 
excitation (PIE). Laser pulses tuned to different wavelengths (either three sources, or 
three sub-beams combined from the same source) are interleaved in time, with a delay 
of τd. Images are formed on a pixel-by-pixel basis, with all laser wavelengths generating 
signal sequentially before moving on to the next pixel. 
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averaging is typically required to acquire a signal. For confocal fluorescence 

microscopy, especially with commercial systems, lambda stacks are generated by 

detection of several emission channels, switching to a different laser source, and 

acquiring the same set of emission channels. 

 Two-photon microscopy often utilizes a tunable laser source, enabling easy, 

excitation multiplexing. Orzekowsky-Schroeder et al. used a four-channel 

filter/dichroic detection system and acquired images for two wavelengths, tuning the 

laser between 730 and 910 nm [2, 21]. These 8-channel images enabled differentiation 

between autofluorescent species particular to enterocytes, antigen presenting cells, and 

lysosomes in mouse gut. Brondi et al. used a standard two-photon microscope and 

acquired images for every 10 nm between 760 and 1000 nm excitation to differentiate 

GFP and a similarly green calcium indicator, Oregon Green, in vivo [3, 22].  Entenberg 

et al. provided a protocol for a four-channel microscope with both a Ti:Sapph laser and 

an optical parametric oscillator (OPO) to provide select excitation from 750-1,040 nm, 

and 1,100-1,600 nm and enable simplistic excitation multiplexing [4, 23]. Radosevich 

et al. used a three-channel system and a tunable source to collect images every 2 nm 

from 710 to 920 nm excitation [5, 24]. They were able to demonstrate sensitive 

separation of a number of autofluorescent species in mouse dermis. Although these 

methods are easily acceptable, datasets acquired via sequential approaches are often 

time consuming, with scans spanning minutes. These methods are suitable for structural 

imaging, but exclude visualization of rapid cellular processes. 
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3.3.2 Pulse-Interleaved Excitation 

In frame-by-frame, sequential acquisition, a significant amount of time is wasted 

without signal acquisition. For a slow repetition rate laser at 1 MHz, there is 1 µs of 

time between pulses. With fluorescence emission decaying on the picosecond to 

hundreds of nanoseconds scale [6, 25], this time is unused for fluorescence generation 

or collection. Kapanidis et al. modified a single-fluorescence molecule setup to 

interleave pulses from two different laser sources in time using a pair of electro-optic 

modulators (EOMs) and polarizers, naming this approach alternating-laser excitation, 

or ALEX [1, 7, 26]. A year later, Müller et al. pushed this method to interleave pulses 

in the nanosecond regime (the previous approach was in the microsecond regime), 

calling the approach pulse interleaved excitation, or PIE [2, 8, 27]. They used a pulsed 

source and a continuous wave (CW) source with an acousto-optic modulator (AOM) to 

generate pulses with a 100-ns delay to the pulsed source. Niehörster et al. combined PIE 

with a 32-channel spectral detector with time-correlation for FLIM, demonstrating the 

unmixing of nine different fluorophores in cell culture [3, 9, 28]. Zal et al. extended the 

PIE approach to multiphoton microscopy by utilizing two EOMs with two femtosecond 

sources [4, 10, 11, 29].  

In general, these interleaved techniques emphasize multichannel collection on a 

pixel-by-pixel basis instead of a frame-by-frame basis. However, they require a 

relatively low repetition rate laser. In addition, these methods rely on a long pixel dwell 

time, excluding the use of resonant scan modes. 
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3.3.3 Pulse Shaping and Nonlinear Processes 

A rather different approach is available in multiphoton microscope setups. One of the 

limitations for multiplexed laser excitation is the time necessary to tune the center 

wavelength of the femtosecond laser source to a new wavelength. Isobe et al. developed 

a novel method of excitation using super continuum (SC) light [5, 12, 30]. A 

femtosecond laser is routed through a segment of photonic crystal fiber to generate a 

spectrally-broad pulse, via nonlinear effects. This broad pulse was capable of 2PEF of 

three labels simultaneously. A few years later, Isobe et al. used ultra-broadband laser 

pulses with phase modulation to independently select two bandpass regions from the 

ultra-broadband pulse [6, 13, 31]. In addition, they were able to control relative 

intensities of the excitation regions for two-color imaging. Labroille et al. expanded this 

method with simpler components, and achieved a 150 MHz switching rate between 

excitation center wavelengths for two color imaging [7, 14, 32]. Brenner et al. expanded 

the super-continuum approach to three-color excitation [8, 15, 33]. Although these 

approaches show great promise for rapid wavelength selection using a single source, the 

complexity of the optical design and difficulty in arbitrarily choosing excitation center 

wavelengths limit wide adoption. 

 Two-color two-photon excitation (2C2P) is another nonlinear approach for the 

generation of multiple excitation wavelengths. Standard 2PEF is a degenerate case of 

two-photon excitation, where the wavelengths of the two photons involved are equal. It 

is also possible for two photons of different wavelength to combine and meet the energy 

requirements for fluorophore excitation. Lakowicz et al. demonstrated 2C2P with p-

Terphenyl, a fluorophore with excitation near 250 nm [9, 16, 34]. They used two 
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wavelengths from a dye laser (750 from the fundamental and 375 nm from the 

frequency-doubled beam, and thus temporally aligned), to generate fluorescence 

equivalent to 250 nm excitation. The “virtual” wavelength is calculated by taking the 

reciprocal of the sum of the inverse of the two wavelengths used for excitation. Mahou 

et al. used this approach to generate a hyperspectral microscope with three excitation 

wavelengths (two through 2PEF, and one through 2C2P) and three detection channels 

[10, 11, 17, 35]. They demonstrated three-color imaging in a number of in vivo samples. 

The use of wavelength mixing is attractive due to the small number of sources necessary 

(all three beams are derived from the same laser source). However, these approaches 

require very precise spatial and temporal overlap, and require careful alignment 

technique to ensure generation of 2C2P. 

 

3.4 Conclusions 

Although all the approaches covered in this chapter have demonstrated significant 

advancements in multispectral imaging for fluorescence microscopy applications, it is 

clear that robust imaging of multiple labels for multiphoton microscopy has yet to be 

reached. Custom systems provide reliable unmixing for two or three fluorescent labels, 

but rarely address larger label numbers. Significant advancements have been made for 

multiphoton imaging of autofluorescent species, but often use slow excitation 

multiplexing through laser tuning, or dispersion based detection methods poorly-suited 

for deep tissue imaging. To reliably image multiple labels in vivo, an effective 

multiphoton microscope must utilize large-aperture, scattering insensitive optics, with 

rapid tuning of either excitation or emission multiplexing elements. 
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CHAPTER 4 

HYPERSPECTRAL MULTIPHOTON MICROSCOPY 

 
This chapter contains the manuscript and figures for a paper currently in preparation, 

describing our work on developing a hyperspectral multiphoton microscope for imaging 

of multiple, overlapping fluorescent labels for multicellular studies. As demonstrated in 

previous chapters, multiphoton microscopy is well-suited for deep-tissue imaging due 

to its scattering insensitivity. However, few detection approaches exist that enable the 

separation of multiple, overlapping fluorescent labels, while maintaining scattering 

insensitivity. The content within this chapter describes the design and construction of a 

hyperspectral multiphoton microscope using multiple excitation sources and 

multiplexed detection via angle-tuned bandpass filters (ATBFs). We demonstrated the 

utility of this instrument for spectral separation of closely-overlapped fluorophores in 

samples containing multiple colors of fluorescent beads, live cells expressing multiple 

fluorophore-protein fusion constructs, and in multiple in vivo preparations in mouse 

cortex. 

 

4.1 Introduction 

Studies of both normal and disease-state physiology would benefit from the capability 

to visualize a broad variety of cell types, in vivo. Current microscope designs that utilize 

spectrally-resolved detection to separate signals from multiple fluorescent markers are 

often poorly suited to imaging in scattering samples, limiting their utility for in vivo 

measurements. Two-photon excited fluorescence (2PEF) microscopy has become the 
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technique of choice for imaging deep into scattering samples, and enables visualization 

of fluorescently-labeled features at subcellular resolution. In 2PEF, a tightly-focused, 

infrared wavelength (700 – 1,300 nm), femtosecond duration pulsed laser source 

provides nonlinear excitation of fluorescent markers that is restricted to the sub-

micrometer focal volume. Images are formed by raster scanning this focal excitation 

and recording the fluorescence intensity point-by-point. This approach provides high-

contrast, high-resolution imaging of labeled structures deep in mouse cortex (~1 mm), 

despite optical scattering [1]. However, typical 2PEF systems have just two to four 

different wavelength detection channels, which limits measurements to just a few 

fluorescent markers.  

A number of methods have been developed to increase spectral resolution and 

enable 2PEF to distinguish a larger number of fluorescent species. Many commercial 

(Zeiss Meta/Quasar, Leica SP) and custom systems [2-5] utilize dispersive optics, such 

as a diffraction grating or prism, to spectrally separate emitted fluorescence for detection 

with a detector array. In scattering samples, fluorescence photons often experience 

multiple scattering events before being collected by the microscope objective, leading 

to a divergent cone of light at the back aperture. Dispersive detection methods are angle-

dependent, so this divergent light leads to a dramatic loss of spectral resolution. On the 

other hand, blocking this scattered light (e.g. with a confocal pinhole) strongly reduces 

the signal strength and eliminates much of the benefit of 2PEF for deep imaging[6]. 

Other approaches to increase spectral resolution in 2PEF have focused on optical 

designs that increase the number of detector channels and/or use multiple excitation 

laser wavelengths [7-10].  
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Here, we describe a hyperspectral multiphoton microscope that temporally 

multiplexed three excitation wavelengths and tunable spectral detection to achieve high 

spectral-resolution imaging. Emitted fluorescence was spectrally resolved using angle-

tuned bandpass filters (ATBFs) with an optical system able to collect nearly the full 

cone of divergent light from the objective back aperture, without loss of spectral 

resolution. We demonstrated hyperspectral imaging in a variety of samples, including 

multiple colors of fluorescent beads in a gel, multiple colors of fluorescent proteins 

fused to intracellular proteins in cultured cells, and multiple cell types and tissue 

structures labeled using both exogenous dyes and fluorescent protein expression in 

mouse cortex, in vivo. 

 

4.2 Results 

4.2.1 The Hyperspectral Microscope 

The hyperspectral multiphoton microscope was a custom-built setup with a four-

channel detection design (Fig. 4.1a). In place of standard interference bandpass filters, 

we placed angle-tuned bandpass filters (ATBFs) in front of each photomultiplier tube 

(PMT) for improved spectral discrimination (Supplementary Fig. 4.1, Supplementary 

Table 4.1). In addition, we routed three different-wavelength, femtosecond laser 

sources into the system to provide a range of excitation conditions. Detection optics 

were ray-traced to collect as much of the divergent cone of light coming from the back 

aperture of the objective as possible (Supplementary Fig. 4.2). Hyperspectral images 

were acquired by alternating laser excitation source and ATBF position on a frame-by-

frame basis (Fig. 4.1b). To compensate for differences in PMT gain, we imaged a 
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Figure 4.1 - Hyperspectral multiphoton microscope multiplexed three excitation 
lasers and sixteen spectral emission bands to provide a 48-channel image.  
a) Schematic diagram of the hyperspectral multiphoton microscope. Three different 
wavelength femtosecond laser beams passed through mechanical shutters, were 
combined with long pass (LP) and short pass (SP) dichroics, and directed to 
galvonometric scan mirrors (SM). Fluorescence emission was collected via the 
microscope objective and routed using LP dichroics to four separate color channels 
(Chan A-D). Angle-tunable bandpass filters (ATBF) were placed before each detector 
to select small passbands of emission light. b) Plot of the transmission through the 
ATBFs for the angles used in hyperspectral imaging. The vertical dashed lines represent 
the cutoff wavelengths for the LP secondary dichroics and the 700-nm SP blocking 
filter. A hyperspectral image was acquired by taking a four-channel image using one 
excitation laser for the first filter position (1), and then repeating this image across 
different filter angles (2-4) and across different excitation lasers.  
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calibration light source and calculated appropriate image scaling factors for the PMT 

gain settings (Supplementary Fig. 4.3). The accuracy of this calibration technique was 

confirmed by reconstructing known fluorophore spectra (Supplementary Fig. 4.4).  

Each fluorophore in a sample exhibits a unique combination of excitation and 

emission intensities, defined as the spectral end-member for that fluorophore. Images 

containing multiple fluorophores were unmixed using nonnegative least squares to fit 

each pixel’s 48-channel hyperspectral signal to a linear combination of spectral end-

members. End-members were based on literature curves for fluorophore excitation and 

emission, or were extracted from single-color samples or from the mixed-color samples 

themselves. Finally, false-color composite images were generated that color-code each 

structure by its fluorophore identity. 

 

4.2.2 Fluorescent Bead Sample 

We demonstrated the ability of this microscope to differentiate highly-overlapped 

fluorescent labels by imaging ten colors of fluorescent polystyrene beads embedded in 

agarose gel (Fig. 4.2a). A 48-channel hyperspectral image was acquired for the bead 

mixture (Fig. 4.2b), and for samples containing only one bead color (data not shown). 

We first extracted spectral end-members from the single-color samples and used these 

to unmix the image of the mixed-bead sample. We then selected beads in the mixed-

bead image that represented the ten different colors (now easily distinguishable after the 

first iteration of unmixing) and created a refined set of spectral end-members that were 

used to, again, unmix the 48-channel image of the mixed bead sample, yielding an image 

with ten separate color channels (Fig. 4.2c, Fig. 4.2d, and Supplementary Fig. 4.5). 



 

62 

 
 
Figure 4.2 - Hyperspectral image of ten colors of 15-µm-diameter fluorescent beads 
embedded in agarose gel.  
a) Fluorescence emission spectra of the ten bead colors. b) 48-channel image array of 
the bead sample. Images acquired at a given laser wavelength are shown in rows, and at 
a given filter angle in columns (denoted by the passband center wavelength). The 
colored bands indicate the four broad color channels, Chan A-D. c) Unmixed images of 
individual bead colors. d) False-color composite image of spectrally unmixed bead 
sample. Some beads appear to range in size from 15 µm to 20 µm in diameter. e) 
Intensity values of beads for all 10 channels across Lines 1 and 2 in d. f) Calibrated 
bead spectra across the three excitation lasers measured using the hyperspectral 
multiphoton microscope. Scale bars: 50 µm. 
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This iterative approach allowed an unambiguous identification of beads representing 

each of the ten colors in the mixed bead sample so we could define spectral end-

members that were minimally affected by any drift in imaging parameters (e.g. laser 

powers) over the ~4 hrs required to take image stacks of each single-color and the 

mixed-bead sample. This iterative approach resulted in a modestly smaller residual after 

unmixing (Supplementary Fig. 4.5c vs d).  

To assess how well-separated the ten colors in the final unmixed image were, 

we thresholded the image for each color using the Rènyi entropy method (FIJI) and 

found that less than 8.6% of total image pixels were above threshold for more than one 

color channel, and most of the overlap occurred between the blue and blue-green 

channels (4.8%), red-orange and red (1.7%), and carmine and crimson (0.3%; 

Supplementary Table 4.2). Further, we correlated the intensity across the ten color 

channels pixel-by-pixel and found that all color combinations had a correlation 

coefficient of less than 0.1, except for three bead pairs: blue vs. blue-green (0.5), yellow 

vs. orange (0.16), and red-orange vs. red (0.2) (Supplementary Table 4.3). Several 

factors likely contributed to overlap among these channels, including the short 

wavelength limit of our detection cutting off the emission of the blue beads, the cross 

over between channels B and C occurring right between the peaks for the yellow and 

orange emitting beads, and the similar shape of the spectral end members (although 

different brightness) for carmine and crimson. In addition, we measured actual bead 

spectra with a spectrometer and found that many of the emission profiles were red-

shifted and broader when compared to the spectra provided by Thermo Fisher 

(Supplementary Fig. 4.6). The spectra we measured with the hyperspectral microscope 
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(the end-members) matched the spectrometer-measured spectra. Both the yellow vs. 

orange and red-orange vs. red pairs exhibited increased spectral overlap according to 

real spectral measurements, likely leading to the difficulty in separation we observed in 

our unmixing analysis. Despite this overlap, single-pixel wide intensity profiles show 

high contrast and good signal to noise across all 10 channels (Fig. 4.2e). The overlap 

between the blue and blue-green channels as well as the red-orange and red channels is 

apparent. We estimated the signal to background and signal to noise ratios by selecting 

individual beads and clear background areas for each color channel. We found that 

signal to background ranged from 15 to 2,400 across the 10 channels, while the signal 

to noise ratio varied from 13 to 440 (Supplementary Table 4.4). Calibrated spectral 

end members (Fig. 4.2f) showed emission profiles that were broader than the published 

emission spectra and which varied widely in brightness across different bead colors as 

well as across different excitation laser wavelengths, highlighting the importance of 

multiple excitation sources for clean unmixing.  

To assess how well our 10-channel image data could be used for clustering and 

image segmentation, we used K-means clustering on the unmixed data, assuming 10 

clusters and masking away the background. We found that the beads clustered very well, 

with some confusion between the blue and blue-green beads (Supplementary Fig. 4.7). 

Finally, we estimated what a more standard, 4-channel single excitation source image 

of the mixed bead sample would look like by summing the data across each ATBF angle 

for channels A–D for the 800-nm excitation (Supplementary Fig. 4.8). This calculated 

4-channel dataset was unable to visualize three bead colors (yellow-green, red-orange, 

and red) and exhibited overlap between bead colors that were well separated in the 48-
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channel image (yellow vs. orange, carmine vs. crimson).  

 

4.2.3 Cells Labeled with Multiple Fusion Proteins 

In order to test the capability of this microscope in cells, we generated HeLa cells with 

multiple labeled subcellular structures. We utilized commercially-available fusion 

vectors [11] that coded for different color fluorescent proteins fused to different 

subcellular proteins (Fig. 4.3a, Supplementary Table 4.5). Cells transfected with each 

of the fusion proteins could be readily imaged on our system (Supplementary Fig. 4.9). 

However, we found that using standard transient transfection techniques with multiple 

color fusion proteins created cells with such varying expression levels of the different 

fusion proteins that it was difficult to separate the colors due to large intensity 

differences, even with hyperspectral detection. Therefore, we created several custom 

plasmids enabling equal expression of two fusion constructs per plasmid, each utilizing 

a different antibiotic resistance selection marker, and all through the use of 2A self-

cleaving peptide sites [12] (Supplementary Table 4.6, Supplementary Fig. 4.10). We 

then generated cell lines using lentiviral transduction of one or two of these double-

fusion constructs. We were not able to efficiently two-photon excite mKO2 (fused to 

TOMM20), one of the fusion constructs expressed in a cell line, so the cell lines 

provided two or three colors total. We then transiently transfected other plasmids that 

drove expression of single fusion constructs or additional double fusion constructs in 

these cells. Using this approach, we were able to readily find fields of view containing 

cells that collectively expressed up to seven different color fusion constructs, and single  
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Figure 4.3 - Hyperspectral images of live HeLa cells labeled with up to seven 
different fluorescent protein fusion constructs. a) Fluorescence emission spectra of 
seven different fusion constructs, indicating both the fluorescent protein and the fused 
cellular protein. b) Spectrally-unmixed, false-color composite image of cells expressing 
three fusion proteins with highly-overlapping spectral emission (bold curves in a). c) 
Spectrally-umixed, false-color composite image of a group of HeLa cells expressing 
multiple constructs. The FWHM of a small extension of mNeon-Keratin is shown in the 
inset. d-e) Additional composite images of HeLa cells expressing up to seven constructs. 
Insets i) and ii) show cells with multiple nuclear labels. Inset iii) shows a cell with the 
signal from mTurquoise-VASP removed to more clearly show the four labels near the 
cell nucleus, while iii’) shows the same cell with tdTomato-Calreticulin removed for 
further clarity. See Supplementary Table 4.7 for cell transfection details per image 
panel. Scale bars: b) 5 µm, c-e) 25 µm 
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cells with up to six colors, with sufficient signal to noise for each color to be unmixed 

from the 48-channel data (Supplementary Table 4.7). 

To evaluate the ability of the hyperspectral multiphoton microscope to 

differentiate highly spatially- and spectrally-overlapped fluorescent labels, we imaged 

a cell line expressing mTFP1-CEBPA/mNeon-Keratin (labeling nucleus and keratin 

fibers, respectively), with sfGFP-Caveolin (cell membrane invaginations) transfected 

on top. We clearly separated mTFP1, sfGFP, and mNeon labels in the final image, 

although they exhibit emission peaks separated by only 18 and 7 nm, respectively (Fig. 

4.3b, Supplementary Fig. 4.11). Caveolin appeared as small dots and keratin a fine 

meshwork, as expected. To establish the resolution capabilities of the hyperspectral 

microscope, we imaged a field-of-view (FOV) containing cells expressing mTFP1-

CEBPA/mNeon-Keratin, and sfGFP-Caveolin/mKO2-TOMM20. Additional fusion 

constructs transfected on top of the those integrated into the cells included mTurquoise-

VASP (focal adhesions), mAmetrine-LaminB1 (nuclear membrane), tdTomato-

Calreticulin (endoplasmic reticulum), and dKathushka-CENPB (nucleus). Each of the 

seven colors was well separated despite significant spatial and spectral overlap (Fig. 

4.3c, Supplementary Fig. 4.12). We found the lateral spatial resolution of the unmixed 

images to be ~0.56 µm by measuring the full-width-half-maximum of small keratin 

extensions in these cells (Fig. 4.3c inset). We imaged another group of cells expressing 

the same combination of labels (Fig. 4.3d, Supplementary Fig. 4.13), although 

tdTomato-Calreticulin was not visible in this FOV. We found two cells each expressing 

a different combination of four labels (Fig. 4.3d, insets i, and ii). We saw that 

mAmetrine-LaminB1 outlined the nucleus, which was labeled throughout by 
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dKatushka-CENPB. sfGFP-Caveolin was distributed throughout the cell and contained 

in small cell extensions near the cell edge. mTurquoise-VASP appeared to be expressed 

throughout the cell membrane, creating a “haze” in the final projected image. In another 

group of cells (Fig. 4.3e, Supplementary Fig. 4.14), we found a cell expressing six 

different labels simultaneously. We digitally removed the mTurquoise-VASP channel 

(Fig. 4.3e, inset iii) and the tdTomato-Calreticulin channel (Fig. 4.3e, inset iii’) to 

provide visual clarity for each label. We saw that mTFP1-CEBPA tends to label most 

of the nuclear body, while dKatushka-CENPB primarily labeled punctate structures 

within the nucleus. We also observed that Keratin tended to form dense rings around 

the nucleus and a fine meshwork throughout the rest of the cell body.  

 

4.2.4 In Vivo Mouse Cortex Labeled with Exogenous Dyes and Fluorescent 

Proteins 

We demonstrated the ability of the hyperspectral multiphoton microscope to 

differentiate multiple spectral labels in the living cerebral cortex of mice. We used both 

fluorescent protein expression as well as exogenous dyes to label multiple cell types and 

tissue structures simultaneously. We crossed mice expressing YFP in pyramidal neurons 

and GFP in microglia. We applied Sulforhodamine 101 (SR101), which has been shown 

to label astrocytes and oligodendrocytes through both pressure injection directly into 

the cortex, and intravascular (IV) injection [13]. We labeled the elastin along arterioles 

and the blood plasma through IV injection of Alexa Fluor 633 hydrazide [14] and 

Cascade Blue-conjugated dextran, respectively (Fig. 4.4a). Animals were imaged either 

immediately after performing a craniotomy or after ~3 weeks of recovery. 
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Figure 4.4 - Hyperspectral images of multiple exogenous dyes and transgenic label 
in live mouse cortex 
 a) Fluorescence emission spectra of five different fluorescent labels, indicating both 
the fluorescent label and the corresponding labeled structure. b) Spectrally-unmixed, 
false-color composite image of five labels 25 µm below the cortical surface. Large blood 
vessels (cyan) are identified as arterioles due to the elastin lining (magenta) along the 
vessel edge. Astrocyte end feet (red) also line the vessel wall, with dendrites (yellow) 
and microglia (green) scattered throughout the field of view. The density of labeling 
obscures many structures subtleties, and digital removal of the YFP-dendrite, SR101-
astrocyte channels reveals small morphological features on dendrites along the arteriole 
(right). c, d) Spectrally-unmixed, false-color composite image of four labels 100 and 
200 µm below the cortex surface, respectively. The vascular dye decreases in signal 
rapidly with depth as the 800-nm laser source used for its excitation becomes power-
limited. Scale bars: 50 µm.  
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We were able to visualize all tagged structures at and beneath the cortical surface 

(Fig. 4.4b, Supplementary Fig. 4.15). Several expected anatomical features were 

observed, including the presence of astrocytes and their end feet along the outside of 

surface arterioles, along with a ~1-µm wide band of elastin adjacent to the vessel lumen. 

The imaged structures were incredibly dense, and removal of the SR101 and YFP 

channels enabled visualization of microglial processes along an arteriole (Fig. 4.4b, 

right). Due to the large dynamic range of the hyperspectral image, setting the contrast 

across each channel for clear visualization of all structures simultaneously did not 

convey the amount of detail present. Taking the logarithm of the intensity values helped 

to elucidate these structures (Supplementary Fig. 4.15). We compared an image of 

microglia from a standard 4-channel microscope and our 48-channel hyperspectral 

microscope for both linear and logarithmic intensity values, and found that details were 

comparable (Supplementary Fig. 4.16). We also demonstrated spectral unmixing at 

depths of up to 200 µm in mouse cortex (Fig. 4.4e and f, and Supplementary Fig. 4.17 

and 4.18), although the Cascade Blue signal dropped off quickly with depth due to 

power limitations of the 800-nm laser source. We further separated a number of intrinsic 

and exogenous signals in the dura-mater, including second harmonic generation (SHG) 

from collagen (seen from both 900- and 1030-nm excitation, yielding a hyperspectral 

SHG end-member), GFP-expressing patrolling monocytes likely present due to post-

surgical inflammation, and a several unidentified autofluorescent species 

(Supplementary Fig. 4.19). As the number of spectral channels greatly exceeded the 

number of fluorescent labels, we demonstrated unmixing with a reduced number of 

channels (Supplementary Fig. 4.20). We selected five channels corresponding to the 
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brightest signal from one of the labeled structures for unmixing, and also demonstrated 

unmixing with twelve channels, including the other channels that may be acquired 

simultaneously alongside the five minimum channels. We found that unmixed signal 

quality remained similar to the 48-channel unmixed images, but reduced imaging speed 

to approximately 11 seconds versus the standard 35 seconds for a 48-channel frame. 

Finally, we used our instrument to distinguish the hues of color expressed by neurons 

in a brainbow-like sample [15]. We simultaneously injected multiple adeno-associated 

viral vectors (AAV) that each coded for the expression of a different color fluorescent 

protein. Different neurons took up different amounts of each AAV and thus expressed 

different ratios of each color, giving cells a unique hue. For unmixed images of a mouse 

expressing three different-color fluorescent proteins (mCerulean, eGFP, and tdTomato), 

we were able to identify unique hues for many neuron bodies (Fig. 4.5a, 

Supplementary Fig. 4.21). We were unable to utilize spectra selected from within the 

image as spectral end-members due to the combinatorial transfection, so we scaled the 

image data with our calibration procedure and used literature excitation and emission 

values to generate synthetic end-members. To determine if neuron hues are spectrally-

distinct, we selected five neuron bodies and plotted the intensity values across the 

tdTomato, eGFP, and mCerulean signals (Fig. 4.5b). We saw that pixels belonging to 

each neuron body clustered in RGB-space, indicative of unique spectral signatures with 

little overlap between clusters. We also imaged a histological slice of a mouse 

expressing four different-colored fluorescent proteins in neurons (eBFP2, mCerulean, 

sfYFP, and tdTomato) (Fig. 4.5c, Supplementary Fig. 4.22), and observed that color 

variation increased with the number of fluorescent labels utilized.   



 

72 

 
Figure 4.5 - Hyperspectral images of neurons in live mouse cortex expressing 
multiple AAV-mediated fluorophores  
a) Spectrally-unmixed, false-color composite image of neurons expressing varying 
levels of AAV-mediated mCerulean (blue), eGFP (green), and tdTomato (red), 60 µm 
deep in live mouse cortex. Uniquely-colored neurons were identified (white arrows) for 
further spectral analysis based on hue. b) Pixel intensity in 3D color-space for all three 
unmixed channels of the neurons denoted in a. Pixel intensities were normalized to the 
brightest pixel selected in that color-channel for spectral analysis. Points are color-
coded by their neuron hue in a, and appear to cluster uniquely in color space. c) 
Spectrally-unmixed, false-color composite image of neurons expressing AAV-mediate 
mCerulean (blue), EBFP2 (green), sfYFP (yellow), and tdTomato (red) in a 75-µm thick 
histological slice of mouse cortex. Neuron bodies express a wide range of color hues. 
Scale bars: 50 µm. 
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4.3 Materials and Methods 

4.3.1 Hyperspectral Multiphoton Imaging Setup 

Imaging was performed on a custom-built laser scanning microscope incorporating 

three femtosecond laser sources (Ti:Sapphire: Chameleon Vision and Mira, Coherent; 

Yb:fiber: Satsuma, Amplitude Systèmes). Laser beams were combined and spatially 

overlapped using two dichroic mirrors with cutoff wavelengths of 875 nm and 1000 nm 

(FF875-Di01, Semrock; DMSP1000R, Thorlabs). Beam powers were independently 

controlled by servo-controlled half-wave plates and a polarizing beam splitter and were 

monitored using photodiodes. Beams were expanded so the 1/e diameter just filled the 

4-mm clear aperture of the galvanometric scan mirrors (Cambridge Tech.) Two 

objectives for imaging, a 25x, 1.05 numerical aperture (NA) water immersion objective, 

was used for bead samples and in vivo imaging (Olympus) and a 63X, 1.2 NA water 

immersion objective for live cell imaging (Olympus).  

Fluorescence was epi-detected from the sample and directed to custom detection 

optics with a dichroic mirror (700dcxru, Chroma). Fluorescence from the sample was 

first sent through a 720-nm short-pass filter to block excitation light (FF01-720/SP, 

Semrock) and then divided into four broad color channels using three long-pass dichroic 

mirrors with cutoffs at 495, 552, and 624 nm (FF495-Di03, FF552-Di02, FF624-Di01, 

Semrock). In each channel, an ATBF (TBP01-490/15, TBP01-550/15, TBP01-620/14, 

TBP01-700/13, VersaChrome, Semrock) was attached to a high-torque motor 

(S9352HV, Futaba) via a custom aluminum frame. Signals were detected with GaAsP 

photomultiplier tubes (H10770PB-40SEL, Hamamatsu) with gain control and 

conditioned with a custom preamplifier and a four-channel lowpass filter set to 1 MHz 
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cutoff (3944 Four Channel, Krohn-Hite). Signal acquisition and scan mirror signals 

were controlled with a PCI 6610 DAQ board (National Instruments). Wave plate 

rotation, shutters, and filter motors were controlled with a PCI-6602 DAQ board 

(National Instruments). All images were acquired with ScanImage software (Vidrio) in 

Matlab (MathWorks), with custom scripts for hyperspectral acquisition.  

 

4.3.2 Scattering-Insensitive Detection Optics Design 

When imaging in scattering samples, the two-photon excited fluorescence exits the back 

aperture of a microscope objective in a divergent cone. Detection optics were designed 

and ray-traced in Zemax (Zemax, LLC) to capture as much of this divergent light as 

possible and deliver it to the active area of the PMT, while, at the same time, minimizing 

the angle of incidence on the ATBF to minimize spectral broadening and maximize 

filter transmission (Supplementary Fig. 4.2). Optics were designed around the 13.5˚ 

half-angle of light that exited the back aperture of a 25x 1.05 NA objective (Olympus) 

when highly diffuse light enters the objective. This approximates the distribution of light 

from a highly-scattering sample. A four-lens optical detection system was designed, 

with the first lens (80-mm focal length, AC508-080-A, Thorlabs) shared by all detection 

channels and sitting 75 mm from the back aperture of the objective. A second lens (175-

mm focal length, LA1399A.1, Thorlabs) sits 175 mm from the first lens, with the fixed 

dichroics that split the emitted fluorescence into four channels between these two lenses. 

After this second lens, the light passes through the ATBF, with a maximal angular 

divergence of 7.7˚ half-angle. Finally, a pair of lenses (75-mm focal length at 126 mm 

from second lens and 16-mm focal length at 33 mm further behind; LA1145-A and 
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ACL25416U-A, Thorlabs) condenses the light onto the 5-mm active area of the PMT.  

 

4.3.3 Channel Transmittance Measurements 

The transmittance of the ATBFs in our setup was measured as a function of angle 

(Supplementary Fig. 4.1). The PMT for each channel was replaced by an integrating 

sphere (IS200-4, Thorlabs) and an optical fiber was attached to a side-port. The 

collected light was spectrally resolved on a commercial spectrometer (HR4000, Ocean 

Optics). A halogen lamp with a diffusing plate was placed beyond the focal length of 

the microscope objective to provide diffuse, spectrally broad illumination. The 

transmitted spectrum was first measured with the ATBF removed, and then with the 

filter in place for 1˚ increments of the filter angle over 60˚ degrees. The transmittance 

of the ATBF was calculated and smoothed over a 1.34-nm window.  

 

4.3.4 Image Acquisition 

Before acquiring a hyperspectral image, it was necessary to first optimize the gain of 

the four PMTs and the power of the three lasers to achieve good signal-to-noise 

detection of all fluorescent species while avoiding PMT saturation across all angles of 

the ATBFs and all excitation sources. Images were acquired from all four PMTs 

simultaneously. An example imaging sequence is as follows: all four ATBFs were 

rotated to their first imaging angle (the bluest within their channel), the shutter for the 

first laser opened, a four-channel image was acquired, the shutter closed and the next 

laser shutter opened, and so on until all three laser images were acquired. Then, the 

ATBFs were rotated to the next imaging angle, and the process repeated, until images 
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were acquired across all desired filter angles for all three lasers. In most of the imaging 

shown in this paper, four distinct angles of the ATBFs (Supplementary Table 4.1, Fig. 

1b) were used, which provided coverage of the visible spectrum (420 – 700 nm) with 

~20-nm spectral resolution.  

 

4.3.5 Spectral Calibration 

Because PMT gain settings were optimized for each image, it was necessary to calibrate 

the signal across PMT channels if determining real spectral profiles was necessary 

(Supplementary Fig. 4.3). The spectrum of an incandescent flashlight with color-

balancing filters (FGT165, Thorlabs) was multiplied by the measured transmission 

profile for the ATBFs for each acquisition angle, providing a “predicted” PMT signal 

for the incandescent spectrum. After each hyperspectral image (or before changing PMT 

gains) the flashlight was directed toward a white piece of cardstock placed directly 

below the objective, and the angle of the flashlight was tuned to avoid PMT saturation. 

PMT signal was then measured at the ATBF angles used for hyperspectral imaging, as 

well as at 1 degree increments over ±4 degrees around those angles. Finally, for each 

ATBF angle, a calibration factor was found that fit the measured PMT signal across 

those nine angles to the predicted PMT signal. These calibration factors were used to 

calibrate the hyperspectral images.  

To test how well this calibration procedure worked, it was used to measure the 

spectrum of fluorescent dyes with variable PMT gain and laser power settings 

(Supplementary Fig. 4.4). Pools of 25 µM fluorescein and 25 µM Sulforhodamine 101 

(S359, ThermoFisher) dye were placed on glass slides, covered with a glass coverslip, 
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and sealed. Images were acquired across 16 emission detection channels with the 900-

nm laser source, for three different settings of PMT gain and laser power (each ensuring 

detectable signal and avoiding saturation). After each acquisition, the spectral 

calibration procedure was performed and the extracted spectra compared to published 

spectra and to the predicted spectra for our system, with good agreement all around. 

 

4.3.6 General Image Analysis 

A two-dimensional median filter with a radius of one pixel was applied to each image 

using FIJI [16]. For analysis methods relying on real-world spectra, images were scaled 

by the appropriate calibration factors. 

 Due to chromatic aberration induced by the excitation optics across the three 

laser wavelengths used for excitation, identical structures imaged with different 

excitation sources were slightly separated spatially (this separation was typically less 

than ~2 µm). Channels containing similar structures across all lasers were identified, 

and images for the 800-nm and 1030-nm excitation were registered to the 900-nm image 

using a 2D affine transformation (affine2d( ) function in Matlab). The calculated 

transform was then applied to all images corresponding to that laser. 

 Using a non-negative least squares approach, the hyperspectral data for each 

voxel in the image was fit as a linear sum across multiple spectral end-members. Each 

fluorescent species or other nonlinear signal (e.g. second harmonic generation) in the 

image is represented by one of these spectral end members. For each set of imaging 

experiments, the derivation of these end members was unique and is discussed in detail 

for each experiment. The squared norm of the residual was used to evaluate the 
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goodness of this fit and to identify image regions that the chosen spectral end members 

did not represent well. 

 

4.3.7 Fluorescent Beads 

Ten colors of dye-loaded, 15-µm diameter polystyrene beads (F8837 Blue, F8838 Blue-

green, F21010 Green, F8844 Yellow-green, F21011 Yellow, F8841 Orange, F21012 

Red-orange, F8842 Red, F21013 Carmine, F8839 Crimson, Thermo Fisher) were 

embedded in 2% agarose gel. The bead solutions were concentrated to achieve a high 

enough density to visualize all bead colors in a single field of view. Briefly, ~0.5 mL of 

bead solution was centrifuged and the supernatant removed. Additional colors were 

sequentially added and centrifuged until a pellet with all colors was produced. A small 

amount of hot agarose was added to the bead pellet, allowed to briefly solidify, and then 

scooped onto the lid of a cell culture dish for imaging. Samples that contained each bead 

color individually were similarly prepared. The multicolor bead sample was imaged 

first, with PMT gains and laser powers set to visualize all beads without saturation. 

Without changing any imaging parameters, the single-color bead samples were imaged 

and the flashlight calibration was performed. Image slices were acquired at 2 µm steps, 

with 8 slices for the mixed sample and 5 slices for the single-color bead samples.  

 Bead data was pre-processed using the standard workflow. All single-color 

images were maximum-projected and both single-color images and mixed-bead images 

were registered using the affine transformation. Spectral end-members were determined 

by averaging across five different manual ROIs for each single-color sample. A single 

slice of the mixed-bead image was unmixed and each of the unmixed channels assigned 



 

79 

a false color to create the color composite. Once data were unmixed, new spectral end-

members were chosen from the mixed-bead sample, using the unmixed image to 

identify beads of each color (Supplementary Fig. 4.5). Unmixed channels (Fig. 2c) 

were again assigned a false color to create the color composite (Fig. 2d). For the 48-

channel image array (Fig. 2b) and extracted bead spectra (Fig. 2f), data were scaled 

according to the calibration procedure. The bead spectra were measured with a 

spectrometer for comparison with the Thermo Fisher spectra (Fig. 2a) and the extracted 

bead spectra (Fig. 2f, Supplementary Fig. 4.6). 

 To quantify the quality of unmixing, the number of pixels overlapped in multiple 

channels in the final unmixed data were measured. A Rènyi entropy filter (FIJI) was 

applied to each channel to mask-out background pixels and set signal pixels to one. The 

number of pixels present in more than one channel were measured by summing the 

channels and identifying pixels with a value higher than one. The number of pixels 

present in all channel pairs were counted to evaluate significant channel cross-overs 

(Supplementary Table 4.2). A 2-D correlation coefficient was also computed between 

all channels (Supplementary Table 4.3). The signal-to-noise ratio (SNR) was 

calculated by selecting an ROI including background pixels to represent background, 

and multiple beads to represent bead signal. The SNR was calculated as the ratio of bead 

signal to the standard deviation of the background signal (Supplementary Table 44.). 

To visually-evaluate channel overlap, pixel intensity values were measured across two, 

single-pixel-wide lines in the unmixed 10-channel data (Fig. 2d) and the intensity values 

plotted as a function of distance (Fig. 2e).  

To evaluate the suitability of our data for pixel-clustering and segmentation, 
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beads were clustered in 10-dimensional space. Each of the 10 unmixed images was 

thresholded using the Rènyi Entropy function in FIJI and maximum projected to mask 

out the background. A range filter (rangefilt( ) in Matlab) was applied with a 

neighborhood of nine pixels to include texture information in addition to spectral 

information in clustering, as beads should contain pixels belonging to only one cluster. 

K-means clustering was performed using 10 clusters (kmeans( ) function in Matlab) on 

all non-background pixels. Each cluster was seeded with the average intensity of a 

particular color bead in its respective channel and zeros in other channels. An image 

was then created that classified all pixels into the 10 clusters identified by K-means 

(Supplementary Fig. 4.7a) and plotted the 10-dimensional profile of 5,000 random 

points belonging to each cluster (Supplementary Fig. 4.7b). Because beads could not 

physically overlap in the sample, each pixel should belong to only one bead color.  

 Images collected in each PMT channel (Chan A-D) across all ATBF angles for 

the 800-nm laser source were summed to simulate a four-channel microscope image 

(Supplementary Fig. 4.8a). The same ROIs used to select spectral end-members for 

48-channel unmixing were used to extract four-channel end-members in the simulated 

four-channel dataset. The four-channel mixed bead image was unmixed and used to 

generate a composite (Supplementary Fig. 4.8b), with each of the unmixed channels 

assigned the same false colors as the 48-channel composite (Supplementary Fig. 4.8c). 

The same bead, one for each color, was extracted from both the four-channel and 48-

channel composites for direct comparison (Supplementary Fig. 4.8d). 
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4.3.8 Multicolor Cells 

To demonstrate multi-color subcellular imaging in live cells, a combinatorial approach 

was devised to generate a series of HeLa cell lines expressing multicolor fluorescent 

protein-fusion tags through lentiviral transduction and selection, upon which a 

secondary transient transfection step was incorporated to optimize the total number of 

labels expressed in a single cell and/or cluster of cells (Supplementary Table 4.5). To 

efficiently image live cells in this scenario, cells needed to exhibit uniform and robust 

expression levels of all fluorescent protein-fusion tags for images with high signal-to-

noise. A combinatorial route was chosen because simultaneous transient transfection of 

an increasing number of single color plasmids lead to worsening and/or uneven 

expression of some labels, while reducing the probability of locating cells that were 

healthy and expressing all possible fusion proteins. With the generation of stable HeLa 

cell lines expressing two or three of the fusion constructs using lentiviral transduction 

methods (Supplementary Table 4.6), there was a greater likelihood that cells were 

found containing an optimized number of subcellular fluorescent protein-fusion tags.  

 

Preparation of Polycistronic Lentiviral Cloning Vectors  

To ensure robust and uniform expression of two or more subcellular fluorescent protein 

tags, a polycistronic transgene cassette was engineered based on the incorporation of 

self-cleaving 2A peptides, into a cis-plasmid backbone necessary for lentiviral vector 

production [17]. To facilitate cloning, a series of different Gblocks were ordered from 

IDT which contained a purposefully designed 5' multiple cloning site (MCS), peptide 

sequence P2A, a positive selection marker (PSM), peptide sequence T2A, and a 3' MCS 
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(Supplementary Fig. 4.10). First, each G-block was cloned into a second-generation 

lentiviral transfer vector (pCDH). A series of these vectors were created, each with 

either a zeocin resistant or a blasticidin resistant PSM. Subsequently, a fluorescent 

protein (FP) subcellular fusion tag (TAG; FP-TAG in combination), were sub-cloned 

into the vector made in step one, in serial fashion, utilizing the MCS designed in the 

original Gblock. Each FP-TAG was oriented as such that the FP was fused via C-

terminus to P2A or N-terminus to T2A. After serial cloning, the resulting transfer vector 

contained three essential genes (FP-TAG -- PSM -- FP-TAG) in the same open reading 

frame (ORF) transcribed from a CMV promoter. The 2A self-cleaving peptides allowed 

for robust, uniform expression of all three genes from the same construct promoter, 

allowing for selection expression of two subcellular tag and a PSM for selection of cell 

lines.  

 

Lentiviral Vector Production 

All transfer vectors (described above) and packaging vectors psPAX2 (Addgene-Trono 

Lab, #12260) and pMD2.G (Addgene-Trono Lab, #12259) were scaled in E.Coli strain 

C3040H (New England Biolabs) and purified with Endo-Free DNA purification kits 

(Qiagen). For transfection, HEK293TN cells were plated on a 150-mm Petri Dish 

(Corning-Nunc) in 16 mL of medium (D-MEM, 4.5 g/L glucose, 1% Penn/Strep, 5% 

FBS) such that they were between 60-80% confluent at time of transfection. Three hours 

prior to transfection, fresh media was exchanged, and cells were allowed to incubate 

(5% CO2, 37˚C). Transfection was performed in a 1:1:1 molar ratio (50 µg/dish) of 

respective transfer vector (pCDH), psPAX2, and pMD2.G using Purefection reagent 
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(SBI) following the manufacturer’s protocol. Cells were left to incubate (5% CO2, 

37˚C) for 48–60 hours. The cellular medium containing lentiviral particles was then 

collected in 50 mL conical tubes and centrifuged at 2000xg for 10 minutes at 4˚C to 

remove debris. The supernatant was concentrated with Lenti-X (Clontech) following 

the manufacturer’s protocol. Concentrated pellets were re-suspended in 500 µL fresh 

DMEM, aliquoted, and stored at -80˚C for future use. 

 

Generation of Stable HeLa Cell Line Expressing Subcellular Fusion Tags 

A stable HeLa cell line was generated by transduction with the second-generation 

lentiviruses described above, in sequential fashion. First, the lentiviral vector encoding 

Keratin-mNeon-P2A-ZeoR-T2A-mTFP1-CEBPA237 was used to infect HeLa cells. 

Two weeks after serial infections, stable cells were selected/maintained with 400 µg/mL 

Zeocin, and scaled into four 150mm Petri dishes (Corning-Nunc) and sorted for 

brightness using BD FACSAria fusion fluorescence activated cell sorter (FACS). The 

brightest cells were saved, re-plated, and maintained with 400 µg/mL Zeocin. This line 

was then subsequently transduced in the same manner with the lentiviral vector 

encoding Tomm20-mKO2-P2A-BlastR-T2A-sfGFP-Caveolin. Dual selection with 400 

µg/mL Zeocin and 14 ug/mL Blasticidin, followed by repeat FACS for bright cells, 

resulted in a multicolor cell line. This line was then used as the basis for additional 

transfection as outlined in the combinatorial approach. 

 

Cell Imaging and Analysis 

Multicolor cells were plated in 60 mm diameter (Nunc delta 60x15mm) cell culture 
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dishes, and media replaced with PBS for imaging. All cell images were acquired with a 

63x, 1.2 NA water immersion objective (Olympus). Groups of multicolor cells 

(Supplementary Table 4.7) were imaged with fixed laser power and PMT gain settings. 

Cells transfected with single fusion vectors were then imaged with the same settings to 

enable selection of spectral end-members for unmixing (Supplementary Fig. 4.9). 

Images were median-filtered, registered, and maximum-projected across multiple slices. 

After projection, spectral end-members were extracted from single-color images and 

used for nonnegative least squares unmixing of mixed-color samples (Fig 3, 

Supplementary Fig. 4.11–4.14). Because each cell expresses an unknown combination 

of fluorescent labels, residual images and a priori knowledge of structure morphology 

were used in an iterative manner to select the end-members present in the image.  

 
 

4.3.9 Multicolor Transgenic Mice with Exogenous Dyes 

All animal procedures were approved by the Cornell Institutional Animal Care and Use 

Committee and were performed under the guidance of the Cornell center for Animal 

Resources and Education. Mice expressing YFP in pyramidal neurons (THY1 YFP-H) 

were crossed with mice expressing GFP in microglia (CX3CR1-GFP) and bred to 

maintain homozygous expression of both genes. Optical access to cortex was achieved 

through a glass-covered cranial window. Animals were anesthetized using isoflurane 

(1.5–2% in oxygen) and placed on heating pads with feedback control for body 

temperature maintenance at 37˚C (40-90-8D, FHC). Mice were given atropine sulfate 

(0.005 mg/100 g mouse weight, subcutaneously; 54925-063-10, Med-Pharmex Inc.) to 
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prevent lung secretions. Mice were also given dexamethasone (0.025 mg/100 g mouse 

weight, subcutaneously; 07-808-8194, Phoenix Pharm Inc.) and ketoprofen (0.5 mg/100 

g mouse weight, subcutaneously; Zoetis Inc.) to preemptively reduce pain and 

inflammation. Bupivacaine (0.1 mL, 0.125%; Hospira Inc.) was subcutaneously 

administered at the incision site to provide a local nerve block. A 6-mm diameter 

bilateral hole over the cerebral cortex was drilled with a dental drill (HP4-917-21, 

Fordom) using bits with diameters of 0.5 and 0.7 mm. Approximately 45 minutes before 

removing a portion of the skull, 50 µL of 1mM Alexa Fluor 633 hydrazide (A30634, 

Life Technologies) in saline was injected retro-orbitally to label elastin in arterioles 

[14]. Once the skull was removed, 500 nL of 20 µM SR101 (S359, ThermoFisher) in 

saline was pressure injected ~300 µm deep into cortex and saline replenished on the 

brain surface to prevent drying of the tissue. After injection, the cranial opening was 

covered with fresh saline and an 8-mm glass coverslip using cyanoacrylate adhesive 

(Loctite) and dental cement (Co-Oral-Ite Dental). The animal was immediately moved 

for hyperspectral imaging. Prior to imaging, 50 µL of 10% weigh/volume (w/v) Cascade 

Blue Dextran was injected retro-orbitally to label vasculature. An hourly dose of 

atropine sulfate and 5% w/v glucose was administered subcutaneously while imaging.  

In some animals, recovery was allowed for three weeks and then mice were 

imaged again. Three hours prior to imaging, mice were briefly anesthetized and injected 

with 100 µL of 5 mM SR101 and 30 µL of 1 mM Alexa Fluor 633 hydrazide retro-

orbitally to allow time for the dye to clear from the vasculature and label their respective 

structures. The mouse was allowed to wake up for the three-hour time waiting-period, 

and then re-anesthetized for imaging. Mice were initially injected subcutaneously with 
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atropine (0.005 mg/100 g mouse weight, subcutaneously) and 5% w/v glucose, and then 

injected hourly with the same glucose dosage and the hourly atropine dose. After 

imaging, mice were allowed to recover from anesthesia for future imaging sessions. 

Images were median-filtered, registered, and maximum-projected across multiple slices. 

After projection, spectral end-members were extracted from within the image and used 

for nonnegative least squares unmixing of that image (Fig. 4, Supplementary Fig. 4.15, 

4.17–4.19). Residual images and a priori knowledge of structure morphology was used 

in an iterative manner to select end-members until most structures were accurately 

defined. To enable visualization of some images, logarithmic functions were applied to 

the image in Fiji. 

To demonstrate image unmixing with fewer spectral channels, five of the 48 

channels were selected, each containing the brightest signal from one of the five labels. 

Spectral end-members from the same ROIs as the 48-channel dataset were extracted and 

used for unmixing (Supplementary Fig. 4.20a and c). In addition to the five-channel 

dataset, another dataset was selected by choosing additional channels that could be 

collected simultaneously from the other PMTs, not adding additional acquisition time. 

This 12-channel dataset was unmixed in the same manner (Supplementary Fig. 4.20b 

and d). 

 

4.3.10 Multicolor, Brainbow-like Expression with AAV 

Commercial AAV vectors (AAV2/9-CAG-mCerulean, AAV2/1-CAG-eGFP) were 

purchased from the Penn Vector Core and several were custom-made (AAV2/2-CAG-

tdTomato-Aequorin, AAV2/rh-10-mTagBFP2, AAV2/9-CAG-Cerulean, AAV2/1-
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hSyn-sYFP2-Aequorin, AAV2/9-hSyn-tdTomato (RedQ). For injection, a wild-type 

mouse was anesthetized per the above methodology and placed in a stereotax. A small 

incision was made in the mouse scalp over the barrel cortex, and a dental drill used to 

drill a small burr hole in the mouse skull. 2.5 µL of each AAV vector were combined 

into a single glass micro-pipet and injected ~300 µm deep into the mouse cortex via 

pressure injection. After injection, the scalp was sutured over the opening and the mouse 

allowed to recover three weeks for full virus expression. After that time, a craniotomy 

was performed as described before. The mouse was immediately imaged on the 

hyperspectral multiphoton microscope. After imaging, mice were allowed to recover 

from anesthesia for future imaging sessions. Eventually, mice were euthanized and 

perfused, and the brain cryo-sectioned into 75-µm thick sections and placed on slides 

for further imaging. 

Images were median-filtered, calibrated, registered, and maximum-projected 

across multiple slices. Because each neuron expressed a combination of all color labels, 

spectral end-members were not chosen from the image. Literature emission spectra for 

all labels were multiplied by the filter transmission profiles for each ATBF angle where 

images were acquired, and scaled according to the label’s two-photon cross-section as 

a function of laser wavelength. Images were unmixed using these literature-based 

spectral end-members (Fig. 5, Supplementary Fig. 4.21 and 4.22). 

To evaluate the ability of this AAV vector technique to generate unique spectral 

signatures in neuron bodies, ROIs were chosen from several neuron bodies in a three-

color AAV sample (Fig. 5a). Intensity values from all three unmixed channels were 

plotted in three-dimensions, with mCerulean corresponding to the blue axis, eGFP to 
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the green axis, and tdTomato to the red axis. Points were normalized to the highest value 

in each color-channel within the ROIs, and color-coded by their neuron’s hue.  

 

4.4 Discussion 

Our hyperspectral multiphoton microscope produces high-contrast images of multiple 

fluorescent labels with sub-micrometer spatial resolution and the capability to image 

hundreds of micrometers into scattering samples. Utilizing multiple-wavelength 

excitation sources enables the use of a wide variety of fluorescent labels (24 different 

fluorescent dyes, proteins, and beads used in this paper, not counting autofluorescent 

species), and multiplexed detection provides fine spectral resolution for differentiation 

between labels with similar emission characteristics. We demonstrated unmixing of ten 

colors of fluorescent beads with highly-overlapped emission spectra. We also imaged 

seven fluorescent protein fusion constructs, opening the door to studies of complex 

intracellular interactions involving cell membrane, organelle, and nuclear proteins. We 

further imaged five labeled structures simultaneously in live mouse cortex, in addition 

to identifying neurons based on spectral-hue in a brainbow-like sample. These in vivo 

demonstrations establish the capability of the hyperspectral multiphoton microscope to 

image the interactions of multiple cell types in animal models for normal and disease 

state physiology studies. 

Although this technology enables visualization of multiple fluorescent labels in 

vivo, there are some limitations. A frame-by frame acquisition approach limits imaging 

speed to ~35 seconds for a 48-channel image, which is too slow to catch fast cell 

dynamics such as calcium spiking, blood flow, or rapid cell migration, but fast enough 
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for time-lapse imaging for cell dynamics over the scale of minutes or longer. Judicious 

selection of detection and excitation channels increases imaging speed while still 

providing data with high spectral resolution (Supplementary Fig. 4.20). Future 

instrument iterations could include two-color two-photon excitation [18, 19] for 

temporally-tuned excitation of samples with multiple excitation lasers. Although 

imaging the same area with three excitation lasers is far from optimal, we imaged live 

cells typically sensitive to high levels of radiation (dendrites and microglia) with no 

signs of cell toxicity or damage. We also noticed that shorter laser wavelengths failed 

to penetrate deep into tissue, leading to the inability to excite certain dyes throughout 

the entire imaging tissue volume (for example, Cascade Blue dextran and the 800-nm 

source, Fig. 4c and d).  

Our hyperspectral multiphoton microscope design compares favorably with a 

number of other approaches. A number of multiplexed confocal fluorescence methods 

have been developed to address fluorescent label overlap [20-23], although they have 

not been translated to in vivo studies, presumably due to confocal microscopy’s poor 

performance in the presence of scattering. Some multiphoton designs have utilized the 

tuning feature of the excitation laser over multiple wavelengths to generate variations 

in emission intensity [8-10]. However, laser-tuning requires a quite long delay in image 

acquisition, on the order of seconds per frame, depending on the source. In addition, the 

small steps in excitation-wavelength (on the order of 2–10 nm) do not generate 

sufficient variations in emission intensity to provide much of an advantage over a few 

excitation wavelengths. Our use of 800-, 900-, and 1030-nm excitation provides large 

differences in spectral emission signatures and enables excitation of labels that emit 
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from blue to red. Other techniques utilize multiplexed detection, such as spectrometers 

that are prism or grating-based [3] (including most commercial multiphoton detectors). 

These are poorly-suited for imaging in scattering samples, as these systems must utilize 

a descanned and confocal detection path to maintain spectral resolution and thus cannot 

make use of highly scattered emitted fluorescence for image formation. Lansford et al. 

utilized a liquid-crystal tunable filter (LCTF) in place of a standard glass interference 

filter to provide increase spectral resolution [24]. However, LCTFs exhibit low 

passband transmission, poor out-of-band blocking, and a single unit costs as much as a 

high-end microscope objective, with multiple LCTFs required for multi-channel 

detection. Ricard et al. utilized a design similar to ours, with five dichroic/filter detection 

channels for detection over two different excitation wavelengths and demonstrated 

unmixing of six labels in a mouse glioblastoma model [7]. However, our system 

provides a higher level of multiplexing with ATBF detection, enabling the 

differentiation of closely-overlapped labels. We expect that multiplexed methods will 

continue to be developed to fully take advantage of the wide range of fluorescent labels 

currently available. 

Researchers have realized the need for complex, in vivo studies in rodent disease 

models, and have developed a wide range of mouse models that enable the study of 

Alzheimer’s disease, stroke, cancer, among many others. Within these models, surgical 

techniques have been developed to provide optical access for imaging in various organ 

systems, including the brain [25], heart [26, 27], gut [28, 29], kidney [30], lung [31], 

etc. In addition, new fluorescent labeling strategies provide unprecedented specificity 

in identifying structures and cell types. Confetti multicolor methods for cell 
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identification within a population have been demonstrated in kidney [32], and gut [33], 

a similar method termed multi-addressable genome-integrative color (MAGIC) markers 

has been demonstrated in embryonic neural progenitors in mouse and chick [34], 

Brainbow labeling has been shown in a variety of organs [15, 35-37], and cobbled-

together multicolor labeling strategies utilizing fluorescent protein expression as well 

as exogenous labels have been developed for multicellular interaction studies in cancer 

[7] and immunology [38-40]. Efforts to generate mouse lines with spectrally-distinct 

labels for a wide range of cells (immune cells, vasculature, neurons, cancer cells, etc.) 

would enable a multitude of in vivo studies of multi-cellular interactions when combined 

with the surgical approaches that provide long-term optical access to different organs 

and our newly-developed hyperspectral multiphoton microscope.  

 

4.5 Supplementary Figures and Tables 

 
 
  



 

92 

 

  
Supplementary Figure 4.1 - Measured ATBF transmission curves for Channels A-
D (Fig. 4.1), from 0 to 60˚ in one degree steps.   
Curves shift toward blue wavelengths at steeper angles. Line colors vary for clarity of 
visualization of overlapping curves.  
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Supplementary Figure 4.2 - Ray-traced detection optics designed for spectral 
detection of divergent sample light.  
a) Optical ray trace (Zemax) for a single channel, simulating a non-scattering sample. 
Collimated light simulates beam divergence in non-scattering or shallow samples with 
minimal scattering. The detection system consists of four lenses, spaced as shown (from 
left to right; AC508-080-A, LA1399A.1, LA1145-A, ACL25416U-A, Thorlabs). Light 
originates from a simulated objective back aperture (left), and propagates through two 
lenses to become roughly collimated. Two LP dichroics between these lenses divide 
light into other color channels. The ATBF rotates between the second and third lens. 
The last two lenses condense the detected light to a ~5mm diameter area the size of the 
PMT active area. b) Ray trace for the same optical design with a 13.5˚ half-angle of 
divergence from the back aperture of an objective. The steepest rays at the ATBF 
location exhibit a ~7.7˚ half-angle of divergence, which is minimized for optimal filter 
transmission. 
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Supplementary Figure 4.3 - Calibration between PMT channels using a known 
spectrum.  
The spectrum of an incandescent flashlight reflecting from a piece of white card stock 
is measured with a spectrometer (light blue line). The intensity of light reflecting from 
white card stock into the microscope objective and reaching the PMTs is calculated as 
the flashlight spectrum multiplied by the filter transmission for the filter angles where 
images were acquired (bold black line). PMT values for light reflecting into the 
objective for a given set of PMT gains (black dashed lines) are fit to the predicted PMT 
gains (red lines). These fit values were used as scaling factors for the imaging angles. 
This procedure is repeated for every image collected with different PMT gain settings. 
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Supplementary Figure 4.4 - Reconstruction of dye spectra using hyperspectral 
detection and spectral calibration.  
Pools of 25 µM fluorescein and 25 µM Sulforhodamine 101 (S359, Thermo Fisher) dye 
were placed on glass slides, covered with a glass coverslip, and sealed. Images were 
acquired across 16 emission detection channels with the 900-nm laser source, for three 
different configurations of PMT gain and laser power (ensuring detectable signal and 
avoiding saturation). After each acquisition, the spectral calibration procedure was 
performed and the extracted spectra compared to published spectra (black solid lines). 
The calculated fluorescein spectra (black dashed lines) are the integration of the 
literature curve multiplied by the transmission profiles for the imaging angles of the 
ATBF. a) Reconstructed spectra for fluorescein. b) Reconstructed spectra for 
Sulforhodamine 101. 
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Supplementary Figure 4.5 - Iterative selection of spectral end-members for 
fluorescent beads based on residual signal.  
a) False-color composite image of mixed bead sample, unmixed using spectral end-
members chosen from single-color bead samples. b) False-color composite image of 
mixed bead sample, unmixed using spectral end-members chosen from the mixed bead 
sample, using the results from a as guidance for bead selection. c) Squared-norm 
residual of the unmixed bead image in a. Some signal remains within the green, carmine, 
and red-orange beads d) Squared-norm residual image of the unmixed bead image in b. 
Modest improvement is seen across multiple bead colors. Scale bar: 50 µm. 
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Supplementary Figure 4.6 – Thermo Fisher-, spectrometer-, and hyperspectral-
measured bead spectra 
The Thermo Fisher-provided spectra (black lines) were compared with spectra of beads 
diluted in water and measured with a standard spectrometer (colored dashed lines). The 
brightest portion of the spectral end-member (corresponding to the brightest laser 
excitation) selected for unmixing in the hyperspectral dataset (solid colored lines) 
matches closely with the spectrometer-measured profiles compared to the Thermo 
Fisher profiles.  
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Supplementary Figure 4.7 - K-means clustering in 10-dimension space to evaluate 
dataset suitability for further imaging clustering and segmentation. 
A Rényi Entropy threshold was applied to each channel in the 10-channel unmixed bead 
dataset (Fig. 4.2) to generate a mask selecting non-background pixels. Texture data was 
calculated by applying a range-filter (Matlab rangefilt( ) function) to the image before 
masking, with a neighborhood of nine pixels. Cluster seeds were generated by inserting 
the average intensity of a bead into its respective channel in a 10-element zero vector, 
and zero values for all texture, assuming beads with smooth intensity profiles. K-means 
clustering for 10 clusters (Matlab kmeans( ) function) was performed on non-
background pixels (both spectral and texture data).  a) False-color composite image of 
mixed bead sample, with each pixel color-coded by its cluster number. b) Trace of the 
intensity of 5000 randomly chosen points in each cluster across all ten unmixed 
channels. Traces are colored according to their cluster number. The brightest pixels in 
each unmixed channel appear to belong to the same cluster. Some overlap is seen 
between the blue vs. blue-green, and red-orange vs. red beads. Scale bar: 50 µm. 
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Supplementary Figure 4.8 - Comparison of four versus 48 channels of spectral data 
for unmixing spectrally-overlapping fluorescent beads.  
A four-channel image of ten colors of fluorescent beads in agarose gel was calculated 
from the 48-channel dataset for direct bead-by-bead comparison of under- and over-
determined datasets. All images collected at 800 nm for Chan A (Fig. 2b) were summed 
to produce a single image for Channel 1 of the four-channel image, and so on for Chan 
C-D. Spectral end-members were chosen from within the four-channel image, using the 
same beads as the 48-channel image for end-member selection, and used to linearly 
unmix the four-channel image data. a) Four-channel mixed bead sample image 
calculated from the 800-nm source images in the 48-channel dataset (Fig. 2b). b) False-
color composite image of spectrally unmixed four-channel mixed bead sample (a). c) 
False-color composite image of spectrally unmixed 48-channel mixed bead sample (Fig. 
2d). d) A bead-by-bead comparison of four-channel versus 48-channel imaging and 
unmixing. The same bead, one for each color, was extracted from the four-channel 
composite (b) and 48-channel composite (c). The four-channel image fails to capture 
gradients in bead intensity and three of the ten colors. e) Squared-norm residual image 
for the four-channel unmixed image (b). f) Squared-norm residual image for the 48-
channel unmixed image (c, Fig. 2). Scale bar: 50 µm.  
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Supplementary Figure 4.9 - Unmixed images for HeLa cells expressing only one 
fusion construct and used as single-color images for spectral end-member 
selection.  
The spectral-end members chosen from the single-color images were used to unmix the 
48-channel images of the constructs themselves for verification. a-f) Spectrally-
unmixed composite image of cells expressing the the fusion construct (left) and the 
unmixing residual (right). f) Spectrally-unmixed composite image of cells expressing 
the mTFP1-CEBPA/mNeon-Keratin dual construct. As the two constructs label 
spatially separate structures, spectral end-member selection was possible without 
single-color samples. Scalebar: 25 µm.  
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Supplementary Figure 4.10 - Engineered polycistronic lentiviral cloning vector 
Custom Gblocks were ordered, containing a 5’ multiple cloning site (MCS), peptide 
sequence P2A, a positive selection marker (PSM), a peptide sequence T2A, and a 3’ 
MCS. After cloning into a second-generation lentiviral transfer vector, fluorescent 
protein (FP) sub-cellular fusion tags (TAGs) were cloned into the vector in Step 1 of the 
process, utilizing the MCS in the Gblock. Each FP-TAG is oriented so the C-terminus 
or N-terminus was fused to P2A or T2A, respectively. After serial cloning in this 
manner, all three essential genes (FP-TAG, PSM, and FP-TAG) are contained in the 
same open reading frame (ORF) with transcription by a CMV promoter. This results in 
uniform expression of all three genes from the same promoter, with expression of two 
subcellular tags and a PSM for cell line selection. 

5’ LTR 3’ LTRCMV P2A T2APSM

MCS MCS

Gblock

TAG FP FP TAG 

1

2



 

102 

 
Supplementary Figure 4.11 -  48-channel array and unmixed images for HeLa 
cells expressing the highly overlapping fluorescent protein constructs mTFP1-
CEBPA, sfGFP-Caveolin, and mNeon-Keratin. 
a) 48-channel array for a pair of cells expressing all three constructs, scaled according 
to the flashlight calibration procedure. b) Unmixed images of each fluorescent label 
using nonnegative least squares unmixing, using spectral end-members from samples 
expressing only one fluorescent label (Supplementary Fig. 4.9). c) Squared norm 
residual showing remaining signal unrepresented by the spectral end-members. Scale 
bar: 5 µm. 
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Supplementary Figure 4.12 - 48-channel array and unmixed images for HeLa cells 
expressing seven fluorescent protein constructs (Fig. 4.3c). 
a) 48-channel array for a group of live cells expressing different combinations of the 
seven proteins (Supplementary Table 4.5), scaled according to the flashlight 
calibration procedure. b) Unmixed images of each fluorescent label using nonnegative 
least squares unmixing, using spectral end-members from samples expressing only one 
fluorescent label (Supplementary Fig. 4.9). c) Squared norm residual showing 
remaining signal unrepresented by the spectral end-members. Scale bar: 25 µm. 
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Supplementary Figure 4.13 - 48-channel array and unmixed images for HeLa 
cells expressing seven fluorescent protein constructs (Fig. 4.3d). 
a) 48-channel array for a group of live cells expressing different combinations of the 
seven proteins (Supplementary Table 4.5), scaled according to the flashlight 
calibration procedure. b) Unmixed images of each fluorescent label using nonnegative 
least squares unmixing, using spectral end-members from samples expressing only one 
fluorescent label (Supplementary Fig. 4.9). c) Squared norm residual showing 
remaining signal unrepresented by the spectral end-members. Scale bar: 25 µm. 
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Supplementary Figure 4.14 - 48-channel array and unmixed images for HeLa cells 
expressing seven fluorescent protein constructs (Fig. 4.3e). 
a) 48-channel array for a group of live cells expressing different combinations of the 
seven proteins (Supplementary Table 4.5), scaled according to the flashlight 
calibration procedure. b) Unmixed images of each fluorescent label using nonnegative 
least squares unmixing, using spectral end-members from samples expressing only one 
fluorescent label (Supplementary Fig. 4.9). c) Squared norm residual showing 
remaining signal unrepresented by the spectral end-members. Scale bar: 25 µm.  
 
  

434 447 461 475 508 520 530 540 567 579 590 603 640 654 669 684

80
0

90
0

10
30

La
se

r 
w

av
el

en
gt

h 
(n

m
)

Filter center wavelength (nm)a

b

c

mTFP1-CEBPA sfGFP-Caveolin mNeon-Keratin

Residual

mTurquoise-VASP

mAmetrine-LaminB1 tdTomato-Calreticulin dKatushka-CENPB



 

106 

 
 
Supplementary Figure 4.15 - 48-channel array and unmixed images for five 
labels in mouse cortex (Fig. 4.4b).  
a) 48-channel array for a FOV 25 µm below the cortical surface, scaled according to the 
flashlight calibration procedure. The SR101 dye, with peak emission in the 579, 590, 
603, and 640 nm ATBF channels, was much brighter than all other dyes, necessitating 
the use of different display intensity values for the purpose of this array. b) Unmixed 
images of each fluorescent label using nonnegative least squares unmixing, using 
spectral end-members iteratively chosen from the same image. To visualize the wide 
dynamic range of data gathered with the hyperspectral multiphoton microscope, 
unmixed images are also shown with a logarithmic intensity scale. c) Squared norm 
residual showing remaining signal unrepresented by the spectral end-members. Scale 
bar: 25 µm. 
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Supplementary Figure 4.16 – Comparison of microglia structure between a four- 
and a 48-channel image. 
Microglia in a YFP-pyramidal neuron, GFP-microglia mouse were imaged with a 
standard four-channel multiphoton microscope and the 48-channel hyperspectral 
microscope. Images were unmixed and the GFP-microglia channel selected for 
visualization of microglia structure. Although images were acquired in two different 
mice, images were scaled and processed using the same methods for direct comparison. 
Each image reflects a 10 µm projection over ten, 1 µm image slices. a) Microglia imaged 
with a four-channel microscope. b) Logarithmic intensity image of the microglia in a 
for visualization of dim, fine dendritic processes. c) Microglia imaged with the 
hyperspectral microscope. d) Logarithmic intensity image of the microglia in c for 
visualization of fine dendritic processes. Scale bars: 25 µm. 
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Supplementary Figure 4.17 - 48-channel array and unmixed images for four 
labels, 100 µm deep in mouse cortex (Fig. 4.4c). 
a) 48-channel array for a FOV 100 µm below the cortical surface, scaled according to 
the flashlight calibration procedure. The SR101 dye, with peak emission in the 579, 590, 
603, and 640 nm ATBF channels, was much brighter than all other dyes, necessitating 
the use of different display intensity values for the purpose of this array. In addition, 
scattering from the 800-nm laser source and high imaging powers required caused light 
leakage into the furthest red channels. b) Unmixed images of each fluorescent label 
using nonnegative least squares unmixing, using spectral end-members iteratively 
chosen from the same image. c) Squared norm residual showing remaining signal 
unrepresented by the spectral end-members. Scale bar: 25 µm. 
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Supplementary Figure 4.18 - 48-channel array and unmixed images for four 
labels, 200 µm deep in mouse cortex (Fig. 4.4d). 
a) 48-channel array for a FOV 200 µm below the cortical surface, scaled according to 
the flashlight calibration procedure. b) Unmixed images of each fluorescent label using 
nonnegative least squares unmixing, using spectral end-members iteratively chosen 
from the same image. c) Squared norm residual showing remaining signal unrepresented 
by the spectral end-members. Scale bar: 25 µm. 
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Supplementary Figure 4.19 - 48-channel array and unmixed images for 
autofluorecent and labeled species in the mouse dura-mater. 
a) 48-channel array for an image in the dura-mater of a mouse labeled with the same 
dye combination as Fig. 4.4. b) Unmixed images of each fluorescent label using 
nonnegative least squares unmixing, using spectral end-members iteratively chosen 
from the same image. c) Spectrally-unmixed composite image of all spectrally-unique 
labels. Collagen fibers (yellow), GFP-expressing macrophages (cyan), and two 
unknown autofluorescent species (a reddish haze, white, and punctate, cellular-like 
objects, magenta). d) Squared-norm residual showing remaining signal unrepresented 
by the spectral end-members. Scale bar: 50 µm. 
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Supplementary Figure 4.20 – 48-channel image from Figure 4.4, unmixed with 
fewer channels. 
To demonstrate suitable unmixing of images with fewer total spectral channels, 
channels were selected from the 48-channel dataset and end-members with fewer 
channels, but from the same ROIs were extracted. a) Image of mouse cortex, 25 µm 
below the brain surface in mouse, unmixed with only five spectral channels. The image 
is similar to the 48-channel image in Figure 4.4b, with blood vessels (cyan), microglia 
(green), dendrites (yellow), astrocytes/oligodendrocytes (red), and elastin around 
arterioles (magenta) all clearly visible. b) Image of mouse cortex, unmixed with 12 
channels, including channels that could be acquired in parallel with the five channels in 
a. c) Squared norm residual of the five-channel image. d) Squared norm residual of the 
12-channel image. Scale bar: 25 µm. 
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Supplementary Figure 4.21 - 48-channel array and unmixed images for live mouse 
cortex labeled with three AAV vectors (Fig. 4.5a). 
a) 48-channel array for an image of neurons expressing different combinations of 
mCerulean, eGFP, and tdTomato, 60 µm deep in mouse cortex, scaled according to the 
spectral calibration procedure. b) Unmixed images of each fluorescent label using 
nonnegative least squares unmixing, using spectral end-members generated from 
literature emission and excitation values. c) Squared-norm residual showing remaining 
signal unrepresented by the spectral end-members. d) Fluorescent emission profiles for 
the three fluorescent proteins expressed with the AAV system. Scale bar: 50 µm. 
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Supplementary Figure 4.22 - 48-channel array and unmixed images for fixed 
histological slice of mouse cortex labeled with four AAV vectors (Fig. 4.5c). 
a) 48-channel array for an image of neurons expressing different combinations of 
mCerulean, EBFP2, sfYFP, and tdTomato, in a 75-µm thick histological slice of mouse 
cortex, scaled according to the spectral calibration procedure. b) Unmixed images of 
each fluorescent label using nonnegative least squares unmixing, using spectral end-
members generated from literature emission and excitation values. c) Squared-norm 
residual showing remaining signal unrepresented by the spectral end-members. d) 
Fluorescent emission profiles for the four fluorescent proteins expressed with the AAV 
system. Scale bar: 50 µm. 
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CHAPTER 5 

THIRD HARMONIC GENERATION MICROSCOPY FOR PERIPHERAL 

NERVE IMAGING 

 

This chapter explores the application of another nonlinear optical microscopy tool, third 

harmonic generation (THG) microscopy, for the visualization of peripheral nerves in 

large-field-of-view (FOV) imaging in the context of nerve-sparing during prostatectomy 

(prostate resection). During surgical procedures, surgeons are often unable to see 

relevant nerves in the surgical area and are left to rely on standard anatomy for nerve-

sparing. With variation between individuals however, nerve damage or resection can 

occur, leading to loss of sensation, severe pain, or other morbidities. THG microscopy 

has been established as a tool capable of producing high-resolution images of 

myelinated structures (including some peripheral nerves). We show that, although 

strong THG signal is generated with the use of low-numerical aperture (NA) objectives, 

other structures such as adipocytes provide higher contrast and reduce the utility of THG 

for obvious nerve identification.  

The chapter begins with a brief description of peripheral nerve injury during 

prostatectomy, describes the basics of THG microscopy and its use for in vivo 

applications, and presents preliminary findings on the specificity of THG signal 

generation to peripheral nerves in mouse sciatic nerve and rat cavernous nerve on the 

prostate. 
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5.1 Peripheral Nerve Injury 

According to the American Cancer Society, it is estimated that nearly 162,000 men will 

be diagnosed with prostate cancer in 2017 in the United States alone, resulting in 27,000 

deaths (American Cancer Society. Cancer Facts & Figures 2016. Atlanta, Ga: 

American Cancer Society; 2016.). In addition, one in seven men will receive a prostate 

cancer diagnosis during his lifetime. For aggressive forms, the gold standard of 

treatment is a radical prostatectomy, where the entire prostate is removed to prevent 

cancer metastasis. Nerve-sparing surgery techniques have been developed to avoid 

damaging the cavernous nerve bundles running adjacent to the prostate (Fig. 5.1). 

However, nerve damage still often occurs in the effort to remove enough tissue for a 

reduced tumor margin, leading to incontinence and erectile dysfunction that often lasts 

for two years or more. Even when a surgeon skilled in nerve-sparing performs the 

prostatectomy, only 65–85% of patients recover normal erectile function [1]. 

Intraoperative nerve damage is not unique to prostatectomy, and may be the source of 

serious morbidity in any surgery near major nerve bundles, including the sciatic nerve 

during hip replacement [2], the brachial plexus during vascular bypass surgery [3], and 

many other surgeries. 

 Although most surgical techniques attempt to avoid major nerve bundles, nerve 

fibers are notoriously difficult to differentiate during the operation, requiring palpitation 

or reliance of knowledge on general nerve location, typically next to large blood vessels. 

Several tools have been developed to address this problem, but are yet to be adapted to 

wide surgical-use. Electrical stimulation methods have proven inaccurate and unreliable 

at best [4]. Recently, a phage display technique has been developed that allows  
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Figure 5.1 – Human prostate anatomy 
The prostate is located posterior to the bladder. A large nerve plexus, termed the pelvic 
plexus, exhibits a number of extensions along the side of the prostate, through the 
prostate capsule. These extensions, termed the cavernous nerves, are responsible for 
erectile function and continence. Used with permission from [1] . 
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fluorophores to bind-to and clearly delineate peripheral nerves [5]. However, the 

process to isolate and amplify the peptides for fluorophore binding is extensive and the 

cost to scale the technique from a mouse model to human subjects could make this 

technique clinically irrelevant. A small-molecule fluorophore, GE3126, was recently 

developed with preferential myelin-binding for nerve visualization and demonstrated in 

mice, rats, and a porcine model for nerve-sparing [6]. However, many fluorescent-

imaging methods have yet to be approved by the US Food and Drug Administration 

(FDA) for human surgical use. Optical techniques utilizing endogenous labels or 

autofluorescence would be better-adapted for translation into the surgical suite. Another 

optical technique, coherent anti-Stokes Raman Spectroscopy (CARS) has been shown 

to clearly generate signal from the cavernous nerve and other prostatic structures [7]. 

However, the technical challenges of this technique, such as dual-beam synchronization 

and tight focusing, make it unfavorable for operating room use. In addition, the tight-

focusing requirements with a high-NA objective limits the field of view to a very narrow 

area that may be less useful to a surgeon in the operating room. An imaging technique 

that can combine robustness and wide field of view, in addition to signal generation 

without exogenous labels, is necessary for perioperative nerve visualization. 

 

5.2 THG Microscopy 

Although 2PEF depends on exogenous dyes or transgenic strategies for labeling, 

THG primarily leverages intrinsic material properties to generate images. THG utilizes 

the nonlinearity of the optical properties of a sample (in this case, the non-vanishing 

𝜒 -  susceptibility coefficient present in all materials) to generate a detectable signal 
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from laser frequency conversion. In THG, three photons at the fundamental laser 

frequency are converted to one photon at three times the fundamental frequency. The 

signal generated is proportional to the 𝜒 - (3𝜔;𝜔,𝜔, 𝜔) tensor and the cube of the laser 

intensity. Signal generation occurs at bold optical interfaces, such as lipid bodies and 

myelin in the central nervous system [8]. 

The rise in THG microscopy development followed the development of 

ultrashort, pulsed lasers. In order to induce nonlinear interactions of laser light with a 

material, high light intensities are required. This was problematic in tissue since high 

laser powers often lead to tissue burning before significant nonlinear signal generation. 

However, development of ultrafast lasers with high peak powers, but low average 

powers, bypassed this limitation [9]. To maintain a low average power, lasers with short 

pulses in the ~ 100 femtosecond range are used, according to the relation 

 𝑇𝐻𝐺	 ∝ 	 𝑃 -/(𝑅𝜏)%, [Eqn. 5.1] 

where 𝑃  is the average power, R is the pulse repetition rate, and 𝜏 is the pulse duration 

[8]. As an example of tissue damage thresholds, imaging spinal cord white matter with 

a 1 MHz, 300 fs laser at 1,043 nm, with an average power of ~2–30 mW causes sample 

damage due to ablation. For a 10 MHz laser, sample damage immediately occurs at 

~50–55 mW from thermal effects [8]. THG signal continues to scale as the cube of the 

laser intensity, and reaches sample damage before saturation. 

By considering the simple case of a Gaussian laser beam tightly focused in a 

medium, the signal power from THG is described by 

  𝑃-7 = 𝑘-7𝑘7- (
:;

<=><>? @
)%𝑃7-|𝐽|%,   [Eqn. 5.2] 
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with 𝑃7 as the fundamental beam power, 𝑘7 and 𝑘-7 as the fundamental and third 

harmonic wave numbers, and the contour integral J defined as 

𝐽 = 	 C(DE)FG∆IJD
E
KDE

(LM?GDE)?
NOP
NOQ

  [Eqn. 5.3] 

with 𝜒 as the third order susceptibility, ∆𝑘 = 𝑘-7 − 𝑘7 as the phase mismatch, b as the 

confocal parameter or Rayleigh length, z’ the coordinate along the optical axis, and z’L 

and z’R as the normalized input and output coordinates [9, 10]. 

In standard harmonic generation within a crystal, efficient conversion only 

occurs when new photons are generated coherently, satisfying the phase-matching 

condition ∆𝑘 = 0.		Solving the integral in Eqn. 5.3 for THG within the focal point of a 

homogenous material, it becomes apparent that any signal generated vanishes in the far 

field despite phase-matching conditions. In addition, a negative phase mismatch fails to 

produce signal. This is due to the Guoy phase shift arising from the focusing of a 

Gaussian beam; signal generated within the focal volume before and after the focal 

plane interfere in the far field [10]. However, an optical interface within the focal 

volume breaks this symmetry, resulting in a measurable THG signal [9]. Therefore, 

THG may be used as an interface microscopy, sensitive to large structural interfaces or 

small inhomogeneities within tissues [9, 11].  

In circumstances with an interface producing a positive wavevector mismatch, 

a significant THG signal can be measured in the far field. Solving the integral in Eqn. 

5.3 for the case of an interface between two materials with differing susceptibilities 

results in the relation 

𝑃-7 ∝ 𝛿𝜒%(1 + 4𝑧7% /𝑏%)[\    [Eqn. 5.4] 

where 𝛿𝜒% is the difference in susceptibility values and 𝑧7 is the distance between the 



 

131 

beam waist and interface [9]. Examining this relation shows that THG power peaks 

when the focus is centered on the interface and quickly falls off as the beam focus moves 

away, with a full width at half maximum (FWHM) approximately equal to b. For general 

geometries, the signal from THG is proportional to 

𝜅|𝛼\ − 𝛼%|% 𝐼7- ,    [Eqn. 5.5] 

where 𝜅 is defined by sample geometry, 𝐼7 is the laser beam intensity, and |𝛼\ − 𝛼%| 

depends on the optical properties of the two media at the interface. For tight focusing, 

𝛼 →	𝜒{-}, but for loose focusing with dispersion effects [12],   

𝛼 → b =

<=> <=>[<>
.	    [Eqn 5.6] 

The predicted signal for most biological interfaces can be calculated in this manner, 

assuming that the nonlinear properties of the materials involved are known. While 

literature contains measurements of this type [12, 13], many biological materials have 

yet to be characterized. 

For an inhomogenous, complex tissue environment, it is important to understand 

how beam focusing parameters and interface size and shape influence THG signal. The 

THG signal obtained when scanning through an infinite, inhomogenous interface is 

roughly a squared Lorentzian lineshape. Since the linewidth is closely related to the 

Rayleigh length of the Gaussian beam, b, it stands to reason that varying b by changing 

the divergence of the laser beam before entering the microscope objective could be used 

to determine object size based on THG signal. Débarre et al. performed these 

experiments and discovered that the signal obtained from two objects of different sizes 

is primarily a function of the focusing parameters [14]. For practical imaging, this 
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suggests that focusing conditions should be changed to optimize the THG signal, based 

on the approximate size of the structures the researcher wishes to view.  

As with most coherently-produced signals, THG produced by a material is 

highly forward-directed, with a negligible fraction sent backwards toward the incident 

laser [9, 10]. This is fortunate for a transmitted light microscope setup, where a 

collecting objective is placed opposite the laser objective with the sample between. 

However, THG microscopy is especially attractive as a means of imaging transparent 

structures in thick tissue samples, inaccessible to other linear and nonlinear 

microscopies alike. This requires that THG microscopy functions through epidetection, 

where the laser objective is also used to collect signal photons scattered from the tissue 

sample. Small inhomogeneities surrounding the point of harmonic generation cause 

elastic scattering of the forward-emitted radiation, causing a redirection of the signal 

photons. Even after a scattering event, the direction of the signal photon is still primarily 

in the direction of initial travel, requiring that a single photon experiences several 

scattering events before reaching the tissue surface. For intuition, the scattering of 

visible light in tissues is primarily forward-directed, with an anisotropy factor of g = 

0.9-0.95. Randomization of photon propagation direction typically occurs after 

traveling the reduced scattering mean free path  

𝑙′e =
fg
\[h

≈ 10 − 20𝑙e,   [Eqn. 5.7] 

where ls is the scattering mean free path of visible light. Therefore, a single photon must 

go through 10-20 scattering events before it reaches the tissue surface [15]. This process 

lends itself well to a Monte-Carlo simulation, enabling the calculation of the epi-

collected fraction of light as a function of scattering length of the tissue of interest [8, 
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16]. 

It is especially important to note that the scattering efficiency of THG for epi-

detection is significantly lower than that of a spontaneous process such as 2PEF. When 

imaging near the tissue surface, a significant number of photons emitted from 2PEF are 

detected. However, in THG the photons still have to experience several scattering events 

before reaching the surface, creating a diffuse signal at the tissue surface as if being 

emitted from a point source in the tissue. Therefore, using an objective with a high NA, 

but low magnification, is necessary to maximize the angle of detection [12]. In addition, 

although perhaps obvious, if the tissue of interest has an absorption peak at the third 

harmonic frequency, the epi-detected fraction is greatly reduced, despite scattering 

properties. Understanding tissue absorption and scattering properties is thus imperative 

before attempting to interpret THG signals. 

 In recent years, parallel to development of THG as an epi-detection microscopy, 

researchers have begun to incorporate THG and second harmonic generation (SHG, 

typically signal from collagen) into their standard multiphoton microscopes for imaging 

of ex vivo and in vivo tissue samples. THG imaging has been used to image neurons and 

their processes [17], Drosophila embryo development [14], hemoglobin binding states 

in red blood cells [13], transport of individual lipid bodies in cells and D. melanogaster 

embryos [18], myelin in the central nervous system of the mouse [8], and to perform an 

optical biopsy of tissue [19]. Recently, Lim et al. demonstrated THG microscopy in 

excised and in vivo rat sciatic nerve [20]. However, their use of high-NA objectives and 

imaging in absence of other THG signal-producing structures in the perioperative space 

(such as lipid bodies in adipocytes) leaves many questions unanswered for the 
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application of THG for high-specificity identification of nerves. 

 

5.3 THG Imaging in Mouse Sciatic Nerve and Rat Cavernous Nerve 

To establish the ability of THG microscopy to generate sufficient contrast in peripheral 

nerve, we imaged mouse sciatic nerve, which is clearly visible by eye. We utilized a 

1300-nm excitation source to generate THG at 433 nm and SHG at 650 nm. The 

following sections describe the surgical procedure, the custom microscope setup, the 

results, and subsequent conclusions. 

 

5.3.1 Microscope Setup 

We utilized a custom four-channel multiphoton microscope with two-inch diameter 

lenses for collection of highly scattered light from the sample. Short pulses from an 

optical parameteric amplifier (OPA) were used to generate THG and SHG in the sample. 

The OPA (Opera-F; Coherent, Inc) was pumped with a < 400 fs pulse duration, 40 W 

industrial laser (Monaco; Coherent, Inc) with a master oscillator power amplifier 

architecture (MOPA). The idler-beam (1300 nm, 1 MHz, < 70 fs pulse) was routed 

through dispersion compression optics to compensate for microscope optical dispersion. 

The beam was routed through power control optics (polarized beamsplitter and half-

wave plate), and expanded to overfill the back-aperture of the microscope objective. We 

utilized an Olympus 4x objective (0.4 NA) and an Olympus 10x objective (0.6 NA) to 

produce wide-FOV images.  

For separation of signal into appropriate color channels for both the mouse 

sciatic nerve and rat cavernous nerve experiments, we used longpass dichroics at cutoff 
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wavelengths 488, 520, and 605 nm, and only collected signal from two of the channels. 

Filters were chosen to select peak emission within each of these dichroic cutoff channels 

(THG: 433 nm/24, SHG: 641/75). Signals were collected with separate GaAsP PMTs, 

pre-filtered with a low-pass pre-amplifier, and further filtered with a low-pass filter set 

to a 750-kHz cutoff frequency.  

 

5.3.2 Surgical Procedure 

Mouse Sciatic Nerve 

All animal procedures were approved by the Cornell Institutional Animal Care and Use 

Committee and were performed under the guidance of the Cornell Center for Animal 

Resources and Education. We utilized male mice available from our colony, expressing 

yellow fluorescent protein (YFP) in pyramidal neurons (Thy1-YFPH) were crossed with 

mice expressing green fluorescent protein (GFP) in microglia (CX3CR1-GFP) and bred 

to maintain homozygous expression of both genes. Animals were anesthetized using 

isoflurane (1.5–2% in oxygen) and placed on a heating pad with feedback control for 

body temperature maintenance at 37˚C (40-90-8D, FHC). Mice were given atropine 

sulfate (0.005 mg/100 g mouse weight, subcutaneously; 54925-063-10, Med-Pharmex 

Inc.) to prevent lung secretions. Mice were also given dexamethasone (0.025 mg/100 g 

mouse weight, subcutaneously; 07-808-8194, Phoenix Pharm Inc.) and ketoprofen (0.5 

mg/100 g mouse weight, subcutaneously; Zoetis Inc.) to reduce pain and inflammation. 

Exposure of the sciatic nerve was performed as previously described [21], but the nerve 

was allowed to remain resting on the underlying muscle. Retractors held overlying 

muscle out of the imaging area. Post-imaging, all mice were euthanized. 
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Rat cavernous nerve 

We utilized male Sprague Dawley rats (Charles River) weighing less than 350 g for all 

cavernous nerve preparations. Animals were anesthetized using isoflurane (1.5–2% in 

oxygen). The rat was placed supine and the lower abdomen wet with ethanol to prevent 

fur from entering the surgical area. An incision was made on the left side of the rat penis, 

taking care to avoid large blood vessels. Surgical scissors were used to separate the 

tissue until the abdominal wall was breached. The abdominal muscles were severed in 

one cut and hemostats used to clamp blood flow if necessary. The bladder was clamped 

with a hemostat, and the weight of the tool used to put tension on the bladder, out and 

away from the surgical site, revealing the dorsal lobe of the rat prostate. Membranes 

holding the rat’s right testicle were clipped, and the testicle tucked into the upper 

abdomen over the intestines to make space. Cotton-tipped applicators were used to 

carefully separate tissue on the dorsal aspect of the prostate until the cavernous nerve 

and the upstream ganglion were observed just below the outer membrane of the prostate. 

Multiple retractors were used to hold the prostate in place for imaging, with effort to 

flatten the cavernous nerve as much as possible for imaging. Post-imaging, all rats were 

euthanized. 

 

5.3.3 Results 

Mouse Sciatic Nerve 

To test the use of low-NA microscope objectives for THG signal generation in vivo, we 

performed THG imaging of mouse sciatic nerve. We acquired white-light images of the 
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surgical preparation to aid in identifying the FOV during multiphoton imaging (Fig. 5.2, 

a and b). A 4-channel multiphoton image was acquired for several fields-of-view along 

the length of the sciatic nerve for both a 0.4 NA (Zeiss 4x) and a 0.6 NA (Olympus 10x) 

air objective. The 0.4 NA objective provided a FOV nearly 2.5 mm wide, enabling 

visualization of the entire width of the sciatic nerve (Fig. 5.2c). We observed faithful 

reproduction of nerve anatomy with THG signal compared to white-light images. 

Although individual nerve fibers were not resolved, nerve bundles were clearly 

delineated with THG signal. Fluorescein did not three-photon excite in this experiment, 

but small blood vessels coursing over the nerve surface were clearly visible as gaps in 

the THG signal. SHG was generated by collagen in muscle fibers outside the nerve, and 

by structures lining the outside of large nerve bundles, presumably through excitation 

of collagen in the epineurium [22]. We noticed very bright THG signal from small fat 

deposits along the sciatic nerve (nearly two times brighter than the brightest signal from 

myelinated nerve). The 0.6 NA objective provided a much smaller FOV (~1 mm), but 

better THG contrast of myelinated nerve bundles. Along the nerve, we noticed bright 

THG signal from small circular structures, likely small groups of adipocytes. 

 

Rat Cavernous Nerve 

As an example of relevant peripheral nerve imaging for perioperative nerve 

visualization, we imaged rat cavernous nerve on the dorsal aspect of the prostate with 

both THG and SHG. We identified the cavernous nerve (CN), extending from the major 

pelvic ganglion (MPG) using a white light dissection scope (Fig. 5.3a). The nerve was 

difficult to see by eye unless the prostate was pressed to exert tension on the nerve (Fig.  
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Figure 5.2 – White-light and THG/SHG images from mouse sciatic nerve 
a) Photograph of mouse sciatic nerve, in vivo. The nerve begins to branch for enervation 
of multiple structures throughout the leg. b) Image of the sciatic nerve in a dissection 
scope, revealing small details such as vasculature. A small loop of vasculature (white 
arrow) is visible in many of the images, as well as a small fat deposit (white arrow head). 
c) Image of the same portion of sciatic nerve with THG (white) and SHG (red) using a 
4x, 0.4 NA objective with 5 mW laser power incident on the sample. Images were 
acquired in 5 µm steps over 200 µm, maximum-projected, and a single-pixel median 
filter applied. The same loop of vasculature and fat deposits seen under white-light are 
visible with THG (white arrow, white arrow-head, respectively). d) Image of the same 
portion of sciatic nerve using a 10x, 0.6 NA objective with 16.5 mW laser power 
incident on the sample. Images were acquired in 2 µm steps over 240 µm, and processed 
with maximum-projection and a single-pixel median filter. The same loop of 
vasculature is visible with THG, and fat deposits generate strong THG signal. e) Image 
of sciatic nerve, closer to the nerve junction point. Strong SHG is generated at the edge 
of nerve bundles. The bright line is likely a hair or membrane beginning to dry from air 
contact. Scale bars: 500 µm.   

a b c
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Figure 5.3 – White-light and THG/SHG images from rat cavernous nerve 
a) White-light images with a dissection scope of rat cavernous nerve (CN), in vivo. 
The nerve extends to the left of the major pelvic ganglion (MPG), just above a large 
blood vessel (BV). b) The CN is easier to visualize when tension is applied using a 
cotton tip applicator, and is easily visible as a white line. c) SHG and THG image of 
the cavernous nerve, located just above the blood vessel noted in a and b. THG signal 
(gray) is produced by many structures throughout the prostate, and blood vessels are 
seen in relief as dark lines. SHG signal (red) is generated by collagen in blood vessel 
walls. Bright dots near the top of the image and near the blood vessel are likely fat 
deposits. Images were acquired with a 0.4 NA objective (4x) with 7.8 mW of laser 
power, in 4 µm steps over 1.6 mm depth. Due to organ curvature, images were 
maximum-projected and a single-pixel radius median filter applied. d) SHG and THG 
image of the MPG, acquired at 3 µm steps over 1.2 mm depth. Numerous fat deposits 
along the MPG provide superior THG contrast over nerve filaments. Scale bars: 500 
µm.  
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5.3b). Due to the unavoidable curvature of the organ, we acquired multiphoton 

microscopy images every 3–4 µm over several hundred micrometers and maximum-

projected the images to create an image of the prostate surface. We observed THG signal 

from most of the prostate organ, with fat deposits providing the brightest signal (Fig. 

5.3c). Modest contrast was generated by the CN, although not enough to clearly locate 

nerve position without white-light imagery and prior anatomical knowledge. Blood 

vessel walls generated a strong SHG signal. The ganglion produced mild THG signal, 

although fat deposits around the ganglion were the dominant feature (Fig. 5.3d). What 

were likely small bundles of nerves extending from the ganglion were observed. 

 

5.4 Conclusions 

Although clear THG signal was generated by myelinated sciatic nerve in mouse, we 

observed that small fat deposits along the sciatic nerve produced much higher signal 

contrast. We noted that most of the perioperative space in the sciatic nerve preparation 

consisted of muscle along the back of the leg, which provided SHG signal but very little 

THG, leaving the sciatic nerve as the primary source of THG contrast. The rat prostate, 

however, provides basal levels of THG signal based on organ structure and exhibits a 

large amount of fat deposits, which produce brighter THG than myelinated nerves. In 

human prostate, fat and blood in the perioperative space continue to provide significant 

challenges for nerve visualization, although many prostatectomy techniques include 

clearing of fat from the prostate surface before resection [23]. Therefore, it is likely that 

THG would be poorly-suited for nerve visualization in the presence of large fat deposits 

in the human perioperative space in a prostatectomy, but could provide enough signal 
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contrast if fat is dissected beforehand. 

 Despite this limitation, we demonstrated that low NA objectives generate 

significant THG signal for myelinated-nerve visualization with a large FOV at 1300 nm. 

The 1–2.5 mm FOV would provide enough area for a surgeon to image with THG for 

nerve identification prior to dissection. Further experiments could optimize the THG 

signal from myelin by varying the confocal parameter to highlight different-sized 

optical interfaces, with the potential to highlight features in myelin over lipid deposits. 

In addition, as lipid bodies provide superior THG signal, we propose further studies on 

the use of THG for characterization of lipid bodies in relation to inflammatory 

mechanisms. Newly recognized as organelles, lipid bodies (or lipid droplets) are formed 

and carried by immune cells in response to inflammatory conditions such as 

atherosclerotic lesions, arthritic joints, allergic inflammation, etc. [24]. However, 

studies of these lipid bodies require difficult histology and staining methods due to the 

incompatibility of lipid bodies with most fixation methods, leading to drying or 

breakdown. THG would provide non-staining methods to visualize lipid bodies within 

inflammatory cells in a number of physiologically-relevant, in vivo inflammatory 

conditions. THG could also be widely applied to other areas of lipid body deposition 

such as adipose fat physiology and atherosclerotic plaques. 
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CHAPTER 6 

CLIMB GK-12 MODULE – OPTICS: LENSES, LENS SYSTEMS, AND THE 

HUMAN EYE 

 

This chapter describes the curriculum module I designed as part of Cornell’s Learning 

Initiative in Medicine and Bioengineering (CLIMB) GK-12 teaching fellowship. I 

worked with high school physics teacher Charlie Wilson at Southside High School in 

Elmira, and had the opportunity to visit four separate physics classes multiple times a 

month for science demonstrations, short lectures on topics related to my research, and 

the curriculum module described here. The goal of this specific activity was to introduce 

inquiry-based learning to students using topics related to biomedical research. I chose 

to introduce the concept of lenses and human vision, as many of the underlying physical 

concepts are intuitive once a student begins to explore lenses hands-on. The following 

content is re-formatted from the curriculum module I submitted at the end of the 

fellowship period, and is written to guide high school teachers through the module 

implementation. 

 

6.1 Learning Objectives and Module Layout 

This module met a number of New York State (NYS) Teaching Standards (Table 6.1), 

and required three 80-minute class periods to complete. Students learn about basic light 

refraction through lens and lens systems, and then apply this knowledge in exploration  
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Table 6.1 – NYS learning standards addressed within optics module 
Relevant Standard Standard Description 
Standard 1: Analysis, Inquiry, and Design Students will use mathematical analysis, 

scientific inquiry, and engineering design, as 
appropriate, to pose questions, seek answers, 
and develop solutions. 
 

Standard 3: Mathematics Students will understand the concepts of 
and become proficient with the skills of 
mathematics; communicate and reason 
mathematically; become problem solvers by 
using appropriate tools and strategies; 
through the integrated study of number 
sense and operations, algebra, geometry, 
measurement, and statistics and probability. 
 

Standard 4: Science 
 

Students will understand and apply 
scientific concepts, principles, and theories 
pertaining to the physical setting and living 
environment and recognize the historical 
development of ideas in science. 
 

Standard 6: Interconnectedness: Common 
Themes 
 

Students will understand the relationships 
and common themes that connect 
mathematics, science, and technology and 
apply the themes to these and other areas of 
learning. 
 

Standard 7: Interdisciplinary Problem 
Solving 
 

Students will apply the knowledge and 
thinking skills of mathematics, science, and 
technology to address real-life problems and 
make informed decisions. 
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of the human eye by simulating physiologically-relevant eye defects and designing a 

solution using optics. In Module 1, students first investigate how lens shape relates to 

image quality, location, and shape. In Module 2, they then design a telescope using 

various lenses to meet a specific magnification requirement. Finally, in Module 3, using 

a human eye model, students then replicate normal vision and learn about image 

formation on the retina. Students then propose a possible eye defect, make a hypothesis 

on how this will affect the resulting image, simulate the defect, and evaluate the validity 

of their hypothesis. 

 

6.2 Science Content for the Teacher 

One of the key concepts in biomedical engineering is that engineering tools and 

analytical methods may be used (and are indeed well-suited) to understand biological 

systems and developing solutions to biological problems. This is also true in physics, 

where analytical methods and concepts learned in physics classes can lead to a deeper 

understanding of physiology or disease mechanisms in biology. This curriculum module 

primarily focuses on the concept of refraction, how refraction is used in image formation 

using lenses, and how lenses can be combined to create an image at a specific location 

and size. Once these concepts are explored, students are presented with a real-life optical 

system: the human eye. Using a working optical model of the eye, they apply their 

knowledge of lenses and image formation to replicate normal vision. The students then 

perturb the optical system, replicating a vision problem. They will develop and test a 

hypothesis on how the defect will affect image quality and, if possible, propose a 

solution to the problem in the context of real eye physiology and anatomy. 
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6.2.1 Lenses 

Lenses are usually composed of plastic or glass and use refraction to cause incoming 

light rays to converge or diverge depending on the curvature of the lens face. An image 

is formed where the light rays from an object converge and can easily be viewed by 

placing a piece of paper at that location. The location and size of the image can be 

determined by experimentation, graphical ray tracing, or quantitatively using the Thin 

Lens equation: 

1
𝑓𝑜𝑐𝑎𝑙	𝑙𝑒𝑛𝑔𝑡ℎ =

1
𝑜𝑏𝑗𝑒𝑐𝑡	𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 +

1
𝑖𝑚𝑎𝑔𝑒	𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 

and 

𝑀𝑎𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 =
𝑖𝑚𝑎𝑔𝑒	ℎ𝑒𝑖𝑔ℎ𝑡
𝑜𝑏𝑗𝑒𝑐𝑡	ℎ𝑒𝑖𝑔ℎ𝑡 = −

𝑖𝑚𝑎𝑔𝑒	𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒
𝑜𝑏𝑗𝑒𝑐𝑡	𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 

 

6.2.2 Lens Combinations 

Combinations of lenses can manipulate the incoming rays of light by changing the 

image location, size, or quality. In the second module of this curriculum, students build 

a Keplerian telescope composed of two converging lenses called the objective lens and 

the eyepiece. Light rays coming from far-away sources, such as an object across the 

room or across the schoolyard, enter the telescope collimated (roughly parallel). The 

lenses are placed such that their focal points overlap, causing the beam of light to exit 

the telescope collimated as well. As an image requires the converge of light rays, the 

collimated output requires another lens to form an image on a piece of paper, or the 

human eye to form a visual image. 
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6.2.3 The Human Eye 

The primary optical elements in the eye are the cornea, pupil, crystalline lens, vitreous 

humour, and retina (see Figure 1 for eye anatomy). Light enters the eye and begins 

focusing based on the curvature of the cornea. It enters the pupil and refracts though the 

crystalline lens, which fine-tunes the focus and provides a clear image for a large range 

of object distances. This is known as accommodation. The light propagates through 

liquid inside the eye, called the vitreous humour, before it reaches a thin membrane 

called the retina. The retina is the “detector” of the eye where optical images formed by 

the eye’s lens system are transduced to a neural signal by retina cells and sent to the 

brain for analysis via the optic nerve. Each eye element is discussed in detail below and 

shown in Figure 6.1: 

Cornea: as the amount of refraction depends on the difference in index of 

refraction between the two materials in an interface, the air-to-cornea interface 

provides more optical power than the crystalline lens interface with the liquid in 

the eye. 

Pupil: the pupil size controls the amount of light allowed into the eye, and thus 

the brightness of the image. 

Crystalline lens: the lens gives the eye the ability to accommodate for a large 

range of object distances by exhibiting variable focal lengths. A ring of muscles 

surrounding the lens contract or relax, stretching the flexible lens material tight 

or allowing it to relax or “bulge”. This change in curvature results in an effective 

change in focal length. Because the retina is always a set distance from the 
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Figure 6.1 – Anatomy of the human eye 
Light enters the cornea, which is the primary refracting element. The pupil changes size 
to control brightness and prevent saturation of photosensors in the retina. The lens 
consists of a crystalline material, and is held in place by a number of muscles that can 
stretch the lens to tune focal length for focusing. The vitreous humour, or the liquid in 
the eye, provides internal pressure to maintain eye shape and decreases the optical power 
of the lens. The retina is a layer of highly-vascularized photosensitive-cells (rod and 
cone cells), which send electrical signals to the optic nerve and then to the brain for 
processing. Printed with permission from the National Eye Institute, National Institutes 
of Health (https://nei.nih.gov/photo/anatomy-of-eye). 
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 cornea, the lens ensures that all images form directly on the retina. Image 

formation in-front-of or behind the retina results in a “blurry” image. 

Vitreous humour: this liquid provides pressure inside the eye, maintaining the 

roughly-spherical eye shape. In addition, its index of refraction is much closer 

to that of the lens material, reducing the optical power of the lens. In other words, 

if the eye was filled with air instead of liquid, the image would always be much 

closer to the cornea/lens system. 

Retina: the retina covers the entire back surface of the eye. Rod and cone cells 

embedded in the membrane are light sensitive, sending signals to underlying 

nerves when stimulated. 

When students are presented with the challenge to develop an eye defect and 

hypothesize its outcome on image quality, teacher familiarity with actual eye defects 

may be helpful. Some of the most common are outlined below. There are also a 

multitude of resources online describing common eye defects and corrective measures. 

Myopia (Near-Sighted): in myopia, the distance from the cornea to the retina is 

too long. Due to the adjustable optical power of the lens, the eye can focus on 

nearby objects. However, far away objects, approximated by parallel light rays 

entering the eye, create an image in front of the retina. Any additional optical 

power from the lens simply moves the focus closer to the cornea, which is why 

accommodation does not compensate for myopia. Corrective glasses add a weak 

diverging lens in front of the eye to move the effective focus of the eye further 

back onto the retina. 
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Hypermetropia (Far-Sighted): in hypermetropia, the distance from the cornea 

to the retina is too short. For far away objects, without accommodation, the 

image would form behind the retina. However, the lens can accommodate by 

increasing its optical power, moving the focus forward. For close objects, the 

lens could also accommodate, but must drastically increase its optical power to 

do so. As the crystalline lens ages, it becomes less flexible and cannot compress 

as well, reducing the highest optical power reachable by the lens. In addition, 

the ring of muscles surrounding the lens eventually becomes weak with age, 

creating a similar effect. Although some people develop hypermetropia at a 

young age due to developmental issues (the eyeball does not grow to the typical 

full length), many people develop hypermetropia as they become older due to a 

less flexible lens and weakened muscles. Corrective glasses add a converging 

lens in front of the eye to move the effective focus of the eye forward, allowing 

the eye to depend less on the optical power of the crystalline lens for close 

objects. 

 

6.3 Teacher Preparation 

In general, lenses and optical equipment can be quite expensive. For the budget-limited 

classroom, most of the parts required for this curriculum (Table 6.2) can be built using 

everyday objects from a home improvement store. However, they can also be purchased 

from various classroom suppliers. For each module, construction and components will 

be described in detail. However, the ready-made alternative will also be listed. 
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Table 6.2 – List of materials for module construction for six groups of students 
Module 1 and 2 Module 3 

• 3 Plastic lens kits* 
• 6 – 2 ft lengths of 1/2 in x 3/4 in 

rectangular wood moulding* 
– Suggested: Home Depot, Alexandria 

Moulding, Pine 
• 5 ft of 1 in diameter polyvinyl chloride 

(PVC) pipe* 
• 12 - 1/4 x 3/8 in screws 
• 6 flexible desklamps* 
• 6 squares of cardboard (8.5 x 11 in) 
• 6 pieces of white copy paper 
• Tools for teacher construction: handsaw, 

dremel, drill, file (to smooth edges of 
PVC pipe) 

• Potential commercial alternatives: 
– Optics Expansion Kit, Vernier, OEK 
– Vernier Dynamics System, Vernier, 

VDS 

• 3 Plastic lens kits* 
• 6 Plano convex 48.5 mm diameter 

lenses, 140 mm focal length*  
• 6 Plastic storage bins*  

– Dimensions: ~11.8 x 7.8 x 5 in 
• 5-minute epoxy 
• Waterproof silicone caulking 
• 6 flexible desklamps* 
• Black marker 
• Tools for teacher construction: handsaw, 

dremel, file (to smooth edges of PVC 
pipe) 

• Commercial alternative: 
– Human Eye Model, PASCO, OS-

8477A 
 

* These are items that must likely be purchased. Below is a listing of vendors and item numbers. 
Plastic lens kits: PASCO, OS-8476 (2 sets of lenses per kit and retina screen) 
Wood moulding: Home Depot, Alexandria Moulding, Pine 
Desklamps: Amazon, Boston Harbor TL-TB170-BK3L 
Plano convex lenses: Anchor Optics, AX74492 
Plastic storage bins: Amazon, Honey-Can-Do Plastic Storage Bins PRT-SRT1602-SMBLU 
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6.3.1 Module 1 and 2 – Lenses and Lens Combinations 

The first two modules share the same supplies and preparation. For the convenience of 

the students while they make lens image measurements, we built custom lens holders 

out of PVC pipe and placed them on a make-shift wood optical rail (Fig. 6.2a). To make 

the lens holders, cut 5” sections of PVC pipe using a handsaw. Cut two rectangular holes 

across from each other, at the end of a PVC pipe section (Fig. 6.2c) to allow the pipe to 

fit on the wood rail. Make sure they’re loose enough that the pipe slides, but does not 

wobble excessively. Drill a hole in the PVC pipe, perpendicular to the two rectangular 

holes (Figure 2b), just large enough for a ¼ inch diameter screw (suggested bit: 17/64 

inch). Thread the screw into the hole and use it as a setscrew to keep the pipe stationary 

on the wood rail. Use the dremel to create shallow grooves on the other end of the PVC 

pipe for the lens to rest in (Fig. 6.2c). Use tape along the edges of the lens to hold the 

lens in place temporarily during experimentation. 

Use different colors of tape to cover the handles of the PASCO lenses before 

class begins. Each handle displays the focal length of the lens, but the students must 

discover the importance of this number for themselves through experimentation. The 

focal length is also engraved at the end of the handle, but the number is so small that the 

students will not notice it. The teacher may use this number to keep track of lenses while 

helping the students. 

 

6.3.2 Module 3 – The Human Eye 

This design is loosely based on the PASCO human eye model, PASCO, OS-8477A. 

Center one of the 48.5 mm diameter convex lenses on the front of a blue bin and trace 
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Figure 6.2 – Rail system for lens alignment 
a) Optical rail system to hold lenses in place. Lenses rest in cut PVC pipe, which 
attaches to the wood rail system. The lens holders can slide along the rail for fine-tuning 
placement. b) PVC pipe holders are held in place by a set-screw. c) Lenses rest in a 
groove at the top of the pipe, with tape for extra security. 
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using a black marker. This lens will become the cornea of the model. Cut the circle out 

with a dremel and carefully sand away the edges until the lens fits in the hole without 

sliding excessively. Place 5-minute epoxy along the lens edges and slide the lens into 

the hole with the curved lens face facing outward. Use the remaining epoxy and a 

toothpick to fill in gaps and create a good layer of epoxy between the plastic and glass. 

Allow to dry for several hours. Once the epoxy is no longer tacky, place a bead of 

silicon caulking over the seam, both inside and out. Allow to dry for the time 

designated on the silicon caulk packaging. 

Once the caulk is dry, fill the bin with water until the level is just above the top 

of the lens and allow it to sit for at least 15 minutes to check for leaks. Cut a 1.5” section 

of PVC pipe, and then cut it again longitudinally. Use a dremel or saw to cut deep slots 

into the side at distances ¼”, ½”, and ¾” from one end. Make the slots wide enough that 

a PASCO plastic lens slides comfortably into the groove (Fig. 3, a and b). Use epoxy 

to glue the non-grooved pipe half vertically behind the cornea lens. Glue the grooved 

pipe half onto the vertically-glued pipe, with one end against the cornea lens and the 

middle resting on the vertical pipe. This portion will hold the PASCO lenses 

representing the eye’s crystalline lens. 

Cut another 1” section of pipe, both cross-section and longitudinally. Cut a slot 

in one pipe ¼” from one end. Epoxy the un-cut pipe on the front of the eye bin, beneath 

the cornea. If necessary, sand part of the pipe so it sits snugly against the cornea lens 

(Fig. 3c). Epoxy the grooved pipe onto the pipe beneath the cornea lens, with the 

grooved portions against the lens. 
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Figure 6.3 – Lens placement in the human eye model 
a) Multiple lens slots behind the cornea lens provide options for lens placement to model 
various eye pathologies. b) Lenses rest, handle to the slide, in these slots. c) A lens slot 
on the front of the cornea provides options for lens placement to correct various eye 
pathologies. d) Slots for retina placement. 
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Use a ruler to trace 4”x4” squares onto the sheet of white PVC. Use a saw blade 

to cut each square out. Sand down any sharp edges. Each square will serve as a retina 

in the eye model. 

Each eye model is slightly different based on lens variability, PVC pipe groove 

location variability, etc. Therefore, the retina location for each eye will be a different 

location. Use the following procedure to find the different retina locations for normal 

vision, myopia, and hypermetropia. Mark each location with a marker on the bottom of 

the eye bin, and cut longitudinal sections of pipe to hold the retina in each location (Fig. 

3D). 

To prepare the eye for alignment, fill the bin with water up to the top of the 

cornea lens. Draw a simple picture on a piece of white paper with a black marker. Tape 

the paper to a box, approximately at the height of the cornea. This will be considered 

the object for “near vision” for the eye model. Use a desk lamp to illuminate the picture 

for close vision. For far vision, place the desk lamp across the room and rotate the lamp 

so it faces the eye model. Dim the room lights to make it easier to see the image on the 

retina. 

To simulate normal vision, place the +400 mm lens into the lens slot far from 

the cornea. Find the image for the far away lamp with the PVC retina screen. Mark the 

image location with a marker. This is the location of the retina for normal vision. The 

+400 lens/far object combination simulates “far” vision. 

To simulate myopia (near-sightedness), place the +62 mm lens into the far lens 

slot and place the retina at the “normal vision” location. Using the object for near vision 

(paper and lamp), find the position of the eye model that creates a clear image on the 
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retina. Add the -1000 mm lens into the eyeglass slot closest to the cornea. Find the 

location of the retina that creates the clearest image. This is the near-sighted retina 

location. Mark this location with a marker. 

To simulate hypermetropia (far-sightedness), remove all lenses, then place the 

+62 mm lens into the far lens slot. Using the object for near vision, find the position of 

the eye model that creates a clear image on the retina, with the retina at the normal vision 

position. Add the +400 mm lens into the eyeglass slot. Find the image location with the 

retina. Mark this location as the retina location for hypermetropia. 

 

6.4 Classroom Procedure 

This curriculum is inquiry-based, which allows the students to discover key principles 

on their own. These modules are designed to follow the Biological Sciences Curriculum 

Study (BSCS) 5E Instructional Model [1]. For this to be effective, the teacher must 

moderate each group carefully to make sure students are staying on-task, coming to the 

right conclusions, and are not becoming frustrated. Introductory presentations are brief 

and serve to give students the activity instructions. Most of the physics principles are 

learned through experimentation and discussed in a post-presentation called the 

“debriefing”. During the debriefing, the teacher should interact with the class as much 

as possible, asking students to volunteer their experimental findings, explain what they 

saw, etc. To save time, each workstation should be set up with the appropriate supplies 

ahead of time (Table 6.3).  
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Table 6.3 – List of supplies for each workstation 
Module 1  Module 3 

• 1 set of lenses, with focal lengths 
hidden 

§ +400 mm converging 
§ +120 converging 
§ +62 converging 
§ -1000 mm diverging 
§ +307 mm cylindrical 
§ -128 mm cylindrical 

• White paper taped to cardboard square 
for stiffness 

• 1 wood optical rail 
• 1 PVC lens holder 
• 1 flexible desk lamp 
• Meter stick 
• Tape 

 

• 1 set of lenses, with focal lengths hidden 
§ +400 mm converging 
§ +120 converging 
§ +62 converging 
§ -1000 mm diverging 

• 1 human eye model 
§ Plastic bin with PVC slots in place 
§ Retina screen 

• White copy paper 
• Black marker 
• 1 flexible desk lamp 

§ Place 1 lamp on the far side of the 
room to act as a “far vision object” 

• Tape 
• Meter stick 
• Paper towels 
• Vision worksheet 
• Water to fill eye model bins 
 

Module 2 
• 1 set of lenses, with focal lengths 

hidden 
§ +400 mm converging 
§ +120 converging 
§ +62 converging 

• White paper taped to cardboard square 
for stiffness 

• 1 wood optical rail 
• 2 PVC lens holders 
• Allen wrench (to tighten setscrew) 
• Meter stick 
• Tape 
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6.4.1 Module 1 – Lenses 

Engage (5 minutes): Show students a lens and project an image of the overhead room 

lights onto a piece of paper. Ensure every student sees the image. Give them instructions 

to find the image for all lenses. For some lenses, it will be hard to find the image. 

Encourage them to record anything that may be relevant to how the lenses work. Give 

a trivial example: “The purple tape on the purple lens makes the image look small, but 

very clear.” Challenge them to come up with much better scientific observations. 

 

Explore (45 minutes): Go to each group and show the students how to handle the lenses. 

Encourage each student to keep notes of their findings on a blank piece of paper. For 

the first 10 minutes, allow students to use the overhead room lights to create an image. 

Then, turn off the overhead lights and encourage students to use their desklamp in place 

of the overhead lights. Show students how to place lenses in the lens holders if they 

want to make distance measurements or are tired of holding lenses. 

There are a number of key things the teacher should be aware of within this 

module. First, the students should get a clear image for all converging lenses. Students 

will not find an image for the diverging lens. If they get frustrated trying to find it, 

encourage them to look at the curvature of the lens. Why can’t they find the image? The 

cylindrical lenses focus in one axis and not the other, creating distorted images. 

Encourage students to describe the images (size, shape, brightness, etc.). In addition, if 

the students are measuring distances between lenses and the image, tell the students to 

do this as far away from the light source as possible. Explain they will see the need for 

this later. It is important to allow the students to get a little off-track. Observations such 
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as “when I look through this lens at my friend, they look big and upside down” are very 

important. 

If students appear to be getting bored, there are a number of little experiments 

the teacher can suggest. Wave your hand in front of the lightbulb and look at the image 

(for a converging lens). Students will see that everything is flipped and how clear your 

hand is in the image. Engage students in brief thought experiments. For example, get a 

sharp image of the lightbulb. Ask students what will happen to the image if you cover 

half of the lens with a piece of paper. Students will guess that half the image will 

disappear. Challenge students to try it. The image will still form, but just be dimmer. 

Ask students to guess what would happen if we have a smaller or bigger lens (dimmer 

or brighter image). Ask students which lens is like a magnifying glass, and why? 

 

Explain and Expand (30 minutes): Use a presentation to explain many of the 

phenomena explored during the previous activity. An example presentation is available 

from the CLIMB GK-12 database. Begin by asking students what characteristics of the 

lenses seemed to affect how the lens works. Expect answers like curvature (concave, 

convex, dented, etc). Talk about important characteristics like the material, the 

curvature, and diameter (reference the cover-half-the-lens experiment they tried). Then, 

ask students what physical effect allows lenses to work. They most likely will not be 

able to answer. Lead into a discussion about refraction. Use a lifeguard-reaching-a-

swimmer analogy to describe the direction of deflection and the amount of deflection. 

Extend these principles to lens shape and how it causes light to bend. Rather than just 

presenting, ask the students lots of questions and give them opportunities to vote and 
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explain their answers. Define focal length and how curvature changes the focal length. 

Show students a ray diagram, and explain what a ray of light is. Draw the three principle 

rays and show them where the image is formed for a lens. Continue relating the 

presentation to what they saw in experimentation. Show students how to derive the thin 

lens equation using proportional triangles. Have students calculate image location for a 

simple example, and then show them an example with a virtual image so they 

understand why they could not always find the image. If there is time at the end, show 

students some “cool applications” for lenses and images. For example, they can build a 

projector for their smart phone using a shoebox and magnifying glass. 

 

6.4.2 Module 2 – Lens Combinations 

Engage (20 minutes): Review what students learned about lenses in the previous 

module. Provide a discussion question that tests their understanding about focal length. 

The goal is to instill an intuition about how focal length is the image location for far-

away objects (or incoming parallel rays of light). Introduce the idea of telescopes (two 

lenses), and tell students that the two lenses must be the sum of their focal lengths apart. 

Tell them that they must design a telescope with a specific magnification. 

 

Explore (30 minutes): Show students how to place lenses into lens holders and how to 

tighten the setscrews. Go to each group and give them an objective magnification (~2x, 

~3x, ~6.5x; 120 mm and 62 mm, 400 mm and 120 mm, 400 mm and 62 mm lenses, 

respectively). Allow students to try different lens combinations and discover the 

challenge of aligning the lenses to get a good image. Once they get the right 
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combination, encourage them to find the relationship between the focal lengths and the 

objective magnification. 

 

Explain and Expand (20 minutes): Use a presentation to explain many of the 

phenomena explored during the previous activity. An example presentation is available 

from the CLIMB GK-12 database. Begin by asking what difficulties the students had 

with their telescopes. Expect answers like “difficult to align”, “image was distorted”, 

“lenses were small so I couldn’t see much”, etc. Explain how real telescopes have high 

quality lenses, precision alignment, and how lens size relates to the field of view. To 

segue into the human eye module, show students a ray diagram that demonstrates how 

collimated light both enters and leaves the telescope, and how an image is only formed 

when the rays converge. That is why they had to use their eyes at the telescope instead 

of a piece of paper. 

 

6.4.3 Module 3 – The Human Eye 

Engage (15 minutes): Explain what students will be doing for the class period. Show 

them the eye model and how to handle the model. Tell them to start thinking about eye 

problems they’re familiar with, and how they can cause that in the model. Give a 

presentation similar the example presentation available from the CLIMB GK-12 

database. 

 

Explore (55 minutes): Give students the worksheet on normal vision (available from 

the CLIMB GK-12 database). A teacher’s version of the worksheet is also included, 
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outlining the main points the students should be learning from the worksheet. Once the 

worksheet is complete, encourage students to come up with an eye defect, either based 

on personal experience or something they can perturb in the model. Tell them to write 

down their hypothesis on how this defect will change image quality, and then have them 

test it. Following are some hypotheses students developed, and what they found: 

• Moving the retina back (to the near-sighted location, though they do not know 

this). Hypothesis: the image will be blurry because the image is no longer at the 

retina location. Findings: the image is blurry. Encourage students to add 

different lenses in front of the eye until they fix the vision problem. 

• Scratched Cornea. Hypothesis: the image will look scratched. They tested this 

by placing a piece of filter paper over the cornea. Findings: the image is just very 

dim, but still there. 

• Half the liquid missing from the eye. Hypothesis: half the image will disappear. 

Findings: hypothesis was correct. Half of the image is at the retina location, but 

the other half is closer to the cornea. 

• Half of cornea is blocked/damaged. Hypothesis: half the image will disappear. 

Findings: The image is still there, just very dim. 

 

Explain and Expand (10 minutes): Ask a few students to describe their hypotheses and 

findings. Talk about myopia, hypermetropia, and vision correction through glasses. If 

there is more time, have students ask questions about various vision problems. Most 

students found the concepts intriguing and asked questions like, “If the retina was 

removed and placed back in the eye upside down, would the brain see everything as 
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upside down?” 

 

6.5 Conclusions 

This activity was designed to give students the opportunity to explore light and how it 

is used to form images. They learned how light refracts through lenses, and how lens 

systems can be designed to modify image formation. Finally, they extended their 

observations from hands-on exploration of lenses to similar concepts involved in image-

formation in the human eye. Students enjoyed the concept of image-formation, and were 

often heard students saying things like “Cool!” or “Look, I can flip the image upside 

down by doing ___!” The challenge posed by the thought-experiments scattered 

throughout the module kept students engaged, and students enjoyed relating the 

concepts they learned to other lens systems of familiarity like eye-glasses, telescopes, 

projectors, magnifying glasses, and cameras. 
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CHAPTER 7 

FLUORESCENCE IN LEAF VEINS: AN INQUIRY MODULE 

 

This chapter contains the manuscript for an educational paper, currently in preparation. 

This manuscript was authored along with Jean C. Cruz-Hernandez in the same lab, and 

so this chapter is duplicated in both our dissertations. This manuscript describes a short, 

inquiry-based model exploring leaf vasculature using fluorescence imaging. Students 

learn to generate hypotheses based on observations and learn through exploration, rather 

than a planned “experimental” approach. 

 

7.1 Abstract 

This hour-long activity introduces students to the concept of liquid flow through leaf 

veins, and explores what occurs when the leaf is damaged. This module is designed to 

allow students to openly explore the concept of network redundancy using inquiry 

methods similar to real research labs. Students damage the veins in tree leaves, make 

predictions about how this will affect transport, and then soak the stems in fluorescent 

dye. While the leaves are taking up dye, they explore the concept of fluorescence using 

lights and colored glass filters. They then use the lights and filters to view the pathway 

the dye traveled in the leaf, and thus to test their hypotheses on how leaf damage affects 

liquid flow. Students discover that small veins in the leaf allow the dye to travel around 

the points of damage, enabling un-interrupted flow. This concept of redundancy is 

critical in a variety of networks, ranging from biological networks like blood vessels to 
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man-made networks like the electrical power grid.  

 

7.2 Introduction 

Blood travels through vessels in the body and provides oxygen and nutrients to 

surrounding cells. If blood flow is disrupted, catastrophic damage can occur. There is 

substantial redundancy in these blood flow networks in many organs, especially in the 

brain, resulting in alternate routes for blood to reach the tissue if one route is blocked or 

damaged. This module describes an ~1 hour long, inquiry-based learning activity where 

students discover the concept of redundancy by following the flow of fluorescent dye 

through small vein networks in leaves. Students damage the vein networks in some 

leaves, make predictions about how this will impact transport, and then compare the 

transport of fluorescent dye through veins in damaged and undamaged leaves.  While 

dye is being taken up by the leaves, students compare how similarly-colored fluorescent 

and non-fluorescent solutions interact with light. Through this, they discover the 

concept of fluorescence and then immediately appreciate why a fluorescent dye is being 

used as a tracer in the leaf vein networks. Students are then able to test their ideas about 

how vein damage will influence transport in the leaf and they find that redundancy in 

the leaf vein network ensures liquid from the stem can route around damaged pathways 

and reach the entire leaf. Emphasis is placed on student-lead inquiry, so students do not 

have a set series of steps to follow to reach a “correct” answer and rather are encouraged 

to explore with no written materials and only minimal verbal guidance. This module 

introduces inquiry-based learning to students in a short, manageable timeframe, 

allowing them to explore using the open-ended approach to scientific questions that is 
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used in actual research labs. 

  

7.3 Engage 

Begin with a brief introduction to leaf veins and the role they play in transporting liquid 

and nutrients to all cells of the leaf. Students should have freshly-collected leaves they 

can examine. Leaves with highly interconnected vein networks are necessary to 

illustrate the concept of network redundancy providing resilience to damage (we have 

found oak leaves work well). Because the concept of “networks” may be hard to grasp, 

relate the leaf vasculature to a set of water pipes. If water is flowing through pipes, and 

there’s a hole in a pipe, where does the water go? Ask students to predict what happens 

if an insect takes a bite out of a leaf and damages a vein. Does the whole leaf die? What 

happens to liquid transport? Tell the students that they can test their ideas by damaging 

leaves with a hole punch and using a colored dye to track liquid flow.  

 

7.4 Explore 

Have students form small groups and task them with damaging the leaves using a hole 

punch or other tools (Fig. 7.1A). Encourage them to keep some leaves intact so they can 

compare damaged leaves with normal ones. Make sure to provide enough leaves so 

students are willing to explore their own hypotheses, like ripping part of the leaf, scoring 

it, or other creative approaches. To keep track of expected results, have students trace 

the leaves they damaged as well as control leaves onto a sheet of paper and sketch out 

the pattern of large veins, marking where they made holes or otherwise damaged the  
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Figure 7.1 - Leaf damage and dye flow predictions. 
A) Left: leaf without injury; center: leaf with an injury in a main vein; right: leaf with 
multiple injuries. B) Leaves soaking in Rhodamine B solution. C) Example prediction 
of dye flow in the control leaf (without injury). D) Typical student prediction of flow 
distribution in a leaf with an injury in a main vein. E) Typical student prediction of flow 
distribution in a leaf with multiple injuries. 
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leaf. Students should then trim the end of the leaf stem at an angle using a pair of scissors 

so that liquid easily absorbs into the stem and insert the stems of all leaves (including 

control leaves) into the 30 mL tube of Rhodamine B dye and allow them to soak (Fig. 

7.1B). Warn students that the dye can stain clothing and skin, to be careful inserting the 

leaves, and to wear gloves (lab coats and goggles are also recommended). While the 

leaves soak, ask students to predict where the dye will flow by tracing on their sketches 

of the leaf vein networks from damaged and undamaged leaves (Fig. 7.1C, 7.1D, 7.1E). 

Ask the student groups to generalize this prediction by writing down, in their own 

words, a hypothesis on how leaf vein disruption affects liquid flow.  

While the students are conducting these tasks, the instructor should prepare extra 

damaged and control leaves to soak in the fluorescent solution and should also soak 

some control leaves in the non-fluorescent colored water to use as an example during 

the Extend and Elaborate phase. 

While the leaves are soaking point out the two vials of dye; one holding 

Rhodamine B (fluorescent) and one holding colored water (non-fluorescent, should be 

mixed to roughly match the color of the Rhodamine B), unbeknownst to the students. 

The fluorescence is best seen in a dark room, so turn out the lights and close any shutters. 

Ask students to “tell you” what is different between the two dyes, and to work in groups 

to discover the differences. Inform them that they can use all the supplies on the table 

to explore the dyes and gather clues. When the green colored light source lights up the 

fluorescent dye, it will glow orange. Looking at the fluorescence through a red colored 

glass filter helps separate this “glow” from the color of the dye itself and the color of 

the light (Fig. 7.2). Do not point out to the students that they need to use the light source 
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Figure 7.2 - Fluorescent versus non-fluorescent dyes.  
A) Rhodamine B sample on top of the green light source. B) Orange emission from 
Rhodamine B solution viewed through the orange glass filter. C) Red food coloring 
sample on top of the green light source. D) Lack of emission from red food coloring 
sample viewed through the orange glass filter.  
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and filters to view fluorescence, but rather, let them figure it out for themselves. If 

students feel frustrated, ask them about their approach and encourage them to use some 

of the supplies on the table. If one student in the group discovers the fluorescent “glow” 

first, encourage them to describe what they found to the rest of their group. 

 

7.5 Explain 

As each group begins to piece out the difference between the fluorescent and non-

fluorescent solutions and identify one as “glowing,” engage them in a discussion of what 

they are observing. If the term “fluorescence” doesn’t come up, define the “glow” as 

fluorescence and explain that some molecules have this property. Ask students why they 

had to use the colored light and colored glass filter to see this effect. Piece together an 

explanation based on student words and terms. Explain that fluorophores (fluorescent 

molecules) absorb energy from a light source of one color and then release that energy 

as light of another color. The color of light emitted by the dye is redder or longer 

wavelength than the color of light absorbed by it. For example, in this experiment the 

fluorescent dye Rhodamine-B is excited with green light and emits orange light. In 

contrast, the colored water only absorbs the green light and does not glow or emit orange 

light. The instructor can then shine a green laser pointer through these fluorescent and 

non-fluorescent solutions to further illustrate the difference. After a student group has 

mastered this general concept of fluorescence, ask them “Why do you think your leaves 

are soaking in the fluorescent dye?” Students will typically immediately appreciate that 

they can use the colored light and colored glass filter to see where the dye has gone and 

thus test their original hypotheses about transport in the leaf vein networks. 
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7.6 Extend and Elaborate 

After the exploration of fluorescence, the students will extend this concept and use it as 

a tool to explore liquid transport in their damaged and control leaves (Fig. 7.3). Ask the 

students to test their hypothesis of how leaf damage changes liquid transport. Once 

students realize that the dye goes “around” the holes they made in the leaf veins, ask 

them to figure out how the dye got there. They will quickly realize that there are tiny 

veins all throughout the leaf that liquid travels through, bypassing the damage to the 

larger veins. While students are exploring their hypotheses, circulate around the room 

and ask questions to guide their thinking. Ask them about their approach, or why they 

are making their conclusions. Avoid giving answers or encouraging a “right” answer. 

Rather, guide them through the exploratory process. If students are wondering why they 

cannot simply use a colored dye to see where the liquid travels, show them the leaf that 

was soaked in colored water to demonstrate that colored water alone is not sufficiently 

visible within the leaf network to discern transport pathways. Light must be generated 

through fluorescence and “detected” by their eye with the aid of a filter. Occasionally, 

dye will not be taken up into a leaf. Allow groups to share control and damaged leaves 

with other groups if necessary, or provide your own experimental and control leaves for 

substitution. 

Ask the groups if anyone guessed the flow of dye correctly. If so, have them 

explain to the class why they made their initial prediction. Typically, most groups 

hypothesize that dye will stop at points of damage and not progress to downstream 

veins. Ask students to explain why they thought that, and why  
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Figure 7.3 - Visualization of Rhodamine B dye transport in the vein network of oak 
leaves.  
A) Close-up view of the small veins near a hole in a main vein of a leaf. Distribution of 
Rhodamine B in a B) control leaf, C) leaf with an injury on the main vein, and D) leaf 
with injuries in various locations.  
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that differs from what actually happened. Because the leaf vasculature is a complex 

network composed of large veins and many interconnected small veins, liquid can travel 

through many routes to reach the same point. The dye travels around the damaged areas 

using smaller vein networks and continues to travel through the rest of the network. 

These smaller networks are actually visible with the fluorescent dye (Fig. 7.3A), and 

are also visible to the naked eye when examined closely enough, depending on the leaf. 

Most seeding plants such as oak trees exhibit redundant vascular networks (reticulated 

venation) with a number of small interconnections between main veins (anastomosis). 

Non-redundant leaves, such as ginkgo biloba, have a fan shape with veins extending 

radially from the leaf base, and do not exhibit vein interconnections (dichotomous 

venation) [1].  

End the activity by asking students about other networks like this. Some possible 

ideas are blood vessels, electrical power networks, roads, etc. Conclude with a short 

presentation describing how these networks are “redundant”. Redundancy is a key 

concept in many fields, ranging from biology to technology. In a complex network, 

repetition of certain components ensures that the whole system does not fail if one part 

fails. For example, if the power grid that supplies energy to every building does not 

contain redundancies, one fallen power line could result in widespread power outages 

(see the Wall Street Journal’s, The Short Answer: How Does The U.S. Power Grid Work 

video from February 5th, 2014 for an introduction to this concept).  

In biology, and specifically in this module, we examined redundancy in the 

circulatory system of leaves. If a portion of a leaf is damaged by weather or an insect, 

the rest of the leaf and the entire plant can bypass this damage and provide nutrients to 
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cells in undamaged portions. The same is true in an animal or human circulatory system. 

If a small clot occurs in a tissue where the vasculature is redundant, blood can bypass 

the area and reach surrounding tissue.  

As an analogy, the brain and the heart are the two organs in the human body 

with the highest energy (and thus blood) demands and their continued function is 

essential. If the vascular network in these organs is disrupted, cells may become 

permanently damaged because they no longer have the oxygen and energy they require. 

Tor this reason, these organs have evolved a high degree of anastomosis 

(interconnections between different parts of the network) to reroute blood flow in the 

event of vascular damage. On the other hand, the digestive system does not exhibit 

significant anastomosis, as energy demands of the organ can be reduced by the brain to 

accommodate for damage and the resulting decrease in blood flow. 

For example, if small vessels are damaged (like in a bruise), the tissue after that 

injury is not affected. However, areas of the body that are very sensitive to blood flow 

changes might be affected if blood vessel damage occurs there. One of the organs most 

sensitive to changes in blood flow is the brain. The cells of the brain, neurons, store very 

little energy and are highly dependent on blood flow for their nutrients. It is easy to see 

that blocking a blood vessel to the brain or in the brain could be disastrous. Redundancy 

in networks minimizes this effect, but even small disruptions in blood flow lead to 

damage in the brain. That is why strokes and hemorrhages can be so disastrous for 

patients. 
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7.7 Evaluate 

This activity serves as an excellent way to introduce inquiry, open-ended learning, to a 

class without the emphasis on a “right-answer” or correct protocol. However, evaluation 

for student participation and engagement can be included if needed (see Online 

Supplemental Materials). A generalized rubric emphasizing the content, process, and 

attitude of the students during this module may serve as a baseline. 

 

7.8 Conclusions 

This experiment incorporates inquiry learning, or learning through discovery, in a short, 

manageable time frame. It allows students to experience how science really takes place 

in research labs by generating hypotheses and using observations to test and form new 

hypotheses. This activity also connects multiple fields of study: plant biology, anatomy 

and physiology, and fluorescent imaging, mimicking the highly interdisciplinary 

approach to modern day science. 

 

7.9 Safety Concerns 

All materials for this experiment are relatively safe. The Rhodamine-B dye is not toxic, 

but should not be ingested. All dyes can stain clothing, so warn students not to spill. 

Warn students to be careful with the glass filters and immediately clean up the glass 

shards if a filter is dropped. 
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7.10 Supplemental Methods and Materials 

7.10.1 Suppliers and Cost Information  

Dyes 
● 25g of Rhodamine B (Cat# R6626-25G, Sigma-Aldrich) will cost approximately 

$20 and should last for more than five years in the freezer (the product is light 
sensitive). 

● Food coloring (Cat# 5465 Red-Red; Amazon) will cost approximately $10 and 
can be kept on the shelf for many years. 

Accessories 
● 50 mL tubes (Cat# C001-50pk, Scientific Equipment of Houston) will cost $7 

for a rack of 25 tubes. 
● 30 mL tubes (Cat# 05-556-3, Fisher Scientific) will cost $56 for a bulk of 1000 

tubes, but smaller bulk size could be obtained via Amazon. 
● 1.5 mL tubes (Cat# L293251, Laboratory product sales) will cost $36 for a bag 

of 1000 tubes. 
Light Emitting Diode (LED) Light Box Components and Supplies 
● Green LED (Cat#: RL5-G13008, Super Bright LEDs Inc.) will cost $0.74 each. 
● Green LED Filters (Cat#: FES0550, Thorlabs) will cost $74.50 each. 
● Switch (Cat#: 360-1896-ND, DigiKey) will cost approximately $5 each. 
● 9V battery snap connector (Cat#: 36-232-ND, DigiKey) will cost $0.60 each. 
● Enclosure “boxes” (Cat#: L101-ND, DigiKey) will cost approximately $6 each  
● Grommet (Cat#: 4946A1, McMaster-Carr) will cost approximately $6 for a pack 

of 25 grommets. 0.5 inch hole in the enclosure, this holds the LED in place. 
● 220 Ω resistors, 1 per light box (Cat#: 2711313, local Radio Shack) will cost 

$0.74 for a pack of 5. 
● 9 V batteries, 1 per light box (Cat #: 2302211, local Radio Shack) will cost $7.69 

for a pack of 2. 
● Soldering iron, solder (Cat#: USAE1-VTDS010AH, Amazon) will cost $15.99 
● 590nm long-pass color filter, Orange (Cat#: FGL590S, Thorlabs) will cost 

$71.50 each. 
 

7.10.2 Materials Per Student Group (max 5 students/group) 

● 1 conical tube (30 mL) containing 25 mL Rhodamine-B dye (2%) 
● 2 1.5-mL centrifuge tubes 

○ One containing water with red food coloring 
○ One containing Rhodamine-B dye 

● 1 pair of scissors 
● 1 hole punch 
● Sheets of white paper 
● Black and red markers 
● 10 Oak leaves  
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● Orange glass filter  
● LED light source box 

 

7.10.3 Procedure 

1. Distribute all items listed above to each workstation. 
2. Provide background on leaf networks. 
3. Disrupt the vascular network of the leaves using the hole punch. Keep at least 

one leaf without holes as a control. 
4. Use scissors to cut the leaf stem at an angle, keep at least two inches of the stem 

intact. 
5. Place the leaf stems into the falcon tube with Rhodamine-B. 
6. Let the leaves soak in the dye for at least 30 minutes. 
7. While leaves are soaking, trace the outline of the leaves and their main veins 

onto sheets of paper. Sketch where holes were made. 
8. Predict what will happen to the dye flowing through the leaf vessels, based on 

where the holes were made for each leaf, and mark this on the leaf drawings. 
9. Write down hypothesis. 
10. Explore the concept of fluorescence using food color and the Rhodamine-B dye 

vials. 
11. Use the green light source and orange filter to see dye in the leaf veins for both 

the damaged and control leaves. 
12. Compare the flow distribution from the leaves with injuries vs the control leaf, 

and compare with the hypotheses made beforehand. 
13. Have students describe why the dye went around the holes. 
14. Relate findings to the concept of redundancy and other redundant networks. 

 

7.10.4 Materials and Teacher Preparation 

An inventory of materials used for experiments are shown in Figure 7.4. For first time 

preparation, prepare the dye dilutions. It is recommended that a large stock solution be 

prepared and small amounts (aliquots) be removed from the stock for student activity 

use. For the Rhodamine B, dissolve 1 mg in 50 mL of water. Aliquot approximately 

1.25 mL into the small centrifuge tubes and seal tightly. For a non-fluorescent control, 

dilute red and yellow food coloring into 50 mL of water until it’s approximately the 

same color as the Rhodamine B. Aliquot approximately 1.25 mL into small centrifuge  
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Figure 7.4 - Layout of the material used for labeled the capillary network on oak 
leaves.  
A) A set of ~6 oak leaves. B) Hole punch. C) 30 mL tubes with 25 mL of 2% 
Rhodamine B.  D) 590 nm long-pass filter. E) Two (1.5 mL) tubes with Rhodamine B 
and food coloring, respectively. F) Green-colored light source.  
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tubes and seal tightly. Keep the Rhodamine B aliquots in a dark location for long term 

storage, as it is light sensitive. 

LED sources may be bought or built according to the schematic in Figure 7.5. 

To build the light sources, solder one end of the resistor to the positive end of the 9V 

battery clip (the red wire). Solder the other end of the resistor to the positive side of the 

LED (the longer wire lead). Solder the short wire lead of the LED to one of the switch 

contacts, and the other switch contact to the negative end of the 9V battery clip (the 

black wire). Drill two holes in the aluminum enclosure: one 0.5” hole to fit the grommet 

and LED through and another for the switch. Attach the 9V battery, test the circuit, and 

seal the aluminum box to prevent tampering. Tape the mounted green filter over the 

LED, limiting the amount of yellow light the LED emits so the students can clearly 

visualize the Rhodamine B fluorescence. 

Before each time the activity is implemented, pick approximately ten oak leaves 

per student group. Other leaf types are suitable, but test dye absorption before 

implementing the activity. Try to pick leaves that have minimal damage and have a 

healthy, dark green color distribution. Ensure the stems are at least two inches long. 

Leaves can be picked the day before and their stems submerged in water to keep them 

alive. Set up all supplies on separate tables, one set per team. Try and maintain group 

sizes between three and five students. The rubric in Table 7.1 can be used to assess 

students during each part of the activity. The term “expectations” here refers to the 

content, process and attitudinal goals for this activity. Evidence for understanding may 

be in the form of oral as well as written communication, both with the teacher as well 

as observed communication with other students. Specifics are listed in the table below. 
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Figure 7.5 - Layout of the LED circuit and construction. 
A) Circuit diagram of the LED light source. B) Assembly and connections between the 
LED and resistor. C) Full enclosure and components of the LED power supply. D) LED 
power supply. 
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Table 7.1 – Scoring rubric for student activity 

  Engage Explore Explain Expand 

1 Student 
demonstrated 
interest in the 
assignment and 
helped other 
group members 
generate theories. 

  

Student 
demonstrated 
interest in the 
experiment, taking 
careful notes on the 
laboratory 
worksheet and 
completing the 
related calculations. 
Student was 
engaged with 
partners in 
conducting the 
measurements. 

Student helped 
describe 
different 
effects in the 
optics module 
that were 
witnessed and 
proposed 
hypotheses on 
why various 
effects 
occurred. 

Student was actively 
involved in 
summarizing the 
observations from the 
project. Student asked 
questions about what 
they saw and proposed 
applications for the 
concepts learned. 

2 Student 
participated in the 
activity and made 
modest 
suggestions about 
the experiment.  

Student showed 
interest in the 
laboratory, recorded 
findings, and 
modestly worked 
with partners. 

Student 
participated in 
the discussion 
of effects 
observed. 
  

Student participated in 
summarizing 
observations. 

3 Student 
participated in the 
group discussion 
with little 
interest. Little 
effort was made 
to suggest 
theories. 

Student 
demonstrated little 
interest in the 
experiment. Student 
wrote down 
measurements and 
worked with 
partners, but only as 
much as necessary.  

Student 
participated in 
discussion with 
little to no 
interest. 
  

Student participated in 
the class discussion 
with little to no 
interest. Answers from 
the student were 
observations on the 
instructions, and not 
the scientific content. 
  

4 Student did not 
participate in the 
group discussion, 
and little to no 
effort was made 
to meet 
expectations. 

Student showed no 
interest in the 
laboratory. Student 
did not write down 
observations or 
work with team 
members. 

Student did not 
participate in 
the discussion. 

Student made no 
observations. 
  

*1 = exceeded expectations 
  2 = met expectations consistently 
  3 = met expectations occasionally 
  4 = did not meet expectations 
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CHAPTER 8 

COMMERCIALIZATION OF AN ACADEMIC TECHNOLOGY 

 
This chapter is a reflection on my experience as an inaugural fellow for the PhD 

Technology Commercialization Fellowship offered through Cornell Engineering. With 

one-on-one mentoring by seasoned entrepreneurs within the Johnson School of 

Management, I explored commercialization of the hyperspectral multiphoton 

microscope described in detail in Chapter 4. Although a goal was certainly to evaluate 

the commercial potential of this technology and the possibility of actually starting a 

company around it, my interest in this fellowship was rooted in the desire for a deeper 

understanding of product design. This fellowship gave me the framework needed to ask 

unbiased questions about markets, customer need, and other driving factors that make a 

product successful or unsuccessful. 

The discoveries I made through this process helped me form a mental framework 

on how to approach the question of commercial promise for a technology, and how to 

form a business around it. This chapter covers this generalized framework (loosely 

based on the ideas of Steve Blank, serial entrepreneur and educator) and uses examples 

from my exploration of the hyperspectral technology to clarify. Each section has two 

subsections: one for the generalized framework, and another for the application of this 

framework to the hyperspectral technology. Many of the conclusions that were drawn 

throughout this fellowship were direct products of conversations with real people in 

their workplace that could serve as potential customers. In an effort to protect their 

identities, I refer to their general roles in industry, and do not reference specific 
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companies or names. There is no guaranteed way to know if a technology is worth 

commercializing, but the following sections attempt to shed light on how an engineer 

can begin to think of the commercial ramifications of their work. 

The chapter begins by highlighting initial perspectives that a new engineer-entrepreneur 

must be willing to adopt and misconceptions to avoid when beginning to explore 

business opportunities. It continues with methods for defining the technology, 

identifying markets, customer discovery and validation, and generation of a final 

business model.  

 

8.1 Initial Perspectives 

8.1.1 Framework 

When first exploring commercialization of a technology, the inventors always have 

initial ideas on what the product might look like, and who the main customers will be. 

However, these preconceptions are entirely based on the perspective of the inventors in 

their field, and may not accurately reflect the market and its customers. While it is 

possible that some of these preconceptions are correct, it is much more effective to base 

a business on real market research and fully explored customer needs. If one element in 

the business approach is based on incorrect assumptions, even a critically-needed 

technology will fail as a business venture. This problem can be approached in a way 

that appeals to scientists and engineers alike — generating and testing a hypothesis. Any 

preconceptions on the technology, including the final product form, customers, key 

markets, and business model, can be tested on actual customers and modified based on 
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outcomes. As with any scientific endeavor, it is important that the researcher remains 

unbiased and realizes that hypotheses might be wrong and are likely to fail. In fact, 

repeated failures early on in the process is actually desirable, as eventually a better 

solution is reached. In terms of business, it is better to discover early on that the 

technology is not viable for a business venture, before investments and peoples’ jobs 

are at stake. 

 One difficulty for new engineer-entrepreneurs to overcome is their 

understanding of what the technology is currently capable of. It is tempting to engineer 

the technology to the point where it fully demonstrates everything the engineer would 

wish (through papers, collaborations, etc), and the engineer can show potential 

customers the results immediately at the beginning of the market search. However, at 

this point, resources and time have already been spent to gear the technology toward 

specific applications, and potential customers, that may not be the best fit. It is more 

effective to explore markets and potential customers early on, identify a critical need 

that the technology might be able to solve, and through customer feedback and careful 

design of a business model, develop the technology to directly target those customers. 

Much of this can be done ahead of full technology demonstrations, although these 

demonstrations must eventually deliver. If the need is critical enough, and customers 

are willing to pay, they can drive the development of the technology through early 

adoption and collaboration. 

 Finally, this exploration is an iterative process. It is always possible to pursue a 

market and find that it was a poor choice further down the line. Or, perhaps an 

assumption was wrong and the customer or a particular business approach must be 
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redefined. Regardless, it should not be expected that this process is linear and will 

continue to a final, predicted outcome. Rather, the engineer-entrepreneur should expect 

setbacks and multiple returns to the same question before a solution is finally reached. 

 

8.1.2 Hyperspectral 

When I began this fellowship, I came in with several assumptions based on my 

understanding of the two-photon microscopy research field, and my advisor’s 

perspective. In addition, since Cornell University is the home of the original 2PEF 

patent and microscope efforts, I was familiar with previous commercialization routes 

for this technology. I expected to find that academic researchers, in interdisciplinary 

labs similar to mine, would be the primary customers, with occasional interest from 

industry researchers in pharmaceutical companies or research hospitals. I realized that 

these markets were likely small and potentially self-limiting, but I thought a business 

model sustaining sales of hyperspectral multiphoton microscopes until a larger 

microscope company took interest and acquired the company could be a viable 

approach. 

 However, based on conversations with other researchers in the field at 

conferences, I began to wonder how to evaluate customer need. Most researchers 

seemed to value imaging speed and radically new approaches to access new structures 

(such as three-photon excitation fluorescence to reach mouse hippocampus), so 

expanding the data acquisition capabilities of a 2PEF microscope to acquire spectral 

data may not be directly solving customer problems. Therefore, I realized I would need 

to consider other unusual markets, in addition to the academic market, to fully assess if 
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the hyperspectral multiphoton microscope was a viable technology for 

commercialization.  

 I entered this process with a set of critical questions or assumptions that must be 

addressed to assess the viability of commercialization of the hyperspectral technology. 

First, the technology may be valuable, but the biological toolsets (multi-color labeling 

strategies) could require significant development first to make the instrument accessible. 

This would divide the commercialization process between two very different solutions 

— molecular engineering and a physical instrument — which I saw as unlikely for a 

startup to achieve. Second, the sheer cost of this instrument with current commercial 

laser sources and component pricing could potentially price-out most customers that 

would actually need it. For example, the labs that need to image multiple structures in 

mouse brain are unlikely to be able to afford an instrument for their lab’s sole use. 

Therefore, waiting until more affordable components, such as femtosecond-pulsed laser 

sources, are developed may be the eventual conclusion. Finally, I realized there was the 

potential that 2PEF microscope users would not want multicolor imaging capabilities 

enough to buy an entire instrument for that application. A smaller modification or 

instrument add-on may be a better solution. These initial thoughts guided the early 

stages of the market exploration, and quickly evolved into broader questions about 

underlying customer need, rather than specific product features. 

 

8.2 Technology Definition 

8.2.1 Framework 

Before approaching potential customers to investigate needs, it is necessary to place the 
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technology under question into the appropriate framework. Rather than thinking of the 

technology in its current state or context (a prototype, an idea, or somewhere in 

between), with all its strengths and flaws, it can be distilled to a small list of core 

competencies. If it is a process, what does it do well? What gives the technology a 

unique edge that enables it to do something better than anything else out there? 

Engineers and scientists tend to start thinking about product features and a product 

design when approaching these questions, but those must be based on customer need 

after extensive research. Once the technology can be described briefly by its core 

competencies, conversations with early customers can remain broad and uncover 

underlying customer needs, rather than gravitating toward specific product features. 

 In addition, when possible, the technology should be placed in context within its 

field. How early is it relative to other technologies? Often, this may be described using 

Everett Rogers’ Diffusion of innovations theory [1], which has been adapted to evaluate 

technology adoption. The first group of people to adopt an idea or technology are the 

“Innovators”. They are willing to take risks and try new things for the novelty and the 

opportunity for high reward. The next group are termed “Early-adopters”. Typically, 

these are industry leaders who are influential and willing to try something new, but do 

expect a somewhat favorable outcome due to use of the technology. If the early-adopters 

begin to use the technology on a regular basis, then the “Early-majority” will begin 

adopting the technique. These may not be thought-leaders, but people who see value in 

the new technology, based on use by the early-adopters. At this point, the market share 

increases significantly as more and more customers begin purchasing the technology. 

Eventually, the “Late-majority” will begin adopting the technology as it becomes 
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standard, mostly out of reluctant acknowledgement that the technology is now needed. 

Finally, the minority of “laggards” or the “skeptics” will adopt the technology when 

forced to. Both the technology and the field it is a part of may be placed on this scale, 

with the entrepreneur realizing they will need to carry the technology through these 

phases with an appropriate business plan. 

 

8.2.2 Hyperspectral 

At the start of this fellowship, the hyperspectral multiphoton microscope was at a 

prototype stage for early demonstration experiments. It was functioning, but required 

significant expertise and the willingness to constantly adjust parameters to acquire high-

quality images, making it “not yet”-user-friendly. However, much of the innovation was 

not the multiphoton technique itself, or even the current manifestation of the technology, 

but what it enabled. The combination of the optical detection design to collect scattering 

light, in addition to the multiplexed excitation and detection, enabled the ability to 

separate multiple fluorescent labels simultaneously in live tissue samples. Or, in non-

jargon terms, this technology enabled the visualization of as many cell types, in living 

tissue, as the researcher needs. However, this over-arching statement took nearly four 

months of customer conversations and feedback to realize. 

 Initially, we considered a number of potential technology strengths. 1) The 

ability to visualize multiple fluorophores in tissue, 2) the ability to visualize naturally 

autofluorescent species in tissue, 3) the ability to label multiple cell types in tissue (the 

labeling approaches we developed to demonstrate the microscope), and 4) the ability to 

use the microscope as a spectrometer in thick samples. Therefore, in moving forward to 
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the next phase, I intentionally began testing these hypothetical strengths through 

customer conversation. 

 The hyperspectral multiphoton microscope itself falls into the technical field of 

multiphoton microscopy. During the initial stages of this fellowship, I assumed the 

technology was somewhere near the end of the early-adoption phase. My specific 

technology would likely fall into the innovators usage category, however, based on the 

required knowledge to properly use the instrument. However, these assumptions would 

need to be tested. 

 

8.3 Market Identification 

8.3.1 Framework 

A critical mistake that new technology entrepreneurs often make is to quickly focus on 

a promising market opportunity to the exclusion of other markets. However, there could 

be additional opportunities in other markets that are more accessible, more lucrative, or 

even sustainable enough to provide a small cash flow to reach larger markets. Therefore, 

one of the first steps should be to broaden the market search and identify a large number 

of markets that may provide unique opportunities. Commercial exploration is an 

iterative process, and it is likely that an initial market that seemed promising later 

becomes less favorable with more research. Initial groundwork thoroughly describing 

multiple markets creates multiple routes for new exploration or alternatives if needed. 

 At this point in the process, more information is critical. The only way to get 

this information is to reach out to customers and talk to them. This is the first 
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opportunity to begin testing initial hypotheses on technology value, definition, and 

customer need. The number one thing to avoid is biasing customers with a description 

of the technology. By describing the technology in detail first, the customer naturally 

tries to fit that description to what they do on a daily basis, and may make statements 

like “We might be able to use that,” or “Have you considered adding ____ feature?” 

These conversations may leave the engineer thinking that this would be a customer 

willing to pay, or at least interested, when in reality they are trying to help you make the 

connection to how your technology could help them. A better measure of true interest 

is to talk to them about technology gaps in what they do. Daily problems that limit 

productivity, processes that require an inordinate time to complete, or their highest-cost 

element. This leaves the engineer to make the connection of whether or not the 

technology under exploration is a good fit for the market, or if there are other driving 

needs that the customer has that are worth exploring with a different technology. 

 In addition, it is important to begin exploring where this technology may fit in 

to the value chain. A value chain consists of all the processes necessary to deliver a final 

product to the customer. This includes steps like manufacturing, marketing, etc. It is 

highly likely that the initial customer in mind is not the actual customer the product will 

be sold to at the end. For example, if a new lab instrument is designed to appeal to 

graduate students — easy to use, fast, reliable — that may have little appeal to the person 

actually making the buying decision — the Principle Investigator (PI). In fact, the PI 

may prefer a cheaper, less-reliable method due to other monetary pressures in the lab. 

Therefore, the company based around this technology should be aware of this and design 

and market accordingly. This value-chain-mapping will continue to occur throughout 
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all phases, but can begin even at this early point. 

 At the end of this phase, the engineer should have a general description of each 

market, potential needs the technology can meet, and other metrics based on customer 

conversation. To compare markets, a qualitative scaling system can be applied to rate 

the most promising markets for further exploration in the next phase. 

 

8.3.2 Hyperspectral 

Overall, this portion of the fellowship exhibited the steepest learning curve. As 

academic researchers, graduate students have been trained to carefully evaluate 

literature, run experiments, and learn the skills necessary to complete something through 

protocols or working with knowledgeable experts. This will be the default research 

approach for most engineers, but it cannot take the place of real customer conversations. 

Reaching out to customers through phone calls, emails, and in-person networking events 

was incredibly difficult, but yielded the most information relative to markets. One of 

the most difficult tendencies to overcome was not talking exclusively about the 

technology itself. Especially in academic realms, the first question is “What do you do?” 

or “What is your research on?”, and the conversation quickly becomes a discussion of 

how the technology is, or is not, a fit for that customer. Sample scripts from the 

fellowship mentors aided in this process. For example, beginning with “I would love to 

tell you more about my technology. But first, I would like to ask you some questions 

about what you do on a daily basis, and some of the problems you face,” often started 

the customer talking about their work, and opened the door for fruitful conversation. 

This was a skill that could only be learned through experience and trial-and-error, and 
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should not be underestimated in entrepreneurship. 

 During this phase especially, it was important to talk to as many people in each 

market as quickly as possible to determine market relevance. Throughout the seven-

week period this phase covered, I spoke to 34 people across seven markets and contacted 

a total of 91 people. With information garnered from these conversations, I was able to 

fully evaluate promising markets and developed a ranking system to choose markets for 

further analysis in the next phase (Table 8.1). The following sections briefly describe 

each of these markets in relation to the hyperspectral technology and key conclusions, 

followed by market rankings and end-of-phase conclusions. 

 

Academic Life Science Research 

 The first market was the “natural” market for this technology: academic life 

science research labs. This market was broadened to include individual research labs, 

consortiums, and core imaging facilities, which purchase expensive imaging equipment 

for shared, hourly-fee usage. After talking to core imaging facility directors across the 

United States, and PIs in a number of neuroscience research labs, I realized that 

academic labs may be a smaller market than initially thought. Unsurprisingly, research 

funding is very limited, so individual and even group purchases of expensive equipment 

such as the hyperspectral microscope are very limited. Most grants come with 

stipulations for spending, and unless the hyperspectral microscope is absolutely critical 

for experimental results, it is unlikely to be approved for purchase.  

The complexity of the technology itself is also a barrier to research labs. Through 

a conversation with an employee at a major microscope company, I discovered that  
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Each market was rated using seven different metrics chosen to describe key market 
characteristics. In this scale, 10 is the highest rating, and 1 is the lowest rating, with a 
larger total reflecting a favorable market. This system rates the estimated market size 
before saturation (Market size), the amount of capital necessary to streamline the 
technology or cover the cost for proof-of-concept studies (Low capital required), how 
clearly the technology can address customer needs (Value proposition), the customer’s 
ability to pay above instrument or service costs (High margin), the ability of the 
technology to maintain a unique market share within the market (Sustainable 
competitive advantage), how critical the customer need is that this technology can 
meet (Solves significant problem), and whether similar technologies have been used 
within this market or for similar applications (Scientific precedent). Academic and 
industry life science markets received the higher rating and thus the most focus in 
following phases. The lowest, mineralogy, was removed from further consideration.  

Table 8.1 - Markets rated with a numerical system at the end of the Market 
Identification phase 
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researchers still struggle with standard multiphoton microscopy for daily use. Even with 

a streamlined system, users are often unable to obtain high-quality, reliable images and 

microscopes eventually go unused and other approaches are favored. In core imaging 

facilities, biologists prefer standard microscopy (wide field fluorescence and confocal 

fluorescence) due to the number of protocols available and within-field standards. I had 

assumed that multiphoton microscopy was main-stream in many research labs or core 

facilities due to the quality of in vivo images obtainable, and began to realize that 

multiphoton microscopy itself may be early-on in the technology adoption cycle. In fact, 

all core facility directors described multiphoton microscopy as difficult for users to 

understand and thus value its full strengths. This would make adoption of a more-

complex technology such as the hyperspectral multiphoton microscope harder to 

commercialize. 

I also questioned customers on their need for multiple fluorescent labels, the 

underlying impetus for a hyperspectral approach. All core imaging facility directors I 

spoke with mentioned that users struggled to obtain reliable results with only one or two 

fluorescent labels, and deliberately avoid more labels. They occasionally had users with 

samples with four fluorescent labels, but these labels were chosen to minimize spectral 

overlap so post-processing of images would not include unmixing techniques. Part of 

this was an avoidance of analytical techniques, but also an effort to match within-field 

standards, which do not include fluorescent label-unmixing approaches. Rather, users 

were asking for faster image acquisition methods and newer technologies such as light-

sheet microscopy. 

Although these were discouraging results, I realized that this was the “natural” 
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environment for this technology. The hyperspectral microscope would likely remain 

dependent on expertise for the first few product designs, and the academic environment 

is well-suited for technologies that are difficult to use but provide high-impact results. 

Going forward, it was necessary to determine what kinds of research labs would benefit 

from the multi-label visualization. 

 

Industry Life Science Research 

The second market was initially defined as industry research in pharmaceutical 

companies, with the assumption that they use in vivo microscopy for early study of 

disease mechanisms for initial drug development. During early research, I discovered 

that there were many phases of drug development, and the pre-clinical phase, where 

drugs were tested on animal models was a likely candidate for microscope use. I also 

discovered an entire industry of companies termed contract research organization 

(CROs) that perform many of the animal studies, clinical trials, etc for pharmaceutical 

companies on a contract basis. Therefore, market-exploration conversations were 

focused on areas during the drug development process that require in vivo imaging at 

cellular resolution, and if CROs are involved at that stage. 

A conversation with a head scientist of a CRO offering in vivo imaging services 

illuminated many of the subtleties within this market. CROs offer services to 

pharmaceutical and biotech companies, in addition to academic research labs. However, 

the currency in academic labs trends toward collaborations and peer-reviewed 

publications, and PIs are reluctant to pay for CRO services. The scientist was also aware 

of multiphoton microscopes in approximately half of the largest pharmaceutical 
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companies (termed Big Pharma), but cited that most companies tend to avoid the 

technology as it requires significant time and expertise. Personnel simply do not have 

the time to maintain and utilize the technology appropriately. This was in agreement 

with my earlier conversation with the microscope company employee, highlighting an 

underlying problem with transferring multiphoton microscopy capabilities to users. In 

general, the only area where multiphoton microscopy was used regularly was to image 

blood-brain-barrier (BBB) integrity by evaluating leakage of a dye in mouse models 

treated with novel drugs. 

Although it was exceedingly difficult to get the attention of pharmaceutical 

company employees for conversations, the few I had revealed that companies preferred 

“tried-and-true” techniques that are translatable between animals and humans. 

However, some companies were willing to work with “research-style” techniques with 

promise. In addition, almost all technologies adopted by pharmaceutical companies 

involved multiple collaborative studies and research papers with industry and field 

leaders as proof-of-concept. Therefore, going forward, it was obvious that I needed to 

find a way to speak to more pharmaceutical companies and CROs to evaluate if the 

hyperspectral technology could find a niche for certain pre-clinical studies, and begin 

evaluating what key studies would be required to generate interest in the technology. 

 

Clinical Tissue Evaluation 

When multiphoton microscopy was first developed, the “dream” was to eventually 

translate the technology for human use. The ability to optically-section, without 

damaging tissue, promised the ability to perform in vivo histology for evaluation of 



 

200 

tissue structure. My initial hypothesis was that hyperspectral multiphoton microscopy 

could use tissue autofluorescence to provide non-labeled histology images for 

pathologists. However, multiphoton microscopy has a long history of struggling to gain 

the Food and Drug Administration’s (FDA’s) approval for human tissue imaging in the 

United States. It was difficult to show that laser radiation at the wavelengths involved 

with multiphoton microscopy unequivocally does not damage cell structure. However, 

multiphoton microscopy has been approved for dermatology studies elsewhere in the 

world, as the epithelial layers in skin tend to exhibit high turn-over, and damage from 

imaging would likely not cause long-term damage. 

 I spoke with a researcher at a prestigious research hospital who has spent a 

portion of their career attempting to transfer multiphoton microscopy into clinical 

applications. They felt that the only area with promise for multiphoton microscopy in 

the near-future was rapid pathology, or examining tissue structure to identify disease-

state markers. In short, surgeons would remove tissue, and the microscope could be used 

to quickly evaluate tumor margins, or screen tissue for submission into tissue banks. 

However, I was warned that pathology is a traditional field relying on highly-

standardized techniques, and the introduction of new technology must be in complete 

agreement with previous techniques. 

 I spoke with a number of pathologists to confirm these findings, in addition to 

attending a number of presentations at a conference tailored toward new microscopy 

approaches for pathology. Through these presentations and conversations, I realized the 

enormity of introducing a new technology for medical applications. The field typically 

uses hematoxylin and eosin (H&E) staining as a gold standard, marking cell nuclei and 
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a number of other cell components for visualization. Pathologists are rigorously trained 

to identify tissue abnormalities using these stains, and can compare tissue samples to 

standards in massive image databases for confirmation. Researchers are currently 

attempting to produce algorithms and staining protocols that enrich the pathologist’s 

ability to notice subtle indicators of disease in these samples, but everything is held 

against the standard of H&E staining. Therefore, approval of multiphoton microscopy 

for use in histology would require intensive studies drawing parallels between H&E and 

multiphoton images, and re-training of pathologists to read multiphoton image 

subtleties. With other imaging methods, including optical coherence tomography (OCT) 

well on their way to approval, following this path seemed unwise for hyperspectral 

multiphoton microscopy. In addition, there was no clear indication that hyperspectral 

capabilities would add value to this direction, and perhaps a two- or four-channel 

spectral system would be better-suited due to simplicity. Therefore, this market was set 

to the side for future phases. 

 

Food Science and Safety 

One of the strengths of multiphoton microscopy is the ability to optically-section in 

scattering samples. Food products such as meats, vegetables, cheeses, etc. are 

technically plant- and animal-based tissue, and likely to provide similar optical 

scattering properties. I hypothesized that using multiphoton microscopy for cellular-

level visualization of food products could be utilized for food studies and perhaps 

identify contamination in select food products. After speaking to multiple food science 

professors at Cornell University, and across the United States, there appeared to be 
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general interest in the technique. Multiphoton microscopy was not used within the field, 

and even standard one- or two-channel images appealed to the people I spoke with. In 

addition, everyone was open to the use of new technology to solve problems within the 

field, and it became apparent that the field’s fascination with novelty could be a good 

niche for the hyperspectral technology. However, as multiphoton microscopy was not a 

standard tool in the field, the question of what could be visualized with the microscope 

often prevailed in conversation. Moving forward into the next phase, I resolved to 

identify key samples to demonstrate the microscope utility to generate interest within 

the food science/safety field. 

 

Manufacturing of Semiconductors and Microanalysis 

Another field of interest was the semiconductor manufacturing industry. As technology 

continues to grow and electronics shrink, new methods are constantly in development 

to improve and streamline manufacturing processes. Although it was questionable if 

multiphoton microscopy could generate a usable signal in semiconductors, I 

hypothesized that the hyperspectral technique could be used to assess material chemical 

content. However, after combing through literature and speaking with Cornell 

manufacturing facilities, I quickly determined that there are many tried-and-true 

methods for assessing semiconductor quality, and the optical-sectioning capabilities of 

multiphoton microscopy would be lost in an opaque semiconductor sample. 

 This market also grew to include the field of microanalysis. Effectively, 

microanalysis companies exist to provide diagnostic services for a wide range of 

industries. Customers send samples for characterization using a number of microscopy 
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and spectroscopy methods, either to solve problems in manufacturing, confirm sample 

composition, or for criminal forensic investigations. For example, a pharmaceutical 

company may find foreign particles on a number of their drug tablets during 

manufacturing. They would send these particles to a microanalysis company for 

characterization, and based on the particle identity (say, metal dust from aging 

equipment), modify their manufacturing process accordingly. Once again, multiphoton 

microscopy was not in use in this field, and most companies seemed unaware of the 

technology. I saw promise in using the technique for optical-sectioning, so the sample 

could be kept unperturbed for other tests during characterization. However, it was 

unclear whether samples would produce fluorescence, and if hyperspectral capabilities 

would provide an advantage. In the next phase, similar to the food science market, I 

determined to explore pilot tests using the prototype hyperspectral microscope to assess 

feasibility. 

 

Mineralogy/Geology 

The analysis of rock and soil content in geology, petrology, and mineralogy appeared 

to be a possible, if far-fetched, market based on its rich history in microscopy. Many 

microscopic methods were developed to explore rock and mineral structure, evolving 

into the study of material science. However, I found it unlikely that multiphoton 

microscopy would provide an advantage due to lack of material transparency. 

Conversations with “customers” in this field often devolved into the question of 

whether, scientifically, fluorescence imaging of rock samples would provide new 

information compared to established techniques, so I set aside this market in favor of 
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more lucrative markets with a better scientific fit to the multiphoton microscope 

technology. 

 

Textiles and Fiber Science 

The fields of textile and fiber science also boasted a rich history in microscopy. 

Fluorescence microscopy was regularly used, along with other techniques, for 

individual fiber characterization within fabrics. Due to the relatively large size of fibers 

(approximately micrometer), this seemed like a more promising market scientifically 

than the previous markets. Once again, multiphoton microscopy was not in standard use 

in the field. I resolved to speak to a number of professors at Cornell University’s fiber 

science department and industry professionals at textile testing and characterization 

facilities to identify samples that could be tested on my prototype hyperspectral 

multiphoton microscope for feasibility. 

 

Phase Conclusions 

Overall, there appeared to be a large number of markets the hyperspectral multiphoton 

microscope could address. A number of them, specifically the non-traditional fields for 

multiphoton micrsocopy, would require pilot experiments to assess scientific feasibility. 

Each market was rated using a numeric rating system (Table 8.1), and the top markets 

(Industry Life Science Research, Academic Life Science Research, and Food 

Science/Safety) pursued at depth in the next phase.  

 In general, there appeared to be two prevalent business-models addressing these 

markets. The first, an instrument-based company, would sell the hyperspectral 
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multiphoton microscope or subsets of the technology in modular form. This could target 

research labs, core imaging facilities, clinical researchers, pharmaceutical companies, 

microanalysis, and the food and textile science markets. This would require great effort 

in streamlining the technology for broad adoption, however, which has proven to be a 

challenge for multiphoton microscopy. The second business-model would be a service-

based CRO or microanalysis company. This would enable highly-customized 

experiments with only a few working instruments, and remove the challenge of bringing 

customers up to the appropriate level of expertise. 

 

8.4 Customer Discovery 

8.4.1 Framework 

Once key markets are identified, the next step is to begin understanding the targeted 

customer segment, their values, what specific value the technology can deliver, and how 

best to deliver that value. Rather than entertaining these ideas in an abstract fashion, it 

is helpful to visualize them simultaneously with the aid of a framework. The Business 

Model Canvas (BMC) provides a highly-visual method for detailing methods for 

generating, delivering, and capturing value for customers (Fig. 8.1). The BMC includes 

nine categories in the form of blocks that must be addressed for a business model to be 

successful. Tacking a number of these BMCs on the wall and filling in each category 

with sticky notes provides a method to rapidly record, test, and iterate on different 

business model approaches. For the Customer Discovery phase, the right-hand blocks 

are most important. What is the value proposition? What does the customer look like?  
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Figure 8.1 – Early-stage Business Model Canvas during Customer Discovery 
During this phase, customer conversations focus on developing clear value propositions 
and descriptions of the customer segment. This BMC was developed for a Principal 
Scientist at major pharmaceutical companies. Clear descriptions of customer 
characteristic help to define customer needs and best-methods for customer relationship 
and delivery channels. Business Model Canvas used with permission from 
Strategyzer.com.  
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What do they care about? What channels may be used to reach the customer? Once these 

are defined based on customer contact and hypothesis-testing through conversations, 

the left-hand blocks may be filled-in. 

 

8.4.2 Hyperspectral 

During this phase, the BMC provided much-needed structure to a multi-faceted market 

search. I realized that there were multiple hypotheses and assumptions I made, but not 

formalized to the point of testing in customer conversation. Therefore, I generated a 

BMC for each market and customer segment, and began testing these hypotheses (Fig. 

8.1). At this point, I still had the tendency to list concepts in technical terms and 

struggled to identify key value propositions in a way that was translatable to customers. 

However, constant iteration with customer contact and feedback throughout this phase 

from my mentors eventually yielded a suitably-descriptive BMC (Fig. 8.2). Framing 

conversations to specifically answer the hypotheses put in place on the BMCs generated 

more key findings per conversation than before, resulting in several findings that very 

clearly removed some markets from the running. Each of these markets and their new 

findings and conclusions are summarized in the following sections, beginning with the 

least probable to the most probable. 

 

Microanalysis 

After conversations with multiple scientists at microanalysis companies, it became clear 

that the field was highly amenable to new techniques. In addition, the average “user” is 

a scientist trained to operate the microscopes at an expert-level, which would be  
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Figure 8.2 – Late-stage Business Model Canvas developed through Customer 
Validation 
This BMC was developed for biotechnology, small pharmaceutical, and CRO customers 
using a CRO, service-based business model. All fields were filled-in to formalize 
assumptions for further customer conversations. Business Model Canvas used with 
permission from Strategyzer.com.  
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preferable for multiphoton microscopy. However, it was obvious that a large number of 

proof-of-concept studies would be needed to generate a clear value proposition. In 

addition, these companies utilize sophisticated databases with thousands to millions of 

materials (animal hair, minerals, metals, etc) characterized by several imaging and 

chemical methods. When an unknown sample arrives for analysis, imaging results may 

be directly compared to this database for identification. Generating enough multiphoton 

microscopy imagery to contribute meaningfully to this database would be a large 

undertaking with potentially little benefit. Therefore, this market was shelved in favor 

of markets with clearer value propositions. 

 

Textile Science and Food Science/Safety 

Although promising at the beginning of the Customer Discovery phases, both of these 

markets quickly became unfavorable. I realized that creation of a valid value proposition 

would likely require proof-of-concept imaging studies with the working-prototype 

hyperspectral microscope. I met and spoke with multiple people in each of these markets 

and offered to image any samples of interest. However, no one in either field could think 

of anything useful to image with micrometer resolution and optical sectioning, despite 

the no-strings-attached risk factor. Textile and fiber-science customers often expressed 

the need for nanoscale resolution for characterization of most novel fiber research, and 

food science and safety customers expressed a need for high throughput methods for 

bacteria contamination inspection. It was clear that this microscope was more of a 

novelty these customer segments, and unlikely to meet critical needs and generate value. 

Therefore, these markets were no longer considered for further exploration. However, 
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if the ultimate business model became an instrument-based company, limited instrument 

sales could be made to customers in these markets with low risk aversion and novelty-

based interest. 

 

Pharmaceutical 

During this phase, the Industry Life Science Research market became focused on 

pharmaceutical company research. If a technology provides clear value to a 

pharmaceutical company or CRO, development is often accelerated to bring that 

technology in and give the company an edge. Therefore, appealing to this market could 

provide both a funding source for further development of the technology for 

commercialization (through collaborative development and proof-of-concept projects), 

and a high-paying customer. 

 Early-phase conversations with an experienced pharmaceutical company chief 

executive officer (CEO) and a Principal Scientist at a major pharmaceutical company 

opened the door to many potential opportunities for the hyperspectral technology within 

the pharmaceutical/CRO space. Drug development follows a “funnel” approach (Fig. 

8.3). Once the drug target is identified through Early Discovery or basic research, 

thousands of drug candidates are developed. Promising candidates, or “leads” are 

advanced to preclinical studies. During preclinical studies, the leads are tested in 

multiple animal models of the disease in question for efficacy, and screened for toxic 

effects. An Investigational New Drug (IND) application is then placed at the US Food 

and Drug Administration (FDA). If approved, the lead is carried through a number of 

clinical trials increasing in participant number. If convincing evidence of efficacy and  
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Figure 8.3 – The standard biopharmaceutical research and development process 
for FDA drug approval 
The drug-development process involves the selection of a drug target, known to play a 
key role in a disease mechanism through basic research at either universities or Early 
Discovery units within pharmaceutical companies. Once a target is chosen, thousands 
of drug discovery candidates are screened for target affinity, effectiveness, etc. 
through both a number of in vitro assays. Likely candidates, or “leads,” then enter the 
Preclinical phase for initial testing in animal models for both efficacy and toxicology. 
When approved, the lead drug candidates go through rigorous testing in increasing 
human clinical trials. If the drug candidates have statistically-relevant effects on 
volunteers and few signs of toxicity, the drug may be approved by the FDA for sale, 
with appropriately rigorous post-monitoring plans in place. Used with permission from 
PhRMA (http://www.phrma.org/graphic/the-biopharmaceutical-research-and-
development-process).  
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lack of toxic effects are verified in human volunteers, the FDA may then move forward 

with review and approval. Post-approval, additional research takes place to monitor 

efficacy and potential negative drug effects. During this process, the number of drug 

candidates decreases from nearly ten-thousand to perhaps a single approved medicine. 

Each additional phase costs significantly more money, so any early predictors of drug 

efficacy or toxic effects would save pharmaceutical companies millions of dollars. 

  Based on these conversations, I identified two potential value propositions for 

further verification. The first application would be for drug target validation in early 

drug discovery and basic research. The ability of the hyperspectral microscope to 

visualize multiple labels would enable visualization of potentially all cells involved in 

a proposed disease mechanism. This would provide the opportunity to refine the disease 

mechanism and confirm target choice in animal models. Therefore, the value 

proposition would be “target validation with hyperspectral multiphoton microscopy 

reduces the chance of a poor drug target choice, increasing the chances of a successful 

drug candidate.” The other value proposition would be for early drug toxicity evidence 

in preclinical studies. The same ability to visualize multiple cell types for disease 

mechanism studies also increases the chances of spotting unexpected cell degeneration 

or death surrounding the drug target. Early toxicity signs would prevent further 

development of a poor drug candidate to clinical trials, saving the pharmaceutical 

company millions of dollars. Therefore, this value proposition would be “early 

identification of localized drug toxicity prevents poor drug candidates from 

advancement to clinical trials, saving millions of dollars in failed clinical trials.” 

 In an effort to speak with a large number of pharmaceutical company employees, 
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I attended a newly-organized conference for pharmaceutical company executives and 

scientists covering a range of topics from clinical trials, to accelerated FDA approval. I 

planned to test the above value propositions on as many people as would speak with me. 

I was quite surprised though, by the reaction. The first several executives, venture 

capitalists, and scientists I spoke with seemed unsure what to do with a specific 

technology. The overall sentiment was that perhaps microscope companies or life 

science tool companies would be a better avenue, where I could rely on them to see the 

value in the technology for several markets and for distribution. A scientist from a major 

pharmaceutical company saw the value in the technology, but did not seem interested 

in the value propositions I suggested. Rather, they suggested targeting the companies 

and research labs that generate animal models, and using the technology to confirm 

animal model accuracy. However, in a few chance conversations with pharmaceutical 

sub-companies specializing in immunology and immune-oncology, the capability of 

visualizing multiple cell types simultaneously generated excitement and resulted in 

multiple conversations throughout the conference.  

 Although the negative reaction to the value propositions suggested was 

unfortunate, follow-up with a number of other contacts and mentors revealed that many 

of these conversations were with the wrong people in the value chain (i.e., company 

executives rather than scientists actually choosing the methodology). Therefore, further 

conversations would be necessary to invalidate or re-tune these propositions. However, 

the interest in immunology applications was a promising route, and I made a point to 

relate further conversations to the microscope’s likely strengths within this field. 

 These conversations also revealed the relationships that pharmaceutical 
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companies maintain with CROs. For time-consuming, involved studies involving 

animal models, many pharmaceutical companies outsource to reliable CROs. However, 

this is highly dependent on company philosophy and resource management. In addition, 

CROs range from multiple services (all clinical trials, or all preclinical studies, or any 

combination thereof), to highly specialized services that require unique talent or 

resources (such as expert histological analysis of certain tissues, or specialized imaging 

resources). Efforts to contact CROs in all these categories were largely unsuccessful, as 

companies seemed only concerned with pharmaceutical customers and appeared to 

avoid new technologies. 

 

8.5 Customer Validation 

8.5.1 Framework 

The goal of this phase is to begin validating the business model generated during the 

Customer Discovery phase and confirm whether it is repeatable across multiple 

customer segments. In most cases, this involves more customer conversations, and trial-

runs on different elements of the BMC. For example, if a storefront is created for a 

service, do people find it and start placing orders? Will key thought leaders or customers 

form a collaboration to test the technology based on the value propositions proposed? 

Most likely, many of the BMC assumptions tested earlier in conversation will fail when 

it comes to actual action, and repeated Customer Discovery is required. 
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8.5.2 Hyperspectral 

This phase of the fellowship continued in a manner characteristic to Customer 

Discovery, oriented toward customer conversation rather than action-plans. This was 

primarily due to behind-schedule progress, as many of the fellows were continuing to 

explore a number of markets. During this phase, I continued to explore the 

pharmaceutical/CRO market, with emphasis on speaking to CROs to clarify value 

propositions and complete the BMC for a number of customer segments.  

 I had the opportunity to present on the hyperspectral technology at an 

immunology imaging conference, and the response was overwhelmingly positive. 

Nearly every PI spoke to me afterward to ask about instrument capabilities, 

construction, and referenced ways in which it could be used in later talks and 

conversations. Immunology involves an incredibly complex concert of cell types and 

chemical signaling, in addition to extracellular matrix elements and foreign debris or 

infectious agents, over both fast and slow time dynamics. Therefore, in vivo methods 

including these time dynamics reveal key subtleties that are impossible to interrogate in 

histological slices. The capability to simultaneously explore multiple cell types over 

time with the hyperspectral multiphoton microscope in a number of organs, including 

brain, gut, lymph nodes, and liver, seemed to meet a critical need in this academic field. 

I realized, based on my conversations with pharmaceutical companies studying 

immunology and immune-oncology, that this field in both the academic and 

pharmaceutical markets could be an entry point for the technology. 

 I attended the Society for Neuroscience conference to present my work on the 

hyperspectral microscope in poster-form, and took the opportunity to corner as many 
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pharmaceutical company and CRO presenters and exhibitors as possible. The BMC I 

tested through these conversations was for a CRO, service-based model, providing 

imaging services to both pharmaceutical companies. 

 Overall, I discovered a relatively negative outlook on the use of multiphoton 

microscopy in pharmaceutical studies. The general perception was that multiphoton 

images produce vague results, especially when compared to standard assays that provide 

quantitative chemical readouts. In addition, the low throughput (one mouse at a time, 

several hours for each sample) was seen as a poor approach for screening. In addition, 

multiple people cited multiphoton microscopy as an expensive luxury, providing 

beautiful images, but extremely hard to use and maintain. One scientist at a large 

pharmaceutical company said “We just bought one of those. Another scientist and I are 

‘messing-around’ with it to see if we can get anything useful with it.” 

 Speaking with several CROs about their business models, I learned that 

pharmaceutical companies are more “budget-minded” than previously thought. Unless 

there are compelling reasons for adopting a technology, it is better to stay with standard 

techniques that provide a known output for the cost. The small pharmaceutical and 

biotechnology companies I thought would be good first customers very quickly became 

potential customers to avoid. I was warned by multiple CROs that these companies are 

tied to their single drug candidate and very averse to negative results. Therefore, any 

imaging results I provide that show poor drug outcomes would be contested and 

customer satisfaction by word-of-mouth would quickly drop. This is in contrast to large 

pharmaceutical companies, who would rather eliminate poor drug candidates early-on 

in favor of other more promising candidates. 
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 In addition, a number of CROs I spoke with attested to the power of an “assay-

approach” for pharmaceutical services. That is, providing a standardized outcome for a 

given sample type. With my current value propositions, I was emphasizing the open-

ended discovery capabilities of the microscope. For example, visualizing new cell-to-

cell interactions or subtle, unexplained cell behavior. However, pharmaceutical 

companies do not want unexplained results, as this opens the drug candidate open to 

targeted inquiries from the FDA. If I could delineate a standard assay-method with 

quantitative outcomes, the value propositions might appeal more to pharmaceutical 

companies. 

 During my three-hour poster session, I had a constant stream of academics and 

companies inquiring about the technology. Once they realized that the design involved 

three femtosecond-pulsed laser sources, excitement was quelled as they estimated the 

instrument cost. One scientist said “I left the multiphoton microscopy field 20 years ago, 

and just started paying attention again. I was shocked to find that the femtosecond laser 

sources have barely decreased in cost. I thought that by now they would be affordable, 

and multiphoton microscopy would be widespread.” Based on this feedback, I realized 

that there was need for this instrument in a number of academic realms (especially in 

immunology), but the cost would indeed be prohibitive. 

 

8.6 Business Model 

8.6.1 Hyperspectral 

At this point in the process in the standard framework, an entrepreneur will have iterated 
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multiple times through the customer discovery and validation phases until all elements 

of the business model were verified and ready to implement. In the context of this 

fellowship and its time constraints, I had the opportunity to complete this process only 

once. Ideally, based on the conclusions drawn from the end of the Customer Validation 

phase, I would return to Customer Discovery to begin re-defining the value propositions 

and other BMC elements. However, it became necessary to propose the best business 

model possible based on the understanding of the customers at the end of the fellowship 

time period. 

The technology-to-market strategy involved a hybrid of both the CRO and 

instrument-based business models. This approach managed to incorporate the pilot 

studies required for widespread pharmaceutical and academic technology adoption, 

while generating cash flow for instrument development. The strategy would start by 

necessarily streamlining the microscope technology for reliable, robust image 

acquisition. Once this was achieved, small CRO-style orders from pharmaceutical 

companies or academic research labs, likely in immunology, would provide early 

demonstrations of capability and provide funds for the manufacturing of instrument 

prototypes. These prototypes would be sent to key research labs or companies interested 

in the technology (also, likely in the immunology and immune-oncology fields) and 

willing to work with the hyperspectral company to explore key experiments. These 

results would then be published, hopefully in high-impact journals, generating the 

interest and prestige necessary for larger technology adoption. Once these studies are 

underway, the company could transition to a full service CRO-based model, providing 

services to large scale pharmaceutical companies.  
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 Based on customer conversations during Customer Validation, I identified a 

number of key experiments that would establish instrument capabilities in addition to 

generating interest for CROs and pharmaceutical companies. With new interest in the 

role of the immune system in tumor development and suppression (immune-oncology), 

an experiment demonstrating simultaneous imaging of multicellular interactions in a 

tumor xenograft, including multiple subsets of immune cell types, would be high-

impact. In addition, experiments demonstrating drug binding kinetics and distribution 

in live animal tissue, in parallel with visualization of multiple cell types involved in the 

disease mechanism tied with the drug would clearly define the capabilities of the 

hyperspectral technology for target validation and drug-efficacy screening. However, 

the most important experiment would be to demonstrate the capability of the 

hyperspectral microscope to identify early signs of drug toxicity and to prevent further 

development of a poor drug candidate. This could be achieved by identifying a drug 

candidate that failed in Phase I clinical trials, but passed toxicology studies in preclinical 

trials. If the toxic effect was characterized in humans, that drug could be applied to a 

rodent model and those specific toxic effects interrogated for multiple cell types with 

the hyperspectral microscope. Although this would be difficult, success would catch the 

attention of the FDA, and potentially lead to requirements for hyperspectral screening 

of drug leads in vivo. 

 

8.7 Conclusions 

This fellowship provided the opportunity to generate a customer-focused business 

model based on the hyperspectral multiphoton microscope technology, specifically 
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targeting the pharmaceutical industry with a service-based model. Although significant 

iteration would still be required to carry this plan forward, I was able to learn the process 

through hands-on experience and develop the skillsets necessary to interrogate the 

commercial viability of any technology I work with in the future. 
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CHAPTER 9 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

Optical microscopy has revolutionized the field of biology. From the first microscope 

developed by Leuwenhoek in the 1670s, used to visualize microbes for the first time, to 

the incredible advancements enabling super-resolution imaging of nanoscopic 

structures such as tubulin strands, microscopy has allowed scientists to critically explore 

their world and “watch” science occur. Multiphoton microscopy enabled researchers to 

take an important step from imaging histology slices and making inferences about 

intercellular dynamics based on fixed cell location, to being able to visualize cells 

behaving in their natural tissue environment. This dissertation moves the field of 

multiphoton microscopy one step closer to visualization of all cell types in a tissue 

volume for comprehensive studies of normal and disease physiology. 

 We developed a hyperspectral multiphoton microscope that builds on the 

success of other approaches (laser tuning, tunable detection, and scattering-insensitive 

detection designs) to create an instrument capable of visualizing multiple labels in a 

variety of sample types. The multiplexed approach collects large spectral datasets that 

enable the use of linear unmixing to separate nearly-identical fluorescent labels. This 

frees the researcher to use whatever labels are best-suited for their experiment and 

utilize combinations of available labeling approaches. In our demonstrations in mouse 

cortex, we explored multiple methods of cell identification, including approaches using 

one fluorescent label color to label a cell population (i.e., all neurons express yellow 

fluorescent protein, YFP), to a hue-based approach where cells within a population 
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express a unique color (i.e., two adjacent neurons express different colors: one neuron 

is teal, the other is yellow). 

 Although we have made significant headway in hyperspectral instrument 

development, there are still many hurdles to overcome before this technology is widely 

implemented. A wide range of labeling strategies exist, and were explored throughout 

this thesis. However, multicolor labeling strategies are still quite sparse and often 

difficult to implement. With this hyperspectral multiphoton microscope providing the 

ability to clearly differentiate multiple labels in vivo, we hope that our lab and other labs 

will begin new efforts on multi-label technologies for widespread use. For example, kits 

or protocols detailing the use of multiple dyes to label multiple structures in an area of 

interest could provide a starting point for most researchers. Another labeling approach 

could be to develop a transgenic mouse model expressing two or three different 

promoter-driven fluorescent labels, and then the use of multiple fine-tuned protocols for 

additional labeling such as intravascular injection of dyes, the use of adeno-associated 

viral vectors (as described in this thesis), xenograft tumor models expressing fluorescent 

labels, or radiation and bone marrow transplant for a number of marrow-derived cells.  

 With the current version of the hyperspectral multiphoton microscope, we have 

identified a number of potential applications. In addition to utilizing the microscope for 

standard imaging, it may also be used for two-photon spectroscopy experiments with 

the calibration procedure we developed. A number of autofluorescent species exist 

within in vivo samples that have yet to be characterized. Imaging just beneath the 

cortical surface after a craniotomy reveals autofluorescent cells and background 

fluorophores with likely physiological relevance. We have also observed 
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autofluorescent deposits throughout the brain of older mice during studies of 

Alzheimer’s disease. In addition, many autofluorescent species, such as NAD/NADH 

and lipofuscin hold biological relevance to local cellular metabolism and oxygenation. 

Simultaneous imaging of autofluorescence and a number of fluorescent labels will likely 

reveal new cellular behaviors in vivo. 

Upcoming experiments utilizing the hyperspectral multiphoton microscope will 

likely explore dynamics of immune cells within inflammatory conditions. Immune 

responses are often mediated by multiple cell types through intercellular signaling, so 

comprehensive understanding of immune mechanisms require holistic studies of many 

cell types simultaneously. One such experiment could further elucidate the mechanisms 

mediating CD8+ T cell migration to the site of infected endothelial cells in trachea 

during influenza infection. During flu infection, the virus infects endothelial cells lining 

the trachea, upper respiratory passages, and nasopharynx [1]. T cells must directly 

engage infected cells to mitigate further infection, and thus migrate from vasculature to 

infected cells in the airways. This mechanism is still poorly understood, and further 

clarification could provide therapeutic development opportunities to control influenza 

infection. 

A recent study at University of Rochester by Emo et al. quantified T cell 

migration characteristics in a live mouse model of influenza trachea infection [2]. They 

found that 8–10 days post-infection, T cells rapidly increased in migration velocity, with 

an average speed of ~4 µm/min on day 9. They also observed that cells traveled 

“purposefully” (i.e., did not rapidly change direction or “meander”) on day 9, indicative 

of targeted migration based on likely extracellular matrix cues and signaling from other 
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cell types within the immediate area. These findings were made in an in vivo mouse 

model with optical access to the trachea between the cartilage rings providing support 

to the tracheal structure. However, this study was only able to utilize two labels 

simultaneously: CD8+ T cells were marked with green fluorescent protein (GFP) 

through adoptive bone marrow transfer, and second harmonic generation (SHG) signal 

produced by collagen in the outer sheathe of the trachea. This severely limited their 

ability to fully assess the mechanisms mediating T cell migration in flu infection, and 

they are the first to suggest visualizing multiple cell types simultaneously for in-depth 

studies. 

 In collaboration with the University of Rochester lab responsible for this original 

study, we have proposed generation of a mouse with fluorescent labels for many of the 

cell types responsible for the T cell migration mechanism. In addition to GFP-labeled 

CD8+ T cells through adoptive transfer and SHG from collagen, we suggest a triple-

cross of mice with transgenic labeling of neutrophils (red fluorescent protein and YFP 

under the Ly6G promoter), monocytes (red fluorescent protein, CCR2), and tissue 

macrophages (cyan fluorescent protein, CSF1R-CFP). Additional labels could include 

a blood vessel dextran, and Alexa 633 hydrazide to label elastin around arterioles [3]. 

This would enable visualization of many of the immune cells involved (neutrophils, 

monocytes, macrophages, and T cells) in addition to the extracellular structures that 

these cells must migrate through and interact with to perform their function (blood 

vessels, arterial walls, and collagen bundles). With this labeling strategy and 

hyperspectral imaging (with appropriate measures made to capture ~8 µm/min cell 

migration speed, such as selective channel imaging or smaller scan areas), we can 
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suggest a number of specific experiments within the influenza model. 

 Neutrophils deposit a chemokine (CXCL12) in the extracellular matrix that 

stimulates CD8+ T cell migration. Inhibition of this sensing mechanism led to a reduced 

rate of T cell infiltration into the tissue, primarily by reducing cell velocity and 

migration further away from the airway [4]. Neutrophil depletion also leads to higher T 

cell velocities. With the above mouse, the relative density and specific pathways of 

neutrophils during early days post-infection could then be correlated with T cell speed 

and migration direction, in relation to distance from the blood vessel the cells 

extravasated from. These results could corroborate the findings in [4],  that T cell speed 

and direction of migration depend on previous neutrophil migration paths, in real time, 

which would be impossible with histological methods. In addition, the relative number 

or density of cell types (macrophages, T cells, and neutrophils) and their relative 

migration speeds could be explored as a function of cell behavior “strength” (through 

knock-down or inhibition of cell behavior). It is likely that these comprehensive 

multicellular studies will provide more opportunities for targeted immunology 

questions, primarily due to the unique capabilities offered by the hyperspectral 

multiphoton microscope described throughout this thesis. 

 This thesis also explored commercialization of the hyperspectral microscope and 

found a number of interested markets, including academic researchers in immunology 

interested in multicellular dynamics in vivo, and pharmaceutical companies in early-

stage discovery and preclinical phases of drug development. However, the academic 

market is small in size, and the likely high cost of this system would be a barrier difficult 

for most labs to overcome. Pharmaceutical companies were interested in the 
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capabilities, but standards within the field require a technology to go through multiple 

rounds of publication and testing with a collaboration before being adopted for 

pharmaceutical research. However, developing a straight-forward assay using the 

hyperspectral technology, providing measurable results or screening, would catch 

pharmaceutical interest sooner, and would be worth exploring.  

Through customer discussion, interesting observations were made about general 

customer perception of multiphoton microscopy in academia and the pharmaceutical 

industry. Although it enables sophisticated experimentation of in vivo cellular 

mechanisms, it is seen as highly difficult to use and a “luxury” for most labs. In addition, 

although highly quantitative in nature, most researchers see it as a non-quantitative 

method and are unsure how to extract biologically-relevant data. Even with standard 

multiphoton microscopy, leaders in the field may need to begin generating literature and 

programs to make this highly-useful technique available to a wider audience of 

researchers. 

In conclusion, multiphoton microscopy is just beginning to break through the 

surface level of its capabilities. With continued research efforts in hyperspectral 

approaches, fast imaging speeds, new nonlinear approaches (three-photon, third-

harmonic generation (THG), two-color two-photon, etc.), and streamlining of 

instrumentation and image analysis, we expect this imaging modality to continue 

producing new, cutting-edge findings in biological research. 
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