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Chapter 3

Systems Overview 
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3.1 | Introduction

The combination of optical tissue imaging and fluorescence spectroscopy gave rise to a novel 
modality of imaging known as spectral imaging. Also known as multi-spectral imaging or hyper-
spectral imaging, this technique acquires images and then allows fluorescent compounds 
to be distinctly discriminated, despite the highly overlapping fluorescence emission. As a 
result, spectral imaging has now become a powerful tool for advanced fluorescence imaging 
modalities [1,2]. Spectral imaging can distinguish between various fluorophores based on the 
differences in its fluorescence decay kinetics or emission spectra. Spectral imaging based on 
fluorescence decay kinetics, generally relies on lifetime imaging methods that utilise time-
correlated single photon counting [3] or time-gating [4]. On the other hand, spectral imaging 
based on differences in emission spectra can be performed using a set of emission filters [5, 
6] or dispersive optics and a photomultiplier tube (PMT) array [7] or charge coupled device 
(CCD) camera [8]. Compared to lifetime imaging methods, spectral imaging based on emission 
spectra is advantageous in being able to offer detailed spectroscopic analysis in high resolution 
images, as shown in earlier in vivo studies [9,10]. Spectral and morphological information can 
be obtained simultaneously in real time by ‘real colour representation of the spectral images in 
the red-green-blue (RGB) format [9,10]. In addition, individual endogenous fluorophores can 
be identified in the imaged tissue based on their distinct spectral signature [9,10].
 At present, spectral imaging has been successfully incorporated for commercially 
available confocal fluorescence microscopes [11-15]. On the other hand, newer studies have 
now demonstrated the merits of utilising spectral imaging in combination with nonlinear 
optical microscopy [9,10,16-21]. As mentioned earlier in Chapter 1 and 2, compared to 
confocal fluorescence microscopy, nonlinear optical microscopy benefits from: (a) reduced 
photobleaching, (b) deeper image penetration depth and (c) increased fluorescence collection 
efficiency. Therefore nonlinear spectral imaging would be more sensitive and efficient when 
performed in vivo on a thicker biological specimen, when compared to spectral imaging with 
confocal fluorescence microscopy that is limited to mainly optically thinner ex vivo tissue 
sections.
 The ability of our particular setup to provide high quality spectral images and reveal 
emission spectral difference in normal murine and human skin layers in vivo has already been 
demonstrated in the work of Palero et al. and Bader et al. [9,10,17]. In this chapter, a brief 
description of the setup is provided along with the calibration techniques adopted prior to 
the imaging experiments described in the later chapters of this thesis.
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3.2 | Description of the setup

The setup was based on a home-built inverted microscope and consisted of a mode-locked 
titanium: sapphire (Ti: Sa) laser (Tsunami, Spectra-Physics, Sunnyvale, California, U.S.A), 
pumped by a neodymium yttrium vanadate (Nd: YVO4) laser (Millennia, Spectra-Physics, 
Sunnyvale, California, U.S.A). The laser can generate pulses with duration ranging from 70 to 
100 femtoseconds, at a repetition rate of 80 – 82 MHz. The excitation wavelength of the laser 
can be tuned from 700 nm to 1000 nm with an output average power of 1 W. 
 The laser beam was attenuated by a long-pass filter glass (Model 5254, New Focus, 
California, U.S.A). After passing through the filter, the laser excitation beam was directed to 
a galvanometer scanning mirror (040EF, LSK, Stallikon, Switzerland) that moves the focus in 
the x-y plane. A temperature controlled z-piezo translation stage (Mad City Labs, Madison, 
WI, USA) was also incorporated to scan the sample in z plane. The scanned laser beam was 
then focussed by infinity corrected water-immersion objective (40 X, NA = 0.8, Nikon, Japan) 
onto the sample. The same objective lens collected the resultant emission beam from the 
sample and directed it back to the scanning mirror that reflected it towards a dichroic mirror 
(Laseroptik, Garbsen, Germany).
 The emission beam then passed through the dichroic mirror and a multi-photon emission 
filter (FF01-680/SP-25, Semrock, Rochester, New York, U.S.A). A fused silica equilateral prism 
(Linos, Gottingen, Germany) dispersed the filtered emission beam and focused it on an electron 
multiplying charge coupled device (EMCCD) camera (Cascade 128þ EMCCD, Photometrics, 
Tucson, AZ, U.S.A). The EMCCD was equipped with on-chip multiplication gain, where the 
signal was amplified before the readout electronics. Therefore, this camera was very suitable 
for detecting low light levels. A schematic diagram of the nonlinear optical spectral imaging 
system is shown in Figure 1.
 Spectral acquisition and processing was performed by software written in V++ (Digital 
Optics, Auckland, New Zealand). The raw data file was processed in V++ by a script written in the 
built-in programming language called Vpascal. This script executed the following functions: (a) 
averaging and subtraction of background spectra from the fluorescence emission spectrum, 
(b) applying a threshold, (c) creating 8-bit auto-scaled intensity images by summation over the 
whole emission spectrum and (d) applying 8-bit RGB colouring. The spectral images were then 
converted to real colour RGB images by multiplying the emission spectrum by the spectra for 
the red, green and blue sensitivities of the human eye (flat-field correction is included). The 
sums of these multiplied spectra gave the R, G, and B values, respectively. The R/G/B values 
were then scaled from 0 to 1 (the latter being the largest of R, G, and B) and multiplied by the 
intensity (8-bit) of the pixel. 
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Figure 1 | Schematic of the nonlinear optical spectral imaging system.

3.3 | Calibration of the setup

Wavelength calibration was accomplished by using standard red, green and blue RazorEdge 
filters (Semrock, Rochester, New York, U.S.A) and inserting a multiband band-pass filter 
(Semrock FF01-390/482/563/640-25) in the emission path of the microscope. The multiband 
pass filter has steep edges (~ 1 nm) and by dividing spectral recordings with and without the 
filter, positions of the edges are obtained. Calibration was finalised by fitting the pixel positions 
with a 2nd order polynomial. The wavelength was additionally monitored with an accuracy of 
up to 1 nm by measuring the SHG peak position from collagen in an ex vivo sample of pig skin. 
 The correction for the wavelength dependent sensitivity of the system (flat-field) was 
composed of the spectral response of the camera multiplied by the transmission curves of 
the optical components in the emission path (e.g., dichroic and filter) and a correction for 
the wavelength dependent dispersion of the prism. Two-photon spectra from solutions of 
Lucifer Yellow (Life Technologies Europe, Bleiswijk, the Netherlands) and Coumarin-120 (Sigma 
Aldrich Chemie, Zwijndrecht, the Netherlands) were used to do the flat-field calibration of 
the nonlinear optical spectroscopy setup. The emission maxima for Lucifer Yellow and 
Coumarin-120 were recorded to be at 545 nm and 440 nm respectively.
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3.4 | Summary

The nonlinear spectral imaging system used for the experiments described in this thesis was 
capable of the following: 
(a) Produce spectral images with optimal spectral sensitivity in the emission wavelength 

range of 350 to 600 nm. 
(b) Provide spectral resolution of ~ 5 nm.
(c) Acquire spectral images at 6.5 seconds and 2.25 minutes for an individual scan and a 

stack of 20 scans respectively. The use of an EMCCD based spectrograph that can acquire 
8000 spectra per second enabled the spectral imaging to be fast and robust. As a result 
motion artefacts were minimised because of reduced acquisition time

(d) Simultaneous acquisition and correction for the background noise. The described 
software accurately corrected for stray light and temporal variation from the background. 

(e) The emission was detected with high quantum efficiency by the EMCCD camera, due 
to the on chip multiplication gain. As a result, sufficient signal for RGB visualisation and 
detailed spectral analyses could be performed with an excitation laser power ranging 
from 5 – 20 mW on normal skin tissue. 

Due to the aforementioned aspects of the described setup, it was possible to produce high 
quality spectral images that can be used to distinguish between normal and cancerous mice 
skin based on morphological and spectroscopic changes. Those findings have been explained 
in detail in chapters 7 and 8 of this thesis. 
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