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ABSTRACT 

 

Adipose tissue is a type of connective tissue whose purpose was once 

thought to be limited to fat storage but is now understood to be a key factor 

in the pathogenesis of different metabolic diseases, including obesity and 

type-II diabetes. Adipose tissue consists largely of adipocytes, cells 

responsible for fat and releasing energy in form of lipids. Different classes 

of fatty acids, such as saturated and unsaturated have different biological 

effects on adipocytes. Lipid droplets are the primary organelles in 

adipocytes that store these fatty acids in form of lipids, and the development 

of engineered adipose tissues would benefit from improved techniques for 

analysis of lipid droplet composition, distributions, and dynamics based as 

a function of fatty acid saturation.   

Conventional microscopic techniques, such as fluorescence 

microscopy, provides excellent selectivity of lipid-based structures inside 

adipose tissue cellular structures based on staining with compound dyes. 

However, fluorescence staining limits multiplex imaging, and requires time 

consuming steps in preparing the samples for imaging. Therefore, 

developing a label-free, high resolution imaging platform with sensitivity 

to lipid composition could enable analysis of structural and compositional 

differentiation of lipid droplets within adipocytes during differentiation 

could give valuable insights into the importance of lipid droplets role in 

metabolism. As an important step towards achieving this goal, a femto-

second based CARS microscopy imaging platform has been developed to 

perform in vitro, label-free, imaging of fatty acid composition within 

engineered adipose tissues.  
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CHAPTER 1 

BACKGROUND AND INTRODUCTION  

 

1.1. Adipose Tissue and Adipocytes 

Adipose tissue is a type of connective tissue whose primary purpose was once 

thought to be to store fat. Recently, it has been recognized as a more complex endocrine 

organ with roles to regulate whole body homeostasis. There are two different types of 

adipose tissue; white adipose tissue, and brown adipose tissue. The white adipose tissue 

has three primary functions; an energy source, mechanical cushion, and heat insulation (1). 

Adipose tissue consists largely of adipocytes, cells responsible for storing and releasing 

energy in the form of lipids, embedded within a matrix. Adipose tissue is found mainly in 

two locations within the body, subcutaneously (under the skin) and viscerally (within the 

abdominal cavity). Triglycerides are the most common form of fat stored inside adipocytes. 

Triglycerides are made from three fatty acid chains bound to a glycerol head (2). Energy 

stored in fatty acid is derived from NADH and ATP and is released during fatty acid 

catabolism. There are several classes of fatty acids, including saturated and unsaturated. 

Saturated fatty acids contain only single bonds between carbon atoms with all the 

remaining bonds connected to hydrogen, while unsaturated fatty acids comprise one or 

more double bonds along with the main carbon chain. The double bonds in the carbon chain 

reduce the hydrogen binding sites. Saturated fatty acids (for example, palmitic acid) and 

unsaturated fatty acids (e.g., oleic acid) have different biological effects on adipocytes, 

including saturated fatty acids binding to inflammatory receptors to lead to adipocyte 

inflammation. Lipid droplets are the primary organelles in adipocytes that store fatty acids 



2 

in the form of lipids. The storage in lipid droplets is important since it is a key factor in the 

pathogenesis of metabolic diseases, including obesity and diabetes (4). Important questions 

remain in the field of adipose tissue metabolism including lipid droplet dynamics and their 

compositional makeup concerning cellular metabolism and function. One specific question 

here is, “since fatty acids are one of the key components of lipid droplets, how will lipid 

droplets evolve depending on differences in saturated fatty acids or unsaturated (3)?”  

1.2. Engineered Adipose Tissue 

Understanding the biology of adipose tissue is very important due to its links to 

dangerous disease such as obesity, diabetes type II, etc. as mentioned above (4,5). To date, 

animal models and two-dimensional cell culture assays are mostly used to understand the 

biological events happening inside this tissue. However, these methods are useful and offer 

insights into the tissue; they have few limitations. Animal models have different 

immunological responses, and 2D cell culture does not provide a model that can show the 

multi-dimensional inputs and the complex tissue transport and signaling (6). Thus, having 

an alternative model overcoming such limitations and enabling the study of adipose tissue 

analogous to the characteristics of human’s tissue is necessary for findings therapeutics. 

Adipose Tissue engineering in the recent decades has emerged to address the related needs 

and the limitations mentioned above in modeling human adipose tissue in three-

dimensional (3D) aspects (6,7,8). Engineering adipose tissue has enabled constructing an 

environment which enables cell combination and matrices with the ability for growing and 

forming a tissue, generating signals, in a 3D environment outside of the body under 

controlled conditions, with biochemical and structural characteristics similar to the nature 

of human adipose tissue. This has brought the opportunity to gain a better insight into 



3 

complexities inside this tissue and thus have a better understanding in finding relevant 

clinic applications (5).  

1.3. Spontaneous Raman Spectroscopy 

Vibrational microscopy techniques are fundamentally capable of providing 

information on the energies of different quantum mechanically allowed vibrational modes. 

Raman vibrational spectroscopy provides this information from the structures of the 

molecule based on the wavelength shifts in scattered light, which is proportional to their 

vibrational transitions (10). A typical Raman spectrum of tissue is shown in Figure 1 (9). 

The wavenumber region from 500 -2000 is called the “fingerprint region” due to the large 

number of sharp spectral features, which can be analyzed using multivariate techniques to 

estimate certain molecular compositions specifically, and the “high wavenumber” region 

from 2800 – 3200 cm-1 which contain stronger signals, but less spectral content. Raman 

spectroscopic microscopy has brought a powerful imaging tool capable of real-time, high 

resolution, vibrationally specific imaging of cells and tissues.  However, a significant 

limitation of Raman scattering is that it is an extremely weak phenomenon (one out 106 of 

the incident photons scatter in-elastically), which makes detection a technical challenge. 

Also, different molecules scatter independently, and the scattered light (and the excited 

modes) exhibits a random mode-to-mode phase relationship (11). Thus, the spontaneous 

Raman spectrum observed is a straightforward superposition of the excited vibrations of 

all molecules interacting with the excitation laser focus (12), and hence direct molecular 

specificity can also be a challenge, and typically requires the use multivariate statistical 

analysis techniques (13). 
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Figure 1. Typical Raman Spectrum 

  

 1.4. Conventional Coherent Anti-Stokes Raman Spectroscopy (CARS) 

Coherent anti-stokes Raman spectroscopy is a third order nonlinear process involving the 

interaction of two beams simultaneously with the sample, coherently, via a four-wave-

mixing process which dramatically increases the efficiency of vibrational spectroscopy, 

figure 2. The technique enables video-rate vibrational imaging of biological specimens 

with adequate excitation powers, along with a high-spectral resolution for optimized 

biochemical specificity. CARS is a multi-photon imaging technique. Thus 3D sectioning 

from cellular structures with low out-of-focus signal cross-talk is possible. Two ultrafast 

laser beams with picoseconds (ps, narrowband CARS), known as narrowband CARS, or 

femtoseconds (fs, femtosecond CARS) pulse duration, conventionally known as a pump 
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and stoke with frequencies Ⱳp and Ⱳs interact with each other. When the difference 

frequency of stokes and pump (Δⱳ=Ⱳs-Ⱳp) matches the frequency of the Raman active 

molecular vibration of a specific chemical bond, the anti-Stokes signal is obtained at 

Ⱳas=2Ⱳp-Ⱳs (figure 2)(10). 

 

 

Figure 2. Schematic Diagram of Conventional CARS 

 

This process is an instantaneous scattering processing in which the sum energies of the 

pump, probe, Stokes, and anti-Stokes photons is equal to quantum mechanically allowed 

vibrational mode of the molecule, as it can be seen in Figure 2. The wavelength of the anti-

Stokes photons is blue-shifted compared to the pump and stokes and thus have higher 

energies. The nonlinear coherent process described above improves the efficiency of 

Raman scattering and enables the feasibility of real-time laser-scanning microscopy. 

Although this process enables the feasibility of real-time imaging, it is capturing one 

molecular vibrational mode at a time. Collection of the full fingerprint Raman spectrum at 
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each image pixel would still take at least 5-30 minutes depending on laser tuning speed. 

Another limitation involved in CARS is due to the non-resonant background. Each 

molecule has a specific vibrational frequency belonging to the different chemical bonds of 

the molecule. At different vibrational modes, the scattering feature of Raman provides a 

unique and vast amount of information in the fingerprint region of (400-1800 cm-1) (14). 

The signal obtained from this region is a contribution of both resonant and non-resonant 

modes, but the non-resonant background has a much stronger contribution compared to 

resonant, and thus makes it hard to achieve high signal to noise ratios. 

 1.5. 2-Color Broadband CARS 

Conventional CARS microscopy involves two narrow-band beams. Laser scanning 

microscopy of multiple spectral features using narrow-band beams can take a long time 

since the signal is received from one frequency at a time (15). Broadband CARS (BCARS) 

can overcome this limitation and offers the ability to collect wide-spectral bands 

simultaneously at a single position and thus produce real-time images. BCARS provides 

the same inherent chemical contrast as spontaneous Raman but with increased acquisition 

rates. In this approach pump and probe are derived from the narrowband laser beam, and 

the stokes are generated from the broadband laser beam, (figure 3) (16). Using the 2-color 

broadband excitation method, pump and stoke are typically tuned so that CH/OH-stretch 

region (2600-3200 cm-1) will be excited, which gives beneficial information of tissues and 

samples arising from lipids. However, the acquisition of BCARS spectra in the fingerprint 

region is challenging because of lower Raman scattering intensities.  
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1.6. 3-Color Broadband CARS 

Exciting the fingerprint region will also be possible with supercontinuum 

generation produces the pump and the stoke beams, and since the two degenerate, the 

molecular resonant vibrational frequency will be centered at zero wavenumbers and 

exciting the fingerprint region of the molecule will be accessible (17). The narrow-band 

beam is used as the probe beam, thus, achieving high-resolution spectra (figure 3).  In this 

approach, the maximum CARS signal will be obtained where Ⱳp=Ⱳs due to intrapulse 

excitation, and the excitation profile will be determined by the permutations of available 

frequencies provided by the broadband laser source. Since the highest number of 

permutations belongs to the closely spaced frequencies, the 3-color excitation profile will 

increase with decreasing the wavenumber (18). The maximum excitation wavenumber, in 

this case, will occur at 0 cm-1. Thus 3-color CARS enable collection of high signal to noise 

ratio spectra from the fingerprint region for complete characterization of the biochemical 

composition. Although CARS offer many advantages over conventional microscopy 

techniques, it is still limited by the non-resonant background in the fingerprint region which 

is due to the off-resonant contribution carried by the anti-stoke signal. To overcome this 

limitation, the non-resonant background will be used as a heterodyne amplifier for weak 

Raman peaks mostly taken place in the fingerprint region and brings them above the noise 

floor (18). After the signal is gained, the non-resonant background will be used as an 

oscillator for heterodyne amplification of the resonant signal when we apply spectral phase 

retrieval (19,20). The signal to noise ratio here is defined as:  

         𝑆𝑁𝑅(𝑤) =  
|𝑋𝑅(𝑤)|2+2𝑋𝑁𝑅(𝑤)ℛ{𝑋𝑅(𝑤)}

√|𝑋𝑅(𝑤)|2+|𝑋𝑁𝑅(𝑤)|2+2𝑋𝑁𝑅(𝑤)ℛ{𝑋𝑅(𝑤)}+𝑁𝑅
2
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=  
𝐴2 +

2𝑋𝑁𝑅𝐴(𝑤 − Ω)
[(𝑤 − Ω)2 + Γ2]

√[𝐴2 + 2𝑋𝑁𝑅𝐴(𝑤 − Ω)]/[(𝑤 − Ω)2 + Γ2] + 𝑋𝑁𝑅
2 + 𝑁𝑅

2
 

 

Here, XR is nonlinear susceptibility of the resonant contribution, XNR is the 

nonlinear susceptibility for non-resonant contribution, the third term in the first equation is 

the contribution of both resonant and non-resonant, and NR is the readout noise. In the 

second equation, A is the field amplitude, w is the anti-stokes frequency, and Ω is the 

molecule vibrational frequency, and Γ is the bandwidth at full width half maximum. NR 

here is defined as the read-out noise of the detector. This formula shows the effect of 

resonant and non-resonant contribution on SNR. When the non-resonant is much greater 

than the resonant signal, it will affect the SNR differently, demonstrated by the formula 

shown below:  

 

𝑆𝑁𝑅(𝜔 = Γ + Ω) =
2𝑋𝑁𝑅𝐴Γ/2Γ2

√2𝑋𝑁𝑅𝐴Γ
2Γ2 + 𝑋𝑁𝑅

2 + 𝑁𝑅
2

=
𝑋𝑁𝑅𝐴/Γ

√𝑋𝑁𝑅𝐴
Γ + 𝑋𝑁𝑅

2 + 𝑁𝑅
2

 

 

lim
𝑋𝑁𝑅

2 →∞
𝑆𝑁𝑅(𝜔 = Γ + Ω) =

𝐴

Γ
 

 

 

 

This equation demonstrates the effect of non-resonant on CARS signal and how it can be 

used as a heterodyne amplifier to bring the signal above the readout noise. Three-color 

CARS has been demonstrated capable of producing images with spectral sensitivity 

through the entire fingerprint region in real-time (18,19,20). 

 

 



9 

 

Figure 3. Schematic Diagram of Conventional CARS.  A) Schematic diagram of 2-color 

CARS mechanism in two-pulse broadband CARS. Wnarr and Wcont indicate the photons 

are deriving from narrowband and broadband laser beams. Pump and Stokes represent the 

photons for molecule excitation, while Probe represents the photon for spectral resolution. 

B) Schematic diagram of 3-color CARS mechanism in two-pulse broadband CARS. Wcont 

represent Pump and Stokes the photons for molecule excitation, while Probe represent the 

photon for spectral resolution 
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CHAPTER 2 

RESEARCH AIMS AND OBJECTIVES 

2.1. Rationale 

Adipose tissue is the major compartment within the body for energy storage and 

primarily made up of adipocytes. Lipid droplets (LD) are organelles inside adipocytes that 

store lipid. Lacking or excessive amount of lipid storage in adipose tissue lipid droplets 

associates with different diseases including dyslipidemia, obesity, insulin resistance, and 

diabetes type 2 (1). Hence, understanding how these lipid droplets grow and function, in 

an environment representing the same characteristics as the human adipose tissue are 

central to be able to interpret what would be necessary for maintaining body’s sensitivity 

and energy hemostasis. Confocal and multiphoton fluorescence microscopy are capable of 

imaging characteristic lipid structures and active processes in biological samples but are 

dependent on either auto-fluorescence components in the specimen or the availability of 

suitable fluorescent dyes (21). CARS microscopy is a real-time, label-free imaging 

technique that can overcome the limitations of current techniques (10, 18). Hence, the 

overall aim of this thesis work is To develop and show the feasibility of CARS microscopic 

platform to characterize the dynamics of lipid droplet fatty acid saturation in engineered 

adipose tissue. To accomplish the aim, we will; 1. Build and validate primary microscope 

platform, and include the capability to perform femtosecond CARS, 2. Investigate 

engineered adipose tissue using fs-CARS. 

2.2. Specific Aims 

2.2.1. Specific Aim 1: Build a microscopic platform for femtosecond CARS 

1a) Design and Build CARS Microscopic platform. The first step to perform CARS 

was to design a microscope platform which can perform brightfield imaging. The 

microscope has to be customizable, so the laser scanning head could be added for 

performing two-photon and CARS imaging. Next, the laser beams need to be aligned 
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before being sent to the microscope, the first beam enables two-photon imaging and the 

second one for CARS. 

1b) Characterize and validate the feasibility of laser scanning CARS microscope. 

Standard samples need to be used to validate both imaging techniques. Brightfield and two-

photon microscopy will be compared with the available microscopes in the bioengineering 

department at Temple University. Standard samples will be used for CARS imaging 

validation based on the literature. Next, an autocorrelator based apparatus needs to be built 

for pulse characterization to be able to distinguish the spectral resolution for CARS 

imaging.   

2.2.2. Specific Aim 2: Investigate Engineered Adipose Tissue Using Fs-CARS 

 Performing in-vitro studying of engineered adipose tissue cultured with saturated 

and unsaturated fatty acid using femtosecond CARS. Three different samples were 

cultured: 1) a control group where no fatty acid injected into the media. 2) Oleic acids 

were injected as an unsaturated fatty acid to the second group. 3) Palmitic acid 

(saturated) was injected into the third group forming the third sample. Images were then 

processed on imageJ, and the outputs were plotted using Excel. 
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CHAPTER 3 

BUILDING A MICROSCOPIC PLATFORM FOR FEMTOSECOND  

CARS MICROSCOPY  

3.1. Introduction 

The gross orientation of samples in label-free microscopic imaging techniques 

requires a simple first-pass imaging technique. Simple brightfield microscopy is an 

excellent approach to meet this challenges and produces strong contrast to cellular features 

such as lipid bilayers, plasma membrane, nucleus, and mitochondria. Therefore, a platform 

that will meet this criterion needs to be built. Further, Two-photon and CARS microscopy 

require the laser beams being delivered to the sample. Thus the platform also needs to be 

adjustable to add the laser scanning components which are necessary for two-photon and 

CARS imaging.  

 An optical pathway needs to be set up to direct each laser beam towards the 

microscope. These pathways should be designed in a fashion which provides sufficient 

space for any possible beam tuning during the experiment and also tunings that possibly 

might be applied in future works. Then, the first laser beam needs to be aligned for two-

photon imaging. The alignment needs to be performed precisely to keep the beam as stable 

as possible for further collimation with the other laser beam. The alignment next needs to 

be validated by performing two-photon imaging on standard stained samples. After the 

validation of the first beam, the same procedure needs be done on the second laser beam. 

CARS require two laser beams interacting with the sample at the same time, at the same 

position. This means that the beams need be overlapped in both temporal domain and 

spatial domain. Before validating the system for CARS microscopy, identification of  

CARS spectral resolution is necessary. Frequency-resolved optical gating (FROG), is an 

auto-correlator based apparatus, allowing to understand the characteristic of the laser 

pulses used in the experiment and will calculate the temporal bandwidth (full-width half 
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max) of the laser pulse by using a retrieval algorithm. The procedure mentioned above will 

accomplish the necessary steps for CARS microscopy. The last step remaining before 

having a platform capable of imaging lipid droplets in engineered adipose tissue is to 

validate the system by standard samples used previously in the literature for CARS (22). 

Olive oil has shown to have a strong Raman peak in the high wavenumber region of Raman 

spectral profile.   

 

3.2. Materials and Methods 

3.2.1. Imaging Platform Setup 

3.2.1.1. Microscope Body 

Complete design of brightfield microscope has been conducted by Using 

SolidWorks. Brightfield imaging will be fabricated under this microscope as follows. 

Bergamo series II upright microscope (Thorlabs, USA) was chosen as the microscope 

platform for this thesis. Z-axis body (600 mm) with CEA 1500 epi-illumination arm 

(Thorlabs, USA) is used as the microscope body. The body with the epi-illumination arm 

provides an ample working space when building a self-designed setup is required. This 

height is chosen so that we will have additional space while designing optical pathways. 

Figure 4 represents the primary design of the desired microscope for this project.  
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Figure 4. Pre-configured Design of the Microscope Platform for Brightfield and CARS 

Imaging 

 

 

A brightfield Light source (MCWHL5 LED, Thorlabs, USA) along with 1200mA 

driver (LEDD1B, Thorlabs, USA) was used as a white light source for brightfield imaging. 

The white light is going to be sent through an epi-Illumination module, attached to the 

microscope body. The light first shines to a mirror with a 40-degree angle then it was sent 

through a focusing lens before going through the objective. Galvo-Galvo primary scan path 

(OPX1200, Thorlabs, USA) will be placed underneath the epi-illumination arm for 

delivering the laser lights to the sample. A motorized focusing module (MCM3000, 

Thorlabs, USA) with 1-inch traveling capability was then connected to microscope body. 

This module consists of a dovetail clamp, mounting bracket, and a motorized translation 

stage. This will enable us to move the optical system in the Z axis. Two objectives 

(UPlanSApo 60x W IR and XLPN 25X WMP2, Olympus, Japan) were used for sending 
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the brightfield and laser lights to the sample and collecting them. PI nano-piezo XYZ 

(Physik Instrumente, USA) is used for placing the sample. Next, a camera tube (WFA4100, 

Thorlabs, USA) was placed on top of the epi-illumination arm to align a camera sensor 

with the imaging plane in the microscope. 2.1-megapixel monochrome camera (CS2100M-

USB, Thorlabs, USA) is then connected to the camera tube. Thorlabs 2.1-megapixel 

CMOS camera offers up to 23 frames per second at 40 MHz readouts of the full sensor are 

designed explicitly for microscopy and other demanding scientific imaging applications. 

The 2.1-megapixel scientific camera offers high quantum efficiency, maximizing the signal 

and the signal to noise ratio, along with a smaller pixel size to improve the resolution. A 

705 nm long-pass dichroic mirror (FF705-Di01-25x36, Semrock, USA) was placed before 

the objective to separate the emitted beams of the sample from the input laser beams. Two 

Amplifier noncooled GaAsP PMTs (PMT2100, Thorlabs, USA) was placed on the 

microscope as two different channels for laser beam detection. One for two-photon 

detection and the other for CARS. Specific emission filters were placed at the entrance of 

each detector. GFP emission filter with a detection range of 502-548 nm (MF525-39, 

Thorlabs, USA) was placed before PMT A for the two-photon channel. Another emission 

filter with a detection range between 600-700 nm (FF02-650/100-25, Semrock, USA) was 

placed before PMT B, for the CARS channel. A second 580 nm long-pass dichroic (FF580-

FDi01-25x36, Semrock, USA) was also used along the path to separate the CARS signal 

from the Two-photon. Figure 5 shows the design of the detection section for the Bergamo 

Series II microscope.  
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Figure 5. Detection Section of the Microscope 

 

3.2.1.2. Laser source  

Insight DS+ laser system from (Spectra Physics, USA) is used as the light source 

for the CARS system. Insight DS+ is a solid-state laser combined with dispersion 

compensation which corrects the dispersion caused by the user’s optical system. Insight 

DS+ generates two ultra-short narrow-band beams. The first beam is tunable over a gap-

free range from 680-1300 with < 120 femtosecond pulse width (Figure-7). The second 

output beam is fixed at 1041 nm (< 200 femtoseconds).  
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3.2.1.3. Single Beam Delivery 

The Insight DS++ tunable laser line was firstly chosen for alignment. The tunable 

range of this laser beam will allow for performing two-photon microscopy in a wide range 

(680-1300), this was chosen to be aligned prior to the other laser beam. An optical path 

consisting of multiple mirrors mounted in kinematic mounts fixed in the optical posts was 

used for aligning the beam along its pathway, (figure 6). A single iris (VCR4D1, Thorlabs, 

USA) was positioned right at the exit of the laser to fixe the aperture of the iris at the height 

of the outcoming beam, and use it as a reference for the whole experiment. Low group 

velocity dispersion (GVD) silver mirrors (PF10-03-p01-10, Thorlabs, USA) were fixed in 

kinematic mirror mounts (KMS, Thorlabs USA). Low GVD mirrors will cause minimum 

dispersion to ultrafast laser beams with more than 99% reflectance, thus eliminating laser 

beam broadening concerns. The kinematic mirror mounts will allow for changing the 

direction of the laser beam and thus having a better control in keeping the beam aligned. 

The reference iris was placed in different spots along the whole path ensuring the height of 

the beam is the same. Before sending the beam to the microscope, it was passed through a  

low GDD 50:50 beam splitter (UFBS5050, Thorlabs, USA), which will be used for the 

collimation of the two laser beams in the next section. The laser beam was then sent to the 

laser scanning head of the microscope through a parascope, with two separate center-to-

center identical irises fixed along it, ensuring the beam going through the laser scanning 

head. Small adjustments were made by the knobs on the kinematic mirror mounts. The 

beam will then pass through a long-pass 705 nm dichroic mirror and a 25x objective before 

interacting with the standard fixed sample (Bellas laboratory, Bioengineering, Temple 

University). After interacting and reflecting from the sample, the beam was directed 

through PMT A by the 580 nm long-pass dichroic mirror.  
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Figure 6. Optical pathway design for single beam delivery 

 

3.2.1.4. Dual beam delivery 

The same procedure was implemented for the fixed laser beam. Since CARS 

require two beams being overlapped in time and space, the aligning needs to be done 

precisely. The same kind of mirrors and their kinematic mounts were used for directing the 

fixed laser beam along its path. The same reference iris used for the tunable laser beam was 

used in this step as well to ensure the fixed beam traveling with the same height as the 

tunable laser beam.  

3.2.1.5. Temporal overlapping 

As shown in figure 7 the pump and the stokes beam getting combined after passing 

through the 50:50 beam splitter. As mentioned above, to generate the CARS signal it is 

critically important that the beams overlap in time and space. Temporal overlap of the 

beams coming from the insight DS++ laser was accomplished by incorporating a delay line 

set on the tunable laser beam path. A retroreflector system was set up on a translational 

stage, giving it the capability to sending the beam with exact 180 degrees reflection of the 

light to the optical laser light pathway to incorporate the delay line. After adding the delay 

line, to find an exact position for the temporal overlapping, we used a two-step procedure. 

M 

I 
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First, we optimized the overlapping of the beams using a very fast photodiode (DET08C, 

Thorlabs) connected to an oscilloscope (TDS 520A, Tektronix, USA) with a BNC cable. 

A resistor was added to the circuit of the photodiode enabling the oscilloscope to capture 

the pulse trains of the beams. Figure 8 shows the triggered the laser pulse train of both 

beams together. The simple equation X=CT will be used to find the delay between the 

tunable and the fixed laser beam, where X is the distance between the two pulses in meter, 

C is the speed of light and T being the time delay between the pulses. 

 

 

Figure 7.  Dual Beam Alignment and Temporal Overlapping 
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Figure 8. Triggered laser beam pulses 

 

 

3.2.1.6. Spatial overlapping 

Spatial overlap:  

Beams were combined through a 5:50 beam splitter after being aligned with the 

reference iris. The same iris was then used for the alignment of the collimated beams along 

the path. We set up three target positions after the beam splitter, 20 cm, 1 meter, and the 

third one were fixed on the other side of the table being 4 meters apart. Next, we passed 

the stokes beam through the aperture of the three fixed irises and after ensuring they are all 

passing precisely through the apertures, the second beam was sent to the optical pathway. 

The overlapping offset was fixed by turning the knobs of the kinematic mirror and beam 

splitter mounts. High precision overlapping was also accomplished by moving the delay 

stage in a meter traveling range, back and forth ensuring the beams still being overlapped. 

Figure 9 shows the design of the pathway for spatial overlapping where the beams are sent 
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through a distance twice longer than the distance they will travel before they interact with 

the sample. 

  

 

Figure 9. Spatial overlapping Optical Pathway Design 

 

 

3.2.2. Characterization and Validation  

3.2.2.1. Measurement of the Ultrashort Laser Pulses 

 

Ultrafast laser pulses contain detailed information of the material being studied, 

thus, having a precise understanding and knowledge about the pulse characterizations is 

necessary for creating an optical imaging system that allows the study of molecular 

compositions of biological specimens. This is especially necessary when it comes to 

studying the vibrational frequencies of the molecules in CARS microscopy. Any 

adjustment to these pulses, such as pulse compression or stretching could vary the outcome 

of the experiments, and it is crucial since this information reveals the spectral resolution of 

M : Mirror 
Bs : Beam splitter 
Dc : Dichroic mirror 
Obj : Objective 
 I: Iris 

Target iris 
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CARS signal. Frequency-resolved optical gating (FROG), is an autocorrelation type of 

technique that allows measuring the intensity and phase of an ultrafast laser pulse. FROG 

allows you to measure the width of the beam as a function of a delay as this delay stage 

moves and the uses a reverse reconstructive algorithm to calculate the temporal bandwidth 

of the pulse (23,25). FROG technique consists of two main parts; first, a system that takes 

one laser pulse, creates a replica, and next mixes them in a nonlinear optical medium 

(usually Second harmonic crystal). The result is spectrally resolved signal referred to as 

the FROG trace and its function of a delay time between the two pulses. Second, A phase 

retrieval algorithm that recovers the intensity and phase information of the retrieved FROG 

trace (23,22,25). The schematic and experimental SHG-FROG setup is shown in figure 10 

and 11. The beam was directed to the setup using a flip mirror (FP90, Thorlabs, USA) fixed 

on the laser beam pathway. To maintain the spatial position of the beam, an iris (VCR4D1, 

Thorlabs, USA) was fixed at the entrance of the plate used for building the FROG 

apparatus. The beam next hits a 50:50 beam splitter (UFBS5050, Thorlabs, USA) fixed 

with a 45-degree angle. Half of the beam is reflected to a fixed pathway, and the other half 

passes through the beam-splitter and enters the second beam path consisting of a delay line 

using a motorized stage (MT1-Z8, Thorlabs, USA). The same iris is used after each optical 

component to assure the spatial overlapping of the two replicas before entering the non-

linear crystal. After ensuring the spatial overlapping, we used the delay stage to assure both 

beams are traveling the same distance. A lens with a focal length of 12.5 cm (AC254-125-

B, Thorlabs, USA) is used to focus the beams into the nonlinear medium. We have used a 

50micron thick BBO crystal (Newlight Photonics Inc, Canada) as the nonlinear medium 

and when the overlapped beams enter the crystal, noncollinear autocorrelation signal (SHG 
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in this case) will be generated. A second lens is then used after the crystal to collimate 

beams. The collimated beams were then captured by Stellarnet spectrometer and sent to 

the homebuilt program as an input of the algorithm. The Frog trace is a function of 

frequency and the time delay between the two pulses (23,24) and is used as the input of the 

retrieval algorithm. We have used a phase the retrieval algorithm available on the internet 

and create a home-built program using LabVIEW (figure 13).  

 

 

 

Figure 10. Schematic of FROG Apparatus in Optical Pathway 
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S: Spectrometer 
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Figure 11. Experimental Setup of FROG 

 

 

3.2.2.2. CARS Validation 

According to the literature, lipid-based samples provide excellent contrast on 

Raman line shapes. Olive oil is lipid that contains 73% monounsaturated fatty acid with 

four double carbon bonds (Olive oil paper) and has a strong CARS signal in the high 

wavenumber region of Raman profile. Figure 12, shows the sharp peak of olive oil detected 

by CARS which makes it a good reference to be used for checking the feasibility of the 

constructed platform before trying to do any CARS microscopy of engineered adipose 

tissue, and thus ensuring the viability of our platform (22).  

 Any commercially available olive oil can be used for detecting the CARS signal. 

For this experiment, 0.25 ml of olive oil was mixed with 0.75 ml of DA water. The oil and 

the water were mixed and shook in 1 ml Eppendorf for few seconds until small droplets 

were visible in the Eppendorf with the naked eye. 2 M of the mixture was then extracted 

and inserted on a microscope slide. The sample was then covered with a coverslip and 

Input beam 

Delay stage 

Spectrometer 

BBO 
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placed under the objective. The tunable laser beam (pump) was tuned to 801 nm, and the 

stokes beam was fixed at 1040 nm for detecting the CARS signal of olive oil.  

 

 

 

Figure 12. Raman Spectrum of Olive Oil 

 

 

3.2.2.3. Microscope resolution 

Previously mentioned, the beams are focused towards the sample after passing 

through the objective. The 25x 1.2 NA Olympus objective is used for this section to figure 

out the resolving power of the microscope both theoretically and experimentally. The 

simple equations below are used to define the axial and lateral resolution:  

                                Rlateral,CARS/TP = 
0.383𝜆𝑒𝑥

𝑁𝐴0.91  

                                RAxial,CARS/TP = 
0.626𝜆𝑒𝑥

𝑛−√𝑛2−𝑁𝐴2
 

Where 𝜆 is the excitation wavelength, NA is the numerical aperture of the objective 

and n being the refractive index of water since we are using a water immersion objective. 
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Next, 2 M Polystyrene microspheres with a size of 3 micrometers and 2 M with 

a size of 100 nano-meters (Degradex, Hopkinton, MA) Dissolved in DA water were 

separately inserted on a microscope slide to find the optical resolving power of CARS 

microscope experimentally. It should be noted the 3-micrometer Polystyrene microspheres 

were only used as a control for a better understanding of the detection of the 100 nano-

meter ones.  

 

 

3.3. Results and Discussion 

3.3.1. Optical Platform 

3.3.1.1. Constructed Microscope  

Having a platform which enables the delivery of the beams to the sample is 

necessary for generating CARS signal. Figure 13 shows the constructed microscope. 

Thorlabs series 2 Bergamo microscope are ideal for nonlinear optical microscopy Bergamo 

Series II is an uprighted microscope allowing for z-stack in-vitro and in-vivo imaging. The 

customizable platform of its body with few changes of its component also enables inverted 

microscopy for live imaging of biological specimens. Galvo-galvo scan modules in this 

setup allows for high frame rates as well as the detection of weak signals where high pixel 

dwell time is needed. The LED light illumination source on top of the microscope along 

with the scanning head allows for fast switching between brightfield and two-

photon/CARS imaging. This platform, also allows easy access to the emission filters and 

dichroic holders, thus allowing a quick exchange for different measurements. Bergamo’s 

platform Also provides sufficient space for sample stages to be fixed on top post stage 
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holders and also enables them to have enough space to move in X, Y, and Z axis, thus being 

able to look into different areas of interest on the sample.  

 

 

Figure 13. Bergamo Series II Microscope 

 

3.3.1.2. Brightfield Imaging and Validation 

The microscope platform validation was performed by imaging fixed engineered 

adipose tissue (Bellas laboratory) with both brightfield and two-photon detectors. Figure 

14 shows the image of the fixed adipose tissue with brightfield light source with the 

Bergamo microscope. Image was taken with a 25x objective and 50 micro-seconds 

integration time and shows the lipid droplets inside adipose tissue.  
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Figure 14. Brightfield Image of Fixed Engineered Adipose Tissue With Bergamo 

Series II Microscope 

 

To assure what we saw was actually the lipid droplets, the sample was imaged with 

an inverted CKX41 microscope (Olympus, Japan) available at our department, using a 20x 

objective with 50 micro-seconds integration time (figure 15). Both images show the 

droplets of the adipose tissue. The only difference saw between the images was the effect 

of the phase contrast filter used in the CKX41 microscope and the fact of using a 20x 

objective. Otherwise, we were able to confirm the brightfield of the Bergamo series II 

microscope was successfully constructed and validated by the comparison of the images 

taken of the same sample with another available microscope in our department.  
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Figure 15. Brightfield Image of Fixed Engineered Adipose Tissue With Inverted 

CKX41 Microscope 

 

3.3.1.3. Single Beam Alignment Validation by Two-Photon 

The next necessary step towards having a CARS imaging platform was to have a 

proper alignment to ensure the laser beam will interact with the sample. The alignment 

procedure on the tunable laser beam was precisely done as mentioned in the methods 

section. A parascope at the back of the microscope with the use of two center-to-center iris 

enabled the delivery of the laser beam to the scanning head of the microscope. The tunable 

laser beam was fixed at 860 nm. This wavelength was chosen since it has the desired 

exciting range for the stained samples regarding the detection wavelength range available 

on our two-photon channel. As mentioned in the microscope designed section, a GFP 

emission filter (502-550nm) was placed at the entrance of PMT B. The alignment was 

validated by performing two-photon microscopy on the same sample we used for 

50 Microns 
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brightfield imaging. The fixed adipose tissue was stained with Bodipy for labeling the lipid 

droplets and thus making it possible to be detected with the two-photon channel available 

on the microscope. The sample was fixed on the stage, and two-photon microscopy was 

performed for validation of the alignment. Figure 16 shows the image taken from adipose 

tissue. The image was taken with three micro-seconds dwell time with the pixel size of 

512*512.  

 

 

 

Figure 16. Two-Photon  Image of Fixed Engineered Adipose Tissue With 

Bergamo Series II Microscope 

 

100 Microns 
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To ensure what we were was the droplets inside adipocytes of the tissue, the sample 

was also imaged by two-photon/confocal microscope available at bioengineering 

department of Temple University. Figure 17 shows the image taken with a confocal 

microscope. The circles on the figure show the lipid droplets of different sizes. The 

comparison of the two images and the similarities of the images shows that the two-photon 

channel of the Bergamo microscope is capable of detecting stained lipid droplets adipose 

tissue and, thus the validation of the tunable laser beam is confirmed.  

 

 

 

Figure 17.  Confocal  Image of Fixed Engineered Adipose Tissue With Bergamo 

Series II Microscope 

100 Microns 
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3.3.1.4. Overlapped Beams 

The two-photon imaging validated the alignment procedure; hence the same 

protocol was used to align the fixed laser beam as well. The pulse train of each laser beam 

was detected with the fast photodiode which was placed right after the beam splitter 

where the two beams got combined. The cursors of the connected oscilloscope to the 

photodiode where then centered at the peak of each triggered pulse. The distance 

between the two cursors showed the peaks of the two pulses are 1.2 nano-second apart 

from each other (figure 8). This separation corresponded to 39 centimeters according to 

the equation X=VT. Next, we repositioned the delay line by reducing the traveling distance 

of the tunable laser beam to assure the beams are traveling the same distance. Figure 18 

shows the pulses being overlapped after finding the zero-delay point.  

 

 

Figure 18. Temporally Overlapped Laser Beams 

 

A critical fact that should be considered after finding the zero-delay point is that 

the laser pulses are only overlapped within each other, but since each pulse has a 

different bandwidth, it is difficult to find the exact overlapping of the peaks of the two 
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pulses (figure 19). To find the position where the peaks are precisely overlapping we used 

the same equation above to calculate the exact traveling distance of each pulse based on 

their bandwidth. For the 200-femtosecond pulse, we measured the pulse bandwidth to 

cover 60 micrometers and the 120-femtosecond pulse covering 36 micrometers. 

Subtracting the traveling range of these beams showed that we need to move the delay 

stage within the range of 24 microns with consideration of adding a few more microns 

since the laser beams will experience distortion as they pass through any optics along 

their path. Finding the exact precision of the temporal overlapping for CARS step was 

done experimentally to imaging while imaging olive oil droplets which will be discussed 

in more detail in section    

 

 

 

Figure 19. Temporal Overlapping with Precision Schematic 

 

The spatial overlapping of the beam offset was also fixed by tuning the knobs of 

the kinematic mirror and beam splitter mounts and centering them on the aperture of the 

reference iris. High precision overlapping was also done by moving the delay stage in a 

meter traveling range, back and forth. Figure 20 shows the overlapping of the beams on 

the aperture of the iris used to maintain the height of the beams. 
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Figure 20. Spatial Overlapping of Beams. Both beams were centered on the 
aperture of the reference iris 

 

 

 

3.3.2. Feasibility of CARS Microscopy 

3.3.2.1. CARS Spectral Resolution 

The spectral resolution of CARS plays a vital role in understanding any changes 

happening in the lipid droplets inside the engineered adipose tissue through its 

differentiation process. Each fatty acids inside these droplets have a unique peak on the 

Raman profile both in the high wavenumber region and the fingerprint region, thus 

knowing the spectral resolution of the CARS signal will give a significant insight of each 

individual lipid droplet regarding the type of fatty acid they contain. As previously 

mentioned, FROG recalculates the temporal bandwidth of the pulse at full-width half-max 
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as a function of delay. Figure 21 shows the homepage of a user-friendly homebuilt GUI 

with the retrieval algorithm on the background. The nonlinear SGH signal will be generated 

when the two replicas are precisely at zero delay (Figure 22). Next, all the collected 

spectrums by the spectrometer were uploaded in the free FROG software available on the 

internet (Femtosoft Technologies) which reconstructs the pulse through a retrieval 

algorithm (Figure 23) and reveals the information of the laser pulse. Table 1 shows the 

number of experiments ran to capture a FROG trace and the calculated temporal width 

(FWHM) of each experiment. We have Averaged the temporal bandwidths of the pump 

beam trace and estimate the temporal bandwidth to be around 342 femtoseconds. This 

value corresponds to 43 cm-1 regarding the spectral resolution of the CARS signal. It should 

be noted here that the desired resolution for CARS is typically between 5 cm-1 to 10 cm-1, 

meaning 43 cm-1 is not the ideal resolution but at the same time providing sufficient 

resolution for showing the feasibility of CARS and thus being able to image the lipid 

droplets within the engineered adipose tissue.  
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Figure 21. FROG Home-Built User-Friendly GUI 

 

 

Figure 22. SHG FROG Nonlinear Signal  
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(FROG trace) 
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Figure 23. Reconstructed FROG Trace Through the FROG Software 

 

 

Table 1. Temporal width of the tunable laser beam 

Trace Temporal FWHM (fs) 

1 367 

2 329 

3 349 

4 331 

5 346 
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3.3.2.2. CARS Signal Detection 

For the initial imaging of CARS, we set the pump beam at 801 nm corresponding 

the 12484 cm-1, and the stokes beam fixed at 1040 nm which corresponds to 9615 cm-1. 

Using the equation Was= 2Wp – Ws, we calculated the expected CARS signal peak of 

olive oil to be around 2869 cm-1, which correspond to its peak (Figure 12). To ensure that 

we were capturing the signal being generated by CARS, we used two different procedure. 

First, an emission filter with a detection range of 600-700 nm was placed at the entrance 

of PMT B, ensuring only to detect CARS signal. Secondly, we tuned the tunable laser beam 

to 790 nm and started imaging at this wavelength. We changed the wavelength of the pump 

wavelength one nano-meter at a time, and 810 nm was where we stopped capturing the 

images. Almost All images taken at different wavelengths showed the same figure as the 

one made at 795 nm (Figure 24), which is mostly showing the autofluorescence 

background, except the image taken at 801 nm. Since olive oil has a solid Raman peak, 3-

microsecond pixel dwell time was sufficient enough for the detector to get saturated at 801 

nm (Figure 24). This confirmed the detection of the CARS signal on channel B. Lastly, we 

closed the shutter of each laser beam one at a time, to see if any changes happen on the 

detector. When the shutter of the fixed laser beam was closed the CARS signal was 

disappeared, but the autofluorescence signal was still being detected by the CARS channel. 

Next, the 1040 laser beam was switched on, and the tunable laser beam shutter was closed, 

resulting in losing The CARS signal. More importantly, closing the tunable shutter also 

resulted in eliminating most of the autofluorescence signal which shows the fact that almost 

all of the autofluorescence background is caused by the 801 nm laser source and the 1040 

nm laser beam has the least amount of effect on the background. Figure 25 represents the 

image of the olive oil droplets when the detector was desaturated.  
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Figure 24. Detection of CARS Signal. A) Image taken at with pump being fixed at 

795 nm, images only show auto-fluorescence background and no CARS signal was 

detected. B) Image taken at 801 nm, the detector was saturated by detecting the CARS 

signal 

 

A B 
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Figure 25. CARS Image of Olive Oil Droplets after Desaturating the Detector 

 

3.3.1.5. Resolution 

Based on the equations mentioned in section 3.2.2.3. The theoretical lateral and 

axial resolutions for 25x available objective was calculated. Lateral resolution for the 25x 

objective is calculated to be 293 microns and the axial resolution being 976 microns. 

These numbers present the resolution of the objective based on the theoretical equation, 

but it is also recommended to resolve the optical power experimentally. Figure 26 shows 

the images of 3 micro-meter Polystyrene microspheres used as a control for identifying 

the optical resolution.  
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Figure 26. 3 Micro-meter Polystyrene Microspheres Detected by CARS 

 

We were also able to resolve power of the CARS microscope by imaging 100 nano-

meter polystyrene beads. Figure 27shows the detected beads placed on the microscope 

slide which were detected by the CARS channel.  A 25X objective was used to detect the 

100 nano-meter beads. Thus we believe the resolving power should be higher using a 60x 

or a 100x objective.  

100 Microns 
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Figure 27. 100 Nano-meter Polystyrene Microspheres Detected by CARS 

 

 
 

3.4. Conclusion  

We have shown the feasibility of a home built laser scanning microscope (Bergamo 

series II) which is capable of performing brightfield, two-photon, and CARS imaging at 

the same time. The brightfield images of the microscope showed a gross image of the lipid 

droplets surface without the use of any filters. Further, the images from the fixed, stained 

engineered adipose tissue captured by the two-photon channel along the captured images 

from the olive oil slide on CARS channel, validated the laser beams alignment procedure. 

100 Microns 
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Showing the capability of our platform to perform CARS microscopy on the lipid droplets 

of engineered adipose tissue and thus providing an opportunity to gain an insight of how 

the lipid droplets will differentiate depending on the type of fatty acid being fed to them. 

Figure 28 represents the overall geometry design of the CARS platform.  

 

 

 

Figure 28. The Overall Optical Pathway System Used for CARS Microscopy 
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CHAPTER 4 

INVESTIGATE ENGINEERED ADIPOSE TISSUE USING  

FEMTOSECOND CARS  

 

4.1. Introduction 

Adipose tissue is a type of connective tissue whose purpose was once thought to be 

limited to fat storage but is now understood to be a critical factor in the pathogenesis of 

different metabolic diseases, including obesity and type-II diabetes. The engineered 

adipose tissue is a growing a field of study providing a diverse area of interest to engineer 

and develop models of human adipose tissue outside of the body for performing in-vitro 

studies. These models can be used as a replacement for 2D cell culture systems which do 

not provide the complexity of human tissue signaling and matrices, animal models and the 

human adipose tissues itself. Thus, they provide the opportunity to create a model that 

enables the understanding of three-dimensional physiological environment along with 

structural and biochemical characteristics similar to the human adipose tissue. Adipose 

tissue consists mostly of adipocytes, cells responsible for fat and releasing energy in the 

form of lipids and Different classes of fatty acids, such as saturated and unsaturated have 

different biological effects on adipocytes. Lipid droplets are the primary organelles in 

adipocytes that store these fatty acids. Thus, the development of engineered adipose tissues 

would benefit from improved techniques for analysis of lipid droplet composition, 

distributions, and dynamics based as a function of fatty acid saturation. Conventional 

microscopic techniques, such as fluorescence microscopy, provides excellent selectivity of 

lipid-based structures inside adipose tissue cellular structures based on staining with 

compound dyes. However, as previously mentioned, fluorescence staining limits multiplex 
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imaging and requires time-consuming steps in preparing the samples for imaging. 

Therefore, developing a label-free, high-resolution imaging platform with sensitivity to 

lipid composition could enable analysis of structural and compositional differentiation of 

lipid droplets within adipocytes could give valuable insights into the importance of lipid 

droplets role in metabolism. CARS has been previously shown great potential in 

monitoring the differentiation of adipose-derived stem cells (ADSCs) into adipocytes and 

osteoblasts using different cell lines (26). Di Napoli et al. demonstrated the ability of label-

free hyperspectral CARS microscopy to quantify the lipid type and content in vol/vol 

concentration units of individual lipid droplets in living human adipose-derived stem cells 

using in media supplemented with different fatty acids in a 2D culture media (26). 

Quantitative information on the heterogeneity in individual lipid droplets and possible 

variations within single lipid droplets is also shown by Rinia et al. within LDs in 3t3-L1 

cells (27). CARS microscopy has also shown the capability in evaluating the lipid droplets 

morphology noninvasively in 3D invitro model made by seeding silk scaffolds with 

adipose tissue (28). However, to date, no study has been done using CARS microscopy to 

investigate the role of lipid droplets in metabolism during differentiation in 3D engineered 

adipose tissue. 
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4.2. Materials and Methods 

4.2.1. Cell Culture 

Human bone marrow-derived mesenchymal stem cells (MSCs) were isolated from 

bone marrow obtained from Lonza and expanded in DMEM (Dulbecco’s modified eagles 

medium-low glucose, Sigma) supplemented with 10% fetal bovine serum (FBS, Sigma) 

and 1% penicillin (10000 unit)/streptomycin (10 mg/ml) (Sigma) in 2D until confluency. 

4.2.2. Adipogenic Induction of hMSCs 

Adipogenic induction media was added when the cells reached confluency. The 

basal media used for differentiation composed of DMEM/F12 50/50, 1X supplemented 

with 3 % FBS and 1% penicillin (10000 unit)/streptomycin (10 mg/ml). The induction 

media consists of 2 M Rosiglitazone (Sigma Aldrich), 500 M 3-isobutyl-1-

methylxanthine (IBMX, Sigma Aldrich), 1M dexamethasone, 33 M Biotin (Biotin, 

Sigma Aldrich), 17 M Pantothenate (Sigma Aldrich) and 1 M of insulin (insulin 

solution human, Sigma). The differentiation process was performed for three days. 

4.2.3. Preparation of Free Fatty Acid (FFA) Supplemented Medium 

FFA/BSA complexes were prepared as described (Cousin et al., 2001). In brief, 100 

mM solution of palmitic acid (Palmitic acid, sodium salt, 98%, Acros Organics) and Oleic 

acid (Oleic acid, sodium salt, 65-90 % Oleic C18, Across Organics) were prepared at 70 

C in 0.1 M NaOH (Fisher) on a magnetic stirrer. 10% (w/v) bovine serum albumin BSA 

(Fisher) solution was prepared in deionized water, and the appropriate amount of FFA 

solution was complexed with 10% (w/v) BSA solution at 55 C for 30 min to prepare 1mM 

FFA/BSA complex solution. The FFA/BSA complex solutions were allowed to cool down 

at room temperature and were sterile filtered. The FFA/BSA complex solution was added 
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to adipogenic media so that the final concentration of FFA in final media was 0.1 mM. The 

FFA/ BSA complexes were stored at -20 and were heated up at 55 C for 15 min and cooled 

down to room temperature before use.  

4.2.4. Collagen Hydrogel Preparation and 3D culture 

To prepare collagen hydrogel, soluble type I rat tail collagen (3.57 mg/ml, Corning) 

was neutralized with addition of 1 N NaOH (Fisher), 250 mM HEPES (Fisher), 5 % w/v 

Na2HCo3 (Fisher), H2O and 10X Medium199 (Sigma) to the final concentration of 2 

mg/ml. All the procedures were done on the ice. The hydrogel solution was then mixed 

with adipocytes with a seeding density of 8 million/ml. Collagen droplets with a volume 

of 30 l was dispensed into the glass bottom Petri dishes followed by 30 min of incubation 

at 37 C to crosslink collagen (28). Three experimental groups were prepared for the 

experiment; First, the unsaturated fatty acid group supplemented with Oleic acid 

supplemented adipogenic media. Second, the saturated fatty acid group with Palmitic acid 

supplemented adipogenic media. Moreover, a third, FFA-free adipogenic media used as 

the control group. CARS imaging was done at day zero, day one and day three after 3D 

culture (Figure 29).  
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Figure 29. Sample Preparation Procedure and Timeline 

 

4.2.5. CARS Microscope Setup and Image Processing Protocol  

We performed CARS imaging using a home built setup. Insight DS++ dual laser provided 

the pump and the stokes laser beams. The tunable laser beam was used as the pump laser 

source fixed at 801 nm and whereas the fixed beam at 1040 provided the stokes beam. The 

inverted Bergamo microscope collected the emitted lights. CARS signal with a center 

wavelength at 651 nm along with the two-photon signals were separated from the input 

beams with a 705 nm long pass dichroic beam splitter as the previously mentioned chapter 

in the microscope. The microscope was using a 25x 1.05 NA water immersion objective. 

Further, two-photon and the CARS signals were separated by a second long pass dichroic 

(<580 nm). The two-photon signal was reflected by the dichroic mirror and detected by a 

single PMT with an emission filter detection (502-550 nm) fixed at its entrance. The CARS 

signal was transmitted through the dichroic and detected by the second PMT. An emission 

filter with a detection range between 600-700 nm was used for the CARS channel. Images 
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were acquired using a laser scanning head with a pixel size of 1088*1088 μm2 and a pixel 

dwell time of 10 μs. Three random spots were chosen on each sample to perform the z-

stacking with a total depth of 150 microns. 3-micron step size resulting in 51 imaging 

points was chosen for each z-stack to minimize the probable damage of the laser beams to 

the sample as well as avoiding the degradation of each tissue while having a sufficient 

acquisition time for capturing the images. ImageJ and excel were further used for image 

processing and creating plots.  

We have used Fiji (ImageJ, national instruments) and Excel (Microsoft office) for image 

processing and creating plots. The collected images were processed using the procedure 

described here; The CARS images of each z-stack were collected from channel B and were 

imported as a sequence on Fiji. 0.4% saturated pixels and normalization were applied to all 

images from the enhance contrast option menu. Background subtraction was implied as 

well as adjustment of the brightness/contrast. In the 3D OC option from the analyze toolbar, 

volume, centroid, and center of mass were checked. 3D Object Counter was selected from 

the analyze toolbar, and the threshold was adjusted. For the next step, the scale was set on 

the z project option from the analyze toolbar and the number of pixels, and the actual 

distance was specified based on the information listed on the images (i.e., 0.01*0.01 inches 

[1088*1088]). We changed the units from inches to micrometers (i.e., 254 micrometers 

instead of 0.01inches) and repeated the process to add a scale bar to the original images 

stack. The output data containing information on the volume and the surface area was then 

imported to excel for creating histograms of every single stack.  
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4.3. Results 

CARS microscopy provides contrast based on the intrinsic molecular vibrations of 

lipid components within LDs, circumventing the need for extrinsic labels (29). Samples 

were imaged on day 0, day 1 and day 3. Figures 30 shows a selected image of each control 

group collected at a single z-stack in the depth of 70 microns from the zero point. The 

control group samples showed the least amount of degradation during imaging time points 

among all groups.  

 
Figure 30. CARS Images of Control group Lipid Droplets 

 

DAY 0 

DAY 1 

DAY 3 

Control 1 Control 3 Control 2 DAY 2 

100 Microns 
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Figure 31 represents the plots of one stack from all the samples at each time point 

where the count of LDs, surface area, and the volume of each droplet represented. Multiple 

plots were generated, and a sample of each is presented in the document. Quantitative 

analysis of the plots shows that on day 0, the collected data from control 2 and 3 shows 

almost the same number of droplets (counts) whereas control 1 showing smaller area and 

volume. This might be due to the random choices in the region of interest (ROI) being at 

the edge of the sample. The range for surface area and volume is almost the same for all 

three controls. For day 1, the control 2 and 3 showed less number of droplets whereas 

control 1 (Control 0) was showing that the number of droplets has increased by a small 

number. The surface area and the volume showed a small reduction for all three 

controls.  On day 3, we experienced a significant change on the count, surface and the 

volume, compared to day 0 and day 1. All three variables showed an increase which in our 

interpretation is happening because the droplets have grown, and the image processing 

procedure is detecting the droplets that were not detectable on day 0 and 1. This may also 

be due to 3D object counter processing counting the wrong objects as a droplet. 
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Figure 31. Qualitative and Quantitative Analysis of Control Group 

 

 

The second group of samples which contained oleic acids in their media 

(unsaturated group) was investigated next. Figure 32 shows the images of the unsaturated 

group collected at a single z-stack in the depth of 70 microns from the zero point.  

 

Control 1 Control 2 

DAY 0 DAY 1 

DAY 3 
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Figure 32. CARS Images of Lipid Droplets from the Unsaturated Group 

 

The samples were experiencing degradation before being exposed to the laser 

beams and thus, making it difficult to find a suitable ROI for z-stacking. For this reason, z-

stacking was only performed at two ROIs. One problem we faced at this step was the gels 

being cultured on the corner of the petri dish thus making it difficult for the objective to be 

fixed at its focal point with the sample as it was hitting the corner of the dish. Thus, we had 

to remove the sample from the corner of the petri dish and move more towards the center. 

DAY 0 

DAY 1 

DAY 3 

100 Microns 
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This procedure caused the gels to shrink after 15 minutes of being outside of the incubation 

chamber for imaging (Figure 33).  

 

 

Figure 33. Sample Degradation Over Time 

Before the experiment 

After the experiment 
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Figure 34. Qualitative and Quantitative Analysis of the Unsaturated Group 

 

The same problem was experienced with the palmitic acid group. The plots in 

Figure 34 show that the number of the droplets, the area of the surface and the volume is 

similar for day 0 and day 1 whereas in day 4 one stack show a higher number of droplets 

with almost the same surface area and volume while the other counts much fewer lipid 

DAY 0 DAY 1 

DAY 3 
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droplets. The area and the volume of the droplets are shown to be grown at day 3 which is 

what we were expecting to see due to the nature of them. 

As previously mentioned we were also experiencing the problems mentioned above with 

the palmitic acid groups. These problems resulted in not being able to image the lipid 

droplets of the palmitic acid group for day 0. Figure 35 shows the images of the saturated 

group collected at a single z-stack in the depth of 70 microns from the zero point. The 

analysis of the plots shown in the figure indicates a slight increase in the number of droplets 

from day 1 to day 3. The surface area and the volume are also increasing similar to the 

oleic acid group. 

 

Figure 35. CARS Images of Lipid Droplets from the Saturated Group 
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Control 1 Control 2 Control 3 
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Figure 36. Qualitative and Quantitative Analysis of the Saturated Group 

 

4.4. Discussion  

We have shown for the first time the feasibility of CARS imaging in detecting the 

lipid droplets inside the engineered adipose tissue. Although we were able to show the 

differentiation of LDs in various samples with different fatty acids, further studies are still 

needed to have an accurate quantitative and qualitative analysis of the changes happening 

to the LDs in time. Lipid droplets are small, but their behavior is such that they form 

aggregates and subsequently behave as one large unilocular unit and we were expecting to 

see such a process. The outcome of our experiment is evidence for a demonstration of 

differentiation happening inside the tissue. A proof of this is shown in Figure. This Figure 

shows the change in the color of the media after a few days. We thought this should be due 

to the interaction of oleic acid and palmitic acids with the cells one side, but it was also 

possible that adding NaOH and BSA with FFAs to the media might cause the change of 

the colors since the PH will vary. So, to find out what is causing the color changing, we 

DAY 1 DAY 3 
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inserted NaOH and BSA without FFAs to the control media and monitored it for a couple 

of days. After two days as shown in Figure 37, no changes were visualized in the media. 

Thus, we concluded that the media’s color changing in the unsaturated and saturated groups 

was due to the excess amount of PA and OA inserted to the media and interactions 

happening between them and the sample, not the NaOH and BSA.  

 

 

Figure 37. Colors of the Media from Each Sample 

 

 

The results also illustrate an increase in the number of the counted LDs for all of 

the three group samples whereas as the surface area and the volume experienced both 

increase and reduction. Imaging needs to be performed in longer time points since the result 

Control Palmitic acid Oleic acid 

Media 
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does not show that monitoring the LDs differentiation for accurate recognition of 

differentiation in such short duration is possible. Thus imaging needs to be performed in 

longer time points. This is because LDs are very small on day 0 and they do not express a 

substantial, noticeable growth for the first few days. This is shown in Figure where you 

can visualize the power of CARS microscopy of detecting individual lipid droplets inside 

adipocytes after 10 days of differentiation. Closer inspection of 3D segmentation is also 

necessary for data analysis method in further studies with a higher spatial resolution to 

have an accurate analysis for monitoring the changes in the number of LDs, meaning to 

have an increase in sampling rate as well decreasing the step size.  

 

 

Figure 38. CARS Imaging of Mature Lipid Droplets. A) CARS with two-photon B) Two-

photon C) CARS 

 

 

 

A B C 

100 Microns 



60 

Further, accurate background subtraction is necessary for identifying individual 

LDs. We previously illustrated the amount of background caused by the tunable laser beam 

when finding the CARS signal with olive oil. Therefore, this also should be taken into 

account while imaging the LDs inside engineered adipose tissue if we want to be sure that 

what we are detecting is fore sure LDs, not any other possible scattering happening within 

the sample. Thus, to have a valid analysis towards collected information, it is imperative 

to subtract the background as accurate as possible. To better understand the effect of this 

background we have taken a reference image of the sample with only the tunable laser 

beam and subtracted it from the CARS image. The effect of accurate background 

subtraction in the determination of individual LDs is shown in Figure 39. 
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Figure 39. Identifying Lipid Droplets after Accurate Background Subtraction. A) 

Background image B) CARS with background C) CARS image of LDs after background 

Subtraction 

 

 

A 
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4.5. Limitations 

A significant limitation for the proposed experiment is the need for longitudinal 

imaging of the same sample at a more extended time point. To overcome this limitation, 

we need to invert the constructed microscope, and we will also need to have a cell 

incubation chamber for keeping the cells alive during the experiment. Another limitation 

of the current study associated with the cultures of the tissue. As previously mentioned the 

samples experienced shrinking over time, so we need to refine the tissue culturing protocol 

and stabilize them during the differentiation. We were also limited in the detection part. 

Spectroscopy with high spectral resolution (5-10 cm-1)is required for detecting the precise 

changes happening inside the lipid droplets regarding being fed with saturated or 

unsaturated fatty acids. It is also worth mentioning that images of this experiment were 

limited in the high wavenumber region of the Raman profile, thus to be able to detect the 

unique vibrational modes for each particular fatty acid, we need access to the fingerprint 

region of Raman profile which will be possible towards spectroscopy with broadband 

CARS.  

4.7. Conclusions and Significance 

We have shown the feasibility of CARS microscopy for imaging lipid droplets In 

3D engineered adipose tissue as well as developing an imaging protocol enabling for 

quantitative analysis of the number, surface area and the volume of the lipid droplets  
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CHAPTER 5 

CONCLUSION AND RECOMMENDATION FOR FUTURE WORK 

5.1. Conclusions 

This thesis was proposed to address two aims: 

Aim 1: Build a microscopic platform for femtosecond CARS  

Aim 2: Investigate engineered adipose tissue using femtosecond CARS 

A significant requirement for studying the differentiation of LDs inside 3D engineered 

adipose tissue is to have a microscopic optical platform to perform imaging. We have 

constructed a unique platform including an optical pathway and a microscope that not only 

is capable of having features for performing fs-CARS but is also capable of being 

customized in feature for other applications such as pulse stretching and compression. We 

have also constructed a microscope which allows studying the cellular morphology of the 

sample towards the brightfield module, along with having a scanning head for CARS and 

two-photon imaging. Bergamo series II microscope allows for easy access to the detection 

dichroic mirrors and filters for any necessary changes. It is also capable of being engineered 

and being inverted with few changes in its components, thus allowing longitudinal 

imaging. We have also built a FROG apparatus which reveals critical information about 

the spectral resolution for CARS. FROG is a major setup required for our feature works 

such as performing Broadband CARS.  

Feasibility of fs-CARS was demonstrated by first imaging lipid droplets of olive oil. This 

was shown further by performing microscopy on the engineered adipose tissue. During our 

experiment, we were able to identify issues to refine to study engineered adipose tissue. 
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Lastly, we were able to define a refined protocol for CARS microscopy of engineered 

adipose tissue which was the most outcome of the thesis. 

 

5.2. Recommendations for Future Work 

 The desired application for performing CARS on engineered adipose tissue has a higher 

spectral resolution to be able to detect single molecular Raman peaks of each fatty acid, 

and this will be possible towards stretching the pump laser source. Our lab is currently in 

the process of stretching the tunable laser beam. Another application is pulse compression 

necessary for Broadband CARS which enables us to have access to the Raman fingerprint 

region. Broadband CARS will also allow the detection of different Raman peaks from 

different components in the sample at the same time. Thus it would be an interesting study 

to perform Broadband CARS on the engineered adipose tissue. Broadband CARS is 

explained with more details in section 1.6. of the background.  
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