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Abstract: Lipid droplets have gained strong interest in recent years to comprehend how they
function and coordinate with other parts of the cell. However, it remains challenging to study
the regulation of lipid droplets in live preadipocytes using conventional microscopic
techniques. In this paper, we study the effects of fatty acid stimulation and cell starvation on
lipid droplets using optical diffraction tomography and Raman spectroscopy by measuring
size, refractive index, volume, dry mass and degree of unsaturation. The increase of fatty
acids causes an increase in the number and dry mass of lipid droplets. During starvation, the
number of lipid droplets increases drastically, which are released to mitochondria to release
energy. Studying lipid droplets under different chemical stimulations could help us
understand the regulation of lipid droplets for metabolic disorders, such as obesity and
diabetes.

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Lipid is an essential source of energy for human body, which is mainly stored in the form of
lipid droplets (also known as lipid bodies or adiposomes) [1]. Lipid droplets are formed
within the bilayer membrane of endoplasmic reticulum with external free fatty acids (non-
esterified fatty acids) [2]. They are highly dynamic organelles that play a crucial role in
energy storage [3—6] that also involved in many cellular functions, including lipid storage and
metabolism. They also act as a source of membrane lipid for membrane maintenance and
formation. Dysregulation of lipid droplets will cause metabolic disorders, leading to diseases
such as obesity, fatty liver or diabetes [7]. Therefore, the regulation of lipid in adipocyte is
one of the emerging research targets to tackle obesity and diabetes.

Lipid droplets consist of a hydrophobic core of neutral lipids, such as triacylglycerols,
diacylglycerols or sterol esters, whereby fatty acids in lipid droplets exist in the form of
triglyceride or diglyceride [8], and the rest have other functions such as the source of
membrane lipid or hormone generation [9]. Fatty acids can be categorized into saturated,
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monounsaturated and polyunsaturated fatty acids. Different fatty acids in a daily meal could
affect the total body fat, i.c., the regulation of lipid droplets in cells, which is critical to
maintain cellular functions and metabolic order. For example, docosahexaenoic acid (DHA),
which is a polyunsaturated fatty acid, with a 22-carbon chain and 6 cis double bonds (C22:6)
was found to inhibit the differentiation of various preadipocytes [10]. Therefore, it is critical
to study the effect of fatty acid stimulation on the composition and concentration of lipid
droplets in the cell.

Unfortunately, it is challenging to measure the differences in single lipid droplets from
live cells in multi-parameter studies by microscopic approaches or biochemical analytical
techniques. Fluorescence and phase contrast microscopies can identify lipid droplets but
cannot provide quantitative information with sufficient details to study the changes of lipid
droplet due to micro-environmental stimulations. Downstream biochemical analytical
techniques such as Western blot require the collection of lipid droplets that make live cell
monitoring impossible. As a result, a novel approach with multiple quantitative parameters is
demanded to study the regulation of lipid droplets in live preadipocytes under different
microenvironmental stimulations.

In this paper, we report the practical application of optical diffraction tomography and
Raman spectroscopy to study the regulation of lipid droplets in live mouse embryonic 3T3-L1
preadipocytes under the stimulation of different fatty acids and the depletion of serum
(starvation). Multiple parameters of the lipid droplets are studied using optical diffraction
tomography (ODT), including size, refractive index (RI), volume and dry mass [11-14].
Since it is well known that fatty acids with long carbon chain and a high ratio of double bonds
have a higher RI, we hypothesize that RI could be a potential parameter to analyze lipid
droplets. Due to the distinctively higher RI of lipid droplets, three-dimensional (3D) RI
imaging using ODT can provide quantitative information of lipid droplets in live cells without
staining [15,16]. In addition, we can study the content of each lipid droplets with the
measured dry mass. To further analyze the composition of fatty acids in single lipid droplets,
Raman spectroscopy is used. The rich supply of C-H and C = C chemical bond in
triglycerides and sterol esters, which are the primary components in lipid droplets, leads to the
strong Raman signals at specific vibrational signature of molecules. The degree of
unsaturation of fatty acids in lipid droplets can be determined by the ratio (/; g60//; 450) Of the
intensity of the 1,660 cm™ band (C = C) to the 1,450 cm™' band (-CH,) [17-20]. The study of
lipid droplets in single live cells under different fatty acid stimulations will pave a new
understanding in the regulation of lipid droplets for metabolic disorders such as obesity and
diabetes, which are the primary lifestyle diseases, especially in developed countries.

2. Experimental section
2.1. Optical diffraction tomography

The optical setup is presented in Fig. 1, which is based on Mach-Zehnder interferometry
whereby a laser beam (1 = 488 nm, 100 mW, Sapphire SF 488, USA) is split by a beam
splitter. One arm of the light beam passes through the sample, and the other arm of it passes
through the reference path. Both beams combine through another beam splitter to form a two-
beam interferogram. The hologram is captured by CMOS camera (100 Hz at 1,024 x 1,024
pixels, pco.edge 5.5, PCO Inc, German). The complex optical fields of the sample, containing
both amplitude and phase information, are recorded at various illumination angles. A high
NA objective lens (oil immersion, 60 % , NA 1.4, Nikon) and a high NA condenser (NA 1.4,
UPLSAPO, Olympus) are used to maximize the range of illumination angles. Moreover, the
maximum illumination angle generated by two galvanometer scanners (dynAXIS;
SCANLAB Inc., German) is limited to around 65° in PBS solution at 488 nm.
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Fig. 1. Schematic illustration of optical diffraction microscope for 3D RI measurement. Pol:
polarizer; QWP: quarter wave plate; HWP: Half-wave plate; OL1, OL2: objective lens; Pin:
pinhole; BS: Beam splitter; PBS: polarizer beam splitter; M: mirror; L1-L9: lens; SM-X, SM-
Y: Scanning mirror. Inset on the right shows the measured RI map of a single (Madin-Darby
Canine Kidney) MDCK cell.
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Fig. 2. Digital holograms contained interference fringe with fixed spatial frequency at various
illuminated angles. (a) Angle between two light beams entering into camera remained similar
when illuminated angle is changed. The spatial frequency of interference fringe remains the
same. (b) hologram and phase image of a single cell. Scale bar: 10 um. Color bar: phase delay
at 488 nm.

A combination of optical diffraction tomography and projection on convex sets with total
variation minimization algorithm (ODT-POCS&TV) has been implemented for the system
[21]. The reconstruction principle and process can be referred from the published paper [22].
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Briefly, a complex optical field of the sample illuminated at a particular angle is mapped on
the surface of Ewald sphere in 3D Fourier space from phase imaging based on Fourier
diffraction theorem. Inverse Fourier transform of the 3D Fourier space containing all
information from the sample scatter field at various illumination angles is calculated to obtain
the 3D RI distribution. The missing area of the sample out of illumination angles due to the
limited numerical aperture of the objective lens is filled by the iterative non-negativity
algorithm. The RI and size of the samples are retrieved from the 3D RI distribution. To
decrease the number of captured frames and minimize the vibration effect on phase-shifting
algorithm, the system is redesigned by scanning the sample beam and reference beam
simultaneously to generate a high-frequency interferogram with the fixed fringe pattern at any
scanning angle as shown in Fig. 2 to fit the algorithm of Hilbert transform microscope [23].
The sample is illuminated at 500 different angles in 2D to generate 500 frames recorded by a
camera in 10 seconds.
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Fig. 3. Illustration of the estimation process of analyzing lipid droplets in cells from RI
tomogram. Due to the worse resolution along optical axis away from focal plane, the center of
the lipid droplet is more accurate than the other planes. Hence, the lipid droplet is
reconstructed from its central plane to avoid the imaging artefact.

Since the refractive index of lipid droplets is significantly different from that of
cytoplasm, we choose the threshold of » > 1.341 (PBS) and n > 1.380 to distinguish
cytoplasm and lipid droplets, respectively. Then, segmentation method is implemented using
MATLAB software to isolate and calculate the number of lipid droplets, following with
analysis on each lipid droplet. Volume and dry mass of lipid droplets can be retrieved from
the 3D RI distribution of 3T3-L1 cells [16]. The area of lipid droplets is determined by
integrating all the voxels in the selected region with the RI greater than 1.380. However, the
resolution of the system decreases along the optical axis, and spherical lipid droplets will
become oval in shape. The artefact of RI and volume out of the central focal plane could
induce errors in the value estimation. Hence, we retrieve the central plane of lipid droplets
and make an estimated sphere based on the information from the selected area as illustrated in
Fig. 3. In order to use such estimation, lipid droplets are assumed to be spherical and their
central plane is approximately the same as the focal plane of the microscope objective. Since
cells are well attached on the surface of the glass coverslip, the spatial distribution of lipid
droplets in cells is limited in a small range at the focal plane.

The RI value of lipid droplet is linearly proportional to the lipid concentration in it, i.e.,
n(x, y, z) = n, + aC(x, y, z), where n,, is the RI of external medium, C represents the
concentration and « is a constant. Hence, the dry mass of each lipid droplet can be determined
from concentration, i.e. m = [[[ (n(x, y, z) — n,,)/a where a = 0.135 mL/g for lipid [12,21].
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2.2. Raman spectroscopy and confocal microscopy

Raman spectra of lipid droplets in cells are measured using a 100 x oil immersion objective
(Nikon) in a Raman microscope (uRaman-532TEC, Technospex) with 532 nm laser light
source. Each lipid droplet takes around 4 to 8 seconds to obtain a stable and strong Raman
signal. For confocal imaging, the 3T3-L1 cells are stained with BODIPY 493/503 and
Rhodamine 6G (R6G) for 10 min in a serum-free medium and followed by three washes with
PBS. 488-nm and 563-nm laser lines are used to excite BODIPY and Rhodamine 6G (R6G),
respectively. Cells are examined using a 100 x oil immersion objective (Leica) in a scanning
confocal microscope (TCS SP8, Leica) with a pinhole of 0.31 AU.

2.3. Characterization of ODT and Raman spectroscopy
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Fig. 4. Characterization of ODT system with (a) 5-um polystyrene bead in immersion oil
(sample size of 20 beads), (b) measured diameter and RI of different oil droplets in PBS using
ODT and (c) comparison between measured and standard RI of different oil droplets.

The ODT system is firstly calibrated for its imaging magnification and resolution. The edge
definition and RI precision are measured by using standard 5-um polystyrene beads
(Polysciences, n = 1.6054 at 2 = 488 nm) suspending in RI liquids (Cargille, n = 1.425, 1.517,
1.551 and 1.560 at 1 = 486 nm) as shown in Fig. 4(a). Edge response approach is used to
calculate the spatial resolution, i.e. the distance at the edge of the bead whereby RI changes
from 10% to 90% of total RI difference (#peaq — iiquia). The measured RI has a standard
deviation + 0.15%, and the spatial resolution calculated from edge response is estimated to be
approximately 210 nm and 350 nm in lateral (x-y) and axial (z) directions. Subsequently,
since the RI difference between lipid droplets and cytoplasm is much larger compared to the
one between the polystyrene bead and RI liquids, the RI of pure oil droplets (hair oil, n =
1.405; RI liquids, n = 1.420 and 1.452; peanut oil, n = 1.478; olive oil, n = 1.481; grapeseed
oil, n = 1.486) suspended in PBS solution (n = 1.341) are measured to mimic lipid droplets in
live cells as shown in Fig. 4(b). The pure oil droplets with different sizes are generated by
ultrasonication, whereby pure oil is first mixed in PBS solution and then sonicated for 3
minutes in ultrasonic bath (D200H, MRC). The RI of the oils and PBS solution are measured
using a standard Abbe refractometer (Abbemat 200, Anton Paar) as references. The measured
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RI of various oil droplets match well with the standard RI measured by the Abbe
refractometer as shown in Fig. 4(c). It is noted that oil droplets with higher RI difference as
compared to the RI of PBS (e.g. peanut oil and olive oil) and large droplet size tend to be less
accurate with larger variation ( £ 0.5%). This might be due to the phase error caused by large
phase jump of more than 2x in the wrapped phase map [13]. However, since the size of most
lipid droplets measured in the experiments is less than 3 um in diameter as illustrated in Fig.
5, the ODT is sufficient for the study of lipid droplets in live preadipocytes under various
biochemical stimulations.
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Fig. 5. (a) Size distribution of lipid droplets of cells fed with fish oil. (b) Percentage of lipid
droplets with diameter larger than 3 um under various culture conditions (sample size: 20
cells). C: control; OA: oleic acid; SA: stearic acid; FO: fish oil; + : with serum; -: without
serum (cell starvation).
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Analysis of the level of unsaturation of fish oil droplets.
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To correlate measured RI of lipid droplets and its composition, Raman spectrum of lipid
droplets is measured and the intensity ratio /; g60//) 450 1S determined. The Raman spectroscopy
is first calibrated by measuring oil droplets with pure known fatty acids (docosahexaenoic
acid C22:6, eicosapentaenoic acid C20:5, palmitoleic acid C16:1, linoleic acid C18:2, oleic
acid C18:1, erucic acid C22:1, hexanoic acid C6:0 and stearic acid C18:0) in PBS solution.
Based on the Raman spectra in Fig. 6, unsaturated fatty acid has higher intensity at 1,660
cm™! band, and the results show that the ratio of C = C double bond to -CH, bond in the
compound is linearly correlated to the intensity ratio [y ¢60//1.450. Although smaller oil droplets
generate weaker intensity, the intensity ratio is not distinctly affected.

2.4. Culture of 3T3-L1 preadipocytes and fatty acid stimulation

Mouse embryonic 3T3-L1 preadipocytes (CL-173, ATCC) are cultured in the growth medium
(GM) that consists of high-glucose Dulbecco’s modified Eagle medium (GIBCO) with 10%
fetal bovine serum (Invitrogen). Subculture is implemented in 2 to 3 days when confluency
reaches ~80%. To investigate cell viability, cells are cultured in petri-dish and stained with
SYBR-Green (Invitrogen) and propidium iodide (PI; P3566; ThermoFisher Scientific).
Stained 3T3-L1 cells are imaged with an inverted fluorescence microscope (Eclipse Ti-U;
Nikon), and the number of cells is calculated from the image to determine the viability by
comparing the number of cells at different time points.

Free fatty acids used in the experiments include fish oil (891611, GNC) that contains 60%
docosahexaenoic acid (DHA) and 40% eicosapentaenoic acid (EPA), stearic acid (S4751;
SIGMA), oleic acid (75096; SIGMA), hexanoic acid (153745; SIGMA), erucic acid (45629;
SIGMA), olive oil, peanut oil, hair oil and grape seed oil from a local food company. Oleic
acid, stearic acid and fish oil are added to the growth medium to stimulate the generation of
lipid droplets in cells. Before adding these fatty acids into the growth medium, the free fatty
acids (FFAs) are mixed with bovine serum albumin (BSA; A2153; SIGMA) to form BSA-
FFA complexes. Briefly, FFA is added into 0.01 M NaOH solution for saponification at 70°C
for 30 minutes. Then, the fatty acid salt is retrieved and added to PBS solution with 5% BSA.
Finally, the BSA-FFA complex is added to GM (DMEM, 10% Fetal bovine serum, 1%
penicillin and streptomycin) and starvation medium (SM; DMEM, 1% penicillin and
streptomycin), and then filtered through a 0.2-pm syringe filter, forming the stock solution.
3T3-L1 cells are first cultured in GM on the coverslips overnight for attachment before
various treatments. When most of the cells are fully attached to the surface of coverslips, the
medium is rinsed and changed to fresh GM/SM. After treatment with different fatty acids in
these media for 24 hours, cells are washed and dipped into PBS for observation.

3. Results and discussion
3.1. Effect of fatty acid stimulation on lipid droplets

Lipid droplets in a live cell can be identified by staining with BODIPY 493/503. Since the
ODT is integrated with fluorescence imaging functionality, the RI and fluorescence emission
of BODIPY dye in a single live cell can be obtained simultaneously as shown in Fig. 7(a).
The results show that intracellular organelles with high RI are also emitting fluorescence
signal. As a result, lipid droplets have higher RI than other intracellular organelles in
preadipocyte cells, which make it easier to identify lipid droplets in the RI tomogram and
simplify the study of lipid droplets based on RI under different biochemical stimulations. In
addition, it is noted that the fluorescence intensity is moderately weak in correlation with RI
value (R* = 0.243), indicating that it is relatively hard to study lipid droplets quantitatively
purely based on fluorescence imaging.
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Fig. 7. RI measurement of lipid droplets. (a) RI tomogram and fluorescence image of lipid
droplets stained with BODIPY. Scale bar: 10 pm. (b) RI with respect to fluorescence intensity
of lipid droplets. A bin of 200 FLU value is used.

To investigate the effect on lipid droplet regulation in 3T3-L1 cells under fatty acid
stimulation, four different culture conditions are performed, i.e. (1) without any fatty acids
(control), (2) with 0.75 mM of monounsaturated oleic acid, (3) with 0.75 mM of saturated
stearic acid, and (4) with 0.75 mM of polyunsaturated fish oil that consists of DHA and
eicosapentaenoic acid (EPA). A sample size of 20 cells are investigated for each condition.
The RI tomogram of 3T3-L1 cells under these four culture conditions are shown in Fig. 8(a),
and the statistical data of the number, size, RI, degree of unsaturation (/; ¢60//1450) and dry
mass are illustrated in Figs. 8(b)-8(¢), respectively.

First, the regulation of lipid droplet generation in 3T3-L1 cells with oleic acid stimulation
is studied. Oleic acid is commonly used in lipid droplet studies since it is one of the most
abundant fatty acids found in cells [24]. Additional oleic acid will facilitate cells to form more
and larger lipid droplets because cells will store the uptake free fatty acids in lipid droplets as
the form of triacylglycerol to avoid the lipotoxicity [25,26]. Based on the experimental results
in Fig. 8(b), the number and average size of lipid droplets increase with the addition of oleic
acid from 24 + 15to 41 £ 15 and 0.8 £ 0.3 pm to 1.2 + 0.5 pm, respectively. In term of RI as
shown in Fig. 8(c), the difference in average RI of lipid droplets with the stimulation of oleic
acid (n = 1.449 + 0.020) is lower to the one without fatty acid (n = 1.450 + 0.022). Similar
results are observed based on Raman spectroscopy in Fig. 8(d), in which the difference in
intensity ratio /) ¢60//1 450 for lipid droplets with the stimulation of oleic acid (0.80 + 0.04) is
lower to the one without (0.88 + 0.08) fatty acid. It is known that wild cells without the
stimulation of fatty acids would covert glucose into fatty acids and store them in lipid droplets
that consist of palmitic acid (C16:0), oleic acid (C18:1) and linoleic acid (C18:2) [24]. Their
average refractive index is slightly higher than pure oleic acid. As the oleic acid increase in
lipid droplets under stimulation, there is a decrease in RI, which matches with those presented
using other techniques [27]. Although the RI of lipid droplets decreases, the average dry mass
of lipid droplet under oleic acid stimulation increases as illustrated in Fig. 8(e), showing that
the lipid droplets have higher intake of oleic acid.



Research Article

Vol. 27, No.

16 | 5 Aug 2019 | OPTICS EXPRESS 23002 |

Optics EXPRESS

control

HO-1um
30 H1-15um o
7 15-2um|41 42
9 B>2pum
?20 Total =24
o
o
g10
=
0 | i
C 0OA SA FO
(b)
1.6
14
2 1.2
:l“_
I |
fo M 1
0.6 L
0.4 —
& 0A SA FO
(d)

154

1.50

Refractive index
(=Y
i=Y
()]

138

Dry mass (pg)
= ] = N w =9 (9] [¢)]

OA SA FO
©)

OA  SA FO
(e)

Fig. 8. Analysis of lipid droplets in cells with free fatty acid stimulation in full growth
medium. (a) RI tomogram of 3T3-L1 cells under different fatty acid simulation conditions.
Scale bar: 10 pm. Color bar: RI at 488 nm. OA: Oleic acid; SA: Stearic acid; FO: Fish oil. (b)
Number, (c¢) RI distribution, (d) degree of unsaturation and (e) dry mass of lipid droplets under
different fatty acid simulation conditions.

Next, the regulation of lipid droplet generation in 3T3-L1 cells with stearic acid and fish
oil stimulation is studied. In general, the size and number of lipid droplets have statistically
significant increase with the addition of fatty acids as illustrated in Fig. 8(b). In term of RI as
shown in Fig. 8(c), lipid droplets in cells stimulated with stearic acid have the lowest mean
value (n = 1.445 £ 0.019) while those with fish oil has the highest mean value (n = 1.461 +
0.023). However, it is noted that the average RI of lipid droplets in cells stimulated with
stearic acid is lower than those with oleic acid (n = 1.449 4+ 0.020) but much higher than the
RI of pure stearic acid (n = 1.429). On the contrary, the average RI of lipid droplets in cells
stimulated with fish oil is higher than those with oleic acid but lower than the RI of pure fish
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oil (n = 1.491). A similar trend is observed in Raman spectroscopy as shown in Fig. 8(d),
whereby the intensity ratio /) ¢¢0//1 450 for lipid droplets with the stimulation of stearic acid,
oleic acid, and fish oil are 0.57 + 0.04, 0.80 + 0.04, and 1.14 + 0.16, respectively. Both RI and
Raman spectroscopy show that cells store additional fatty acids in lipid droplets, changing the
composition of lipid droplets. Lipid droplets with higher content of unsaturated fatty acid
have higher RI. However, the difference of RI and Raman signal between fish oil-fed cells
and pure fish oil indicate that DHA and EPA are not the dominant type of fatty acid in lipid
droplets. It could be that DHA and EPA are converted to a different form of lipid droplets in
the fish oil-fed cells. The effect of saturated fatty acid on the formation of lipid droplets is less
significant due to the possibility that saturated fatty acid is converted to unsaturated fatty acid
before forming the lipid droplets [1]. Similarly, the dry mass of lipid droplets increases
significantly in stearic acid and fish oil stimulation (Fig. 8(e)). These results reveal that the
treatment of fatty acids increases the number and dry mass of lipid droplets. However, the
change in composition depends on the type of fatty acid to be added to the cells, which is
proven by the difference in RI and degree of unsaturation.
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Fig. 9. (a) Detachment and (b) viability of 3T3-cells when treated with different fatty acids.
OA: Oleic acid; SA: Stearic acid; FO: Fish oil.

It is noted that excess fatty acid is harmful to cells, especially saturated and
polyunsaturated fatty acids that will cause lipotoxicity and induce cell apoptosis as illustrated
in Fig. 9 [10,28]. The viability of cells is determined by using propidium iodide (red
fluorescence dye) and SYBR-Green (green fluorescence dye) to label dead cells and live
cells, respectively. From the results, it is observed that cell viability reduces with the
stimulation of stearic acid and fish oil, which is more significant in a higher concentration of
fatty acids. On the other hand, oleic acid has relatively less effect on cell viability.

3.2. Effect of cell starvation

Starved cells release lipid droplets to mitochondria for energy generation, which causes the
decrease in size and number of lipid droplets in cells, but serum deprivation also induces
autophagy-driven growth of lipid droplets [29]. For survival, cells will regulate lipid droplets
during nutrient stress conditions. To monitor the regulation of lipid droplets in the cell during
starvation, 3T3-L1 cells are sub-cultured with different free fatty acids. First, the effect of free
fatty acid (a mixture of stearic acid, oleic acid, and fish oil at a ratio of 1: 1: 1) stimulation on
the regulation of lipid droplets in 3T3-L1 cells are investigated by monitoring the size, RI, dry
mass and number of lipid droplets after culturing the cells with the free fatty acids for 24
hours (0 hr of starvation is defined as the initial time point). After the treatment, cells are
washed with PBS and cultured in serum-free medium without fatty acid to observe the effect
of starvation on lipid droplet, and the parameters of lipid droplets are measured at different
time points during starvation. Figure 10(a) illustrates the size and RI distribution of lipid
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droplets at different time points. With the 24-hour stimulation of free fatty acid, the number
of lipid droplets increases significantly from 31 + 18 to 182 + 67 compared to those without
treatment of free fatty acid as shown in Fig. 10(b). The number and average dry mass of lipid
droplets are decreasing and depleted after 78 hours of cells cultured without the stimulation of
free fatty acid as illustrated in Figs. 10(b) and 10(c). Similar trends are observed in the case
with fatty acid stimulation, i.e. decreasing number and dry mass of lipid droplets with respect
to time. It is possible that, during starvation, lipid droplets are released to mitochondria for
free fatty acid uptake to generate energy [22]. Remaining lipid droplets after 78 hours
starvation are smaller in size and lower in RI as shown in Fig. 10(a).
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Fig. 10. Time-lapse analysis of lipid droplets in cells during starvation after free fatty acid
stimulation in full growth medium. Statistical analysis of (a) size of lipid droplets and RI
distribution, (b) number and (c) dry mass of lipid droplets. FFA: mixture of stearic acid, oleic
acid, and fish oil.

Next, the controlled uptake of different kinds of fatty acids and the regulation of lipid
droplets by the cells are investigated by culturing 3T3-L1 cells in serum-free medium
supplemented with the BSA-fatty acid complex. Figure 11(a) shows the RI tomograms of
3T3-L1 cells under different conditions: normal culture medium (C+), serum-free medium
(C-), serum-free medium with the addition of oleic acid (OA-), stearic acid (SA-) and fish oil
(FO-), respectively. Figure 11(b) presents the average number of lipid droplets in starved cells
under different fatty acid stimulations. It shows that oleic acid induces the generation of lipid
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droplets significantly (68 + 35) but not in the case of stearic acid (32 + 20) and fish oil (24 +
21). Based on Fig. 11(c), the average RI of lipid droplets in starved cells cultured with the
three different fatty acids (n = 1.429 + 0.018 in oleic acid, 1.432 £ 0.019 in stearic acid, 1.438
+ 0.020 in fish oil) is lower than those in cells cultured in growth medium (n = 1.448 + 0.020
in oleic acid, 1.445 + 0.019 in stearic acid, 1.461 + 0.023 in fish oil). By comparing the
intensity ratio /; 660//1 450 in Fig. 11(d), the degree of unsaturation in lipid droplets for starved
cells cultured with oleic acid (0.72 + 0.04) and stearic acid (0.31 £ 0.08) decreases but it
increases for the case of fish oil (1.58 + 0.29). Under fish oil stimulation, the degree of
unsaturation increases but RI decreases, which indicates that the lipid droplets become less
dense with polyunsaturated fatty acids as the primary component.
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Fig. 11. Analysis of lipid droplets in cells with the treatment of different fatty acid under
starvation. (a) RI tomogram of 3T3-L1 cells under different stimulation conditions. Scale bar:
10 pm. Color bar: RI at 488 nm. Non-FFA: no treatment with fatty acid; OA: Oleic acid; SA:
Stearic acid; FO: Fish oil. (b) Number, (c¢) RI distribution, (d) degree of unsaturation and ()
dry mass of lipid droplets. C+ : normal culture medium; C-: serum-free medium; OA-: oleic
acid in serum-free medium; SA-: stearic acid in serum-free medium; FO-: fish oil in serum-
free medium.
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Fig. 12. Confocal imaging of 3T3-L1 cells and size distribution. (a) Confocal image of the
3T3-L1 cell (Green: BODIPY 493/503; Red: Rhodamine 6G, R6G) without/with serum in
growth culture medium under different stimulation conditions. OA: Oleic acid; SA: Stearic
acid; FO: Fish oil. Scale bar: 20 um. Statistical analysis of number and size of lipid droplets
using (b) confocal microscope and (c) ODT microscope. The number of lipid droplets is
normalized with the maximum total number, i.e. 324 and 68 for (b) and (c), respectively.
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By analyzing the total dry mass of lipid droplets in Fig. 11(e), starved cells treated with
oleic acid not only generate more lipid droplets (all size range) but also lead to a higher total
dry mass in the lipid droplets. The dry mass of lipid droplets decreases in starved cells fed
with stearic acid while the number of droplets increased. However, fish oil does not
significantly stimulate the generation of tiny lipid droplets nor does it increase the total dry
mass. Due to the lower RI and a higher degree of unsaturation, this result suggests that the
lipid droplets in starved cells become less dense under fish oil stimulation. However, it
remains unknown why the lipid droplets become less dense with a high degree of
unsaturation. One possible reason might be long chain unsaturated or monounsaturated fatty
acids are consumed first as energy fuel of mitochondria while polyunsaturated fatty acids
remain. These results indicate that monounsaturated fatty acids are crucial sources of lipid
droplet formation in starved cells comparing to saturated and polyunsaturated fatty acids, and
polyunsaturated fatty acids are not the major source of energy use in starved cells.

To evaluate the number of lipid droplets more precisely, line-scanning confocal
microscope is used to image lipid droplets and cytoplasm in cells by staining with BODIPY
and RO6G, respectively. Figure 12(a) illustrates the confocal images of 3T3-L1 cells under
different stimulation conditions. The average number and size of lipid droplets measured by
confocal microscope and ODT are presented in Figs. 12(b) and 12(c). The number of lipid
droplets increases with oleic acid addition but decreases with stearic acid. For fish oil
stimulation, the number of tiny lipid droplets (<1 pm) increases but large lipid droplets (> =1
pm) decreases. It indicates that, unlike oleic acid stimulation, cells can generate tiny lipid
droplet but cannot produce larger droplets under fish oil stimulation. The difference in
number observed between ODT and confocal microscope could be due to the diffraction-limit
resolution. Tiny lipid droplets beneath the resolution limit are difficult to be observed by
ODT. However, the decreases in the number of larger lipid droplets in stearic acid and fish
oil, and increases in oleic acid are corresponding to the result of ODT.

4. Conclusion

In conclusion, we demonstrate the application of optical diffraction tomography to investigate
the number, size, RI and dry mass of lipid droplets, and Raman spectroscopy to study the
composition of fatty acid in the lipid droplets. The regulation of lipid droplets in mouse
embryonic 3T3-L1 preadipocytes under the stimulation of different fatty acids and the
depletion of serum (starvation) is studied. The size and number of lipid droplets in cells
increase under fatty acid stimulation. Larger lipid droplets are found in cells fed with
monounsaturated fatty acid (oleic acid) than those with saturated (stearic acid) and
polyunsaturated fatty acid (fish oil). Both RI and Raman spectroscopy show that lipid droplets
with higher content of unsaturated fatty acid have higher RI. For cell under starvation, the
number of lipid droplets increases significantly under fatty acid stimulation. For the case with
fish oil, RI decreases and degree of unsaturation increases, suggesting that the lipid droplets
become less dense. The study of lipid droplets in single live cells under different fatty acid
stimulations will pave a new path to understand the regulation of lipid droplets for metabolic
disorders such as obesity and diabetes.
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