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Abstract. Lipid-correlated disease such as atherosclerosis has been an important medical research topic for
decades. Many new microscopic imaging techniques such as coherent anti-Stokes Raman scattering and third-
harmonic generation (THG) microscopy were verified to have the capability to target lipids in vivo. In the case of
THG microscopy, biological cell membranes and lipid bodies in cells and tissues have been shown as good
sources of contrast with a laser excitation wavelength around 1200 nm. We report the THG excitation spectros-
copy study of two pure free fatty acids including oleic acid and linoleic acid from 1090 to 1330 nm. Different pure
fatty acids presented slightly-different THG χð3Þ spectra. The measured peak values of THG third-order suscep-
tibility χð3Þ in both fatty acids were surprisingly found not to match completely with the resonant absorption wave-
lengths around 1190 to 1210 nm, suggesting possible wavelengths selection for enhanced THG imaging of lipids
while avoiding laser light absorption. Along with the recent advancement in THG imaging, this new window
between 1240 to 1290 nm may offer tremendous new opportunities for sensitive label-free lipid imaging in
biological tissues. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.20.9.095013]

Keywords: third-harmonic generation; free fatty acids; oleic acid; linoleic acid; third-order susceptibility; ultrafast spectroscopy.

Paper 150381R received Jun. 4, 2015; accepted for publication Aug. 25, 2015; published online Sep. 25, 2015.

1 Introduction
Lipids are one of the most significant components in our body,
forming cell membranes, neural myelin sheaths, and stratum
corneum of the skin. However, there are also lipid-related dis-
eases causing great attention in the medical community.
Especially in epidemiology, atherosclerosis is considered the
leading cause for cardiovascular disease (CVD) contributing
to high mortality worldwide. For advanced investigation and
monitoring of CVD, in vivo label-free imaging of lipids has
become one of the primary topics for the development of new
imaging techniques. Recently, third-harmonic generation (THG)
microscopy1–10 and coherent anti-Stokes Raman scattering
(CARS) microscopy11–15 have been shown to be capable of im-
aging lipid content biological structures and have been widely
applied to image cell membranes, hepatocytes, red blood cells,
adipocytes, brain tissues, and even atherosclerotic plaques.15–19

Compared to CARS microscopy that has been a useful tool for
biological imaging and identification of CH2 stretch and C═O

bands near 3000 nm,11–15 THG microscopy is expected to pos-
sess the unique capability to image and identify C─H second
overtones, with which most biological lipid bodies are in abun-
dance. A number of novel and promising physical characteris-
tics have been investigated for lipids and mixed oils.16,20

However, one critical characteristic, which has been the subject
of only a few experimental studies, is the nonlinear optical prop-
erties of pure fatty acids.

Previous THG imaging studies indicated that THG can pro-
vide rich contrast for lipids,2,10 when excited with a laser

wavelength around 1200 nm,2–4 which may be possibly attrib-
uted to the resonant enhancement with the second overtone and
combination absorption bands of lipids. However, a detailed
spectroscopic study on the origin of this THG contrast is miss-
ing. In general, the fundamental wavelength for THG excitation
in previous papers was chosen to be within the range of 1200 to
1300 nm for deep tissue imaging with reduced scattering and to
avoid strong water absorption.21,22 In this paper, we report a
spectroscopy study for the third-order susceptibility χð3Þ of
THG in two different free fatty acids, oleic acid (OA) and lino-
leic acid (LA), between 1090 and 1330 nm. By comparing the
measured THG χð3Þ spectra with their corresponding absorption
spectra, experimental results demonstrate that both types of fatty
acids appear to have relatively higher third-order susceptibility
χð3Þ between 1240 to 1280 nm, differing from the strong absorb-
ance peak around 1210 nm. This paper represents the only study
to examine the third-order nonlinear susceptibility χð3Þ of THG
in pure lipids (free fatty acids), and will provide unique spectral
information of free fatty acids while opening up a new wave-
length window for future THG lipid imaging without resonant
absorption.

2 Methods and Materials

2.1 Sample Preparation

Two types of common yet essential free unsaturated fatty
acids, OA and LA (Sigma-Aldrich), were examined in this
study due to their importance for maintaining our health. An
unsaturated dietary lifestyle, including monounsaturated and

*Address all correspondence to: Chi-Kuang Sun, E-mail: sun@ntu.edu.tw 1083-3668/2015/$25.00 © 2015 SPIE

Journal of Biomedical Optics 095013-1 September 2015 • Vol. 20(9)

Journal of Biomedical Optics 20(9), 095013 (September 2015)

http://dx.doi.org/10.1117/1.JBO.20.9.095013
http://dx.doi.org/10.1117/1.JBO.20.9.095013
http://dx.doi.org/10.1117/1.JBO.20.9.095013
http://dx.doi.org/10.1117/1.JBO.20.9.095013
http://dx.doi.org/10.1117/1.JBO.20.9.095013
http://dx.doi.org/10.1117/1.JBO.20.9.095013
mailto:sun@ntu.edu.tw
mailto:sun@ntu.edu.tw
mailto:sun@ntu.edu.tw


polyunsaturated fatty acids (MUFAs, PUFAs), can help reduce
the risk of heart disease by raising levels of high-density lipo-
protein in the blood, and by supporting the functioning of cells
and normal cellular activity.23 In addition to OA and LA, for
reference we also measured the THG signals of pure water
(Millipore Corp.) and bare fused-silica substrate (UQG
Optics Ltd., Vitreosil® Grade077, thickness 0.17 mm, transpar-
ent window 260 to 2000 nm). All liquid samples were carefully
dripped on clean, polished fused-silica substrates with each
droplet controlled within 10 μl. Moreover, the whole micro-
scope stage was sealed (isolated) in a low-oxygen space to pre-
vent oxidation from air exposure. In addition, we carefully
controlled the amount of each solution so as to maintain an
equivalent thickness (0.12 mm) of all droplet samples as
much as possible.

2.2 Setup and Measurement of Third-Harmonic
Generation Images

Figures 1(a) and 1(b) show the schematic diagram of the optical
setup for THG image acquisition. The frequency dependent
third-order nonlinear susceptibility χð3Þ of THG was then ana-
lyzed from the acquired images. Our laser-scanning THGmicro-
scope was adapted with a commercialized Leica confocal
microscopic system to collect the transmitted THG signals. The
output of an optical parametric oscillator (OPO), which was
pumped by a Ti: Sapphire femtosecond laser (Chameleon-
Compact OPO, Coherent) and provided output wavelength
from 1080 to 1500 nm, was coupled into the scanning system
as the excitation source. We used a 2-mm-working-distance,
high-numerical aperture, infrared objective (Leica/IR 20X/

water/NA0.75) to focus the laser beam on the desired location
of the droplet interface for THG microscopy and spectroscopy
with a focused spot size close to its diffraction limit. The average
laser power after the objective for all output wavelengths was
fixed to be 30 mW. Finally, the forward-propagating THG sig-
nals were collected by a condenser and guided through a color
glass filter (CG-BG 40, Schott, Germany) and a narrow band-
pass filter into a photomultiplier tube (PMT). For comparison of
the wavelength-dependent THG intensities at the sample-air
interface, all the settings and conditions were controlled to be
exactly the same for different excitation wavelengths, including
the PMT voltage, beam size, frame rate, and aperture size. In
order to make fair comparisons between all samples, all inter-
facial THG intensities were measured at the exact same thick-
ness (0.12 mm) according to selection of THG images. The
THG intensity point on the individual x − z profile was averaged
by three acquisitions, then five points along the sample-air inter-
face (along the x-axis direction as defined in Fig. 1) were ran-
domly chosen and averaged to calculate the determined THG
intensity. Note that the two-way wavelength scanning (both
1090 to 1300 nm and 1300 to 1090 nm) was used to confirm
that the sample’s chemical properties remain consistent during
the acquisition of the whole spectrum.

2.3 Calculation for Third-Harmonic Generation χ(3)

In order to retrieve the third-order susceptibility value of THG in
OA and LA, the THG intensity images of a standard, bare fused-
silica substrate were also acquired as our reference for calibra-
tion [as plotted in Fig. 1(c)]. The third-order susceptibility
value of THG in the reference fused-silica substrate

Fig. 1 Schematic diagram showing the optical setup for third-harmonic generation (THG) and intensity
image acquisition: (a) the experimental setup for acquiring the THG signals at oil/air interfaces, (b) the
optical system of the THG microscopy, and (c) enlarged diagram showing the THG signal acquisition
from the two individual interfaces for χð3Þ calibration, which are the lipid/air interface and the fused-silica/
air interface.
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(1.94 × 10−22 m2∕V2 at 1100 nm, 1.85 × 10−22 m2∕V2 at
1200 nm, 1.77 × 10−22 m2∕V2 at 1320 nm) was previously
known.24,25 We seek to derive the third-order susceptibility
ratio of our lipid samples relative to this known fused-silica,
[χð3Þ lipid∕χð3Þ fused-silica], by measuring the ratio of the inter-
facial THG power from the air/lipid interface and air/fused-silica
interfaces, respectively, that is, Ið3ωÞlipid∕air∕Ið3ωÞfused-silica∕air.
Therefore, the third-order susceptibility of lipid can be cali-
brated based on the interfacial THG power ratio of lipid/air
to fused-silica/air. Note that we can ignore the focal spot size
and the fundamental laser pulse width variation of OPO at differ-
ent wavelengths, since we are only considering the THG ratio at
respective wavelengths.

To calculate the χð3Þ of both fatty acids, the model of focused
Gaussian beam was adopted.26 A widely accepted analytical
model was used26–29 to estimate the relative THG χð3Þ value.
Now, we consider a focused Gaussian beam propagating in
the þz direction and tightly focused right at the interface
between air and lipid, the electric field of the fundamental
wave Eω can be expressed as30

EQ-TARGET;temp:intralink-;e001;63;514Eωðx; y; zÞ ¼
Aω�
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where Aω is related to field amplitude, w0 is the beam waist of
the fundamental beam, and the confocal parameter 2b is defined
with b ¼ kw2

0∕2 ¼ πnw2
0∕λ. By following the THG derivation31
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where χð3Þ is the third-order nonlinear susceptibility for THG,
the power of THG (I3ω) can be approximated as

EQ-TARGET;temp:intralink-;e003;63;356I3ωαI3ωjJ3j2; (3)

where the integral J3 is defined as
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in which J3 is the phase matching integral of THG under a
tightly focused condition and Δk ¼ 3kðωÞ − kð3ωÞ is the
phase mismatch. By substituting the respective refractive indices
nωair, n3ωlipid, nωfs, n3ωfs, nωair, n3ωair,

32–34 the peak power of
THG signal generated at the lipid/air interface (I3ω;lipid∕air)
and fused-silica/air interface (I3ω;fs∕air) can be approximated as29

EQ-TARGET;temp:intralink-;e005;63;194I3ω;lipid∕air ∝ I3ωj½Jlipidð−∞; 0Þ þ Jairð0;∞Þ�j2; (5)

EQ-TARGET;temp:intralink-;e006;63;160I3ω;fs∕air ∝ I3ωj½Jfused-silicað−∞; 0Þ þ Jairð0;∞Þ�j2: (6)

Based on the experimented THG power ratio of the acquired air/
lipid interface to air/fused-silica, along with the published sus-
ceptibilities of air and fused-silica, χð3Þ air (ω), χð3Þ fused-silica
(ω) as our references,25 the absolute value of the third-order sus-
ceptibility of lipid χð3Þ lipid (ω) can be then resolved. Moreover,
the χð3Þ water (ω) of pure water in the same setup was measured
and normalized following the same process as well.20

By following our normalization and calibration process to
solve the collected respective interfacial THG signals from
both interfaces, the third-order nonlinear susceptibility χð3Þ
lipid (ω) data sets for OA and LA can be retrieved as plotted
in Figs. 2(a) and 2(b), respectively. To illustrate the confidence
level of the calibrated values, an error bar for each calculated
THG χð3Þ value was calculated by considering the variations
of the peak power of THG in all measurements (repeatability
error). Additionally, we considered other potential sources of
the calibration errors including the spectral transmission calibra-
tion error (<� 2.5%), and the refractive index uncertainty of the
adopted literature values (<� 0.5%).

3 Results and Discussion
The calibrated THG χð3Þ spectra for OA and LA between 1090
and 1320 nm are shown in Figs. 2(a) and 2(b) as red and blue
solid dots, respectively. According to our experimental results,
the peak values of third-order susceptibility χð3Þ in OA and LA
are approximately 3.21� 0.33 × 10−22 m2∕V2 at 1260 nm, and
2.94� 0.25 × 10−22 m2∕V2 at 1280 nm, respectively. For both
acids, a 2 to 3 times higher value of χð3Þ can be found from 1240
to 1290 nm when compared with water.

Previous studies had shown that if one of the virtual levels is
close to a real electronic (vibronic in this specific case) level, the
third-order nonlinear susceptibility will be strongly enhanced so
that an enhanced THG signal would be observed,35–39 such as in
melanin,40 hemoglobin,38 elastin,6 nanoparticles,41 and exog-
enous dyes.37,39 In order to discuss the resonant effect, we
present both the measured absorption spectra of the studied lip-
ids together with the measured THG χð3Þ values in Fig. 2(c). In
the inset of Fig. 2(c), we reproduce the schematic structure of a
single OA (C18H34O2) molecule and LA (C18H34O2) molecule,
respectively. According to previous studies, the appearance of
the absorption peaks around 1180 to 1230 nm is quite typical
in most biological oils,22,42 which corresponds to the second
overtone of C─H stretching vibration of various chemical
groups (─CH2, ─CH3, ─CH═CH─). However, to our surprise,
experimental results have shown that the maximum THG χð3Þ
values of both fatty acids exist outside this expected absorption
wavelength range (1180 to 1210 nm), which was claimed in pre-
viously published data on a mixed oil.2,20 In other words, the
measured THG χð3Þ spectra does not exactly follow the same
wavelength-dependent trend as the linear absorption constant
in both fatty acids. Previous works1–10 have extensively used
THG microscopy for imaging lipids near 1200 nm (1180 to
1230 nm) in order to match the second overtone; however,
here we suggest that 1270 nm (1240 to 1290 nm) is a better
window for THG imaging of lipids since both fatty acids dis-
played relative higher and stable χð3Þ values while excitation
light absorption by lipids can be completely avoided. This con-
clusion does not agree completely with the expected single-
photon resonant enhancement picture through the second over-
tone centered on 1210 nm. When excited with a wavelength
close to the absorption peak at 1210 nm, a stronger THG signal
was indeed observed, with more than those excited by shorter
laser wavelengths, indicating the existence of the expected
single-photon resonant enhancement effect. However, out of
our expectation, the peak values of third-order susceptibility
χð3Þ in OA and LA is located at 1260 and 1280 nm, respectively.
For the wavelength range longer than 1210 nm, the THG χð3Þ
value is no longer proportional to the absorption constant spec-
trally. The mechanism for this strong χð3Þ enhancement around
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1260 to 1280 nm needs further investigation. We have measured
the absorption spectra of OA and LA to investigate the possible
two-photon (around 630 to 640 nm) and three-photon (around
420 to 427 nm) resonances. As can be seen in Fig. 2(b), no meas-
urable absorption around these multiphoton wavelengths can be
observed, thus providing no evidence for multiphoton resonance
effects. It is well-known that through third-order processes some
single-photon-forbidden transitions can be probed (such as the
stimulated Raman process).43 One possible mechanism for this
1260 to 1280 nm peak is thus through the resonance with a sin-
gle-photon dark state, which is instead resonanced through this
nonlinear THG χð3Þ process. It is noted that this THG resonance
at 1260 or 1280 nm is with a much broader bandwidth than the
single-photon absorption peaked at 1210 nm, thus indicating a
much shorter dephasing time of this unknown resonance state
than the vibronic second overtone centered around 1210 nm. It
is also important to state that the accuracy of our measurement
relies on the correctness of the calibration source, which is the
previously published third-order susceptibility value of THG in
the reference fused-silica substrate.24,25

As plotted in Fig. 2(d), the curve fittings of OA and LA are
elucidated as well. Combined with the known fact that the

second overtone of C─H stretching modes of cis double
bond is very close to 1200 nm in lipids,42,44–45 similar χð3Þ values
were found at that spectral regime in both fatty acids. Since both
OA and LA have similar absorption spectra (also true for most
oils), it is not that strange that the measured nonlinear third-
order susceptibilities also share a similar trend in the spectral
response. Despite the THG χð3Þ spectra of both fatty acids
being alike, the maximum values of χð3Þ still correspond to dif-
ferent wavelengths. Interestingly, the values of LA is slightly
larger than that of OA before 1210 nm, while the χð3Þ values
of OA becomes larger than LA at longer wavelengths. In
Fig. 3, we provide evidence showing the THG images of respec-
tive lipid/air interfaces under the excitation wavelengths at 1210
and 1280 nm. Apparently, both fatty acids show stronger inter-
facial THG intensities at 1280 than 1210 nm, demonstrating the
excellent correlation between THG spectra and THG imaging.
In chemical terms, OA is classified as a monounsaturated
omega-9 fatty acid with a single cis double bond in the center
(also the bending site), while LA is an omega-6 fatty acid with
two cis double bonds located at the 9th and 12th carbon from
the ─OH end. Given that both fatty acids are similar in most
properties, both lipids still vary in their molecular structures,

Fig. 2 Data sets for oleic acid (OA) and linoleic acid (LA) retrieved and plotted: (a) absorption spectrum
(purple solid line) and calibrated THG third-order susceptibility (red solid dots) of OA, (b) absorption spec-
trum (green solid line) and calibrated THG third-order susceptibility (blue solid dots) of LA. The error bars
are plotted in each corresponding measured data of χð3Þ values. Comparision of the absorption spectra
(380 to 1320 nm) of both fatty acids: (c) OA shown as the purple curve and LA shown as the green curve.
The molecular structures of OA and LA were also given in the inset. Comparison of the calibrated χð3Þ

values: (d) OA (red dots), LA (blue dots), and pure water (green dots), while the fitting curves for THG
spectra were also plotted in red, blue, and green solid lines, respectively. The pink background around
1180 to 1230 nm shows the original window in previous studies while the yellow region around 1240 to
1280 nm suggests a new window for future THG imaging of lipids.
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in which LA possesses a larger bending angle than OA resulting
in a relatively higher degree of freedom of movement. This
important result demonstrates that different pure lipids may
not possess exactly the same THG χð3Þ values in all spectral
regimes, therefore it is potentially possible for THG to spectrally
distinguish different lipids. Our study also indicates the impor-
tance of selecting different THG excitation wavelengths in order
to achieve the optimum THG efficiency of different fatty acids.
Our results also imply the importance of characterizing the THG
spectra of different triglycerides and cholesterols, which are the
most abundant lipids in our body. Due to their high-scattering
characteristics with a solid and opaque form at room tempera-
ture, our current methodology is not capable of characterizing
accurately the THG spectra of different triglycerides and
cholesterols.

The fact of different THG χð3Þ spectra for different free fatty
acids implies the potential application of THG spectroscopy for
quantitative composition analysis with near infrared (NIR) spec-
troscopy.46 Conventional IR spectroscopy plays an important
role in elucidation of molecular structures based on mol-
ecule-specific absorption spectra (such as fingerprint region)
in the range about 1000 to 4000 cm−1.22 As for the NIR spectral
range between 5000 to 10;000 cm−1 (1000 to 2000 nm wave-
length), the absorption spectra of oils are composed of wide
overlapping overtones and combinational bands.22,40 With the
benefit of computer and algorithm, chemometric methods
such as principal component analysis and partial least square
regression have shown success in quantitative composition
analysis of mixed samples. NIR spectroscopy has now been
applied to the prediction of the composition of edible lipids47

as well as to the determination of the trans lipid content iodine
value and the saponification number of edible lipids.48,49 THG

χð3Þ spectroscopy, however, has inherent advantages of subfem-
toliter spatial specificity due to its local excitation nature. If spe-
cific calibrating chemometric algorithm for THG spectroscopy
is available in the future, it will be a powerful technique for real-
time quantitative composition analysis of lipids such as in ath-
erosclerotic plaques. Taking advantage of the THG spectral
selectivity of free fatty acids, it is also possible to develop THG
microscopy as a label-free bond-selective imaging tool.50

Combined with the statistical analysis tools analogous to that
used in NIR spectroscopy, we believe that there is great potential
for single-laser-beam-based THG spectroscopic imaging to be
applied to analyze lipid compositions or structures pixel by
pixel as being demonstrated by CARS microspectroscopy.51,52

THG is also interface-sensitive53 which makes THG spectros-
copy an appropriate technique with a strong contrast to study
the mechanism of atherosclerotic plaques occurring in the sur-
face of artery vessels. In addition to composition analysis of lip-
ids, through combining with the polarized THG imaging
method54,55 and spectral analysis,56 molecular ordering of lipid
structures might also be revealed.

4 Conclusions
In summary, our study aims to calibrate and provide the THG
χð3Þ values of pure fatty acids in the NIR regime between 1090 to
1330 nm. Here we report the THG excitation spectrum study of
two representative free fatty acids including OA and LA. It has
been well believed that the rich CH2 bonds in lipid molecules
may contribute a strong vibrational second overtone near
1210 nm and enhance the THG spectrum. As we expected,
in free fatty acids our results show that the THG third-order
susceptibility χð3Þ peaks near 1240 to 1280 nm. This spectral
characteristic suggests that there are factors other than single-
photon-resonance through the originally expected second over-
tone contribute to the enhanced THG χð3Þ values of OA and LA
(free fatty acids) in our studied spectral range. Our results sug-
gest that 1270 nm (1240 to 1290 nm) may be a better window
for THG imaging of lipids since both fatty acids displayed rel-
atively higher and stable χð3Þ values while excitation light
absorption by lipids can be completely avoided. Moreover,
our results imply that pure fatty acids may have different χð3Þ
values at different spectral regime, in which OA presented
higher χð3Þ values at longer wavelengths and vice versa. Our
research not only provides new spectral information for the
choice of the laser excitation wavelength for future noninvasive
THG imaging, but also suggests a potential method for
THG microspectroscopy and bond-selective imaging in lipid-
correlated diseases.
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