Multimodal nonlinear optical microscopic
imaging provides new insights into
acetowhitening mechanisms in live mammalian
cells without labeling
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Abstract: We developed a multimodal nonlinear optical microscopy
imaging (e.g., third-harmonic generation (THG) and two-photon excited
fluorescence (TPEF)) platform based on a femtosecond laser pumped
photonic crystal fiber to investigate the acetowhitening phenomenon
induced by acetic acid in live mammalian cells without labeling. After
treated by acetic acid with concentrations of higher than 0.2%, THG images
show that light scattering is remarkably increased inside the nucleus and
cytoplasm in cells. Co-localized TPEF and THG imaging on tryptophan and
NADH in cells indicates that the change of scattering property is largely
originating from the morphological change of metabolic proteins induced
by acetic acids. Further TPEF imaging on NADH and FAD in cells
confirms that this change is irreversible when acetic acid concentration is
higher than 1.2%. These subcellular-level THG/TPEF imaging results
reveal that the acetowhitening phenomenon is highly related with proteins
involved in metabolic pathways in the nucleus and cytoplasm in live cells.
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1. Introduction

Tissue acetowhitening effect in acetic acid instillation procedure is a simple and economic
method for neoplasia detection and has been clinically utilized since 1925 [1]. The
acetowhitening effect is widely utilized during colposcopy for enhancing disparities of the
optical property (e.g. scattering) between the intraepithelial neoplastic lesion and the non-
neoplastic tissues [2]. In recent years, the acetowhitening effect has been applied for
prencoplasia and early neoplasia detection during gastroscopic inspection in the upper
gastrointestinal tract, and has achieved promising diagnostic sensitivity and specificity of
approximate 95.0% and 100.0%, respectively [3, 4]. Some research work has been carried out
to study the tissue acetowhitening process [5—8]; however, the fundamental epithelium kinetic
mechanism involved in the acetowhitening process at the subcellular level remains largely
elusive. Hence, it is highly desirable to develop an advanced optical imaging technique for
investigating acetowhitening effect in tissue and cells with high spatial resolution without
labeling.

Nonlinear optical microscopy is a label-free imaging technique that has attracted much
attention for biomedical imaging due to its biochemical selectivity and optical sectioning
ability at sub-micron resolution. For example, third-harmonic generation (THG) signal can
only be generated in regions with optical heterogeneities (i.e., third-order nonlinear
susceptibility, refractive index and dispersion) inside biological samples [9] that is suited for
mapping the subcellular origin of light scattering in cells and tissue; Two-photon excited
fluorescence (TPEF) imaging of tryptophan excels in providing protein information [10];
while TPEF microscopy of NADH can effectively probe proteins (enzymes) associated with
metabolic activities [10]. Concomitant TPEF imaging of these endogenous biochemicals can
elucidate proteostasis in cells (i.e., transient aggregation of ubiquitinated proteins and etc.)
[11]. Although the optical properties (e.g., scattering) change was assumed to be related to the
coagulation of intracellular proteins during acetowhitening process in cells [12], no
experimental proofs have been reported yet. To reveal the exact cellular components
responsible for the acetowhitening effect at the sub-cellular level, in this study, we develop a
multimodal nonlinear optical microscopy platform based on a femtosecond laser pumped
photonic crystal fiber to systematically investigate the mechanistic details of acetowhitening
phenomenon at the sub-cellular and molecular levels in living mammalian cells using THG
and TPEF imaging without labeling. Human cervical squamous carcinoma cell lines (SiHa)
were specifically employed as the mammalian cellular model for studying the acetic acid
induced epithelial tissue acetowhitening effect.

2. Materials and methods
2.1. Multimodal nonlinear optical microscopy imaging system

Figure 1 shows the schematic of the multimodal nonlinear optical microscopy imaging (e.g.,
THG/TPEF) system developed for label-free imaging of live cells. A 120-femtosecond (fs)
Ti:sapphire laser (Mira 900, Coherent Inc.) was tuned to 730 and 860 nm to correspondingly
excite TPEF of NADH and FAD, and adjusted to 800 and 835 nm to act as a pump source for
photonic crystal fiber (PCF) (Femtowhite CARS, Newport) and optical parametric oscillator
(OPO, Mira, Coherent Inc.), respectively. The supercontinuum generated from the PCF was
filtered (FF01-600/37, Semrock) for optimal TPEF excitation of tryptophan; while the output
at 1170 nm from the OPO was employed for THG imaging. With the use of flip mirrors,
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different excitation wavelengths can be separately generated and uniquely delivered to a pair
of galvanometer scanning mirrors, and subsequently focused onto the sample through a water
immersion microscope objective (UPlanSApo 60x, N.A. 1.2, Olympus) for high contrast
cellular THG/TPEF imaging. The generated TPEF signal at the backward (epi-) direction was
reflected by a dichroic mirror (FF580-FDi01, Semrock) and filtered by different filters for
different excitation wavelengths (730 nm excitation: FF01-650SP and FF01-460/60,
Semrock; 860 nm excitation; FFO1-750SP and FF01-540/40, Semrock; 600 nm excitation:
SP01-532RU and FF01-355/40, Semrock), and then detected by a photomultiplier tube
(PMT) (R3896, Hamamatsu). The forward propagating THG signal was collected by a
condenser (U-TLD, NA 0.9, Olympus) and filtered (FFO1-650SP FF01-390/40, Semrock)
before being detected by a PMT (R3896, Hamamatsu). Note the maximum powers used on
the biological samples for TPEF of NADH, FAD, tryptophan, and THG were 3, 4, 2, and 15
mW, respectively.
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Fig. 1. Schematic diagram of the multimodal nonlinear optical imaging (TPEF/THG) platform
for label-free imaging of live cells. FM, flip mirror; L, lens; M, mirrors; OPO, optical
parametric oscillator; MO, microscope objective; PCF, photonic crystal fiber; F1, filter set 1
(600 £ 20nm bandpass filter); F2, filter set 2 (730 nm excitation: 650 nm shortpass, 460 +
30nm bandpass filter; 860 nm excitation: 750 nm shortpass, 540 + 20nm bandpass filter; 600
nm excitation: 532 nm shortpass, 355 £ 20nm bandpass filter); F3, filter set 3 (650 nm
shortpass filter, 390 + 20nm bandpass filter); DM, dichroic mirror; PMT, photomultiplier tube.

-

2.2 Sample preparation

Human cervical squamous cell carcinoma (SiHa) cells (American Type Cell Collection, VA)
were brought up from cryopreservation and cultured at 37°C in a 5% CO, humidified
incubator. Before the experiment, the cells at density of approximately 1 x 10° cells were
placed in lysine coated petri dishes with cover glass bottom (size, 35 mm; P35G-0-41-C,
MatTek, Ashland, MA), and immersed in Dulbecco’s modified Eagle’s medium (Gibco,
Invitrogen) supplemented with 10% fetal bovine serum (Gibco, Invitrogen) and 1%
penicillin/streptomycin (Gibco, Invitrogen).
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2.3. Acetic acid-perturbation study

To investigate cellular acetowhitening process, acetic acid treatment and washout procedures
on the 35 mm-diameter size petri dishes were carried out. For the acetic acid treatment
procedure, the original growth medium was replaced with the growth medium containing
acetic acid with seven different concentrations varying from 0.0% to 3.0% with pH values
from 7.52 to 3.22. THG/TPEF microscopy imaging of cells was carried out after 5 minutes of
acetic acid-growth medium immersion [6]. In the acetic acid washout procedure, before the
THG/TPEF imaging, cells were immersed in the acetic acid-growth medium for 5 minutes,
and then immersed in a fresh growth medium for another 5 minutes. We measured cells
cultured in 35 petri dishes.

3. Results and discussions

Figure 2 compares the THG images between live mammalian cells treated by acetic acid with
different concentrations and those under washout conditions. The mammalian cells under 0.0
and 0.1% acetic acid treatment (Fig. 2(ai), 2(aii)) and washout condition (Fig. 2(bi), 2(bii))
have similar homogenous optical properties indicated by the weak THG signals. Cells treated
by acetic acid with 0.2% or higher concentrations show strong THG signals from the nucleus
as well as some weak signals from the cytoplasm (Fig. 2(aiii)-2(av)). It is also observed that
the signal from nucleolus is most prominent (indicated by arrows in Fig. 2(av)). The enhanced
THG signals due to acetic acid treatment disappear in the cells under washout conditions (Fig.
2(biii)-2(bv)). The results indicate that acetic acid with 0.2% or higher concentrations induces
significant optical scatterings within the nucleus and especially in the nucleolus, which could
be due to the result of refractive index increase in these regions [13, 14]; and the change of
cell scattering properties is reversible by the wash of fresh culture medium. The observed
concentration threshold is in agreement with other’s report on light reflectance and scattering
spectroscopy of cells in acetowhitening effect [6, 7], and also consistent with the clinical
observation of epithelial tissue acetowhitening phenomenon [1-5].

To identify which kind of biochemicals is affected by acetic acid and contributes to the
scattering property change in cells, we compare co-localized THG and TPEF images of
tryptophan and NADH in cells between the untreated and 0.3% acetic acid treated conditions
(Fig. 3). It can be seen that with 0.3% acetic acid treatment, the cell nuclei show a stronger
THG signal (Fig. 3(aii)) as compared to the untreated cells (Fig. 3(ai)); while tryptophan and
NADH TPEF signals are also stronger inside the nuclei (Figs. 3(bii) and 3(cii)) compared
with those of untreated cells (Figs. 3(bi) and 3(ci)). Moreover, the images of all three
modalities become strikingly similar. As TPEF imaging of tryptophan excels in providing
proteins information [10]; while TPEF imaging of NADH can effectively probe proteins
(enzymes) associated with metabolic activity [10], the TPEF images indicate that acetic acid
induces coagulation of metabolic proteins inside cells, especially inside the nuclei; and the
high resemblance of tryptophan and NADH images to the THG image after acetic acid
treatment indicates that the metabolic proteins are responsible for the scattering property
changes of cells in the acetowhitening process.

To study the relationship between spatial distribution changes of metabolic proteins with
respect to the concentration of acetic acid used to treat cells, TPEF images of NADH and
FAD were taken at different acetic acid concentrations. Figure 4 shows the representative
TPEF images of NADH and FAD in live mammalian cells treated by acetic acid with
different concentrations and also in those under washout conditions. Obviously, the TPEF
images demonstrate significant spatial distribution changes of metabolic proteins in cells
treated by acetic acid with 0.3 and 1.2% concentrations (Figs. 4(aii), 4(bii), 4(aiii), and
4(biii)) compared with those in untreated cells (Figs. 4(ai) and 4(bi)). On the other hand, the
images under washout conditions show that the spatial distribution changes of metabolic
proteins are reversible in cells treated by acetic acid with 0.3% concentration (Fig. 4(cii),
4(dii)) but not in cells treated by acetic acid with 1.2% concentration (Fig. 4(ciii), 4(diii)).
The TPEF imaging result indicates that cellular changes induced by acetic acid become
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permanent at high acetic acid concentrations from approximately 1.2%, which is consistent
with other’s report [6].

Treated by
acetic acid Washout

(ai)

0.3%/pH4.84  0.2%/pH5.36  0.1%/pH6.42  0.0%/pH7.56

0.5%/pH4.42

Fig. 2. Exemplary label-free images based on third-harmonic generation (THG) signals arising
from live mammalian cells in monolayer culture after (a) 5S-minutes acetic acid treatment, and
(b) 5-minute acetic acid treatment followed by 5-minute washout using fresh culture medium.
Images labeled with (i) to (v) are taken at different acetic acid concentrations from 0% to 0.5%
(pH values from 7.56 to 4.42) for treatment and washout conditions. All images are
reconstructed from raw data without any processing, and image sizes are 60 pm x 60 pm.
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TPEF: NADH ¢

0.3%/pH4.84 0.0%/pH7.56

Fig. 3. THG image (a), TPEF of tryptophan (b) and NADH (c) images taken from live
mammalian cells before and after 5-minute treatment by acetic acid with 0.3% (pH value 4.84)
concentration. Image sizes are 100 um x 100 pm.

Acetic Acid

Treatment Washout

0.3% / pH 4.84 0.0% / pH 7.56

1.2% / pH 3.86

730 nm-excited NADH colorbar 860 nm-excited FAD colorbar

Fig. 4. Representative normalized cellular TPEF images of NADH and FAD taken (a, b) after
S-minute acetic acid treatments, and (c, d) after S-minute acetic acid treatment followed by 5-
minute washout. Images labeled with (i) to (iii) are taken at different acetic acid concentrations
from 0% to 1.2% (pH 7.56 - 3.86) for treatment and washout conditions, respectively. Note the
excitation power used on the samples was less than 5 mW, and a total integration time of 60s
per image was used. Image sizes are 50 um x 50 pm.

To quantify the spatial distribution changes of metabolic proteins in cells treated by acetic
acid with different concentrations, NADH and FAD TPEF images are analyzed using fractal
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dimension analysis [15]. The analysis data are shown in Fig. 5. It can be observed that after
cells being treated by acetic acid with 0.2% or higher concentrations, the fractal dimensions
significantly increases (p<0.05, Wilcoxon matched pairs test), especially for FAD. The fractal
dimensional analysis result affirms that the spatial distributions of metabolic proteins are
considerably perturbed during the cellular acetowhitening process.
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Fig. 5. Fractal dimensional analysis results of co-localized NADH and FAD TPEF images at
baseline and 5-minute acetic acid treatment conditions. Note: Values are presented as mean + 1
standard deviation (SD); 5 replicates are used during each acetic acid concentration testing; *
denotes p<0.05 according to Wilcoxon matched pairs test.

5. Conclusion

In this work, we developed a multimodal nonlinear optical microscopy (THG/TPEF) platform
to study the acetowhitening process induced by acetic acid in live mammalian cells at the
subcellular level without labeling. THG microscopy elucidated the threshold effect of
approximately 0.2% acetic acid concentration to induce acetowhitening process in the
cytoplasm and nucleus. Additionally, the integrated THG/TPEF imaging of tryptophan and
NADH in mammalian cell reveals that the increased light scattering property during the
acetowhitening process in cells is highly associated with metabolic proteins coagulation
induced by the acetic acid. TPEF imaging on NADH and FAD confirms that the resulting
morphological change becomes permanent when the concentration of acetic acid is higher
than 1.2%. Further fractal dimension quantitative analysis of TPEF images on NADH and
FAD affirms that the significant light scattering changes are due to proteins perturbations
involved with metabolism by acetic acid with 0.2% and higher concentrations. This study
suggests that the acetowhitening phenomenon is highly related with proteins involved in
metabolic pathways in the nucleus and cytoplasm in live cells.

Acknowledgment

This work was supported by the National Research Foundation—Proof-of-Concept (NRF-
POC), the Academic Research Fund (AcRF)-Tier2 from the Ministry of Education (MOE),
and the National Medical Research Council (NMRC), Singapore.

#210749 - $15.00 USD Received 24 Apr 2014; revised 15 Aug 2014; accepted 18 Aug 2014; published 22 Aug 2014
(C)2014 OSA 1 September 2014 | Vol. 5, No. 9 | DOI:10.1364/BOE.5.003116 | BIOMEDICAL OPTICS EXPRESS 3122





