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Abstract: Multiphoton microscopy is a well-established technique for biomedical applications,
but real-time multidepth multimodal multiphoton microscopy using non-imaging detection has
barely been discussed. We demonstrate a novel label-free imaging system capable of generating
multimodal multiphoton signals at different focal planes simultaneously. Two spatially overlapped
and temporally interlaced beams are obtained by applying cost-effective electro-optic modulator
(EOM)-based fast-switching light paths. The switching beams have different divergence properties,
enabling imaging at different depths into samples. The EOM is synchronized to the pixel clock
from the microscope, achieving pixel-to-pixel focus-switching. The capability of the imaging
system is demonstrated by performing real-time multidepth two-photon fluorescence (TPF) and
second-harmonic generation (SHG) imaging of freshly excised mouse lung lobes. TPF and SHG
images are acquired at two wavelength ranges. One is between 415 and 455 nm, and the other is
between 495 and 635 nm. The microenvironment of pulmonary alveoli is depicted by the distributions
of both elastin fibers visualized by TPF and collagen fibers illustrated by SHG. Macrophages residing
inside apparent alveolar lumens are also identified by TPF, which shows that the imaging system
is capable of localizing biological objects in three dimensions and has the potential of monitoring
in vivo cellular dynamics in the axial direction.

Keywords: multidepth multiphoton microscopy; label-free microscopy; two-photon fluorescence;
second-harmonic generation; mouse pulmonary alveoli

1. Introduction

Nonlinear optical microscopy has been proven to be a well-established technique based on
nonlinear interactions between light and matter [1–4]. In a nonlinear optical process, the emission
intensity has a quadratic or high-order dependence on the excitation intensity, which ensures that the
signal collected out of the focal volume reaches its minimum. Thus, nonlinear optical microscopy has
submicron three-dimensional spatial resolution with higher signal-to-noise ratio and less out-of-focus
photobleaching, compared with traditional confocal microscopy [5–9]. In addition, using near infrared
(NIR) excitation wavelengths also increases the penetration depth, which is particularly significant
for biomedical imaging [10–12]. Multiphoton microscopy (MPM) and coherent Raman scattering
(CRS) microscopy are the most frequently applied nonlinear imaging technologies for biomedical
microscopy [13–18]. The former mainly includes two-photon fluorescence (TPF), three-photon
fluorescence (ThPF), second-harmonic generation (SHG), and third-harmonic generation (THG)
microscopy. The latter mainly consists of coherent anti-Stokes Raman scattering (CARS) and stimulated
Raman scattering (SRS) microscopy.
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TPF microscopy has been the most preferred nonlinear microscopy for biological imaging since
1990 [13], thanks to its simpler setup compared to CRS microscopy and its superior ability to image a
wider range of specimens compared to other multiphoton microscopy techniques. Intrinsic fluorescent
biomolecules in biological tissues can be applied for imaging without the need of exogenous biomarkers,
which ensures that TPF microscopy is a label-free technique. These biomolecules, called endogenous
fluorophores, exist at both intracellular scale and in the extracellular matrix of biological tissues.
The most widely used intracellular fluorophores are metabolic coenzymes, which include reduced
nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide (FAD). Investigations
of physiological processes, e.g., cell differentiation and cancer development, have been performed
by using autofluorescence derived from NADH and FAD [19]. Concerning the extracellular matrix,
visualization of autofluorescent proteins, e.g., elastin, collagen, and keratin, has been used to diagnose
diseases [20] such as asthma and pulmonary fibrosis.

Even though TPF is the most widely used nonlinear process for biological microscopy, the first
nonlinear label-free microscope is based on SHG [11]. Photons are scattered by molecules in the process
of SHG, rather than absorbed in the process of TPF. SHG emitters are required to be spatially organized
in non-centrosymmetric structures to avoid cancellation. In biological materials (e.g., collagen and
myosin) with such structures, the signal of SHG could be very intense. The structures of collagen
containing tissues, such as skin, tendon, and lung, have been revealed by SHG microscopy [20].
Meanwhile, pathological processes, such as liver fibrosis and hypertrophic scar development, have been
investigated by SHG imaging [21].

TPF and SHG collect physiological and structural information from biological samples, respectively.
Combining the two modalities will obtain more informative and comprehensive images. Simultaneous
label-free TPF and SHG microscopy has been developed based on this concept over the last decade.
Several groups have demonstrated simultaneous label-free acquisition of TPF from NADH and SHG
from collagen using different excitation wavelengths [19–21]. Although these platforms provide
high-quality images with sufficient biological information, only one depth can be imaged at the same
time. Multifocal-plane microscopy and point-spread function (PSF) engineering are two typical methods
to image fluorescent particles at different focal planes simultaneously, and several implementations
have been established [22–25]. However, these systems either require multiple detectors for one
imaging modality or are unable to collect signal from scattering specimens. Moreover, it is problematic
for these systems to obtain simultaneous TPF and SHG images effectively.

Recently, we demonstrated high-speed TPF microscopy systems based on two-dimensional laser
scanning [26,27]. In this paper, we demonstrate a label-free imaging system capable of generating
multimodal multiphoton signals at different focal planes simultaneously, by using pixel-to-pixel
focus-switching. The major advantages of our imaging system are as follows.

• Real-time multidepth microscopy using non-imaging detection enables localization of biological
objects in three dimensions within scattering specimens.

• As the key technique of the imaging system, the electro-optic modulator (EOM)-based
fast-switching light paths are cost-effective and can be easily added to any commercial multiphoton
microscope without internal modification.

• Simultaneous label-free TPF and SHG imaging can gain functional and structural information
together from unstained samples and eliminate possible artifacts from sample motion or laser
power fluctuation.

We demonstrate the capability of the imaging system by performing real-time multidepth
multiphoton imaging of freshly excised mouse lung lobes at 870 nm excitation. Signals are collected by
detection channels at two different wavelength ranges. One is between 415 and 455 nm, and the other
is between 495 and 635 nm. Multiphoton images of mouse pulmonary alveoli are processed and used
to investigate their microenvironment.
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2. Experimental Setup

The experimental setup is shown in Figure 1. A mode-locked Ti:Sapphire laser (Tsunami,
Spectra-Physics, Mountain View, CA, USA) was used as the excitation source for the real-time
multidepth multimodal multiphoton microscopy. It generates pulses with 80 MHz repetition rate and
100 fs duration, and the center wavelength is tunable between 700 and 1000 nm. A Faraday isolator was
applied to minimize back-reflection. The power and the polarization of the laser source could be tuned
by rotating the half-wave plates (WPH05M-850, Thorlabs, Newton, NJ, USA) placed before (HWP1) and
after (HWP2) the Faraday isolator, respectively. A polarizing beam splitter (PBS1, PBS102, Thorlabs)
split the fundamental beam into two arms (ARM1, ARM2). ARM1 was p-polarized (shown in red), and
ARM2 was s-polarized (shown in blue). Objectives O1 and O2 (40 × 0.75 NA, dry, UPLFLN, Olympus,
Hong Kong, China) were paired to adjust the divergence of ARM2, by fine-tuning their relative position
along the optical axis with a stage. Lenses L1 and L2 (AD406-B, AD410-B, LBTEK, f L1 = 50 mm, f L2 =

150 mm) expanded the beam of ARM2 to fit the back-aperture of O1. PBS2 (PBS102, Thorlabs) combined
ARM1 and ARM2. Spatial synchronizations of two arms were achieved by using similar methods
to those described in [18]. We placed a quarter-wave plate (QWP, WPQ05M-850, Thorlabs) and an
EOM (EO-AM-NR-C1, Thorlabs) after PBS2. A function generator (SDG1032X, Siglent) was used to
modulate the EOM. When the function generator applied a 4/λ voltage, the EOM and QWP worked as
a half-wave plate, rotating the polarization of incoming beams by 90 degrees. When applying −4/λ

voltage, the polarization of incoming beams stays unchanged. PBS3 (PBS102, Thorlabs) was placed
after the EOM to remove p-polarized components. Switching the voltages applied to EOM between
±4/λ rapidly (frequency is 250 kHz) will obtain two s-polarized spatially overlapped and temporally
interlaced beams. The rise time of the function generator was <4 ns, and thus crosstalk between ARM1
and ARM2 was avoidable. All components mentioned above constitute the EOM-based fast-switching
light paths.
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Figure 1. Experimental setup of a real-time multidepth multiphoton imaging system. The excitation
beams are shown in red and blue, and generated signals at different wavelength ranges are shown in
green and yellow. The electrical paths are indicated in dashed black lines. HWP1, HWP2, half-wave
plates; FI, Faraday isolator; PBS1, PBS2, PBS3, polarizing beam splitters; M, mirror; L1, L2, L3, L4, L5,
L6, lenses; O1, O2, O3, objectives; QWP, quarter-wave plate; EOM, electro-optic modulator; B, blocker;
SL, scan lens; TL, tube lens; DM1, DM2, long pass dichroic mirrors; F1, F2, bandpass filters; PMT1,
PMT2, photomultiplier tubes. This figure is not to scale.
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The beams were scanned by a pair of galvanometer-driven dual-axis scanning mirrors (GVS002,
Thorlabs, Newton, NJ, USA) at the focal plane (i.e., scan plane) of a scan lens (SL, AC254-045-B,
Thorlabs, f SL = 45 mm). Lenses L3 and L4 (AD410-B, AD406-B, LBTEK, f L3 = 150 mm, f L4 = 50 mm),
along with lenses L5 and L6 (AD406-B, AD408-B, LBTEK, f L5 = 50 mm, f L6 = 100 mm), constitute two
4f optical systems, imaging the pupil of objective O2 to the middle plane of the scanning mirrors.
After being focused by the scan lens, the beams were sent into a modified inverted microscope (IX71,
Olympus, Tokyo, Japan), with some of its optical elements replaced to match the NIR wavelength
of the excitation source. In the microscope, the beams were collected and collimated by a tube lens
(TL, Olympus, Tokyo, Japan, f TL = 180 mm), which constituted another 4f optical system with the
scan lens, imaging the middle plane of the scanning mirrors to the pupil of a 20 × 1.00 NA water
immersion objective (O3, XLUMPLFLN, Olympus, Tokyo, Japan). The three 4f optical systems ensured
that the beams of both ARM1 and ARM2 fit the back-aperture of O3 with the same sizes, and the
pupil of O2, scanner, and pupil of O3 were mutually conjugate. The beams were then collected and
focused into the samples by O3. The focal planes in the samples had different depths for ARM1
and ARM2, because of their different divergences. As shown in the inset of Figure 1, when ARM2
is convergent (blue) and divergent (green), its focal plane will be shallower and deeper than that of
ARM1, respectively. Samples were placed on a three-dimensional motorized stage. The signal from
samples was collected by the objective O3 in the epi-direction, separated from the beams by a long-pass
dichroic mirror (DM1, FF705-Di01, Semrock, Lake Forest, IL, USA) and detected by two channels
(CH1, CH2) equipped with photomultiplier tubes (PMT1, PMT2, R6357, Hamamatsu, Hamamatsu-shi,
Japan). Another long-pass dichroic mirror (DM2, FF470-Di01, Semrock, Lake Forest, IL, USA) and
two bandpass filters (F1, F2, FF02-435/40, FF01-565/133, Semrock, Lake Forest, IL, USA) were applied
to separate signals at different emission regions and minimize crosstalk between different channels.
The achieved wavelength ranges were 415–455 nm and 495–635 nm for CH1 and CH2, respectively.
Labview-based home-made microscope software simultaneously controlled the scanner and restored
mesh-like images acquired from different detection channels and beams with different divergences.
Electrical devices used in the setup are commercially available, and wiring can be easily operated by
researchers with limited knowledge of electrical engineering.

We demonstrate the detailed operating principle of the imaging system in detail in Figure 2.
As shown in Figure 2a, the pixel clock of 2 µs period from the microscope works as an external
trigger for the function generator. The function generator works in N-cycle burst mode. As shown
in Figure 2b, the period of generated pulse train is 4 µs with a duty cycle of 50%. Since the EOM is
modulated by the pulse train, fine-tuning the temporal position of the pulse train will ensure that
only one arm in the fast-switching light paths is turned on in a pixel dwell time (2 µs). Thus, different
columns of a multiphoton image correspond to focal planes of different depths, which is called
pixel-to-pixel focus-switching.

Figure 2c shows real-time multidepth two-photon fluorescence image of proflavine in aqueous
solution. The wavelength of the mode-locked Ti:Sapphire laser was tuned to 870 nm. The detection
channel CH2 was turned on to collect autofluorescence in the range of 495–635 nm. ARM1 was focused
to the surface of the proflavine solution, and ARM2 was focused to the depth of 5µm beneath the surface.
The depth offset of ARM2 was preset with the help of the Z value of the sample stage. The average
powers of both ARM1 and ARM2 at the focal planes were ~5 mW, but the average power of ARM2
was slightly higher, to compensate for signal intensity loss caused by extra dispersion from dispersive
elements (i.e., L1, L2, L3, L4, O1, O2). Adjacent two pixels in the same line have different intensities,
showing that they were acquired at different focal planes. Figure 2d,e are autofluorescence images
extracted from Figure 2c, corresponding to the depths of 0 and 5 µm, respectively. They show that the
imaging system is effective in performing real-time multidepth multiphoton microscopy. Note that only
one detector is needed for each imaging modality, simplifying implementation complexity. Full width
at half-maximum (FWHM) axial resolutions of both ARM1 and ARM2 were approximately 1.5 µm.
Measurements were taken by using fluorescent beads, when only ARM1 or ARM2 was turned on.
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The results show that axial resolution can be maintained when changing the divergence of beam
collected by objective O3 in a small range.
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Figure 2. Demonstration of real-time multidepth multiphoton imaging using pixel-to-pixel
focus-switching, 2 µs/pixel, 200 × 200 pixels for (c), 100 × 100 pixels for panels (d,e). (a) The pixel
clock from the microscope. (b) Pulse train from the function generator. (c) Autofluorescence image of
proflavine in aqueous solution. Signals obtained from the depths of 0 and 5 µm are displayed in different
columns of the same image. The inset is a zoomed-in view of 2 × 4 pixels. (d,e) are autofluorescence
images extracted from different columns of (c), corresponding to the depths of 0 and 5 µm, respectively.
The scale bars are 10 µm.

3. Results and Discussion

The capability of the real-time multidepth multiphoton microscopy was demonstrated by using freshly
excised mouse lung tissues. As shown in Figure 3, the lower respiratory tract, along the proximal-distal
axis, includes extrapulmonary airways (i.e., trachea and primary bronchi), intrapulmonary airways
(i.e., lobar bronchi, segmental bronchi, subsegmental bronchi, and bronchioles), and alveolar regions.
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Figure 3. Schematic of mouse lower respiratory tract. The lower respiratory tract, along the
proximal-distal axis, includes extrapulmonary airways, intrapulmonary airways, and alveolar regions.
The alveolar regions are composed of several distinct layers, i.e., pneumocytes, epithelial basement
membrane, interstitium, endothelial basement membrane, and endothelial cells. The pneumocytes
are composed of type I pneumocytes responsible for air exchange and type II pneumocytes secreting
surfactant proteins. A few macrophages may be present in the alveolar lumens or interstitium.
Fibroblast can be found in the interstitium.
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At the distal end of the lower respiratory tract lie the alveolar regions. We first describe the
structure of mouse alveolar regions and available multiphoton imaging modalities. Alveolar regions
are composed of alveoli and a network of capillaries. Alveoli are small air sacs inside lungs, allowing
air exchange. Along the luminal surface, an alveolus is lined by a cell layer of squamous type I
pneumocytes and cuboidal type II pneumocytes. Type I pneumocytes provide an extensive surface area
for air exchange, and type II pneumocytes secrete pulmonary surfactant proteins. The pneumocytes
are anchored to the subjacent epithelial basement membrane, which is apposed and often fused to
the endothelial basement membrane of a surrounding capillary. Endothelial cells of the capillary
adhere closely to the endothelial basement membrane. There is interstitium between the two basement
membranes, where a few stromal cells (e.g., fibroblasts) may be present [28]. The epithelial basement
membrane, interstitium, and endothelial basement membrane compose the extracellular matrix of
an alveolus. Two main components of the extracellular matrix are collagen and elastin fibers, which
are responsible for the tensile strength and elastic modulus of the alveoli, respectively. Collagen and
elastin fibers can be revealed by contrast from SHG and autofluorescence, respectively. Fibroblasts
in the interstitium keep synthesizing ground substance, as well as secreting collagen and elastin
fibers, to maintain the integrity of the extracellular matrix. Pulmonary diseases, e.g., hyperplasia,
fibrosis, and neoplasm, will cause prominent structural damage to the alveolar extracellular matrix.
Besides the main structures, a few macrophages also reside in the alveoli, which can be imaged
by autofluorescence predominantly from lipids and flavins [29]. Accumulation and migration of
macrophages may indicate inflammation or asthma. In conclusion, researchers can use multiphoton
imaging to study the morphologies of mouse alveoli for identifying structure-associated diseases and
to observe cellular dynamics for monitoring physiological processes. Furthermore, because of their
similar structures, mouse alveoli are good models for further investigation of human alveoli [28,30].

Simultaneously captured multidepth multiphoton images of mouse pulmonary alveoli are shown
in Figure 4. The mouse was sacrificed by using cervical dislocation. Its lung lobes were removed
immediately and kept in chilled phosphate-buffered saline until imaging. Animal experiments were
performed in accordance with protocols approved by the Institutional Animal Care and Use Committee
(IACUC) of Hebei University of Technology.
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Figure 4. Simultaneously acquired multiphoton images of mouse pulmonary alveoli at different depths,
2 µs/pixel, 512 × 512 pixels. (a) A pseudo-colored two-photon fluorescence (TPF) and second-harmonic
generation (SHG) image acquired at the depth of 30 µm into the pulmonary parenchyma. Cyan pixels
(obtained from CH1) are mainly derived from prominent SHG of collagen. The green arrow indicates a
pronounced bundle of collagen fibers. Yellow pixels (obtained from CH2) are mainly derived from
autofluorescence of elastin, macrophages, and surfactant proteins. The yellow arrow denotes notable
elastin fibers. The white arrow indicates surfactant proteins gathered probably in the cytoplasm of
a type II pneumocyte. The blue arrow shows that collagen fibers spiral around elastin fibers. (b) A
pseudo-colored TPF and SHG image simultaneously acquired at the depth of 35 µm into the pulmonary
parenchyma. The red arrows in (a,b) denote the sections of the same macrophages at both depths.
The scale bar is 40 µm.
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The wavelength of the mode-locked Ti:Sapphire laser was kept at 870 nm. The detection channel
CH1 was turned on to collect SHG around 435 nm, and CH2 was applied to detect autofluorescence
in the range of 495–635 nm. At the focal planes, both ARM1 and ARM2 have average powers of
approximately 10 mW. The images were acquired at the depths of 30µm (ARM1) and 35µm (ARM2) into
the pulmonary parenchyma. Cyan and yellow pixels in the images were captured from CH1 and CH2,
respectively. As shown in Figure 4a, lumens of alveoli filled with air are apparent, and the cyan pixels
may be predominantly contributed by prominent SHG from collagen fibers in the alveolar extracellular
matrix, according to their typical bundle-like structures. The green arrow indicates a notable bundle
of collagen fibers. The yellow pixels denoted by the yellow arrow are attributed to be elastin fibers,
according to their typical rope-like structures. The blue arrow depicts that collagen bundles spiral
around elastin fibers to form a condensed composite structure. This structural feature confirms that
elastin fibers and collagen bundles are actually separate structures, though their signals seem to overlap
in some pixels. The round-shaped yellow objects indicated by the red arrows may correspond to
macrophages. The size of a macrophage is approximately 10–15 µm. The endogenous contrasts of
elastin fibers and macrophages are predominantly contributed by autofluorescence emission at 495
to 635 nm, which is consistent with previously published data [31]. Gathered granules denoted by
the white arrow are most likely derived from autofluorescence of surfactant proteins along luminal
surfaces (probably inside the cytoplasm of type II pneumocytes). Scattered granules around collagen
and elastin fibers are probably contributed by autofluorescence derived from lipopigments and flavins
in fibroblasts [32]. The experimental results confirm that the imaging system is capable of revealing
the microenvironment of mouse pulmonary alveoli. Figure 4b is an image obtained at the depth of
35 µm, which has the same biological components as Figure 4a. The white circles in Figure 4a,b outline
the same alveolus, indicating that the focal planes switch in the axial direction without tilt. Note that
images obtained at different depths have similar image qualities, proving that spherical aberrations
introduced by objectives O1 and O2 are negligible. The red arrows in Figure 4b denote the same two
macrophages indicated in Figure 4a, but they are imaged at different sections. This shows that the
imaging system is capable of localizing biological objects in three dimensions, and it has the potential
for monitoring in vivo cellular dynamics in the axial direction.

4. Conclusions

Real-time multidepth label-free TPF and SHG microscopy is achieved by using pixel-to-pixel
focus-switching. It provides a cost-effective and convenient solution to modify a commercial
single-focal-plane multiphoton microscope for the real-time multidepth imaging of scattering specimens.
At 870 nm excitation, mouse pulmonary alveoli images acquired at different focal planes distinctly
reveal the microenvironment by TPF from elastin fibers and SHG from collagen fibers, providing a tool
for the investigation of structure-associated diseases. Visualization of macrophages residing inside
apparent alveolar lumens by autofluorescence shows that the imaging system can localize biological
objects in three dimensions. Although the offset of ARM2 was set to 5 µm in demonstrations, a range of
at least ±50 µm can be achieved for different applications. Note that the pixel dwell time of the system
is limited to 2 µs, only due to the restricted scanning speed of galvanometer-scanner. Applying a
resonant-scanner (e.g., LSK-GR12, Thorlabs) will greatly improve the scanning speed in lateral
directions, enabling three-dimensional monitoring of in vivo physiological processes. Meanwhile,
objectives O1 and O2 can be replaced by a deformable mirror for fine-tuning beam divergence in
future research.
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