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ABSTRACT: Spectroscopic stimulated Raman scattering (SRS) microscopy is a label-free
technique that generates chemical maps of live cells or tissues. A handheld SRS imaging system
using an optical fiber for laser delivery will further enable in situ and in vivo compositional
analysis for applications such as medical diagnosis and surgical guidance. In fiber-delivered
SRS, the interaction of two ultrashort pulses in the confined mode area creates a significant
background that overwhelms the stimulated Raman signal from a sample. Here, we report the
first background-free fiber-delivered handheld SRS microscope for in situ chemical imaging.
By temporally separating the two ultrafast pulses propagating in the fiber and then over-
lapping them on a sample through a highly dispersive material, we detected a stimulated
Raman signal that is 200 times weaker than the background induced by the fiber. Broad

applications of the handheld SRS microscope were demonstrated through in situ ambient-light
chemical mapping of pesticide on a spinach leaf, cancerous tissue versus healthy brain tissue in a canine model, and cosmetic
distribution on live human skin. A lab-built objective lens further reduced the size of the pen-shaped microscope to about one

centimeter in diameter.
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C oherent Raman scattering (CRS) microscopy, based on
coherent anti-Stokes Raman scattering (CARS) or stimu-
lated Raman scattering (SRS), allows high-speed visualization
of chemicals in living cells or fixed tissues.' > The imaging speed
of CRS microscopy has reached up to video rate by focusing
all laser energy into one single Raman band.”” Spectroscopic
CRS technologies further resolve overlapped Raman bands
and identify important biomarkers in cancer cells*” or generate
chemical maps of tissues.'”'' Developments of microsecond-scale
SRS imaging'*~"* enabled real-time live cell imaging and label-
free flow cytometry."> Toward the direction of cancer detection in
the clinic, an intraoperative two-color SRS microscope has been
reported to provide histopathological analysis of brain cancerous
tissues in a surgical room.'® A multimodal nonlinear microscope
acquires optical signals, including CARS, second,/third-harmonic
generation, and autofluorescence, and shows promising results of
label-free histopathology.'”

In addition to these technical advances, developments of
handheld microscopes or implantable endoscopes would allow
in situ or in vivo imaging of an area that is inaccessible by
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benchtop units. Even though fiber-optic-based endoscopic
imaging systems including confocal fluorescence'® and multi-
photon microscopy'®~>" have been reported to reach submicro-
meter resolution and real-time imaging speed, it remains a
grand challenge for CRS handheld imaging systems due to
various nonlinear effects induced in fibers. For the CRS process,
two ultrashort laser pulses, namely, pump and Stokes pulses, are
required to coherently excite molecular vibrations. The prop-
agation of temporally overlapped pump and Stokes pulses within
a confined mode area also generates a significant background
originated from their interaction in a fiber, including four-wave-
mixing (FWM), SRS, and cross-phase modulation (XPM).”
This nonspecific background overwhelms the relatively weak
CRS signals and degrades the chemical selectivity of CRS imag-
ing tremendously.”

There has been a great effort in suppressing the background
signals for CRS handheld microscopes and endoscopes.
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For CARS measurements, both Raman-resonant signals from
samples and the background induced by a fiber exhibit shorter
wavelengths compared to excitation pulses. Thus, the background
signals generated in a fiber can be eliminated by using a dichroic
mirror or a filter between the fiber end and the sample.”*** The
FWM in a fiber can also be suppressed by using pump and
Stokes pulses with orthogonal polarization states when prop-
agating in a fiber.”® However, CARS signals are a mixture of
Raman-resonant and also nonresonant signals induced by FWM
of samples, which requires a sophisticated algorithm to retrieve
Raman-resonant sign;ils.27’28 In comparison, SRS provides the
same spectral profiles as spontaneous Raman. For SRS measure-
ment, in addition to the SRS effect due to FWM in the fiber
core,”” XPM also contributes to the background because of the
confined mode field in silica in fibers.”® One approach to sup-
press these backgrounds is to propagate laser pulses in a hollow-
core photonics crystal fiber (HC-PCF). It has been reported that
no nonlinear signals were observed in an HC-PCF with a spectral
coverage up to ~1000 cm™',*" limited by the narrow bandwidth
of the photonics band gap of the HC-PCF. With this spectral
coverage, the C=C vibration at ~1600 cm™!, amide I band at
~1650 cm™, and C—H vibration at ~2850 cm™’, which provide
abundant information on biological samples, are not accessible.
Here, we demonstrate a time-domain approach to eliminate
the nonlinear background generated in a photonic crystal fiber.
We temporally separate the pump and Stokes pulses prop-
agating in a fiber, so the interaction between the two pulses is
minimized. A dispersive material after the fiber end reoverlaps
the two pulses on a sample. This approach avoids any nonlinear
background generated by the interaction of two temporally
overlapped pulses with the fiber core. Combined with our SRS
spectroscopic platform in which a few adjacent Raman bands
are excited by fast tuning the temporal delay of two spec
trally focused pulses,'* we built a handheld SRS microscope that
can analyze chemical contents of a sample in situ and in vivo. We
detected SRS signals from olive oil at 1658 cm™ of C=C and
1745 ecm™ of C=0 vibrations, which were 200 times weaker
than the nonresonant background generated in the fiber. In
addition, since SRS signals are acquired from demod-
ulation of a strong local oscillator, our handheld microscope is
free from the disturbance of ambient light. We demonstrated

in situ chemical mapping of pesticide residue on a spinach leaf
under room light. We further performed spectroscopic imaging of
canine brain cancerous tissue and observed spectral features of
white matter, gray matter, necrosis, and cancer cells. Finally, we
demonstrated handheld SRS imaging of a human inner arm
in vivo to visualize cosmetic distribution on the skin.

B RESULTS

Background-Free Handheld Stimulated Raman Micro-
scope. Our setup is composed of two parts: spectroscopic
excitation and a handheld microscope, as depicted in Figure 1.
The spectroscopic excitation part (Figure la) is published in
our previous work'* and described in detail in the Methods.
In the handheld microscope (Figure 1b), a large-area PCF
(LMA-20, NKT Photonics) with a length of ~1.8 m is used to
deliver pump and Stokes pulses to the sample. This fiber has
been used to show low spectral broadening for picosecond
pulses.”* A lens with a 50 mm focal length collimates both
beams after the PCF. The two pulses then propagate in a 40 mm
SE-11 rod three times with the aid of two right-angle prisms
attached to the surface of the glass rod. The total 120 mm
traveling distance in an SF-11 rod results in a 5.32 ps temporal
mismatch between 887 and 1040 nm pulses, calculated by

120 mm 120 mm
- = 5.32 ps
¢/n, (887 nm)  ¢/n (1040 nm) (1)

where 7, is the group refractive index, 1,(887 nm) = 1.7995,
and 1,(1040 nm) = 1.7862. Importantly, this mismatch enables
temporal overlap of two pulses on a sample while being com-
pletely separate in the fiber. The combined pulses are then
scanned by two galvo mirrors to form an image. An objective
(20x, Olympus) is used to focus laser light on the sample.
A 1 mm thick BK-7 window is used to fix the focal plane on the
surfaces of samples. The backscattered photons are collected
by the same objective. Since the polarization states of back-
scattered photons are scrambled, a polarizing beam splitter
reflects part of the backscattered photons to the photodiode on
which a filter (980sp, Chroma) blocks the modulated 1040 nm
beam. A home-built resonant circuit on a 0.5 in. X 1 in. printed
circuit board selectively amplifies the 2.4 MHz signals and

Femtosecond
laser source

Stokes Pump

Path difference

Figure 1. Experimental design. (a) Excitation. (b) Handheld microscope. (c) Digital image of the handheld microscope. AOM: acousto-optical
modulator; D: dichroic mirror; F: filter; G: galvo mirror; HWP: half waveplate; L: lens; OBJ: objective; PBS: polarizing beam splitter; PCEF:
photonics crystal fiber; PD: photodiode; QWP: quarter-wave plate; R: rod (SF-11); W: window.
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Figure 2. Characterization. (a) Reflectance image of a resolution target showing a field of view of ~0.38 X 0.38 mm™ (b) SRS profile of DMSO at
the interface of a gold edge. (c) First derivative of (b) and Gaussian fitting. (d) SRS spectra of standard chemicals. (e) Spontaneous Raman spectra of

standard chemicals. (f) Spectral resolution tested by DMSO.

outputs the signal to a lock-in amplifier (HF2LI, Zurich).
Figure lc shows a picture of our handheld SRS microscope.

Performance of the Handheld SRS Microscope. We first
characterized our handheld SRS microscope by a resolution
target. A 380 ym field of view was obtained (Figure 2a), which
was limited by the optics used before the objective. The spatial
resolution was tested by imaging the edge of the gold coating
covered with olive oil (Figure 2b). Gaussian fitting of the first
derivative of the intensity profile across the gold edge showed a
full-width at half-maximum of ~1.4 ym (Figure 2c). We further
confirmed the spectral fidelity by comparing SRS spectra acquired
with our system (Figure 2d) to spontaneous Raman spectra
(Figure 2e). A spectral coverage of ~200 cm™' was obtained,
determined by the spectral bandwidth of femtosecond pump and
Stokes pulses. We then characterized the spectral resolution by
the known Raman peak of a DMSO solution at 2912 cm ™. Con-
sidering the inherent bandwidth of this Raman band of 13 cm™
and the measured 20 cm™* bandwidth, our spectral resolution was
estimated to be ~15 cm™" (Figure 2f).

To demonstrate real-time hyperspectral SRS imaging, we
scanned a sample of mixed dried microspheres of polystyrene
(PS) and poly(methyl methacrylate) (PMMA) (Polyscience)
on a piece of paper at the speed of 8 frames per second at
2890 cm™" with 200 X 200 pixels (Supplementary Figure 1a).
Under this imaging speed, the hand movement induced neg-
ligible distortion to the acquired images. We diluted S5 pm PS
and PMMA with pure water by 100 times, respectively, and
mixed the two diluted solutions. Then a droplet of the 5 uL
mixture was placed on a paper. The spectroscopic images were
acquired by sequentially tuning the optical delay in each spatial
line and then 200 lines in one image. A total of 200 spectra
within each spatial line were acquired in 0.56 ms, and a spec-
troscopic image with 20 spectral points was completed within 3 s.
By multivariate curve resolution (MCR) analysis (details in
Methods), the chemical concentration maps of PS, PMMA, and
cellulose fibers of paper indicated their spatial distributions
(Supplementary Figure 1b), and the output spectra matched
the spontaneous Raman data shown in Figure 2. In sum, the

imaging speed at a single Raman band was 8 frames per second,
which was mainly limited by the galvo mirrors for laser scanning,
This speed was sufficient to reduce distortion due to hand move-
ment. The spectroscopic imaging required less than 3 s, with a
spectral resolution of 15 cm™.

Distinguishing Stimulated Raman Signals from
Background Induced by a Fiber. The nonlinear background
imposes a challenge on the CRS endoscope and handheld
microscope. It has been reported that these backgrounds can be
suppressed by using pump and Stokes pulses with orthogonal
polarization states when propagating in a fiber.”® The use of an
air core of a hollow-core photonics crystal fiber has been dem-
onstrated to reduce nonlinear signals with a spectral coverage
up to ~1000 cm™'.>" Here we completely remove the nonlinear
signals induced by the pulse interaction by temporally sepa-
rating the pump and Stokes pulses. To demonstrate that our
design effectively eliminates the nonlinear backgrounds gen-
erated in the fiber, we acquired SRS images of olive oil and air
interfaces in the C=C and C=0 regions around 1656 cm™"
and scanned the temporal delay of the pump beam by 32 ps
(Figure 3). We observed strong signals between 6.1 and 19.4 ps
from both air and olive oil (Figure 3a,b). By considering the
group refractive indices of the pump pulse at 887 nm and
Stokes pulse at 1040 nm in silica (1.4649 and 1.4626, respec-
tively), the 13.3 ps temporal difference between the two signal
peaks corresponded to a spatial separation of 1.73 m in the
PCF, which is consistent with the fiber length of ~1.8 m used
in our system. These strong signals between 6.1 and 19.4 ps
with highest intensities of 8.2 were possibly contributed by the
XPM at the fiber front tip (at 6.1 ps), within the fiber core
(between 6.1 and 19.4 ps), and at the fiber end tip (at 19.4 ps).”
In addition, we found two comparably weak peaks with intensities
of 0.016 and 0.006 at 25.5 and 27 ps, respectively (Figure 3c),
which were more than 200 times weaker than the peak from
the fiber end at 25.5 ps. The image at 25.5 ps showed clear
contrast between olive oil and air (Figure 3d), indicating that
the signals were from the olive oil but not the fiber background.
In comparison, the image at 18.7 ps presented a constant

DOI: 10.1021/acsphotonics.7b01214
ACS Photonics XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.7b01214/suppl_file/ph7b01214_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.7b01214/suppl_file/ph7b01214_si_001.pdf
http://dx.doi.org/10.1021/acsphotonics.7b01214
http://pubs.acs.org/action/showImage?doi=10.1021/acsphotonics.7b01214&iName=master.img-002.jpg&w=400&h=220

ACS Photonics

a Pump Stokes

Fiber
front A

Fibi
ond |/
Sample .. ,/\.

L
Handheld Probe

i AV
A —/\ j\r Fiber
AN A j\_
WA EVAN |

Time Sample
b 104 e

El
A
E5
)
%

04

5 10 15 20 25 30
Pump delay-line (picosecond)

c 002 d

C=C 25.5ps

14
- Ol
o Alr

20 25 30

Pump delay-line (picosecond)

C=0

SRS |not (a.u)
(=]

oil

Figure 3. Elimination of the fiber background in the time domain.
(a) Temporal overlap of the pump and Stokes pulses at the fiber front
tip, inside the fiber, at the fiber end tip, and on the sample. (b) Spec-
tral profiles of fiber background and Raman signals of the sample,
(c) Zoom in of signals in (b). (d) Image of olive oil/air interface at
18.7 and 25.5 ps.

background from both oil and air (Figure 3d). The temporal
difference of 6.1 ps between signals at 19.4 ps (fiber end) and at
25.5 ps (olive oil) was slightly larger than our calculation of
5.32 ps in eq 1, which can be contributed by the dispersion of
the lens and objective. In sum, our design effectively detected
the SRS signal that was more than 200 times weaker than the
nonlinear signals generated in the fiber.

Mapping Pesticide Residues on a Spinach Leaf in Situ.
The detection of pesticide residues on vegetable and fruits is
essential for food safety and human health. Gas chromatog-
raphy and chromatography—mass spectroscopy have been used
to detect pesticide residues,”** but with disadvantages of being
time-consuming and labor-intensive and the complicated proce-
dures of sample preparation. Raman spectroscopy has been
demonstrated to detect pesticide on fruits in situ with an acqui-
sition time of ~1 min per spectrum.” Surface-enhanced Raman
spectroscopy has been reported with improved acquisition
speed for in situ detection of pesticide from fruits, on which
gold nanopartlcles were applied in order to enhance the weak
Raman signal.*® Our imaging platform enables visualization of
pesticide residues on the surface of crop plants under ambient
light. Here, we detect pesticide residue without the use of nano-
particles. We performed spectroscopic SRS imaging of a spin-
ach leaf with pesticide residue in the molecular fingerprint
region (Figure 4a). We dissolved thiabendazole, which is a sys-
temic benzimidazole fungicide commonly used to control fruit
and vegetable diseases, in DMSO and applied the solution on a
spinach leaf. The solution was dried, and a thiabendazole crystal
was formed on the leaf. The spinach leaf showed two-photon
absorption signals®” from chlorophyll (Figure 4b,c) with a broad
spectral profile induced by cross-correlation of the pump and
Stokes pulses (in green, Figure 4d), while thiabendazole exhibited
a Raman signal at 1600 cm™ from the aromatic ring (in red,
Figure 4d). The MCR concentration map showed the distri-
bution of thiabendazole from the spinach leaf (Figure 4ef).
These data demonstrated the capability of our device for
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Figure 4. Spectroscopic imaging of residual pesticide on a spinach leaf.
(a) Digital picture of the experimental setup. (b) SRS image at 1605 cm™"
of a spinach leaf. (c) SRS image at 1679 cm™' of a spinach leaf.
(d) MCR output spectra. (e, f) SRS concentration maps of chlorophyll
and thiabendazole.

in situ label-free imaging of pesticide residue on the surface of a
vegetable.

Discrimination of Brain Cancerous Tissues from
Normal Tissues. For malignant gliomas, surgical resection
remains the primary treatment to delay tumor recurrence and
prolong survival,”®*” but the inability to visualize invasive brain
cancers leads to incomplete surgical resections and negatively
affects the survival rates. A handheld microscope that detects
residual cancer cells in the surgical cavity is essential for tissue-
sparing surgical guidance. Toward this direction, recently a
handheld contact spontaneous Raman spectroscopy probe that
collects one vibrational spectrum from a 0.5 mm diameter
tissue area intraoperatively within 1 s has been developed to
assess the re51dua1 cancer cells in a surgical cavity with a dark
environment.*’ Recently a benchtop SRS microscope has been
demonstrated to image unprocessed specimens from neuro-
surgical patients in an operating room, with results showing
remarkable concordance with conventional hematoxylin and
eosin stain (H&E) histopathology.'® A handheld SRS micro-
scope can be potentially used to provide in vivo and in situ
histopathological assessment in a surgical room. Toward this
goal, we performed SRS spectroscopic imaging of healthy and
cancerous brain tissue derived from a canine model. The 30 um
frozen-sectioned tissue on a slide was placed on top of a piece
of paper to simulate a nontransparent bulk tissue. The samples
were mounted on a 2D translational stage, and the handheld
microscope was stabilized on an optical table. We scanned
400 X 400 pixels with a pixel dwell time of 6 us. Figure Sab
show the SRS image at 2900 cm™" of healthy and tumor tissues,
respectively. In healthy brain tissue, single myelinated axon
fibers were clearly observed (location A, Figure Sa) with a strong
CH, vibration at 2850 cm™" due to lipid content (Figure 5c).
Location B with a CHj, signal at 2940 cm™ and weaker CH,
signals indicated enriched cell body and low lipid composition,
which can be assigned to gray matter.”’ In cancerous tissue, the
signal of CH, vibration was weaker compared to the healthy
region (Figure Sc), and the spectral profiles in locations C and D
matched reported SRS spectra of necrosis and tumor cells.*!
MCR analysis decomposed the white matter from gray matter
in the junction region in healthy tissue (Figure Sd) and the
necrotic region from a high concentration of tumor cells in the
cancerous tissue (Figure Se), with their MCR spectral profiles
shown in Figure 5f. Collectively, these data show the ability of
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Figure S. Spectroscopic imaging of canine healthy brain and tumor
tissues. (a) SRS image at 2900 cm™' of healthy brain tissue and
(b) tumor tissue. (c) SRS spectra of locations indicated in (a) and (b).
(d, ) MCR output concentration maps and (f) spectral profiles.

our platform to identify cancer cells from healthy tissues. This
capacity would enable in situ tissue-sparing histopathological
assessment during brain tumor surgery.

In Vivo Skin Imaging of Human Inner Arm. We further
demonstrated the capability of monitoring drug delivery on live
human skin. Conventionally topical drug delivery is analyzed by
tape-stripping or microdialysis techniques.*” The tape-stripping
approach removes a microscopic layer of stratum corneum and
analyzes the concentration of the drug molecule. In the micro-
dialysis technique, a probe is implanted superficially into the
dermis or subdermis, and the drug concentration is analyzed by
passive diffusion. However, these techniques are invasive and
time-consuming. Real-time visualization of drug diffusion into a
biological tissue in vivo provides a noninvasive way to assess
drug delivery efficiency. Here we demonstrated in vivo spec-
troscopic imaging of human skin tissue of the inner arm before
and after applying a commercially available cosmetic, which is
difficult to access by a benchtop unit (Figure 6a). We scanned
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Figure 6. In vivo imaging of human skin tissue. (a) Skin of inner arm
was used. (b) SRS image at 2920 cm™" before applying cosmetic, after
applying cosmetic, and after removal of excess cosmetic. (c¢) MCR
output spectra. (d) MCR results of (b).

200 X 200 pixels at a single Raman band with a pixel dwell time
of 2 us, corresponding to a speed of 8 frames per second
(visualization 1). Then, we performed spectroscopic imaging in
the spectral window of 2800—3000 cm ™. Without applying any
cosmetic, the SRS image at 2920 cm! only showed structures
in the stratum corneum layer (Figure 6b). We further applied a
commercially available cosmetic product composed of vitamin
E mixed alpha tocopherol on the skin. The Raman spectrum of
this cosmetic exhibited a spectral profile overlapping with the

skin tissue in C—H vibrations (Supplementary Figure 2),
and therefore imaging at a single Raman band of 2920 cm™
provided limited contrast of this cosmetic from skin tissues
(Figure 6b). MCR analysis decomposed the skin and cosmetic
components based on their spectral profiles (Figure 6¢). Figure 6d
shows a broad coverage of cosmetic in the stratum corneum
layer. After removal of excess cosmetic by lens cleaning paper,
the cosmetic residue can still be observed (Figure 6d). Together,
these data showed that our device is capable of mapping a
specific chemical in a spectrally overlapped tissue in vivo on a
human subject.

Miniaturized Achromatic Objective Lens for Hand-
held SRS Imaging. One critical step moving our handheld
microscope toward clinical applications of medical diagnosis
and surgical guidance is to engineer a robust and small optical
probe. Here we further demonstrate the feasibility of minia-
turizing our handheld microscope through the design of an
achromatic miniature objective lens system. Our objective lens
system is composed of four aspheric surfaces and four lenses:
lens 1 and lens 3 are made from PMMA, and lens 2 and lens 4 are
made from OKP-4 HT (Figure 7a,b). The chromatic aberration is
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Figure 7. Design of miniaturized achromatic objective lens. (a) Individual
lens and (b) the assembled objective. (c) Picture of a lab-built objective
lens and commercial objective. (d) Integration of a lab-built objective
lens in a handheld microscope. (e) SRS imaging of a 2 ym polystyrene
microsphere by lab-built and commercial objectives.

carefully compensated to cover from 798 to 1040 nm, covering
from low wavenumber to C—H vibrations at ~2900 cm™. The
numeric aperture is 0.5, with a clear aperture of 11.0 mm and
length of 15.7 mm. The size is less than half of a commercial
objective with similar numeric aperture (Figure 7c). We integrate
this miniature objective lens in our handheld SRS microscope
(Figure 7d) and compare the performance to a commercial objec-
tive by imaging 2 um polystyrene microspheres at 2880 cm™.
A comparable signal-to-noise ratio is measured (Figure 7e). In
sum, the miniaturized design of the achromatic objective lens
further paves the way to clinical applications.

B DISCUSSION

In this work, we report a new approach to eliminate the non-
resonant background induced by the interaction of two ultra-
short pulses propagating in an optical fiber, which enables the
development of a handheld fiber-delivered stimulated Raman
microscope. Combined with our spectroscopic platform, our
development enables a handheld laser scanning microscope with
chemical selectivity. To overlap two ultrashort pulses in the time
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domain after the fiber, we currently triple passed laser pulses
in a 40 mm SF-11 glass rod which exhibits group refractive
indices of 1.7995 and 1.7862 for 887 and 1040 nm, respectively.
The refractive index difference of 0.0133 generates a 5.32 ps
temporal mismatch for two ultrashort pulses after propagating
in 120 mm SF-11 glass. The bulky SF-11 glass rod can be replaced
with materials with higher dispersion in the near-infrared region.
For example, zinc selenide, a solid compound comprising zinc
and selenium, has been widely used for the near-infrared to
infrared region due to its low absorption. The group refractive
indices at 887 and 1040 nm are 2.6429 and 2.5742, respectively.
The refractive index difference of 0.0687 induced by zinc selenide
is able to reduce current optical length in SF-11 by 5.2 times.
Therefore, the dimensions of our handheld microscope can be
reduced by simply replacing the glass rod with a zinc selenide
window. In addition, the size of the handheld microscope can
be further optimized by the state-of-the-art laser steering tech-
nology. In our current design we used galvo mirrors for laser
scanning in the handheld microscope, which constrained the
probe size. There have been tremendous efforts in developing a
miniaturized optical system for a handheld confocal microscope
by microelectromechanical system devices."”** A two-dimen-
sional microelectromechanical system scanner is expected to
reduce our probe size similar to the state-of-the-art handheld
confocal microscope.

Currently our design acquires spectroscopic images from the
surface of a sample. We demonstrated detection of pesticide res-
idues on the surface of plants, identification of cancerous tissue
from a resected sample, and visualization of a cosmetic on human
skin. The development of handheld 3D spectroscopic images will
further enable new applications. For example, such a device will
be able to map cancer cells from the surface of a surgical cavity
to ~100 ym in depth, which will further improve the outcome
of tumor resection surgery. Another example is to study the
dynamics of drug penetration on live human skin. Current state-
of-the-art technologies that can tune the depth of focus in a fluo-
rescence microscope, including a deformable mirror*’ and ultra-
sound lens,* can be integrated with our handheld microscope.

B CONCLUSION

We have developed a handheld spectroscopic SRS microscope in
which a fiber delivered two laser pulses for imaging. We mini-
mized the nonlinear effects in the fiber by temporally separating
pump and Stokes pulses propagating in the fiber and overlapping
them on the sample through a dispersive material. Our approach
enabled detection of an SRS signal that is 200 times weaker than
the nonresonant background induced by the fiber. We demon-
strated in situ detection of pesticide residue on a spinach leaf,
label-free imaging of canine cancerous brain tissue, and in vivo
imaging of a cosmetic on live human skin, in a handheld setting
and under ambient light. We also showed the feasibility of
miniaturization of a handheld SRS probe by a lab-built objective
lens. In future studies, we will build a transportable system with
a compact laser source. Collectively, our development holds the
potential of bringing an SRS microscope to a subject, thus opening
a broad range of applications not accessible by a benchtop unit.

B METHODS

Experimental Setup of Spectroscopic SRS Excitation
Platform. A tunable 80 MHz pulsed laser (InSight, Spectra
Physics) provides two synchronized outputs. The fixed 1040 nm
beam with a ~220 fs pulse width as the Stokes beam is first

intensity-modulated by an acousto-optic modulator (Isomet) at
2.4 MHz and then directed to our delay-line tuner in which the
collimated light is directed to the edge of a tilted galvo mirror
and focused with a lens on a flat mirror. The retroreflected light
experiences a millimeter-scale difference in optical path when
the galvo mirror is scanned, as reported in our previous work."*
Then the Stokes pulse is sent to pass through a 12.7 cm SF-11
rod. For the pump beam, the tunable output from the laser
provides a spectral range from 680 to 1300 nm. The polar-
ization of the ~120 fs pump pulse width is rotated by a half-
wave plate in order to match the polarization of the Stokes beam.
Then, the pump and Stokes pulses are combined and chirped
by one 12.7 cm SF-11 rod. The pulse widths of the pump and
Stokes beams are stretched to 800 and 500 fs, respectively, mea-
sured with an autocorrelator (PulseScope, APE). The combined
pulses are then coupled into a large-area PCF (LMA-20, NKT
Photonics) with a fiber length of ~1.8 m. This fiber has been
used to show low spectral broadening for picosecond pulses.”
The coupling efficiencies for 887 and 1040 nm are 38% and 40%,
respectively. After the PCF, pump and Stokes pulses are colli-
mated by a lens with a 50 mm focal length, sent to a 40 mm
SF11 rod, and propagated for a 120 mm distance by the aid of
two right-angle prisms (PS910H-B, Thorlabs) attached to the
two ends of an SF11 rod. Then two galvo mirrors (621SHM60B
and 67121SH-1HP, Cambridge) are used to scan an image of the
sample. The focal lengths of the two lenses between the galvo
mirrors and the objective are 30 and 75 mm, respectively. The
optical power on the sample is 40 mW for 887 nm and 40 mW
for 1040 nm. The total power before fiber coupling is 350 mW
for 887 nm and 250 mW for 1040 nm. The throughput of our
handheld system is 11% for 887 nm and 16% for 1040 nm.
After the fiber, the pulse widths of the pump and Stokes beams
are stretched to 3.6 and 2 ps, respectively. Considering the
spectral bandwidth of 122 cm™ for a pump beam at 887 nm
and 66 cm™! for a Stokes beam at 1040 nm, the ratio between the
pump and Stokes pulse widths should be close to 122 cm™'/
66 cm™' = 1.8. Therefore, before coupling into the PCF, we
send the Stokes beam at 1040 nm to propagate through two
12.7 cm SF-11 rods and the pump beam at 887 nm to prop-
agate through one 12.7 cm SF11 rod. The pulse width after the
LMA fiber is 3.6 ps for 887 nm and 2 ps for 1040 nm, and the
ratio between the pump and Stokes pulse widths is close to 1.8.
The chirped femtosecond pump and Stokes pulses focus their
entire bandwidth into a narrow spectral region.47 Therefore, each
temporal delay between the chirped pump and Stokes pulses
corresponds to a Raman shift. By scanning the temporal delay
of one of pulses with our delay-line tuner, SRS spectroscopic
imaging based on this spectral focusing scheme is performed.

Spectral Features of Protein and a Commercial
Cosmetic. To identify the spectral features of a commercially
available cosmetic that is mostly composed of vitamin E and
human skin, which mostly exhibits protein signals, we acquired
a spontaneous Raman spectrum from the cosmetic (Raphe Pharma
Laboratories) and BSA (Sigma-Aldrich) (Supplementary Figure 2).
In the CH vibrational region (2800—3000 cm™"), the cosmetic
exhibits a broader spectral profile.

Lab-Built Miniaturized Achromatic Objective Lens.
The lens configuration of the microscope objective is shown in
Supplementary Figure 3a. The microscope objective has an NA
of 0.5. Lens 1 and lens 3 are made from PMMA, and lens 2 and
lens 4 are made from OKP-4 HT. There are four aspheric sur-
faces in this design. Supplementary Figure 3b shows the corre-
sponding modulation transfer function. Figure 7a shows the

DOI: 10.1021/acsphotonics.7b01214
ACS Photonics XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.7b01214/suppl_file/ph7b01214_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.7b01214/suppl_file/ph7b01214_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsphotonics.7b01214/suppl_file/ph7b01214_si_001.pdf
http://dx.doi.org/10.1021/acsphotonics.7b01214

ACS Photonics

lens elements fabricated by a diamond turning process and the
assembly objective. We can clearly see the mechanical struc-
tures outside of the lens’ clear apertures that serve an assem-
bling and aligning purpose. To simplify the lens assembling
process and accuracy, we add assembling features as shown
in Supplementary Figure 4. In this case, the lens’ clear aperture
is 11 mm, and the lens diameter including the integrated
mechanical mount is 13 mm. We apply a press fit between the two
lenses so that when we clip one lens onto the other, the mechan-
ical mounts are strong enough to hold the lenses while main-
taining the alignment of the lenses within the tolerance value. The
step height of every mechanical mount is set to be 0.7 mm. Ideally,
the step height should be large enough to hold the lens steadily.
However, because we are diamond turning the mechanical mount
structure and the lens surface at the same time, the maximum
permissible step height is limited by the lens profile, radius of the
half-radius diamond tool, and the primary clearance angle of the
diamond tool.

Spontaneous Raman Spectroscopy. The spontaneous
Raman spectra of targeted objects were taken by a Raman spec-
tromicroscopy setup described previously.*”

Multivariate Curve Resolution Analysis. We adopted mul-
tivariate curve resolution (MCR) and alternating least-squares
fitting to decompose the SRS spectral images into chemlcal
maps of the specimen, as described in our previous study."
MCR is a bilinear model,”” capable of decomposing a measured
spectral data set D into concentration profiles and spectra of
chemical components, represented by matrices C and ST,
D = C-S" + E. Here, T means the transpose of matrix S. E is the
residual matrix or experimental error. The inputs to MCR are
the data set D and the reference spectra of each component.
S contains the output spectra of all fitted components. The output
concentration of a chemical component at each pixel is expressed
as a percentage relative to the intensity of the MCR-optimized
spectrum.
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