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ABSTRACT: Optical microscopy is a valuable tool for in vivo
monitoring of biological structures and functions because of its
noninvasiveness. However, imaging deep into biological tissues is
challenging due to the scattering and absorption of light. Previous
research has shown that the two optimal wavelength windows for
high-resolution deep mouse brain imaging are around 1300 and
1700 nm. However, one-photon ﬂuorescence imaging in the
wavelength region has been highly challenging due to the poor
detection eﬃciency of currently available detectors. To fully utilize
this wavelength advantage, we demonstrated here one-photon
confocal ﬂuorescence imaging of deep mouse brains with an excitation wavelength of 1310 nm and an emission wavelength within
the 1700 nm window. Fluorescence emission at 1700 nm was detected by a custom-built superconducting nanowire single-photon
detector (SNSPD) optimized for detection between 1600 nm and 2000 nm with low detection noise and high detection eﬃciency.
With the PEGylated quantum dots and SNSPD both positioned at the optimal imaging window for deep tissue penetration, we
demonstrated in vivo one-photon confocal ﬂuorescence imaging at approximately 1.7 mm below the surface of the mouse brain,
through the entire cortical column and into the hippocampus region with a low-cost continuous-wave laser source and low excitation
power. We further discussed the signiﬁcance of the staining inhomogeneity in determining the depth limit of one-photon confocal
ﬂuorescence imaging. Our work may motivate the further development of long wavelength ﬂuorescent probes, and inspire
innovations in high-eﬃciency, high-gain, and low-noise long wavelength detectors for biological imaging.
KEYWORDS: confocal microscopy, deep brain imaging, short-wave infrared region, quantum dots,
superconducting nanowire single-photon detector

O

have been developed that rely on, respectively, nonlinear
excitation, confocal gating, and coherence gating2 to select the
signal generated by the ballistic photons to form highresolution images at depth. Multiphoton and confocal
ﬂuorescence microscopy is advantageous because various
ﬂuorescence labeling techniques, together with genetic
targeting, allow imaging with high speciﬁcity. Previous reports
of imaging mouse brains in vivo with two-photon10−13 and
three-photon microscopy8,14,15 at depths beyond 1 mm
leveraged the optimal wavelength windows for deep tissue
penetration at 1300 and 1700 nm. These windows were
determined by considering the combined eﬀects of scattering
and absorption of ballistic photons in brain tissues in
vivo.8,16On the other hand, one-photon confocal ﬂuorescence

ptical microscopy is a valuable tool for noninvasive,
high-spatial-resolution imaging of biological processes.
Deep imaging at the cellular level within a living biological
system is necessary for studying cell−cell interactions in their
natural environment. However, due to the strong scattering
and absorption of light by biological tissues, deep imaging with
high spatial resolution has been challenging. In the last several
decades, there were tremendous eﬀorts in exploring various
possibilities to push the depth limit of optical microscopy.1−3
While photoacoustic imaging4 and diﬀusive optical tomography5,6 can access depths at a few millimeters to centimeters,
they suﬀer signiﬁcantly from low spatial resolutions because of
the inherent trade-oﬀ between resolution and depth.
For imaging applications that require high spatial resolution,
for example, cellular resolution in vivo imaging of brains in
neuroscience research, the imaging depth is limited to the
single-scattering or limited multiple-scattering regimes, and the
preservation of ballistic photons and the rejection of scattered
photons become essential. Imaging modalities such as
multiphoton microscopy (MPM),7,8 confocal microscopy,9
and optical coherence tomography/microscopy (OCT/OCM)
© 2021 The Authors. Published by
American Chemical Society
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Figure 1. Imaging setup: PBS, polarizing beam splitter; PC, polarization controller; SNSPD, superconducting nanowire single-photon detector. The
focal lengths for the scan lens and the tube lens are 35 and 200 mm, respectively. See Methods for more details.

Figure 2. PbS/CdS quantum dot. (a) Schematic structure of the PbS/CdS quantum dot and (b) the absorption and emission spectra of the PbS/
CdS quantum dot.

microscopy can provide three-dimensionally resolved imaging
capabilities and is still widely used in many biology
laboratories. However, confocal imaging depth is often limited
due to its short excitation and ﬂuorescence emission
wavelengths (typically within the visible light spectrum).17
Therefore, one-photon confocal ﬂuorescence imaging has only
been widely applied to transparent samples such as cleared
brain tissues18,19 or superﬁcial regions of scattering tissue.20
In this paper, we aim to push the limit of penetration depth
of one-photon confocal ﬂuorescence microscopy in scattering
tissue. To take full advantage of the tissue penetration
capability of long-wavelength light, we positioned both the
excitation and the ﬂuorescence emission wavelengths within
the optimal spectral windows for high-spatial-resolution deep
brain imaging. We combined PbS/CdS quantum dots
(excitation wavelength of 1310 nm and ﬂuorescence emission
wavelengths >1600 nm) with the custom-built superconducting nanowire single-photon detectors (SNSPDs) for detection
between 1300 and 2000 nm (Figure 1), within short-wave
infrared region (SWIR, 1000−2500 nm). We achieved in vivo
confocal ﬂuorescence microscopy of adult mouse brain
vasculature at approximately 1.7 mm depth by using a simple,
low-power CW laser for excitation. The long-wavelength
confocal microscopy method demonstrated in this paper is
robust and straightforward and achieves high spatial
resolutions at depths comparable to long wavelength MPM
and OCM, which is 3−4 times deeper than previously reported
for confocal ﬂuorescence imaging using excitation wavelengths
in the visible range. Results obtained in this work shed light on
the depth limit of one-photon confocal ﬂuorescence

microscopy, advance our understanding of deep tissue
microscopy, and may inspire further development of long
wavelength ﬂuorophores and detectors.

■

RESULTS AND DISCUSSIONS
Characterization of the Labeling Agent: PbS/CdS
Quantum Dots. One major challenge for one-photon
ﬂuorescence imaging at the long-wavelength windows is the
availability of long wavelength ﬂuorophores. The most
promising options currently are nanomaterials such as carbon
nanotubes (CNT)21 and quantum dots,22,23 which can have
long-wavelength excitation and emission in the short-wave
infrared region (1100−1700 nm) by tuning both their sizes
and material compositions.24
Despite the wide availability of raw nanomaterials, most of
them are toxic or insoluble in water. Therefore, surface
modiﬁcations are necessary to make such materials biocompatible for in vivo imaging applications.25 While probes, such as
CNTs, can be engineered to emit long wavelengths, their
applications to biological imaging are largely limited to
photoluminescence below 1500 nm.26 If bright probes with a
longer emission wavelength are available and biocompatible,
they could also be used in imaging the deep mouse brain.
Taking into account the brightness, emission wavelength,
commercial availability, and biocompatibility, we chose PbS/
CdS quantum dots (IR-iNP, Nirmidas Biotech, Inc.)22 with
the emission wavelength (Figure 2b, emission data obtained
from the previous work22) in the 1700 nm window. The
absorption spectrum is measured by a spectrometer (UV−visNIR spectrometer, Shimadzu Corp.). The size of the quantum
2801
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Figure 3. SWIR superconducting nanowire single-photon detector. (a) Scanning electron microscope (SEM) micrograph of a representative
meandering nanowire structure. Inset shows the close-up view of the meander nanowires. (b) Measured detector quantum eﬃciency of the three
channels used as a function of wavelengths (circles). The legend also shows the measured dark counts (DC. for each detector at its critical current
(i.e., the maximum current that a superconducting wire can carry with zero resistance). For comparison, we also plot the quantum eﬃciency of a
typical InP/InGaAs PMT (squares, R5509-73, Hamamatsu).

dots is ∼20 nm, and they are functionalized with amine groups
(NH2) and PEGylated to make them soluble in aqueous
solutions and to improve their biocompatibility. The advantage
of these quantum dots is that they are excitable over a wide
range of wavelengths, including 1300 nm for deep tissue
penetration.
In this work we demonstrated the use of quantum dots for in
vivo deep imaging of brain vasculature. The uniform labeling of
brain vasculature is useful for studying the depth limit of
confocal ﬂuorescence microscopy in the mouse brain. On the
other hand, imaging the brain vasculature is important for the
biological studies of the vasculature topology and blood ﬂow.27
,28
The long wavelength quantum dots are also appealing for
applications in drug delivery,29 biological sensing,30 and cancer
diagnosis29 when noninvasive probing of deep tissue is
required.
High-Sensitivity, Low Noise Superconducting SinglePhoton Nanowire SWIR Detector. Another major challenge
for one-photon ﬂuorescence imaging at the long-wavelength
windows is the lack of high gain, low noise, and high eﬃciency
detectors for detection of the ﬂuorescence. Previous onephoton imaging at the long-wavelength windows22,31 were all
limited to detection wavelengths of less than 1650 nm because
of the spectral response of the InGaAs photodiodes or
photomultiplier tubes (PMTs). In addition, for low-light
level detection, such as detection of the ﬂuorescence, a
detector with high quantum eﬃciency, low dark counts, and
high gain is required. Existing detectors such as InGaAs-based
PMTs, while having high gain, suﬀer from low quantum
eﬃciency (typically less than 2.5%) and high dark counts
(∼105 counts/s).
We customized a SNSPD system for our speciﬁc application.
The detector has an optimized spectral response between 1600
nm and 2000 nm, a high quantum eﬃciency (65% at 1625 nm
and 36% at 1855 nm), and dark counts <200 counts per
second at the operating current in our experiment (see Figure
S1(a) for dark counts vs operating current). SNSPDs were
previously shown to achieve high detection eﬃciencies (>90%)
in the near-infrared range (780−1000 nm)32,33 and the
telecom bands (1300−1600 nm).34−36 To achieve a high
detection eﬃciency in the 1300−2000 nm range, several
factors were optimized: the NbTiN superconducting ﬁlm

composition, the geometry of the superconducting nanowires
(as shown in Figure 3a), and the optical cavity formed by a Au
mirror and SiO2 spacer underneath the superconducting ﬁlm.
Although mid-infrared detectors have been demonstrated for
light with wavelengths ranging from 1 to 5 μm37,38 or even 10
μm,39 these demonstrations either showed a saturated internal
eﬃciency or demonstrated a limited detection eﬃciency.40
Moreover, the materials used in most of these demonstrations
(apart from40) required operation below the base temperature
of conventional Giﬀord−McMahon cryo-coolers, making the
development of a compact microscopy system much more
diﬃcult. To the best of our knowledge, this is the ﬁrst
demonstration of a wideband SNSPD in this wavelength range
of 1300−2000 nm.
Previously, biological imaging in the SWIR range uses the
InGaAs PMT41 or camera23 as the detector. We compared the
detection eﬃciency measured at diﬀerent wavelengths for all
three channels in the SNSPD system used for this work with a
typical InGaAs PMT within the same wavelength range
(Figure 3b). The detection eﬃciency of the SNSPD is at
least 50× higher than that of an InGaAs PMT beyond 1600
nm. Since the SNSPD is a ﬁber-coupled system, we also
compared the performance of two diﬀerent optical ﬁber types
(SMF28 and PM2000) for coupling with the SNSPDs. Since
PM2000 ﬁbers guide longer wavelengths much better than
SMF28 ﬁbers, more background from blackbody radiation can
couple to the SNSPDs using PM2000. This results in higher
dark counts rate, with >10000 counts per second (cps) for
PM2000 and <200 cps for SMF28 (Figure S1(b)). Hence, we
chose SMF28 to couple to the SNSPD and kept the optical
ﬁbers short in this experiment (approximately 2 m) to
minimize the transmission loss of the ﬂuorescence signal in
the SMF28 optical ﬁbers.
In Vivo Deep Imaging of Adult Mouse Brain. For in
vivo mouse brain imaging, imaging sessions were conducted
immediately after the craniotomy. The mouse preparation is
described in detail in the Methods section. The mouse is headﬁxed and anesthetized during imaging. The cranial window is
centered at 2.2 mm lateral and 2 mm caudal from the bregma
point. PbS/CdS quantum dots were retro-orbitally injected
into the mouse. We acquired images with a pixel dwell time of
3.8 μs at 512 × 512 pixels/frame. Data were acquired within
2802
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Figure 4. (a) In vivo imaging of an adult mouse brain vasculature at various depths with PbS/CdS quantum dots. The scale bar is 50 μm. (b) The
signal-to-background ratio (SBR) as a function of imaging depth. The inset in (b) shows an example (at ∼500 μm depth) of the SBR calculation
where SBR = (total ﬂuorescence − background)/background. The white matter (WM) region of the mouse brain is indicated in green. (c)
Fluorescence signal as a function of imaging depth. The ﬂuorescence signal strength at a particular depth is represented by the average value of the
brightest 1% of pixels in the x−y image at that depth. The signal is normalized to the signal at the surface of the brain, and is plotted on a
logarithmic scale. For the ﬁrst 400 μm, the ﬂuorescence signal attenuation length (i.e., the depth at which the ﬂuorescence signal is reduced by a
factor of e) is approximately 180 μm. (d) White matter image from the reﬂectance confocal channel at ∼750 μm, scale bar is 50 μm. (e) The upper
bound of lateral spatial resolution, as deﬁned by the minimum lateral vessel full-width at half-maximum (fwhm) at various depths. The white matter
(WM) region is indicated in green. (f) (ii) and (iv) are the lateral intensity proﬁles of capillaries along the blue lines at the depth of 1440 μm (i)
and 1700 μm (iii) with the Gaussian ﬁt (black line) showing the fwhm of 3.3 and 5.5 μm, respectively. The scale bar is 50 μm. (g, h) Axial intensity
proﬁle of a capillary at the depth of ∼330 μm (g) and 1260 μm (h) with the Gaussian ﬁt (black line) showing the fwhm of 3.4 and 8.4 μm,
respectively.

per frame. Since the mouse is head-ﬁxed and anesthetized,
animal motion caused by the heartbeat does not appear to
impact the image acquisition even with an integration time of
50 s per frame.
We demonstrated x−y images of the cortical vasculature of
the mouse through the somatosensory cortex with the same
magniﬁcation (Figure 4a). An imaging depth of ∼1.7 mm was
achieved through the white matter (Figure 4d), signiﬁcantly
extending the previous depth of ∼0.4 mm for in vivo confocal
ﬂuorescence imaging in adult mouse brains with excitation at
400−600 nm20 or ∼0.8 mm with excitation at 810 nm.31 The
images shown at beyond 1 mm depth are in the hippocampus

the middle 80% of the scan path of the fast axis, leading to an
image acquisition rate of 1 frame per second (fps). Image
acquisition for the z-stack progressed from the deepest point to
the surface. The excitation power was adjusted to achieve
approximately the same signal level at various depths for a
constant frame rate of 1 fps and to ensure no excitation
saturation (i.e., ground state depletion) occurred. For depths
beyond 1.2 mm, the maximum power of approximately 25 mW
at the brain surface was used. Imaging integration time was
then increased to maintain reasonable signal-to-noise ratios
(SNRs) for imaging depth >1.2 mm. At the deepest imaging
depth of ∼1.7 mm, the integration time was approximately 50 s
2803

https://doi.org/10.1021/acsphotonics.1c01018
ACS Photonics 2021, 8, 2800−2810

ACS Photonics

pubs.acs.org/journal/apchd5

Article

Figure 5. Wavelength selection for deep mouse brain confocal imaging. (a) The calculated eﬀective attenuation length of ballistic photons as a
function of wavelengths for mouse brains.8 (b) The calculated signal attenuation length for a confocal system with a small pinhole. Excitation and
emission wavelengths are scanned from 0.5 to 2.5 μm. (c) Zoomed-in version of the region indicated by the box in white dashed line in (b). The
color bar has units of μm. The star in (c), with excitation in the 1.3 μm window and emission in the 1.7 μm window, indicates the experimental
parameters used in our experiments.

To evaluate the lateral resolution, we used the smallest
blood vessels in each image frame, establishing an upper bound
estimation for the lateral resolution (Figure 4e). The fwhm’s of
the lateral line proﬁles for capillaries at the depths of 1440 and
1700 μm are 3.3 and 5.5 μm, respectively (Figure 4f). We also
measured the axial resolution. The fwhm of the axial intensity
proﬁle of a small capillary at the depth of ∼330 μm is ∼3.4 μm
(Figure 4g). Our data showed that the lateral resolution
degrades signiﬁcantly below the white matter, and reached a
value of ∼5.5 μm at a depth of ∼1.7 mm (with axial resolution
degrades to 8.4 μm at ∼1260 μm in Figure 4h). This result
implies that in addition to the degrading SBR, optical
aberrations are also present, particularly for depth beyond
the external capsule (i.e., >1 mm). Therefore, the image
contrast below the white matter is poor. Such a situation is
similar to what was observed in through-skull two-photon
imaging44 and long wavelength two-photon imaging below the
white matter,11 where the degradation of the point spread
function reduced the image contrast.
Wavelength Selection for Deep Mouse Brain Imaging. Ballistic photons attenuate exponentially as a function of
imaging depth in scattering and absorbing tissues.45 The rate of
such decay is determined by the eﬀective attenuation length
(le) of the tissue, which is derived from the scattering meanfree path (ls) and the absorption length (la) of the tissue, where
1
1
1
= l + l . The theoretical model combining Mie scattering
l

region of the mouse brain, where we observed some large
blood vessels, likely to be the arteries or veins, typically tens to
a few hundreds of microns diameter in size. Similar large
features were also observed in previous three-photon deep
imaging works.42 The bright round dots observed in the
images are the blood vessels oriented perpendicular to the
cranial window. They are brighter because the collected
ﬂuorescence signal is a volume integral of the eﬀective confocal
focal volume. The images at 1480 and 1600 μm depth mainly
capture a blood vessel with a large diameter imaged at various
depths. We observed diﬀerent small features in the image at
1440 nm and 1700 μm depth.
The ﬂuorescence imaging depth limit is deﬁned as the depth
where the signal-to-background ratio (SBR) equals one, which
has long been used in multiphoton ﬂuorescence microscopy.43
To be consistent with previous studies, we used the same
criteria (i.e., the depth where SBR = 1) to determine the depth
limit for confocal ﬂuorescence microscopy. To quantify the
SBR, we plotted the intensity line proﬁles across lateral blood
vessels (Figure 4b). The peak value of the line proﬁle is the
sum of the signal from the focal volume and the out-of-focus
background, which can be estimated by the intensity of the
regions immediately outside the vessel. The SBR measurement
is illustrated in the inset in Figure 4b, where SBR = (total
ﬂuorescence − background)/background. The SBR decreases
with imaging depth, and at the depth at 1.75 mm the SBR was
close to one. Compared to 980 and 1060 nm, the absorption at
1300 nm is only 2 to 3 times lower, which means the signal
strength is 2 to 3 times lower using 1300 nm excitation. On the
other hand, the ballistic photon attenuation length at 1300 nm
is ∼1.5 times longer than that at ∼1000 nm. At 1.5 mm
imaging depth, the signal strength at 1300 nm is therefore
estimated to be ∼18−27 times stronger than that at ∼1000 nm
considering ballistic photons collection in the confocal
detection and assuming the same power at the sample surface.
Our results clearly show that confocal ﬂuorescence in vivo
imaging with excitation at 1310 nm and emission at >1600 nm
can penetrate through the entire cortical layer of the mouse
brain. In Figure 4c, we show the detected ﬂuorescence signal as
a function of imaging depth. For the ﬁrst 400 μm, the
ﬂuorescence signal attenuation length (i.e., the depth at which
the ﬂuorescence signal is reduced by a factor of e) was
approximately 180 μm. We further quantiﬁed the imaging
resolution in the mouse brain.

e

a

s

and water absorption,8 as shown in Figure 5a, indicates that
longer excitation wavelengths within the optimal imaging
windows (i.e., the 1300 and 1700 nm windows) have longer
attenuation lengths and can therefore reach larger imaging
depths.
Previously, the impact of the emission wavelength on
multiphoton imaging depth was discussed, and it was found
that the emission wavelength has a limited impact on MPM.
This is because typical MPM systems operate in a wideﬁeld
collection mode, where scattered ﬂuorescence photons are also
eﬃciently collected.46 The imaging depth in MPM is hence
mostly determined by the excitation wavelength. In onephoton confocal ﬂuorescence microscopy, however, the
confocal pinhole preferentially selects ballistic photons for
ﬂuorescence detection. Therefore, in one-photon confocal
ﬂuorescence imaging, the emission wavelength has the same
impact as the excitation wavelength on imaging depth, and the
ﬂuorescence signal attenuates as e− z/lex × e− z/lem, where lex and
2804
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Figure 6. (a) SBR as a function of imaging depth for various confocal pinhole sizes. The depth is normalized by the lcon in (a)−(d) and AU is an
Airy unit. (b) SBR as a function of imaging depth with two diﬀerent staining inhomogeneities. (c) Signal as a function of imaging depth with
various confocal pinhole sizes. The signal is normalized to the signal at the sample surface. (d) Signal as a function of imaging depth with two
diﬀerent staining inhomogeneities. (e) Images at various normalized depths for the staining inhomogeneities of 100 (top) and 2000 (bottom). The
SBRs are indicated in the images. Scale bar: 30 μm.

lem are the eﬀective attenuation lengths of the tissue at the
excitation and emission wavelength, respectively, and z is the
imaging depth. To normalize the imaging depth, instead of
using the length scale that corresponds to the decay of the
ﬂuorescence signal as a function of imaging depth, here we will
use the length scale that reﬂects the optical property of the
tissue at the excitation and emission wavelength. By averaging
the attenuation coeﬃcients in the excitation (l−1
ex ) and the

(Figure 5b,c). Such a deﬁnition is also consistent with previous
conventions in MPM8,11 and reﬂectance confocal imaging.2,47
In principle, lcon is maximized when lex = lem and lex is at its
maximum, as seen in Figure 5b. This corresponds to confocal
reﬂectance imaging at the optimal imaging window of ∼1700
nm, as shown in a previous paper.41
For confocal ﬂuorescence imaging, and taking into account
the Stokes shift, Figure 5b,c shows that the lcon reached the
maximum values with three pairs of excitation and emission
wavelengths: (1) excitation in the 1300 nm window and
emission in the 1700 nm window (this work), (2) excitation in
the 1700 nm window and emission in the 2200 nm window,

−1
emission paths (l−1
+ lem−1), we can deﬁne the
em), that is, 2 (lex
1

confocal imaging attenuation length (lcon) as lcon =

2
1
lex

+

1
lem

2805
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in good agreement with data of the mouse brain vasculature
(staining inhomogeneity of ∼50 in cortex and thalamus55 and
∼100 in the hippocampus55,56), with both imaging results
showing the depth limits at ∼5lcon. When varying the
ﬂuorescence staining inhomogeneity, the imaging depth limit
changes (Figure 6b,d). For the same pinhole size (1 Airy unit;
also 1 Airy unit is used in the in vivo imaging system), the
depth limit increases from ∼5lcon for a staining inhomogeneity
of 100 (Figure 6a,c,e) to ∼7lcon for a staining inhomogeneity of
2000 (Figure 6b,d,e). This indicates that the larger the staining
inhomogeneity, the deeper confocal ﬂuorescence microscopy
can reach. Note that high staining inhomogeneity is practical as
many biologists regularly locally label the ﬂuorescence for
visualizing processes in a speciﬁc region of interest by
techniques such as localized injection for in vivo observation.
Using the estimated confocal signal attenuation length we
obtained in the previous section, we are able to estimate the
absolute depth limit for confocal ﬂuorescence imaging of the
mouse brain in vivo. In the case of staining inhomogeneity of
∼100, which is close to the vasculature labeling in the brain, an
absolute depth limit of about ∼1.77 mm is calculated (∼5lcon,
where lcon ∼ 354 μm from the simulation in Figure 5c when
positioning the excitation wavelength at ∼1300 nm and the
emission wavelength at ∼1700 nm). This theoretical
prediction is close to our experimental result of a depth limit
of 1.7 mm.
The dependence of the depth limit on staining inhomogeneity for one-photon confocal ﬂuorescence imaging is similar
to that in two-photon microscopy.54 Indeed, assuming the
excitation and emission wavelengths of confocal ﬂuorescence
imaging is similar to the excitation wavelength of two-photon
microscopy, our data indicate that, based on the SBR, onephoton confocal imaging can achieve the same penetration
depth as two-photon microscopy.
Imaging with close to diﬀraction-limited spatial resolution
deep within scattering tissues requires imaging with ballistic
photons, unless scattering compensation techniques are
employed.57,58 Common techniques of ballistic photon
imaging include wide-ﬁeld, confocal, OCT/OCM, and multiphoton microscopy. The imaging depth of these techniques are
mainly limited by multiple-scattering photons. Since the
scattering and absorption lengths of biological tissues are
strongly wavelength-dependent, the absolute imaging depth
limit depends critically on the wavelength used. In addition, for
ﬂuorescence imaging, the choice of the imaging wavelength is
further constrained by the available ﬂuorophores. Based on the
calculations in Figure 5, we can quantify the advantage of the
longer emission wavelength. For example, by positioning the
emission wavelength at 1700 nm instead of at 1500 nm, with
the same excitation wavelength at 1300 nm, an increase of ∼80
μm in confocal attenuation lengths (lcon) is obtained, which
results in 5 × lcon = 400 μm of increased depth limit in
ﬂuorescence confocal imaging. A similar impact of emission
wavelength on imaging depth has been experimentally
demonstrated in single-photon light-sheet microscopy.23
While the long-wavelength confocal imaging shown in this
paper reached a comparable imaging depth as long-wavelength
two-photon imaging and is free of autoﬂuorescence, the
requirement of SWIR dyes is a major limitation for long
wavelength one-photon imaging since a majority of organic
ﬂuorophores and almost all ﬂuorescent proteins require visible
or near-IR excitation (i.e., <750 nm). Therefore, in addition to
limiting photobleaching and photodamage to the focal plane

and (3) both excitation and emission in the 1700 window.
Therefore, in addition to the results shown here, there are
additional opportunities for long-wavelength confocal ﬂuorescence imaging if appropriate ﬂuorescent labels exist. We
note that the considerations for the wavelength selections
discussed here are also applicable to nonlinear excitations
where two or more wavelengths are employed for excitation
such as nondegenerate two-photon excitation,48 stimulated
Raman scattering,49 and pump−probe imaging.50,51
With the estimated confocal signal attenuation length, we
can determine the absolute imaging depth limit of ﬂuorescence
confocal microscopy in the following section.
Experimental Investigation of the Depth Limit of
One-Photon Confocal Fluorescence Imaging. Confocal
ﬂuorescence microscopy has long seen limited use in deep
tissue imaging due to its excitation wavelength being typically
in the visible spectrum. Therefore, the imaging depth limit of
confocal ﬂuorescence microscopy has not been investigated
thoroughly, unlike in MPM. Discussions of the imaging depth
limit of confocal microscopy have further been limited to
confocal reﬂectance modes, in comparison with OCT/
OCM,9,47,52,53 mainly focused on the parameters such as the
anisotropy factor and the numerical aperture (NA). However,
the image contrast in confocal reﬂectance imaging comes from
anywhere that has backscattering, while that of confocal
ﬂuorescence imaging comes only from the ﬂuorescence-labeled
regions. To discuss the imaging depth limit of confocal
ﬂuorescence imaging in a scattering medium at high-spatial
resolutions, we need to speciﬁcally take into account staining
inhomogeneity (deﬁned as the inverse of the volume fraction
of the sample that are labeled), a factor that was known to be
essential in MPM54 but not discussed in previous work on
confocal imaging depth limit. The staining inhomogeneity can
vary dramatically in diﬀerent applications. For example, the
staining inhomogeneity is approximately 50 when imaging the
mouse brain vasculature.10,55,56 On the other hand, the staining
inhomogeneity is highly varied when imaging neurons in a
transgenic mouse brain.10 Therefore, similar to MPM, the
staining inhomogeneity is an essential parameter for
determining the imaging depth limit of one-photon confocal
ﬂuorescence imaging.
Here we experimentally investigate the depth limit of
confocal ﬂuorescence imaging at high-spatial resolutions in a
tissue phantom that exhibits similar scattering properties of the
mouse brain. We varied the staining inhomogeneity and
examined the eﬀects of the pinhole size on imaging depth using
a commercial confocal ﬂuorescence microscope (see the
Methods section). The depth limit was deﬁned by the
condition SBR = 1, similar to MPM. Fluorescence originating
from the beads is determined by the brightness at the center of
the ﬂuorescent beads (total ﬂuorescence) minus the brightness
of the area that does not contain beads (i.e., out-of-focus
background). This is the same method used in previous SBR
measurements in MPM.54 We found that the imaging depth
limit does not change signiﬁcantly when the pinhole size is
small (∼1 Airy unit or less). When the pinhole size is much
larger (Figure 6a,c), the SBR and, therefore, the imaging depth
limit degrade signiﬁcantly. For a staining inhomogeneity of
100, we found the depth limit of ∼5lcon with the confocal
pinhole at 1 Airy unit or less, and ∼2.8lcon with the confocal
pinhole at 17.6 Airy units (the largest pinhole size we can reach
with the LSM880 confocal microscope, see Methods). The
experimental data on the staining inhomogeneity of beads are
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and eﬃcient wide-ﬁeld ﬂuorescence collection with its threedimensional localized excitation, the advantage of two-photon
microscopy for deep tissue imaging when compared to onephoton confocal imaging is mainly due to the compatibility of
the long wavelength windows for deep tissue penetration with
two-photon excitation of existing ﬂuorophores. If SWIR dyes
and proteins were to become widely available for in vivo
imaging, given the convenience and advantages of one-photon
excitation, it would be conceivable that one-photon confocal
ﬂuorescence microscopy can play a major role in deep imaging
of scattering tissues.
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the brain, we set up a confocal reﬂectance path with a PBS and
a cranial window in the form of a λ/4 waveplate to separate the
illumination and backscattered light and to eliminate the
spurious back reﬂection from the various optical elements in
the microscope. This technique was introduced in our previous
work.41 We used a continuous-wave (CW) diode laser as the
illumination source at 1310 nm (FPL1053P, Thorlabs). The
epi-collected light was descanned, long-pass ﬁltered
(FELH1500, Thorlabs) and refocused by aspheric lenses into
single-mode ﬁbers (SMF-28), which also served as the confocal
apertures. The focusing lenses are chosen to match the
confocal pinhole so that an eﬀective aperture size of 1 Airy
unity is achieved. For analog signal acquisition, signal is lock-in
ampliﬁed and an additional 240 kHz low pass ﬁlter (EF504,
Thorlabs) was used before digital sampling. The signal
acquisition system displayed shot-noise-limited performance
and dark counts of <200 counts per second under actual
imaging conditions without laser scanning. Image acquisition
and stage control were performed using ScanImage (version
5.6) running in MATLAB (MathWorks 2018a). The SNSPD
detector is maintained and operated at ∼2.6K. The current
applied to the SNSPD was adjusted based on the signal
strength and the required bandwidth. The analog-to-digital
conversion was performed by a data acquisition card (NI PCI6110, National Instruments).
Fabrication of the SNSPD Detector. The fabrication of
the SNSPD detector is brieﬂy described here. Through thermal
oxidization, a 280−310 nm thick SiO2 layer was grown on a
commercial silicon wafer. The NbTiN thin ﬁlm was then
deposited by cosputtering of Nb and Ti in a plasma of Ar and
N2, as described in our previous work.59 The meandering
nanowire structure was then patterned using electron beam
lithography with either XR1541(negative) or AR-P 6200.04
(positive) E-beam resist and reactive ion etching in a plasma of
SF6 and O2. Similar to the previous work,36 backside
photolithography was aligned to the detector (on the front
side), and a two-step deep reactive ion etching (Bosch process)
was used to release detector/SiO2 membrane and fabricate a
gold mirror beneath the membrane. Finally, another lithographic step and through-wafer Bosch process were used to
fully release the chips from the substrate in a keyhole shape
that is compatible with FC ﬁber mating sleeves.60
Animal Preparation and In Vivo Adult Mouse Brain
Imaging. All animal procedures were performed with the
approval of the Cornell Institutional Animal Care and Use
Committee (IACUC) and under the guidance of the Cornell
Center for Animal Resources and Education.
For the in vivo mouse imaging, imaging sessions were
conducted immediately after the craniotomy. We used a 5 × 5
mm square-shaped λ/4-waveplate (WPQ501, Thorlabs)
instead of the normal cover-glass as the cranial window, as
described in our previous work.41 This was done to reduce the
background in the reﬂectance signal detection path. We
imaged wild-type C57BL/6J mice (8−12 weeks old, n = 3, all
male) with 5 mm cranial windows centered at 2.2 mm lateral
and 2 mm caudal from the bregma point using PbS/CdS
quantum dots retro-orbitally injected into the mice. The
injection dose of the PEGlayted PbS/Cds quantum dots
depends on the mouse’s weight; typically, the dose is the
weight times 10 mL/kg. The injection does in our work is ∼0.2
mL. The maximum optical power at the surface of the mouse
brain was approximately 25 mW for the deepest imaging. The
head-ﬁxed mouse was anesthetized (1−1.5% isoﬂurane mixed

■

CONCLUSION
In summary, we demonstrate in vivo deep-brain confocal
ﬂuorescence microscopy with excitation and emission both
within the optimal wavelength windows for deep tissue
penetration, that is, 1300 and 1700 nm, with a customized
SNSPD with high detection eﬃciency. Our experiments were
enabled by the combination of PEGylated PbS/CdS quantum
dots and an SNSPD system for detection in the SWIR spectral
range. With the optimized wavelength selection, we were able
to achieve in vivo confocal ﬂuorescence imaging of adult mouse
brain vasculature with high spatial resolution at a depth of
approximately 1.7 mm, which is 2−4 times deeper than
previous one-photon confocal ﬂuorescence imaging results.
While SNSPD was available in the past, it was mainly used for
quantum optics research. Our work opens a new application
area for SNSPD, especially in the spectral region beyond the
reach of conventional InGaAs detectors, and the use of SNSPD
is essential to achieving the high detection eﬃciency and low
dark counts needed for in vivo SWIR ﬂuorescence imaging in
biological applications. By experimentally investigating the
depth limit of one-photon confocal ﬂuorescence imaging, we
further show that the depth limit of confocal ﬂuorescence
imaging depends critically on the staining inhomogeneity and,
when normalized to the attenuation length, is comparable to
that of two-photon imaging. Long wavelength confocal
ﬂuorescence imaging, as shown in this paper, can reach similar
imaging depths as long wavelength two-photon microscopy.
Our work may motivate the further development of long
wavelength ﬂuorescent probes that are designed with peak
excitation and an emission wavelength within the optimum
spectral window for tissue penetration and inspire innovations
in high-eﬃciency, high-gain, and low-noise SWIR detectors
that are tailored for biological imaging.

■

MATERIALS AND METHODS
Short-Wave Infrared Confocal Fluorescence Microscopy Setup. All in vivo images were taken with a customized
laser scanning microscope with a high numerical aperture
objective (Olympus XLPLN25XWMP2, 25×, eﬀective NA ∼
1.0) and epi-collection of the signal, as shown in Figure 1. The
back aperture of the objective was overﬁlled to make full use of
the numerical aperture (NA). The ﬂuorescence signal is
separated from the excitation light using a dichroic mirror
(DMSP1500R, Thorlabs) and then epi-collected. Since the
superconducting nanowire single-photon detector is polarization-sensitive, we split the epi-collected ﬂuorescence signal
into two orthogonal polarizations using a polarization beam
splitter (PBS) and adjusted the two ﬁber polarization
controllers (FPC562, Thorlabs.) to optimize the detection
eﬃciency. Furthermore, to monitor the reﬂectance signal from
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with oxygen) and placed on a motorized stage (M-285, Sutter
Instrument Company) for axial scanning. Deuterium oxide
(i.e., heavy water, D2O) was used as the objective immersion
medium to reduce the absorption caused by water (H2O),
particularly at emission wavelengths beyond 1550 nm.61,62 For
depth measurement, the slightly larger index of refraction in
the mouse brain (1.35 to 1.43 for the cortex), relative to D2O
(∼1.33), results in an underestimate (5−10%) of the actual
imaging depth within the tissue because the imaging depths
reported here are the raw axial movement of the motorized
stage. The images in Figure 4a are median ﬁltered with 1-pixel
radius and are in pseudo color for visualization purposes with
the top 0.2−0.4% pixels saturated.
Bead Preparation and Confocal Fluorescence Imaging of the Bead Phantom. The bead phantom was prepared
with diﬀerent ratios of yellow−green ﬂuorescent beads (505/
515, FluoSpheres Polystyrene Microspheres 1.00 μm, ThermoFisher, Inc.) and polystyrene beads (Polybead Microspheres
1.00 μm, Polysciences, Inc.) embedded in a 1% (w/v) agarose
gel (A7174 Sigma-Aldrich). A detailed preparation protocol
can also be found in the previous work.54 The imaging of the
bead phantom was performed using a laser scanning confocal
microscope (LSM880 Confocal multiphoton upright - u880,
Zeiss Inc.) with excitation at 488 nm and detection beyond
500 nm. The phantom attenuation length was characterized by
a spectral transmission measurement of a thin slab with known
thickness with a spectrometer (Cary 5000 UV−vis-NIR
spectrophotometer) and calculated by the transmission at
488 nm and 515 nm (Supplementary section 2 and Figure S2),
similar to the previous work54
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