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Longitudinal intravital imaging of mouse placenta
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Studying placental functions is crucial for understanding pregnancy complications. However, imaging placenta is
challenging due to its depth, volume, and motion distortions. In this study, we have developed an implantable
placenta window in mice that enables high-resolution photoacoustic and fluorescence imaging of placental de-
velopment throughout the pregnancy. The placenta window exhibits excellent transparency for light and sound.
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By combining the placenta window with ultrafast functional photoacoustic microscopy, we were able to investi-
gate the placental development during the entire mouse pregnancy, providing unprecedented spatiotemporal
details. Consequently, we examined the acute responses of the placenta to alcohol consumption and cardiac ar-
rest, as well as chronic abnormalities in an inflammation model. We have also observed viral gene delivery at the
single-cell level and chemical diffusion through the placenta by using fluorescence imaging. Our results demon-
strate that intravital imaging through the placenta window can be a powerful tool for studying placenta functions
and understanding the placental origins of adverse pregnancy outcomes.

INTRODUCTION

During pregnancy, the placenta provides nutrients and oxygen to
the growing fetus and remove its wastes (1, 2). Dysfunctions in pla-
cental development are a common cause of obstetric complications,
such as fetal growth restriction (FGR), preterm birth, preeclampsia
(PE), and uncontrolled gestational diabetes (3). For example, PE oc-
curs in 5 to 8% of pregnancies (up to 200,000 women yearly in the
US), and progression to eclampsia causes approximately 13% of all
maternal deaths (4). The lack of effective treatments of many
placenta-related pregnancy diseases is due in part to a paucity of
understanding of basic disease mechanisms, particularly the role
played by placental hemodynamics.

To this end, many preclinical animal models have been devel-
oped for studying the placenta, mostly in mice (5-7). Mouse and
human placentas share similar anatomical, cellular, and molecular
features (8), and thus, mouse models can be used for longitudinally
evaluating the developing placenta (7, 9, 10). Understanding the
mouse placental development under normal and pathological con-
ditions requires in vivo imaging approaches that can measure the
hemodynamic functions and molecular activities, as many placenta

1Department of Biomedical Engineering, Duke University, Durham, NC 27708, USA.
Department of Pediatric Surgery, Second Affiliated Hospital of Xi‘an Jiaotong Uni-
versity, Xi‘an, Shaanxi 710004, China. 3Terasaki Institute for Biomedical Innovation,
Los Angeles, CA 90024, USA. “Department of Biomedical Engineering, University of
Southern California, Los Angeles, CA 90089, USA. *Roski Eye Institute, Department
of Ophthalmology, Keck School of Medicine, University of Southern California, Los
Angeles, CA 90033, USA. ®Department of Surgery, Duke University School of Medi-
cine, Durham, NC 27708, USA. "Division of Hematologic Malignancies and Cellular
Therapy, Department of Medicine, Duke University School of Medicine, Durham,
NC 27708, USA. ®Department of Obstetrics and Gynecology, Duke University
School of Medicine, Durham, NC 27708, USA. °Department of Medicine, Duke Uni-
versity School of Medicine, Durham, NC 27708, USA.

*Corresponding author. Email: giang.huang@terasaki.org (Q.H.); xiling.shen@tera-
saki.org (X.S.); junjie.yao@duke.edu (J.Y.)

1These authors contributed equally to this work.

$Present address: The College of Materials Science and Engineering, Sichuan Uni-
versity, Chengdu 610064, China.

§Present address: Department of Human Anatomy, Histology and Embryology,
School of Basic Medicine, Ningxia Medical University, Yinchuan 750004,China.
[|Present address: Department of General Surgery, Xiangya Hospital of Central
South University, Changsha, Hunan 410008, China.

Zhuetal., Sci. Adv. 10, eadk1278 (2024) 20 March 2024

pathologies are closely related to microvessel remodeling (11, 12)
and cellular differentiation (13). However, imaging mouse placental
functions in vivo is technically challenging because the placenta is
deep in the abdominal cavity, has a large size, and is highly mobile
due to breathing motion. Existing imaging technologies have vari-
ous challenges to study in vivo placental development, particularly
during early pregnancy. For example, high-resolution ultrasound
imaging of microvasculature has been achieved by using power
Doppler or microbubble localization (14-19), but ultrasound mo-
lecular imaging is still not broadly applicable outside the vascular
space, mostly due to the lack of molecular probes that can be flexibly
engineered for various biomedical applications (20). Magnetic reso-
nance imaging and x-ray computed tomography lack both the spatial
resolution and the molecular sensitivity for mouse placenta study
(21). High-resolution optical imaging such as two-photon micros-
copy generally lacks the penetration depth to access the deep-seated
placenta (22). Thus, innovative imaging technologies with high-
resolution, high-speed, and functional and molecular sensitivity are
demanded for preclinical research of placental biology.

For high-resolution and longitudinal studies using various opti-
cal imaging modalities, intravital imaging techniques via implanted
optical windows have been applied to observe biological processes
in organs deep inside the abdominal cavity of live animals (23, 24).
So far, intravital imaging of mouse placenta with an optical window
has not been achieved, mostly due to the placenta’s high sensitivity
to mechanical stress. Moreover, implanting an optical window on
the delicate placenta is a surgical challenge (25). In this study, we
have developed the first ever intravital placenta window and the cor-
responding microsurgery procedures to safely access the placenta
in situ inside the uterus. The intravital placenta window is optically
and acoustically transparent and thus allows for longitudinal optical
and ultrasound imaging of the placental development throughout
the entire pregnancy.

Moreover, photoacoustic microscopy (PAM) is a hybrid imaging
modality that unites light and sound (26) and can probe hemody-
namic functions and metabolism with a high spatial resolution (27-
29). PAM relies on acoustic detection of the optical absorption
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contrast (29) and provides sensitive blood vessel imaging by using
hemoglobin as the endogenous contrast. Therefore, PAM is highly
promising for label-free imaging of placental hemodynamics via the
intravital placenta window. However, the placenta is very susceptive
to breathing motion, and traditional PAM with low imaging speed
suffers from severe motion-related distortions. In this study, we have
developed the ultrafast functional PAM (UFF-PAM) system, which
can simultaneously achieve high imaging speed, large field of view,
microvessel-level spatial resolution, and vessel-by-vessel functional
analysis (30).

Overall, we have developed an imaging technology that can ad-
dress the outstanding challenges in studying placental hemodynam-
ics and molecular activities. Combining UFF-PAM and the intravital
placenta window, our imaging platform has demonstrated longitu-
dinal tracking of the placental hemodynamic signatures in healthy
pregnancies. We further tested our imaging system under represen-
tative clinical conditions during placentation, including alcohol
consumption that induces hyperperfusion and hyperoxia, cardiac
arrest (CA) that causes hypoperfusion and hypoxia, and inflamma-
tion that results in abnormal microvessel structures and functions.
Last, using fluorescence imaging, we also demonstrated longitudi-
nal tracing of placental molecular activities via the placenta window,
such as viral gene delivery on the single-cell level and chemical dif-
fusion throughout the placenta.

RESULTS

Intravital placenta window

Implanting an optical window to the developing mouse placenta is
technically and surgically challenging, due to its depth in the ab-
dominal cavity, sensitivity to stress, and tight attachment to the em-
bryo (24). Here, we have developed the first implantable intravital
placenta window. The overall design of the intravital placenta win-
dow is shown in Fig. 1(A and B). The assembled window includes
three parts: inner window frame (IWF), outer window frame
(OWF), and window cap. The IWF is square-shaped with an open-
ing of 10 mm by 10 mm and a thickness of 1.0 mm. During the
surgery, IWF is sutured with the abdominal muscle, and the abdom-
inal muscle is sutured to the uterine wall. The abdominal side of
IWF has a bevel shape so it can create enough space in between the
placenta and window cap, which is critical to avoid mechanical pres-
sure on the developing placenta. After the IWF is implanted, the
OWF is mounted to the rim of the IWE An optically and acousti-
cally transparent membrane (thickness: 10 pm) is attached to OWF
to seal the imaging window and protect the placenta from the exter-
nal environment. OWF can be easily detached from IWF for ma-
nipulating the placenta and embryo. OWF also serves as a mounting
fixture to the photoacoustic and fluorescence imaging platform,
which provides stable support of the placenta window during the
imaging. To prevent membrane damage by the mouse gnawing, a
window cap is mounted to OWF when the mouse is not in the imag-
ing sessions. The cap can be removed during the imaging procedure.
All three window parts are made of biocompatible titanium alloy
and do not induce tissue’s inflammation response (Fig. 1C). The sur-
gical procedure of implanting the placenta window is summarized
in Fig. 1D. Once implanted, the placenta window allows high-
resolution photoacoustic and fluorescence imaging of the same pla-
centa longitudinally during the entire pregnancy, without the need
for changing the membrane. To reduce the impacts of motion from
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the dam’s breathing, a pair of three-dimensional (3D)-printed clips
are used to mount the OWF onto the imaging system.

Impact of intravital placenta window
To determine the potential biological impact of the placenta win-
dow implantation on the placenta and embryo development, we im-
planted the placenta windows on pregnant mice on embryonic day
7.0 (E7.0) and continuously monitored the windows until E19
(Fig. 1E). All the implanted windows lasted throughout the preg-
nancy. No membrane damage nor skin inflammation was observed.
We weighed the mouse embryos placed under the windows at E18.5
and found that embryo weights were reduced by 33.8 + 8% when
compared to the littermates that were not placed under the windows
(Fig. 1F). The overall survival rate of the embryos after placenta win-
dow implantation was 64.3% (27 of 42). We observed that ~90% of
embryo loss (i.e., 32.1% of total embryos) occurred within 24 hours
following the window implantation. Thus, we believe that the elevat-
ed embryo loss was mostly due to the increased spontaneous resorp-
tion rate (pregnancy loss) by the surgical trauma. Naturally, the
spontaneous resorption rate is 10 to 20% in mice (31). Nevertheless,
all the surviving pups under the window developed until birth via
natural vaginal delivery at full term, and they showed normal feed-
ing as well (Fig. 1G and movie S1). After giving birth, the dams had
normal feeding, grooming, and nesting behavior (movie S2). A
month after delivery, the pups under the window had no visual dif-
ference compared with their littermates that were not placed under
the windows, indicating that the placenta window does not impose
long-term impact on the animal development after birth (movie S3).
To further test whether the implanted window caused any struc-
tural or functional changes in the dams and embryos, we analyzed
hematoxylin and eosin-stained sessions of the placenta and embry-
os (Fig. 1H and fig. S1, A and B). The histological results showed no
structural abnormalities in the embryos and no signs of necrosis in
the placenta under the window. A board-certified veterinary pathol-
ogist examined sections of placenta isolated by mechanical dissec-
tion of the conceptus at E18.5 (fig. S2). No notable degenerative
lesions were observed in placental tissues including yolk sac, laby-
rinth and basal zones, decidua, and metrial gland regions. Further,
there were no substantial differences in the whole blood analysis
when comparing the embryos under the window to their littermates
not under the window (fig. S1C). Similarly, the whole blood analysis
in dams showed no signs of inflammation and anemia after the win-
dow implantation (fig. S1D). Therefore, we did not observe clear
adverse impacts of the intravital placenta window on the develop-
ment of the placenta and embryos.

Ultrafast functional PAM

Previously, we reported the first-generation UFF-PAM (Gen1-UFF-
PAM) system by using a 12-facet water-immersible polygon scanner
(Fig. 2A) (30). A Raman shifter-based laser system can provide
dual-wavelength pulsed excitation at 532 and 558 nm (fig. S3A). The
resultant ultrasound waves are received by a spherically focused
ring-shaped ultrasound transducer with a central frequency of 40 MHz
(Fig. S3B) (32). Both the focused excitation light and the resultant
ultrasound waves are confocally steered by the water-immersible
polygon scanner, and thus, the detection sensitivity can be main-
tained over the field of view. From the acquired PA signals at the two
wavelengths, we can quantify the blood oxygenation level (sO,)
(28). We can image the mouse placenta vasculature and sO, with a
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Fig. 1. Intravital placenta window. (A) Schematic of the assembled placenta window with the window frames and the window cap. Note the abdominal side of IWF has
a bevel shape so it can create enough space in between the placenta and window cap. (B) Schematic of two window frames. The IWF secures the placenta during its de-
velopment, and the OWF provides the imaging access to the placenta with an optically and acoustically transparent membrane. (C) Photo of a pregnant mouse at E7.0,
with a placenta window installed on E7.0. The window was made of titanium alloy and thus highly compatible with biological tissues. (D) Overview of the four key surgical
procedures for implanting the placenta window on a pregnant mouse. (E) Photos of placenta development from E7 to E19.0 under the placenta window. No signs of tissue
inflammation were observed during the pregnancy. (F) Weight comparison of the embryos under the placenta window (N = 5) and their littermates not under the window
(N = 28), showing a weight reduction of 33.8%. **P < 0.01. (G) A month after delivery, the pups under the window had no visual difference compared with their littermates
that were not under the windows. (H) Hematoxylin and eosin histology of the placenta and embryo under the window, showing no signs of structural necrosis in the
placenta and abnormalities in the embryos under the window. Scale bars, 2 mm.
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Fig. 2. Ultrafast functional PAM with a large field of view. (A) Schematic of two generations of UFF-PAM, with post-objective scanning (Gen1-UFF-PAM) and pre-
objective scanning (Gen2-UFF-PAM), respectively. The inset photo shows the laser wavelength shift inside the polarization maintaining fiber of the Raman path. DM, di-
chroic mirror; FM, flip mirror; HWP, half wave plate; PD, photodiode; PMF, polarization maintaining fiber; QWP, quarter wave plate; SOS, start of scan; UT, ultrasound
transducer. (B) The comparison of slow-scanning PAM and Gen1-UFF-PAM, showing a representative vasculature image of the mouse placenta along with the correspond-
ing sO, map. It took the traditional slow-scanning PAM ~20 min to acquire the image, and as a result, the images suffered from severe motion artifacts induced by animal
breathing, such as discontinuous vessels and inaccurate sO, quantification. By contrast, it took only 6 s for Gen1-UFF-PAM to acquire the images, which were free of mo-
tion artifacts. Scale bar, 1 mm. (C) Two generations of UFF-PAM systems, respectively, use the post-objective scanning strategy and the pre-objective scanning strategy. In
the Gen1-UFF-PAM, the post-objective scanning strategy is used with a 12-facet water-immersible polygon scanner that steers in water. However, this strategy causes
optical aberrations as well as scanning instability, mostly due to the strong water damping force. The Gen2-UFF-PAM system uses a pre-objective scanning strategy, in
which the polygon scanner no longer operates in water but instead operates in air.

lateral spatial resolution of ~10 pm and a field of view of 10 mm by
10 mm, which takes only ~6 s. By contrast, the traditional PAM us-
ing motorized stages needs ~20 min to image the same field of view
and thus suffers from severe motion artifacts induced by animal
breathing, including discontinuous vessels and inaccurate sO;
quantification (Fig. 2B).

Zhuetal., Sci. Adv. 10, eadk1278 (2024) 20 March 2024

A post-objective scanning strategy is used in our Genl-UFF-
PAM, which rotates the polygon scanner at a high speed in water
(Fig. 2C). However, high-speed rotation of the polygon in water
causes optical aberration as well as scanning instability, mostly due
to the strong water damping force. To address this issue, we have
developed the second-generation UFF-PAM (Gen2-UFF-PAM)
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system with a pre-objective scanning strategy (Fig. 2, A and C), in
which the polygon scanner operates in the air (fig. S3C). Doing so,
the scanning speed and stability can be improved without water dis-
turbance. The confocal alignment of the excitation light and the
acoustic detection is achieved by using a customized cylindrically
focused ultrasonic transducer (fig. S4). The acoustic focal line has a
length of 10 mm and a width of ~61 pm. The cylindrically focused
ultrasonic transducer has a central slit opening that allows the exci-
tation light to pass through. The focused excitation light is steered
along the acoustic focal line by the polygon scanner at a line scan-
ning rate up to 3 kHz (fig. S5). Using the Gen2-UFF-PAM, we can
image the mouse placenta vasculature and sO, with a field of view of
10 mm by 10 mm, which takes only ~0.3 s and is 18 times faster than
the Genl-UFF-PAM.

Moreover, Gen1-UFF-PAM has a curved focal plane with post-
objective scanning, which leads to the reduced detection sensitivity
toward the ends of the fast-scanning range (fig. S6). Gen2-UFF-
PAM uses pre-objective scanning and thus has relatively unform
detection sensitivity across the fast-scanning range. Nevertheless,
because of the single-dimensional focusing of the cylindrical trans-
ducer, Gen2-UFF-PAM has a threefold decrease in averaged detec-
tion sensitivity when compared with Gen1-UFF-PAM. In this work,
we used both the Genl- and Gen2-UFF-PAM systems, depending
on the required imaging speed by the applications. The detailed im-
aging parameters used for different experiments are summarized in
table S1.

Placental hemodynamics during healthy pregnancy

For the longitudinal imaging of placental development during
healthy pregnancy, UFF-PAM was used to track the vasculature
and oxygenation changes from E7.0 to E19.0 daily. Benefiting from
the large placenta window size (1 cm), we were able to access a
single placenta (movie S4) or multiple placentas (Fig. 3A and mov-
ie S5) throughout the pregnancy. By quantifying the placenta vas-
culature morphology (fig. S7) and oxygenation, we made three
observations of normal mouse placentation: (i) The averaged vessel
diameter increased by 200% from E7.0 to E13.0 (Fig. 3B), primarily
due to the remodeling of maternal spiral arteries (33). During the
early to mid-term placentation, to meet the demands of the devel-
oping fetus, the spiral arteries are modified from low flow, high re-
sistance to high flow, low resistance with vasodilation. In the
meantime, the fetal vessels were quickly developing in the labyrinth
zone. From E13.0 to E19.0, we observed that the averaged vessel
diameter decreased by 50% because maternal vascular repair oc-
curred with reendothelialization at term (Fig. 3B) (34, 35). (ii) The
averaged vessel density increased monotonically by more than
200% from E7.0 to E15.0 before reaching plateau until E19.0, at-
tributed to the rapid microvessel development in the placenta and
embryo during this period. We believe that from the first trimester
of the mouse pregnancy to the second trimester, there was a nota-
ble escalation in both the quantity and size of placental vessels,
which led to increased vessel diameter (Fig. 3B) and vessel density
(Fig. 3C). Throughout the third trimester, the development of the
placental vasculature persisted. The reduction in vessel diameter
during this phase was attributed to the elevated vascular branching
(36). However, the vascular density remained relatively stable, due
to the overall increase in the number of microvessels, despite the
decreased vessel diameters (37). (iii) The averaged sO; first slightly
decreased by ~15% from E7.0 to E10.0, indicating a hypoxic
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environment during the early pregnancy. The low-oxygen condi-
tion during this stage is due to the trophoblast plugs that only allow
blood plasma to pass through into the intervillous space (38, 39).
The low-oxygen environment during early pregnancy helps placen-
tal development by promoting angiogenesis and protecting the de-
veloping placenta and fetus from oxidative stress (40-42). The sO,
increased by ~70% from E10.0 to E15.0 when the trophoblast plug-
ging was less extensive and oxygenated blood was delivered into
the interstitial space for exchanging of O, and nutrients with the
fetal circulation. Then, the sO, decreased again by ~17% from E15.0
to E19.0, likely in preparation for delivery. We observed abnormally
high sO, levels in some major vessel branches during the early tri-
mester, which gradually subsided as the vessels became more ma-
ture in the later trimester. Likely due to the vessel remodeling (43).

Placental hyperperfusion induced by alcohol consumption
It has been reported that frequent alcohol consumption during
pregnancy can have serious and long-term physical, cognitive, and
behavioral consequences for the developing fetus, a condition col-
lectively known as fetal alcohol spectrum disorders (FASD) (44-52).
However, the role of placental development in FASD is not well un-
derstood (53, 54). Longitudinal monitoring of alcohol consumption
during pregnancy may provide the much-needed information on
the correlation between placenta development and FASD pathology.
To study the acute hemodynamic changes in the placenta after alco-
hol consumption, we intraperitoneally administered ethanol (3.0 g/
kg) into the abdominal cavity of pregnant mice at E12.5 and ob-
served the hemodynamic changes over 10 mins using UFF-PAM
(Fig. 4, A and B, and movie S6). Compared with direct oral admin-
istration, intraperitoneal administration is conducive to achieving a
more controlled and predictable blood alcohol concentration (55).
While the average diameter of the placental blood vessels had no
notable changes (Fig. 4C), we observed a ~13% increase in the total
vessel density within ~100 s after the alcohol consumption (Fig. 4D).
The increased vessel density was mainly due to the elevated blood
perfusion to the placenta that resulted in recruiting new microves-
sels otherwise perfused with plasma only (56). Moreover, we ob-
served a ~27% increase in the averaged sO, of the placenta (Fig. 4E),
reflecting elevated blood perfusion and oxygen delivery. The exces-
sive oxygen perfusion lasted for about 3 min, and then the hemody-
namics returned to the baseline level. Overall, our results show that
alcohol consumption can induce hyperperfusion and elevated levels
of oxygenation, which may have detrimental effects on embryonic
development (57). Specifically, the alcohol-induced hyperoxia can
lead to (i) increased oxidative stress within the developing embryo;
(ii) neurological damage in the developing brain due to prolonged
exposure to oxygen; and (iii) increased risk of preterm delivery due
to hyperoxia-induced uterus contractions (58). These findings of
placenta hemodynamics strongly suggest that alcohol exposure dur-
ing pregnancy can have harmful effects on fetal development both
in the short and long term.

Placental hypoxia in CA

CA during pregnancy is a fatal condition in both pregnant women
and their fetuses (59-61). It is, however, not clear how the placental
hemodynamics respond to the CA-induced systemic hypoxia and
the following reperfusion. To study the acute hemodynamic re-
sponses in the placenta during CA, we applied pure nitrogen for
2 min on the pregnant mice to induce CA and monitored the
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Fig. 3. Longitudinal monitoring of mouse placental hemodynamics throughout a healthy pregnancy. (A) Representative UFF-PAM images of the vessel-by-vessel
sO, mapping of a mouse placenta under the window from E7.0 to E19.0, showing the daily development of placental hemodynamics, such as angiogenesis and vessel
remodeling. The placenta window was implemented on E7.0. The transparent placenta window allowed for direct, safe, and longitudinal access to the placenta with
microvessel-level spatial resolutions. A total of three placentas were observed simultaneously via the window. Scale bar, 1 mm. (B) The placenta vessel diameter change
during the healthy pregnancy, showing a monotonic vasodilation up to E12.0 and then a monotonic vasoconstriction to E19.0. (C) The vessel density change during the
pregnancy, showing a fast microvessel angiogenesis up to E15.0. (D) The blood oxygenation (sO,) change during the pregnancy, showing the hypoxic condition in the
early pregnancy up to E9.0, a quick oxygenation increase up to E15.0, and a slight decrease up to E19. N = 3 mice. Data are shown in mean + SEM. * P < 0.05; **P < 0.01.
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Fig. 4. Rapid placental hemodynamic responses to alcohol consumption. (A) Snapshot UFF-PAM sO, images of the mouse placenta before, during, and after alcohol
consumption, showing clear elevation in the oxygenation induced by the alcohol. The same placenta was continuously monitored for 10 min after the alcohol administra-
tion at 100 s. Scale bar, 1 mm. (B) Close-up images of the placenta region indicated by the white dashed box in (A), showing the alcohol-induced vessel dilation (single
arrow), increased sO; level (double arrows), and the elevated blood perfusion in the microvessels (triple arrows). Scale bar, 200 um. (C) The averaged vessel diameters had
no substantial changes during the alcohol challenge, a joined effect of vasodilation of existing vessels and the newly recruited microvessels. The gray box represents the
starting time of alcohol administration at 100 s. (D) The vessel density change induced by the alcohol challenge, showing a clear increase in the vessel density, mostly due
to the recruitment of microvessels. (E) The blood oxygenation change induced by the alcohol challenge, showing a prolonged hyperoxia condition lasting for ~10 min,

mostly due to the elevated blood perfusion. N = 3 mice. The data are shown as mean + SEM. *P < 0.05.

placenta for 25 min using UFF-PAM (Fig. 5A and movie S7). We
also recorded the electrocardiogram (ECG) signals of the mouse
concurrently with the UFF-PAM measurements (Fig. 5B). Upon
the CA challenge, the mouse heart beating rate quickly dropped
from 7.3 to 0.25 Hz. There was approximately 45 s delay between
the start of the nitrogen challenge and the total onset of CA, which
is consistent with our previously published CA model (62). Mean-
while, we observed an immediate and substantial reduction in sO,
across the whole placenta, including both arteries and veins (Fig. 5,
C and D). The tissue hypoxia induced vasodilation at a later time
point, with an increased vessel diameter by more than 40% on aver-
age, mostly due to the increased blood CO, level. The recovery of
the vessel dilation to the baseline was completed within about
7 min after the treatment (Fig. 5E). The total vessel density had a

Zhuetal., Sci. Adv. 10, eadk1278 (2024) 20 March 2024

moderate increase of ~10%, which was a combined outcome of re-
duced blood perfusion and increased vessel diameters (Fig. 5F).
The placental sO, decreased immediately after the nitrogen treatment,
and the averaged sO, was reduced by ~35% during CA. Compared
to changes of the vessel diameter and density, the sO, drop last
much longer, with a total recovery time of >6 min after CA. There
was a slight overshot in the sO; level at the end of recovery before
it returned to the baseline (Fig. 5G). This study presents the first
evidence of hemodynamic changes in the placenta following CA. The
observed vascular changes suggest that the placenta may compensate
for reduced blood flow to the fetus by dilating its vessels during CA. The
substantial and instant decrease in sO; level indicates rapid oxygen de-
privation in the placenta after the CA. Prolonged recovery of sO; levels
may result in long-term damage to the placenta and fetus (63).
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Fig. 5. Rapid placental responses to CA. (A) Experimental setup of the CA challenge. The animal was under normoxia for 5 min with 21% O,, CA for 2 min with 100% N,,
reperfusion for 5 min with 100% O, and then 15 min recovery with 21% O,. UFF-PAM was performed throughout the experiment. (B) Continuous ECG recording of the
mouse before, during, and after the CA challenge. The heart beating rate dropped from 73 to 0.25 Hz during the CA. (C) Snapshot UFF-PAM sO, images of the mouse
placenta during baseline at 50 s, CA challenge at 350 s, and reperfusion at 700 s. There was clear placental hypoxia induced by CA. Scale bar, 1 mm. (D) Close-up images
of the region indicated by the white dashed box in (C), showing the detailed vascular response during the CA challenge and the reperfusion. Scale bar, 200 pm. (E) The
averaged vessel diameter change shows CA-induced vasodilation, mostly due to the elevated CO, level in the blood. The gray box represents the duration of 100% N,
treatment. (F) The vessel density had a moderate increase, due to a combined outcome of reduced blood perfusion and increased vessel diameters. (G) Substantial de-
crease in the blood oxygenation was induced by the CA challenge due to the lack of perfusion. N = 3 mice. The data are shown as mean + SEM. *P < 0.05; ***P < 0.001.
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Inflammation and placental hemodynamics

Placenta not only provides oxygen and nutrients to the fetus but
also protects the fetus from immune-mediated impairments. The
maternal-fetal interface has unique immune characteristics to pro-
tect the semi-allogeneic fetus from rejection by the maternal im-
mune system. Disruption of the fine-tuned immune balance in the
placenta has been linked with multiple pregnancy complications.
For example, lipopolysaccharide (LPS)-induced inflammation can
compromise the development of the placenta and lead to preterm
birth or PE, which are leading causes of maternal and fetal morbid-
ity and mortality (64). Using UFF-PAM, we examined the longitudi-
nal hemodynamic changes from E7.0 to E13.0 induced by systemic
LPS administration starting from E8.0 (Fig. 6A). The treated mice
were terminated at E13.0 before the potential preterm labor. The
longitudinal PA images showed that the LPS-treated mice had dis-
tinct placenta vasculature compared with the control mice treated
with saline (Fig. 6, B to D, and movie S8). The microvessel density of
the LPS-treated placenta was substantially lower than the control
group, while the major vessel diameters were increased. Quantita-
tively data analysis showed that the averaged vessel diameter of the
LPS-treated placenta was >100% lower (Fig. 6E), and the vessel den-
sity was >70% lower than that of the control group at E11.0 to E13.0
(Fig. 6F), both of which might be due to the impairment of mi-
crovessel development in the LPS-treated group. The averaged sO,
level of the LPS-treated placenta from E9.0 to E11.0 was substan-
tially higher than that of the control group (Fig. 6G). Normally, the
placenta should be hypoxia at this stage of its development as de-
scribed in Fig. 3D. Apparently, LPS treatment disrupted the low-
oxygen environment (or hypoxia) that promotes angiogenesis and
protects the developing placenta and fetus from oxidative stress.
This observation is concordant with the impeded microvessel devel-
opment manifested by the reduced vessel density in pervious find-
ings by us and others (65-67).

Tracking placenta viral transduction and chemical diffusion

Monitoring the mobility of molecules within the placenta carries
substantial scientific significance (5). It can provide valuable in-
sights into the transport and regulation of vital substances in the
placenta, such as nutrients and virus, in both healthy pregnancy
and pregnancy pathologies (68-71). It can also enhance our under-
standing of how drugs or therapeutic molecules traverse the pla-
cental barrier, offering insights for the development of safe and
effective treatments of pregnancy diseases (72). Adeno-associated
viruses (AAVs) are used extensively as delivery vehicles for in vivo
gene delivery and clinical gene therapy applications (73, 74). We
had previously showed the transduction process of AAV vectors
into the embryos by using the intravital embryonic window and
fluorescence imaging (24). Here, we placed an intravital placenta
window in pregnant mice on E7.0 and injected AAV serotypes 8
carrying a green fluorescent protein (GFP) reporter into the orbital
veins of dams at E8.5 (Fig. 7A). Two-photon microscopy was then
performed to continuously image the placentas at the single-cell
level, 72 hours after the AAV injection (Fig. 7B). Via the placenta
window, we clearly observed volumetric GFP expression in the pla-
centas at E11.5 with single-cell resolution and depth sectioning
(Fig. 7C and movie S9). Using the vasculature on the surface of the
uterus and in the placenta as a reference roadmap (fig. S8), we
traced the GFP-expressing cells in the same region for up to 48
hours (Fig. 7C and fig. S9A). Our imaging showed that AAV
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vectors can be used to deliver genes into the placenta, which might
be used to study the specific gene functions during placental
development.

Moreover, the placenta serves as a barrier that impedes chemi-
cals such as drugs or fluorescent markers from entering the embryo
(75). We had tested passage of fluorescein through the umbilical
cord and its subsequent diffusion into the embryo (24). Here, using
wide-field fluorescence microscopy, we have observed the diffusion
process of fluorescein into the placenta via an intravital placenta
window installed on E7.0 (Fig. 7D). In 10 s after injection of fluores-
cein through the dams’ orbital vein on E8.5, we observed its fast
diffusion into the placenta vasculature, subsequentially the whole
placenta in 5 min after injection (Fig. 7E, fig. S9B, and movie S10).
Taking advantage of the high imaging speed, we observed that the
placental arteries were first perfused with fluorescein by 15 s after
injection, as validated by the UFF-PAM image acquired later
(Fig. 7F). The results have demonstrated that fluorescent probes
(e.g., AAVs and labeled drugs) can be used to track the molecular
transportation inside the placenta via the placenta window.

DISCUSSION

Abnormalities in placental functions can cause several deadly preg-
nancy pathologies, including PE, restricted fetus growth, and pre-
term birth. Since there are no effective therapies for these pregnancy
diseases, small animal models are necessary to investigate causal
pathways, develop new preventive measures and therapies, and eval-
uate their safety and efficacy. Current placental studies mostly rely
on ex vivo placental tissues, which do not provide adequate infor-
mation on the dynamic placental development. In vivo imaging of
the placental functions is pressingly needed for solving this prob-
lem. However, in vivo imaging of placental development has been
challenging due to its depth in the abdominal cavity and severe mo-
tion. To overcome these hurdles, we have developed an intravital
imaging platform that can safely monitor placental development
throughout pregnancy, thereby improving our understanding of
placenta hemodynamics and molecular activities in small ani-
mal models.

To address the depth issue, we have developed and optimized the
first implantable placenta window with the accompanying micro-
surgical procedure. This is not a trivial task as the placenta is ex-
tremely sensitive to the environment such as stress, perfusion, and
temperature. Our intravital window technique provides direct ac-
cess to the placenta for continuous imaging starting as early as E7.0.
The window is both optically and acoustically transparent, making it
ideal for high-resolution photoacoustic and fluorescence imaging.
In addition to photoacoustic imaging, the placenta window can be
used for other optical imaging methods as well, which is more wide-
ly available for placenta researchers. For example, we used two-
photon microscopy to keep track of the GFP expression after AAV
transduction. We also used wide-field fluorescence microscopy to
track the diffusion of fluorescein into the placentas. The placenta
window did not affect the fetus’s organ formation, delivery, or feed-
ing. However, we observed that embryos under the window had
relatively low weight, possibly due to heat loss, which is known to
contribute to intrauterine growth restriction (76). The weight reduc-
tion under the window can also be attributed to several other pos-
sible factors, including the restriction of placental blood flow due to
pressure from the window and the coiling or twisting of the
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Fig. 6. Longitudinal monitoring of placentation in the LPS-induced inflammation model. (A) Photos of the pregnant mouse from E7.0 to E13.0, with the window in-
stalled on E7.0. The pregnant mice were treated with LPS (0.5 mg/kg) at E8.5 once to induce inflammation. Scale bar, 1 mm. (B) Representative UFF-PAM sO, images of the
LPS-treated mouse placenta from E7.0 to E13.0, showing a lack of microvessels. Scale bar, 1 mm. (C) Representative UFF-PAM sO, images of the control mouse treated with
saline, showing the dense microvessels and normal major vessels. (D) Close-up images of the region indicated by the white dashed box in (B) and (C), showing the reduced
microvessel density in the LPS-treated placenta. Scale bar, 200 um. (E) Vessel diameter change from E7.0 to E13.0, showing that the LPS-treated placenta had less change
in the vessel diameter, mainly due to the lack of microvessels. (F) Vessel density change from E7.0 to E13.0, showing that the LPS-treated placenta had much less new
vessels developed. (G) Blood oxygenation change from E7.0 to E13.0, showing that the LPS-treated placenta had much higher oxygenation at the early stage. N = 3 mice.
The data are shown as mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001.
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Fig. 7. Tracking viral transduction and chemical diffusion via the placenta window. (A) Photo of a placenta that was imaged through the placenta window implanted
on E7.0. GFP-AAVs were injected on E8.5. (B) Two-photon microscopy was performed to track the GFP expression in the placenta over 48 hours after AAV transduction. The
field of view is indicated by the yellow rectangle box of (A). (C) Representative two-photon microscopy images of the GFP-expressing cells in the placenta over 48 hours,
showing the progressive cell transduction with single-cell resolution. The arrows point to the trace of representative GFP-expressing cells over 48 hours. Scale bar, 100 pm.
N = 3 mice. (D) Photo of a placenta on E11.5 with the window implanted on E7.0. Fluorescein was injected via the orbital vein, and the fluorescein diffusion into the pla-
centa was tracked using wide-field fluorescence microscopy. (E) Fluorescence images of the placenta started several seconds after the fluorescein injection, and the fluo-
rescein diffusion into the entire placenta took around 30 min. The fluorescein first diffused into the placental arteries, as indicated by the arrows in the image at 15 s. Scale
bar, 2 mm. N = 3 mice. (F) UFF-PAM sO, image of the same placenta, confirming the fluorescein-perfused arteries identified by the fluorescence imaging in (E). Scale bar,
2 mm. a.u,, arbitrary units.

placental artery. To address this issue, the placenta window can be
improved by adding a heating circuit with temperature feedback to
the window cap. More work is needed to better understand the win-
dow’s impact on the pregnancy and further improve the window’s
biocompatibility.

Second, to address the issue of motion artifacts, we have further
upgraded our UFF-PAM, which is capable of high-speed, wide-field,
high-resolution imaging of the placenta in vivo. UFF-PAM can

Zhuetal., Sci. Adv. 10, eadk1278 (2024) 20 March 2024

provide functional imaging of the placental blood oxygenation
without the need of an exogenous contrast agent, which is not avail-
able for other imaging modalities. Two generations of UFF-PAM
have been applied in our studies: The first-generation system used a
post-objective scanning strategy, and the upgraded second-
generation system used a pre-objective scanning strategy. Both systems
can provide a large field of view (1 cm”) and motion-free images of
the placental hemodynamics. Compared with the first-generation
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system, the second-generation system has improved stability and
10-fold higher maximum imaging speed but 3-fold lower detection
sensitivity. As of now, both UFF-PAM systems represent the fastest
PAM technology.

Combining the intravital placenta window and the state-of-the-
art UFF-PAM, we were able to study the developing mouse placenta
under healthy and pathological conditions. Our UFF-PAM images
have provided the first experimental evidence of placental hemody-
namics with microvessel-level details that were not known before.
For healthy pregnancy, our results showed an increase of the sO,
level until E15.0 and then a decrease until birth. The hypoxic condi-
tion at the beginning of the first trimester is believed to be beneficial
for reducing the oxidative stress on the early-stage embryo and pro-
moting the trophoblast invasion of the maternal spiral arteries. The
oxygenation gradually improves during the first trimester likely be-
cause of the increased oxygen consumption from the formation of
the placenta to the organogenesis of the embryo. The decrease in
oxygenation during the second semester might be for the prepara-
tion of delivery. Under the challenge of chronic alcohol consump-
tion, previous reports have shown increased placental blood
perfusion but with limited imaging resolution and speed (53). Our
UFF-PAM allowed for observing the real-time hemodynamic
changes of the placenta immediately after alcohol consumption in
otherwise healthy pregnant mice. Our results showed a rapid in-
crease in placental blood perfusion and oxygenation induced by
alcohol, particularly on the microvessels, which might have an ad-
verse impact on the fetus due to elevated oxidative stress. The long-
term impact of alcohol exposure on placenta health remains to be
studied.

We have also investigated the impact on placental hemodynam-
ics by two deadly disease models: CA and inflammation. CA in
pregnant women is one of the most challenging clinical obstetric
emergencies. There is very limited knowledge of placental hemody-
namics during CA. Our UFF-PAM results have documented rapid
vasodilation, reduced blood perfusion, and decreased oxygenation
induced by CA, resulting in prolonged hypoxic conditions in the
placenta even after heart resuscitation. Inflammation is a common
pregnancy complication. LPS can induce inflammation-like pheno-
type in mouse models. Our UFF-PAM results have confirmed a de-
clined chorionic structure on the LPS-induced inflammation model.
We have experimentally confirmed a drastic decrease in the mi-
crovessel density after LPS administration, which has not been im-
aged before. Since microvessels are the primary regulator of blood
flow and oxygen delivery, our results have strongly suggested the
reduced density of microvessels might be a causal factor rather than
a consequence of inflammation.

We would like to acknowledge that all the in vivo studies demon-
strated in our work led to systematic responses in the placenta he-
modynamics. Thus, we only chose a small number of representative
blood vessels for detailed analysis. For future studies in which we
expect region-specific responses, more sophisticated vessel segmen-
tation methods can be applied to automatically analyze individual
vessels within different regions over the entire field of view. In the
future work, it is also necessary to apply the placenta window on
other animal species with relatively long pregnancy, such as rats
(~23 days pregnancy) and rabbits (~31 days pregnancy), which may
reduce the wound healing complications during pregnancy. We will
also explore the immunohistochemical staining to further study
any abnormality in the placental tissue beneath the window. For
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example, we can perform monocarboxylate transporter 1 and 4 im-
munofluorescence staining of the placentas to exam any blood ves-
sel deficiency of both maternal and fetal vasculature.

In summary, we have developed an intravital placenta imaging
technology that combines a transparent placenta window and high-
speed high-resolution imaging methods. Through proof-of-concept
studies, we have presented solid evidence of the capability of our
intravital imaging platform to study the placental hemodynamics
and molecular activities of small animal models in vivo. Our imag-
ing technology has achieved longitudinal monitoring of placental
development throughout healthy pregnancy and investigated imag-
ing biomarkers of placental pathology, including the vasculature
morphology, hemodynamic functions, and gene expression. We be-
lieve that this placenta window technology can be readily expanded
to many other imaging modalities and applied to the broad placenta
research and reproductive medicine. We expect that our technology
can provide important knowledge on placenta biology, as well as
clinical insight on managing pregnancy-related diseases, such as
placenta accreta, preterm birth, fetal brain damage, as well alcohol
and opioid abuse.

MATERIALS AND METHODS

Animal preparation

All animal procedures were reviewed and approved by the Institu-
tional Animal Care and Use Committee of Duke University (proto-
col nos. A139-18-05 2018-2021 and A088-21-05 2021-2022) and
were conducted in accordance with National Institutes of Health
guidelines. CD1 mice (10 to 16 weeks old; weight, 25 to 35 g) were
obtained from Charles River Laboratories and applied in all the ex-
periments. Mice were maintained in a specific pathogen—free envi-
ronment with a fixed 12-hour/12-hour light/dark cycle, and food
and water were available at Division of Laboratory Animal Resourc-
es. Mating was performed overnight, and noon on the day of plug
detection was considered E0.5. During imaging experiments, the
mice were under anesthesia with 1.5% (v/v) isoflurane, and the body
temperature was maintained at 37°C using a heating pad.

Standard N = 3 independent experiments were performed for
most cases, unless noted in the figure legend. With proof-of-concept
studies, we minimized the number of animals to achieve the scien-
tific objectives, conferring to the requirements of the Association for
Assessment and Accreditation of Laboratory Animal Care Interna-
tional standards for the humane care and use of animals (https://
aaalac.org/the-guide/). Group allocation used in our study was ran-
domly assigned to animals. Blinding was not relevant to our studies
because we often evaluated the same animals responding to the
physiological challenges. No data were excluded.

Fabrication of the placenta window and clip

The window frames, stainless-steel covers, and clip were designed
using SOLIDWORKS 2020. The window frames and covers were
made of titanium by precision machining in Duke Physics Store.
The clip to stabilize the window was printed by an Ultimaker 2+ 3D
printer with polylactic acid filament.

Surgical procedure for implanting the placenta window

The surgeries were conducted by a proficient surgeon Q. Huang in a
meticulously sterile environment. Before the window implantation,
all surgical instruments were properly sterilized. Pregnant mice were
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anesthetized using 2% (v/v) isoflurane with oxygen at 2 liters/min.
The abdomen was depilated appropriately and cleaned with 70%
ethanol and iodine. After covering it with a sterile field, a square inci-
sion was made in the abdomen, removing some of the skin. Two inci-
sions were made in the abdominal muscle, one was a midline incision
and the other one was a midclavicular line incision. One side of the
uterus was taken out from the abdominal cavity, and the placenta
side was exposed. The downside of the placenta was sutured to the
midline incision, and the upside of the placenta was sutured to the far
edge of the midclavicular line incision. The IWF was sutured with the
abdominal muscle appropriately using inverse mattress suture. To
avoid the blocking of blood flow because of the mechanical pressure,
we left enough space between the IWF and the placenta and filled the
space with Matrigel. A piece of optically and acoustically transparent
membrane was attached to the OWF using ultraviolet glue. Then, the
OWF was attached to the IWF using dental screws. The incision was
closed by attaching the OWF to the skin using surgical glue. Then, we
secured the window cap on the top of the OWF with screws. All the
placenta windows were implanted at E7.0.

Because of the pregnancy, there are several factors that could af-
fect the healing after the window implantation, such as pain, inflam-
mation, maternal stress, and hormone changes. To alleviate pain
and inflammation, all animals undergoing surgery were anesthe-
tized with isoflurane, and pain killers were used before and after the
surgical procedure. Specifically, we used bupivacaine as a local anal-
gesic before surgery, and we supplied meloxicam, a nonsteroidal
anti-inflammatory drug, for 3 days following surgery. To alleviate
discomfort during anesthetized procedures, such as surgery, we
used ophthalmic eye ointment to prevent drying of the eyes during
anesthesia. Mice were housed individually postoperatively to pre-
vent infection at surgical sites and damage to the implant; in these
scenarios, the mice were provided with enrichment objects to limit
discomfort and distress associated with isolation. Following all pro-
cedures, we monitored animal well-being, such as body weight,
grooming tendencies, surgical site infection, signs of pain or dis-
tress, self-mutilation, neurological disorders, cardiopulmonary dis-
orders, abnormal feeding or defecation, and nonweight bearing
posture, as indicators for mouse discomfort. For all the surgeries
performed in this study, we did not observe clear wound healing
complications on the dams.

Ultrafast functional PAM

PAM is a hybrid in vivo imaging technique that detects ultrasound
signals induced by optical absorption. Light absorbed by molecules
in tissue is partially or completely converted into heat, the heat-
induced pressure rise propagates as ultrasound waves and is detect-
ed by ultrasound transducer(s) to form images. Compared to the
pure optical microscopic techniques, PAM takes advantage of the
weak acoustic scattering in tissue and thus can penetrate deeper. Be-
sides, PAM provides endogenous absorption contrasts of hemody-
namics using hemoglobin as the contrast (26, 77-79). In this work,
we used two generations of UFF-PAM to study the hemodynamics
of placenta development: (i) the Gen1-UFF-PAM system with post-
objective scanning and spherically focused ultrasound transducer
(30), to monitor blood vessel development continuously (6 s per
volumetric frame rate); (ii) the Gen2-UFF-PAM system with pre-
objective scanning and cylindrically focused ultrasound transducer,
to track fast dynamic changes under physiological stimulation in
real-time (0.5 s per volumetric frame rate).

Zhuetal., Sci. Adv. 10, eadk1278 (2024) 20 March 2024

The laser source and Raman path

To capture the vascular structure and the oxygenation map simulta-
neously, we used two lasers to provide dual-wavelength PA excita-
tion. Both lasers generate a 532-nm pulsed light beam. The first laser
(VPFL-G-20, Spectra-Physics) was used to provide 532-nm light,
and the other laser (SPFL-532-40, Spectra-Physics) was used to
pump a Raman shifter to generate 558-nm light. The maximum
pulse repetition rate used in our study was ~800 kHz. In the Raman
path, the laser polarization state was adjusted by a half-wave plate
(AHWPO05M-580, Thorlabs) to achieve a high Raman shift efficien-
cy. The 532-nm pump beam was focused by an objective (UPLFLN
20x, Olympus) into a 6.5-m polarization-maintaining single-mode
fiber (HB450-SC, Fibercore). To achieve a high coupling efficiency,
the fiber was mounted on a fiber alignment stage (561D-XYZ, New-
port) connected with a bare fiber chuck (FPH-S, Newport) for pre-
cise and robust alignment. A universal bare fiber terminator (BFT1,
Thorlabs) was used to fix the fiber tip and avoid thermal or air dis-
turbance. An achromatic fiber port (PAF2A-A10A, Thorlabs) was
used to collimate the output beam. The maximum Raman shifting
frequency of the single-mode fiber was ~13.2 THz, corresponding to
the first stroke at 545 nm and the second stroke at 558 nm. We chose
the second stroke at 558 nm for better contrast between the oxy- and
deoxy-hemoglobin. A dichroic mirror (DMSP550, Thorlabs) was
used to filter out the 532-nm and the 545-nm light. The conversa-
tion efficiency for 558-nm light was about 33%. The 532-nm light
beam and the 558-nm light beam were combined by a dichroic mir-
ror (DMSP550, Thorlabs). The laser pulse pair at 532 and 558 nm
was fired with a time interval of 300 ns. sO, was quantified by calcu-
lating the relative concentrations of oxy-hemoglobin from the de-
tected dual-wavelength PA signals. A flip mirror was used to switch
the combined laser beams between two UFF-PAM systems de-
tailed below.

First-generation UFF-PAM

This system has been used for real-time whole-brain imaging of he-
modynamics and oxygenation at microvessel resolution and dem-
onstrated a great potential for fundamental research under various
pathological and physiological conditions (30). In this research, we
optimized the imaging parameters and applied it for continuously
monitoring hemodynamic development in the placentas. In this
system, the combined laser beam was focused by an objective lens
(AC127-050-A, Thorlabs) and passed through the central aperture
of a spherically focused ring-shaped ultrasound transducer (central
frequency, 40 MHz; bandwidth, 100%; focal length, 14 mm). A
12-facet polygon scanner was positioned close to the front surface of
the transducer. Driven by a water-immersible high-speed DC mo-
tor, the polygon scanner steered both the combined laser beam and
the resultant ultrasound wave simultaneously. The system can
achieve a maximum B-scan rate of 2 kHz along the fast-scanning
axis over a 10-mm scanning range, which was sufficient to cover the
entire placenta window. The scanning speed was adjusted by chang-
ing the driving current of the DC motor. To capture the detailed
placenta blood vessels, we reduced the B-scan rate to 0.5 kHz to in-
crease the spatial sampling density (i.e., smaller step size) and im-
prove the image quality. We used a motorized stepper motor along
the slow axis for volumetric imaging. In the placenta imaging, we
usually acquired a volumetric image over a field of view of 11 mm
X 7.5 mm X 1.5 mm, which took 6 s. Fast scanning speed was crucial
for precisely capturing the vascular structure and the vessel-by-
vessel oxygenation map since the uterine peristalsis and respiration
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motion could cause severe motion artifacts. The focused laser spot
on the placenta ranged from 7 to 18 um along the fast axis, with a
smaller spot in the middle and a larger spot on the edges. Thus, the
spatial resolution and ultrasound detection sensitivity were not uni-
form along the fast axis scanning.

Second-generation UFF-PAM

We also developed the Gen2-UFF-PAM which achieved higher
imaging speed and better scanning stability and uniformity at
high speeds. Instead of using the water-immersible polygon scan-
ner as in the Genl-UFF-PAM, the combined laser beam was
scanned by a 16-facet polygon scanner (GECKO-45-HSS, Preci-
sion Laser Scanning) rotating in the air which was more stable
than the water-immersible polygon scanner. We designed the light
path based on the optical invariant analysis (80). Steered by the
polygon scanner, the laser beam was relayed to the rear aperture of
an objective (AC254-040-A, Thorlabs) with two lens systems
(AC254-030-A and AC254-100-A, Thorlabs). The optical invari-
ant of the objective was equal to the invariant at the polygon scan-
ner. Then, the combined laser beam passed through the
rectangular opening of a cylindrically focused ultrasound trans-
ducer (central frequency, 40 MHz; bandwidth, 100%; focal length,
7 mm). To maximize the detection sensitivity, the laser beam was
scanning along the acoustic focal lane of the cylindrical transduc-
er. The optical beam spot size on the sample surface was ~5 pm,
consistent across the scanning range. The maximum line scanning
rate of the polygon scanner was 12 kHz. To maintain the image
quality, we chose a 2-kHz line scanning rate along the fast axis. A
stepper motor scanned along the slow axis. Each B-scan over a 9-mm
range was sufficient to cover most of the entire placenta window.
Each volumetric image took 0.5 s, which was 12 times faster than
the Gen1-UFF-PAM.

Cylindrically focused ultrasound transducer

As shown in fig. S4, a 40-MHz cylindrical ultrasound transducer
was customized for 1D focusing in the Gen2-UFF-PAM. A rectan-
gular opening was used for the laser beam to pass through. High-
speed line scanning along the acoustic focal line was realized.
First, lithium niobate (LNO) (Boston Piezo-Optics, Bellingham,
MA, USA) was chosen as the core piezoelectric material for
acoustic-electrical conversion due to the strong piezoelectric ef-
fect and low permittivity, which is suitable for electrical imped-
ance matching (~50 ohms) of transducers with large aperture
sizes. On the basis of the material parameters, a piezoelectric
transducer modeling software (PiezoCAD), based on Krimboltz,
Leedom, and Mattaei equivalent circuit model, was used to opti-
mize the design of the transducer with a 10-mm length, 6-mm
width, 70-pm thickness, and a 2-mm-wide opening in the center.
Then, the customized LNO plate was lapped down to the thickness
of 70 pm for a 40-MHz piezoelectric element. A Cr/Au (50/100 nm)
electrode was sputtered on both sides of the lapped LNO plate.
Next, the first matching layer (a mixture made of 2- to 3-pm silver
powder loaded epoxy, acoustic impedance ~7.3 MRayl) and back-
ing material (a commercial conductive silver paste, E-solder 3022,
Von Roll Isola, acoustic impedance ~5.9 MRayl) were deposited
onto the corresponding sides of the plate. After curing, the first
matching layer and backing material were lapped down to 10 pm
and 3 mm, respectively. The matched and backed acoustic stack
was mechanically cut into smaller pieces with a length of 10 mm
and a width of 6 mm. Then, the acoustic stack was fixed in an alu-
minum house. The gap was filled with epoxy resin (EPO-TEK 301,
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Epoxy Technology), and one lead wire was connected through the
backing. The transducer was then hot pressed in an oven at 90°C
by a metal cylinder to form a focal length of 7 mm. After that,
mechanical cutting was used for the 2-mm opening formation to
let the laser pass. Another Cr/Au (50/100 nm) electrode was sput-
tered across the first matching layer and the brass housing to form
a common ground connection. Last, a 10-pm-thick Parylene-C
film was deposited onto the entire external surface of the trans-
ducer as the protective layer and the second matching layer. The
two matching layers with a thickness of a quarter wavelength can
compensate for the acoustic impedance mismatch between the
LNO piezoelectric plates (~34.5 MRayl) and the biological tissues
(~1.5 MRayl).

Start-of-scan detection

Polygon scanners are designed to run at a constant speed, with each
facet steering the laser beam over the same scanning trajectory. By
detecting the start of the line scan by each facet, we can know the
positions of the steered laser beam throughout the scan. As the rota-
tion of the polygon is independent of the laser firing, we built a
start-of-scan (SOS) system by detecting the PA excitation light using
a multimode optical fiber (M45L02, Thorlabs) positioned at the
start of the scanning trajectory. A photodiode (PDA36A2, Thorlabs)
received the SOS light and converted it to an electrical trigger that
can be used to synchronize the data acquisition and slow axis scan-
ning. In the Gen1-UFF-PAM, the multimode fiber was immersed in
the water beneath the spherical ultrasound transducer. In the Gen2-
UFF-PAM, the multimode fiber was positioned in the air right after
the polygon scanner.

Data acquisition and data analysis

The PA signals with dual-wavelength excitation were first amplified
and low-pass-filtered (BLP-50+, Mini-Circuits) and then sampled
by a data acquisition card (ATS9350, AlarzarTech) with a 250-MHz
sampling rate. No signal averaging was applied. The acquired data
were then analyzed using MATLAB.

Intraperitoneal injection of alcohol

Pregnant mice at E12.5 were used for this experiment. After baseline
imaging for 2min, ethanol (3.0 g/kg; Sigma-Aldrich, catalog no.
E7023) was injected into the abdominal cavity via intraperitoneal
injection. The resultant physiological changes of the placentas were
continuously imaged by UFF-PAM for 10 min.

CA induction and imaging

Pregnant mice at E12.5 were used for this experiment. CA was in-
duced by increasing the nitrogen content of the respiratory air from
79 to 100%. The heart beating rate was monitored by an ECG re-
corder. After baseline imaging for 5min, we introduced nitrogen for
2 min and imaged the resultant physiological changes in the placen-
ta. The change in ECG before CA was due to the delay in the CA
induction using 100% nitrogen. After the nitrogen induction, we
applied 100% oxygen for 5 min and then monitored the mice con-
tinuously for another 15 min.

LPS-induced inflammation

The pregnant mice were treated with LPS (0.5 mg/kg; Sigma-
Aldrich, catalog no. L7895) at E8.5 once. The physiological changes
of placentas were imaged by UFF-PAM for 5 min every day from
E7.0 to E13.0. The mice were terminated at E13.0 due to the worsen-
ing pathological conditions.
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AAV production

Human embryonic kidney 293 cells were grown in Dulbecco’s
modified Eagle’s medium, supplemented with 10% fetal bovine
serum (Sigma-Aldrich) and 1% penicillin-streptomycin (Thermo
Fisher Scientific) at 37°C in an 5% CO, incubator. A triple plasmid
transfection method was used to produce recombinant AAV vec-
tors: an AAV plasmid (pXR8g9, encoding AAV2 replication pro-
teins), an adenoviral helper plasmid (pXX680), and a transgene
packaging cassette, encoding self-complementary GFP driven by a
chicken p-actin hybrid promoter (pTR-CBh-scGFP), flanked by AAV2
inverted terminal repeat (ITR) sequences. The purification of viral
vectors was through iodixanol density gradient ultracentrifugation,
subjected to phosphate-buffered saline (PBS) buffer exchange
using Zeba Spin 40-kDa molecular weight cutoff desalting columns
(Thermo Fisher Scientific, 87772). Quantitative polymerase chain
reaction was used to detect the titers of purified virus prepara-
tions by amplifying the AAV2 ITR regions (forward, 5'-AACA
TGCTACGCAGAGAGGGAGTGG-3' ;reverse, 5'-CATGAGAC
AAGGAACCCCTAGTG ATGGAG-3') (Integrated DNA Technolo-
gies, Ames, IA).

Orbital vein injection of AAV and fluorescein

Fluorescein (10 mg/kg; Sigma-Aldrich, catalog no. F2456) was
injected through the orbital vein at E11.5. AAVs (1 x 10'") were
injected via the orbital vein at E8.5.

Two-photon microscopy

Mice were placed on an imaging stage, stabilized by 3D-printed
clips with eye ointment, and anesthetized with isoflurane. In vivo
imaging to track the single-cell labeled with AAV was performed
using a Leica SP8 two-photon DIVE, 72 hours after the AAV in-
jection. The enhanced GFP (eGFP) excitation wavelength was
920 nm. A 25%/1.05 numerical aperture water immersion objective
with a motorized correction collar was used to image the eGFP-
labeled cells.

Stereoscope fluorescence microscope imaging

Mice were anesthetized and placed on the imaging stage. A Zeiss
Lumar.V12 stereoscope was used to image the whole placenta. Fluo-
rescence emission was collected at 515 to 565 nm for the detection
of eGFP signals.

Hematoxylin and eosin staining

After the completion of PAM imaging sessions, the fetuses and pla-
centae were isolated by mechanical dissection of the conceptus at
E18.5, and their wet weights and morphology were recorded imme-
diately after collection. Then, the embryos and placentas were fixed
in the 4% paraformaldehyde in PBS for 72 hours. The embryos were
sacrificed with decapitation, and some of the skin was removed for
sufficient fixation. Then, the samples were put into 70% ethanol and
embedded in paraffin after dehydration. The sections were cut at
5-pm thickness for hematoxylin and eosin staining. For deparaf-
finization and rehydration, the sections were sequentially treated
with xylene (2 min X 2), 100% ethanol (2 min X 1), 95% ethanol
(2 min X 1), 80% ethanol (2 min X 1), 70% ethanol (2 min X 1), and
distilled water (3 min X 2). The slides were immersed in hematoxy-
lin and eosin solution for 2 min each. After dehydration with
95% ethanol (2 min X 1) and 100% ethanol (2 min X 1), the slides
were mounted for further observation.
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Blood collection and whole blood component test

Blood (0.5 ml) was collected by the cardiac puncture after the dams
were euthanized with 3% (v/v) CO,. A total of 0.1 ml of blood from
each embryo was collected by the decapitation. The whole blood
components were analyzed by the Hemavet veterinary hematolo-
gy analyzer.

Statistical analysis

We conducted quantitative data analyses based on the imaging re-
sults to examine vasculature development and hemodynamic
changes in the placenta throughout mouse pregnancy under normal
and pathological conditions. These pathological conditions in-
cluded acute physiological challenges such as alcohol consump-
tion and CA, as well as chronic hemodynamic abnormalities in a
mouse PE model.

To extract the vessels from the background, we used a lab-
developed segmentation method, as previously published (27, 43).
Briefly, before quantitative analysis, the photoacoustic signal ampli-
tude in each image was extracted through a Hilbert transformation
of the recorded data, and vessel segmentation was performed using
a MATLAB Image Processing Toolbox (R2019b, MathWorks,
Boston, MA). As shown in fig. S7, the first step is to separate the
vessel pixels from the background pixels. Here, we used three times
the SD of the background signals as the threshold. The back-
ground pixels were then set to zero. The second step is to identify
and isolate each single vessel from the vasculature network using
vessel segmentation. Each vessel was identified and labeled by
tracking its axis in 3D space. The daughter vessels branching from
the mother vessel were labeled as different vessels. The third step
is to characterize individual vessels such as the vessel diameter and
the total pixel number of vessels. The vessel diameter was measured
as the shortest distance across the vessel lumen, i.e., the full width
of the vessel. The vessel density was measured as the ratio of vascu-
lature area to total field of view. The vasculature area was counted to
include all segmented vessels. To analyze the sO,, we used a well-
established linear signal unmixing technique to calculate the rela-
tive concentrations of HbR and HbO, from the two photoacoustic
images acquired at 532 and 558 nm (28). The average sO, was
calculated over all the blood vessels in the field of view, includ-
ing both arteries and veins.

We measured the average vessel diameter, vessel density, and av-
erage sO; (including both arteries from veins). We analyzed a total
of six to eight arteries and six to eight veins per placenta, with vessels
selected randomly. In case of longitudinal or continuous observa-
tion, we consistently selected the same set of blood vessels for diam-
eter measurements. When capturing dynamics to observe placental
acute responses, we chose the same vessel positions to measure the
same blood vessels during the acute responses. These vessels were
then subjected to detailed analysis. Hemodynamic parameters were
quantified across the entire field of view. For multiday monitoring,
the quantifications at different time points were compared with the
baseline to minimize the inter-animal variation, and the relative
percentage changes were reported. We used paired t tests for all
analyses and presented the statistical data with the SEM. A P value
of <0.05 was considered significant.

In addition, to compare the parameters between embryos or
mice with and without the placenta window, we used Student’s ¢ test.
Statistical analysis was performed using the SPSS 18.0 statistical
package.
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