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Abstract

Vascularization as a spatiotemporally interlaced process involving angiogenesis and vascular remodeling, has seldom
been investigated comprehensively regarding the interrelationship of the two intertwining but sequential pro-
cesses. Here, a shortwave infrared (SWIR) fluorescence imaging strategy based on quantum dots (QDs) was designed
to dynamically visualize vascularization in vivo and in situ in a perforator transplantation mouse model. The vascu-
larization process could be directly perceived from the established flap model with an optimal observation window
at 10 min post-injection. Anchored in SWIR technology and image processing, it was revealed that temporally,
angiogenesis lasted throughout 21 days after surgery while vascular remodeling took a dominant role after 14 days
both in vivo and in situ. Moreover, four perforasomes of the flap in situ displayed spatially that Zone IV shortened

the vascularization process with sufficient blood supply from the LDCIA, while Zone Il recovered slowly from ischemia
with a lack of blood supply. This study serves as a pioneer in adding novel cognition to spatiotemporal pattern of vas-
cularization through visualizing angiogenesis and vascular remodeling simultaneously and dynamically, thus facilitat-
ing further investigation into the mechanisms behind.
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Introduction Recent advancements in imaging technologies make

The vascularization process includes angiogenesis char-
acterized by forming new vessels from pre-existing vas-
cular networks [1], in tandem with vascular remodeling,
a transformation and maturation process involving vas-
cular pruning, diameters adjusting, and establishment of
vessel identity and hierarchy, which transforms the nas-
cent vascular system into a functional network [2]. These
two biological processes are pivotal for the construction
and sustenance of a primary vascular system, not only
facilitating the removal of metabolic waste, but also play-
ing a critical role in nourishing tissues [3]. Most earlier
studies focus on the two processes separately, studying
angiogenesis as vessel splitting and sprouting [1, 2], as
well as investigating vascular remodeling as varieties in
vessel branching and connections [4, 5]. However, vas-
cularization process is regarded as an interlaced process
of both angiogenesis and vascular remodeling in space
and time. Hence, it is imperative to conduct comprehen-
sive investigation on the two components together as a
dynamic, spatiotemporal and coordinated process, thus
revealing in-depth insights into the mechanisms behind
vascularization.

deciphering of the complex process of vascularization
possible and feasible, because they allow for a more
detailed and noninvasive examination of the vascular
system [6]. Nonetheless, though the quest for an imag-
ing technique that consistently mirrors the intricate
spatiotemporal intertwining process including angio-
genesis and vascular remodeling exists, current imaging
strategies have not fully met the mark yet. Conventional
imaging technologies that are predominantly utilized
in monitoring and observation of blood vessels mainly
include ultrasound, X-ray angiography, magnetic reso-
nance angiography (MRA), and computed tomographic
angiography (CTA). Despite their widespread use, these
modalities are not without their drawbacks, such as
radiation, limitations in spatial and temporal resolution,
and restricted portrayal of dynamic information [7-11].
Notably, advanced imaging technologies for vascular sys-
tem are also mushrooming. Superb microvascular imag-
ing (SMI) acts as an advancing microvascular imaging in
various medical disciplines [12]. Multimodal MRI and
Micro-CT imaging can quantitatively assess the vascular-
ization process [13]. Photoacoustic imaging technology
enables deep tissue vascular imaging, aiding in the study
of angiogenesis and the assessment of anti-angiogenic
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Scheme 1. lllustration of the vascularization process of the vessel network in a perforator flap transplantation mouse model visualized by SWIR

fluorescence imaging

therapies [14]. While despite their effectiveness, the prac-
tical limitations of clinical deployment have limited their
application in clinical practice. Most importantly, the
above-mentioned imaging modalities are unable to cap-
ture the spatiotemporal properties of both angiogenesis
and vascular remodeling simultaneously. Considering
these limitations inherent to existing imaging approaches
for vascularization analysis, there is a burgeoning inter-
est in the development of novel imaging techniques with
new strategies aiming to offer non-invasive, high-reso-
lution, and exhaustive portrayals of the spatiotemporal
characteristics of vascularization, especially dynamically
monitoring the complicated interlaced process includ-
ing angiogenesis and vascular remodeling, addressing the
unmet needs of medical community in this specialized
field.

The pioneering application of fluorescent angiography
in the field of blood circulation, particularly for assessing
blood flow within arterial and venous conduits, has been
a tremendous progress. This technique visually captures
the ingress and egress of blood, offering valuable insights
into vascular dynamics [15]. With less photon absorp-
tion and scattering by tissues, the fluorescence imaging in
the shortwave infrared (SWIR) window (1000-1700 nm)
provides real-time information that probes deep into
the body with increased spatial and temporal resolution
[16]. Thus, SWIR fluorescence imaging has emerged as
a prospective technique for in vivo bioimaging [17, 18].

For example, it has been applied for the in vivo imaging
of intricate structures such as vascular system [19, 20].
Moreover, previous studies have confirmed that SWIR
fluorescence imaging based on lead sulfide quantum
dots (QDs) is capable of in vivo, real-time and long-time
imaging of blood and lymphatic circulation [21-24]. On
this basis, image processing techniques involving image-
based analysis and quantification of vessel networks,
have also played a pivotal role in analyzing the fluores-
cence images objectively and truthfully in these former
studies. Therefore, in vivo SWIR fluorescence imaging
combined with image processing techniques for robust,
versatile and automated quantification of vascular net-
work parameters, is considered as a promising candidate
for conducting research on visualization of spatiotem-
poral pattern of vascularization by providing real-time,
dynamic and objective data.

In this study, SWIR fluorescence imaging based on QDs
was developed to capture the interlaced and dynamic
process of angiogenesis and vascular remodeling, consist-
ent with image processing for obtaining precise quantita-
tive data, to illustrate the underlying mechanisms driving
the observed vessel network development (Scheme 1).
First, mice models of perforator flap transplantation were
established, which were observed through a 21-day time
course. Then, parameters of the flap were measured, and
optimal observational window was decided, preparing
for the following precise imaging. Afterwards, the flap
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in vivo and in situ were imaged using SWIR fluorescence
imaging, respectively, and parameters including ves-
sels area, diameter, length, number of vessel segments,
junctions and endpoints were calculated to decode the
spatiotemporal pattern of angiogenesis and vascular
remodeling simultaneously. Finally, histological analysis
was performed to verify the vascularization process. The
significance of this study is highlighted by its potential
to address critical spatiotemporal pattern during angio-
genesis and vascular remodeling in a dynamic and syn-
chronous way, contributing to the overall knowledge of
vascular biology and unlocking the unprecedented thera-
peutic potential of vascular related diseases.

Methods

Preparation of QDs: QDs utilized in this study were syn-
thesized according to the method described previously
[24]. Briefly, 10 mM Pb(CH,COO), «3H,0 and 50 mg/
mL ribonuclease A (RNase A) from the bovine pan-
creas were mixed and the pH was adjusted to 9-10. Then
10 mM of Na,S was added and the solution was put into
the microwave immediately with the stir bar to heat at
70°C, 30W for 30 s. Afterwards, QDs were transferred
to a 10 kDa ultrafiltration tube after cooling down and
washed three times with PBS (pH=7.4) (1500 rpm/min,
10 min) to remove the extra reagents and adjust the pH
to 7-8. Finally, the as-prepared QDs were stored at 4 C
and utilized as a vessel contrast agent without further
modification.

Animal Model: All the experimental animals were pro-
vided by the Shanghai Jiesijie Laboratory Animal Co, Ltd
(6—8-week-old, ICR, female mice). Related animal stud-
ies were carried out in agreement with the guidelines
approved by the Animal Care Committee of the Labora-
tory Animal from Fudan University. The establishment of
the flap transplantation model was based on our previ-
ously reported method [22, 24]. The mice were anesthe-
tized using isoflurane and placed in the prone position
with depilation and disinfection of the surgical area on
the back. A 4.5 cmXx2.5 cm dorsal island perforator skin
flap was established. The left deep circumflex iliac artery
(LDCIA) perforator was preserved as a pedicle while
the other main perforators including right deep circum-
flex iliac artery (RDCIA) perforator, right lateral tho-
racic artery (RLTA) perforator, left lateral thoracic artery
(LLTA) perforator were disconnected when the flap was
overturned in situ. Then the flap was sutured back using
a 6-0 nylon.

SWIR fluorescence imaging and analysis The SWIR
fluorescence videos and images were obtained with
MARS (Artemis Intelligent Imaging, Shanghai, China)
with 808 nm excitation and 1250 nm NIR long-pass
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filter. SWIR fluorescence videos and images were
taken 1 d, 14 d and 21 d after establishment of the flap
transplantation model (n=3 at each time point). For
each time point, in vivo and in situ videos were taken
respectively, and elevation of the flap was conducted
only once for each animal to minimize the impact of
surgery. The flap areas in the videos were selected with
other parts clipped, and then the videos were acceler-
ated to ten times. The area, maximum length and maxi-
mum width of the whole flap in vivo and in situ were
both measured in gross. Then, the mice models were
intravenously injected with 0.35 mL QDs for imaging.
After imaging, parameters of the four perforators and
the flap vessel network were measured with the flaps
dissected and turned over from the left in the prone
position, including 1) vessel diameter: PL intensity of a
line perpendicular to a single perforator was measured
from fluorescence images with Image] and full width
at half maximum (FWHM) of Gaussian fitting was cal-
culated as the vessel diameter using Origin; 2) vessels
length, vessels area, percentage vessels area, number of
segments, junctions and endpoints: images were pre-
processed with Frangi filtering to enhance the tubu-
lar structures and the images (8-bit) were imported
to AngioTool [25] to obtain these parameters; 3) PL
intensity of the four perforator vessels from the origin
to the end: a line was drawn from the origin (periph-
eral region) of the perforator to the end (central region)
with a length of 25 pixels and the PL intensity along this
line was measured.

Histology and quantitative analysis The flap tissue
was collected at 1 d, 14 d and 21 d after establishment
of the flap transplantation model for the Hematoxylin
and Eosin (H&E) staining and immunohistochemistry.
The tissues were placed in 4% paraformaldehyde before
paraffin embedding. 4 pm cross-sections were deparaffi-
nized and rehydrated for immunohistochemistry. Then
they were immersed in sodium citrate antigen retrieval
solution, blocked in 3% H,0,, covered with 10% normal
rabbit serum at room temperature for 30 min, and incu-
bated overnight with Anti-CD31 antibody (ab182981,
Abcam), Anti-vascular endothelial growth factor
(VEGFA) antibody (EP1176Y, Abcam), Anti-von Wille-
brand factor (VWF) antibody (11778-1-AP, Proteintech),
and a-smooth muscle actin («-SMA, 14395-1-AP, Pro-
teintech) followed by secondary antibody (Servicebio,
GB23303). Epidermal thickness, dermal thickness and
fibroblast proliferation were measured from the H&E
micrographs. The thickness was measured from 5 differ-
ent points from each slide. Vessel number was measured
from the CD31 stained immunohistochemical micro-
graphs. It was analyzed at a magnification ofx200 and
average number of the vessels from three different visual
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Fig. 1 The shape and size variation of flap in vivo and in situ in a time course. a1-a3 Observation of the flap in vivo and b1-b3 in situat 1 d, 14 d
and 21 d. €1-c3 The size, length and width of the flap in vivo measured from a1-a3). d1-d3 The size, length and width of the flap in situ measured

from b1-b3. Scale bar: 1 cm
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fields of slices were calculated. Mean density of CD31,
VEGE, VWF and a-SMA measured from immunohisto-
chemical micrographs. Mean density was calculated by
integrated optical density divided by positive pixel area,
which were measured with Image].

Statistical analysis All the data from experimental ani-
mals (n=3 at each time point) were included in the sta-
tistical analysis. The comparisons were performed and
analyzed using GraphPad Prism 8.0. Ordinary one-way
ANOVA test was performed for the comparison and P
value<0.05 was considered statistically significant with
*<0.01 with **;<0.001 with ***.

Results and discussions

After the establishment of mice models with perfora-
tor flap transplantation (Additional file 1: Figure S1), the
bright field photographs of the flap in vivo and in situ
were captured at 1 d, 14 d and 21 d post-surgery, respec-
tively. Specifically, the flap was dissected at 1 d (Fig. 1al)
and turned over (Fig. 1b1) with the perforator vessel pre-
served to maintain blood supply from the body. Then,
the flap was sutured back after SWIR fluorescence imag-
ing and turned overrespectively at 14 d (Fig. 1a2-a3) and
21 d (Fig. 1b2-b3) for imaging. During the longitudinal
observation, it was discovered that compared with the
originally dissected flap at 1 d, the shape of the flap var-
ied from a rectangle to an oval at 14 d and 21 d by direct
observation. Moreover, the size, length and width of the
flap in vivo (Fig. 1cl-c3) and in situ (Fig. 1d1-d3) were
measured respectively from the photographs. The quan-
titative measurement showed that the flap size decreased
from 1 d to 21 d both in vivo and in situ, in consistent
with the direct observation. Then, the detailed analysis
demonstrated that both the length and width of the flap
shortened constantly from 1 d to 21 d, contributing to the
decrease in flap size jointly.

The current results indicated no necrosis but the occur-
rence of contracture of the flap throughout 21 days. It is
documented that the flap undergoes contracture during
the vascularization process, facilitating wound healing
[26]. Consequently, it could be deduced that vasculariza-
tion occurred and led to the morphologic changes of the
flap, which was clearly and visually displayed by this flap
transplantation model. To delve into the spatiotemporal
variation during vascularization beyond the appearances,

(See figure on next page.)
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an imaging strategy was in urgent need to realize visual-
izing vascularization dynamically as well as evaluating
the process accurately based on the present flap model.

Exhibiting excellent properties of high penetration
depth and low autofluorescence, SWIR fluorescence
imaging based on QDs was chosen as the candidate for
obtaining high-resolution and real-time data in this
study. The schematic illustration depicted the four per-
forator vessels of the dissected flap in Fig. 2a, and the
bright field photograph was displayed as a reference for
the following SWIR fluorescence images (Fig. 2b). Vid-
eos were recorded after intravenous injection of the
QDs through tail vein in a mouse model of perforator
flap transplantation, from the beginning of injection till
the disappearance of fluorescence signals (clipped as
Additional file 2: Movie S1 and Movie S2). Continuous
images were captured based on the videos (Fig. 2c1-c10).
As shown in Fig. 2cl, the preserved perforator LDCIA
lighted up immediately after injection and its branches
and choke vessels were rapidly imaged within 1 s in quick
succession. Then, the LLTA was detected straightly from
blood flow of the LDCIA from 5 s to 30 s post-injection
(Fig. 2c2-c4). After that, the branches of the LLTA as well
as the RDCIA and its branches could be visualized from
60 s to 5 min post-injection (Fig. 2¢5-¢6). Finally, the lat-
est imaged perforator RLTA and its branches could be
observed around 10 min post-injection (Fig. 2c7), which
was also regarded as the time point of successful imag-
ing of the whole flap vessels through SWIR technology.
Gradually, the fluorescence signals detected from the flap
vessels faded away and lasted till 70 min post-injection,
due to the metabolism and outflow of the QDs in the cir-
culation (Fig. 2¢8-c10). This result not only demonstrated
a detailed and specific map of vascular system in a perfo-
rator flap model, but also uncovered a sequential varia-
tion of blood flow among flap vessels especially the four
perforators, paving the way for in-depth decoding the
spatiotemporal pattern of flap vascularization.

To further investigate the optimal time window for flap
vessels imaging and observation based on SWIR tech-
nology, PL intensity and percentage area of the QDs-
perfused flap were measured and calculated based on the
obtained SWIR fluorescence images. From 10 s to 10 min
post-injection, the PL intensity stayed at a high level and
gradually decreased from 10 min to 70 min post-injection

Fig. 2 SWIR fluorescence imaging of the flap in situ immediately after QDs injection. a Schematic illustration and b bright field photograph

of four perforator vessels of the dissected flap. c1-c10 SWIR fluorescence images of the flap in situat 15,55, 105,305,605, 5 min, 10 min, 15 min,
45 min and 70 min after QDs injection. d PL intensity and e percentage area measured from ¢1-c10. f Combined graph of d and e) with optimal
observation window marked. LDCIA: left deep circumflex iliac artery, LLTA: left lateral thoracic artery, RDCIA: right deep circumflex iliac artery, RLTA:

right lateral thoracic artery. Scale bar: 0.5 cm
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Fig. 3 Vessel analysis of the flap in vivo based on SWIR fluorescence imaging. a Schematic diagram of parameters measured on the flap in vivo.
b1-d1 Original SWIR fluorescence images, b2-d2 enhanced images and b3-d3 fitted images at 1 d, 14 d and 21 d post-surgery. e Vessels area, f
vessels percentage area, g total vessels length, h average diameter of the four perforator vessels, i number of junctions and j number of endpoints
of the flap measured from processed images. Scale bar: 1 cm
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(Fig. 2d). Meanwhile, the percentage area gradually
increased from 1 s to 10 min post-injection and shaped
a peak at 10 min to 15 min post-injection, then decreas-
ing to an undetectable level (Fig. 2e). Therefore, it was
suggested that besides still images depicting the vascular
system, dynamic recording of the blood flow pattern of
the flap could be further achieved by SWIR fluorescence
imaging. Furthermore, the optimal time window for the
flap vessels observation was deciphered as around 10 min
post-injection, regarding the intersection of both high
PL intensity and percentage area (Fig. 2f). On this basis,
10 min post-injection was selected as the time point to
acquire images each time after injection of QDs at 1 d, 14
d and 21 d post-surgery in the subsequent observation,
assuring the comparability and standardization of the
image acquirement in the current study.

To further decipher the spatiotemporal pattern of
vascularization in a flap (Fig. 3a), the flap before dissec-
tion at 1 d (Fig. 3b1), 14 d (Fig. 3 c1) and 21 d (Fig. 3d1)
post-surgery was analyzed in vivo using SWIR fluores-
cence imaging. Enhanced (Fig. 3b2-d2) and fitted images
(Fig. 3b3-d3) were simultaneously acquired through
image processing. Then, vessels area (Fig. 3e), vessels
percentage area (Fig. 3f), total vessels length (Fig. 3g),
average diameter of the four perforator vessels (Fig. 3h),
number of vessel junctions (Fig. 3i) and endpoints
(Fig. 3j) in the vascular system of the flap were measured
from the fitted images. However, although vessels area,
vessels percentage area, average vessel diameter, total
vessels length and number of vessel junctions all demon-
strated a gradually increasing trend in a time course, no
statistical significance was shown. It was suggested that
when the dissected flap was sutured back, the vessels
reacted positively to the ischemic microenvironment to
maintain perfusion (Fig. 3e—i). As a result, the area of ves-
sels enlarged, vessel diameter and length both increased,
as well as sprouting of neovessels indicated by increase of
vessel junctions, was also activated to initiate angiogen-
esis. Furthermore, PL intensity of the four perforator ves-
sels was measured from the origin to the end (Additional
file 1: Figure S2). From 1 d to 21 d post-surgery, the PL
intensity increased from the origin to the end in RLTA,
LLTA, RDCIA and LDCIA, indicating an increase of per-
fusion from peripheral region to the central region of the

(See figure on next page.)
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flap. These results were consistent with the previously
reported studies that angiogenesis involved constructing
a new vascular network after surgery, which was the key
to improving the blood supply and maintaining viability
of the flap [27-29].

Notably, the vessel endpoints showed a different trend
that increased at 14 d, while fell back at 21 d (Fig. 3j),
seemingly contrary to the constantly elevating vascu-
larization level and vascular remodeling. To be noted,
it is acknowledged that postoperative vascularization
presents as a complicated spatiotemporal process [30],
encompassing angiogenesis mainly including neovessel
formation marked by increasing endpoints and vascu-
lar remodeling involving alterations in vessel diameter
and junctions.[27]. Currently, the endpoints indicating
the free ends of blood vessels, was indicated to connect
with each other to form vascular circuits during vascu-
lar remodeling, as a strategy to promote neovessel-net-
work maturation and organization [30]. Therefore, the
decrease of vessel endpoints could be decoded as the
enhancement of vascular remodeling after angiogenesis.

To sum up, based on SWIR fluorescence imaging,
not only the angiogenesis process increasing with time
from 1 d to 21 d post-surgery was visualized, but also
the vascular remodeling process enhancing after 14 d
post-surgery was unveiled in vivo, contributing to pro-
found understanding of vascularization sequentially from
in vivo level. However, the fluorescence signals from
the inner organs might interfere with that from the flap
when observed in vivo. Therefore, a superiorly accurate
approach of visualization was necessary for highly pre-
cise results.

To obtain a more accurate analysis and quantify the
temporal pattern of vascularization excluding the inher-
ent interference, the dissected flap was imaged in situ
at 1 d, 14 d and 21 d post-surgery. Parameters including
vessels area, length, diameter, as well as vessel segments,
junctions and endpoints in the dissected flap were meas-
ured and compared utilizing SWIR fluorescence imaging
(Fig. 4a). The SWIR fluorescence images of the flap in situ
at 1d, 14 d and 21 d post-surgery were demonstrated in
Fig. 4b1-d1, along with enhanced (Fig. 4b2-d2) and fit-
ted images (Fig. 4b3-d3), respectively. After image pro-
cessing, the enhanced images could sharpen the vessel

Fig. 4 Vessel analysis of the flap in situ based on SWIR fluorescence imaging. a Schematic diagram of parameters measured from the flap in situ.
b1-d1 Original SWIR fluorescence images, b2-d2 enhanced images and b3-d3 fitted images at 1 d, 14 d and 21 d post-surgery. e Vessels area,

f vessels percentage area, g total vessels length, h average diameter of the four perforator vessels, i number of vessel segments, j total vessel
length/number of vessel segments of the flap measured from processed images. k Schematic illustration of number of junctions and endpoints
during angiogenesis and connection. I Number of junctions and m number of endpoints of the flap measured from processed images. Scale bar:

05cm
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outline, thus enabling clear recognition of vessel details,
while the fitted images were analyzed by software to pro-
vide standardized and accurate quantitative data.

For general evaluation, although an increase of vessels
area was shown from 1 d to 21 d, no significant differ-
ence was discerned throughout the period of observa-
tion (Fig. 4e). To demonstrate the perfusion area more
accurately, the vessels percentage area was calculated by
excluding the impact of contracted flap size (Fig. 4f). A
constant increase from 1 d to 21 d was displayed, along
with a significant increase between 1 d and 21 d, indicat-
ing an increased perfusion after surgery. This result illus-
trated the same perfusion trend compared the in vivo
data, again confirmed the increased vascularization
activated by surgery, in accordance with studies report-
ing that increased vascular density could result in the
improved blood flow, thus contributing to the survival
of the flap [31, 32]. Consistent with vessels area and per-
centage area, a steady rise of the total vessels length from
1dto 21 d was demonstrated though without significance
(Fig. 4g), suggesting the persistent occurrence of angio-
genesis process manifested by increase of vessel number
throughout 21 days after surgery. Further, the average
diameter of the four perforator vessels was measured
to identify the changes of vessels responsible for major
blood supply of the flap (Fig. 4h). It was shown that the
vessel diameter increased from 1 d, and then decreased
at 21 d but without significant difference. However, the
trend indicated that after 14 d when the flap obtained
sufficient perfusion, less blood supply might be enough
overtime, resulting in reduced diameter as a manifesta-
tion of vascular remodeling process. In accordance with
the present results, previous studies also demonstrated
that the diameters of vessel began to expand immediately
after surgery, and in the following days, some of them
continues to expand while others gradually dwindled [28,
33, 34].

As for more detailed aspects of the configuration of
the vessels, the number of vessel segments exhibited a
significant increase from 1 d to 21 d (Fig. 4i). While the
vessel length/segment constantly decreased throughout
time, though no significance was revealed (Fig. 4j). Addi-
tionally, the vessel junctions demonstrated a significant
increase in number from 1 d to 21 d (Fig. 41). Referring
to illustration Fig. 4k, the combined results implied that

(See figure on next page.)
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angiogenesis embodied by sprouting to form segments
and junctions appeared continuously during the 21-day
period. These findings agreed with prior studies, noting
that the vascular network undergo the angiogenesis for
expansion marked by sprouting and further formation of
branches [5, 35, 36]. Interestingly, although significantly
more endpoints were identified from 1 d to 14 d, a sig-
nificant reduction of number was followed from 14 d to
21 d (Fig. 4m). Similar to the results of flap in vivo, the
decrease in vessel endpoints considered to suggest the
connection of branches appeared in flap in situ as well,
revealing the active vascular remodeling process from
14 d to 21 d. This novel result corroborated the earlier
findings that the sprouted vessels would eventually anas-
tomose to form vascular loops and then vessel connectiv-
ity would be rearranged [1, 5, 36].

In conclusion, the flap vessel vascularization followed
an interacted but sequential pattern, which was visual-
ized by SWIR technology dynamically and in real-time.
On one hand, angiogenesis existed and increased con-
stantly during the 21-day period after surgery, resulting
in increased vessels area and length in general as well
as more segments and junctions in detail. On the other
hand, vascular remodeling exercised its dominance
mainly from 14 d to 21 d at the later stage of the vascu-
larization, inducing perforator vessel diameter shrinkage
and connection of vessel endpoints. Thus, the temporal
trend of vascularization was visualized and quantified
via SWIR technology, depicting the first half of the spati-
otemporal pattern of vascularization.

To complete the other half of the puzzle, the flap in situ
was spatially divided into four zones called perforasomes
based on blood supply from the four perforator vessels
[34, 37] (Fig. 5a). Aiming for the evaluation of spatiotem-
poral changes of vessels in each perforasome, the SWIR
fluorescence images were acquired first, and the images
were processed and analyzed in detail at 1 d, 14 d and
21 d post-surgery (Fig. 5b). Then, quantification analysis
was conducted accordingly regarding the vessels percent-
age area as well as the number of vessel junctions and
endpoints in the four flap zones, which were the major
parameters that showed significance in the whole flap
assessment in Fig. 4.

A significant increase in vessels percentage area from
1 d to 21 d post-surgery was illustrated in Zone I and

Fig. 5 Vessel analysis of the four perforasomes of the flap in situ based on SWIR fluorescence imaging. a Schematic diagram of the four
perforasomes (divided into four zones) of the flap in situ. b SWIR fluorescence images of the four flap zones at 1 d, 14 d and 21 d post-surgery.
c1-c4 Vessels percentage area of the four flap zones. d1-d4 Number of junctions and endpoints of the four flap zones. e Schematic illustration
of the spatiotemporal patterns of vascularization in the four flap zones throughout 21 days. RLTA: right lateral thoracic artery, LLTA: left lateral
thoracic artery, RDCIA: right deep circumflex iliac artery, LDCIA: left deep circumflex iliac artery. Scale bar: 0.5 cm
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Fig. 6 Histological analysis of the flap. a1-a3 Representative H&E staining micrographs (scale bar: 50 um). b1 Epidermal thickness, b2 dermal

thickness, b3 fibroblast proliferation and b4 vessel number measured form the H&E staining micrographs. ¢1-¢3 CD31, d1-d3 VEGF, e1-e3) VWF
and f1-f3 a-SMA stained immunohistochemical micrographs (Scale bar: 100 um) of the flap. g1-g4 Mean density of CD31, VEGF, VWF and a-SMA
measured from immunohistochemical micrographs
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Zone II (Fig. 5c1-c2), and from 14 d to 21 d post-surgery
in Zone III (Fig. 5¢3), which implied an active angio-
genesis process in these three zones overtime when fac-
ing ischemia. On the contrary, the vessels percentage
area showed no significant changes in Zone IV during
the 21-day period (Fig. 5c4). This result was in accord-
ance with the fact that the perforator vessel in Zone IV
(LDCIA) was the only perforator that was preserved to
connect to the body circulation when establishing the
flap model. In addition, the average vessel diameter and
total vessel length were also measured, but no signifi-
cance was demonstrated (Additional file 1: Figure S3).
Hence, it could be suggested that when the flap was in
a relatively ischemic state, the area supplied by the pre-
served perforator had relatively adequate perfusion,
while other area might face greater risk of ischemia thus
inducing more intense angiogenesis.

Most importantly, it was unfolded that not only a
spatial map of vascular distribution and extension was
identified, but a timeline charted with turning point of
a sequential progression of vascularization process was
also deciphered. As shown in Fig. 5d1-d3, a continu-
ous increasing trend of vessel junctions was revealed in
Zone I, Zone II and Zone III from 1 d to 21 d post-sur-
gery, indicating a sustaining angiogenesis process. As
for vessel endpoints, Zone I and Zone III showed simi-
lar trend in which a peak occurred at 14 d then followed
by a decrease at 21 d post-surgery, while the number
increased continually in Zone II. As previously men-
tioned, angiogenesis and vascular remodeling are two
interacted but sequential process during vascularization.
Thereby, it could be inferred that although Zone I, Zone
II and Zone III initiated active angiogenesis immedi-
ately after surgery, Zone I and Zone III entered vascular
remodeling phase with formation of connections earlier
than Zone II at 14 d post-surgery. Meanwhile, it was sug-
gested that Zone II might experience delayed angiogen-
esis and vessel remodeling.

Concerning Zone IV (Fig. 5d4), both the vessel junc-
tions and endpoints in this area demonstrated a peak of
number at 14 d post-surgery and fell back at 21 d. This
pattern could be understood that the neovessels formed
during the angiogenesis process were partially pruned
(known as a part of vascular remodeling) during 14 d to
21 d, triggering a decrease of vessel junctions. Besides,
vascular remodeling accelerated to form vascular connec-
tions synchronously, contributing to a reduction of ves-
sel endpoints. It could be because Zone IV was endowed
with relatively sufficient blood supply via LDCIA, vessels
in this area experienced angiogenesis process fast and
then vascular remodeling process, and firstly entered vas-
cular regression process (a key developmental process
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occurring during late vascular remodeling) in which
select capillaries were removed [1, 2].

In short, from the perspective of spatial distribution,
Zone 1V supplied by the only preserved perforator ves-
sel featured comparatively more perfusion than the other
three zones. More importantly, as the illustration Fig. 5e
which decoded from the spatiotemporal pattern of vas-
cularization captured by SWIR fluorescence imaging,
vessels in Zone IV entered and advanced in the vascu-
larization process more rapidly than the vessels in the
Zone I and Zone III. While vessels in Zone II was per-
ceived as the last of the four zones in the progression of
vascularization.

To verify the occurrence of vascularization in the flap
model, H&E staining (Fig. 6al-a3) and immunohisto-
chemical staining of angiogenesis markers including
CD31 (Fig. 6¢1-¢3), VEGF (Fig. 6d1-d3), VWT (Fig. 6el-
e3) and a-SMA (Fig. 6f1-f3) were performed and quan-
tified at 1 d, 14 d and 21 d post-surgery. Epidermal
thickness (Fig. 6b1), dermal thickness (Fig. 6b2), fibro-
blast proliferation (Fig. 6b3) and vessel number (Fig. 6b4)
measured form H&E staining showed increase at 14 d
and the last three fell back at 21 d, indicating the recovery
of flap at 21 d. According to Fig. 6gl-g4, mean density of
CD31, VEGE, VWF and a-SMA increased gradually from
1 d to 14 d, with a slight increase or decrease at 21 d post-
surgery. The results confirmed the vascularization along
with steadily increasing vessel markers in a time course.
Finally, biosafety of the QDs was examined. Major organs
of the mice with injection of QD were harvest at 21 d
post-injection, including the lung, heart, spleen, kidney
and liver (Additional file 1: Figure S4). No obvious abnor-
mality was observed in appearance. Compared with the
control group, the H&E staining of the tissues showed no
noticeable injury or inflammation, which ensuring the
biosafety of QDs injection.

Conclusion

In this study, the spatiotemporal pattern of vasculariza-
tion was visualized in a perforator flap transplantation
mouse model utilizing SWIR fluorescence imaging.
First, the flap in situ model was considered more suit-
able for vessel analysis than flap in vivo model with
accurate data acquirement, and the optimal observa-
tion window of flap in situ was discovered to be around
10 min after injection of QDs. Furthermore, the inter-
laced relationship of angiogenesis and vascular remod-
eling was decoded temporally that angiogenesis lasted
throughout the 21 days while vascular remodeling
accelerated after 14 d post-surgery. Besides, the spatial
map of angiogenesis and vascular remodeling in four
perforasomes were portrayed that Zone IV entered the
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sequential process of vascularization rapidly relying on
sufficient blood supply from the LDCIA while Zone
II was the latest to recover from ischemia. This work
shed light on insightful understanding of spatiotem-
poral characteristics of vascularization by visualizing
and evaluating angiogenesis and vascular remodeling
simultaneously and dynamically based on a promising
imaging technology, laying the groundwork for further
profound investigation on the complicated process of

vascularization.
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Additional file 1. Figure S1. Establishment of a perforator flap transplanta-
tion mouse model. a) Bright field photograph of the mouse before sur-
gery. b) Flap dissected from the back of the mouse with a perforator ves-
sel preserved. ¢) Enlarged photograph of the dissected flap with the four
perforator vessels (RLTA, LLTA, RDCIA and LDCIA) marked. d) Mouse model
with the flap sutured back. Figure S2. Normalized PL intensity meas-

ured from the four perforator vessels from the origin to the end. a1-a4)
Schemes of RLTA, LLTA, RDCIA and LDCIA. b1-b4) Normalized PL intensity
measured from RLTA, LLTA, RDCIA and LDCIA. RLTA: right lateral thoracic
artery; LLTA: left lateral thoracic artery; RDCIA: right deep circumflex iliac
artery; LDCIA: left deep circumflex iliac artery. Figure S3. Average vessel
diameter of the four perforator vessels and total vessels length measured
in the four zones. Average vessel diameter of a1) RLTA, a2) LLTA, a3) RDCIA
and a4) LDCIA. Total vessels length of b1) Zone |, b2) Zone II, b3) Zone llI

artery; RDCIA: right deep circumflex iliac artery; LDCIA: left deep circum-
flex iliac artery. Figure S4. Biosafety analysis of SWIR fluorescence imaging

of major organs (lung, heart, spleen, kidney and liver) harvested from the
mouse model injected with QDs. ¢) H&E staining of major organs (lung,
heart, spleen, kidney and liver) harvested from the mouse model injected
with QDs compared with a control group

Additional file 2. Movie S1. Intravenous injection of the QDs through tail
vein in a mouse model of perforator flap transplantation.

Additional file 3. Movie S2. Disappearance of fluorescence signals in a

of the QDs

and b4) Zone IV. RLTA: right lateral thoracic artery; LLTA: left lateral thoracic

based on QDs. a) Bright field photograph and b) SWIR fluorescence image

mouse model of perforator flap transplantation after intravenous injection
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