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A B S T R A C T

Polymer dots (Pdots) have been applied to imaging lymph nodes (LNs) and lymphatic vessels (LVs) in living mice
and rats. However, the mechanism of absorption, distribution, metabolism, and excretion of Pdots in LNs and LVs
is still unclear. Therefore, the relationship between Pdots and immune cells, LVs and collagen fibers in lymphatics
was studied by multiple in vivo and ex vivo microscopic imaging methods and detection techniques. Flow
cytometry showed that Pdots could be phagocytosed by macrophages and monocytes, and had no relationship
with B cells, T cells and dendric cells in LNs. Silver staining, immunofluorescence and two-photon microscope
showed that Pdots gathered in collagen fibers and LVs of LNs. Furthermore, immunofluorescence imaging results
verified that Pdots were distributed in the extracellular space of collecting LVs endothelial cells. In addition, Pdots
in the collecting LVs were basically cleared by leaking into the surrounding tissue or draining LNs after 21 days of
injection. During the long-time observation, Pdots also helped monitor the contraction frequency and variation
range of LV. Our study lays a foundation on the research of Pdots as the carrier to study lymphatic structure and
function in the future.
1. Introduction

The mammalian circulatory system includes the cardiovascular sys-
tem and the lymphatic system. Unlike the closed, high-pressure and
circulating vascular system, the lymphatic system forms an open, low-
pressure and one-way transport network from the extracellular space to
the venous system [1]. The lymphatic system reflects a complex network
of lymphatic vessels (LVs), lymph nodes (LNs) and lymphatic organs [2].
The system is responsible for maintaining tissue fluid balance, and serves
as a conduit for immune cell transportation and dietary fat uptake in the
intestine [1,3–6]. This fascinating vasculature is now thought to be
dynamically and actively involved in health and disease [7–9].

LVs are essential for the transportation of leukocytes and soluble
antigens from peripheral tissues to the draining LNs [1]. It is lined with
lymphatic endothelial cells (LECs) and have a thin layer of smooth
muscle and outer membrane that bind LVs to surrounding tissues. In
general, LVs are difficult to see because they contain few cells and carry
mostly clear lymph. Thus, most visualization techniques rely on the
natural ability of LVs to absorb tracers that are injected into tissue space
).
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[3,10]. Indocyanine green (ICG) - lymphangiography has become an
essential diagnostic test for assessing the lymphatic system [11]. How-
ever, due to the leakage of small molecular dyes, it is urgent to find a
convenient way with a photostable probe to monitor the change of LVs.
Furthermore, lymphatic structures such as LNs are distributed along the
LV network. LN reticular network limits lymphatic transportation of
solutes into cortical parenchyma [12]. In fact, through LN drainage, the
lymphatic system ensures that pathogens invading tissues are not
directed into the bloodstream, but are captured by macrophages and
dendric cells (DCs) present in LNs [1,13–15]. Therefore, it is important to
image the reaction process in LNs due to the immune response.

Lymphatic system is not only the drainage system of systemic circu-
lation, but also closely related to inflammation, cancer, organ trans-
plantation and autoimmune diseases. Therefore, it is of great significance
to study the lymphatic system. For a growing number of clinical in-
dications, widespread used imaging techniques should be improved in
order to meet the demand of evaluating the lymphatic system in patients
and preclinical disease models clearly [2,14,16,17]. Modified polymer
dots (Pdots) are employed as the fluorescent nanoprobe due to their
2022
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excellent chemical and optical properties such as high fluorescence in-
tensity, good photostability, excellent biocompatibility and low toxicity
[18–23]. And Pdots have been used for in vivo imaging of lymphatics in
blank and tumor mice [19–21]. However, the mechanism of Pdots im-
aging lymphatic system is still unclear. In this article, we made research
on the relationship between Pdots and immune cells, LVs and collagen
fibers in lymphatics. The results showed that Pdots could observe the
structure change of LV over a period of time including contractility,
lymphatic valves, and branches. Flow cytometer and two-photon mi-
croscope (TPM) showed the entered Pdots in the LNs had the close rel-
evancy with macrophages in different sites and monocytes due to the
ability of removing foreign bodies. Additionally, Pdots flowed in chan-
nels as LVs and collagen fibers that provided the zone for DCs to capture
antigens. Our study lays a foundation on the research of Pdots as the
carrier to study lymphatic structure and LN therapy in the future.

2. Materials and methods

2.1. Materials

Unless otherwise stated, all chemicals and solvents were of analytical
grade and used without further purification. Benzyl alcohol, tert-butanol,
benzyl benzoate and Poly(9,9-dioctylfluorene-altbenzothiadiazole)
(PFBT, average Mn � 25000) were purchased from Sigma-Aldrich, Inc.
Poly(9,9-dioctylfluorene-altbenzothiadiazole) (PFBT, average Mw ¼
19000) were obtained from American Dye Source, Inc. Poly[(9,9-
dioctylfluorenyl-2,7-diyl)-co -(1,4-benzo-{2,1’,3}-thiadiazole)]-End-cap-
ped with DMP (PFBT, average Mw ¼ 47000) were bought from American
Dye Source, Inc. Diphenyl ether (DPE) and vitamin E were commercially
available from Alfa Aesar Co., Ltd. The Polystyrene Graft Ethylene Oxide
functionalized with carboxylic end group (PS-PEG-COOH) and amino-
terminated poly(methyl methacrylate) (PMMA-NH2) were purchased
from Polymer Source Inc.

2.2. Synthesis of polymer dots (Pdots)

The synthesis method was similar to that in previous articles [18–21,
23]. In brief, prepared ingredients such as three molecular weights of
PFBT (average Mw ¼ 19000, average Mn � 25000 and average Mw ¼
47000), PS-PEG-COOH and MMA-NH2 were dissolved in THF (J&K).
Then, the combinations of different original solutions synthesized
different Pdots in Table S1. The combination of PFBT (average Mw ¼
19000) with PS-PEG-COOH as Pdots is called for 1.9 PC. The combina-
tion of PFBT (average Mn� 25000) with PS-PEG-COOH as Pdots is called
for 2.5 PC. The combination of PFBT (average Mn � 25000) with
PMMA-NH2 as Pdots is called for 2.5 PN. The combination of PFBT
(average Mw ¼ 47000) with PS-PEG-COOH as Pdots is called for 4.7 PC.
The combination of PFBT (average Mw ¼ 47000) with PMMA-NH2 as
Pdots is called for 4.7 PN. Unless mentioned, all the solution injected into
LNs were concentrated ten times.

2.3. Characterization of Pdots

The hydrodynamic size and Zeta potential of different Pdots were
measured with a Malvern Zetasizer Nano ZSP instrument (Malvern, UK)
(DLS). The normalized UV–vis absorption spectra were measured via a
Shimadzu UV-2550 ultraviolet–vis spectrometer (Shimadzu, China). The
fluorescence emission spectra were collected using a HITACHI F-2700
fluorescence spectrophotometer.

2.4. Preparation of uDISCO solutions

The traditional preparing procedure of uDISCO solution for high-
resolution 3D imaging has been mentioned before [24]. Firstly, tert-bu-
tanol solutions with distilled water mixed as 30 vol%, 50 vol%, 70 vol%,
80 vol%, 90 vol% and 96 vol% for gradient dehydration solution. Then,
2

BABB was obtained with benzyl alcohol and benzyl benzoate as the
volume of 1:2. BABB-D4 was prepared by mixing BABB with DPE at a
ratio of 4:1 (vol/vol). In the end, 0.4% Vol vitamin E was added into
BABB-D4 solutions to scavenge the peroxides.

2.5. In vitro collagen hydrogel penetration of Pdots

The concentration of collagen hydrogels was prepared at 7.38mg/mL
as reported before [12]. Briefly, rat tail collagen (8.6 mg/mL, 142 μL,
354249, Corning, USA), EDTA (0.17 M, 19.5 μL) and NaOH (1 M, 3.8 μL)
were mixed. The mixture solution was drawn into capillary tubes (Inner
diameter 300 μm, length 100 mm, Shanghai Great Wall Scientific In-
strument Store, China) to gel for 24 h at 37 �C. Four different kinds of
Pdots were added into capillary tubes for free diffusion. Then, the
capillary tubes were observed via inverted fluorescence microscope
(IFM).

2.6. Ex vivo inverted fluorescence microscope (IFM) imaging of lymphatics

All animal procedures were performed in accordance with the
Guidelines for Care and Use of Laboratory Animals of Shanghai Jiao Tong
University, and experiments were approved by the Animal Ethics Com-
mittee of Shanghai Jiao Tong University (Shanghai, China). All the ICR
white mice and Balb/c nude mice were anesthetized with 1% sodium
pentobarbital solution. After immobilizing themouse limbs, cut along the
midline of the abdomen in the mouse. Unfold the skin adhered to the
peritoneum, and inguinal lymph node (LN) can be seen on both sides of
the mouse. The syringe pump (Legato 788130, KD Scientific Inc., USA)
was utilized with the insulin syringe to inject Pdots into inguinal LN. The
parameter settings are listed as molecular weight (average Mw ¼ 19000,
average Mn � 25000 and average Mw ¼ 47000), ligand (PS-PEG-COOH
andMMA-NH2), injection volume (1 μL and 8 μL) and imaging time point
(5 min and 24 h) in Table S3. Then, the specimen including inguinal LN,
axillary LN and LV were cut from the mouse which were attached to the
peritoneum. Put the tissue on the object slide and spread it. Finally,
image the specimen with shunyu xd30 fluorescence microscope (Beijing
jiayuanxingye Biotech Co.Ltd, China).

Furthermore, two probes as Pdots and carbon nanoparticles (NPs)
suspension (Chongqing Lummy Pharmaceutical Co., Ltd., China) were
used together for visual and fluorescent dual channel imaging. Carbon
NPs suspension was injected 30 min earlier than Pdots, and after 30 min
of injecting Pdots and carbon NPs, the collecting LV was imaged.

2.7. Establishment of animal model

Human ovarian adenocarcinoma cell line SKOV3 was purchased from
Cell Bank of Chinese Academy of Science (Shanghai, China). SKOV3 cells
were grown in McCoy's 5A medium. The following incubation proced-
ures were the same as normal. To establish the model of subcutaneous
tumor-bearing mice, 150 μL of SKOV3 cells (5 � 106 cells mL�1) was
injected subcutaneously into the ass of nude mice. Tumor volume
reached above 250–350 mm3 after 21–28 d of inoculation in SKOV3
tumor models.

2.8. In vivo stereomicroscope and stereoscopic fluorescence microscope
(SFM) imaging of lymphatics

The anatomical procedure was similar. After flatting and fastening the
skin, image the interested region from inguinal LN to axillary LN on both
sides of the mouse. The difference between stereomicroscope and ste-
reoscopic fluorescence imaging was the fluorescence channel. Olympus
sz61 stereoscopic microscope (Beijing jiayuanxingye Biotech Co., Ltd.,
China) was used to observe the anatomical steps in the bright field.
YHZ16 stereographic fluorescence microscope (Shanghai Yuehe Biotech
Co., Ltd., China) had four channels. Bright field and B channel (Ex ¼ 470
nm/40 nm, Em¼ 544 nm/50 nm) were used in the experiment. To obtain
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the single clear collecting LV, two microscope forceps worked together
and removed the enveloping mucous membrane around inguinal LN,
collecting LV and axillary LN. Besides, the clean tissue which was put on
the object slide was imaged in the B channel. Furthermore, after injecting
Pdots for a period of time, the same inguinal LN was injected with PBS for
observing the changes of lymphatics. Also, the observation of Pdots in
LVs and LNs were conducted by injecting Pdots firstly and anatomized
after 1 d, 3 d, 5 d, 7 d, 14 d, 21 d and 28 d of injection.

2.9. In vivo probe-based confocal laser endomicroscope (pCLE) imaging of
lymphatics

The Cellvizio® Dual Band system pCLE (Mauna Kea Technologies,
France) was conducted in vivo for further high-resolution imaging. In this
experiment, the parameter setting, imaging method and analysis process
were the same as that in former published articles [18,19,21].

2.10. The immersion staining of LN and LV

Four different proportions of Pdots (2.5 PC, 2.5 PN, 4.7 PC and 4.7
PN) were applied in the experiment. The immersion ways were split into
the removed fresh or fixed LNs directly putting into 100 μL solutions.
Gradient solutions were divided into five groups: ten times concentrated,
five times concentrated, two times concentrated, original and diluted half
solutions. After 48 h, 72h or 96 h, the LNs connected with LVs were
imaged by confocal laser scanning microscope (CLSM) (Leica, Germany).
Two different channels were set: 4.7PC/4.7 PN (excitation 405 nm,
emission 500–600 nm), 2.5PC/2.5 PN (excitation 458 nm, emission
500–600 nm).

2.11. Immune cells of LN uptake experiments

The experimental and control groups were injected by Pdots and
normal saline solution, respectively. The parameter settings were as
followed: injectant (2.5 PC, normal saline solution), speed (3 s, 1 min),
volume (15 μL) and imaging time point (5 min, 24 h, 72 h). After the
mouse was sacrificed, axillary LNs on injection sides were removed and
placed in a petri dish. The dish was observed under the stereomicroscope,
and all attached adipose tissue was pruned away. Then, axillary LNs were
rinsed with PBS. After 3 h incubation with 1.5 mg/mL collagenase IV
(40507ES60, Yeasen, China) at 37 �C, axillary LN were gently separated
through a 70 μm cell strainer using a 15 mL syringe plunger, and the
strainer was thoroughly washed by FACS buffer of 1% bovine serum al-
bumin (BSA, MB4219, meilunbio, China) in 1� PBS. The cell suspension
was transferred into the tube (352063, Corning Falcon, USA) on ice, and
centrifuged at 1000 r/min for 5 min at 4 �C. Pour off the supernatant.
Cells were incubated with 100 μL Zombie NIR™ fixable dye (423105,
APC-Cy7, Biolegend, USA) for 20 min on ice in dark. After washing and
centrifugation, cells were then separated into two groups and incubated
with a cocktail of antibodies for 20 min on ice in dark: Biolegend Percp-
Cy5.5 CD3, Biolegend PE-Cy7 CD4, Biolegend PE CD8; Biolegend BV421
B220, Biolegend APC CD169, Thermo Fisher Scientific PE-Cy7 CD11b,
Thermo Fisher Scientific PE CD11c, Thermo Fisher Scientific Percp-Cy5.5
F4/80 (Thermo Fisher, USA). Finally, the washed cells were resuspended
in PBS for further analysis. Data was acquired using a FACSAria II flow
cytometry (Becton Dickinson, USA), and analyzed via FlowJo software.
Cell types were defined as follows: T cells: CD3þ, CD4þ T cells:
CD4þCD3þ, CD8þ T cells: CD8þCD3þ, B cells: B220þ, Monocytes: B220-
CD11c-CD11b þ F4/80 þ CD169-, subcapsular sinus macrophages
(SSMs): B220-CD11cþCD11b þ CD169 þ F4/80-, medullary sinus
macrophages (MSMs): B220-CD11cþCD11b þ CD169 þ F4/80þ, med-
ullary cord macrophages (MCMs): B220-CD11cþCD11b þ CD169-F4/
80þ, plasmacytoid dendritic cells (pDCs): CD11cþCD11b-B220þ, con-
ventional dendritic cells (cDCs): CD11cþCD11b-B220- [25]. The excited
and emission wavelength of the material were closer to FITC channel.
Also, normal saline solution groups were performed as the same
3

procedure and data processing.

2.12. Ex vivo two-photon microscope (TPM) imaging of lymphatics using
uDISCO

All the tissues of nude mice were conducted in the same way for
transparency [19,21]. Briefly, immerse the fixed specimen in PBS for
washing. Then, keep it in the gradient of dehydration as 30% tert-butanol
for 4 h, following 50%, 70% for overnight, 80%, 90%, 96% for overnight.
Eventually, incubate it in BABB-D4 solutions for optically transparence
[24]. Fluorescence images were acquired using a Leica TCS SP8 STED 3X
microscope equipped with the HCX PL APO CS 10� /0.40 DRY objective,
HC PL APO CS2 20 � /0.75 DRY objective, HC PL APO CS2 40 � /1.10
WATER objective or HC PL APO CS2 63 � /1.40 OIL objective (Leica,
Germany). The yellow channel (Ex ¼ 740 nm, Em ¼ 500–600 nm) was
imaged for fluorescent Pdots.

2.13. Histology

The specimen of axillary LN was removed from the mouse and
immediately embedded in the optimum cutting temperature compound
(SAKURA, USA) at �80 �C. The frozen tissue was cut into 8 μm sections,
fixed with 4% paraformaldehyde and stained using hematoxylin
(MB9898, meilunbio, China). Then, the hematoxylin and Pdots were
observed via the bright field channel, fluorescence channel and overlay
channel of IFM.

2.14. Staining of the whole axillary LN and collecting LV

The removed axillary LN connected with collecting LV injected via 15
μL Pdots within 3 s for 5 min were fixed with 4% paraformaldehyde.
Besides, the fixed sample was placed in 1 mL of the blocking solution (2%
W/Vol BSA in PBS, 0.3% vol/vol Triton X-100) at room temperature for
24 h. Then, put the sample into 40,6-diamidino-2-phenylindole (DAPI)
solution (MA0128, meilunbio, China) for nuclear staining and DiD so-
lution (5 μM, MB6190, meilunbio, China) for cytomembrane staining.
Each staining period last for 5 h, and washing solution containing 0.2%
vol/vol Triton X-100 was used after each staining period for 24 h [26].
Using a Leica TCS SP5 CLSM, three different channels were as follows:
fluorescent Pdots (excitation 458 nm, emission 530–600 nm), DAPI
(excitation 405 nm, emission 425–500 nm), and DiD (excitation 633 nm,
emission 655–675 nm).

2.15. Immunostaining of the whole transparent axillary LN

The first two steps including fixation and blocking process were the
same as above. Then, followed by 3 d of primary antibody (PROX1, 1:800
dilution, ab101851, Abcam, UK) staining in fresh blocking solution at 37
�C with shaking. Next, samples were washed and shaken twice with 0.2%
vol/vol Triton X-100 for 12 h each time at room temperature. The sec-
ondary antibody (Donkey Anti-rabbit, 1:500 dilution, abs20009, Absin,
China) staining was performed under the same conditions as for the
primary antibody. Besides, the DAPI staining and uDISCO process were
the same [26]. The PROX1 channel setting of TPM imaging was the
excitation of 633 nm and the emission from 650 to 670 nm.

2.16. Immunofluorescence of the axillary LN and collecting LV frozen
section

The fresh tissue injected with 15 μL Pdots within 3 s for 5 min was
immediately frozen below�80 �C and cut into 8 μm sections. The section
was fixed with 100% precooled methanol for 10 min and washed in PBS
for 5 min three times. For permeation, 0.3% Triton X-100 was used at
room temperature for 10 min. The washing process was in PBS for 5 min
three times. Then, blocking solution (derived from 10% of the serum of
the species producing the secondary antibody, 1% BSA, 0.3 mol/L



Scheme 1. A) Chemical structures of PFBT (Mn < 25000), PFBT (Mn ¼ 19000), PFBT (Mn ¼ 47000), PS-PEG-COOH, and PMMA-NH2, and the reprecipitation of
polymer dots (Pdots). Pdots are prepared via one of light-harvesting agents and one of biocompatible shells. B) The schematic depicted the selection, and lymphatic
imaging of Pdots. The relationship between Pdots and immune cells or channels in the LNs and LVs was studied by using multiple imaging microscopy, including
inverted fluorescence microscope (IFM), probe-based confocal laser endomicroscope (pCLE), stereographic fluorescence microscope (SFM), confocal laser scanning
microscope (CLSM), two-photon microscope (TPM), and flow cytometer.
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glycine solution, prepared with PBS) was dropped on the section at room
temperature for 1 h without washing. Subsequently, add the primary
antibody (podoplanin, 1:800 dilution, 14-5381-82, Thermo Fisher, USA;
CD31, 1:50 dilution, ab7388, Abcam, UK) diluted by universal antibody
diluent (WB100D, New Cell& Molecular Biotech Co., Ltd, China) for in-
cubation in a humidified box at 4 �C overnight (�16 h). Afterwards, the
sample section was taken from the refrigerator and placed at room
temperature for at least 30 min. The washing process was in PBS for 10
min three times. Subsequently, the secondary antibody (Goat anti-
Hamster, 1:400 dilution, A-21112, Thermo Fisher, USA; Goat anti-rat,
4

1:500 dilution, 4418S, Univ, China) diluted by universal antibody
diluent was added on the section at 37 �C for 1 h, and washed off via PBS
for 15 min three times. Finally, the tissue section was covered using
antifade mounting medium with DAPI for at least 20 min and sealed via
nail polish for four corners of the coverslip. Using a Leica TCS SP5 CLSM,
three different channels were as follows: fluorescent Pdots (excitation
458 nm, emission 530–600 nm), DAPI (excitation 405 nm, emission
425–500 nm), podoplanin (excitation 561 nm, emission 595–615 nm),
and CD31 (excitation 633 nm, emission 645–665 nm).



Fig. 1. The imaging of lymphatic system injected via Pdots. A) The simple drawing of axillary lymph node (LN) connected with afferent and efferent lymphatic vessels
(LVs) imaged by Pdots. B) The TPM image of axillary LN and connected afferent LV which red triangle points at. The red box represents the magnified connected
afferent LV. C-D) The brightfield and fluorescence channel of stripped collecting LV were taken by SFM ex vivo. E) The CLSM imaging of the whole collecting LV
includes Pdots channel, DiD cytomembrane channel, DAPI cytoblast channel, overlap channel. F) The CLSM imaging of the collecting LV frozen section includes Pdots
channel, Podoplanin LV channel, DAPI cytoblast channel, and overlap channel. Red triangles point at the connected LV in B and the Pdots aggregation sites in E. Scale
bars represent 500 μm in B, 100 μm in C-D, and 50 μm in E-F, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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2.17. Silver staining of collagen fiber in the axillary LN

The 10 μm frozen section of injected axillary LN was fixed with 4%
paraformaldehyde for 10 min and washed for 2 min. Then, the silver
5

staining was performed using ProteoSilver™ kit (PROTSIL1, Merck,
USA). The sensitizer solution, silver solution and developer solution were
prepared according to the corresponding steps. In brief, the section was
dipped in the silver and developer solution for 10 min, and washed with
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Fig. 2. The observation of lymphatic valves and changes in LVs. A) The schematic diagram of collecting LV including lymphatic valve imaged by Pdots. B) The 3D
picture of lymphatic valve, collecting LV and LN imaged by Pdots. The white box represents magnified lymphatic valve. C) The screenshot of the contraction and
relaxation in collecting LV imaged via SFM after injection of Pdots. D-E) The different diameters change line charts of the collecting LV labelled by the red and white
dashed box in B. F) The SFM image of LV at 14 d post-injection of Pdots. G) The different diameters change line charts of the collecting LV 7 d post-injection of Pdots in
Figure S5C. H) The diameter of the LV 28 d post-injection of Pdots in Figure S5E and F. I) The branches and lymphatic valves of lv 5 min post-injection. J-K) The
lymphatic valves of lv 5 min post-injection in nude mouse and tumor mouse, respectively. L) The comparison between diameters of expansion and shrinkage in
lymphatic vessels is shown as mean � SD from 5 min in D and E and 7 d in G after injection of Pdots. D-E, E-E and G-E represent the diameter measurement of every
expansion in D, E and G, respectively. D-S, E-S and G-S represent the diameter measurement of every shrinkage in D, E and G, respectively. M) The diameter
comparison of LV among 4 min-imaging of blank 3-week-year-old ICR mouse in I, 14 d-imaging of ICR mouse in F, blank nude mouse in J and tumor mouse in K is
shown as mean � SD. Red triangles point at lymphatic valves, and white triangles point at the branches of LV. ***P < 0.001. Scale bars represent 2 mm in B, 100 μm in
C and F, 500 μm in I, and 200 μm in J and K, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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water for 10 min and 1.5 min after the two former solutions. After the 10
min function of developer solution, add 20:1 vol/vol stop solution for 5
min co-incubation, and immerse in the water for 15 min. Eventually, the
sample section was dehydrated with gradient ethanol and trans-
parentized via dimethylbenzene based on conventional procedures.

3. Results

3.1. Synthesis and characterization of Pdots

To compare the effects of molecular weights and surface modification
on the lymphatic imaging, we designed and synthesized five PFBT Pdots
(Scheme 1A). The size, Zeta potential, UV–vis absorbance and fluores-
cence emission spectra of Pdots were shown in Figure S1. The size of
Pdots with PS-PEG-COOH was around 40 nm, which was smaller than
that of Pdots with PMMA-NH2 (100–120 nm) as shown in Figure S1A.
The Zeta potential of five Pdots was from�25mV to�30 mV as shown in
Figure S1B. The normalized UV–vis absorbance of Pdots (PFBT average
Mw ¼ 19000 and average Mn � 25000) showed a maximum at 468 nm of
1.9 PC, 471 nm of 2.5 PC, and 469 nm of 2.5 PN as shown in Figure S1C.
Comparatively, 4.7 PC or 4.7 PN had the apex at 380 nm or 383 nm. The
peaks were in descending order as 4.7 PC, 2.5 PC, 2.5 PN, 1.9 PC and
4.7 PN. Figure S1D exhibited an emission peak around 543 nm and the
descending order was 4.7 PC, 1.9 PC, 4.7 PN, 2.5 PC and 2.5 PN. All
these results indicated synthesized Pdots had applicable particle sizes
and good colloidal stability in water, and the fluorescence intensity was
high enough for imaging lymphatics. The relationship between Pdots and
immune cells or channels in the LNs and LVs was studied by using
multiple imaging microscopy, including inverted fluorescence micro-
scope (IFM), probe-based confocal laser endomicroscope (pCLE), ste-
reographic fluorescence microscope (SFM), confocal laser scanning
microscope (CLSM), two-photon microscope (TPM), and flow cytometry,
as displayed in Scheme 1B. The advantages, disadvantages and comple-
mentarities of five imaging methods are also compared in Table S2. To
obtain comprehensive analysis, different ways were used for exploration
and verification.
3.2. The comparison of lymphatic imaging with different Pdots and
injection parameters

A simple drawing of axillary LN which is in the access from the
inguinal LN is displayed in Fig. 1A. The injection parameters of Pdots
were screened to find the optimal imaging results of LVs and LN. Imaging
results (Table S3) showed that 1 μL of injection volume only displayed
the collecting LV, while 8 μL of injection volume displayed the collecting
LV and axillary LN simutaneously. The adherence of Pdots loaded with
PMMA-NH2 on the collecting LV was more than Pdots loaded with PS-
PEG-COOH, while Pdots with PS-PEG-COOH were more well-
distributed in the lymphatics compared to Pdots with PMMA-NH2. In
addition, due to the change of signal intensity in different time points,
Pdots with PMMA-NH2 are appropriate for imaging collecting LVs at
short time points, and Pdots with PS-PEG-COOH are suitable to image
collecting LNs at long time points. In order to obtain simultaneous
7

imaging of LN and LV, Pdots with carboxy group were applied in
following experiments.

3.3. The distribution of Pdots in the LVs

As shown in Fig. 1B, Pdots aggregated in the junction of connected LV
and axillary LN like a ‘flower’. After treatment of organic reagent in the
transparence process, the signal intensity of Pdots had no significant
difference from the original picture (Figure S2A-B), which indicated good
photostability of Pdots. In Figure S2C-F, one or two LVs connected with
axillary LN can be imaged via IVM. The fluorescence channel and
brightfield channel of single LV in Fig. 1C and D was observed with dot
signals on the semitransparent wall. The confocal image of single LV in
Fig. 1E displayed Pdots existed in the extracellular space. In addition, the
partial overlap between Pdots channel and LV channel in the frozen
section of Fig. 1F showed Pdots were stronger in the outer layer of LV.
These results verified that Pdots were mainly distributed in the extra-
cellular space of collecting LVs endothelial cells.

The immersion experiment was conducted to test whether Pdots
could migrate into axillary LN and LV without the transportation of
lymph. Figure S3A showed only fresh LV immersed in 4.7 PN could be
imaged as dot and clump signals. After LNs were fixed, the incubated
Pdots were unlikely to get into the tissue in Figure S3B. The signal of
injection method was uniform and the imaging speed was fast. However,
the signal of soak method was chaotic. With the immersion time getting
longer, the LN became softer and the structure changed. Additionally, the
diluted Pdots solution was unable to image lymphatics, and the ten times
concentrated Pdots solution was easy to agglomerate (Figure S3C). The
results suggest that the immersion solution containing Pdots with PMMA-
NH2 have the ability of migrating to image the LV wall actively.

3.4. The signal aggregation and diameter change around the lymphatic
valve in the LV

The schematic diagram exhibits the structure of lymphatic valve in
Fig. 2A. The lymphatic valve was captured via SFM, pCLE and TPM as
shown in Figure S4A-B and 2B, respectively. During the observation
process of the lymphatic valve immediately after injection, the imaging
of contraction and relaxation of LV was record (Fig. 2C, Video S1). In
comparison between the upstream and downstream of the lymphatic
valve, the diameter change trend was similar, but the upstream changed
more, and the largest gap was up to 23.6 μm that was nearly two times
than 12.9 μm of downstream (Fig. 2D and E). It is potential that the
upstream needs higher pressure to promote the lymph with Pdots to cross
the lymphatic valve in limited time. The average of every shrinkage in-
terval time is 17.63 � 3.34 s analyzed in Table S4.

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.mtbio.2022.100317.

Due to the strong signal of valve, it intrigued us to observe the change
process after injection of Pdots and PBS. At first, the existence of signal
still imaged the LV at 30 min post-injection and changed a little after 15
min in Figure S4C. After the washing of PBS, the signal intensity got
lower, and the structure of lymphatic valve became clear in Figure S4D.
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Fig. 3. The observation of PV inside the LV. A) Two channels including Pdots channel and Carbon NPs channel drew the outline of LV and PV imaged by IFM. B–C)
The SFM and pCLE images of PV in the collecting LV. D-F) The changes of PV in the collecting LV were imaged immediately after injection of Pdots, and 0 min and 15
min after injection of PBS via SFM. Red triangles point at PV inside the LV, and white triangles point at the outer LV. Scale bars represent 100 μm. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Then, in Figure S4E and F at 1 h post-injection, the strip-arranged LV was
followed by the intercellular-distribution LV, and the structure was
around the lymphatic valve. In addition, Pdots in the LV distributed in
mainly two kinds of signal shapes as strip and intercellular-distribution.

Furthermore, the description of LV was observed clearly within a
period of time. As shown in Figure S5A and B after injecting Pdots of 5 d,
there was an additional LV besides the main collecting LV displaying
obvious Pdots aggregations with regular intervals, and the intersection in
the LV and the blood vessel leaked a few Pdots into surroundings. Pro-
long the time to 7 d in Figure S5C, only the LV close to the blood vessel
had a faint outline. The imaging of contraction and relaxation in the LV
was recorded in Video S2 and analyzed in Fig. 2G. The regular changes
ranged from 40.09 μm to 71.33 μm, and the average of every shrinkage
interval time was 26.57 � 12.54 s analyzed in Table S5. The diameter
was largely smaller than that at 5 min post-injection because the Pdots
solution filled in the LV at the beginning. To drain the added solution and
return to normal, the shrinkage frequency at 5 min post-injection was
higher. The lymphatic valve in the collecting LV was imaged after 7 d ex
vivo or 14 d in vivo injection of Pdots as shown in Figure S6 and Fig. 2F,
respectively. The imaging time of LV last up to 21 d as shown in Figur-
e S5D. Intriguingly, the partial leaked Pdots helped image the contraction
and relaxation of LV even after 28 d as shown in Figure S5E and F. The
diameter in Fig. 2H changed from 88.47 μm to 43.63 μm as similar to that
of 7 d imaging. The diameter change difference of expansion or shrinkage
in Fig. 2C and F was compared and analyzed in Fig. 2L. There are sig-
nificant differences of diameter in LVs at every expansion or shrinkage
between different imaging time points. As shown in Figure S7, the axil-
lary LN was still bright for observation at 28 d post injection. Pdots sig-
nals mostly distributed in the outer layer with the normal cell
morphology. Basically, with the time going, Pdots in the LV went into the
next LN, branch LV or the surroundings from the main LV. It is possible
that the driving force of lymph made Pdots move.

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.mtbio.2022.100317.

Furthermore, the imaging results of single collecting LV in 3-week-
year-old ICR mouse, blank Balb/c nude mouse and tumor Balb/c nude
mouse were compared in Fig. 2I–K. The interval of lymphatic valve in
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Fig. 2F 14 d post-injection was 712.75 μm, and the diameter of LV was
89.72 � 12.34 μm. The interval of lymphatic valve in Fig. 2I of 3-week-
year-old mouse 5 min post-injection ranged from 532.51 μm to 789.19
μm with the mean of 683.32 � 94.06 μm, and the diameter of LV was
147.04 � 18.25 μm. In addition, the sprout pointed at via white arrows
grew from the main LV. The diameter difference mean the injected Pdots
put higher pressure on the LV wall and lead to the expansion. In nude
mouse of Fig. 2J, the mean interval was 809.25 � 356.78 μm, and the
diameter of LV was 73.50 � 18.25 μm. In tumor mouse of Fig. 2K, the
interval was 642.03 μm, and the diameter of LV was 174.68 � 23.83 μm
which was greatly larger than that of normal LV. Therefore, the distance
between two lymphatic valves is from 532.51 μm to 1061.03 μm, and
there is no distinct interval difference in different animal models.
Meanwhile, the diameter difference of LV was compared in Fig. 2M.
There are significant differences except for the difference between 5 min
imaging of blank ICR mouse and tumor nude mouse. These results
showed that Pdots can image the LV and lymphatic valve steadily and
continuously, and help observe the contraction and relaxation of LV.
3.5. The floating change process of primo vessel (PV) in the LV imaged via
Pdots

Up to now, the related real-time imaging articles on PV are still
limited [27]. A section of vessel floating freely in the LV was frequently
imaged in SFM and pCLE videos. It is obvious that the PV imaged by
carbon NPs in the bright field had the uneven diameter with the irregular
spine as shown in Fig. 3A. The PV was recorded in the middle of LV and
brighter than the around wall as shown in Fig. 3B and C. In addition,
Pdots could image the PV brightly at 24 h post-injection as shown in
Figure S8A. In Fig. 3D-E, the fluorescence intensity of LV got lower, and
the PV was washed away when injected with PBS immediately. At 15 min
post-injection, the LV turned into the original diameter and the partial
was bright (Fig. 3F). During the anatomy process, the bottom PV was
pushed to the top via microscopic forceps and piled up as shown in
Figure S8B. The frozen section of LV including PV in Figure S8C dis-
played most of Pdots assemble in the inner PV instead of the outer LV
wall. It is possible that PV plays the role of absorbing foreign bodies in the
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Fig. 4. The relationship verification between Pdots and im-
mune cells in LN via imaging and flow cytometry database. A)
The 3D TPM image of axillary LN with the injection of 15 μL
Pdots in 1 min after 24 h. B–I, K-L) The relevance between
Pdots and four kinds of cells as B cells, SSMs, MCMs, MSMs
and monocytes at different time points of 5 min, 24 h and 72 h.
The experimental and control groups are based on two rates of
3 s and 1 min injected via Pdots and normal saline solution,
respectively. J, M � S) The relevance between Pdots and
CD4þ/CD8þ T cells or pDCs and cDCs. Red triangles point at B
cell zone. The injection time is 1 min in B-D, H-J and N–P, and
the injection time is 3 s in E-G, K-M and Q-S. Scale bar rep-
resents 500 μm in A. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 5. The relationship verification between Pdots and channels in LN. A-B) The TPM 3D image and single picture of axillary LN includes four vessels pointed by red
triangles. C–F) The penetration of Pdots in collagen hydrogels including 2.5 PC, 2.5 PN, 4.7 PC and 4.7 PN was imaged by IFM in vitro. The top row represents empty
capillary tubes, and the bottom row represents capillary tubes filled with collagen hydrogels. G) The transparent axillary LN includes Pdots channel, PROX1 channel
and overlay channel was imaged via FCFM. H) The relationship between Pdots and collagen fibers was imaged via silver staining. I) The axillary LN frozen sections
include Pdots channel, podoplanin channel, CD31 channel and two overlay channels were imaged via FCFM. Overlay1 includes podoplanin channel and CD31
channel. Overlay2 includes Pdots channel, podoplanin channel and CD31 channel. Red triangles point at the connected LV of axillary LN in A and B. Blue triangles
point at the large LV containing yellow Pdots signals in G. White triangles point at blue blood endothelial cells, green triangles point at purple lymphatic endothelial
cells, and yellow triangles point at red fibroblast reticular cells in I. Scale bars represent 500 μm in A-B, 100 μm in C–F, 200 μm in G, and 50 μm in H and I, respectively.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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LV, and it leaves from the LV to the LN with the absorbates.

3.6. The relationship between Pdots and immune cells in the LN

In order to distinguish the distribution region inside the LN, different
parameter settings of imaging time point and injection speed were
applied for comparison. As shown in Fig. 4A of 3D TPM image, it is
obvious that no bright signal existed in B cells zone at 24 h post-injection,
and this is consistent with the percentage of B cellsþ which were all
below 4% in flow cytometry data of Fig. 4B and E. These results indicated
Pdots had no relationship with B cells.

For different zones of macrophages in Fig. 4C–D and H and 4F-G and
K, the entire group of 5 μL/s injection speed had more cells associated
with Pdots at 5 min post-injection. When firstly injecting Pdots into
axillary LN, the outmost defense SSMs phagocytosed large amounts of
strange invaders. The percentage got the peak at 13.15% or 22.08% and
went down to 1.92% or 1.54% with the time going. As the macrophages
10
upgraded, the previously existed Pdots were processed or transferred.
The faster injection speed led more SSMs to associate with Pdots in
Fig. 4C and F. With regard to MCMs, the relevant percentage became up
as from 25.4% to 27.73% and down to 17.38% for the injection of 15 μL/
min, but another group went from 65.35% to 22.97% and to 30.8% in the
reverse trend. The faster injection speed lead nearly two times more
MCMs to relate to Pdots at 5 min in Fig. 4D and G. The middle time point
was opposite to the developing trend, and we speculate that the disor-
dered period was the former step to be stable. The process meant the first
chaotic state at 5 min post-injection when Pdots just flowed into axillary
LN, the next intermediate state at 24 h post-injection when Pdots
switched to moving or stopping, and the final stable state at 72 h post-
injection when Pdots already existed in some places. The last focus
MSMs was shown as 27.18%, 13.73% and 40.93% or 61.4%, 18.04% and
40.33% in Fig. 4H and K. Two groups had the similar histogram trend
with that of Fig. 4G. The percentages of MSMsþ in two groups were
almost equal at 72 h. The comparison in the same group with different
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kinds of macrophages displayed the moving routine started from sub-
capsular sinus, passed medullary cord, and got to medullary sinus. In
general, the relevance between macrophages and Pdots is due to cell
location, injection speed and imaging time point.

Monocytes also have phagocytosis and clearance functions. In Fig. 4I
and L, two groups of injection speed 15 μL/min (8.75%, 6.43% and
17.23%) and 5 μL/s (19.65%, 24.53% and 12.32%) had totally different
change trends. The percentage was higher at the beginning and got lower
in the end of the faster injection speed group. This showed Pdots made
effect on partial monocytes. Additionally, the high-resolution picture in
Figure S9 guided the distribution of different signals as related to im-
mune cells or channels. Round signals are likely to exist in cells of the
outer layer versus stripped signals are likely to distribute in channels of
the inner layer. Further on, in Figure S10, the location relationship be-
tween Pdots and DiD display Pdots existed in the extracellular space
along the strip structure or around the nucleus.

The relationship between other immune cells as DCs or T cells and
Pdots was further studied. As the trends went down with the time getting
longer in Fig. 4J and N and M and Q, the percentages of connected cells
were very low. It indicated that Pdots affected T cells a little without
causing strong and specific immune response. Comparatively in Fig. 4R
and S, the percentages of cDCsþ and pDCsþ decreased gradually from
18.18% or 16.3%–5.57% or 5.53% in the faster injection speed group,
respectively. Moreover, the percentage of cDCsþ and pDCsþ retained
below 4% and nearly 6% all the time in the slower injection speed group
of Fig. 4O and P. This showed the high pressure affected the relationship
between Pdots and DCs well after the initial injection, and last not very
long. With the time going, Pdots in cells were digested or carried away. to
These results indicated that Pdots are relevant to phagocytic cells such as
macrophages and monocytes in spite of the change of injection speed or
imaging time point.

3.7. The transportation of Pdots in the LVs or collagen fibers of LN

In consideration of the possibility of Pdots transportation via chan-
nels, the verification about collagen fibers and LVs was carried out in the
axillary LN. Combining 3D picture (Fig. 5A) and section picture
(Figure S11A), three LVs were linked to the LN. The whole bright
structure interweaved, and vessels connected with each other as shown
in Fig. 5B. Additionally, the structure seemed to start from two vessels as
shown in Fig. 5B and S11B. It is likely to light up the LN via the bond of
partial immune cells and vessels. Figure S11C and D showed Pdots
distributed along the blood vessel. Then, to simulate collagen situation of
four different Pdots in the LN, collagen hydrogels were built in the cap-
illaries (Fig. 5C–F). When the size distribution was similar, three kinds of
Pdots including 2.5 PC, 4.7 PC and 4.7 PN changed a little in blank
capillaries and collagen hydrogels, even it looked like more well-
distributed in the hydrogels. However, the unique Pdots 2.5 PN
became uneven in size and agglomerated signals in the hydrogels. This
result indicated that there is no significant change of Pdots signals in
vitro and in vivo.

Furthermore, as shown in Fig. 5G, it showed that Pdots and LVs of the
LN had the most signal coverage. In addition, in Figure S12 and 5H, the
dense collagen fiber network of the LN was observed, and the yellow
Pdots signals were existed in the connecting region, especially in the
outer layer. As shown in Fig. 5I [28], only blue signals represented blood
endothelial cells, purple signals that blue and red signals overlapped
represented LECs, and red signals represented fibroblast reticular cells.
Pdots signals were mainly retained in LVs and collagen fibers and rarely
in blood vessels. These results suggested that LVs and collagen fibers are
likely to provide a convenient channel for Pdots to transfer and react with
immune cells in different sites of LNs.
11
4. Conclusion

In summary, we studied the relationship between Pdots and immune
cells or channels in lymphatics. In the LV, Pdots existed in the extracel-
lular of LECs, and last up to 21 d. In addition, Pdots image the whole LN
with the aid of LVs, reticular network, and phagocytosis cells. This study
provides an imaging-time window for Pdots to monitor the change both
in the LNs and LVs. Furthermore, based on the property of Pdots
phagocytosed by macrophages and monocytes, it can help to design
imaging probes of carrying drugs or antigens for therapy. And functioned
Pdots could effectively affect DCs to cause the immune response via
collagen fibers, and microscopic imaging the process in vivo.
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