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A B S T R A C T

Vascular malformations are common vascular lesions in infants and seriously affect their health and quality of 
life. Vascular sclerotherapy is an effective treatment for vascular malformations. However, current sclerosants 
have difficulty achieving both high efficiency and low toxicity, and their dosing forms make it difficult to achieve 
long-term retention in the affected blood vessels. Therefore, exploring a safe and effective sclerosant and its 
delivery strategy is the key to clinical sclerotherapy. To address the above issues, this study developed sclerosants 
that could form an in-situ gel based on a dual mechanism of vascular injury and plasmin (PLA) inhibition. By 
linking the non-ionic surfactant sclerosant polyoxyethylene alkyl ether (PAs) and the PLA inhibitor tranexamic 
acid (TA) through an ester bond, a cationic surfactant sclerosant polyoxyethylene alkylether tranexamate de-
rivatives (PATDs) were constructed. The cationic charge of PATDs enhanced its cytotoxicity to HUVEC-TIE2- 
L914F cells, and the ester bond of PATDs could be degraded by esterase in the blood, reducing its systemic 
toxicity. The degradation product TA inhibited the activation of the PLA-matrix metalloproteinase (MMPs) 
system induced by vascular injury, thereby promoting the deposition of collagen and the proliferation and dif-
ferentiation of fibroblasts to promote vascular fibrosis. In addition, an injectable solution (PATDs/GA) was 
prepared by mixing PATDs with glycerol formaldehyde (GA), and PATDs/GA could form a low-molecular-weight 
gel automatically in an aqueous solution, which was beneficial to increase its retention in the affected blood 
vessels and reduce the risk of drug entering non-targeted sites. At the same time, this gel automatically dissolved, 
reducing the risk of immune rejection caused by long-term retention. This study provided a new and precise 
approach for the treatment of vascular sclerosis with high efficiency and low toxicity.

1. Introduction

Venous malformation, the most common type of vascular malfor-
mation, can occur in any anatomical site or tissue. It is most commonly 
seen in the head and neck region of infants, significantly affecting their 
aesthetic appearance [1,2]. Pain is the most frequent symptom associ-
ated with venous malformations, and in advanced stages, spontaneous 
bleeding may occur [3]. Currently, treatment options for venous mal-
formations include vascular sclerotherapy, laser irradiation, and 

surgical excision [4,5]. Among these options, the preferred approach for 
most clinicians is the direct injection of a sclerosant into the lesion [6,7].

The principle of vascular sclerosis treatment involves injecting 
sclerosants into the affected blood vessels. These agents cause cellular 
damage to the vascular endothelium, disrupting the integrity of the 
abnormal blood vessels and leading to a process of vascular fibrosis. 
Eventually, the abnormal blood vessels disappear completely and are 
replaced by fibrous tissue [8]. Commonly used sclerosants in clinical 
include absolute ethanol, and detergent-based sclerosants, such as 
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polidocanol (POL), sodium tetradecyl sulfate (STS), etc [6]. Further-
more, various innovative formulations have been developed to improve 
the efficacy of sclerotherapy [9–11]. For example, Kathleen and others 
studied gold nanoparticles for the photothermal therapy of venous 
malformation [12]. However, photothermal therapy exhibits limita-
tions, particularly concerning its penetration depth, which consequently 
restricts its efficacy in treating venous malformations [13]. Another 
approach is the use of gel formulations as a delivery system for scle-
rosants [14–18]. Fatemeh and others utilized chitosan thermosensitive 
hydrogel as a carrier for the delivery of doxycycline to treat vascular 
malformations [16]. However, a limitation of this formulation is the 
difficulties associated with the degradation of high molecular weight 

material, which may lead to a localized skin necrosis reaction.
The currently used sclerosants have some limitations [9]. Firstly, 

there is an imbalance between their therapeutic efficacy and toxicity. 
Sclerosants like absolute ethanol and bleomycin have strong treatment 
effects but also induce significant toxic side effects [19,20]. On the 
contrary, detergent-based sclerosants have milder effects but may lead 
to lower treatment efficacy [21]. Secondly, the current sclerosants only 
focus on damaging the vascular endothelial cells without intervening in 
the process of vascular fibrosis [22]. After endothelial cell injury, 
thrombus formation may occur, leading to activation of the plasmin 
(PLA)-matrix metalloproteinase (MMPs) system [23–25]. Studies have 
reported that the PLA-MMPs system can induce the degradation of 

Scheme 1. (A) PATDs synthesis route. (B) PATDs/GA solution preparation. (C) Vascular sclerosing process illustration of PATDs in-site gel sclerotherapy (I. injection 
of PATDs/GA solution preparation to form in-site gel, II. vascular damage, III. thrombosis, IV. formation of tissue fibrosis microenvironment, V. vascular fibrosis). (D) 
“vascular damage-fibrinolytic system inhibition” dual mechanism of vascular sclerosis.
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collagen, which is necessary for the process of vascular fibrosis, resulting 
in incomplete fibrosis and potential complications such as vessel 
recanalization [26]. Thirdly, due to the location of the lesions within the 
blood vessels, when these sclerosants are administered as solutions, they 
get diluted and rapidly cleared by blood flow, making it difficult to 
achieve optimal treatment effects [27].

To tackle the aforementioned challenges, we have developed a novel 
cationic surfactant agent (Polyoxyethylene Alkylether Tranexamate 
Derivatives, PATDs) for the treatment of vascular malformations by 
conjugating the hydroxyl groups of non-ionic surfactant polyoxy-
ethylene alkyl ether serial compound (PAs) with the carboxyl groups of 
the PLA inhibitor tranexamic acid (TA) through ester bonds (Scheme 1). 
The PAs that belong to non-ionic surfactants are clinically used for 
vascular malformation treatment, but their efficacy is limited due to 
their mild effect [28]. TA, which is a PLA inhibitor [29], contains both 
carboxyl and amino groups in its molecular structure and can be used to 
synthesize a cationic surfactant agent, following the connection of TA 
with the non-ionic surfactant PAs through ester bonds (Scheme 1A). In 
addition, an injectable solution (PATDs/GA) was prepared by mixing 
PATDs with glycerol formaldehyde (GA) which is an organic solvent for 
drug injections. PATDs/GA could spontaneously crosslink and form a 
low-molecular-weight gel in an aqueous solution due to their hydro-
philic and hydrophobic long chains, which promoted drug retention in 
the lesion vessels. In an aqueous solution, hydrogen bonds are formed 
between hydrogen ions at the end of the molecular structure of the 
material and the electron pairs of polar oxygen atoms, and the alkyl 
chain fragments are associated through hydrophobic interaction, lead-
ing to the formation of gel networks. More importantly, the gel formed 
by this small molecule compound could dissolve spontaneously under 
the competition of hydrogen bond forces of water molecules, thereby 
avoiding immune rejection reactions (Scheme 1B and C). The cationic 
surfactant PATDs could cause cellular damage to the vascular endo-
thelium, disrupting the integrity of the abnormal blood vessels and 
leading to the formation of thrombus and vascular fibrosis (Scheme 1D, 
green arrows). Furthermore, the ester bond of PATDs would be degraded 
by esterase, and the degradation product TA could inhibit the activation 
of the PLA-MMPs system after the vascular injury, which would improve 
the process of vascular fibrosis (Scheme 1D, blue arrows). What’s more, 
the degradation of ester bonds would ensure that it would not cause a 
risk of systemic toxicity. In summary, we have constructed a cationic 
surfactant PATD, which was used for sclerotherapy treatment based on 
its dual effect on vascular damage-PLA system inhibition. What’s more, 
PATDs were developed as an injectable in situ gel formulation to 
improve drug retention time in lesion vessels.

2. Experimental methods

2.1. Synthesis and characterization of PATDs

TA (6 mmol) was added into a 500 mL three-neck flask, and 
dichloromethane (200 mL) was added as a solvent. The reaction system 
was cooled under an ice bath for 30 min. Sulfoxide chloride (7.2 mmol) 
was slowly added under an ice bath, and the reaction was continued for 
12 h at 25 ◦C. Next, PA3, PA5, PA7, PA9, PA12, and PA15 (8.4 mmol) 
were slowly added, respectively, and continued to react at room tem-
perature for 24 h. Subsequently, the dichloromethane was removed 
under reduced pressure, and the product was collected. The crude 
product was finally purified by silica column chromatography eluting 
with dichloromethane/methanol, filtered under pressure, dried over-
night under vacuum, and the purified product was obtained. PATDs 
were then characterized by a Fourier transform infrared (FT-IR) and a 
nuclear magnetic resonance (NMR). FT-IR spectra were recorded in the 
range between 4000 and 400 cm− 1 on an FT-IR spectrophotometer 
(Thermo Nicolet, Madison, Wisconsin). The 1H NMR spectra of PATDs 
were measured using an NMR spectrometer (Bruker AV-400, Karlsruhe 
Germany) with D2O as a solvent.

2.2. Preparation of PATD gel

An appropriate amount of PATDs was added to GA and stirred until 
dissolved to prepare injectable PATDs/GA solution (0.3 M). The PATDs/ 
GA solution was injected with puncturable properties into a saline so-
lution and observed whether the sample solidified. A needle puncture 
test was used to identify a formulation with injectable and puncturable 
properties. To measure injection forces, a compression load cell (iLoad 
Mini, Loadstar Sensors) was attached to the syringe pump between the 
driver and the syringe plunger. Steady-state injection forces were 
measured and converted to pressure using the bore diameter of the sy-
ringe (4.8 mm).

2.3. Cytotoxicity test

HUVEC-TIE2-L914F cells (4 × 103 cells per well) were grown over-
night in 96-well plates and incubated with different concentrations of 
PATDs for another 12 h. After the cells were changed with new culture 
media, 10 μL of CCK-8 solution was added to each well and incubated for 
2 h. The absorbance of the mixture in each well was then measured at 
450 nm wavelength. Subsequently, cell apoptosis was determined ac-
cording to the instructions of the Cell Apoptosis Kit. Briefly, HUVEC- 
TIE2-L914F cells (1 × 106 cells per well) were grown overnight in 6- 
well plates and incubated with PATDs (120 μM) for another 12 h. 
Cells were collected and resuspended by phosphate buffer solution 
(PBS), stained with Annexin V-FITC and PI at room temperature for 15 
min, and the cell apoptosis was determined within 1 h by a flow 
cytometer.

2.4. Evaluation of embolus in mouse tail vein

Kunming mice were divided into the saline group, POL/GA prepa-
ration group, PAs/GA and PATDs/GA preparation group (n = 6). The 
veins of mice were photographed under an irradiation of 0.5 W light 
emitting diode (LED) yellow light every 24 h after the administration of 
treatments. Afterward, blood samples were collected from mouse orbits 
and cells were separated by a Percoll density gradient centrifugation 
method as previously described after 24 h administration. The upper 
layer cells were collected and circulating endothelial cells (CECs) were 
counted under a microscope.

2.5. Evaluation of embolus in rabbit ear marginal vein

The ear vein of healthy New Zealand rabbits was selected as the 
therapeutic vessel model, and the experimental animals were divided 
into the TA group, PA15/GA group, and PATD15/GA group. The blood 
vessels were photographed and observed every day after the adminis-
tration of treatments. The embolization length of the treatment vessels 
and the time for the emboli to disappear in the treatment vessels were 
measured to evaluate the sclerosing effect.

3. Results

3.1. Computer molecular simulation

This study aimed to enhance the cytotoxicity of the non-ionic sur-
factant PAs by linking their hydroxyl group with the carboxyl group of 
the PLA inhibitor TA to design the cationic surfactant PATDs. Simulta-
neously, under the degradation of esterase, the cationic surfactant 
PATDs could be degraded and released TA, inhibiting PLA activity and 
promoting the process of vascular fibrosis. Initially, we utilized 
computer-aided drug design to examine the electrostatic potential dis-
tribution of the compound PATDs, and the results were shown in Fig. 1A, 
where the red color indicated positive potential, and the blue color 
indicated negative potential. From the results, it was evident that the 
electrostatic potential of TA was neutral due to the formation of an 
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internal salt form between its amino and carboxyl groups. The non-ionic 
surfactant PAs possessed a slightly negative electrostatic potential. 
However, the PATDs exhibited a distinct positive potential in one sec-
tion, indicating they belonged to cationic surfactants. This positive po-
tential facilitated the interaction between the PATDs and the negatively 
charged cell membrane. Subsequently, we employed Materials Studio 
analysis software to examine the interaction forces between PATDs and 
the phospholipid component 1,2-Dipalmitoyl-sn-glycero-3-phosphoryl-
choline (DPPC) of the cell membrane, and the results were illustrated 
in Fig. 1B. The interaction between PAs and DPPC was mainly through 
hydrogen bonding, while that between PATDs and DPPC mainly 
occurred via ionic bonding. Furthermore, compared to PAs, the binding 
energy between PATDs and DPPC was significantly lower (Fig. 1C). This 
suggested that the positive potential of the cation promoted the binding 
interaction between PATDs and the negatively charged cell membrane. 

By employing Discovery Studio analysis software, we investigated the 
interaction between the TA and PLA. The results, as displayed in Fig. 1D 
and E, indicated that TA could form in various intermolecular in-
teractions with the PLA, including hydrogen bonding, ionic bonding, 
hydrophobic forces, etc. This suggested that TA might possess significant 
inhibitory effects on PLA activity. Based on the aforementioned results, 
it could be inferred that the PATDs constructed by linking PAs and TA 
through an ester bond could enhance the cytotoxicity of the compound 
and potentially exhibit PLA inhibitory effects.

3.2. Synthesis and characterization of PATDs

In order to screen the PATDs with the best sclerosing effect on 
vascular treatment, we selected six kinds of PAs with hydrophobic 
chains consisting of straight-chain alkanes with 12 carbons and 

Fig. 1. The potential energy distribution of compound simulations in materials studio. (A1) TA, (A2) PA, (A3) PATD. (B) and (C) Bending energy between PA or 
PATD and DPPC. The interaction between TA and PLA simulations using Discovery Studio in a 2D view (D1-D5) and 3D view (E). (F) Electric potential of PAs and 
PATDs. (G) HLB value of PATDs. (H) Surface tension of PATDs. (I) Excess intermolecular distance of mixture of DPPC and PAs or PATDs, x = the ethylene oxide 
number of the PA or PATD hydrophilic chain. (J) Excess Gibbs energy of mixture of DPPC and PAs or PATDs. (K) Compressibility modulus Cs− 1 of pure DPPC 
monolayers, and mixtures of DPPC and PAs or PATDs. (L)Binding curve of PATDs with esterase. (M) Binding curve of TA and PATDs with PLA.
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hydrophilic chains formed by the polymerization of 3, 5, 7, 9, 12, and 15 
ethylene oxide units to connect with TA by esterification for construct-
ing a series of PATDs with gradually increasing hydrophilicity. The 
synthesized PATDs were characterized by Fourier Transform Infrared 
(FT-IR) and nuclear magnetic resonance (NMR). In the 1H NMR spectra, 
the characteristic peaks at 4.19 ppm and 2.81 ppm corresponded to the 
-COOCH2- and -CH2NH2 in the PATDs, respectively. In the FT-IR 
spectra, the characteristic peak at 1750 cm− 1 corresponded to the 
ester bond in the PATDs. These results showed that the PATDs were 
successfully prepared (Figs. S1–S3). Furthermore, the analysis of the 
charge of the PAs and PATDs was measured by the Malvern (Fig. 1F). 
The results showed that the PAs without TA were negatively charged 
with a value of around − 12 mV, while the charge of the PATDs turned 
positive with an approximate value of 15 mV after the connection of TA. 
This indicated that the compounds transformed from non-ionic surfac-
tants into cationic surfactants. Subsequently, the HLB values and surface 
tension values of the PATDs in aqueous solution were measured. The 
results showed that the HLB values of PATDs increased gradually from 5 
to around 15 with the increase of the length of hydrophilic chains of the 
PATDs (Fig. 1G), and the surface tension of the PATDs gradually 
decreased from 64 to 48 mN/m (Fig. 1H), indicating that the ability to 
decrease the surface tension of the PATDs enhanced gradually with the 
increase of the length of hydrophilic chains. To investigate whether 
PATD has the ability of cell membrane damage, the interaction between 
surfactants and DPPC was investigated by determining the Langmuir- 
Blodgett membrane of the monolayer formed at the air-water interface 
of different surfactant/DPPC binary systems. The results showed that 
both PAs and PATDs could interact with DPPC and decrease the inter-
molecular distance and Gibbs free energy (Fig. 1I and J). Moreover, 
compared with the PAs, the interaction force between the PATDs and 
DPPC was significantly stronger, and the interaction between surfac-
tants and DPPC became stronger with the increase of the hydrophilic 
chains of the PATDs. The results suggest that as the hydrophilic chain of 
the compound increases in length, it becomes more prone to stretching 
in aqueous solutions and binding to the phosphate group of DPPC. 
Furthermore, the effect of PAs and PATDs on the elastic properties of 
DPPC phospholipid membranes was calculated (Fig. 1K). The results 
showed that compared with the PAs, the PATDs could more significantly 
decrease the elastic properties of DPPC phospholipid membranes, and 
the ability to decrease the elastic properties increased with the increase 
of the hydrophilic chains of the PATDs. This indicated that the addition 
of surfactants could damage the membrane stability of the phospholipid, 
and the cationic surfactants had a stronger ability to decrease the elastic 
properties of the membrane. In addition, the interaction between the 
PATDs and esterase or PLA was also determined by a molecular inter-
action instrument. The results showed that the interaction between the 
PATDs and esterase became stronger with the increase of the hydrophilic 
chains, which indicated that the increase of the hydrophilic chains was 
advantageous for the exposure of ester bonds and the interaction with 
esterase (Fig. 1L). In addition, the interaction between the PATDs and 
PLA was weakened compared with TA (Fig. 1M), but we speculated that 
the presence of esterase was conducive to the release of TA from PATDs 
to inhibit the activity of PLA. Based on the above results, PATDs had the 
potential to damage phospholipid membranes and inhibit the activity of 
PLA.

3.3. Preparation and characterization of PATD gel

In this study, GA, an injectable organic solvent, was chosen as a 
dilution agent. The PATDs were mixed with GA to prepare an injectable 
solution (PATDs/GA), and we injected the PATDs/GA solution into a 
saline solution to observe whether the sample could solidify. Firstly, the 
injection pressures were measured to confirm the injectability of 
PATDs/GA (Fig. S4). Subsequently, it was found that PATD3 and PATD5 
had strong hydrophobicity and could not form a gel when in contact 
with saline, whereas PATD7, PATD9, PATD12, and PATD15 could form 

a gel when in contact with saline (Fig. 2A). By measuring the viscosity of 
the PATDs using a rheometer (Fig. 2B), the viscosity values obtained for 
PATD3, PATD5, PATD7, PATD9, PATD12, and PATD15 were 5.7, 3.4, 
2.7, 2.2, 1.8 and 1.6 Pa s, respectively. It was found that the viscosity of 
PATDs decreased gradually as the length of the hydrophilic chain 
increased. The viscosity of PATDs gel was measured using a rheometer, 
and the results (Fig. 2C) showed that the viscosity of PATD7 gel, PATD9 
gel, PATD12 gel, and PATD15 gel was 1320, 2750, 2980, and 3375 Pa s, 
respectively. Compared with the viscosity of the raw materials of PATDs, 
the viscosity of the PATDs gel was significantly higher and increased 
with the increase in the hydrophilic chain of the PATDs. Subsequently, 
the viscoelasticity of PATD7 gel, PATD9 gel, PATD12 gel, and PATD15 
gel was studied by using a rheometer (Fig. 2D and E). During the whole 
frequency range, G′ of these gels was always higher than G″, which 
strongly proved the solid-like elasticity of the hydrogel characteristic. It 
was worth noting that G’ of the PATD15 gel was greater than those of 
other hydrogels in both strain scanning and frequency scanning, indi-
cating that it had a greater cross-linking density.

Observation of the microstructure of PATD7 gel, PATD9 gel, PATD12 
gel and PATD15 gel by cryogenic electron microscopy (Fig. 2F) revealed 
that PATD7 gel and PATD9 gel had larger pores on the surface of the gel, 
while PATD12 gel and PATD15 gel had smaller pores, indicating that as 
the length of hydrophilic chains increased, the degree of molecular 
cross-linking increased, resulting in a greater cross-linking density. 
Subsequently, the erosion rate of PATD7 gel, PATD9 gel, PATD12 gel, 
and PATD15 gel was examined, with results presented in Fig. 2G. Within 
the first 5 min, PATD7 gel and PATD9 gel released more than 35 % of the 
drug, exhibiting severe burst release. This suggested that the gels formed 
by PATD7 and PATD9 were unstable, and upon initial contact with an 
aqueous solution, they rapidly dissolved and released drug molecules 
due to the diffusion of GA. On the other hand, PATD12 gel and PATD15 
gel released less than 10 % of the drug within 5 min, indicating that they 
were capable of forming more stable gels upon contact with an aqueous 
solution. The low level of burst release reduced the risk of large amounts 
of drugs entering non-targeted tissues upon initial administration in 
blood vessels. In addition, PATD7 gel and PATD9 gel were completely 
dissolved within 60 min, while PATD15 gel dissolved relatively slowly, 
with complete solubility observed after approximately 120 min. The 
adhesion of these PATDs gel to tissues was investigated through tissue 
adhesion experiments, and the results (Fig. 2H) showed that they had 
certain tissue adhesion abilities, with adhesion values of 300, 360, 520, 
and 560 N/m2 for PATD7 gel, PATD9 gel, PATD12 gel, and PATD15 gel. 
Therefore, they had potential as an intravascular injection material for 
the treatment of vascular sclerosis. Besides, the gel property of PA7-15 
gel was similar to PATD7-15 gel, and the results were shown in 
Figs. S6–S9. Based on the above results, PA7-15/GA and PATD7-15/GA 
were injectable and exhibited the property of forming gels upon contact 
with saline, and the gel strength increased with the growth of the length 
of hydrophilic chains. What’s more, PATD15 gel exhibited a low level of 
initial burst released, and the formed gel gradually dissolved over time.

3.4. Cytotoxicity and cytotoxic mechanism in vitro

We employed the CCK-8 assay to investigate the cytotoxicity of PAs 
and PATDs on venous malformation endothelial cells (HUVEC-TIE2- 
L914F cells), and the results were shown in Fig. 3A and B. As the length 
of the hydrophilic chain of the PAs and PATDs increased, the surfac-
tants’ cytotoxicity against HUVEC-TIE2-L914F cells was significantly 
enhanced. Furthermore, PAs demonstrated strong toxicity against 
HUVEC-TIE2-L914F cells at a concentration of 240 μM, while PATDs 
displayed potent toxicity against HUVEC-TIE2-L914F cells at a concen-
tration of 80 μM. Therefore, PATDs exhibited significantly higher 
cytotoxicity towards HUVEC-TIE2-L914F cells than PAs. Subsequently, 
we evaluated the mechanism underlying PATD cytotoxicity against 
HUVEC-TIE2-L914F cells. Firstly, through lactate dehydrogenase (LDH) 
release assay (Fig. 3C) and flow cytometry apoptosis assay (Fig. 3E), it 
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could be found that PATDs led to the release of LDH and the cell 
apoptosis showed a trend consistent with their CCK-8 cytotoxicity result, 
indicating that its damage to HUVEC-TIE2-L914F cells was partly 
attributable to its destructive effect on the cell membrane. The cellular 
damage induced by PAs and PATDs was qualitatively observed through 
a Calcium/PI staining assay. As illustrated in Fig. S10, the green fluo-
rescence represented the live cells, and the red fluorescence represented 
the dead cells. As depicted, with the length of the hydrophilic chain of 
the PAs and PATDs increased, the cellular toxicity of the compound 
significantly enhanced, and PATD cationic surfactant exhibited higher 
cytotoxicity than PAs non-ionic surfactant. Interestingly, most of the 
dead cells in the results of the Calcium/PI staining assay fell off from the 
culture dish, suggesting that surfactants could cause damage to the cell 
and lead to cell shedding. Subsequently, we observed the surface cal-
cium adhesive protein of HUVEC-TIE2-L914F cells through immuno-
fluorescence assay. As illustrated in Fig. 3D and F, the green fluorescence 
represented the labeled calcium adhesive protein on the cell membrane. 
With the gradual increase of the hydrophilic chain of the PATDs, the 
strength of the green fluorescence gradually decreased, indicating that 
PATDs could strip off membrane proteins, causing the cell to fall off, 
which demonstrated a positive effect in the treatment of vascular 
sclerotherapy. Finally, we performed a microscopic observation of 
HUVEC-TIE2-L914F cells treated with PATDs through biological cryo-
genic scanning electron microscopy. As illustrated in Fig. 3G, the normal 
HUVEC-TIE2-L914F cell surface was intact with high expression of 
extracellular vesicles, indicating normal cell function. However, after 

treatment with PATDs, the cell surface exhibited a large number of 
pores, and the number of cell surface pores increased with the increase 
of the hydrophilic chain of the PATDs. This result suggested that the 
PATDs puncturing of the cell membrane led to cell necrosis. Moreover, 
the expression of extracellular vesicles on the cell surface disappeared 
after PATD treatment, indicating that PATDs could strip off surface 
membrane proteins and ultimately lead to functional loss in cells.

3.5. Investigation of in vitro PLA-MMPs system inhibition

Firstly, we investigated the degradation and release rate of TA from 
PATDs in serum solution. As shown in Fig. 3H, with an increase in hy-
drophilic chain length, the degradation and release rate of the TA from 
PATDs increased, and PATD15 exhibited the highest degradation and 
release rate, with complete degradation occurring within approximately 
10 min. This indicated that an increase in hydrophilic chain length 
favored contact between ester bonds and the active site of the esterase. 
In addition, we also investigated the effects of TA on the PLA-MMPs 
system. The results depicted in Fig. 3I showed that when PLA was 
added to the proMMPs solution, it activated the conversion of proMMPs 
to MMPs. However, after co-treatment with PLA and TA released from 
PATDs, the ability of PLA to activate the conversion of proMMPs to 
MMPs decreased significantly. Among all PATDs, PATD15 exhibited the 
fastest degradation and release rate of TA and the strongest inhibitory 
effect on the PLA-MMPs system. Based on the above results, it could be 
inferred that the inhibitory effect of TA on PLA was beneficial for the 

Fig. 2. (A) Macroscopic observation of PATDs gel formation when inject 0.3 M PATDs/GA solution containing green dye into saline. (B) Viscosity of PATD3, PATD5, 
PATD7, PATD9, PATD12, and PATD15. (C) Viscosity of PATD7 gel, PATD9 gel, PATD12 gel, and PATD15 gel. (D) G′ and G″ of the PATD7 gel, PATD9 gel, PATD12 
gel, and PATD15 gel on strain sweep. (E) G′ and G″ of the PATD7 gel, PATD9 gel, PATD12 gel, and PATD15 gel on frequency sweep. (F) Cryoscanning electron 
microscope image of PATD7 gel, PATD9 gel, PATD12 gel, and PATD15 gel. (G) Erosion behaviors of the PATD7 gel, PATD9 gel, PATD12 gel, and PATD15 gel (n = 3). 
(H) Adhesive strength of the PATD7 gel, PATD9 gel, PATD12 gel, and PATD15 gel on porcine skin.
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inhibition of MMPs activity to reduce the degradation of MMPs on 
collagen, which was beneficial for the development of tissue fibrosis.

3.6. Investigation of the safety of PATDs in blood

We investigated the blood safety of PATDs by fluorescence testing for 
their effects on albumin. The results in Fig. 3J showed that when the 
hydrophilic chain of the PATDs was short, their hydrophobicity was 
strong, and they had a strong damaging effect on albumin structure. 
However, as the hydrophilic chain of the PATDs increased gradually, 
their damaging effect on the albumin structure decreased. Next, we 
investigated the in vitro hemolytic properties of PAs and PATDs, with 
results shown in Fig. 3K and S11. The hemolytic effect of PATD cationic 
surfactant was also stronger than that of PA non-ionic surfactant. 
However, after incubation with serum, PATDs were degraded by 
esterase in the serum into non-ionic surfactant and TA, leading to a 
significant decrease in hemolytic activity. The degradability of the 

vascular sclerosant and dilution in the blood ensured its safety in situ 
after administration.

3.7. In vivo retention of hydrogel in the tail vain

The tail vein of 8-week-old Kunming mice was selected as a vascular 
model for investigating in vivo retention in the vein. A GA solution 
containing CY7 dye along with a series of PATDs was injected to 
investigate the retention of gel in the tail vein. As depicted in Fig. S12, 
the injection of the GA solution containing only CY7 dye exhibited 
minimal retention within the blood vessels. On the other hand, the in-
jection of the GA solution containing PATD5 did not result in the for-
mation of a stable gel, leading to its rapid dissolution within about 15 
min. However, the GA solution containing PATD9 formed a relatively 
stable gel and demonstrated retention for up to 60 min before dissolu-
tion. Furthermore, the gel formed by PATD15 showed greater stability 
and exhibited prolonged retention, persisting for more than 120 min 

Fig. 3. (A) and (B) In vitro cytotoxicity of PAs and PATDs against HUVEC-TIE2-L914F cells for 12 h. (C) LDH release of HUVEC-TIE2-L914F cells treated with 120 μM 
POL or PATDs for 12 h. (E) Cell apoptosis was detected in HUVEC-TIE2-L914F cells treated with 120 μM PATDs for 12 h by flow cytometry. (D) and (F) Immu-
nofluorescence staining images and mean fluorescent intensity (MFI) of cadherin on HUVEC-TIE2-L914F cells, scale bar = 50 μm. (G) Biological scanning electron 
microscope image of HUVEC-TIE2-L914F cells treated with 120 μM PATDs for 12 h, scale bar = 5 μm. (H) TA release rate of PATDs in 10 % serum solution. (I) MMP9 
inhibition by the degradation product of PATDs. (J) Fluorescence spectrum for BSA protein (0.1 mg mL− 1) incubated with PATDs. (K) Hemolysis assay of 0.01 % PAs, 
PATDs, and PATDs treated with 10 % serum for 15 min, x = the ethylene oxide number of the PA or PATD hydrophilic chain.

J. Ma et al.                                                                                                                                                                                                                                       Materials Today Bio 29 (2024) 101376 

7 



before ultimately dissolving. From the above results, it was clear that the 
gel formed by PATD15 exhibited the longest duration of retention within 
the blood vessels, ultimately dissolving gradually, thereby mitigating 
any potential immune rejection caused by gel retention. Next, we 
examined the flow of blood within the blood vessels using Doppler color 
ultrasound imaging, as shown in Fig. 4A. In the control group, three 
flowing blood vessels were observed, consisting of an upper arterial 
vessel and two lower venous vessels. Following 30 min of administration 
of TA, PA5/GA, and PATD5/GA, no impact on blood flow was observed, 
indicating that these drug formulations were unable to form stable gels 
and achieve vascular retention. Conversely, after administration of PA9/ 
GA, PATD9/GA, PA15/GA, and PATD15/GA, a reduction in the diam-
eter of the venous blood vessels was observed, implying that these drug 

formulations were capable of forming gels within the veins and 
achieving vascular retention.

3.8. Investigation of in vivo PLA-MMPs system inhibition

The PLA levels and MMPs activity in the blood of mice after 
administration of the PATDs/GA were measured, as depicted in Fig. 4B. 
In the TA, PA5/GA, and PATD5/GA groups, there was little change in 
PLA levels, which could be attributed to the minimal damage to endo-
thelial cells caused by these drug administrations. Consequently, there 
was no initiation of the clotting-fibrinolysis cascade reaction. However, 
in the PA9/GA, PATD9/GA, PA15/GA, and PATD15/GA groups, there 
was a significant increase in PLA levels, indicating the destruction of 

Fig. 4. (A) 2D Doppler ultrasound images of mice tail after treatment at 30 min. (B) PLA level in the blood after treatment with saline, PAs/GA and PATDs/GA 
respectively at 24 h. (C) Relative MMP9 activity in the blood after treatment with saline, PAs/GA and PATDs/GA respectively at 24 h. (D) and (E) Protein levels of 
TGF-β1 in tail tissues after treatments at 3rd day determined by Western blot (1.Control, 2.TA, 3. PA5/GA, 4.PATD5/GA, 5.PA9/GA, 6.PATD9/GA, 7.PA15/GA, 8. 
PATD15/GA) and cumulative densitometric analyses of the TGF-β1 bands were performed by Image J. (F) and (G) Flow cytometric analyses of M2 macrophages in 
tail tissues after treatments at 3rd day and populations of CD80+CD206+ cells. (H) Representative 3D US/PA images of in vivo tail tissues on the 7th day. (I) Photos of 
the tail veins of Kunming mice after treatment with saline, PAs/GA and PATDs/GA on the 7th day. The embedded pictures are the tail vein vessels under 0.5 W yellow 
LED light. (J) H&E staining of the tail veins of Kunming mice treated with saline, PAs/GA and PATDs/GA respectively on the 7th day, scale bar = 100 μm.
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endothelial cells by these drugs and subsequent initiation of the clotting- 
fibrinolysis cascade reaction. From Fig. 4C, it was evident that the MMPs 
activity remained low in the control, TA, PA5/GA, and PATD5/GA 
groups. However, after treatment with PA9/GA and PA15/GA, there was 
a marked activation of MMPs activity. In the PATD9/GA and PATD15/ 
GA groups, the activation of MMPs was not significant. It could be 
inferred from these findings that the degradation and release of TA by 
PATD9 and PATD15 inhibited the activity of the PLA-MMPs system. 
MMPs not only degraded collagen, which was necessary for tissue 
fibrosis but also impacted the expression of signaling proteins involved 
in the process of tissue fibrosis. In order to further investigate the impact 
of PATDs on the inhibition of the PLA-MMPs system in tissue fibrosis 
processes, we assessed the levels of TGF-β1, an important fibrosis-related 
signaling protein, in mouse tail tissues using Western blot analysis. The 
results, shown in Fig. 4D and E, in the PA9/GA, PATD9/GA, PA15/GA, 
and PATD15/GA groups, there was a significant upregulation in the 
expression of TGF-β1. Among these groups, the highest expression of 
TGF-β1 was observed in PATD9/GA and PATD15/GA groups, which 
contained TA. Therefore, it could be inferred from the aforementioned 
results that TA released from PATD9 and PATD15 inhibited the PLA- 
MMPs, thereby facilitating the expression of fibrosis-related signaling 
proteins. Additionally, we determined the levels of M2 macrophages 
(CD80+CD206+ cells), which were immune cells associated with tissue 
fibrosis, in mouse tail tissues using flow cytometry (Fig. 4F and G). 
Similarly, in the PA9/GA, PATD9/GA, PA15/GA, and PATD15/GA 
groups, there was a significant upregulation in the expression of M2 
macrophages. Among these groups, the highest levels of M2 macro-
phages were observed in PATD9/GA and PATD15/GA groups, indicating 
that TA released from PATD9 and PATD15 inhibited the PLA-MMPs 
system, promoting polarization of macrophages towards the M2 
phenotype. An increase in the number of M2 macrophages would 
contribute to tissue fibrosis and scar formation.

3.9. Evaluation of embolus in mouse tail vein

To assess the therapeutic effect of PAs/GA and PATDs/GA adminis-
tered via in-site gel formulation in a mouse tail vein model, we employed 
photoacoustic imaging to observe the blood vessels after 7 days of 
treatment. The results were shown in Fig. 4H. The background of the 
image represented the 2D ultrasound mode image of the mouse tail 
tissue, while the red fluorescence represented the images of two vein 
blood vessels. The left vein blood vessel corresponded to the drug- 
administered vessel. From the results, it could be observed that the 
TA, PA5/GA, and PATD5/GA groups exhibited intact vein blood vessels 
similar to the control group, indicating that these drugs did not induce 
vascular damage. In contrast, the PA9/GA group showed a slight thin-
ning of the left administered blood vessel, suggesting poor drug efficacy 
as the vessel did not completely disappear. The PATD9/GA group, on the 
other hand, displayed a significant reduction in the left administered 
blood vessel, indicating the enhanced vascular sclerosing effect of PATD 
cationic surfactant. Furthermore, in both the PA9/GA and PATD9/GA 
groups, the right vein blood vessels also displayed vessel narrowing, 
which might be attributed to the poor gel stability of the PA9/GA and 
PATD9/GA groups during initial drug administration. The diffusion of 
the drug with GA could have damaged the adjacent non-administered 
blood vessels. In the PA15/GA group, the left administered blood 
vessel exhibited thinning, demonstrating that the non-ionic surfactant in 
PA15 caused minimal endothelial cell damage without completely 
obliterating the blood vessel. Conversely, in the PATD15/GA group, the 
left administered blood vessel significantly disappeared, indicating that 
the cationic surfactant PATD15 enhances vascular injury, resulting in 
complete vessel disappearance. In both the PA15/GA and PATD15/GA 
groups, the right non-administered blood vessels remained intact, 
indicating that the high gel stability of PA15 and PATD15 reduced their 
diffusion during initial administration with GA, thereby almost 
completely avoiding diffusing into the non-administered blood vessels. 

Additionally, we performed direct observation of the mouse tail vein 
subjected to drug administration using a yellow LED light. The results 
shown in Fig. 4I revealed that blood vessels in the control group had a 
black linear appearance under LED illumination. In the PA15/GA group, 
relatively thin blood vessels could still be observed, while in the 
PATD15/GA group, the blood vessels were virtually completely absent, 
indicating a stronger effect of PATD15 cationic surfactant. Finally, we 
conducted H&E staining of the administered mouse tail tissues (Fig. 4J). 
The results indicated that in the control, TA, PA5/GA, and PATD5/GA 
groups, the administered blood vessels still appeared as intact hollow 
structures, suggesting the absence of vascular damage caused by these 
drugs. In the PA9/GA and PA15/GA groups, the blood vessel walls 
appeared thicker and the vessels narrower, but they were not completely 
occluded. In the PATD9/GA group, the blood vessel walls were thicker, 
and significant vessel constriction was observed. In the PATD15/GA 
group, the central region of the blood vessel was filled with tissue, nearly 
completely undergoing sclerosis. Considering all the experimental re-
sults, it was evident that PATD15 exhibited the most significant effect on 
vascular sclerosis. Additionally, the PATD15 in-site gel showed high 
retention at the administration site, reducing the risk of ectopic vessel 
damage.

3.10. Evaluation of embolus in rabbit ear marginal vein

To further investigate the therapeutic effect of cationic surfactants 
based on vascular damage and PLA system inhibition in treating venous 
malformation, we selected the PATD15/GA with the best sclerosing ef-
fect in the mouse tail vein vascular model and its control group PA15/ 
GA to conduct further pharmacological testing in the rabbit ear marginal 
vein with thicker blood vessels. We selected rabbits weighing 2 kg for 
drug administration and took pictures before administration, on the 1st, 
3rd, 7th, 14th, 18th, and 21st day for observation. The results were 
shown in Fig. 5A. The TA group and control group had no changes in 
vascular status within 21 days, indicating that pure TA would not cause 
coagulation reactions and had no damaging effects on blood vessels. The 
PA15/GA and PATD15/GA administration groups had blackened blood 
vessels from the first day to the third day, and vascular hardening began 
to gradually disappear by the 7th day. By the 21st day, only a small 
portion of the vessel in the PA15/GA administration group had dis-
appeared, about 6 cm, and the rest could still be seen with thinner blood 
vessels, suggesting the presence of neovascularization. The vessel in the 
PATD15/GA administration group had almost completely disappeared, 
with the length of the disappeared blood vessels being up to 18 cm. To 
investigate the extent of damage to the blood vessels by PA15 and 
PATD15, we chose the rabbit ear tissue administered after 24 h for 
immunofluorescence observation. The intima membranes of blood ves-
sels were marked by CD31 antibody (red), and the medial membranes of 
blood vessels were marked by α-actin (green). The results (Fig. 5C) 
showed that in the control and TA groups, intima and media membranes 
of the blood vessel had strong red and green fluorescence intensity, 
while in the PA15/GA group, the red fluorescence intensity of blood 
vessels decreased significantly, while the green fluorescence intensity 
decreased slightly, indicating that the nonionic surfactant PA15 caused 
weaker damage to the blood vessel and could not cause serious damage 
to the media membranes. In contrast, the red and green fluorescence 
intensity of blood vessels in the PATD15/GA group decreased signifi-
cantly, indicating that the cationic surfactant-based PATD15 caused 
stronger damage to the blood vessels, affecting both the intima and 
media membranes. Next, through the detection of circulating endothe-
lial cells (CECs), it could be seen that the CECs in the PATD15/GA group 
were significantly more than those in the PA15/GA group (Fig. 5F), 
indicating that the blood vessel damage caused by the cationic 
surfactant-based PATD15 was stronger than that of the PA15, causing 
more endothelial cells to fall off into the bloodstream.
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3.11. Investigation of in vivo PLA-MMPs system inhibition

For further investigation of the clotting of blood after blood vessel 
damage, we took blood samples from the rabbits administered on the 
third day to determine the levels of fibrin and platelets related to blood 
coagulation. The results showed that the levels of fibrin and platelets in 
both the PA15/GA and PATD15/GA groups decreased, indicating the 
formation of thrombosis (Fig. 5G and H). Next, we took rabbit ear tissue 
administered on the third day for H&E staining observation (Fig. 5I). 
The central part of the blood vessel in the PA15/GA group had thrombus 
formation, but the thrombus did not fill the entire blood vessel, while in 
the PATD15/GA group, the blood vessel was completely filled with 
thrombus. The results of PLA content measurement (Fig. 5J) showed 
that the PLA concentration in the blood was increased after PA15/GA 
and PATD15/GA treatment. It could be inferred that the formation of 
thrombosis after sclerosant treatment activated the PLA, which might 
induce the risk of ectopic embolism caused by the fragments generated 

from thrombus degradation. The D-dimer is a fragment resulting from 
the degradation of a blood clot by PLA and it serves as an indicator of 
clot degradation. As shown in Fig. 5K, it could be seen that the D-dimer 
levels in the PA15/GA group were significantly higher than in the 
PATD15/GA group. This suggested that the release of the TA by PATD15 
inhibited the PLA from degrading the blood clot, thereby reducing the 
risk of ectopic embolism caused by fragments generated during blood 
clot degradation. We further determined the MMPs activity to investi-
gate the effect of TA released from PATDs on the PLA-MMPs system. The 
results showed that the MMPs activities of both the PA15/GA and 
PATD15/GA groups were upregulated to a certain extent after blood 
vessel damage (Fig. 5L). The MMPs activity of the PATD15/GA group 
was significantly lower than that of the PA15/GA group, indicating that 
the degradation release of TA in PATD15 could inhibit the activity of the 
PLA-MMPs system. Through ELISA analysis of the levels of signal pro-
teins TGF-β, CTGF, and bFGF that were important for vascular fibrosis in 
blood samples collected on the 7th day after administration (Fig. S13), 

Fig. 5. (A) Sclerotherapy study on rabbit ear marginal vein treated with TA, PA15/GA, PATD15/GA for 21 days, respectively. (B) Sclerosing length of rabbit ear 
marginal vein after different treatments on the 21st day. (C), (D), and (E) Immunofluorescence staining images and mean fluorescent intensity (MFI) of CD31 and 
α-actin in rabbit ear marginal vein after different treatments at 24 h, scale bar = 100 μm. (F) Quantitation of circulating endothelial cells (CECs) in the blood after 
treatment with saline, TA, PA15/GA, PATD15/GA at 24 h. (G) and (H) Quantitation of fibrin (FIB) and platelets (PLT) in the blood after treatments on the 3rd day. (I) 
H&E staining of rabbit ear marginal vein after different treatments on the 3rd day, scale bar = 100 μm. (J) Quantitation of PLA in the blood after treatments on the 
3rd day. (K) Quantitation of D-dimer in the blood after treatments on the 3rd day. (L) Relative MMP9 activity in the blood after treatments on the 3rd day. (M) H&E 
staining and Masson analysis of rabbit ear marginal vein after different treatments on the 21st day, scale bar = 100 μm. (N), (O), and (P) Expression of collagen I (139 
kDa) and α-SMA (42 kDa) in rabbit ear, determined by Western blotting (1.Control, 2.TA, 3.PA15/GA, 4.PATD15/GA). GAPDH was used as an internal reference.
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the results showed that both the PA15/GA and PATD15/GA groups 
expressed fibrosis-related signal proteins, and the expression levels of 
fibrosis-related signal proteins in the PATD15/GA group were signifi-
cantly higher than those in the PA15/GA group. This indicated that the 
vascular damage based on cationic surfactants and the PLA inhibition 
could significantly promote the process of vascular fibrosis.

3.12. Investigation of PATDs vascular sclerosis mechanism in vivo

In order to evaluate the degree of vascular fibrosis after treatment 
with PAs and PATDs, we performed H&E staining on rabbit ear tissues 
harvested on the 21st day after drug administration. The results were 
shown in Fig. 5M. In the PA15/GA group, incomplete occlusion of the 
central vessels could still be observed on the 21st day after treatment, 
with some small newly formed blood vessels around the administered 
venous vessels. In contrast, in the PATD15/GA group, the vessels were 
almost completely occluded after 21 days of treatment. Subsequently, 
we analyzed the composition of the occluded vessels using Masson’s 
trichrome staining. The results were shown in Fig. 5M, the blue color 
represented collagen tissue and the red color represented muscle fiber 
tissue. In the occluded vessels of the PATD15/GA group, a substantial 
amount of blue collagen fibers and a small amount of red muscle fiber 
tissue were present. This indicated that after PATD15 treatment, the 
vessels were primarily filled with collagen fibers, which promoted the 
proliferation and differentiation of fibroblasts, while a small amount of 
muscle fiber tissue helped in the contraction and closure of damaged 
vessels. Furthermore, we performed Western blot analysis on the rabbit 
ear tissues harvested on the 21st day after drug administration. The 
results showed in Fig. 5N, O, and P revealed a significant upregulation of 
the 139 kDa collagen protein expression in the PATD15/GA group. This 
finding was consistent with Masson’s trichrome staining results and 
suggested that the degradation and release of TA from PATD15 inhibited 
the PLA-MMPs system, promoting collagen deposition and providing 
conditions for tissue fibrosis. The 42 kDa α-SMA protein, a marker for 
fibroblasts, was highly expressed in the PATD15/GA group, indicating 
that the occluded vessels were filled with fibroblasts. This was attributed 
to the deposition of collagen, which provided a growth environment for 
fibroblast proliferation and differentiation.

To evaluate the in vivo safety of PATD15, we assessed the liver and 
kidney functions. Fig. S14 revealed that the representative blood 
biochemical analysis parameters of liver functions parameters (ALT, 
γ-GT, ALB) and kidney functions parameters (BUN, UA) in the drug- 
treated groups were consistent with those in the saline group, indi-
cating that the formulation did not affect the liver and kidney functions 
of the rabbits. Finally, we performed H&E staining analysis on the main 
organs of the rabbits harvested on the 21st day after drug administration 
(Fig. S15). The results showed that both PA15 and PATD15 did not cause 
any damage to the major organs, demonstrating the safety of their 
administration.

4. Discussion

Currently, commonly used surfactant-based sclerosing agents in 
clinical practice include POL and STS, which belong to non-ionic sur-
factants and anionic surfactants, respectively. However, their thera-
peutic effects are not ideal. Whiteley and coworkers have demonstrated 
that the degree of damage caused by surfactants to blood vessels has a 
significant impact on their sclerosing effects [30,31]. Among them, POL 
can only cause damage to the intimal layer of the blood vessels, while 
STS can cause certain damage to both the intimal and medial layers. 
Consequently, the sclerosing effect of STS is stronger than that of POL, 
but it still fails to completely sclerose the blood vessels. To address this 
issue, we constructed a more cytotoxic cationic surfactant by linking 
non-ionic surfactant PAs and TA through ester bonds. As expected, this 
cationic surfactant can cause stronger damage to both the intimal and 
medial layers of the blood vessels, while the degradability of the ester 

bonds ensures its safety for in vivo applications. The TA released from 
PATDs degradation can promote the process of fibrosis in blood vessels, 
mainly by inhibiting the activity of the PLA-MMPs system, thereby 
facilitating the expression of collagen required for fibrosis. This result is 
consistent with previous research, where using doxycycline inhibited 
the activity of MMPs, promoting the fibrosis process in blood vessels 
[16]. Additionally, this study used a mixture of PATDs and GA as a low 
molecular weight in situ gel for drug delivery. Compared to previously 
clinically used in situ gels such as ethyl cellulose or corn zein [32,33], 
the erosion rate of the PATDs/GA in situ gel is faster, completely eroding 
within 2 h. This could avoid the risk of immune rejection reactions 
caused by prolonged retention of the gel. This study provides a new idea 
for the design of novel sclerosing agents and their drug delivery systems.

5. Conclusion

In order to develop an efficient and biocompatible vascular sclerosis 
agent and its in-site gel-based drug delivery system, this study selected 
six kinds of PAs composed of twelve straight-chain alkanes as hydro-
phobic chains and the hydrophilic chains consisting of varying numbers 
of ethylene oxide polymeric units. The hydroxyl groups at the end of the 
hydrophilic chains of PAs and the carboxyl groups of TA were connected 
through ester bonds to synthesize the PATDs with increasing lengths of 
hydrophilic chains. Through rheological properties examination of the 
gel, in vitro cytotoxicity experiments, in vitro PLA-MMPs activity inhi-
bition experiments, and in vivo treatment of vascular sclerosis in mouse 
tail vein experiments, the vascular sclerosis agent with the optimal 
treatment effect was selected. The results indicated that PATD15 had the 
optimal hydrophilic/hydrophobic chain ratio. Its cationic surfactant 
properties could cause the greatest damage to negatively charged 
endothelial cells, causing them to detach from the blood vessels, 
exposing the collagen tissues, and activating the PLA system. The ester 
bonds in the PATD15 could be rapidly degraded by esterases in the 
blood, releasing the TA to inhibit the activity of PLA and inhibit the 
conversion of proMMPs to MMPs by PLA. This could promote collagen 
deposition and fibroblast proliferation and differentiation required for 
tissue fibrosis, ultimately leading to the complete disappearance of the 
treated blood vessels. Furthermore, due to the presence of both hydro-
phobic long chains and hydrophilic long chains in the PATD15 molecule, 
it could form an in-situ gel in aqueous solutions, allowing the drug to 
remain in the diseased blood vessels for approximately 120 min, greatly 
improving its retention. At the same time, this low-molecular-weight gel 
could spontaneously dissolve, avoiding immune rejection caused by 
long-term retention of gel formulations in blood vessels. The easy de-
gradability of the ester bonds in PATD15 significantly reduced the risk of 
systemic toxicity. Therefore, the dual action mechanism of PATDs and 
their in-situ gel drug delivery system provided an important theoretical 
basis for the development of novel vascular sclerosis agents.
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