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A B S T R A C T

The increasing reliance on blood-contacting medical devices underscores the need for materials that minimise 
thrombosis and inflammation. Devices such as stents and dialysis membranes often face complications related to 
clot formation and microbial colonisation. To address these challenges, this study explored the development of 
sulfated poly(aspartic acid) (sPASP) coatings aimed at improving haemocompatibility and reducing infection 
risk. PASP, a biodegradable, biocompatible polymer, and calcium chelator, served as the base material, with 
sulfation introduced to enhance its antithrombotic, antibacterial, and anti-inflammatory properties. Sulfate 
groups mimic natural anticoagulants such as heparin, potentially promoting antithrombin activity and inhibiting 
clot development. The coatings were fabricated via a simplified one-pot process on polydopamine-modified 
substrates. The degree of sulfation was systematically varied from 10% to 80% to optimise the material's per
formance and thoroughly evaluated across multiple dimensions of blood compatibility. Assessments included 
surface physicochemical properties, protein adsorption, platelet adhesion, antithrombotic efficacy, cellular 
compatibility, and antibacterial activity, under static and dynamic conditions. Notably, sPASP with a sulfation 
degree of 40% exhibited the most favourable blood compatibility, demonstrating strong potential compared to 
heparin-mimicking polysaccharide coatings. In addition, the material exhibited excellent in vivo biocompatibility 
in implantation models, further underscoring its promise as a high-performance, multifunctional biomimetic 
interface for blood-contacting biomedical applications.

1. Introduction

Blood-contacting medical devices play a critical role in modern 
healthcare, encompassing a diverse array of applications including 
intravascular stents, prosthetic heart valves, dialysis membranes, and 
extracorporeal membrane oxygenation systems [1,2]. These devices are 
designed to interface directly with blood, a complex biological fluid 
inherently predisposed to initiate coagulation upon contact with foreign 
surfaces [3]. Consequently, there is an urgent need to engineer materials 
and surfaces to be more haemocompatible and capable of interacting 
with blood without provoking adverse events such as thrombosis, hae
molysis, or immune activation [4]. Compounding this challenge is the 
risk of bacterial colonisation, which can lead to persistent infections and 
device failure [5,6]. Therefore, the design of such devices demands a 
nuanced approach, ensuring therapeutic efficacy while mitigating 

thrombotic and microbial complications [1].
A variety of strategies have been employed to address thromboge

nicity and infection risk. Among these, surface modifications incorpo
rating antithrombotic and antimicrobial functionalities have received 
considerable attention [3]. Heparin-based coatings, for example, have 
been widely adopted due to their ability to inhibit the coagulation 
cascade [7]. Concurrently, antimicrobial strategies, such as the inclusion 
of silver nanoparticles or antibiotic-laden materials, have been explored 
to suppress microbial adhesion and biofilm formation [8–10]. Beyond 
such approaches, the rational design of novel biomaterials with intrinsic 
antithrombotic and antibacterial properties has also gained momentum 
[11]. These materials typically exhibit high biocompatibility and 
controlled degradation profiles, essential for long-term implant safety 
[12–14]. Other innovative solutions include drug-eluting surfaces for 
localised delivery of therapeutic agents, and biomimetic designs that 
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replicate the non-thrombogenic and anti-adhesive characteristics of 
native vascular structures [1,15,16]. Together, these approaches reflect 
an advanced understanding of host–material interactions and guide the 
next generation of safer and more functional blood-contacting devices.

Among the promising candidates in this field, sulfated poly
saccharides have garnered particular interest due to their dual bioac
tivity [17]. Although heparin-based coatings have long been considered 
the gold standard for enhancing blood compatibility, their extraction 
from animal sources presents challenges, including batch-to-batch 
variability and stability issues [18–20]. The application of sulfated 
polymers in surface coatings for antithrombotic purposes remains 
largely underexplored [21]. One of the few studies in this area by Neto 
et al. employed sulfated chitosan; however, the material exhibited only 
limited inhibition of platelet adhesion, and the broader effects on blood 
compatibility, both in vitro and in vivo, were inadequately addressed 
[18]. Similarly, the work of Ma et al. did not demonstrate outstanding 
antithrombotic performance, and the study lacked evaluations of 
blood–material interactions under physiological shear stress as well as in 
vivo assessments [19]. In light of these limitations, the present study 
proposes the use of a novel material distinct from conventional 

polysaccharides: a poly(amino acid)-based polymer that has been 
chemically sulfated to emulate the anticoagulant activity of heparan 
sulfate. Owing to its semi-synthetic origin derived from amino acids, the 
sulfated variant is anticipated to retain the capacity to catalyse the 
activation of antithrombin III (ATIII), thereby affording a more effective 
antithrombotic mechanism when compared with conventional polymer 
brushes based on highly charged or zwitterionic polymers [21–24]. 
Furthermore, conventional surface coating methods involving synthetic 
polymers often necessitate multiple complex steps to achieve effective 
grafting. In contrast, a one-pot reaction has emerged as an optimal and 
efficient alternative [2]. Notably, most previous studies have primarily 
assessed materials in vitro using tissue culture plates, which fail to 
accurately replicate the dynamic interactions with blood flow [1,25]. 
Building upon these identified research gaps, the rationale for the pre
sent study was gradually developed to ensure its relevance and appli
cability to real-world biomedical conditions.

In literature, poly(aspartic acid) (PASP), well known as a biode
gradable and biocompatible polymer, is receiving increasing attention in 
the biomedical field for its potential applications. The intrinsic proper
ties of PASP, such as its natural biodegradability and non-toxicity, make 

Scheme 1. Illustration of potential outcomes for blood-contacting medical devices when applied in the human body. (A) These devices may directly interact with 
fundamental blood components such as leukocytes, erythrocytes, and platelets, subsequently triggering primary responses including surface-induced coagulation and 
the risk of infection owing to bacterial colonisation on the device surface. Nevertheless, such adverse effects could be mitigated through surface coating strategies 
employing antimicrobial and antithrombotic materials. (B) Schematic representation of the similarity in molecular structures of heparan sulfate (heparin) and 
sulfated poly(aspartic acid) (sPASP), proposed for application in surface coatings to enhance anticoagulant and antibacterial performance.
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it a compelling alternative to traditional polymers used in medical ap
plications [26–29]. Furthermore, PASP effectively chelated calcium. 
This characteristic accounted for its anticoagulant potential, as calcium 
is essential to the clotting process [26,28,29]. Chelators such as citrate 
bind to calcium ions, preventing them from participating in coagulation, 
thereby effectively reducing the blood's tendency to clot [30,31]. This 
motivates us to employ PASP for surface coating. Based on the afore
mentioned objectives concerning antithrombotic and antibacterial 
coatings, we proposed the use of PASP as a poly(amino acid)-based 
backbone, subsequently modifying the material with sulfate groups to 
mimick heparin-like activity in promoting antibacterial and antith
rombotic functions [21]. Sulfated PASP (sPASP) was anticipated to 
combine the inherent biocompatibility of its base component, the non- 
essential amino acid L-aspartic acid, with its calcium chelation capa
bility, and anticoagulant activity comparable to heparin. Beyond 
reducing the risk of device-related infections and thrombus formation, 
sPASP was also expected to mitigate localised inflammation and limit 
the production of reactive oxygen species (ROS) by leukocytes upon 
contact with medical devices. This hypothesises multifunctionality and 
positions sPASP as a highly promising material for biomedical coatings, 
capable of addressing the challenges associated with blood-contacting 
devices through the use of amino acid-derived polymer as a potential 
alternative to natural heparin (See Scheme 1).

In summary, we hypothesised that sPASP would enhance anticoag
ulant performance at the material–blood interface. To test this, we 
fabricated surface coatings using PASP as the base polymer, modified via 
a one-pot sulfation reaction, and applied them to PET membranes as 
representative medical device substrates. The degree of sulfation was 
systematically varied to assess its impact on anticoagulant and anti
bacterial properties. Surface characterisation was conducted using ATR- 
FTIR, XPS, AFM, ellipsometry, and surface energy measurements. 
Biocompatibility was evaluated through haemolysis and cytocompati
bility tests with endothelial cells and macrophages, both key in blood- 
contact scenarios. Anticoagulant efficacy was assessed via non-specific 
protein adsorption, platelet adhesion, and coagulation time assays. To 
simulate physiological conditions, we also performed dynamic testing 
using a microfluidic device and Chandler loop. Surface stability and 
bacterial anti-adhesion of the coatings were also examined for 
biomedical relevance. Finally, in vivo subcutaneous implantation in mice 
was conducted to evaluate host response and material safety. Overall, 
the study developed a promising alternative to natural glycosamino
glycans, demonstrating effective anticoagulant and antimicrobial sur
face properties, supporting sPASP's potential as a biomimetic coating for 
blood-contacting medical devices.

2. Materials and methods

2.1. Materials

L-aspartic acid (≥ 98%), sulfolane (99%), phosphoric acid (≥ 85 wt% 
in H₂O), dopamine hydrochloride (≥ 98%), 2-aminoethyl hydrogen 
sulfate (≥ 98%), and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 
(EDC, ≥ 99%) were procured from Sigma-Aldrich, Inc. (MO, USA). 
Other common reagents were sourced from either Sigma-Aldrich, Inc. 
(MO, USA) or Thermo Fisher Scientific Inc. (MA, USA). All chemicals 
were purchased and used directly without undergoing any further pu
rification. The substrates employed in this study were fabricated from 
pure polyethylene terephthalate (PET) and sourced from a local sup
plier. The PET sheet was sectioned into circular substrates with a 
diameter of 6 mm and an approximate thickness of 1 mm to facilitate 
evaluations under in vitro and in vivo conditions.

2.2. Synthesis of PSI

In this experiment, the synthesis of polysuccinimide (PSI) 
commenced with the preparation of materials and equipment. An oil 

bath was preheated to 185 ◦C for 1 h, and an overhead stirring system 
was assembled. Nitrogen gas was supplied to the system and verified via 
displacement in a water beaker. For the reaction, 14 g of L-aspartic acid 
and 56 g of sulfolane were placed into a 100 mL round-bottom flask. 
Subsequently, 1 mL of phosphoric acid, collected using the preheated 
pipette tip, was added to the reaction mixture. The suspension was 
subjected to continuous mechanical stirring at 250 rpm within the 
preheated oil bath under a nitrogen atmosphere. After 5 h of reaction, 
the resultant product was precipitated into a large volume of deionised 
water (DIW), washed repeatedly with the same, and harvested by 
centrifugation at 5000 ×g. The final pellet was dried in a vacuum oven 
for four days and subsequently stored under ambient conditions.

2.3. Synthesis of PASP

To transform PSI into PASP, 50 mg of sodium hydroxide (1.25 mmol) 
was combined with 100 mg of PSI powder (succinimide molecular 
weight 97.07 g⸱mol− 1, 1.03 mmol) in a 5 mL water solution and left to 
incubate at room temperature for 2 h. It is important to note that an 
additional amount of sodium hydroxide, approximately 1.2 times the 
molar amount of succinimide units, was utilised to guarantee thorough 
hydrolysis. The resultant sodium polyaspartate was then isolated by 
precipitation in methanol and underwent multiple washes to eliminate 
any remaining NaOH. Finally, the precipitate was subjected to freeze- 
drying.

2.4. Preparation of sPASP coatings

In our study, PET surfaces (both sides) were modified using poly
dopamine (PDA) and further coated with sulfated poly(aspartic acid). 
Initially, the PET substrates were cleansed using a 30% (v/v) ethanol 
under ultrasonication for 10 min. The cleaned substrates were then 
immersed in a dopamine solution (2 mg⋅mL− 1, Tris buffered saline, pH 
8.5) for 2 h at room temperature to facilitate PDA deposition on PET 
membrane, producing what we briefly termed PDA. The PDA-coated 
surfaces were subsequently immersed in a PASP solution at a concen
tration of 2 mg⋅mL− 1. To modulate the degree of sulfation, 2-aminoethyl 
hydrogen sulfate (AHS) was introduced at varying molar ratios ranging 
from 0% to 80% relative to the molar amount of succinimide units in the 
PASP solution. To facilitate the coupling reaction, EDC was employed as 
a carboxyl group activator to facilitate the conjugation of AHS and 
PASP. The heparinised sample (HEP) used for comparison with the 
optimal sPASP formulation was prepared using the same reaction con
ditions. Specifically, AHS was omitted from the process, and heparin 
ammonium salt from porcine intestinal mucosa (Sigma-Aldrich, Inc., 
MO, USA) was used instead of PASP. The molar ratio of EDC for the 
aforementioned reaction was detailed in Table S1. The one-pot reaction 
for coating both sides of the substrate was carried out overnight at 
ambient temperature, with continuous stirring at 500 rpm. The resultant 
surfaces with different substitution percentages of sulfate moieties were 
shortly designated as PASP, sPASP10, sPASP20, sPASP40, sPASP 60, 
sPASP80. The final product was washed three times with DIW and stored 
at 4 ◦C for further experimental use.

2.5. Surface characterisation of sPASP coatings

2.5.1. Functionalities density
A comprehensive analysis of the surface chemical compositions of 

various coatings on PET substrates was conducted. The quantification of 
amine groups on surfaces was conducted through an AO II colorimetric 
staining technique. The process involved adjusting the pH of the AO II 
solution to 4 using hydrochloric acid buffer, followed by immersing the 
samples in this solution for a duration of 2 h. The samples were then 
cleansed with hydrochloric acid at the same pH value and the AO II that 
had bound to the surface was subsequently released using a sodium 
hydroxide solution with a pH of 11. The solution containing the 
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desorbed AO II was then subjected to absorbance measurement at a 
wavelength of 485 nm utilising a microplate reader (CLARIOstar® Plus, 
BMG LABTECH GmbH, Germany). The amine group concentration was 
determined from these absorbance values, referencing a pre-established 
standard curve. Similar techniques were employed to quantify carboxyl 
and sulfate groups using TBO colorimetric method. Vice versa, the assay 
underwent the adsorption of free TBO molecules at pH 11 and the 
desorption of attached TBO molecules at pH 4, followed by reading 
absorbance at 650 nm.

2.5.2. Surface energy
Water contact angle (WCA) measurements for the sPASP coatings 

were performed at ambient temperature using the contact angle system 
(Attension® Theta Flex, Biolin Scientific AB, Sweden). This analysis was 
carried out using the sessile drop of 5 μL of deionised water, diiodo
methane (DIM), and dimethylformamide (DMF), with images captured 
and analysed through the OneAttension software. For each sample, a 
minimum of 3 distinct readings were recorded to determine the WCA. 
Surface energy (SFE) of each sample was applied to the Fowkes theory to 
calculate the polar (γp) and dispersive (γd) components of the surface 
energy. Additionally, the liquid surface tension and solid surface tension 
were abbreviated as γL and γS, respectively [32]. 

γL(1+ cosθ) = 2
̅̅̅̅̅̅̅̅̅̅̅̅̅

γp
L • γp

S

√

+2
̅̅̅̅̅̅̅̅̅̅̅̅̅

γd
L • γd

S

√

(1) 

2.5.3. Elemental analysis
The elemental analysis of the coatings was done using X-ray photo

electron spectroscopy (XPS, XSAM200, Kratos Analytical Ltd., UK), 
equipped with a monochromatic Al Kα source (1486.6 eV) and operating 
at 12 kV × 15 mA under a vacuum of 20 × 10− 6 Pa. Comprehensive XPS 
scans were conducted ranging from 0 to 1200 eV using a 300-eV pass 
energy, at increments of 0.5 eV. High-resolution scans were also ob
tained for specific peaks of interest, using a step size of 0.05 eV and 
totaling 15 min of acquisition time per sample. The chemical properties 
of the coatings were analysed using attenuated total reflectance Fourier 
transform infrared spectra (ATR-FTIR, Spectrum Two FTIR Spectrom
eter, PerkinElmer Inc., USA). A 1H NMR spectrophotometer (Avance III 
HD 500 MHz, Bruker Corporation, Germany) was also employed to 
analyse the chemical structures of PSI and PASP following synthesis.

2.5.4. Surface characteristics
The thickness of the polymeric coatings on the PET films was 

determined using filmetric reflectometer (Filmetrics F54, KLA Corpo
ration, USA). The surface morphology of these substrates was meticu
lously observed through scanning electron microscopy (SEM, JSM- 
6510LV, JEOL Ltd., Japan) and atomic force microscopy (AFM, Park 
NX10, Park Systems Corp., South Korea).

2.6. Sterilisation of sPASP coatings

To prepare samples for both in vitro and in vivo studies, a sterilisation 
process was performed using 70% (v/v) alcohol. Following sterilisation, 
the surfaces were allowed to dry in a sterile environment. Subsequently, 
the samples were either immersed in phosphate-buffered saline (PBS, pH 
7.4) for 2 h and used immediately, or they were rinsed with pure water 
and air-dried for storage.

2.7. Protein adsorption on sPASP coatings

The efficacy of sPASP coatings in resisting protein adsorption was 
assessed using bovine serum albumin (BSA), fibrinogen (FBG), and 
platelet-poor plasma (PPP) as representative proteins. The experimental 
procedure involved initially immersing substrates in PBS at 37 ◦C for 1 h. 
This was followed by their incubation in individual protein solutions (5 
mg⋅mL− 1 BSA, 1 mg⋅mL− 1 FBG, and 10% PPP) at the same temperature 

for 2 h. The concentrations of BSA and FBG were applied by the 
approximate concentration of these proteins in human plasma, while 
10% PPP can show the general effect of plasma protein binding [3,33]. 
Post incubation, the samples were thoroughly rinsed thrice with PBS and 
then subjected to a 2 wt% sodium dodecyl sulfate (SDS) solution, and 
sonicated for 30 min to release any adsorbed proteins. The extent of 
protein adsorption on each sample was quantitatively analysed using the 
bicinchoninic acid reagent (Micro BCA™ Protein Assay Kit, Thermo 
Fisher Scientific Inc., MA, USA), according to the manufacturer's in
structions. Absorbance readings were taken at 562 nm using a micro
plate reader, with the process being repeated for three independent 
trials to ensure statistical relevance.

2.8. Haemolytic activity of sPASP coatings

Red blood cells (RBCs) was employed to assess the haemocompati
bility of PASP solutions and sPASP surface coatings. Whole blood (ob
tained from Australian Red Cross Blood Service) was centrifuged at 
1000 ×g for 15 min. Subsequently, the supernatant plasma layer was 
removed, and the RBCs were collected and diluted 1:50 with PBS. For 
PASP solutions, 20 μL of each sample was incubated with 180 μL of the 
RBC solution at 37 ◦C and under shaking at 200 rpm for 24 h. For sPASP 
surface coatings, the incubation involved 400 μL of the RBC solution 
with the coated surfaces for the same durations. In both cases, 1% Triton 
X-100 and PBS were utilised as positive and negative controls. Post- 
incubation, the mixtures were centrifuged at 1000 ×g for 15 min to 
facilitate separation of intact RBCs from the supernatant. Photographic 
documentation of the supernatant was conducted, followed by the 
measurement of optical density (OD) at 545 nm to quantify haemoglobin 
release. The percentage of haemolysis was calculated using equation 
below [34]. 

Haemolysis (%) =
ODsample − ODnegative

ODpositive − ODnegative
×100% (2) 

2.9. Cytocompatibility of sPASP coatings

2.9.1. Cell culture
Mouse endothelial cells (SVEC4–10, ATCC CRL-2181, passages 

10–12), mouse macrophages (RAW 264.7, ATCC TIB-71, passage 25) 
were cultivated in low-glucose Dulbecco's modified Eagle's medium 
(DMEM, Thermo Fisher Scientific Inc., MA, USA) supplemented with 
10% foetal bovine serum and 1% penicillin/streptomycin. All cell types 
were incubated in a humidified environment at 37 ◦C under a 5% CO₂ 
atmosphere.

2.9.2. ROS induction
The generation of reactive oxygen species (ROS) by macrophages 

upon exposure to the surface coatings was quantified using the ROS 
probe 2′,7′-dichlorofluorescein diacetate (DCFDA, 50 μM). In brief, RAW 
264.7 cells were seeded in a 96-well plate at a density of 1 × 104 cells per 
well for 4 h and subsequently cultured in DMEM medium in the presence 
of the coated surfaces. For comparison, control cell samples were 
maintained in DMEM alone without exposure to the coatings. Following 
a 24-h incubation under standard culture conditions, the media was 
removed and a volume of 100 μL of 50 μM DCFDA in PBS was added and 
subsequently incubated for 30 min. Finally, the fluorescence intensity 
(FI) was measured at an excitation peak of 485 nm and an emission peak 
of 535 nm using a microplate reader.

2.10. Cell viability

The cytocompatibility of the sPASP coatings was evaluated using the 
PrestoBlue™ (Thermo Fisher Scientific Inc., MA, USA) cell viability 
assay, with SVEC4–10 endothelial cells and RAW 264.7 macrophages 
serving as representative cellular models. SVEC4–10 and RAW 264.7 
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cells were seeded into 96-well tissue culture plates at densities of 8 × 103 

and 1 × 104 cells per well, respectively. After an initial 24-h incubation 
period, PET and sPASP-coated PET samples were introduced into the 
wells and further incubated for 24 h at 37 ◦C. Control wells contained 
cells cultured in medium without material exposure. The PrestoBlue 
assay was performed in accordance with the manufacturer's protocol, 
and cell viability was subsequently quantified using the following 
equation [35]: 

Cell viability (%) =
ODsample − ODblank

ODcontrol − ODblank
× 100% (3) 

2.10.1. Cell adhesion
Cell attachment was assessed using the LIVE/DEAD™ (Thermo 

Fisher Scientific Inc., MA, USA) assay and visualised under a CKX53 
inverted microscope (Olympus Corporation, Japan). In this experiment, 
a 96-well plate was coated using the same method as described in Sec
tion 2.4 and subsequently exposed to UV irradiation for sterilisation. 
SVEC4–10 cells were cultured at a density of 8 × 103 cells per well for a 
duration of 24 h. Subsequently, the samples were rinsed three times with 
PBS to eliminate non-adherent cells. The remaining cells were stained 
with calcein-AM (green fluorescence, 1 μM) and propidium iodide (red 
fluorescence, 1 μM), followed by observation under a fluorescence mi
croscope. Additionally, FI was quantitatively measured to evaluate the 
extent of cell adhesion according to the following formula. 

Live cell adhesion (%) =
FIlive

FIlive + FIdead
× 100% (4) 

2.11. Platelet adhesion on sPASP coatings

Citrated whole human blood, retrieved from healthy volunteers 
following the guidelines set out by the Griffith University Human Ethics 
Committee (approval number: 2021/598), was first centrifuged at 1500 
rpm for 15 min to isolate platelet-rich plasma (PRP). Subsequently, 400 
μL of this PRP was applied to the surfaces of samples. Following a 2-h 
incubation period at 37 ◦C, all samples were washed three times with 
PBS. The adhered platelets were stained with DiOC6 at the concentra
tion of 1 μg⋅mL− 1 in PBS for 30 min at room temperature [36]. Platelets 
were then visualised using fluorescence microscopy. Quantification was 
conducted via two complementary methods: firstly, by measuring the FI 
of DiOC6 at an excitation wavelength of 482 nm and an emission 
wavelength of 504 nm; and secondly, by manual counting of platelet 
cells using ImageJ software (National Institutes of Health, USA). In the 
latter approach, images captured under the microscope were processed 
using a gating threshold of 2 μm to ensure accurate identification and 
enumeration.

2.12. Antithrombogenicity of sPASP coatings

We measured activated partial thromboplastin time (APTT) and 
thrombin time (TT) to evaluate the impact of the sPASP surface on the 
coagulation system. For these tests, fresh anticoagulated human blood 
was centrifuged at 3000 rpm for 15 min to obtain PPP. For the APTT 
assay, we mixed 100 μL of PPP with APTT reagent (Dade® Actin FSL, 
Siemens Healthineers, Erlangen, Germany) and incubated them at 37 ◦C 
for 30 min. The mixture was then applied to the surface of both PET and 
sPASP coatings, followed by the addition of 50 μL of 0.025 M calcium 
chloride, and the time taken for plasma clotting was measured manually 
by tilting the tubes every 15 s. For the TT assay, 100 μL of PPP was 
placed on the surfaces of PET and sPASP coatings, to which 50 μL of TT 
reagent (Dade® Thrombin Reagent, 50 IU⋅mL− 1, Siemens Healthineers 
AG, Erlangen, Germany) was added at 37 ◦C, and the clotting time was 
subsequently recorded manually by tilting the tubes every 30 s.

2.13. Thrombin generation assay

To assess thrombin generation on the prepared surfaces, a systematic 
approach was followed. Initially, the surfaces were equilibrated with 
PBS at 37 ◦C to simulate physiological conditions. Subsequently, a so
lution was prepared by mixing 50 μL of 1 mM fluorogenic substrate (Boc- 
Val-Pro-Arg-AFC, thrombin substrate, Sigma-Aldrich, Inc., MO, USA) 
with 10 μL of 25 mM calcium chloride to provide necessary ions for the 
coagulation cascade. After the equilibration phase, the PBS was carefully 
removed, and 40 μL of double-centrifuged PPP was added to each sur
face [37]. The thrombin generation was then quantitatively evaluated 
by measuring the conversion of thrombin substrate using a plate reader. 
FI was measured using 380 nm excitation and 440 nm emission filters, 
which are optimal for the fluorescent 7-amino-4-methylcoumarin, a 
cleaved product of thrombin substrate. The intensity of fluorescence 
correlates with the amount of thrombin produced, providing a precise 
and reliable measurement of thrombin generation on the surfaces.

2.14. Antithrombogenicity of sPASP coatings under flow conditions

Under the duress of shear stress, the susceptibility of blood compo
nents, particularly those implicated in the coagulation cascade, is 
heightened [1,38]. In light of this, we employed two prevalent in vitro 
flow models to assess the haemocompatibility of coatings: Chandler loop 
and microfluidic device. The Chandler loop system utilised PVC tubing 
with a 5 mm inner diameter and an overall length of 50 cm, affixed to a 
motor rotating at an approximate 30 rpm. In parallel, the microfluidic 
device comprised a single-channel chip with dimensions of 20 mm in 
length, 255 μm in width, and 110 μm in height. A shear rate of 1000 s− 1, 
replicating physiological conditions, was achieved by setting the syringe 
pump to a flow rate of 31 μL⸱min− 1. The setup parameters were detailed 
in Table S3. Both models were perfused with fresh citrated blood for a 
duration of three hours. The integrity and composition of the blood were 
analysed pre- and post-perfusion via six established haemofactors: 
erythrocytes, platelets, leukocytes, haematocrit, haemoglobin concen
tration, and haemolysis rate. Leveraging the transparency of the 
microfluidic device, direct microscopic observations were made. Plate
lets were labelled with DiOC6 at a concentration of 1 μg⋅mL− 1, similar to 
the previously described conditions (section 2.10), facilitating real-time 
visualisation and documentation of platelet adhesion within the 
microfluidic channels. This multi-faceted approach provides a robust 
framework for investigating the performance of sPASP coatings, our 
candidate of interest, under flow conditions that simulate the vascular 
environment.

2.15. Antibacterial adhesion of sPASP coatings

Surface coatings were placed into a 96-well plate and bare PET sheet 
served as the control. Kanamycin at a concentration of 0.01 mg⋅mL− 1 

was used as positive control for bactericidal efficacy. 100 μL of bacterial 
suspension (E. coli and S. aureus) with OD of 0.2 was added to the wells. 
The wells were incubated at 37 ◦C and stirred at 200 rpm for a period of 
1.5 h, facilitating uniform bacterial exposure to the surfaces. Subse
quently, the suspension was transferred to new wells for OD measure
ment at 600 nm, which serves as an indirect quantification of bacteria. 
The surfaces were gently rinsed once with PBS to remove non-adherent 
bacteria. For quantifying bacterial adherence, alamarBlue™ (Thermo 
Fisher Scientific Inc., MA, USA) cell viability reagent, diluted in broth at 
a 1:9 volume ratio, was employed. This reagent is a cell viability indi
cator that measures the metabolic activity of attached bacteria. The 
alamarBlue-incubated mixture was then pipetted into fresh wells, and 
absorbance was measured at 570 nm.

2.16. Stability of sPASP coatings

To ascertain the resilience of the coatings, we subjected them to 
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durability tests, utilising both chemical and mechanical stressors. Spe
cifically, PASP, sPASP40, and sPASP80, were systematically analysed. 
For chemical resistance, the coated surfaces were placed into Eppendorf 
tubes filled with either PBS or PPP. The functional group density and 
WCA were meticulously quantified before and after immersion at 
designated intervals of 1, 7, 10, and 14 days. With PPP, the solutions 
were refreshed daily to closely replicate the dynamic plasma environ
ment of the bloodstream. Mechanical endurance was probed through 
exposure to ultrasonic waves. The coatings were immersed in water 
within an ultrasonic bath set to maximum intensity. The assessment of 
functional group density and WCA was repeated at specified durations 
pre- and post-sonication at 15, 30, 45, and 60 min, providing a 
comprehensive evaluation of the coatings' stability against acoustic 
stress [3]. This dual approach to durability testing is essential to predict 
the long-term performance of sPASP coatings in clinical scenarios.

2.17. In vivo inflammatory response

2.17.1. Subcutaneous implantation
The animal experiment in this study was conducted in accordance 

with the Guidelines for the Care and Use of Laboratory Animals of 
Griffith University (Approval number ESC/03/24/AEC). Healthy adult 
female C57BL/6 mice (weighing 18–21 g) were acquired for implanta
tion procedures. In brief, a subcutaneous pocket approximately 0.5 cm 
in length was created on the dorsal region of each mouse. Bare and 
optimal coated PET discs (sPASP40), each with a diameter of 6 mm, 
were subsequently implanted into this pocket (1 disc per pocket per 
mouse) for a duration of 7 days. The surgical site was carefully closed 
using nylon sutures (Ethicon, Inc., NJ, USA). Following this period, the 
skin area in contact with the implant was excised and fixed in 4% 
paraformaldehyde for subsequent histological analysis [39]. The anal
ysis was conducted using five mice per treatment group (n = 5).

2.17.2. Histological procedures
Following fixation, specimens were embedded in cryomoulds filled 

with Tissue-Tek O.C.T. Compound (Sakura Finetek Japan, Tokyo, 
Japan) and rapidly frozen in liquid nitrogen. Longitudinal sections with 
a thickness of 6 μm were subsequently stained using haematoxylin and 
eosin (H&E) for both morphological and morphometric evaluation. In 
addition, sections were mounted on silanised slides (Superfrost) for 
immunohistochemical (IHC) staining targeting alpha-smooth muscle 
actin (α-SMA, Cat. ab184675) and CD163 (Cat. ab313666) supplied by 
Abcam plc (Cambridge, UK) with the same dilution ratio of 1:100 for 24 
h.

2.17.3. Capsule thickness measurement
The specimens were captured using bright-field microscopy at a 

magnification of 10×. ImageJ was employed to quantify the average 
capsule thickness within each group. These measurements were subse
quently compared to untreated skin samples obtained from healthy mice 
as a control.

2.17.4. Numerical density of leukocytes
The number of inflammatory cells was estimated within both the 

capsule region and the adjacent tissue. Quantification was performed on 
five H&E-stained sections using a standardised field area of 0.31 mm2. 
Within each field, inflammatory cell types, including neutrophils, lym
phocytes, plasma cells, and macrophages, were counted using ImageJ, 
applying a diameter gating range of 15–30 μm and a circularity range of 
0.2–1.0. The results were statistically compared with those of the control 
group [39].

2.17.5. Inflammatory reaction score
The inflammatory response within the capsule was evaluated based 

on both the number and distribution of inflammatory cells. Each implant 
was scored according to the following classification: 0 – absence of 

inflammatory infiltrate (few inflammatory cells); 1 – mild infiltrate; 2 – 
moderate infiltrate; and 3 – severe or intense infiltrate. The assessment 
was conducted across five mice per group, and the mean score for each 
group was subsequently calculated [39,40].

2.18. Statistical analysis

Each sample was subjected to a minimum of three independent ex
periments (n ≥ 3), and the results were expressed as the mean (±
standard deviation, SD). Statistical evaluations were carried out utilising 
GraphPad Prism software (GraphPad Software, LLC, USA), with a p- 
value of less than 0.05 deemed statistically significant. In addition, each 
data set was analysed, and significance was denoted as ns ≥ 0.05, *p <
0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. The heat map presented 
in Fig. S7 was constructed by normalising the results of each sample for 
every parameter on a scale from 0 to 100. In this scale, red indicated a 
detrimental effect, whereas yellow reflected a beneficial one. The sam
ple that achieved the most favourable overall profile across these pa
rameters was then selected as the optimal formulation.

3. Results and discussion

3.1. Characterisation of PSI and PASP

In this study, PASP was derived from its precursor, PSI, which was 
synthesised via a condensation reaction of L-aspartic acid in a sulfolane 
solvent catalysed by phosphoric acid. The subsequent generation of 
PASP was achieved through the alkaline hydrolysis of PSI by sodium 
hydroxide. The synthetic pathways for both polymers were illustrated in 
Fig. S1A. While PSI was characterised by repeating succinimide mono
mer units, its hydrolysed derivative, PASP, was defined by aspartic acid 
residues linked via amide bonds. Verifying the chemical structures of 
these polymers not only confirmed the successful synthesis but also 
served as reference spectra for the subsequent characterisation of 
surface-coated materials.

The FTIR spectra for PSI and PASP showed distinct absorption bands 
reflecting their structures (Fig. S1B). PSI's FTIR spectrum exhibited 
significant troughs at 1792 and 1706 cm− 1, corresponding to the 
asymmetrical and symmetrical carbonyl of cyclic imides, respectively. 
The band at 1630 cm− 1 is indicative of stretching vibrations of carbonyl 
in amide band I. Post-hydrolysis, PASP formation was marked by a new 
intense overlapping band between 1580 and 1630 cm− 1, indicating 
stretching signal of C––O (amide band I) and a mixed vibration of N–H 
bending and C–N stretching (amide band II). The hydroxyl bending 
vibrations at 1391 cm− 1 was also observed. In addition, the 1H NMR 
spectra of PSI and PASP both displayed characteristic peaks of the ma
terials, as shown in Fig. S1C. Specifically, the 1H NMR spectrum of PSI 
exhibited a distinctive peak at a chemical shift of 5.27 ppm, along with 
two symmetrical peaks at 3.21 and 2.71 ppm. In contrast, the PASP 
spectrum showed two characteristic multiplets at 4.37 and 2.68 ppm. 
The consistency of these findings with our group's previously reported 
studies further confirmed the successful synthesis of the precursors used 
for the coating layer [26–29].

3.2. Characterisation of sPASP coatings

The composition of the sPASP coatings is delineated in Fig. 1 A, 
employing a strategy where a PDA intermediary layer was included and 
crucial for reinforcing the interface between the sPASP coating and the 
PET substrate. In particular, PASP was covalently linked to PDA-coated 
PET surface and simultaneously sulfated by a sulfating agent AHS. This 
is a one-pot reaction mediated by EDC coupling reaction. The resultant 
surface was named sPASP. Different contents of AHS were used to adjust 
the sulfation degree of PASP (0%, 10%, 20%, 40%, 60%, 80% input 
molar ratio of AHS:PASP monomer). The ratios of reactants were 
detailed in Table S1 and the resultant coatings were denoted as PASP, 
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sPASP10, sPASP20, sPASP40, sPASP60, sPASP80, respectively. The 
intrinsic sulfation and highly negative net charge of sPASP coatings were 
designed to maintain biocompatibility at the surface, effectively 
reducing biomolecule adhesion and diminishing blood interaction. 
Furthermore, the incorporation of a sulfation sequence along the sPASP 
polymer backbone was inspired by the characteristic structural features 
of heparin or heparan sulfate, which motivated the introduction of 
sulfate groups into PASP. This modification aimed to enhance anti
thrombin activity and consequently reduce the thrombogenicity of 
foreign surfaces upon contact with blood.

We performed a comprehensive analysis of these surface coatings, 
including chemical, morphological, and physical characterisations. In 
this context, techniques such as FTIR and XPS spectroscopy are invalu
able for elucidating the molecular composition and surface reactivity of 
these coatings. As depicted in Fig. 1B, all samples displayed peak pat
terns consistent with the base PET substrate, but with decreased in
tensity as the sulfation level increased. Moreover, there was a noticeable 
increase in absorption intensity around 3350 cm− 1, suggesting the 
presence of O–H and N–H bonds in the PDA coatings. For the sPASP 
coatings, a significant overlapping absorption near 1670 cm− 1 was 
evident, which can be attributed to the amide I and II bands of PASP, a 
feature distinguishing it from the PDA. Additionally, the emergence of a 

doublet at 1460 and 1410 cm− 1, corresponding to the O–H bending and 
S––O stretching vibrations, was indicative of the carboxyl and sulfate 
groups in the PASP and sPASP coatings. This aspect underscores the 
successful integration of the sPASP onto the PDA-modified PET surface. 
These spectroscopic observations preliminarily confirm the presence of 
the sPASP hydrogel coatings on the PDA surface.

The XPS analysis shown in Fig. 2C and D identified carbon and ox
ygen as the primary elements on the PET substrate, while the intro
duction of the sPASP coating was marked by the emergence of nitrogen 
(N1s) and sulfur (S2p) peaks. The N1s peak, characteristic of the amide 
groups in sPASP, displayed prominently at around 400.5 eV. Deconvo
lution of the N1s peak showed that the PDA nitrogen signal mainly 
appeared at 401.7 eV, a range associated with higher-level amines, 
indicating a greater presence of free amine groups or cyclised indole- 
type structures. In contrast, the N1s peaks of the PASP and sPASP shif
ted towards lower binding energies at around 400.3 eV, suggesting the 
formation of amide groups following the introduction of the poly(amino 
acid) [41]. At the same time, the proportion of free amino groups tended 
to decrease. Moreover, the distinctive S2p peak appeared at 168.0 eV, 
confirming the presence of sulfate groups. However, the elemental 
analysis presented in Table 1 revealed a discrepancy in sulfur content. 
While the sulfur content increased gradually from 0% in PASP to 1.18% 

Fig. 1. Chemical characterisation of PET, PDA, and sPASP coatings. (A) Illustration of sPASP coating via PDA adhesive layer on PET surface and its surface anti
coagulant and antibacterial capabilities. (B) FTIR spectra. (C) X-ray photoelectron spectroscopy survey scans, and (D) high-resolution spectra of N1s and S2p of PDA, 
sPASP coatings.
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in sPASP40, there was a notable decline in sPASP60, continuing to 
decrease to 0.39% in sPASP80. This reduction contrasted with the trend 
in N1s intensity, indicating a reduced coverage of sPASP and the 
resulting exposure of the underlying amino-rich PDA substrate. This 

likely arises from competitive kinetics between the PASP backbone, 
AHS, and PDA. Because of its low molecular weight, AHS reacts more 
quickly with the carboxyl groups on the PASP chains. In contrast, 
higher-molecular-weight PASP interacts less effectively with the PDA 
surface, resulting in lower coating density as more AHS is added, and 
thus lower sulfur content. Nonetheless, these findings still highlight the 
formation of a thin sPASP layer, supported by the highly reactive PDA 
coating on the PET substrate.

3.3. Surface characteristics of sPASP coatings

Physical surface properties are pivotal in mediating the interactions 
of biomaterials with their biological environments, affecting cell adhe
sion, proliferation, and overall biocompatibility. The surface 
morphology of sPASP coatings was thoroughly analysed using SEM and 
AFM. As shown in Fig. 2 A and S2, the uncoated PET surface is char
acterised by its smoothness, with an average roughness (Rq) around 11.5 

Fig. 2. Surface characteristics of sPASP coatings. (A) Representative images taken by SEM and AFM patterns, (B) roughness and (C) thickness parameters of plain 
PET, PDA, sPASP surface coatings. (D) Comparison of functional groups including negative- and positive-charged groups evaluated by TBO and AO II assay, 
respectively. (E) Photos of water droplets on (i) pristine PET, (ii) PASP, (iii) sPASP40, and (iv) sPASP80. (F) Measurement of contact angles using different liquids: 
DIW, DIM, and DMF. (G) Liquid surface tension and its components (polar and dispersive components) compared to WCA, indicating the lower contact angle the 
higher surface energy of surfaces.

Table 1 
Atomic concentrations of sPASP coatings from XPS survey scans

Elements (atom %)

C1s N1s O1s S2p

PDA 73.65 8.83 17.52 0
PASP 69.65 7.04 23.32 0
sPASP10 69.72 4.94 24.95 0.38
sPASP20 69.24 4.81 25.03 0.92
sPASP40 69.12 3.17 26.54 1.18
sPASP60 69.53 7.03 23.01 0.42
sPASP80 69.36 7.25 22.99 0.39
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± 1.1 nm (Fig. 2B). In contrast, the PDA-coated PET surface showed a 
distinct topographical change due to PDA self-polymerisation, resulting 
in a granular pattern made of PDA particles. After sPASP coating, a 
significant escalation in surface roughness was observed, although no 
discernible visual change was apparent in PASP, sPASP10, and sPASP20, 
with respective Rq values of 37.2 ± 5.1 nm, 42.0 ± 2.4 nm, and 41.3 ±
0.9 nm, respectively. This increase in roughness is indicative of the 
polymer fibres being superposed onto the granular layer of PDA. Inter
estingly, with augmented sulfation, the roughness notably diminished 
for sPASP40, sPASP60, and sPASP80, as evident in the SEM and AFM 
images (Fig. 2 A and S2). Correlating these findings with the coating 
thickness measurements (Fig. 2C), the PDA layer exhibited a thickness of 
22.7 ± 1.7 nm. In contrast, coatings incorporating PASP and sPASPs 
showed a marked increase in thickness, with sPASP40 reaching a 
maximum of 44.0 ± 1.4 nm. This significant increase compared to the 
PDA layer highlights the effectiveness of the sPASP coating process.

The observed variation in roughness across the sPASP coatings can 
be attributed to the competitiveness of two primary reactions during the 
coating process: (1) the conjugation of PASP to the PDA layer and (2) the 
conjugation of AHS to the PASP structure. Given that one-pot synthesis 
combines all reactants at once, both reactions are plausible. At lower 
AHS concentrations, PASP molecules are more likely to react with the 
amino groups on PDA, leading to an accumulation of PASP and sPASP 
chains on the PDA granules and thus, an increase in the roughness of 
PASP, sPASP10, and sPASP20. Conversely, at higher AHS concentra
tions, AHS molecules, due to their smaller molecular weight, competi
tively react with the PASP chains first. This results in a reduction of 
active functional groups (carboxyl) on the polymer chain, and thereby a 
more controlled and even deposition and attachment of polymer chains 
onto the PDA. This suggests that sPASP coatings with higher sulfation 
degrees are likely to facilitate more regulated interactions due to their 
lower roughness, potentially minimising trigger and degradation of 
blood components, particularly proteins and platelets. The enhanced 
thickness of the sPASP coatings further suggests a heightened biological 
activity associated with these coatings.

The biological efficacy of synthetic sulfated polymers is notably 
influenced by their degree of sulfation, as well as the presence and 
density of surface functional groups, which play a vital role in their 
interactions with blood components and cellular compatibility. Conse
quently, the quantification of functional group densities, such as 
carboxyl, sulfate, and amino groups, was carried out employing staining 
methods using TBO for negatively charged groups and AO II for posi
tively charged groups. According to the results presented in Fig. 2D, 
compared to negative-charge groups, the content of primary or sec
ondary amino groups across all coatings was low. PDA coating exhibited 
the highest amino group density, measured at 7.1 ± 0.6 nmol⸱cm− 2. All 
sPASP coatings exhibited similar amino group density, approximately 
4.5 nmol⸱cm− 2, which was much lower than PDA coating. This is 
probably due to the conjugation of PASP to PDA which reduced the 
number of primary amine groups. The data further demonstrated the 
successful conjugation of PASP to PDA. Regarding negatively charged 
groups (Fig. 2D), both PET and PDA surfaces exhibited minimal density 
of these groups. In comparison, the PASP and sPASP coatings displayed a 
substantial increase in the density of negatively charged groups, 
corroborating the success of the coating process. An intriguing correla
tion was observed with surface roughness, wherein the functional group 
density peaked at 116.8 ± 1.6 nmol⸱cm− 2 for sPASP40 and then declined 
to 83.2 ± 2.5 nmol⸱cm− 2 for sPASP80.

Relative to the PDA-coated sample, PASP- and all sPASP-coated 
surfaces exhibited a reduced surface amino content due to the conju
gation of PDA amino groups with PASP carboxyl groups, with an 
average of 36.2% of amine groups conjugated along the PASP chain. 
This consistency indicates that carboxyl conjugation did not change 
significantly across PASP and sPASP coatings. Thus, the variations 
observed in the TBO-assay results, particularly the increased negative 

charge of sPASP20 and sPASP40 relative to PASP, stem from an increase 
in the sulfate group content. This confirms successful sulfation, with the 
sulfation efficiency reaching an optimum at 40% AHS relative to suc
cinimide units (sPASP40). However, further increases in AHS concen
tration led to a decrease in negative charge groups. This trend can be 
explained by the competitive reactions during the coating process 
among PASP backbone, AHS, and PDA. Due to its low molecular weight, 
AHS exhibited a faster reaction rate with the carboxyl groups along the 
PASP backbone. This reduced the reactivity of PASP towards PDA due to 
a decrease in available carboxyl groups, which in turn led to a lower 
coating density as the AHS content increased. Additionally, the 
increased sulfate group content enhanced electrostatic repulsion, further 
contributing to the reduced coating density. The reduced coating density 
corresponded to fewer sPASP molecules on the surface, resulting in a 
lower negative charge (less sulfate groups) compared with the sPASP40 
sample.

In addition to the aforementioned surface and physical attributes, 
surface wettability emerges as a crucial characteristic in the realm of 
biological coatings. Hydrophilic surfaces are capable of forming a hy
dration layer, acting as a barrier to minimise undesirable interactions 
with blood components [35,42]. Consequently, we assessed the hydro
philicity and computed the surface energy of each sPASP coating. Pri
marily, WCA serves as an appropriate metric for evaluating surface 
wettability. As depicted in Fig. 2E and F, the PET substrate, charac
terised by its aromatic ring and dimethylene block composition, 
exhibited a notably high WCA of 79.90 ± 0.15◦, bordering on hydro
phobicity. The application of PDA and subsequent sPASP coatings 
resulted in a significant decrease in WCA, indicative of enhanced 
wettability and increased surface energy. Notably, sPASP40 demon
strated the lowest WCA at 36.96 ± 0.71◦, aligning with expectations 
given the abundance of active functional groups, such as catechol and 
amino in PDA, and carboxyl, sulfate, and amide linkages in sPASP 
coatings. These groups facilitate hydrogen and ionic bonding with water 
molecules during hydration, leading to improved antifouling properties 
compared to the uncoated PET surfaces. Moreover, to ascertain the SFE 
of the coatings, contact angle measurements were also performed with 
solvents such as DIM and DMF, as represented in Figs. 2F and S3. The use 
of water and DIM, representing polar and dispersive solvents respec
tively, aids in accurately determining surface tension, while DMF serves 
to validate the accuracy of these measurements, as evidenced in 
Table S2. Fig. 2G demonstrates that there exists a strong correlation 
between surface energy and WCA; a lower WCA correlates with higher 
SFE, and vice versa. The determination of both contact angle and SFE is 
integral to the analysis of coating materials. Furthermore, SFE is a key 
driver between materials and biological interaction.

3.4. Biocompatibility of sPASP coatings

Biocompatibility, particularly interaction with cells, blood compo
nents, and immune system, is highly important in biomedical applica
tions. This ensures that the materials do not induce adverse reactions 
such as inflammation, cytotoxicity, or haemolysis which could 
compromise their efficacy and patient safety. For blood-contacting im
plants or devices like stents or catheters, maintaining erythrocyte 
integrity and avoiding haemolysis is crucial to prevent anaemia or 
adverse thrombosis. In this study, the erythrolytic potential of various 
surface coatings was assessed through their exposure to a RBCs sus
pension, followed by incubation at 37 ◦C for 24 h. Triton X-100 was used 
to induce RBC lysis and thus served as a positive control, while PBS was 
employed as a negative control. As shown in Fig. 3 A, all coatings did not 
significantly lyse RBCs with haemolysis percentages were all below 5%, 
a threshold generally considered acceptable in clinical evaluations 
concerning erythrolytic activity. Notably, PASP, sPASP10, sPASP20 and 
sPASP40 were slightly better than PET, PDA, sPASP60, and sPASP80 in 
terms of haemocompatibility. This can be attributed to certain surface 
functionalities known to disrupt red blood cells. These include 
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hydrophobic properties and positively charged surfaces, both of which 
can compromise the integrity of RBC membranes. Hydrophobic in
teractions may destabilise the phospholipid bilayer of RBCs, and sur
faces with positive charges can interfere with the negatively charged 
membranes, leading to haemolysis.

Assessing cell viability upon contacting surface coatings is crucial in 
biomedical applications, as it indicates whether the surface is non-toxic 
and compatible with living cells. High cell viability suggests that the 

coating supports or at least does not adversely affect key cellular func
tions like growth, attachment, and proliferation. In blood-contacting 
devices such as blood tubing, material compatibility with endothelial 
cells must be evaluated, as these cells constitute the monolayer lining 
the interior of blood vessels and are thus frequently in contact with such 
devices. Additionally, macrophages play a significant role in interacting 
with foreign materials introduced into the body. Consequently, 
SVEC4–10 endothelial cells and RAW 264.7 macrophages were selected 

Fig. 3. Evaluation of biocompatibility and SVEC4–10 cell adhesion on sPASP coatings. (A) Quantitative analysis of haemolysis percentage upon contact with sPASP 
coatings and inset representation of the experimental results (in sequential order from left to right). (B) Measurement of ROS level induced in macrophages following 
co-culture with sPASP coatings. (C) Cell viability assessment using PrestoBlue reagent for SVEC4–10 endothelial cells and RAW 264.7 macrophages exposed to 
surface coatings over 24 h. (D) Evaluation of SVEC4–10 adhesion on sPASP coatings using LIVE/DEAD staining after 24 h. (E) fluorescence imaging live cell adhesion.
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as representative cell types for assessing cytocompatibility. As depicted 
in Fig. 3C, both cell types exhibited high viability, above 80%, after a 24- 
h culture period directly on the surface of the tested coatings, under
scoring their compatibility with cellular components. Similarly, mini
mising ROS induction is vital to prevent oxidative damage to 
surrounding tissues, which can lead to chronic inflammation or even 
failure of the implant. Furthermore, inflammation triggers blood clot
ting as a protective mechanism, in which the inflammatory response 
activates platelets and the coagulation cascade to form clots. DCFDA was 
employed to evaluate the redox state of macrophages cultured in the 
presence of different sPASP coatings. The findings (Fig. 3B) indicate that 
the coating with PDA, a material renowned for its high biocompatibility, 
resulted in a significant reduction in ROS production. Specifically, the 
ROS levels in cells cultured on PDA-coated PET surface were measured 
at 11.8 ± 0.6 relative fluorescence units (RFU) × 104, compared to 15.9 
± 0.2 RFU × 104 on pristine PET surface. Similarly, the sPASP coatings 
demonstrated efficacious ROS reduction, with the lowest ROS levels 
observed at 10.4 ± 0.4 RFU × 104 for the PASP coating. It was observed 
that all sPASP-coated surfaces exhibited lower ROS production by 
macrophages compared to the PDA surface, indicating a potential for 
reduced oxidative stress in a biological context.

Cell adhesion is crucial for the long-term performance of blood- 
contacting medical devices. Adequate cell adhesion promotes endothe
lialisation, a process where endothelial cells cover the device surface, 
forming a biocompatible interface that mimics the natural lining of 
blood vessels. This endothelial layer is essential for preventing further 
complications such as thrombosis, inflammation, and immune re
sponses, thereby enhancing the device's longevity and functionality in 
the body [16,43]. In this study, SVEC4–10 cells were seeded on top of 
coating layers, cultured for 24 h and washed thorough with fresh media. 
The adhesion of endothelial cells was visualised by staining cells with 
LIVE/DEAD reagents. As shown in Fig. 3E and S4 while some cell 
adhesion was observed on unmodified PET substrates, the cells often 
appear unhealthy and tend to adopt a spherical morphology (as shown 
in insets of Fig. 3E), indicating suboptimal conditions. In addition, the 
percentage of viable cells (Fig. 3D) was notably higher on coated sur
faces, indicating enhanced biocompatibility and improved cell adhesion. 
Among the tested surfaces, sPASP40 exhibited a statistically significant 
enhancement in cell attachment, reaching 80.6 ± 0.9%, whereas the 
unmodified PET surface showed a lower viability of only 74.1 ± 1.5%. 
The results highlighted a marked improvement in cellular health, as 
evidenced by the presence of elongated and relaxed morphologies, 
which are characteristic of more favourable interactions between the 
endothelial cells and the coating. Enhanced adhesion of endothelial cells 
on these surfaces also suggested the potential for promoting neo
endothelialisation, thereby facilitating more rapid integration of coated 
implants into host tissue while minimising adverse physiological 
responses.

3.5. Anti-biofouling performance of sPASP coatings

Anti-biofouling properties are essential to prevent surface-induced 
thrombosis because they minimise the accumulation of proteins, cells, 
and other biological materials on the surface of medical devices [1,44]. 
This accumulation can activate the coagulation cascade and platelets, 
leading to blood clot formation [45,46]. Anti-biofouling surfaces help 
maintain a clean interface that resists such undesirable adhesions, 
thereby reducing the risk of thrombosis [1,32]. In the context of blood- 
contacting implants, the initial non-specific adsorption of proteins upon 
exposure to blood plays a pivotal role in triggering thrombosis, poten
tially leading to implant failure [22,47]. This study utilised BSA and FBG 
as representative protein models, given their significant influence on 
blood coagulation. BSA is recognised for its anticoagulant properties, 
whereas FBG is known to activate platelets, initiate the coagulation 
cascade, and facilitate thrombosis upon adsorption [48]. Additionally, 
10% PPP was employed to mimic the interaction between serum plasma 

and the implant surface. Uncoated PET substrates exhibited consider
able protein adsorption in all experiments (Fig. 4 A). Similarly, PDA 
coating demonstrated a substantial capacity for protein adsorption, with 
FBG adsorption recorded at 30.03 ± 1.05 μg⸱cm− 2 and BSA adsorption at 
39.56 ± 1.45 μg⸱cm− 2. This propensity can be attributed to the fact that 
both proteins possess an isoelectric point (pI) of approximately 5.5, 
causing them to bear a negative charge at physiological pH. The surface 
roughness and increased area of the PDA granular surface further 
enhance the potential for protein binding. In contrast, sPASP coatings 
exhibited a reduction in protein adsorption up to two-fold compared to 
bare PET and PDA surfaces. This decrease in adsorption across all three 
protein models suggests a correlation between anti-fouling properties 
and surface free energy, particularly concerning wettability and the 
solvation of sPASP via hydrogen bonding and ionic solvation. The results 
were regarded as somewhat superior to those previously reported for 
sulfated alginate-based coatings [19]. However, it is important to 
acknowledge that this comparison remains indicative, owing to varia
tions in experimental conditions and the nature of the substrates 
employed for coating.

Given the critical role of platelets in the coagulation cascade, their 
adhesion capacity on these surfaces was also assessed. As depicted in 
Fig. 4D and S5 the uncoated PET surface was extensively populated with 
platelets, in contrast, significantly fewer platelets adhered to the sur
faces of sPASP coatings. For quantitative evaluation, platelets adhering 
to the surface were stained using DiOC6, emitting a green fluorescence, 
and analysed through two complementary methodologies to ensure 
correlation and accuracy: (1) measuring the FI attributed to the DiOC6 
dye on the adhered platelets (Fig. 4B), and (2) counting the adherent 
platelets using a fluorescence microscope across four randomly selected 
fields (Fig. 4C). The outcomes derived from both analytical approaches 
were in agreement, consistently indicating that the sPASP40 sample 
exhibited superior antiplatelet properties. Accordingly, the morphology 
of platelets adhering to the PET surface and to sPASP40 was further 
examined using SEM, as shown in Fig. S6. The platelets on PET typically 
displayed a rounded form with surface projections resembling pseudo
pods and filopodia. In contrast, the sPASP40 coating showed markedly 
fewer adhered platelets, which largely retained their smooth, flat, disc- 
like appearance, indicating an absence of activation when compared 
with PET. These findings not only validate the effectiveness of these 
specific coatings in mitigating platelet adhesion but also underscore the 
robustness of the employed quantitative techniques in assessing the anti- 
thrombogenic potential of biomaterial surfaces.

3.6. Antithrombogenicity of sPASP coatings

The anticoagulant efficacy of the sPASP coatings was assessed 
through measurements of APTT and TT. APTT is widely recognised as a 
crucial diagnostic tool for evaluating the performance of the intrinsic 
coagulation pathway, offering insights into the function of several 
clotting factors. TT, on the other hand, is instrumental in assessing the 
activity of fibrinolytic systems, particularly focusing on the conversion 
of fibrinogen to fibrin by thrombin. As depicted in Fig. 4E, the APTT 
value for pristine PET was 44.0 ± 2.2 s, whereas for the sPASP-coated 
surfaces, particularly the sPASP40 variant, a notable prolongation in 
APTT was observed, reaching 140.3 ± 3.4 s, which is also more pro
longed compared to sulfated alginate coatings [19]. This extension in 
coagulation time is indicative of a delay in the intrinsic pathway's clot 
formation process.

In the TT assay (Fig. 4F), pristine PET demonstrated the quickest clot 
formation at 23.3 ± 2.1 s. The TT value for sPASP-coated surfaces 
extended significantly, recorded at 62.3 ± 2.1 s for sPASP40 coatings. 
This result indicated that a higher coating density, and more specifically 
an increased presence of functional groups, especially sulfate groups, 
contributed to enhanced surface anticoagulant performance. While the 
TT values observed in sPASP60 and sPASP80 exhibited a slight decrease 
relative to sPASP40, the capacity for delaying coagulation remained 
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markedly effective. This suggests that, despite their comparatively lesser 
anti-biofouling proficiency, coatings with higher sulfate content, such as 
sPASP60 and sPASP80, may possess enhanced capabilities to activate 
antithrombin. This activation plays a crucial role in moderating the 
action of thrombin in the conversion of fibrinogen to fibrin, a key pro
cess in the coagulation cascade [1]. The elevated sulfate levels in these 
coatings could thus be a contributing factor to their pronounced anti
coagulant properties, indicating their potential utility in applications 
where mitigating thrombogenic responses is critical.

To elucidate the sulfation-dependent antithrombin activation prop
erties of sPASP coatings, the thrombin generation assay is employed, 
offering an in-depth perspective on both the initiation and propagation 
phases of thrombin formation. As illustrated in Fig. 4G, uncoated PET 
samples exhibited the highest thrombin production, with a value of 4.52 
± 0.10 RFU × 104. Conversely, sPASP coatings demonstrated a capacity 
to delay thrombin formation, yielding around 3.50 RFU × 104. Notably, 
sPASP20 and sPASP40 emerged as particularly effective variants, 
significantly inhibiting thrombin formation with fluorescence absor
bance values recorded at 2.67 ± 0.11 and 1.41 ± 0.02 RFU × 104, 
respectively. This indicates a substantial modulation of thrombin pro
duction by these coatings. For sPASP60 and sPASP80, although the 
reduction in thrombin levels was less pronounced, at 3.17 ± 0.12 and 
3.27 ± 0.13 RFU × 104 respectively. This finding suggests that the 

sulfation level on the sPASP surface coatings plays a pivotal role in the 
antithrombin process. However, it is also observed that as the degree of 
sulfation increases, leading to a lower polymer density, there is a cor
responding decrease in anticoagulant efficacy. These results collectively 
underscore the impact of sulfate content and polymer density of sPASP 
coatings on their antithrombogenic properties, highlighting the intricate 
balance required in optimising such coatings for clinical applications.

3.7. Stability of sPASP coatings

In this investigation, the durability of sPASP surface coatings was 
evaluated through analyses of WCA and functional density post- 
treatment with PBS, PPP, and ultrasound. Selected for this study were 
PASP, sPASP40, and sPASP80. Initially, these coatings were immersed in 
PBS (Fig. 5 A), which mimics physiological conditions. After a 14-day 
period, a noticeable decline in functional density was recorded for all 
samples: PASP to 66.3 ± 5.0%, sPASP40 to 52.4 ± 2.3%, and sPASP80 
to 45.7 ± 4.6%. Correspondingly, the WCA of these surfaces increased, 
reaching values of 65.2 ± 1.6◦, 58.8 ± 3.2◦, and 66.7 ± 4.1◦, 
respectively.

When subjected to immersion in PPP, a drastic reduction in func
tional density was observed for sPASP40 and sPASP80, plummeting to 
28.9 ± 2.6% and 32.2 ± 4.3%, respectively, while PASP exhibited a 

Fig. 4. Evaluation of protein adsorption, platelet adhesion, and antithrombogenic properties of sPASP coatings. (A) Analysis of protein adsorption employing FBG, 
BSA, and 10% PPP as model protein systems. (B) Quantification of platelet adhesion on sPASP coatings, determined via FI measurements of DiOC6-stained platelets. 
(C) Counting of bound platelets at four random microscopic fields. (D) Visualisation of platelet adhesion captured by fluorescence microscopy and SEM. Assessment 
of coagulation times: (E) APTT and (F) TT. (G) Measurement of thrombin generation levels following a 2-h incubation period in PPP.
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marginal decrease to 61.2 ± 5.3%. The WCA of these surfaces also 
significantly increased compared to their response in PBS, indicative of 
the harsher conditions in the PPP environment, rich in proteins and 
enzymes (Fig. 5B), which may accelerate the decomposition of sPASP 
coatings. Notably, the durability of coatings like sPASP80 was adversely 
affected. As previously demonstrated, increasing the degree of sulfation 
resulted in a lower polymer coating density, which consequently led to 
reduced coating stability. Conversely, PASP showed better endurance 
due to its non-competitive reaction with AHS, allowing for a higher 
binding density with the PDA adhesive layer. In terms of WCA, sPASP40 
and sPASP80, with higher sulfation levels, exhibited greater surface 
energy compared to PASP due to enhanced solvation of the sulfate 
groups. This is reflected in their maintained hydrophilicity despite a 
reduction in functional group density after 14 days.

The coating durability was further assessed under the influence of 
mechanical sound waves (Fig. 5C), revealing minimal impact on PASP 
and sPASP40, with functional group densities remaining substantial at 
68.9 ± 3.0% and 78.0 ± 2.4%, respectively. In contrast, sPASP80 dis
played less durability, with a functional group density of only 38.9 ±
0.5%, attributed to weaker bonding with the PDA layer. Similar trends 
were observed in WCA assessments for PASP, sPASP40, and sPASP80, 
with values of 66.2 ± 3.1◦, 55.7 ± 3.0◦, and 65.4 ± 2.7◦, respectively. 
These findings support the hypothesis that densities of bonding between 
sPASP and PDA are influenced by the competitive conjugation with AHS 
sulfating moieties. Although higher sulfation levels may enhance anti
coagulant properties, for the one-pot synthesis, sPASP40 emerges as the 
optimal variant in terms of overall properties. In summary, the 14-day 
biodegradation study ultimately showed that the coating retained its 
stability and integrity for only around seven days, after which a clear 

decline in durability was observed. This finding indicated that, for 
coatings prepared using sPASP, a short-term application would be more 
suitable than a long-term one in order to maintain the material's overall 
effectiveness.

3.8. Antibacterial adhesion of sPASP coatings

Additionally, the antibacterial properties of the sPASP coatings were 
evaluated, an essential aspect in biomimetic coatings for medical de
vices. E. coli and S. aureus anti-adhesion was tested using 0.01 mg⋅mL− 1 

kanamycin as a positive control, with PET serving as a baseline control. 
Coated surfaces were exposed to bacterial suspension, and bacterial 
viability was measured using alamarBlue reagent. It is noteworthy that 
the bacterial density used in this assessment was considerably higher 
than what is typically encountered in in vivo or clinical settings. 
Therefore, the findings presented below should be regarded as pre
liminary and supportive, rather than definitive in evaluating the anti
bacterial potential of sPASP as a coating for medical devices. According 
to Fig. 5D and E, PDA showed increased bacterial adhesion compared to 
PET, at 109.2 ± 2.5% for E. coli and 113.8 ± 5.8% for S. aureus, likely 
due to its positively charged functional groups enhancing bacterial cell 
membrane adhesion. Consistent with previous anti-biofouling studies, 
bacterial repulsion correlated with the SFE of each surface. sPASP40 
demonstrated the lowest E. coli adhesion level at 76.9 ± 4.3%. Mean
while, the sPASP60 sample exhibited the lowest S. aureus adhesion, 
recorded at 71.1 ± 3.2%, which was comparable to that of sPASP40 at 
71.8 ± 1.3%, showing only a marginal difference between the two 
coatings. The primary antibacterial mechanism proposed in this study 
was attributed to electrostatic repulsion between the negatively charged 

Fig. 5. Stability and antibacterial properties of sPASP coatings. Functional density and WCA of PASP, sPASP40, and sPASP80 in (A) PBS, (B) PPP, and (C) under 
sonication. Bacterial anti-adhesion performance of sPASP surfaces against (D) E. coli and (E) S. aureus.
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sPASP coatings and the phospholipid membranes of bacteria, combined 
with the repelling effect of the hydration layer formed by the hydro
philic polymer. Additionally, several other studies have suggested that 
sulfates may possess inherent antibacterial activity by disrupting bac
terial membrane integrity through interactions with the sulfate groups 
[49,50]. These findings indicated that the sPASP coatings exhibited a 
degree of antibacterial or anti-adhesive activity, although its perfor
mance remained limited and would require further improvement. 
Therefore, incorporating additional surface modifications using anti
microbial drugs, antimicrobial peptides, or other antibacterial nano
materials could further strengthen this property of the coating.

3.9. Antithrombogenicity of sPASP coatings under flow conditions

Following extensive analyses and optimisation efforts, Fig. S7 pro
vides a comprehensive overview of all attributes of different sPASP 
variants, articulated through a heat map. This graphical representation 
highlights that, within the scope of one-pot synthesis methodology for 
sPASP coatings, sPASP40 emerges as the most effective variant, meeting 
a wide array of criteria in preliminary in vitro assessments. Conse
quently, sPASP40 has been selected as the representative formulation 
for subsequent research endeavors.

It is pertinent to note that medical devices in contact with blood are 
typically subjected to dynamic blood flow conditions. Under such cir
cumstances, blood components exhibit heightened dynamism and a 
propensity for increased sensitivity to foreign materials. Factors such as 
shear stress and fluid dynamics critically influence cellular behaviour, 
rendering components like platelets more susceptible to reactivity. This 
increased reactivity amplifies the probability of interactions with 
foreign surfaces, potentially escalating risks of adhesion, activation, and 
thrombosis. Therefore, the assessment of biomaterials intended for use 
in blood-contacting devices necessitates a thorough understanding of 
these flow-induced sensitivities.

In light of these considerations, the performance of sPASP coatings 
was scrutinised using two prevalent in vitro models: Chandler loop and 
microfluidic device, as demonstrated in Fig. 6A and B. The findings, 
illustrated in Fig. 6C–H, reveal notable alterations in haemofactors 
post-experiment. Specifically, by assessing the whole blood after being 
perfused through the coated channels, a modest reduction in the three 
primary blood cell types (RBCs, platelets, leukocytes) was observed in 
comparison with the original figures in the control non-perfused blood, 
yet the counts remained substantially higher than in non-coated models, 
particularly for platelets and leukocytes. Under flow conditions, these 
cells exhibit increased sensitivity, likely adhering to the walls of the flow 
models, which could precipitate surface-induced thrombosis and in
flammatory reactions. Furthermore, assessments of haemoglobin levels 
and erythrocyte lysis rates indicated that sPASP40-coated samples offer 
enhanced blood compatibility, reducing the likelihood of surface- 
induced erythrocyte degradation. The anti-platelet adhesion capabil
ities were further substantiated using microfluidic devices with DiOC6- 
stained platelets. Uncoated surfaces exhibited significant platelet 
adherence, whereas sPASP40-coated surfaces showed minimal platelet 
attachment, as shown in Fig. 6I and J. In addition, the HEP sample used 
for comparison with sPASP in the microfluidic model after 3 h produced 
a similarly low signal (Fig. S8), with a value of 9.2 ± 0.6 RFU × 104. This 
outcome suggested that sPASP exhibited a comparable potential to HEP 
in resisting platelet adhesion and supporting anticoagulant perfor
mance. This substantiates the potential use of sPASP coatings for bio
logical applications, underscoring their efficacy in preventing surface- 
induced coagulation both in vitro and potentially in vivo.

3.10. In vivo inflammatory response

Following subcutaneous implantation of both coated and uncoated 
surfaces, murine skin tissues were harvested for histological evaluation 
to assess inflammation associated with the presence of the implanted 

materials (Fig. 7A). Overall, the suture site on the mice remained stable 
after 7 days and exhibited no signs of abnormalities or inflammation, as 
illustrated in Fig. 7B. As shown in Fig. 7C, tissue surrounding the 
implanted surfaces exhibited fibrous encapsulation. Notably, this 
capsule layer appeared substantially thicker around plain PET surfaces 
in comparison with those coated with sPASP. The formation of such 
fibrotic tissue is understood to act as a defensive mechanism against 
foreign bodies, whereby increased capsule thickness typically reflects a 
more pronounced inflammatory response and subsequent collagen fibre 
deposition to isolate incompatible materials from host tissues [3].

Representative histological images stained with H&E are presented 
in Fig. 7D, while the corresponding quantitative analysis of capsule 
thickness is shown in Fig. 7F. In the uncoated PET group, capsule 
thickness increased markedly and was consistent with macroscopic ob
servations. By contrast, the sPASP-coated surfaces exhibited a marginal 
increase in capsule thickness (11.7 ± 3.1 μm), which was statistically 
indistinguishable from that observed in healthy skin (11.3 ± 3.6 μm), 
suggesting minimal inflammatory encapsulation.

Furthermore, inflammatory cell density was substantially elevated in 
the PET-implanted tissues. High-magnification images (20×) revealed 
dense infiltration of inflammatory cells at the implant–tissue interface, 
with a leukocyte density of 121.9 ± 38.2 cells⋅mm− 2, as depicted in 
Fig. 7G. In contrast, the sPASP-coated group demonstrated significantly 
lower leukocyte infiltration (23.9 ± 11.1 cells⋅mm− 2), with no statisti
cally significant difference from the healthy control. These findings were 
summarised in the inflammatory reaction score (Fig. 7H), confirming a 
heightened inflammatory profile in PET surfaces due to increased im
mune cell migration and infiltration, whereas sPASP coatings elicited 
only a modest immune response.

The biocompatibility of the materials was further supported by the 
immunohistochemical evaluation of CD163, a well-established marker 
of M2-polarised macrophages, indicative of anti-inflammatory and pro- 
regenerative activity. As shown in Fig. 7E, CD163-positive cells (red 
fluorescence) were virtually absent in tissues surrounding the uncoated 
PET implants. Conversely, sPASP-coated surfaces exhibited clear M2 
polarisation as early as day 7 post-implantation, especially in regions 
beneath the fibrous capsule and along the smooth muscle layer stained 
with α-SMA (green fluorescence). Quantitative FI measurements of 
CD163 (Fig. 7I) confirmed this trend, with sPASP samples reaching 1255 
± 450.6 RFU, significantly higher than the PET group (575.2 ± 254.5 
RFU) and the untreated control. Collectively, these findings corroborate 
the in vivo biocompatibility of the sPASP coating. The demonstrated 
attenuation of localised inflammation and promotion of a regenerative 
immune profile underscore the suitability of this material for biomedical 
applications, particularly for surface coatings in blood-contacting de
vices, where suppression of immune-triggered coagulation is crucial.

4. Conclusion

This study was based on the hypothesis that the introduction of 
sulfate groups into poly(aspartic acid) (PASP) would enhance antico
agulant and antibacterial properties at the material–blood interface, 
thus addressing key limitations of blood-contacting medical devices. The 
research aimed to develop a biomimetic coating through a one-pot 
modification strategy, using PASP as a biodegradable backbone, to 
achieve a multifunctional material capable of reducing thrombosis, 
microbial adhesion, and inflammation. Among the different variants, 
the sPASP40 formulation, incorporating 40% sulfation, emerged as the 
most outstanding, demonstrating a superior balance between coating 
stability and biological activity. Specifically, sPASP40 coatings exhibi
ted significantly enhanced haemocompatibility, as evidenced by the 
reduction in non-specific protein adsorption, decreased platelet adhe
sion both in static and dynamic flow models, and marked prolongation 
of APTT and TT. Moreover, thrombin generation assays confirmed the 
effective suppression of thrombin activity, validating the anticoagulant 
performance of the material. Importantly, sPASP coatings induced 
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Fig. 6. In vitro antithrombogenic assessment under flow using (A) Chandler loop and (B) microfluidic device models. Analyses six haemofactors pre- and post- 
operation: (C) erythrocyte, (D) platelet, (E) leukocyte counts; (F) haematocrit; (G) haemoglobin; (H) haemolysis. (I) Representative images of DiOC6-stained 
platelet binding on sPASP-coated and non-coated microfluidic devices, illustrating antiplatelet effects and (J) platelet density counted accordingly.
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minimal immune activation, with low haemolysis rates, reduced ROS 
production in macrophages, and favourable cytocompatibility towards 
both endothelial cells and macrophages. These results were further 
corroborated in vivo, where sPASP40 coatings elicited minimal inflam
matory responses following subcutaneous implantation, as demon
strated by reduced capsule thickness, lower leukocyte density, and a 
shift towards M2 macrophage polarisation. In addition to its haemo
compatibility, sPASP40 also demonstrated moderate antibacterial 
properties against E. coli and S. aureus adhesion and satisfactory chem
ical and mechanical durability in PBS, blood plasma, and under ultra
sonic conditions. The results clearly indicate that sPASP holds 
comparable potential to other coating materials based on heparin or 
heparin-mimicking polysaccharides. The data consistently highlighted 
enhanced blood compatibility and overall surface functionality, indi
cating that sPASP holds a notable advantage over conventional 
polysaccharide-based coatings across multiple evaluation parameters. 

These findings strongly support the overall success of the research hy
pothesis and objectives, establishing sPASP40 as a highly promising 
candidate for future biomedical coatings intended for blood-contacting 
devices.

However, some limitations must be acknowledged. While the anti- 
biofouling and anticoagulant properties were well demonstrated in 
vitro and in preliminary in vivo settings, the antimicrobial efficacy 
remained moderate, necessitating further enhancements to meet clinical 
demands. Additionally, long-term in vivo studies, particularly in blood- 
contacting environments such as vascular implants, are required to 
fully validate the functionality and durability of the coatings under 
physiological conditions. Future directions should focus on optimising 
the antimicrobial properties of sPASP by integrating complementary 
strategies, such as incorporating antimicrobial peptides or nitric oxide 
donors, without compromising its haemocompatibility. Besides, a more 
detailed comparison between the coating performance of sPASP and 

Fig. 7. Evaluation of the inflammatory response induced by subcutaneously implanted surface coatings in mice. (A) Illustration of subcutaneous implantation in the 
C57BL/6 mice model. Created in BioRender. Luu, C. (2025) https://BioRender.com/dcsoumi. (B) Suture site at the implantation site after 7 days. (C) Images of 
explanted plain PET and sPASP-coated samples following surgical retrieval. (D) Representative H&E-stained tissue images captured at 10× and 20× magnifications. 
Scale bars represent 200 μm and 100 μm, respectively. Observations included the presence of capsule layers (two-way arrows), inflammatory cells (one-way arrows), 
necrotic cells (triangular pointer), fibroblasts (Fb), multinucleated giant cells (GC), collagen fibres (CF), and blood vessels (BV). (E) Immunohistochemical staining 
results using α-SMA (green) and CD163 (blue) antibodies, counterstained with DAPI. Quantitative evaluations of (F) capsule thickness, (G) leukocyte density, (H) 
inflammation score, and (I) CD163 FI were obtained from stained tissue samples.
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heparan sulfate should be further elaborated to better illustrate the 
potential of sPASP as a viable alternative. Furthermore, tailoring the 
sulfation pattern along the PASP backbone, mimicking natural heparin 
more precisely, may yield a comparable anticoagulant activity and 
improved biostability. Scaling up the production and evaluating device- 
specific applications, such as vascular grafts and catheters, would be 
critical to advancing the translational potential of this promising 
material.
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Figure S1. Synthesis and characterisation of PSI and PASP polymers. (A) Overall reactions involved in PSI and 

PASP syntheses. (B) ATR-FTIR spectra of PSI and PASP. (C) ¹H NMR spectra of PSI and PASP. 

  



Table S1. Concentrations of reactants in sPASP coatings fabrication 

 PASP sPASP10 sPASP20 sPASP40 sPASP60 sPASP80 HEP 

PASP (mg·mL⁻¹) 2.0 2.0 2.0 2.0 2.0 2.0 2.0* 
EDC (mM) 6.3 8.3 10.4 14.6 18.8 22.9 14.6 
AHS (mM) 0.0 1.7 3.5 7.0 10.4 13.9 0.0 

*Heparin was used instead of PASP.  



 

Figure S2. SEM and AFM images of sPASP10, sPASP20, sPASP60.  



 

Figure S3. Contact angle measurements of plain PET, PDA, sPASP coatings with water, DIM, DMF, captured by a 

contact angle system (Attension® Theta Flex, Biolin Scientific AB, Sweden).  



Table S2. Assessment of contact angle and liquid surface tension across all surfaces. The SFE for each surface was 

calculated utilising the Fowkes theory, also referred to as the Owens-Wendt-Rabel-Kaelble (OWRK) model. This 

calculation was based on contact angle measurements with water and DIM. The precision of these calculations was 

audited by deriving the coefficient of determination (R²) from the regression line, which was aligned with the 

contact angle measurements using DMF 
 

Contact angle (°) Surface energy (mN⸱m⁻¹) 
R² 

H2O DIM DMF γd
S γp

S SFE 

PET 79.90 ± 0.15 34.94 ± 0.52 14.60 ± 0.12 0.49 ± 0.60 14.38 ± 2.85 14.87 ± 3.45 0.9928 ± 0.0059 

PDA 43.40 ± 0.44 28.94 ± 0.29 17.36 ± 0.28 2.32 ± 1.47 43.51 ± 0.93 45.83 ± 2.23 0.9871 ± 0.0047 

PASP 55.74 ± 0.06 36.59 ± 0.12 18.99 ± 0.08 15.67 ± 3.32 36.80 ± 3.03 52.47 ± 2.20 0.9946 ± 0.0033 

sPASP10 50.30 ± 0.67 28.10 ± 0.44 17.09 ± 0.10 4.15 ± 0.37 56.04 ± 1.82 60.20 ± 2.00 0.9930 ± 0.0057 

sPASP20 43.37 ± 0.22 27.02 ± 0.52 18.18 ± 0.41 4.78 ± 0.34 58.52 ± 2.61 63.30 ± 2.89 0.9965 ± 0.0018 

sPASP40 36.96 ± 0.71 21.78 ± 0.26 14.16 ± 0.23 3.74 ± 0.75 62.82 ± 1.44 66.57 ± 1.02 0.9925 ± 0.0088 

sPASP60 44.89 ± 0.29 27.44 ± 0.63 17.49 ± 0.37 4.72 ± 1.96 47.33 ± 2.02 52.05 ± 0.83 0.9954 ± 0.0058 

sPASP80 44.72 ± 0.35 29.17 ± 0.58 17.69 ± 0.69 4.94 ± 1.82 44.76 ± 2.82 49.70 ± 2.36 0.9948 ± 0.0031 

  



 

Figure S4. Fluorescence microscopic images of SVEC4-10 cell adhesion on sPASP10, sPASP20, and sPASP60 

surface coatings. The cells were visualised following staining with fluorescent dyes.  



 

Figure S5. Visualisation of platelet adhesion on sPASP10, sPASP20, and sPASP60 surfaces using fluorescence 

microscopy.  



 

Figure S6. Platelet adhesion on PET and sPASP40 samples observed by SEM. 

  



 

Figure S7. Summary of optimised results through surface property evaluations related to potential antithrombosis 

and antibacterial performance.  



Table S3. Setup paramaters used for antithrombosis evaluations under dynamic flow conditions for both Chandler 

loop and microfluidic device models. 

 Chandler loop Microfluidic device 

Inner diameter 5 mm – 

Length 50 cm 20 mm 

Flow rate 30 rpm 31 μL⸱min⁻¹ 
Shear rate ~500 s⁻¹ 1000 s⁻¹ 
Duration time 3 h 3 h 

  



 

Figure S8. Comparison of platelet resistance on microfluidic devices between PET, sPASP40, and HEP. (A) 

Stained images of platelets adhered to the respective surfaces. (B) FI values obtained from fluorescence staining. 
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