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Abstract 

Low-density lipoprotein (LDL) is the main carrier of blood cholesterol, with elevated levels of LDL 

increasing the risk of atherosclerosis. Blood purification therapy is an option for serious 

cardiovascular diseases and familial hyperlipidemia, and the therapeutic effect is largely determined 

by the LDL adsorbent used. In this study, a facile method is proposed to prepare LDL capture 

surfaces. Coatings rich in heparin were prepared by co-depositing heparin and dopamine. The mixed 

coatings were thoroughly characterized by X-ray photoelectron spectroscopy, ellipsometry, atomic 

force microscopy and water contact angle measurements. Protein adsorption was analyzed by 

surface plasmon resonance and quartz crystal microbalance with dissipation monitoring, the results 

indicate that the heparin-incorporated coatings have great adsorption capacity and selectivity for 

LDL. In addition, the mixed coatings exhibit favorable blood compatibility in platelet adhesion assay. 

The described polydopamine-assisted heparin deposition process is a simple and universal method 

for LDL adsorbent preparation.  

Keywords: polydopamine, low-density lipoprotein (LDL), heparin, selective adsorption 
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Introduction 

Cardiovascular disease, which is mainly caused by atherosclerosis, is a leading cause of mortality 

worldwide.1 Atherosclerosis is a complicated syndrome and the underlying pathogenesis has not 

been clarified completely yet. However, high levels of low-density lipoprotein (LDL) has always 

been regarded as the major risk factor of atherosclerosis although later research revealed that other 

factors such as oxidized low-density lipoprotein (oxLDL), lipoprotein(a) (LP(a)), apolipoprotein E4 

and its variants promote atherosclerosis as well.1-8 LDL is a type of lipoprotein with hydrated density 

of 1.019~1.063 mg/mL, and it transports ~70% of the total cholesterol in plasma.9 The accumulation 

of LDL particles in the intima of arteries is an important process in early atherosclerosis.10 Elevated 

levels of LDL are considered to be a major cause of atherosclerosis with LDL-lowering therapy 

shown to reduce the risk of coronary heart disease (CHD).11 A variety of LDL-lowering therapies 

can be used based on a person’s risk status. Generally, lifestyle changes and drug therapy are the 

most common LDL-lowering treatments.11 However, these methods do not always work well, 

especially for people suffering from severe hyperlipidemia and familial hypercholesterolemia (FH). 

FH is an inherited autosomal codominant disorder of lipoprotein metabolism characterized by very 

high LDL levels in the blood.12,13 LDL-apheresis (LDL-A) is a procedure considered when the 

above-mentioned therapies are inefficient. LDL-A is based on plasma exchange and can effectively 

and selectively remove LDL from blood. Currently, there are six LDL-A systems available 

worldwide, and four of these are based on the principle of adsorption: immunoadsorption, dextran 

sulfate adsorption (Liposorber LA-15 system), polyacrylate-coated polyacrylamide direct perfusion, 

and dextran sulfate direct perfusion (Liposorber D).14,15  
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A lot of basic research has been carried out on model surfaces to understand the mechanisms 

involved in LDL adsorption.16-23 Another main branch of research involves in the development of 

LDL adsorbents due to their important roles in LDL apheresis systems.24-38 Generally speaking, the 

choice of ligand and the preparation method are highly important factors in the manufacture of an 

effective adsorbent. Under physiological conditions, ligands that are rich in acidic groups have been 

extensively investigated, as electrostatic interactions between basic amino acid regions of 

apolipoprotein B-100 (apoB-100) in LDL, and negatively charged groups in LDL ligands, is the 

predominant force driving LDL adsorption.39 Heparin is a sulfated polysaccharide that can interact 

with a protein through the combination of ionic interactions, hydrogen bonding, and hydrophobic 

forces.40 Moreover, heparin has been proven to have specific interactions with LDL through seven 

binding-sites on apoB-100.41-43 For this reason, heparin is one of the most wildly used LDL 

ligands,24-31 although other ligands have also been investigated, such as antibodies,32-34 

cholesterol,35,36 and polyanions.37,38 To use heparin as the LDL ligand, various preparation methods 

have been investigated to immobilize heparin on substrates. Generally, materials containing 

hydrophilic functional groups such as Poly(vinyl alcohol) (PVA) are optimal substrates,25 otherwise 

the material surfaces first have to be activated. For example, polysulfone membranes can be 

activated with plasma treatment in atmospheric ammonia to generate amine,30 while graft 

polymerization of acrylic acid can be used to activate a polypropylene non-woven fabric 

membrane.31 Heparin is then covalently linked to the activated substrate with the aid of 

glutaraldehyde,24,25 toluence-2,4-diisocyanate,28 or 1-ethyl-3-(dimethyl-aminopropyl) carbodiimide 

hydrochloride.26,30 These chemical methods provide a stable linkage although the procedures are 

somewhat tedious. 
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Catecholic compound dopamine (DA), a mussel adhesive protein inspired molecule, can adhere to 

virtually any materials in an alkaline environment. Self-polymerization of dopamine has served as an 

important strategy for surface modification because of the ease in forming polydopamine (PDA) 

coating on a wide array of substrates.44,45 Inspired by this phenomenon, PDA-based methods have 

been introduced for heparin immobilization. One method involves depositing a layer of PDA onto 

the designated substrates followed by direct covalent coupling of heparin onto the reactive 

polydopamine layer.46,47 Another method, first conjugates heparin with dopamine, and then oxidizes 

the heparin conjugated dopamine to adhere to substrates.48-50 Compared to the traditional heparin 

immobilization strategies, these PDA-assisted methods are more convenient and universal. To 

further simplify the experimental protocol, one-step methods have been designed, where material 

surfaces can be functionalized directly by co-depositing dopamine with other chemicals.51-56 This 

one-pot immobilization method can be used to functionalize diverse surfaces without chemical 

reaction. At present, a wild range of chemicals like PEI,51 2-(Dimethylamino)ethyl methacrylate 

(DMAEMA),52 PEG,53 Poly(N-isopropylacrylamide),55 and dextran56 have been co-deposited with 

dopamine to produce functional surfaces. In the present work, we use this PDA-assisted 

co-deposition as a simple and versatile method to immobilize heparin on solid surfaces for LDL 

adsorption. Surfaces containing different amounts of heparin were easily prepared by regulating the 

concentration of heparin in the reaction mixture. The mixed coatings were analyzed using surface 

plasmon resonance (SPR) and a quartz crystal microbalance with dissipation monitoring (QCM-D) 

to test their adsorption capacity and selectivity for LDL. Additionally, blood biocompatibility was 

also examined using a platelet adhesion assay. 
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Experimental  

Materials  

Dopamine (DA) hydrochloride and heparin (Mw=6000-20000, 185 USP units/mg) were purchased 

from Aladdin Industrial Corporation (Shanghai, China). Low-density lipoprotein (LDL) and 

high-density lipoprotein (HDL) were provided by Millipore (Massachusetts, USA), human serum 

albumin (HSA) and tris(hydroxymethyl)aminomethane (Tris) were purchased from Amresco (Ohio, 

USA). Platelet rich plasma was provided by the Second Affiliated Hospital of Zhejiang University 

School of Medicine. All of the products were used as received. Commercial LDL was examined by 

dynamic light scattering (DLS) and aggregation was considered negligible (see supporting 

information Fig. S1 and Table S1). Ultrapure water (18.2 MΩ·cm) produced from the ELGA Classic 

UF system (Veolia Water Systems, France) was used throughout the experiment. 

Preparation of PDA/heparin mixed coatings  

Prior to the deposition of PDA/heparin coatings, the substrates (Si chips for ellipsometry, Au chips 

for other tests) were thoroughly cleaned to remove possible contaminants. The chips were first 

sonicated in acetone for 10 min followed by rinsing with deionized water. Afterwards, the substrates 

were treated with piranha solution (H2SO4:H2O2 = 7:3) for about 10 min (Au chips) or 30 min (Si 

chips). Finally, the chips were rinsed with copious amounts of deionized water and blown dry under 

argon before being immediately immersed in the different dopamine/heparin solutions. 

Specific amounts of dopamine and heparin were dissolved in 10 mM Tris-HCl buffer (5 mL, pH = 

8.5) separately. Equal volumes of dopamine and heparin solutions were then mixed to obtain the 

final concentrations. Dopamine was kept at 2 mg/mL among all the mixture solutions while heparin 

was 0, 2, 5 or 10 mg/mL in different samples, and the corresponding coating surfaces was named as 

PDA-Hep(0), PDA-Hep(2), PDA-Hep(5), PDA-Hep(10), respectively. Clean Au or Si chips were 
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immediately immersed in the mixture, which was shaken and then incubated at 25 °C for 4 h. The 

obtained coatings were thoroughly rinsed with water and ethanol alternatively three times, and 

finally blown dry under argon gas before being analyzed. 

Characterization of coated surfaces 

X-ray Photoelectron Spectroscopy  

X-ray photoelectron spectroscopy (XPS) was carried out on an RBD upgraded PHI-5000C ESCA 

system (Perkin Elmer, Massachusetts, USA) with Al Kα radiation (hν = 1486.6 eV). The X-ray 

anode was run at 250 W and the high voltage was kept at 14.0 kV with a detection angle of 54°. The 

base pressure of the analyzer chamber was ~5 × 10-8 Pa. The complete spectrum and narrow 

spectrum of all elements were both recorded with high resolution using an RBD 147 interface (RBD 

Enterprises, USA) with the AugerScan 3.21 software. Binding energies were calibrated by using the 

containment carbon (C 1s = 284.6 eV). 

Ellipsometry 

In the ellipsometry (ELM) experiment, silicon was used as the substrate. Thickness of the 

PDA/heparin coating was determined using variable-angle spectroscopic ellipsometry spectra 

collected on an MD-2000I spectroscopic ellipsometer (J. A. Woollam Co. Inc., Lincoln, NE, USA). 

The measurements were performed in air and in phosphate buffer (PBS, pH = 7.4, containing 137 

mM NaCl, 2.7 mM KCl, 1.4 mM KH2PO4, 4.3 mM Na2HPO4 ) respectively. The dried samples were 

measured at incident angles of 60°, 65° and 75° in the wavelength range 300~1700 nm. The samples 

immersed in PBS, however, were measured at a fixed incident angle of 75°. The thickness was 

calculated from the ellipsometric parameters using a Cauchy model.  

Atomic Force Microscopy  

Morphological features of the PDA/heparin coatings in air and in PBS solution were analyzed using 
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atomic force microscopy (AFM, PicoSPM2100, Molecular Imaging Corp., USA) at room 

temperature in contacting mode. All of the images were taken at a scanning speed of 2 Hz. The 

roughness (root-mean-squared, RMS) was analyzed from a 4.5 × 4.5 µm2 image using Gwyddion 

software. 

Static water contact angle  

Static water contact angle (WCA) measurements were performed by a CTS-200 contact angle 

system (MAIST Vision Inspection & Measurement CO. Ltd., Ningbo, China) at room temperature 

using the sessile drop method. In brief, a droplet of 2 µL ultrapure water was placed on the sample 

with a micro-syringe, and then digital images of the water droplet were recorded and the WCA was 

calculated with DropMeter software. Final results were the average of five independent 

measurements. 

Protein adsorption measurements 

SPR was used to test the LDL binding affinity of the PDA/heparin coatings. Firstly, 10 µg/mL single 

protein (LDL, HDL or HSA) solutions were used to test the adsorption capacity of the coatings. 

Secondly, HDL or HSA were mixed with LDL to examine the selectivity of the coatings. In the 

binary protein solutions, HDL or HSA were fixed at 10 µg/mL while LDL was either 10 or 30 

µg/mL. Despite of the competition of HDL or HSA, the adsorption would increase when LDL was 

increased from 10 µg/mL to 30 µg/mL, and the adsorption increment was regarded as an indicator of 

selectivity for LDL. All the SPR measurements were performed on a dual channel instrument 

(Reichert SR7000DC, Reichert Inc., Depew, NY, USA). The flow rate of the analyte solution and 

PBS through the flow cell was set to 30 µL/min. After the base line was steady, protein solution was 

injected and allowed to flow through the channel for 30 min. One channel was used for 
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measurements, while the other channel was used as a control to obtain the background noise from 

the machine and environment, which was subtracted from the measurements.   

Protein competitive adsorption was further monitored by QCM-D (Q-Sense E1 system, Biolin 

Scientific, Sweden). The sensor crystals used were 5 MHz, AT-cut, polished quartz discs (chips) 

with electrodes deposited on both sides (Q-Sense). In this procedure, HDL or HSA solution (10 

µg/mL) was first injected for 30 min, followed by flushing with PBS for another 30 min. 

Subsequently, LDL solution (10 µg/mL) was injected for a further 60 min to compete with the 

adsorbed protein. Finally, PBS was used to flush away any loosely bounded protein. The flow rate 

was maintained at 30 µL/min and the working temperature was fixed at 25 °C during all tests. 

Resonance frequency and dissipation shifts were simultaneously measured at the 3rd, 5th, 7th, 9th 

and 11th overtones, and the values reported in the results were measured at the chosen third 

harmonics. 

Platelet adhesion experiments 

Blood biocompatibility of the PDA/heparin mixed coatings were tested using a platelet adhesion 

essay. Platelet rich plasma was added (500 µL per well) to deposited gold chips in 24-well plates. 

After 30 min of incubation at 37 °C, the gold chips were gently rinsed with PBS several times. Then 

platelets adhered on the surface were fixed with 2.5 wt% glutaraldehyde in PBS for 30 min. Finally, 

the samples were washed with PBS and dehydrated with a series of ethanol/water mixtures of 

increasing ethanol concentration (40, 50, 60, 70, 80, 90 and 100 vol% ethanol) for 30 min at each 

concentration. The gold chips were air-dried, coated with gold and imaged by scanning electron 

microscopy (SEM, Hitachi S4800, Japan). 
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Results and discussion 

Characterization of coated surfaces 

XPS was used to investigate whether heparin was successfully incorporated into PDA coatings. 

Sulfur, which is not found in dopamine, is the characteristic element of heparin. The appearance of 

sulfur means that heparin has been mixed with polydopamine successfully. In the complete spectra 

(Fig. 1A), however, no S(2p) peak can be observed in the mixed coatings no matter what the heparin 

concentration was. Further, narrow high-resolution spectra of the region containing the S(2p) signal 

were recorded to confirm the success of co-deposition (Fig. 1B). Signals of S(2p) at 169.6 eV were 

observed in samples made from dopamine/heparin mixture solutions while no signal was detected in 

the PDA-Hep(0) sample. This confirms that heparin is successfully incorporated into the 

PDA/heparin coatings. The narrow spectra also clearly show that the intensity of S(2p) increases 

with the concentration of heparin in the solutions, hence the heparin content in the coating could be 

controlled by the composition of dopamine/heparin mixture solutions. Although the narrow 

high-resolution spectra have proved that heparin is successfully mixed in the PDA coatings, the 

amount of heparin incorporated seems to be low considering that there is not a visible S(2p) peak in 

the complete spectra. Similar results about heparin immobilization have been reported in some other 

work as well.46-49 Another phenomenon worthy of note is that the peak of Au also changed with the 

heparin concentration used. It is well known that the depth XPS can detect is limited (usually to less 

than 10 nm), therefore the change of Au content implies that the thickness of the coatings varied. 

--Fig. 1-- 

In order to gain a better understanding of the co-deposition process, ELM was used to figure out 

the exact thickness of the different coatings. In this experiment, silicon was used as the substrate to 

detect the coating’s thickness in PBS solution. The results in Fig. 2 indicate that the introduction of 
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heparin can decrease the thickness of PDA coating. PDA-Hep(0) in the air was as thick as 12.7 nm, 

which was in-line with previous results,44,57 but it fell to 2.7 nm immediately after 2 mg/mL heparin 

was added to the solution. Then the thickness returned with increasing heparin concentration, and the 

thickness of PDA-Hep(10) reached 10.7 nm. The thickness of the samples in PBS displayed a 

similar trend whereby it drops drastically before gradually going back. Compared with values of 

samples measured in air, however, all the wet samples were thicker and more swollen. Moreover, 

wet samples containing heparin displayed greater swelling and their thickness increased significantly. 

This may be attributed to embedded or interpenetrated heparin molecules, where these coiled 

macromolecules likely promoted the dilation of the packed PDA particles. 

--Fig. 2-- 

The process of protein adsorption involves the interaction between protein particles and interface 

surface morphology and chemical composition. The influence of heparin on the topography of the 

PDA/heparin coatings was investigated by AFM. The surface morphologies of different samples in 

PBS are shown in Fig. 3 and the calculated roughness are displayed in Table 1. Some large 

protrusions could be easily detected on sample PDA-Hep(0) and it had a rough surface. Dopamine 

and its oxidation products, such as 5,6-dihydroxyindole and 5,6-indolequinone have a strong 

tendency to form aggregates and black precipitation particles via covalent or non-covalent 

interactions.45 It would be reasonable to assume that coatings made from these large PDA particles 

has a rough surface. However, the roughness immediately fell from 10.7 nm to 5.8 nm when 2 

mg/mL heparin was added, with PDA-Hep(2) having a fairly smooth surface. The presence of 

heparin greatly influenced the behavior of the PDA particles. During the co-deposition process, the 

precipitation decreased and the color of the solution became lighter. A similar phenomenon has also 

been observed for some nonionic polymers.53,56 When mixed with dopamine solution, heparin 
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molecular chains are thought to be attracted to and trapped in PDA aggregates through ionic 

interactions and hydrogen bonding. Yet chain movements and electrostatic repulsion of the trapped 

heparin molecules prevents the approach of other dopamine oligomers, inhibiting formation of larger 

particles. Coatings packed with relatively small particles usually have a lesser degree of roughness 

when compared to coatings made from large particles. However, surface roughness increased when 

heparin concentration was further increased. A large quantity of protrusions can be found in 

PDA-Hep(5) and PDA-Hep(10), and more importantly, the protrusions were evenly distributed in 

contrast with PDA-Hep(0). The surface roughness of PDA-Hep(2), PDA-Hep(5) and PDA-Hep(10) 

increased with the increasing of heparin concentration. A relatively large number of heparin 

molecules were incorporated into PDA particles during the co-deposition process, some of these 

macromolecules were entirely embedded under the PDA coatings, while some macromolecules 

interpenetrated the coating, which means part of the molecule chain was trapped in the coating and 

other parts were exposed on the surface. While part of heparin molecules may anchor their chain end 

at the surface and worked like a brush molecule, which can also enhance roughness. When the 

coating samples were immersed in PBS solution, macromolecule chains that were buried in the 

coatings mainly contributed to the swelling behavior described above, while chains that were 

exposed on the surface altered the surface morphology. This effect was limited on sample 

PDA-Hep(2) because the quantity of heparin molecules that incorporated into the mixed coating was 

small, with the phenomena being magnified with increase heparin concentrations (PDA-Hep(0), 

PDA-Hep(10)). This presumption is supported by comparing the roughness of the samples measured 

in air and in PBS. The change in roughness followed the same trend in both air and PBS (AFM 

images measured in air are shown in supporting information Fig. S2). Sample PDA-Hep(0) and 

PDA-Hep(2) have greater roughness in PBS than in air, although the difference was relatively small, 
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and likely due to swelling. In contrast, PDA-Hep(5) and PDA-Hep(10) have much larger roughness 

in PBS than in air. PDA-Hep(10) had a roughness of 27.9 nm in PBS which is three times of the 

value in air. Moreover, the roughness was even higher than the thickness which means it could not 

be simply caused by swelling. For these reasons, we concluded that a large number of heparin 

molecules have been successfully immobilized on the coating surface, with more being immobilized 

the higher the heparin concentration.                   

--Fig. 3-- 

--Table 1-- 

The incorporation of heparin changed both the chemical composition and the surface morphology 

of the PDA coatings. WCA is a simple and effective indicator of surface properties, and is 

particularly important when protein adsorption phenomena are investigated. The water contact 

angles of the different PDA coated surfaces are shown in Fig. 4. The WCA of the PDA coating is 

around 34°, with the observed hydrophilicity attributable to the presences of hydrophilic groups, 

such as hydroxyl and amine groups. The WCA further decreased when heparin molecules were 

added to the surfaces, although the changes were small. As a sulfated polysaccharide, heparin has 

great hydrophilicity, too. Therefore, when heparin was incorporated to the hydrophilic PDA coating, 

the improvement of hydrophilicity was limited just like the previous reported results.46   

--Fig. 4-- 

Protein adsorption and analysis 

A basic requirement of blood purification is to remove undesirable substrates, yet retain beneficial 

substances. Although excess LDL is harmful, HDL is required for healthy physiological functions. 

HDL plays an important role in reverse cholesterol transport, which can remove excess cholesterol 

from peripheral tissue. Low HDL levels have been recognized as one of the major risk factors for 
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CHD.11. For the application of adsorbents, both the adsorption capacity and selectivity are important. 

SPR and QCM-D were used to measure the affinity of LDL for different coatings. In a typical SPR 

profile (supporting information Fig. S3), LDL had high adsorption values usually with a SPR 

response higher than 8100 µRIU. HDL displayed weaker adsorption, with a SPR response less than 

3500 µRIU. Compared with LDL and HDL, HSA showed the lowest adsorption rate and adsorption 

ability. The PDA/heparin coatings showed much stronger adsorption for LDL, even though it is 

easier for small proteins (HDL and HSA) to penetrate into the swollen coatings. Besides electrostatic 

interaction, the soft structure is also helpful for LDL to stick on the rough coating surfaces. Despite 

the different adsorption properties of LDL, HDL, and HSA, the complex constituents of the PDA 

coating generally bound well to proteins. Polymerization of dopamine is a complex process, with a 

fair number of chemicals involved in the deposition and creation of diverse functional groups 

exposed at the coating surface.45,58 PDA is a zwitterion with an isoelectric point around 4.59,60 At pH 

= 7.4, PDA will be negatively charged because of the deprotonation of the phenolic groups, which 

makes it attractive for many proteins. Moreover, catechol in the PDA matrix can be oxidized to the 

corresponding quinine, which can react with proteins containing amine or thiol groups.61 

Hydrophobic groups, such as phenyl and indolyl, probably also take part in the protein adsorption 

process.  

The single protein adsorption results for different PDA/heparin coatings are shown in Fig. 5. 

Interactions between the mixed coatings and proteins are the result of the combined effects of PDA 

and heparin. The adsorption results clearly show that the PDA/heparin mixed coatings have better 

recognition for LDL. The amount of adsorbed LDL increased with increasing heparin concentration, 

and PDA-Hep(5) adsorbed 20% more LDL than PDA-Hep(0). PDA-Hep(10), however, adsorbed 

slightly less LDL than PDA-Hep(5), although it still had higher adsorption capacity than 
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PDA-Hep(0). This indicates that appropriate proportions of PDA and heparin give the best 

adsorption of LDL. Compared with LDL, HDL and HSA adsorption remarkably decreased when 

heparin was incorporated, the greater heparin concentration the lower adsorption. Compared with 

PDA-Hep(0), PDA-Hep(10) adsorbed 30% and 67% less HDL and HSA respectively.  

--Fig. 5-- 

Single protein adsorption has fully demonstrated that the PDA/heparin mixed coatings have great 

adsorption capacity for LDL, but selectivity is equally important in selecting an adsorbent as there 

are a variety of proteins in the plasma. As such, competitive adsorption experiments were performed 

to test the selectivity of the mixed coatings. It is well known that protein adsorption is highly 

dependent on the protein concentration used. Regardless of the competition of HDL or HSA, protein 

adsorption increased in the binary protein tests when LDL increased from 10 µg/mL to 30 µg/mL. 

The adsorption increment could be regarded as an indicator of preference for LDL because it was 

resulted from the concentration growth of LDL. Fig. 6 shows that the adsorption increment was 

smaller when LDL was mixed with HDL than with HSA, in other words, HDL has greater 

interference with LDL adsorption. Nonetheless, protein adsorption increased with an increase in 

heparin concentration whether HDL or HSA worked as the competitive protein. The adsorption 

increment of PDA-Hep(0) was 23.9% for HDL and 35.0% for HSA, the values increased to 57.7% 

and 70.1% respectively for sample PDA-Hep(10). Therefore, heparin endows the PDA/heparin 

coating surfaces with greater selectivity for LDL. 

--Fig. 6-- 

Fig. 7 shows another strategy to test adsorption selectivity for LDL. In this method, competitive 

protein (HDL or HSA) was first adsorbed to form a protein layer. Firstly, different coating surfaces 

displayed similar ∆f for HDL or HSA which is disagree with SPR results. This can be explained by 
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the fact that SPR is based on the change of refractive index at the interface, while QCM relies on the 

change of adsorbed mass including the mass of any solvent that is either entrained or coupled with 

the adsorbed layer.62,63 More and more macromolecule chains would be exposed on the coating 

surfaces as heparin concentration increased from sample PDA-Hep(0) to PDA-Hep(10), and these 

dangling molecule chains would couple and trap a lot of water at the interfaces and lead to larger 

mass than the adsorbed protein. The presumption is also favored by ∆D values, which are indicators 

of film viscoelasticity. The results (see supporting information Fig. S4) illustrate that ∆D decreased 

with increasing heparin concentration. As the different samples with differing heparin quantities had 

similar ∆f, this signifies that samples containing more heparin become softer and more dissipative 

after protein adsorption. After the first stage of protein adsorption, LDL was used to substitute the 

adsorbed competitive proteins. Little change in frequency of sample PDA-Hep(0) was observed after 

LDL was injected, irrespective of the competitive protein used. This result indicates that HDL or 

HSA was firmly attached on PDA coating surface and can not be easily substituted by LDL. This 

rules out the possibility that LDL could adhere to the protein layer directly. The QCM results (Fig. 8 

and Table 2) clearly indicate that more and more HDL or HSA can be substituted by LDL, which 

means the mixed coatings have greater affinity for LDL as the heparin content is increased. In 

summation, two separate methods determined that the incorporation of heparin improves the 

PDA/heparin coatings’ LDL selectivity.   

--Fig. 7-- 

--Table 2-- 

Hemocompatibility of coated surfaces 

Biocompatibility is essential for biomedical materials, and as such LDL adsorbents for use in 

hemodialysis require biocompatibility with blood. Generally, the quantity and morphology of 
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adhered platelets are considered to be early indicators of the biocompatibility of blood-contacting 

biomaterials. The results from platelet adhesion assays using the different PDA/heparin coatings are 

shown in Fig. 8. The platelets adhesion clearly changed with increasing heparin content. A number 

of platelets can be observed on sample PDA-Hep(0), with a strong tendency to aggregate. With an 

increase in heparin content, the quantity of adhered platelets decreased drastically, coupled with the 

aggregates gradually dispersing. Compared with PDA-Hep(0), much fewer platelets were adhered on 

sample PDA-Hep(10), and almost no aggregates were visible. The results of the adhesion assay 

suggest that the incorporation of heparin has significantly improved the compatibility of PDA with 

blood. 

--Fig. 8-- 

 

Conclusions 

In conclusion, this study proposed a simple method to prepare LDL capture surface. Heparin was 

easily deposited onto substrates by co-depositing with dopamine, the composition and surface 

properties of the coating can be easily controlled by adjusting the heparin concentration in the 

mixture solution. The PDA/heparin mixed coatings were thoroughly characterized, and they 

exhibited excellent adsorption capacity and selectivity for LDL when the heparin concentration is 

high enough. Furthermore, platelet adhesion experiment shows that appropriate heparin could give 

the PDA/heparin coating surface great hemocompatibility which is promising for biomedical 

application. The proposed co-deposition strategy combines the biological characteristics of heparin 

and the versatility of PDA coating and shows great potential to prepare LDL adsorbents.  
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Figure Captions 

Fig. 1 XPS survey spectra (A) and high resolution S 2p spectra (B) of PDA/heparin coatings. 

Fig. 2 Ellipsometric thickness of PDA/heparin coatings. 

Fig. 3 AFM images (4.5 × 4.5 µm2) of PDA/heparin coatings in PBS: (A) PDA-Hep(0), (B) 

PDA-Hep(2), (C) PDA-Hep(5), (D) PDA-Hep(10). 

Fig. 4 Water contact angles of PDA/heparin coatings. 

Fig. 5 Protein adsorption capacities of different PDA/heparin coatings. 

Fig. 6 Binary protein adsorption by PDA/heparin coatings. 

Fig. 7 QCM Frequency changes when HDL (A) or HSA (B) was used as competitive protein. 

Fig. 8 SEM of platelet adhesion on PDA/heparin coatings: (A) PDA-Hep(0), (B) PDA-Hep(2), (C) 

PDA-Hep(5), (D) PDA-Hep(10). 
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Fig. 1 XPS survey spectra (A) and high resolution S 2p spectra (B) of PDA/heparin coatings. 
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Fig. 2 Ellipsometric thickness of PDA/heparin coatings. 
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Fig. 3 AFM images (4.5 × 4.5 µm2) of PDA/heparin coatings in PBS: (A) PDA-Hep(0), (B) 

PDA-Hep(2), (C) PDA-Hep(5), (D) PDA-Hep(10).  
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Fig. 4 Water contact angles of PDA/heparin coatings. 
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Fig. 5 Protein adsorption capacities of different PDA/heparin coatings. 
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Fig. 6 Binary protein adsorption by PDA/heparin coatings. 
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Fig. 7 QCM Frequency changes when HDL (A) or HSA (B) was used as competitive protein. 
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Fig. 8 SEM of platelet adhesion on PDA/heparin coatings: (A) PDA-Hep(0), (B) PDA-Hep(2), (C) 

PDA-Hep(5), (D) PDA-Hep(10). 
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Table Captions 

Table 1 Surface roughness of PDA/heparin coatings determined by AFM.  

Table 2 Frequency changes of PDA/heparin coatings at different stages in QCM tests.  
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Table 1 Surface roughness of PDA/heparin coatings determined by AFM. 

 PDA-Hep(0) PDA-Hep(2) PDA-Hep(5) PDA-Hep(10) 

RMS(nm)-in air 9.3 5.9 8.4 9.1 

RMS(nm)-in PBS 10.7 6.1 13.6 27.9 
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Table 2 Frequency changes of PDA/heparin coatings at different stages in QCM tests. 

 PDA-Hep(0) PDA-Hep(2) PDA-Hep(5) PDA-Hep(10) 

HDL(Hz) -47.8 -49.4 -49.9 -51.9 

HDL-LDL(Hz) 2.4 -12.9 -17.6 -25.7 

HSA(Hz) -15.4 -11.9 -11.2 -11.1 

HSA-LDL(Hz) -84.9 -85.8 -94.7 -95.6 
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