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Abstract 

Hyperbilirubinemia is one of most severe clinical diseases, which is caused by the 

accumulation of unconjugated bilirubin. Electrospun nanofiber membranes used as 

highly efficient bilirubin adsorbents have been applied to remove the extra bilirubin in 

hemoperfusion for their high surface area and easy functionalized properties. In this 

work, Lysine (Lys) grafted polyacrylonitrile (PAN) electrospun nanofiber membranes 

doped with organic Hectorite (OHec) (Lys-HPAN@OHec) have been fabricated via a 

series of modified process, including pore forming, alkaline hydrolysis and grafting 

reaction. The obtained Lys-HPAN@OHec nanofiber membranes have been analyzed 

in detail and investigated the adsorption capacity for bilirubin. Compared with 

original PNA membranes, Lys-HPAN@OHec nanofiber membranes show an 

excellent bilirubin adsorption capacity and more stable rejection rate of bovine serum 

albumin (BSA). The maximum adsorption capacity of Lys-HPAN@OHec membranes 

for bilirubin is 64 mg/g, the adsorption process of Lys-HPAN@OHec membranes 

matched the Langmuir model well. In addition, dynamic adsorption reveals that the 

adsorption equilibrium time of Lys-HPAN@OHec membranes is about 2 h. 

Significantly, Lys-HPAN@OHec membranes have excellent biocompatibility and 

hemocompatibility. This study demonstrates that the novel Lys-HPAN@OHec 

membranes may provide a new way to treat hyperbilirubinemia.  
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Introduction 

Hyperbilirubinemia, one of the most common problems, will be encountered 

when bilirubin accumulates in the blood over the normal level, especially for 

newborns [1]. It is well known that hyperbilirubinemia can cause some severe diseases, 

such as jaundice, hepatitis, and even irreversible brain damage [2, 3]. Nowadays, 

intensive researchers devote themselves to find the most efficient way to remove 

bilirubin from the patients. Photo-therapy, hemodialysis, or hemoperfusion can purify 

blood by removing excessive bilirubin or toxins in the body and has already been 

developed to decrease free bilirubin from plasma within the normal range [4]. Among 

them, hemoperfusion treatment refers to the circulation of blood through an 

extracorporeal unit which contains an adsorbent device for endogenous or exogenous 

pathogenic substances in blood [5]. Materials based hemoperfusion have been 

developed and applied for bilirubin removal, including as activated carbon [6], 

mesoporous materials [7], inorganic or organic particles [8, 9], nanofiber membranes [10], 

etc. It should be stressed in particular that electrospun nanofiber membranes have 

been extensively utilized for blood purification materials because of their high 

porosity, high surface area, easy modification or degradation property.  

As well known, polyacrylonitrile (PAN), one of the most important polymers, is 

suitable to be electrospun into nanofibers [11], due to its good spinnability, 

chemical/physical stability, mechanical property and hydrophobicity. However, pure 

PAN has high degree of hydrophobicity and relatively poor biocompatibility which 

limits it to be used in biomedical applications [12]. The relevant literature show that the 

surface modification of PAN nanofiber membranes has been used widely to improve 

their properties [13, 14], which will expand the application fields and have great 

potential to be used in hemoperfusion. In group of Jiang [15], shape‐controlled 

palladium nanoparticle‐decorated electrospun polypyrrole/polyacrylonitrile nanofibers 

(Pd_PPy/PAN NFs) were fabricated by vapor deposition polymerization and 



electrodeposition. The results revealed that Pd_PPy/PAN NFs could be used as 

monitoring diseases related to H2O2 concentration, such as Parkinson's disease or 

Alzheimer's disease. As a promising and biocompatible ploymer, branched 

polyethylenimine (bPEI) has been widely applied in the biological field, such as gene 

delivery [16]. By means of a green hydrothermal process, Zhao et al. fabricated bPEI 

grafted electrospun PAN fiber membrane (bPEIPANFM) and investigated the 

adsorption performance toward bilirubin [10], and bPEIPANFM showed the best 

removal ability for bilirubin, excellent biocompatibility and hemocompatibility.  

Bilirubin molecule contains carboxyl and amino groups, hence bilirubin can be 

removed through electrostatic interactions and/or hydrogen bonding by the absorbents 

containing amino and hydroxyl groups [17, 18]. For example, Jiang et al. [19] reported 

that the functional polyethersulfone/poly (glycidyl methacrylate) hybrid particles 

modified by four kinds of amine reagents were used for the removal of bilirubin. 

Results demonstrated that the particles performed well in the adsorption of bilirubin, 

promising its potential application in the fields of hemoperfusion treatment. In 

addition, functionalized poly(vinyl alcohol-co-ethylene) (PVA-co-PE) nanofibrous 

membranes were prepared with different amine compounds, the best adsorption 

capacity for bilirubin of diethylenetriamine functionalized nanofibrous membranes 

could reach 110 mg/g [20].  

In addition, bovine serum albumin (BSA) was usually introduced into the 

adsorbent for bilirubin removal due to the intensive interaction between molecules. As 

reported, BSA molecules could form a strong complex with bilirubin providing a 

great increase in adsorption capacity for bilirubin [21]. Hence, BSA was immobilized 

on the surface of polyethersulfone/polydopamine (PES/PDA) electrospun fiber mat to 

selectively remove bilirubin [22]. The adsorption experiments demonstrated that 

PES/PDA-BSA had an excellent adsorption capacity and a good selectivity. Shi and 

his colleagues fabricated poly-L-lysine containing nylon micro-filtration membranes 

for bilirubin adsorption, and experiments showed that the adsorption mechanism of 

PLL-attached membranes was a monolayer adsorption [23]. Besides, the literature 

reported that lysine (Lys) grafted PAN fiber exhibited highly catalytic activity for 



Knoevenagel condensation reaction [24]. However, Lys grafted electrospun PAN fibers 

have not been reported yet. 

In this study, we reported the fabrication of Lys grafted PAN nanofiber 

membranes via a novel and facile procedure. Poly(4-vinylpyridine) (PVP) and organic 

Hectorite (OHec) were doped with spinning solution to obtain the modified 

PAN@OHec membranes. Lys was grafted on the surface of PAN@OHec 

(Lys-HPAN@OHec) membranes via alkaline hydrolysis and grafting reaction. The 

obtained Lys-HPAN@OHec nanofiber membranes had been analyzed in detail and 

investigated the adsorption capacity for bilirubin.  

Materials and methods 

Materials 

L-Lys (≥98%), bilirubin (≥98%), BSA (≥98%) and 3-(4, 

5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) were received from 

Aladdin reagent Co. Ltd. (China). 1-ethyl-(3-dimethylaminopropyl) carbodiimide 

hydrochloride (EDC, ≥99%) and N-hydroxysuccinimide (NHS, ≥99%) were obtained 

from Shanghai Civic Chemical Technology Co, Ltd. Hectorite (Hec) was purchased 

from British Lockwood Auxiliary Company. PAN (Mw~50,000) was purchased from 

Jilin Petrochemical Company. PVP, N, N-dimethylformamide (DMF, ≥99%) and 

cetyltrimethylammonium bromide (CTAB) were purchased from Tianjin Guangfu 

Fine Chemical Research Institute.  

Electrospinning of PAN@OHec Nanofibers Membrane   

Hec was modified with CTAB through ion exchange method [25], and organic 

Hec (OHec) was synthesized for next step. PAN@OHec nanofiber membranes were 

composed of PAN (1.5 g), PVP (1.0 g), OHec (0.6 g) and DMF (10 mL), and 

prepared according to the literature method [26]. Electrospinning solution was prepared 

by 15 wt% PAN dissolved in DMF. PVP and OHec were added to above solution, and 

then mechanical stirring was used for 12 h at room temperature to obtain 

homogeneous solution. The prepared solution was added to a 10 mL glass syringe 



with a needle tip (0.5 mm diameter) and then electrospun under a voltage of 23 kV. 

The feeding rate of the polymer solution was 1 mL/h and the distance from the tip to 

the collector was 15 cm. Then PAN@OHec nanofiber membrane was soaked in 

distilled water for 4 h to remove excess PVP and dried in an air-circulating oven at 60 

oC for 24 h. 

Fabrication of Lys-HPAN@OHec Nanofibers Membrane  

The hydrolysis of PAN@OHec nanofiber membrane was performed with NaOH. 

1 g of the nanofiber membranes were immersed in different concentration of NaOH 

solution and stirred at 45 oC for various periods. Afterwards, the hydrolyzed nanofiber 

membranes were continuously washed with distilled water and dried at 50 oC for 48h. 

Above prepared membranes were designated as HPAN@OHec nanofiber membranes. 

A typical procedure of the grafting reaction of HPAN@OHec and Lys was 

described as follows (see Scheme 1). HPAN@OHec nanofiber membranes (1.0 g) 

were immersed in a mixture of EDC (1.189 g), NHS (0.238 g), Lys (1.08 g) and 100 

mL of distilled water in a breaker and stirred for 12 h at 30 oC. After reaction, the 

resulting nanofiber membranes were placed in a dialyzed bag in distilled water to 

remove the remaining reagents and by-products. Then the nanofiber membranes were 

immersed in 18 wt% PEG solution for 24 h at room temperature. The obtained 

nanofiber membranes were freeze-dried and named as Lys-HPAN@OHec nanofiber 

membranes. 

 

Scheme 1.  Fabrication process of Lys-HPAN@OHec nanofiber membrane. 

Membranes characterization 

 The morphology of nanofiber membranes were investigated by using a field 

emission scanning electron microscope (FE-SEM, JSM-7500F, Tokyo, Japan). 

Elemental analysis of the samples was obtained through an Energy Dispersive X-Ray 



spectroscopy (EDX, INC250, Japan Electronic). Fourier transform infrared (FT-IR) 

spectra were examined with the FT-IR spectroscopy (Tensor 37, Bruker, Germany). 

All spectra were obtained in the range of 400~4000 cm-1 using KBr pellet method. 

Surface chemical characterization was performed by X-ray photoelectron 

spectroscopy (XPS) using a Bruker AXS Discover D8 with Al/Kα (hν = 1,486.6 eV) 

anode mono X-ray source. By measuring the flowing current or flowing a voltage on 

the solid surface, zeta potential was calculated as vital information of the material. 

Fouling tests of the membranes  

(1) Protein adsorption   

The adsorption of protein was carried out with BSA solution under static 

conditions. The 50 mg virgin membranes and Lys-HPAN@OHec membranes were 

immersed into BSA solution (0.1 mg/mL) and incubated for 2 h, at 37 °C. Each 

membranes were washed using PBS in order to remove the unadsorbed proteins. The 

absorbance of BSA solutions was measured by a UV-vis spectrometer (UV- 2000, 

Shimadzu, Japan) at 280 nm. Each test was performed three times on each membrane. 

The BSA adsorption of the membranes was calculated based on the change in the 

solution concentration. 

(2) Protein fouling property   

Protein fouling tests were carried out at room temperature using the dynamic 

experiments. Before fouling tests, the membranes were performed to attain a stable 

water flux (J0). Then, the protein flux of the membranes were recorded under the 

operating pressure of 0.02 MPa with BSA solution, the water or protein flux was 

calculated by the following Equ (1).  

tA

V
J


                                  (1) 

where J is the water permeation flux of the membrane (L· m-2
· h-1), A is the effective 

area of the membrane (m2 ), V is the volume of permeate pure water (L), and t is the 

operation time (h), respectively. 

http://www.baidu.com/link?url=G5SoN81XO7ovoAdoIbX6i43WMYUhlfk30tUEAkx7BUa7zpqL4ayD9qDPLKGbayVXls2fgN_NcvTMyXSKwDTEKZoKI-Oo-jADBfItKR2qG14_3n3_IckmCuT40O6_GTRz


Adsorption for bilirubin of the membranes 

(1) Adsorption of bilirubin   

It was discovered that bilirubin was susceptive to light and easily decomposed, 

the adsorption experiments should be performed with treatment of light avoidance. 

Firstly, bilirubin (stored in dark at -20 oC) was dissolved in 0.1 M NaOH solution and 

diluted with PBS (pH = 7.4), and then bilirubin solution with varied concentrations 

were prepared to next experiments. The above solution was filtered to remove solid 

bilirubin if any remained and also stored in dark. The adsorption properties of samples 

were investigated at dynamic and static conditions, respectively. All the bilirubin 

solution was used immediately after preparation.   

(2) Adsorption dynamics  

50 mg of samples were applied in 10 mL bilirubin solution at 25 oC with 

oscillation. The concentration was determined at predetermined time intervals by a 

UV-vis spectrometer at 438 nm. Results are expressed with 95% confidence intervals. 

The amount of adsorption q (mg/g) was calculated by the following Equ (2). 

 
m

VCC
q


 0

                                  (2) 

where Co and C are the initial and the residual bilirubin concentration in solution 

(mg/mL), V (mL) is the volume of bilirubin solution, m (mg) is the mass of the 

adsorbent, respectively. 

(3) Adsorption isotherm  

In the adsorption isotherm experiment, 20 mg of samples were added into a 

50-mL tube and suspended in distilled water with specific initial bilirubin 

concentration ranging from 100 to 300 mg/L. The tube was sealed and shaken for 24 h 

at 25 oC and 37 oC. The adsorption amount of bilirubin was determined by the method 

as mentioned above. In addition, the adsorption isotherms should be fitted with 

Langmuir model and Freundlich mode, respectively. All of the adsorption 

experiments were performed in triplicates.  



The Langmuir model could be used for describing the monolayer adsorption 

based on the assumption of adsorption homogeneity. Nevertheless, the Freundlich 

model was empirical, which was assumed the adsorption process take place on a 

heterogeneous surface. Moreover, the Freundlich model was an empirical equation 

that assumes a heterogeneous surface energy and described the multilayer adsorption. 

The calculation formulas of two models were expressed by the following Eqn (3) and 

(4), respectively. 

m
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q
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                                (3) 
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                             (4) 

where Ce (mg/mL) is the bilirubin concentration at equilibrium condition, qe 

(mg/g) is the equilibrium adsorption capacity, and qm (mg/g) is the maximum 

adsorption in line with the Langmuir model. KL (L/mg) is the Langmuir adsorption 

constant, and KF (mg/g) is the Freundlich adsorption constant. n is a Freundlich 

linearity index, 1/n represents the intensity of the adsorption.  

Cytocompatibility and hemocompatibility  

(1) Cell viability assay  

L929 fibroblast cells (1.0 × 104 cells/well) were seeded into 96-well plate at 

37°C in 5% CO2 for 24 h prior to the test. The leaching liquor of all membranes was 

added to 96-well plate with different concentrations and incubated for 1, 3, or 5 days, 

and the plate without leaching liquor was as the blank control. At specific time 

intervals of cultivation, the cytotoxicity of the membranes was evaluated by MTT 

assay. The absorbance was measured at 490 nm using a microplate reader (MK3, 

Thermo, USA). The cell viability was expressed as a percentage compared to the 

control. Observation of cells adhering to the membranes was performed with an 

inverted microscope (Nikon, TS100, Japan).  

(2) Coagulation assay  



Platelet poor plasma (PPP) was obtained from the blood sample of a healthy 

adult volunteer by centrifuging for 15 min. PAN or Lys-HPAN@OHec membranes 

were incubated in PPP (2 mL) at 37 °C for 30 min. Then, the supernatant liquor of 

each sample was measured three times to analyze the mean values of activated partial 

thromboplastin time (APTT), prothrombin time (PT) and thrombin time (TT) with an 

automatic coagulation analyzer (Kobe, Sysmes, Japan), respectively.  

(3) Hemolysis assay  

Fresh blood was centrifuged at 1000 rpm for 15 min to collect the bottom layer 

of erythrocyte. For the hemolysis test, 10 mg of the membranes were washed with 

distilled water and physiologic saline, and then immersed in 10 mL saline solution for 

30 min in centrifugal tube. 200 μL of fresh erythrocyte was added to the tube and 

incubated at 37 °C for 60 min. The 200 μL fresh erythrocyte were incubated in 10 mL 

PBS solution as negative control, and 10 mL distilled water as positive control. The 

mixture were centrifuged for 10 min at 1000 rpm, and the absorbance of th 

supernatant was measured at 540 nm using a UV-vis spectrometer. The hemolysis 

ratio was calculated as follows Eqn (5),  

%100(%)  




ncpc

ncs

ODOD

ODOD
ratioHemolysis               (5) 

where ODs, ODpc and ODnc are the absorbances of the sample, positive control, 

and negative control, respectively. 

Results and discussion 

Optimize the hydrolysis process   

The effect of the hydrolysis condition on the morphology and structure of PAN 

nanofiber membranes were discussed and shown in Fig. 1 and 2. SEM results 

revealed that the reaction time and NaOH concentration had a great influence on the 

morphology of PAN nanofiber membranes. The diameter of nanofiber increased with 

the increasing of the reaction time from 1h to 5h (Fig. 1a-c). Meanwhile, it was found 

that the effect of NaOH concentration on the morphology followed the same trend in 



Fig. 1d-f. However, there was obviously surface adhesion between nanofibers when 

the concentration of NaOH solution was 2.5 mol/L. The swelling of nanofibers could 

occur and lead to the increase of fiber diameter in the hydrolysis process [27].  

The FT-IR spectra of PAN nanofiber membranes hydrolyzed under various 

conditions were shown and compared in Fig. 2. The peak located at 2242 cm
−1 in Fig. 

2a could be attributed to C≡N group of PAN nanofibers [28]. The intensity of this band 

decreased after participating the hydrolysis reaction. However, this peak didn’t 

disappear completely, which mean that partial nitrile group are hydrolyzed. The band 

observed at 1659 cm-1 was associated with C=O stretching of the amide groups, the 

bands at 1569 and 1410 cm-1 were assigned to the combined vibrations of carboxylate 

(COO-) and imine conjugated sequences (-C=N-) [29, 30]. Above bands were just 

observed in FT-IR of hydrolyzed PAN. The broad peak at 3750~3200 cm-1 were 

resulted from the hydrolysis of the acetate groups. The hydrolysis increased with the 

increasing NaOH concentration and reaction time in Fig. 2. Therefore, PAN nanofiber 

membranes could be hydrolyzed for 3h with 2 mol/L NaOH solution in order to be the 

optimum.   

 

Fig. 1  SEM images of electrospun PAN membranes hydrolyzed for different time (a-c) with 

various NaOH solution (d-f), 1 h (a), 3 h (b), 5 h (c), 1 mol/L (d), 2 mol/L (e) and 2.5 mol/L (f).  
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Fig. 2  Effect of the NaOH concentration (a) and the reaction time (b) on the FT-IR spectra of 

electrospun PAN membranes 

Membrane characterization   

Fig. 3 showed the morphology of raw PAN, PAN@OHec, HPAN@OHec and 

Lys-HPAN@OHec nanofiber membranes. It was obviously seen that the surface of 

raw PAN membranes was smooth and compact. As seen from Fig. 3b-d, the diameter 

and the surface roughness of membranes all increased which may be due to 

the pore-forming action of PVP and the grafting of Lys onto the surface of 

membranes. The diameter of PAN@OHec membranes after hydrolysis with NaOH 

increased to 640 nm, which may be due to the swelling and expansion of hydrolyzed 

membranes. Compared with the raw PAN membranes, the average diameter of 

Lys-HPAN@OHec was about twice that of the raw PAN membranes and the 

roughness was about three times (seen in Fig. 4).  

 

 

Fig. 3  SEM images (a-d) and the diameter distribution (a’-d’) of PAN, PAN@OHec, 

HPAN@OHec and Lys-HPAN@OHec. 



The FT-IR spectra of Lys-HPAN@OHec nanofiber membranes were shown in 

Fig. 5a. The 2242 cm-1 absorption band of Lys-HPAN@OHec membranes was 

attributed to C≡N vibrations and the intensity of this band decreased after hydrolysis. 

It was illustrated that some C≡N groups converted into -COOH groups in the process 

of reaction. Compared with PAN membranes, the new bands at 1662 cm-1, 1651 cm-1, 

1563 cm-1 and 1401 cm-1 occurred in the spectrum of Lys-HPAN@OHec. The band at 

1662 cm-1 was attributed to C=O stretching of the amide. The 1655 cm-1 peak was 

resulted from the stretching vibration of C=O in Lys, which indicate the successful 

grafting of the Lys on the surface of modified membranes [24].   

 

Fig. 4  True Colour Confocal Microscope images (a-d) of PAN, PAN@OHec, HPAN@OHec 

and Lys-HPAN@OHec. 

XPS analysis is used to further clarify the surface chemical composition of the 

membranes and XPS spectra is recorded and presented in Fig. 5b. The peaks at 285.1, 

399.2 and 531.2 eV were found in the XPS full-scan spectra of the membranes and 

resulted from C1s, O1s and N1s, respectively. The O1s peaks could be deconvoluted 

to two peaks at 530.28 and 531.18eV (Fig. 5c), which attribute to C=O and -OH [31]. 

For the N 1s spectrum of Lys-HPAN@OHec (Fig. 5d), the peak at 399.2 eV was 

attributed to C≡N, NH2 or NH groups [32], respectively. These groups indicated that 

Lys would be successful grafted onto the HPAN@OHec membranes. Moreover, 

above result was consistent with the FT-IR analysis.   

As seen from Fig. 6, the porosity, hydrophilic and surface potential of various 

membranes were recorded and shown, respectively. Compared with the pure PAN 



membranes, the porosity of the modified membranes increased from 35% to about 

80 % (Fig. 6a). And the reason why it could be increased that PVP as the porogen 

could change the surface morphology of membranes and produce a large amount of 

microvoids.  

Meanwhile, the surface properties of PAN and modified membranes were 

characterized by water contact angle and surface charge measurements in Fig.6b, c. 

The pure PAN membranes exhibited excellent hydrophobicity and the water 

contact angle was about 135°. However, the water contact angles of the modified 

PAN membranes after pore-forming and hydrolysis occurring were obviously 

decreased. The water contact angle of Lys-HPAN@OHec membranes was as high as 

23°at 1s and the complete infiltration time was only 2s. This was because that the 

hydrophilic groups, such as carboxy groups or the amide bonds, could increase the 

interaction between membranes and water. Hence, the modified membranes exhibited 

good hydrophilicity.  

4000 3500 3000 2500 2000 1500 1000

Lys-HPAN@OHec

HPAN@OHec

T
ra

n
sm

lt
ta

n
ce

Wavenumber (cm
-1

)

2242 1731
1451

1662

1563

1401
1651

PAN(a)

800 700 600 500 400 300 200 100 0

(b)

 

In
te

n
si

ty
 (

a
.u

.)

Binding Energy (eV)

PAN

Lys-HPAN@OHec

 

536 534 532 530 528

(c)

2

 

 

O 1sPeak Position (eV)

1            530.28

2            531.18

Binding Energv (eV)

In
te

n
si

ty
 (

a
.u

.)

1

  
404 403 402 401 400 399 398 397 396

N 1s
(d)

 

 

In
te

rs
it

y
 (

a
.u

.)

Binding Energy (eV)

1

Peak Position (eV)

1            399.2

 



Fig.5  The FT-IR spectra of the PAN, HPAN@OHec and Lys-HPAN@OHec (a), Survey XPS 

spectra of PAN and Lys-HPAN@OHec (b), O1s core level spectra (c) and N1s core level spectra 

(d) of Lys-HPAN@OHec. 
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Fig. 6  Porosity (a), hydrophilicity (b) and the surface potential (c) of PAN membranes and 

modified membranes. Data are expressed as the mean ± SD of three independent measurements. 

Normally, the pH value of the human body is fixed in a very narrow range 

between 7.35 and 7.45, so the charge properties of the membranes were measured by 

the flow potential of the sample at pH 7.4 to simulate the blood pH environment. As 

seen from Fig. 6c, all the membranes showed electronegativity at pH 7.4. For 

Lys-HPAN@OHec membranes, -NH2 and -COOH groups of membranes surface 

changed the electromotive force, so the surface potential was large than one of PAN 

membranes. To sum up, this surface properties of Lys-PAN@OHec membranes 

would provide an excellent foundation for anti-protein adhesion and 

hemocompatibility. 

Following the implantation of biomaterials or blood-contacting materials, the 

surface of materials will be coated with serum or plasma proteins [33, 34]. It is well 

known that the protein adsorption is the first event following blood-material contact 



[35]. The protein adsorption is considered as an important factor causing membrane 

fouling. Moreover, protein fouling will make biomaterials susceptible to colonization 

and infection by bacteria [36]. In addition, bio-fouling is a major issue in membranes 

processes and decreases water flux or rejection. It was reported by literature that BSA 

had been used as model protein to investigate membrane bio-fouling process [37-39]. 

Fouling property of membranes were tested by the static and dynamic BSA adsorption 

experiments, respectively. As seen from Fig. 7a, the adsorption capacity for BSA of 

PAN membranes was about 26 mg/g, while the adsorption capacities of modified 

membranes obviously decreased. The BSA adsorption amount of Lys-HPAN@OHec 

membranes was decreased by 64 % compared to that of PAN membranes. The reason 

of these results was that PAN membranes with hydrophobic surfaces could produce 

strong hydrophobic interactions with BSA and more easily adhere BSA than 

hydrophilic membranes [38, 40]. Furthermore, the dynamic adsorption experiment was 

investigated by permeating pure water and BSA solution and shown in Fig. 7b. The 

water flux was higher than the BSA flux for whether PAN membranes or modified 

membranes. The BSA flux of Lys-HPAN@OHec membranes was increased 

compared to that of PAN membranes. The results indicated that Lys-HPAN@OHec 

membranes gave high resistance ability to BSA fouling due to the hydrophilic 

surfaces of membranes. The formation of hydration layer could hinder BSA or other 

biomacromolecules adhesion onto the surface of membranes. Hence, 

Lys-HPAN@OHec membranes exhibits more excellent anti-fouling performance for 

protein than pure PAN membranes.  

 

Fig. 7  The adsorption capacity (a) and flux (b) of BSA with various modified membranes.  



Adsorption experiments   

In this paper, two classical kinetic models were used to evaluate bilirubin 

adsorption behavior of particles. The models were fitted by the pseudo-first-order and 

the pseudo-second-order equations, expressed by Eqn (6) and Eqn (7), respectively 

[41,42]. 

tkqqq ete 1ln)ln(                           (6) 

eet q
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qkq

t
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2

1
                              (7)  

where qt (mg/g) and qe (mg/g) are the adsorption capacity at time t (min) and 

equilibrium time, respectively. k1 is the rate constant of the pseudo first-order kinetic, 

and k2 is the adsorption rate constant of the pseudo-second order model.  

The curves and fitted parameters of the adsorption kinetics were recorded and 

shown in Fig. 8 and Table 1, respectively. For Lys-HPAN@OHec membranes, the 

time equilibrium of adsorption kinetics was about 2 hours and the removal rate was 

over 90 % in Fig. 8a. However, the time reached equilibrium required almost 10 hours 

for PAN membranes, and the adsorption rate and capacity all decreased compared 

with Lys-HPAN@OHec membranes. As shown in Fig. 8, b, c and Table 1, both the 

adsorption processes were better in accord with the pseudo-secondorder model based 

on the correlation coefficient R2.  

The effect of temperature on bilirubin adsorption process was studied and 

presented in Fig. 9a. We can see that the adsorption capacity of Lys-HPAN@OHec 

membranes slightly increased with increasing temperature. According to the literature 

[43, 44],  the conformational change occurred in the bilirubin adsorption process. The 

spatial conformation of bilirubin molecule converted from a cis-configuration to a 

trans-configuration in higher temperature. Therefore, more bilirubin molecule could 

be adsorbed and combined with Lys-HPAN@OHec membranes due to lower steric 

effect.  
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Fig. 8  The adsorption kinetics of Lys-HPAN@OHec and PAN membranes (a) , the pseudo-first 

order kinetic fitting plot (b) and pseudo-second order kinetic fitting plot (c). 

Table 1  Kinetics parameters of Lys-HPAN@OHec membranes for bilirubin adsorption. 

Sample 

Pseudo-first order model Pseudo-second order model 

k1 (h-1) R1
2 k2 (g/mg h) R2

2 

PAN -0.251 0.979 0.042 0.995 

Lys-HPAN@OHec -0.209 0.861 0.026 0.999 
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Fig. 9  The effect of temperature (a) and NaCl concentration (b) on the adsorption for bilirubin, 

the insert graph is the photo of bilirubin adsorption tests of Lys-HPAN@OHec membrane. (Initial 

bilirubin concentration: 200 mg/L; Temperature: 37 oC; Medium: PBS. ) Data are expressed as the 

mean ± SD of three independent measurements. 

 

 

Fig. 10  Schematic illustrations of Lys-HPAN@OHec nanofiber membanes interaction with 

bilirubin and adsorption property. 

The interactions between bilirubin and Lys-HPAN@OHec membranes mainly 

included electrostatic interactions or hydrophobic interaction. Lys-HPAN@OHec 

membane interaction with bilirubin was shown in Fig. 10. Hence, the ionic strength 

would be one of the major factors which affect on the adsorption process of 

membranes. The effect of ionic strength on bilirubin adsorption of Lys-HPAN@OHec 

membranes was investigated in Fig. 9b. As shown in figure, the adsorption capacity of 

membranes a little increased with increasing NaCl concentration in the solution. This 

result could be explained that the negative carboxyl ions of bilirubin attracted 

antiparticles around it to form an ionic atmosphere [45]. The ions in NaCl solution 

were driven to membranes surface, and bilirubin molecules were also assembled the 



surrounding of membranes. Therefore, increased adsorption capacity was attributed to 

the increased interaction between bilirubin and membranes.     

The adsorption isotherm is important to describe the process and characteristics 

of adsorption. As well known, the Langmuir model could describe the monolayer 

adsorption based on the assumption of adsorption homogeneity [46]. However, the 

Freundlich model was empirical and described the multi-layer adsorption taken place 

on a heterogeneous surface [17]. In this study, Langmuir and Freundlich adsorption 

isotherms were used to investigate bilirubin adsorption process.  

The isotherm models were presented in Fig. 11, and Table 2 showed the 

correlation parameters for the Langmuir and Freundlich equation. The saturated 

adsorption amount of Lys-HPAN@OHec membranes for bilirubin was 64 mg/g. 

According to the correlation coefficients (R2) shown in the table, R2 of the Langmuir 

model was higher than one of the Freundlich model. The result indicated that the 

adsorption process of bilirubin for Lys-HPAN@OHec membranes matched the 

Langmuir model better than the Freundlich model. 
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Fig. 11  Freundlich and Langmuir adsorption isotherm of Lys-HPAN@OHec membranes, the 

insert graph is the detail view of adsorption isotherm at concentration ranging from 100 to 300 

mg/L. 

Table 2  Langmuir and Freundlich isotherm constants of Lys-HPAN@OHec membranes  

 

sample 

Freundlich Langmuir 

n Kf R2 qm KL R2 



It is essential that the for bilirubin adsorption adsorbent can be used repeatedly 

with good performance. In order to investigate the reusability of Lys-HPAN@OHec 

membranes, we performed adsorption-desorption experiments for 5 cycles using 

NaOH as the eluent. As seen from Fig. 12a, the adsorption amount was about 32 mg/g 

after 5 cycles and decreased 10% than one of first cycle. Meanwhile, the surface 

morphology of membranes was unchanged after being treated with 0.1 M NaOH (Fig. 

12b). In conclusion, Lys-HPAN@OHec membranes had good reusability and would 

be expected to use as an efficient for bilirubin adsorption adsorbent in clinical use. 
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Fig. 12  (a) The adsorption-desorption cycles of Lys-HPAN@OHec membranes and (b) SEM 

image of membranes after 5 cycles. 

 

Biocompatibility and hemocompatibility  

The biomaterials contacting with blood environment for longterm should have 

excellent hemocompatibility and no procoagulant activity. Hemocompatibility, as an 

important activity for the  hemodialysis materials, can be improved by means of 

modification or surface grafting reaction. Lys acted as a key modifier has been used to 

functionalized PAN membranes in order to improve their hemocompatibility. In this 

paper, the measurement of coagulation assay and hemolysis test were employed to 

evaluate the blood compatibility of  membranes.   

APTT is an indicator of the efficacy of the intrinsic and common plasma 

coagulation pathway, PT is assays evaluating the extrinsic pathway and common 

pathway of coagulation, while TT is used to test clot formation time taken for 

Lys-HPAN@OHec 4.195 17.182 0.717 63.938 0.135 0.998 

https://en.wikipedia.org/wiki/Assay
https://en.wikipedia.org/wiki/Coagulation#Extrinsic_pathway
https://en.wikipedia.org/wiki/Coagulation#Common_pathway
https://en.wikipedia.org/wiki/Coagulation#Common_pathway
https://en.wikipedia.org/wiki/Coagulation


thrombin conversion of fibrinogen into fibrin [47, 48]. Fig. 13a shows APTT, PT and TT 

values of PAN and Lys-HPAN@OHec membranes, respectively. For the value of 

APTT, the time of Lys-HPAN@OHec membranes was longer 4.0 s compared with 

raw PAN membranes. However, there was no significant changes in the values of PT 

and TT for Lys-HPAN@OHec compared with PAN. Above results suggested that 

modified PAN membranes did not activate the coagulation cascade or procoagulation 

activity.  

Except for coagulation assay, hemolysis test was another parameter to evaluate the 

hemocompatibility. Fig. 13b showed the hemolysis values of Lys-HPAN@OHec and 

PAN membranes, while water and PBS were used as positive and negtive controls, 

respectively. According to ISO 10993-4 1999, materials with hemolysis values less 

than 5% are considered as safe, which could be used as blood-contacting materials [49]. 

The hemolysis rates of PAN and Lys-HPAN@OHec membranes were 44% and 2%, 

respectively. Compared with pure PAN membranes, the blood compatibility of 

Lys-HPAN@OHec membranes was obviously improved and could be considered as 

safe when contacted with blood environment.       

For biomaterials or bioengineering materials, cytocompatibility is more 

important and regarded as the precondition in clinical application. The cytotoxicity of 

Lys-HPAN@OHec membranes was tested var MTT assay by L929 fibroblast cell 

with various cultured time. As shown in Fig. 13c, OD values of samples increased 

with increasing time. This result indicated that the cell viability had a steady increase 

and wasn’t influenced by membranes. Meanwhile, there was no statistically 

significant difference in L929 cell activity between control group and samples in all 

culture time. The MTT results showed that Lys-HPAN@OHec membranes had good 

biocompatibility.   
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Fig. 13  (a) The APTT, PT and TT values of PAN and Lys-HPAN@OHec membranes. (b) 

Hemolysis assay for PAN and Lys-HPAN@OHec membranes, where water and PBS were used as 

positive and negative controls, respectively. (c) L929 cells proliferation in various culture time 

using MTT assay. All data are expressed as mean ± SD, n = 5. 

Conclusion 

In this study, PVP and OHec were doped with spinning solution to obtain the 

modified PAN membranes, and Lys-HPAN@OHec membranes were successfully 

synthesized via Lys grafting reaction. The Lys-HPAN@OHec membranes exhibited 



significantly increased hydrophilicity, porosity and surface roughness than the pure 

PAN membranes. The adsorption performance of Lys-HPAN@OHec membranes for 

bilirubin exhibited short adsorption equilibrium time and high adsorption capacity. In 

addition, temperature and NaCl concentration had slight effects on the adsorption 

property for bilirubin of membranes. The adsorption kinetics and adsorption 

isotherms indicated that the adsorption processes were better in accord with the 

pseudo-secondorder model and the Langmuir model. Compared with PAN 

membranes, the hemolysis ratio of Lys-HPAN@OHec membranes was sharp 

decreased and the value of APTT was longer, these results indicated the excellent 

hemocompatibility of modified PAN membranes. In a word, this study provides an 

efficient and novel adsorbent for removing bilirubin in hemoperfusion.  
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