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Mussel-inspired polymer/dopamine coatings often require several separated steps including the grafting of dopamine
onto macromolecules and the deposition of mussel-inspired macromolecules. Herein, we attempt to investigate the direct
conjugation between catechol and O-sulfated chitosan to fabricate coatings onto polyethersulfone (PES) ultrafiltration
membranes; with the addition of hexanediamine, the coating compositions and membrane performances were further
adjusted. The conjugation was confirmed by 1H nuclear magnetic resonance (1H NMR) and the coatings were characterized
by X-ray photoelectron spectroscopy (XPS). The as-prepared O-sulfated chitosan coatings could enhance the protein
antifouling property of PES membranes. Subsequently, the coatings could be further sulfated to obtain N, O-sulfated
chitosan coatings, which confer PES membranes with richer functionality. The membranes with N, O-sulfated chitosan
coatings exhibited high anticoagulant activity, low platelet activation, low complement activation, as well as low hemolysis
ratios, and were favourable for cell proliferation, demonstrating excellent biocompatibility. Meanwhile, the fluxes of the
membranes exhibited durable sensitivity to ionic-strength, which also reflected the stability against electrolyte solutions.
Besides, the coatings were proven to have applicability on different polymeric membranes. Hence, it was believed that this
approach could provide another option to endow membranes with excellent biocompatibility in various biological fields.

1. Introduction
Surface modification endows polymeric material surfaces with a
wide range of characteristics, such as hydrophilicity, surface charge,
biocompatibility and reactivity. Compared with blending method
which is the most widely used modification method,1, 2 surface
modification has minimal impact on the properties of polymer
matrixes like mechanical property, and has less waste of additives.3
To date, diverse surface modification methods have been
established such as irradiation,4 layer-by-layer assembly,5 and
electrostatic adsorption.6 However, these methods often require
specific chemical or physical properties of substrate materials, or
are limited by the instability. Over the recent decade, musselinspired coatings have attracted much attention due to the
adhering capacity on different materials and mild reaction
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conditions.7 Dopamine is one of the most representative molecules,
of which the catechol moieties can be oxidized and further
conjugate with its own amino groups to form polydopamine
coatings on substrates due to the multiple interactions.
Messersmith et al. demonstrated the applicability of musselinspired method for diverse substrates including hydrophilic and
hydrophobic materials.8, 9 Freeman and coworkers further
elucidated the structural model of polydopamine and systematically
investigated the deposition conditions to confer membranes with
various functions.10-12 Besides, some researchers investigated the
adhesion capacity of diverse phenols13, 14 and the direct deposition
of phenols and amines via similar mechanism.15, 16
Furthermore, the applications of mussel-inspired methods have
been extended by introducing dopamine, hydrocaffeic acid or 3, 4dihydroxyphenylalanine into macromolecules via carbodiimide
chemistry.17, 18 Polysaccharides are one kind of representative
macromolecules which have been used in the mussel-inspired
method due to various biological activities. For example, hyaluronic
acid or alginate could be covalently coupled with dopamine via the
reaction between carboxyl and amino groups.19, 20 Our previous
studies also investigated the grafting of dopamine onto heparin and
heparin-like compounds to deposit onto PES membranes, which
exhibited excellent blood compatibility.21, 22 The coating processes
often comprised several separated steps: (1) synthesis of designed
macromolecules; (2) grafting of dopamine or its analogues onto the
designed macromolecules using 1-(3-dimethylaminopropyl)-3ethylcarbodiimide/N-hydroxysuccinimide (EDC/NHS); (3) deposition
of the macromolecules onto substrates.
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Chitosan is a polysaccharide with abundant amino groups, and
chitosan sulfates were proven to be heparinoids that had excellent
blood compatibility.23-25 Most of mussel-inspired chitosan and
chitosan derivatives coatings required hydrocaffeic acid to couple
the amino groups of chitosan with the help of EDC/NHS.26, 27 Herein,
we aim to explore another strategy to fabricate sulfated chitosan
coatings on membranes using more economical catechol without
carbodiimide chemistry. In the present study, O-sulfated chitosan
was synthesized firstly, and then catechol was directly reacted with
the primary amino groups of O-sulfated chitosan and deposited
onto PES membranes through a one-pot procedure. Meanwhile,
hexanediamine was introduced to adjust the coating compositions
and membrane performances. As the anticoagulant activity of
heparinoid was closely related to sulfating degree, the coatings
were further sulfated under mild condition to obtain desired
heparin-mimicking coatings. The blood compatibility of the
membranes was evaluated by systematic in vitro investigations
including anticoagulation activity, platelet adhesion, complement
activations and hemolysis ratios. Then the effect of the membranes
on human umbilical vein endothelial cells (HUVECs) growth and
proliferation was also investigated. Furthermore, the fluxes of the
modified membranes in sodium chloride solutions with different
ionic-strengths were studied to confirm the stability of the coatings
against electrolyte solution. The applicability of the approach to
other polymeric membranes was also investigated.

2. Experimental section
2.1. Materials
Commercial polyethersulfone (PES, Ultrason E6020P) was
purchased from BASF. Chitosan (CS, deacetylation degree ≥ 95 %,
100-200 mpa·s), hydrazine monohydrate (N2H4·H2O, 98.0 %),
hexanediamine (99.0 %), catechol (99.0 %) and dichloroacetic acid
(DCA, 98.0 %), Polyethylene glycol (PEG, Mn=2000, 6000 and 10000)
were purchased from Aladdin. Phthalic anhydride (99.0 %),
formamide (FA, 99.0 %), N, N-dimethylformamide (DMF, 99.5 %),
dimethyl sulfoxide (DMSO, 99.0 %) and ethanol (99.0 %) were
purchased from Kelong. Chlorosulfonic acid (HOSO2Cl, 98.0 %) was
obtained from Best-reagent. All the reagents above were used as
received. Deionized (DI) water was used throughout the study.
2.2. Synthesis of O-sulfated chitosan (LSCS)
O-sulfated chitosan was synthesized as shown in Scheme 1.
Firstly, N-phthaloyl O-sulfated chitosan (1) was prepared according
to the two-step procedure as mentioned in our previous study.25
Briefly, 10.0 g chitosan (62 mmol pyranose) and 27.6 g phthalic
anhydride (186 mmol) were reacted in 300 mL DMF at 120 oC for 8
h, and the product was precipitated with DI water and washed with
ethanol. After drying under vacuum, the product was dissolved in
DMF, and sulfated by mixed sulfate reagent (HOSO2Cl/FA, 1/2, v/v)
at ambient temperature for 4 h.28 N-phthaloyl O-sulfated chitosan
was obtained after precipitating and washing with ethanol.
Subsequently, the dried product was dissolved in N 2H4·H2O and
heated at 90 oC for 16 h. O-sulfated chitosan (2) was obtained by
dialysis and lyophilization, which was termed as LSCS due to the low
degree of sulfate substitution.
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Scheme 1. Synthetic routes of O-sulfated chitosan and N, Osulfated chitosan.
N, O-sulfated chitosan (3) was synthesized as comparison in this
study. Chitosan was dissolved in the mixed solution of FA and DCA
(10/1, w/w), and then sulfated by a mixed solution of HOSO 2Cl and
FA (1/2, w/w) for 4 h. Followed by purification process, N, Osulfated chitosan was obtained and was termed as HSCS due to the
high degree of sulfate substitution for –NH2 and –OH groups.
2.3.Preparation of sulfated chitosan coatings onto PES membranes
PES ultrafiltration membranes were fabricated by spin-coating
and liquid-liquid phase inversion method as described in our
previous studies,29, 30 and DMSO was chosen as the solvent.
As illustrated in Scheme 2, O-sulfated chitosan coating was
constructed by immersing PES membranes into the mixed
catechol/LSCS solution under air atmosphere for 24 h. The
concentrations of catechol and pyranose unit from LSCS in PBS (pH
8.5, 0.2 M) were controlled at 9 and 12 μmol/mL, respectively. The
amount of pyranose unit was excessed to ensure the existence of –
NH2. Then the membranes were alternately washed with DI water
and ethanol to remove the unreacted compounds.
Since the interaction between catechol and PES membrane is
hydrophobic-hydrophobic interaction, the coating amounts were
limited by the hydrophilicity of LSCS. Thus, 1, 6-hexanediamine was
added to provide hydrophobic segments into the mussel-inspired
macromolecules for increasing the coating amounts. As shown in
Table 1, the total amount of the pyranose unit and hexanediamine
was controlled at 12 μmol/mL. The membranes with O-sulfated
chitosan coatings were termed as LSCS-Hx (x=0, 1 or 2).
Since the sulfate groups including –O–SO3- and –NH–SO3- in

Table 1. The feed ratios of O-sulfated chitosan coatings
Catechol
(μmol/mL)

LSCS
(pyranose unit)
(μmol/mL)

Hexanediamine
(μmol/mL)

LSCS-H0

9

12

0

LSCS-H1

9

9

3

LSCS-H2

9

6

6
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cells were imaged with a confocal laser scanning
microscope (CLSM,
Leica, Germany).
In addition, the membrane ultrafiltration experiments and
biocompatibility tests were performed; and the detailed description
is shown in Electronic Supplementary Information (ESI†).

3. Results and discussion
Published on 25 March 2017. Downloaded by University of California - Santa Cruz on 06/04/2017 00:04:10.

3.1. Characterization of O-sulfated chitosan (LSCS)

Scheme 2. Schematic diagram for the preparation of LSCS-Hx
coating (x=1, 2 or 3) and HSCS-Hx coating (x=1, 2 or 3) on PES
membranes.

The introduction of –SO3- groups into chitosan could improve its
water-solubility and was crucial to improve anticoagulant activity;
while the –NH2 groups were necessary for fabricating the coatings.
To confirm the existences of –NH2 and –SO3- in O-sulfated chitosan
(LSCS), LSCS was characterized by FTIR. As shown in Figure 1 (A), the
characteristic peaks of SO3- at 802, 1005 and 1250 cm-1 appeared in
the LSCS spectrum, which were assigned to the vibration of S-O,
symmetric and asymmetric vibrations of O=S=O, respectively.31, 32
The peak of N–H vibration appeared at 3425 cm-1 in the LSCS
spectrum, consistent with the peak of –NH2 in the CS spectrum.
Then the sulfate degree (SD) is defined as the average substitution
degree of the sulfate groups in each pyranose unit and calculated
by the following equation:
wt / 32
(1)
SD  S
wt N /14

heparin and heparinoids play the most important role in
anticoagulant activity, the residual –OH and –NH2 groups were
further sulfated by immersing dried LSCS-Hx membranes into
HOSO2Cl/FA to obtain N, O-sulfated chitosan coatings. To minimize
the detaching of the coatings during post-sulfation, the HOSO2Cl in
FA was controlled at a low concentration (molar ratio 1:8).
Meanwhile, the reaction time and temperature were controlled at 2
h and 25 oC, respectively. Then the membranes were washed with
ethanol and DI water, and neutralized with NaOH solution (0.001
mol/L). The corresponding membranes with N, O-sulfated chitosan
coatings were termed as HSCS-Hx (x=0, 1 or 2).
.
2.4.Characterization

where wtS and wtN are the mass fraction of S and N measured by
element analysis.
In the present study, the SDs of LSCS and HSCS were 1.0 and 1.4,
respectively. In addition, the average molecular weight of LSCS was
measured by GPC. The number average molecular weight (Mn) was
11,771 g/mol; the weight average molecular weight (Mw) was
20,601 g/mol; and the molecular weight distribution was 1.75,
which was similar with the molecular weight of native heparin
ranging from 3 to 30 kDa. LSCS exhibited better solubility in neutral
and alkaline solutions as observed in Figure S1, and was not soluble
in acid solution due to the interaction between the –SO3- and –
NH3+.
3.2.Characterization of the membranes with O-sulfated chitosan
coatings and N, O-sulfated chitosan coatings

Fourier transform infrared spectra (FTIR) were obtained using a
FTIR spectrometer (Nicolet 560, America). 1H NMR spectra were
acquired by a Bruker spectrometer (AV II-400 MHz, Switzerland).
The element composition of LSCS was confirmed by an elemental
analyzer (Euro EA 3000, LEEMAN LABS, USA). Molecular weight was
acquired by using gel permeation chromatography (GPC, waters
1515-2414, USA). An X-ray photoelectron spectrometer (XSAM800,
Kratos Analytical, UK) was applied to confirm the coating
compositions. The topography and roughness were obtained by
using atomic force microscopy (AFM, AIST-NT, Russia). Scanning
electron microscope (SEM) images were acquired by using a
scanning electron microscope (JSM-7500F, JEOL, Japan). Water
contact angle (WCA) was conducted by using optical tensiometer
(Theta T200 device, Biolin Scientific, Sweden). The pore diameter
and the size distribution of membranes were analyzed using liquid–
liquid displacement porometer (Porolux1000, IB-FT Gm bH,
Germany). A fluorescence microscope (Olympus IX53, Japan) was

During the deposition of polydopamine, the catechol moieties
can deposit on the substrate and be oxidized into 1, 2benzoquinone easily by air in phosphate buffer (pH 8.5), which is
prone to covalently couple amino groups via Michael addition
reaction.33-35 Inspired by the mechanism, in the present study, the
catechol was deposited onto the membranes by hydrophobichydrophobic interaction and oxidized by air to anchor the amino
groups from LSCS/hexanediamine via Michael addition reaction.
Meanwhile, catechol in the coatings interacted with benzoquinone
or catechol via charge transfer, π-stacking, and hydrogen bonding
interactions.10, 36 To verify the conjunction between catechol and
LSCS/hexanediamine, the mixed solutions after reaction were
subsequently purified by dialysis to obtain LSCS-g-catechol and
LSCS-H-g-catechol. The products were characterized by 1H NMR as
shown in Figure 1 (B). The peaks at 2.0 to 4.7 ppm were attributed
to the hydrogen from LSCS; while a new peak at 6.82 ppm related
to the catechol moieties appeared in the LSCS-g-catechol spectrum,
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Figure 2. XPS wide scans, S 2p core-level and N 1s core-level
spectra for the pristine PES, LSCS, HSCS, LSCS-H0 and HSCS-H0
membrane.

Figure 1. (A) FTIR spectra for CS and LSCS; (B) 1H NMR spectra
for LSCS, LSCS-g-catechol and LSCS-H-g-catechol.
indicating the successful reaction between catechol and LSCS.
Meanwhile, the spectrum for the LSCS-H-g-catechol showed that
new peaks at 1.39 ppm (a), 1.66 ppm (b) and 2.21 ppm (c) ascribed
to the hexanediamine moieties, which indicated that
hexanediamine was also attached to the LSCS chain by covalent
bonds.
Subsequently, the membranes were characterized by XPS as
shown in Figure 2. Compared to pristine PES, new peaks of N 1s
appeared in the XPS wide scan spectra for LSCS-H0 and HSCS-H0,
demonstrating the successful deposition of LSCS and HSCS onto the
membranes. The quantitative analysis from XPS further indicated
that the N content increased from LSCS-H0 to LSCS-H2 and HSCS-H0
to HSCS-H2 with the addition of hexanediamine (see Table 1). After
post-sulfation, the N content of HSCS-Hx membranes decreased
compared with the corresponding LSCS-Hx membranes, reflecting
that part of unstable and loose coatings were detached during postsulfation, but the majority of the coatings retained on the
membranes. Additionally, the C 1s core-level spectrum of pristine
PES was curve-fitted into three peaks at 284.6, 285.5 and 286.3 eV,
attributed to the C–C, C–S and C–O, respectively; while new peaks
at 287.7 eV appeared in the C 1s core-level spectrum for LSCS-H0
and HSCS-H0, ascribed to the C=O from the benzoquinone,

demonstrating that the C–OH groups in the catechols are oxidized
at the surface of the membranes (see Figure S2).
Furthermore, the –SO3- amount in the coatings could be reflected
by the change of S content as shown in Table 2. It was found that S
content decreased from LSCS-H0 to LSCS-H2 due to the increased
hexanediamine. After post-sulfation, the PES treated by
HOSO2Cl/FA had the similar S content with the untreated PES; while
the S content for the HSCS-Hx membranes dramatically increased;
demonstrating that HOSO2Cl/FA had less effect on PES. The S
content for HSCS-H1 was the highest, followed by the HSCS-H2 and
HSCS-H0, not identical with the decreasing tendency from LSCS-H0
to LSCS-H2. The results indicated that the –SO3- groups in the HSCSH1 and HSCS-H2 could be supplied by the sulfation of –OH and –
NH2/NH3+ from chitosan and hexanediamine. To confirm the
similarity degree between sulfated chitosan macromolecule and
sulfated chitosan coating, pristine PES, O-sulfated chitosan (LSCS)
and N, O-sulfated chitosan (HSCS) macromolecules were also

Table 2. The atom concentrations of the surfaces for pristine
PES, LSCS-Hx and HSCS-Hx membranes measured by XPS.
C (at %)
O (at %)
N (at %)
S (at %)
PES
75.2
19.7
0
5.1
PES (treated
75.6
19.4
0
5.0
by HOSO2Cl/FA)

LSCS-H0
LSCS-H1
LSCS-H2
HSCS-H0
HSCS-H1
HSCS-H2

4 | J. Name., 2012, 00, 1-3

69.7
70.9
71.2
69.2
66.9
66.8

24.9
22.2
21.6
23.0
23.8
24.0

2.5
4.0
4.7
2.3
3.5
3.5

3.0
2.9
2.5
5.5
5.9
5.7
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Figure 3. AFM morphologies and roughness for the pristine
PES, LSCS-Hx and HSCS-Hx membranes.
characterized by XPS as comparisons. As shown in Figure 2, the S 2p
spectrum for pristine PES was curve-fitted into two peaks at 167.5
and 168.6 eV, ascribed to the sulfonyl groups; while the S 2p corelevel spectra for LSCS and HSCS macromolecules were curve-fitted
into two peaks at 168.4 and 169.7 eV associated with –SO3-.37, 38 For
LSCS-H0, the S 2p spectrum was mainly curve-fitted into two peaks
at 167.5 and 168.6 eV, ascribed to PES; while only a weak peak of –
SO3- appeared at 169.7 eV due to the insufficient –SO3-. After postsulfation, the treated PES showed similar wide scan and S 2p
spectra with untreated PES. However, for HSCS-H0, the peak of –
SO3- enhanced at 169.7 eV; while other peaks from the sulfonyl
groups and –SO3- groups overlapped at 168.7 eV. Meanwhile, the S
peak ratio of 169.7 eV for HSCS-H1 was higher than that for HSCSH0 and HSCS-H2, demonstrating that the HSCS-H1 had the highest
content of –SO3- (see Table S2). The results indicated that the
HOSO2Cl/FA reagent could sulfate the coatings successfully but
have less effect on the PES. Additionally, N 1s core-level spectra for
LSCS and LSCS-H0 membrane showed a weak peak at 401.3 eV,
which was assigned to the –NH3+; while N 1s core-level spectra for
HSCS and HSCS-H0 membrane showed a significant peak at 401.6
eV, which was assigned to the –NH–SO3-. Thus, the results
demonstrated that the LSCS-Hx and HSCS-Hx membranes with
expected functional groups were successfully fabricated.
Then the topography and roughness were investigated by AFM
and the results are shown in Figure 3. The average roughness of the
pristine PES was 12.1 nm; while the average roughness of LSCS-H0,
LSCS-H1 and LSCS-H2 increased to 16.4, 23.31 and 24.2 nm with the
increase of coating amount, respectively. Previous study had
reported the similar phenomenon that the roughness of
polydopamine coating increased with the increased coating
amount.39 For the HSCS-Hx membranes, partial unstable and loose
coatings were detached during post-sulfation, resulting in the
decrease of roughness compared with the corresponding LSCS-Hx
membranes. As shown in Figure 3, the average roughness of LSCSH0, LSCS-H1 and LSCS-H2 decreased to 15.7, 19.8 and 21.5 nm,
respectively.
Additionally, Na signal attributed by –SO3Na could be detected
easily in the EDS characterization and HSCS-Hx membranes
contained more Na due to the increased –SO3Na. Thus, SEM and
EDS were firstly used to estimate the thickness of HSCS-Hx coatings.
As shown in Figure 4 (A), the pristine PES membrane had porous

Figure 4. (A) SEM pictures for the pristine PES and HSCS -Hx
membranes; (B) EDS spectra for the HSCS-H1 membrane.
structure; while the HSCS-Hx membranes became denser due to the
deposition of the coatings onto surface and into pores. The results
of EDS are shown in Figure 4 (B) and it was found that the intensity
of Na signal was strong in top layer, demonstrating the HSCS-Hx
coatings were mainly on the surface. Thus, the Na distribution was
utilized to estimate the thickness of the HSCS-Hx coatings. The
thickness for HSCS-H0 was less than 100 nm; while those for HSCSH1 and HSCS-H2 increased to about 300 and 350 nm, respectively.
Furthermore, as revealed by XPS, the post-sulfation lead to some
loss of coatings, resulting in the decrease of the N content in the
HSCS-Hx coatings. Thus the thickness of LSCS-Hx coatings was
estimated by the molar ratio of N (LSCS-Hx) to N (HSCS-Hx), and the
thickness of LSCS-H0, LSCS-H1 and LSCS-H2 were about 100, 360
and 490 nm, respectively. Hence, the results indicated that the
introduction of hexanediamine was favorable for increasing the
coating amount.
3.3.wettability of the membranes
WCAs were measured to assess the wettability property of the
membranes. Firstly, the coatings were constructed on smooth PES
film by the same procedure to eliminate the contributions from
topography and porosity. The preparation method of PES film was
provided in ESI† and the results of WCAs are shown in Figure 5 (A).
The WCA for the smooth PES film was 89 o and the coatings showed
positive effects on the hydrophilicity for smooth PES films. The
WCAs for LSCS-Hx films were lower than 70 o and increased from
LSCS-H0 to LSCS-H2 due to the introduction of hydrophobic alkyl
segments. Ascribed to the detaching of the unstable and loose
coatings during the post-sulfation, the WCAs for HSCS-Hx were

Figure 5. (A) WCA values for the smooth PES films and UF
membranes. The values are the averages of at least eight point
tests using the same samples. (B) Changes of water contact
angles for the UF membranes within 18 s.
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Table 3. Rejection ratios towards uric acid,
creatinine and PEGs.
Uric
acid
(%)

Creatinine
(%)

PEG2000
(%)

PEG6000
(%)

PEG10000
(%)

PES

0

0

0.3±0.1

8.9±0.4

51.3±2.6

LSCS-H0

0

0

2.8±0.1

20.8±1.0

62.6±3.1

LSCS-H1

0

0

5.0±0.3

43.7±1.0

65.4±3.3

LSCS-H2

0

0

6.3±0.3

67.0±3.4

70.5±3.5

HSCS-H0

0

0

1.8±0.1

27.4±1.4

56.6±2.8

HSCS-H1

0

0

7.5±0.4

60.4±3.0

71.2±3.6

HSCS-H2

0

0

9.5±0.5

71.5±3.6

80.6±4.0

higher than those for LSCS-Hx, and slightly decreased from HSCS-H0
to HSCS-H2, demonstrating that the hydrophilicity was slightly
improved by the increased –SO3- groups. Owing to the porous
structure, the WCAs for the LSCS-Hx and HSCS-Hx membranes were
lower than the corresponding PES films and showed the similar
change trends with the PES films. Furthermore, larger pore sizes
might lead to the faster decrease of WCAs along with time. Thus,
the change trend of the WCAs with time was monitored and the
results are shown in Figure 5 (B). All the WCAs for the membranes
showed similar decrease tendency with time, demonstrating the
similar effect of pore sizes on WCAs.
3.4.Membrane separation and permeability performance
The pore structure for the prepared membranes was investigated
by gas flow/liquid displacement method and the distributions of
pore sizes were provided in Figure S4. The average pore diameter
for the pristine PES membrane was 34.3±5.4 nm. After coating, the
average pore diameters for the LSCS-H0, LSCS-H1 and LSCS-H2
decreased to 30.7±5.1, 27.4±4.4 and 24.0±4.0 nm, respectively;
while those for the HSCS-H0, HSCS-H1 and HSCS-H2 were 32.9±6.3,
27.7±3.7 and 24.4±4.3 nm, respectively. The results indicated that
the pore decreased with the coatings amount, which would affect
the separation performance of the membranes.
Hence, the membrane rejection efficiency towards different
molecules was investigated and the detailed experimental
procedure was provided in ESI†. The experiments were repeated
three times using different samples and the errors were controlled
within 5%. Firstly, two metabolites, uric acid (Mn=168) and
creatinine (Mn=113), were used as representative toxins to
investigate the purification performances. As shown in Table 3,
neither uric acid nor creatinine was rejected by the pristine and
modified membranes, which would benefit the removal of smallmolecular-weight toxins. Then, PEG-2000, PEG-6000 and PEG-10000
were used as model molecules to evaluate the rejection efficiency
towards the solutes with different molecular weights. As shown in
Table 3, all the membranes exhibited poor rejection efficiency
towards PEG-2000 which was below 10 %. Meanwhile, with the
increase of the coating amounts, the rejection ratios towards PEG2000 increased from LSCS-0 to LSCS-2 and from HSCS-H0 to HSCSH2 due to the decreased pore sizes. Similar tendency occurred in
the rejection towards PEG-6000. It was noticed that the rejection
ratios for the LSCS-H1, HSCS-H2, HSCS-H1 and HSCS-H2 significantly
increased compared to LSCS-H0 and HSCS-H0. The results

demonstrated that the introduction of hexanediamine
could
View
Articleadjust
Online
10.1039/C6TB03329F
the membrane separation performance toDOI:
improve
the rejection
efficiency towards macromolecules. For PEG-10000, the rejection
ratios for all the membranes achieved >50 %, and the efficiency
increased with the addition of hexanediamine. The results
demonstrated that the modified membranes were suitable for the
separation of high-molecular-weight solutes.
Subsequently, protein antifouling property was characterized in
terms of protein adsorption and flux recovery ratios after protein
solution filtration. The protein adsorption of the materials is
affected by manifold factors, such as hydrophilicity, surface
charges, roughness and specific functional groups.40 In general, a
rougher surface is better for protein adsorption. Hydrophilicity
could reduce protein adsorption; while the introduction of
hydrophobic alkyl segments significantly increased the protein
adsorption. Additionally, polymer chains with negative charges
could be hydrated to retain the volume of random coils and resist
negatively charged protein adsorption by the electrostatic and
entropic repulsions.41, 42 In this study, bovine serum albumin (BSA)
and bovine fibrinogen (BFG) were utilized to evaluate the protein
adsorption, since serum albumin is the most abundant blood

Figure 6. (A) BSA and BFG adsorptions for the membranes; (B)
Time-dependent fluxes of the membranes during a process of
three recycles of BSA solution (1.0 mg/mL) and PBS
ultrafiltration at room temperature. Different samples were
tested to obtain an average value. Values are expressed as
mean±SD, n=3.
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Table 4. PBS flux, flux recovery and protein rejection for the
pristine PES and modified membranes.
PBS flux
Flux recovery
BSA rejection
(mL/m2.h.mmHg)
ratio (%)
ratio (%)
PES
287.9±14.4
44.6±2.2
91.8±4.6
LSCS-H0
154.2±7.7
71.1±3.6
92.7±4.6
LSCS-H1
LSCS-H2

77.1±3.9
74.5±3.7

52.2±2.6
39.1±2.0

95.4±4.8
97.5±4.9

HSCS-H0
HSCS-H1

145.7±7.3
75.4±3.8

83.5±4.2
64.8±3.2

94.6±4.7
95.9±4.8

HSCS-H2

64.3±1.3

62.7±3.1

98.4±4.9

protein and fibrinogen plays an important role in final blood
coagulation.23 The detailed experimental procedure was provided in
ESI† and the results of protein adsorption for the membranes are
shown in Figure 6 (A). Both of BSA and BFG adsorption amounts
increased from LSCS-H0 to LSCS-H2 and from HSCS-H0 to HSCS-H2
due to the increases of roughness and the amount of the
hydrophilic alkyl segments. Since the protein adsorption occurred in
the PBS (pH 7.4, 0.01 M) with low ionic strength, the negative
charge was not screened completely by counter-ions. Thus, polymer
chains with –SO3- could be hydrated to retain the volume of random
coils and resist negatively charged protein adsorption by the
electrostatic and entropic repulsions. 41, 43 For the negatively
charged BSA, the HSCS-Hx showed lower adsorption amount than
the corresponding LSCS-Hx due to the more –SO3- groups, especially
for HSCS-H1. However, it was found that the BFG adsorption for
HSCS-Hx was higher than those for the corresponding LSCS-Hx due
to the specific affinity between fibrinogen and –SO3-,44, 45 and the
most significant effect was found on HSCS-H1 due to the higher
amount of –SO3- .
Then, the time-dependent fluxes of PBS and BSA solutions for the
membranes were studied and the results are shown in Figure 6 (B)
and Table 4. The experiments were repeated using three different
samples and the errors were controlled within 5%. The PBS fluxes
for the modified membranes declined due to the pore blockage by
the coatings, and significantly decreased with the addition of
hexanediamine. When the solution changed from PBS to BSA
solution, the fluxes for all the membranes decreased sharply due to
the protein deposition and adsorption onto the membrane surfaces
and into the membrane pores. However, the PBS fluxes could be
recovered to some extent after cleaning with DI water, which was
used to evaluate the protein antifouling property of the
membranes. Briefly, the recovery ratios for most of the modified
membranes were improved compared with the pristine PES
membrane and showed a decreasing tendency with the addition of
hexanediamine, ascribed to the increase of the BSA adsorption
amount. Meanwhile, owing to the decrease of BSA adsorption, the
HSCS-Hx membranes showed higher recovery ratios than the
corresponding LSCS-Hx membranes. It could be concluded that the
LSCS-H0 and HSCS-H0 had better protein antifouling property than
other membranes. In addition, all the membranes could effectively
reject over 90 % BSA (Mn=66,446) as shown in Table 4. In the
present study, though high flux could increase the separation speed,
pristine PES had poor antifouling property and could not efficiently
reject the molecules with larger molecular weight. Thus, the

modification of PES not only improved the antifoulingView
property,
but
Article Online
DOI: 10.1039/C6TB03329F
also enhanced the separation capability towards
the molecules with
larger molecular weight. In the previous studies, the water flux for
the conventional pristine PES membranes using DMAc as solvent
was in the range of 10-80 mL/ m2·h·mmHg,39, 46, 47 thus the modified
PES membranes were still feasible as ultrafiltration membranes and
had potential applications in the fields of pharmaceutical, food
industrial and hemodialysis.
3.5.Biocompatibility of the sulfated chitosan coatings
3.5.1. Anticoagulant activity
In the present study, clotting times were utilized to evaluate the
anticoagulant activity of the membranes. Activated partial
thromboplastin time (APTT) is an assay to evaluate both the
intrinsic pathway and the common pathway of coagulation; while
prothrombin time (PT) evaluates extrinsic pathway. In addition,
thrombin time (TT) reflects the activity of the fibrinolytic system in
the common pathway.48-51 Previous studies had reported the
preparations of heparinated PES by sulfonation of PES or direct
polycondensation of monomers.52, 53 However, the highest APTT
and TT for the reported heparinated PES reached about 120 s and
25 s, respectively, which were not quite well. Thus the introduction
of heparin or heparinoid was necessary for improving the
anticoagulant activity. Chitosan sulfates are one kind of structural
analogues of anticoagulant heparin. The test procedure was
provided in ESI† and the results are shown in Figure 7 (A). The
clotting times of platelet poor plasma (PPP) after co-culturing with
the LSCS-Hx membranes were not ideal compared with the musselinspired coatings in our previous study, ascribed to the insufficient
amount of –SO3- groups. After post-sulfation, the pristine PES
treated by HOSO2Cl/FA showed less effect on the clotting times;
while the clotting times for the HSCS-Hx membranes significantly
increased. The highest APTT and TT was found for HSCS-H1 and
reached to 237 s and 103 s, respectively, which were higher than
previous mussel-inspired heparin coating (APTT=182 s; TT=65 s) and
heparinoid coating (APTT=104 s; TT=27 s).21 The results confirmed
that the anticoagulant activity for the modified membranes mainly

Figure 7. Clotting times (A), TAT concentrations (B), C3a
concentrations (C) and C5a (D) concentrations after contacting
with the pristine PES and HSCS-Hx membranes. Different
samples were tested to obtain an average value and values are
expressed as mean±SD, n=3.
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depended on the coatings.
Till now, a lot of methods have been reported to modify
membranes such as UV/oxidation, plasma modifications, blending,
grafting and diazonium chemistry.54 However, plasma and
UV/oxidation modifications may damage the chemical bond and
reduce the mechanical property of the membranes.55 Blending is a
straightforward and easy-going method but requires the
compatibility between additives and substrates;56 while grafting
and diazonium chemistry require the chemical modification of the
substrates.57, 58 Thus, mussel-inspired strategy showed its
superiority due to the universal applicability to various substrates
and less damage on the physical properties of substrates.13 The
HSCS-H1 coating in the present study was proven to be applicable
to different polymeric membranes such as polysulfone (PSF),
polytetrafluoroethylene (PTFE) and polyvinylidene fluoride (PVDF)
microfiltration membranes.59 The results of clotting times
confirmed that these membranes also exhibited high anticoagulant
activity (see Figure S6).
Since the HSCS-Hx coatings confer PES membranes with good
anticoagulant activity, the blood compatibility of the HSCS-Hx
membranes was further evaluated in the following sections. The
thrombin generation for the HSCS-Hx membranes was evaluated by
the concentration of thrombin-antithrombin III complex (TAT)
which was formed by the neutralization of thrombin and
antithrombin III. As shown in Figure 7 (B), the concentrations of TAT
for all the HSCS-Hx were lower than that for the pristine PES
membrane; and HSCS-H1 had the lowest TAT concentration,
corresponding to its highest clotting times. The results indicated
that the HSCS-Hx membranes could effectively suppress thrombin
generation.
3.5.2. Complement activation
Complement component 3a (C3a) plays an important role in the
immune response; while complement component 5a (C5a) acts as
highly inflammatory peptide. In the present study, C3a and C5a
were utilized to detect the blood-related complement activation,
and the results for the HSCS-Hx are shown in Figure 7 (C and D). It
was found that the C3a and C5a concentrations for the HSCS-Hxs
were lower than those for the pristine PES membrane. Meanwhile,
the C3a and C5a concentrations decreased slightly from HSCS-H0 to
HSCS-H2, demonstrating similar effect of the coatings on the
complement activation. Since the coatings reduced blood-related
complement activation, the inflammation responses could be
suppressed successfully.
3.5.3. Platelet adhesion and activation
Platelet adhesion and activation are key factors in thrombus
formation at the bio-interface. As shown in Figure 8 (A), the
platelets accumulated and aggregated with many pseudopodia on
the pristine PES membrane; while the platelets were relatively
dispersive on the HSCS-Hx with less pseudopodia due to the
increased hydrophilicity. Meanwhile, Figure 8 (B) showed that the
HSCS-H1 and HSCS-H2 had more adhered platelets compared to the
HSCS-H0, demonstrating that the introduction of hydrophobic
segments did not only affected the protein adsorption, but also
affected the adhesion of cellular portion. Furthermore, the platelet
activation was detected by platelet factor 4 (PF4) assay. PF4 is a
small cytokine that is released from alpha-granules of activated
platelets during platelet aggregation, and promoted blood

View Article Online

DOI: 10.1039/C6TB03329F

Figure 8. (A) SEM pictures of the platelet adhesion for the
pristine PES and HSCS-Hx membranes; (B) The numbers of
platelet adhered on the pristine PES and HSCS-Hx membranes;
(C) PF4 concentrations of blood after contacting with pristine
PES and HSCS-Hx membranes. Different samples were tested
to obtain an average value and values are expressed as
mean±SD, n=3.
coagulation by moderating the effects of heparin-like molecules.60
As see in Figure 8 (C), the PF4 concentration for the pristine PES was
higher than normal plasma; while the PF4 concentrations for the
HSCS-H0 and HSCS-H1 were lower than normal plasma, which
indicated that the HSCS-H0 and HSCS-H1 had inhibitory effects on
platelet activation. In addition, the PF4 concentrations increased
from HSCS-H0 to HSCS-H2, and that for HSCS-H2 was close to
normal plasma. The results may be caused by the hydrophobic
segments from hexanediamine, as previous study had indicated
that alkylated segments could activate platelets.61
3.5.4. Hemolysis ratio
Hemolysis was used to evaluate the damage caused by materials
on red blood cells (RBCs). As shown in Figure 9 (A), the hemolysis
ratios for all the membranes were less than 5.0 %, in accordance
with the criteria in the biological function test of biomaterials.62, 63
Moreover, the hemolysis ratio decreased from HSCS-H0 to HSCSH2, demonstrating that the increase of coating amount could
reduce the harmful effect on RBCs. Additionally, the number and
morphology of the adhered RBCs were investigated by SEM. As
observed in Figure 9 (B), the numbers of the adhered RBCs on the
HSCS-Hx significantly decreased compared to pristine PES
membrane due to the hydrophilic and negatively charged surface.
Meanwhile, the HSCS-Hx membranes had less impact on the
morphology of RBCs, as the adhered RBCs exhibited well-kept
morphologies like oval biconcave disks.

Figure 9. (A) Hemolysis ratios of the pristine PES and
HSCS-Hx membranes; Different samples were tested to
obtain an average value and Values are expressed as
mean±SD, n=3. (B) Morphology of RBCs adhered on the
pristine PES and HSCS-Hx membranes.
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In summary, different feed ratios led to the changes of
proportion and amount between HSCS and hydrophobic segments,
and further affected the blood compatibility. Since HSCS-H1
exhibited the highest anticoagulant activity, relatively low protein
adsorption, and relatively low platelet and complement activations,
HSCS-H1 coating was considered as the optimal heparin mimicking
coating for blood compatibility in this study.
3.5.5. Cytocompatibility
The cytocompatibility of the HSCS-Hx membranes was evaluated
by human umbilical vein endothelial cells (HUVECs). Earlier studies
had reported that heparin and heparin-mimetic polymer were
favorable for cell growth and proliferation by binding and stabilizing
the cell growth factors.64-66 In the present study, 3-(4,5Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide
(MTT
reagent) was utilized to evaluate the cell metabolic activity, since
MTT reagent could be reduced to formazan with purple by the
enzymes of viable cells, reflecting the number of viable cells
present. We proved that the culture media that contained HSCS
macromolecule had promoting effect on the HUVECs growth and
proliferation, and the positive effect was enhanced with the
increase of HSCS concentration as seen in Figure S7. Then the effect
of HSCS coatings on HUVECs was investigated and the results are
shown in Figure 10 (A). It was found that on the second day, the
viability of the cells for the HSCS-H0 was the highest in comparison
to the control sample and other membranes. However, with time
increasing, the viabilities of the HUVECs seeded on the HSCS-H1
dramatically increased beyond the control sample and other
membranes; while the viabilities of the cells for other modified

Figure 10. (A) MTT assay was performed to quantify the cell
proliferation seeded on the pristine PES and HSCS-Hx
membranes; Different samples were tested to obtain an
average value. Values are expressed as mean±SD, n=3. (B)
Fluorescence and CLSM images of viable HUVECs seeded on
the pristine PES and HSCS-Hx membranes.

membranes were slightly larger than that for View
pristine
PES
Article Online
DOI: 10.1039/C6TB03329F
membrane. This may be caused by the different
proportion and
amount of HSCS in these coatings. Briefly speaking, the HSCS-H0
had higher proportion of HSCS in the coating due to the absence of
hexanediamine; while the HSCS-H1 had the highest total amount of
HSCS as revealed by XPS. Thus, on the second day, the cell growth
was depended on the proportion of the HSCS in the coatings; while
the total amount of HSCS play decisive role for cell continual growth
with time. However, in spite of the relatively high amount of sulfate
groups in the HSCS-H2, the viability of the seeded HUVECs was not
higher than that for HSCS-H1. The results indicated that the
increase of hexanediamine showed no positive effect on the cell
growth.
Subsequently, the morphology of the adhered HUVECs on the
sixth day was observed by fluorescence images and the detailed
cellular structure was observed by the confocal laser scanning
microscope (CLSM) using a double staining of the cytoplasm and
nuclei as shown in Figure 10 (B). As seen in fluorescence images, the
number of viable cells seeded on the pristine PES was less than the
modified membranes, and the cells showed polygonal and
cobblestone morphology; while the cells on the HSCS-H0 reached
single cell thick confluent monolayer of densely packed polygonal
cells, consistent with the positive effect of HSCS solutions on the
proliferation of HUVECs as revealed by fluorescence images in
Figure S8. Moreover, since the artificial surfaces which were easier
to be covered by protein showed higher affinity with cells, the
HUVECs accumulated on the HSCS-H1 and HSCS-H2 with multilayers
and higher density, and a few of HUVECs displayed typical
cobblestone morphology. Furthermore, as observed by CLSM, the
cells seeded on the HSCS-H0 and HSCS-H1 exhibited fine cell
morphology and distinct regional aggregations with more obvious
intercellular networks of actin filaments, whereas the cells on the
HSCS-H2 showed less intercellular networks. The results indicated
that the HSCS-H0 and HSCS-H1 had more positive effect on the
generation of actin filaments and extracellular matrix, which might
improve the activity and functionality of cells. In summary, the
HSCS-H1 membrane had better comprehensive performance than
other HSCS-Hx for HUVECs growth and proliferation, demonstrating
that the coatings could be effectively adjusted by introducing
hexanediamine to obtain the optimal coating. Therefore, it is
believed that the designed heparin mimicking coatings could
facilitate cell proliferation and promote the generation of actin
filaments and other extracellular matrices, exhibiting great
potential to be used in many biological applications.
3.6.Ionic-strength sensitivity and stability of HSCS coatings in NaCl
solutions
According to the previous studies, catechol coatings like
polydopamine coatings were more stable under acid condition than
base condition.10, 36 The catechol retained its phenol hydroxyl
groups and interacted with benzoquinone via hydrogen bonds
under acidic condition; while the phenol hydroxyl groups would be
converted into –O-, and the hydrogen bonds were weakened under
strongly alkaline condition (see Figure S10). In the present study,
the coatings also showed higher stability against strongly acidic
solution than sodium dodecyl sulfate (SDS) and strongly alkaline
solutions (see Figure S9, S10, S11 and Table S2 in ESI†).
Furthermore, blood contains lots of electrolytes, thus the stability

This journal is © The Royal Society of Chemistry 20xx

J. Name., 2013, 00, 1-3 | 9

Please do not adjust margins

Journal of Materials Chemistry B Accepted Manuscript

Page 9 of 13

PleaseofdoMaterials
not adjust
margins B
Journal
Chemistry

Page 10 of 13

ARTICLE

Journal Name
View Article Online

Scheme 3. Schematic for ionic-strength sensitivity of the HSCSHx membranes.
almost the same as the NaCl solution fluxes; while the modified
membranes showed expected sensitivity, and the flux values for
each solution did not change after three cycles. The results
indicated that the coatings were not damaged by the salt solutions,
exhibiting high stability against electrolyte solutions.

4. Conclusions

Figure 11. (A) Fluxes of the pristine PES and HSCS-Hx
membranes in NaCl solutions with different ionic-strengths; (B)
Ionic-strength reversibility of the HSCS-Hx membranes as the
feed solutions were changed between pure water and 1.0 M
NaCl solution. Different samples were tested to obtain an
average value. Values are expressed as mean±SD, n=3.
against electrolyte solutions is essential for the heparin mimicking
coatings. In the present study, since heparin mimicking coatings
inevitably caused the variations of water fluxes due to the covering
and filling of pores, the fluxes in pure water and NaCl solutions
were utilized to investigate the stability of the HSCS coatings against
electrolyte solution. As shown in Figure 11 (A), the pure water
fluxes for the HSCS-Hx membranes decreased from HSCS-H0 to
HSCS-H2. Interestingly, with the increase of ionic strength, it was
found that the fluxes of the modified membranes increased
significantly, exhibiting sensitivity to ionic strength. The results
were caused by the charge screening effect of NaCl solution on –
SO3Na, which led to the shrinkage of macromolecular chains. Thus,
the pore sizes of the membranes became larger as illustrated in
Scheme 3, resulting in the increase of the fluxes. 67, 68 Meanwhile,
the fluxes reached maximum when the ionic strength was higher
than 0.75 mol/kg, demonstrating that the charge screening effect
was the highest under this ionic strength.
Therefore, the ionic-strength reversibility was further used to
evaluate the stability of the coatings against electrolyte solutions. 1
M NaCl solution and pure water were alternatively applied to the
membranes, and then the fluxes were measured. As shown in
Figure 11 (B), the pure water fluxes of pristine PES membrane were

The approach that O-sulfated chitosan directly coupled with
catechol and deposited onto membranes was confirmed to be
feasible. The O-sulfated chitosan coatings could adjust the
separation performances and enhance protein antifouling property
of PES ultrafiltration membranes. Then, the O-sulfated chitosan
coatings could be converted into N, O-sulfated chitosan coatings by
further sulfation to enrich the functionality of the membranes. The
membranes with N, O-sulfated chitosan coatings exhibited excellent
blood compatibility involving high anticoagulant activity, low
platelet and complement activations, and were also favorable for
cell proliferation. Additionally, the fluxes of the membranes showed
durable sensitivity and reversibility to ionic-strength in NaCl
solutions, exhibiting the stability against electrolyte solutions.
Based on the above results, the approach towards sulfated chitosan
coatings on membranes promises to be useful in various biomedical
applications.
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