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Hyaluronan (hyaluronic acid, HA) was immobilized onto the surface of amino-functionalized polyurethane films with the goal
of obtaining a novel kind of biomaterial which had the potential in blood-contacting applications. The amino-functionalized
polyurethane was prepared by synthesized acidic polyurethane whose pendant carboxyl groups were treated with an excess amount
of 1,3-diaminopropane in the presence of N,N-carbonyldiimidazole (CDI). Attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FTIR), Raman spectroscopy (RS), scanning electron microscopy (SEM), and water contact angle measurement
were used to confirm the surface changes at each step of treatment, both in morphologies and chemical compositions. APTT and
PT results showed that HA immobilization could prolong the blood coagulation time, thus HA-immobilized polyurethane (PU-
HA) exhibited improved blood compatibility. Cytotoxicity analysis showed that the PU-HA films synthesized in this study were
cytocompatible and could support human vein endothelial cells (HUVECs) adhesion and proliferation.

1. Introduction

Thermoplastic polyurethanes (PU) have been widely used
for various biomedical applications due to their excellent
mechanical properties and proper blood compatibility.
Recently, much effort has been focused on polyurethanes as
blood-contacting materials, such as cardiovascular biomate-
rials, hemodialysis blood line sets, central venous catheters
(CVC), and IV bags [1, 2]. However, surface-induced throm-
bosis, protein fouling, and cytocompatibility have become
the major drawbacks that hinder their further biomedical
applications as blood-contacting materials. Surface mod-
ification is an effective approach to improve the blood
compatibility, the size, shape, and mechanical properties of
the original material maintained. Many studies have been
performed on producing a blood-compatible surface by
tailoring with poly(ethylene glycol) (PEG) [3, 4], heparin
[5, 6], heparin-like [7–9], phospholipid polymer [10–13],
hirudin [14], sulfobetaine [15, 16], and so on. Although
many hydrogels or hydrophilized surfaces exhibit good blood
compatibility, most of these are not truly antithrombogenic
but only antithromboadhesive [17] as they curtail or inhibit

platelets and blood cell adhesion rather than prolong the
coagulation time.

Hyaluronan (HA), a linear biopolymer naturally abun-
dant in mammalian tissues, is composed of repeating units
of N-acetyl-D-glucosamine and D-glucuronic acid, linked by
β-(1,4) and β-(1,3) glycosidic junctions [18]. HA has been
identified as a nontoxic, biodegradable, biocompatible, and
nonimmunogenic material, and its degradation products of
hyaluronicdase digestion are non-toxic oligomeric sugars
that are mitogenic for endothelial cells in vitro and are
correlated with blood vessel growth in vitro and in vivo
[19–21]. Thus, HA has been widely used in biomedical
applications such as scaffolds for wound healing, ophthalmic
surgery, arthritis treatment, drug delivery, and implantation
[22–25].

In this paper, HA-immobilized polyurethane was synthe-
sized and characterized. The main purpose of this study was
to improve the blood compatibility of the PU films by surface
immobilization of HA. The coagulation time and the culture
of human vein endothelial cells (HUVEC) in vitro were
used to evaluate the blood compatibility and cytotoxicity,
respectively.
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2. Materials and Methods

2.1. Materials. 1, 6-hexane diisocyanate (HDI) was pur-
chased from Bayer with purity greater than 99.5%. Poly-
carbonate diols (PCDL) with a number average molecular
weight of 2000 g·mol−1 was kindly provided by Asahi Kasei
Corporation and dried in vacuum at 50◦C for 24 hours
prior to use. 2,2-bis(hydroxymethyl) propionic acid (bis-
MPA) was purchased from Acros and used as received.
Dimethylformamide (DMF) and tetrahydrofuran (THF)
were refluxed over calcium hydride (CaH2) for three days
and distilled before use. 1,3-diaminepropane and 1-Ethyl-
3-[3-(dimethylaminopropyl)] carbodiimide hydrochloride
(EDC·HCl), and N,N-carbonyldiimidazole (CDI) were pur-
chased from GL Biochem Ltd. (Shanghai, China) and used
as received. Hyaluronan sodium salt (HA) with different
molecular weights (Mw = 10 × 103 and 40 × 103) was
purchased from Shanghai Trustin Chemical Co., Ltd (China).
Other reagents were commercially available and used as
received.

2.2. Preparations of the PU Base Polymer. The acidic pol-
yurethane used in this study was synthesized by the tradi-
tional two-step method under nitrogen protection. In an
oven-dried four-neck flask equipped with a stir bar, reflux
condenser, and nitrogen on command, 0.63 g (3.75 mmol)
of HDI and three drops of dibutyltin dilaurate (DBTDL)
were dissolved in 10 mL of DMF and maintained at 80◦C
with continuous stirring. 5 g (2.5 mmol) of PCDL dissolved
in 20 mL of DMF was added dropwise to the reactor. The
prepolymer synthesis was continued until the isocyanate
(NCO) content reached the theoretical value determined by
dibutyl amine titration. A 10 mL solution of chain extender
bis-MPA (0.1675 g, 1.25 mmol) in DMF was added to the
prepolymer solution and was stirred at 80◦C to allow the
chain extending reaction to take place. The mixture was
stirred until the NCO peak at 2270 cm−1 in the IR spectrum
disappeared. A small amount of methanol was added to the
solution to quench the reaction. Subsequently, the polymer
solution was poured into a large amount of water and the
precipitate was collected after dried in vacuum at 50◦C
for 24 hours. The obtained polymer was then re-dissolved
in dichloromethane and the solution was centrifuged at
13,000 rpm for 10 minutes to remove the heavy metal
catalyst. Finally, the polymer solution was poured into a
large amount of chilled methanol and the precipitate was
collected.

2.3. Preparation of Amino-Functionalized Polyurethane (PU-
NH2). PU (2 g, n[COOH] = 0.5 mmol, determined by
titration) and CDI (0.405 g, 2.5 mmol) were dissolved in
100 mL of THF and stirred at room temperature for 12 hours
to activate the pendant carboxyl groups of the polymer.
Then 0.185 g (2.5 mmol) of 1,3-diaminepropane dissolved in
10 mL of THF was added slowly within 0.5 hour. The mixture
was allowed to stir at room temperature for additional 12
hours. Once the reaction was completed, the catalyst was
filtered off and the solution was centrifuged at 13,000 rpm

for 10 minutes, and finally precipitated into excess methanol.
This process was repeated again to remove any residue of
unreacted CDI. After dried in vacuum at room temperature
for 24 hours, PU-NH2 was obtained as a white solid.

2.4. Preparation of PU-NH2 Films and Surface Immobilization
of HA. The PU-NH2 films were prepared via the solution
casting method. A PU-NH2 solution (10%, w/v) was pre-
pared by dissolving the polymer into a glass container having
tetrahydrofuran (THF) as solvent. The mixture was stirred
continually at room temperature until a homogeneous
solution was formed. Then, the solution was poured into
leveled 5 mm PTFE casting plates and cast into films at room
temperature for 24 hours. The films were removed from the
casting plates and dried in a vacuum oven at 60◦C for 12
hours to remove residual solvent. Each film was then cut into
2 cm × 2 cm and the average thickness of the film was about
100 μm.

Sodium citrate (22 g) was dissolved in distilled water
(1000 mL) and the pH of this solution was adjusted to 4.75
by adding 0.1 M HCl solution. 1-Ethyl-3-[3- (dimethylami-
dopropyl)] carbodiimide·HCL (EDC·HCL, 10 mg) was then
dissolved in the pH-adjusted solution (10 mL) to produce
a 0.1 wt% EDC aqueous solution. A certain amount of
HA was dissolved in the EDC solution to activate the
carboxylic acid groups of HA with gentle stirring. Several
pieces of PU-NH2 films (2 cm × 2 cm) were immersed into
the above solution for surface immobilization of HA. The
immobilization reaction was carried out for 12 hours with
gentle stirring. The molar ratio of EDC : HA was fixed as 4 : 1.
After the immobilization reaction, the films were washed
with PBS solutions five times and subsequently rinsed with
distilled water in an ultrasonic cleaner for 5 minutes and
finally vacuum dried. The HA immobilized PU were named
as PU-HA1 and PU-HA4, in which the number indicate that
the molecular weight of HA used in the reaction was 10×103

and 40 ×103, respectively.

2.5. Spectral Analysis. The ATR-FTIR spectra of the modified
PU films were obtained using MAGNA spectrophotometer
(Thermo Nicolet, MA, USA) equipped with a ZnSe reflection
element. Raman spectra were measured on an inVia+Reflex
dispersive Raman spectrometer equipped with a 785 nm
laser. FT-IR measurements were performed on a Nicolet 5700
FTIR spectrophotometer.

2.6. Contact Angle Measurements and Equilibrium Water
Content. The water contact angles of the modified and
unmodified films were measured using a Ramhart 100
goniometry. For each film, the measurements were repeated
in three different areas and at least 10 times for the same area.
Finally, the average values were informed.

The equilibrium water content of samples and the
effect of ionic strength on the equilibrium swelling ratio
were determined according to the methods [26] with slight
modification. Three quotients of dried polymer films (2 ×
2 cm2) were respectively immersed into phosphate buffered
saline (PBS, pH = 7.4) and distilled water at 37◦C for
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Figure 1: Synthesis of HA-immobilized PU films.

1, 2, 4, 12, 24, and 48 hours. At each time point, the samples
were removed and blotted lightly with filter paper to remove
excess water. The weight of the hydrated samples was then
determined and the water adsorption was calculated.

2.7. Scanning Electron Microscope (SEM) Characterization.
The surface morphologies of modified and unmodified sur-
faces of PU films were characterized by a scanning electron
microscope (SEM, JSM-6360LV, JOEL). The samples were
coated with a sputtered Au coating in order to prevent charge
effects during the observations.

2.8. Coagulation Assays. Coagulation assays were performed
to evaluate material-induced abnormalities in the intrinsic
and extrinsic coagulation pathways. The end point for
these assays was the duration for the onset of fibrin (clot)
formation when platelet-poor plasma (PPP) was contacted
with the test and control substrates. To obtain PPP, the
human whole blood, which was treated with citric acid, was
centrifuged at 3000 rpm for 15 minutes to separate the blood
corpuscles. Activated partial thromboplastin time (APTT)
and prothrombin time (PT) were used in this report.

APTT is a simple and highly reliable measurement of the
capacity of blood to coagulate through the intrinsic coagula-
tion mechanism and the effect of the biomaterial on possible
delay of the process. The obtained PPP (0.1 mL), predeter-
mined amounts of test samples and cephalin (0.1 mL; Actin,
Sigma) were placed in a test tube kept at 37◦C, followed

by the addition of 0.025 M CaCl2 solution (0.1 mL) after
5 minutes incubation. The plasma solution was monitored
for clotting by manually dipping a stainless-steel wire hook
coated with silicon into the solution to detect fibrin threads.
Clotting times were recorded at the first signs of any fibrin
formation on the hook. The experiment was repeated in
quadruplicate and a mean value was calculated. PT was
measured to assess HA-induced deferment or interdiction of
extrinsic coagulation pathway. Platelet-poor plasma (0.1 mL)
was layered atop the sample at 37◦C, and supplemented
with 0.9% NaCl-thromboplastin (Factor III, 0.1 mL Sigma)
containing Ca2+ was added to the PPP. The clotting time of
the plasma solution was observed as described in the APTT
experiment. The experiment was repeated in quadruplicate
and a mean value was calculated.

2.9. Cell Responses. Cell attachment and proliferation were
evaluated by seeding human vein endothelial cells (HUVEC)
(1×105 cells/mL) on the polymer films in the medium
(Dulbecco’s modified Eagle’s medium, DMEM, Gibco) sup-
plemented with 10% fetal bovine serum (FBS, Gibco) in 12-
well tissue culture plates. Next, 3 mL of medium was added
to the wells and mixed with the cells. The cells were then
cultured in a humidified incubator equilibrated with 5%
CO2-95% air for 7 days. The cells attached onto the polymer
surfaces were observed using a phase contrast microscope.
The viability of cells was quantitatively measured by the MTT
assay. Their counterparts with incubation with PU were used
as a control.
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Figure 2: FT-IR spectra of PU (a) and PU-NH2 (b).

2.10. Statistical Analysis. Comparison between two groups
was analyzed by the one-tailed Student’s t-test using sta-
tistical software (SPSS). Data is presented as mean ± SD.
A difference of P < .05 was considered statistically signifi-
cant.

3. Results and Discussion

3.1. Synthesis. In this study, the PCDL soft segments were
reacted with HDI to prepare the isocyanate terminated
prepolymer, which further reacted with bis-MPA to form
the base polyurethane with pendant carboxyl groups. The
molar ratio of HDI : PCDL : bis-MPA was fixed as 3 : 2 : 1.
In order to obtain HA-immobilized PU films, a water-
soluble carbodiimide EDC is employed as cross-linking
agent for its well known ability to link HA with amines.
The cross-coupling reaction can be summarized as fol-
lows. EDC firstly reacts with carboxyl groups to form an
unstable intermediate O-acylisourea, which, in the absence
of nucleophiles, could be rearranged to be a stable N-
acylurea via cyclic electronic displacement. In the presence
of nucleophiles such as amines, the O-acylisourea formation
is followed by a nucleophilic attack, forming an amide
linkage between the amine and the acid. Moreover, the
reaction of EDC with carboxyl groups is dependent on
pH, and the optimal pH ranges from 4.0 to 5.0. Here,
amine groups were introduced onto the PU chains by
reacting with 1,3-diaminepropane. HA was then immobi-
lized onto the surface of PU-NH2 films by preactivating
the carboxylic acid groups of HA with coupling agent
EDC and they were subsequently reacted with the surface
exposed free amine groups of the films. The purification
of the products could be easily carried out by washing
these films in PBS solutions several times and rinsing them
with distilled water in an ultrasonic cleaner for 5 minutes.
After that, noncovalently conjugated HA and urea byproduct
can be removed. The synthetic route was illustrated in
Figure 1.
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Figure 3: ATR-FTIR spectra of PU-NH2 (a) and PU-HA films (b).
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Figure 4: Raman spectra of PU-NH2 (a) and PU-HA (b).

3.2. Spectral Analysis. To investigate the chemical struc-
ture, FT-IR, ATR-FTIR and Raman spectroscopy were per-
formed on PU, PU-NH2 and PU-HA. FT-IR spectra of PU
(Figure 2) showed characteristic bands of urethane groups at
3394.4 cm−1 (N-H stretching), 1744 cm−1 (NHCOO stretch-
ing), and 1531 cm−1 (C-N stretching, combined with N-H
stretching). All of these peaks provide convincing evidence
for the formation of polyurethane. From a preliminary study
of FT-IR, it was found that the spectra of PU-NH2 were
almost the same as that of the PU control. This is because the
absorption based on the amide (N-H) of the amino groups
in PU-NH2 was overlapped by the amide bond in PU itself.
A slight shift from 3394.4 cm−1 to 3409 cm−1 was observed,
which was mainly caused by the formation of amino groups
on PU chains. The existence of amino groups on PU films
was further confirmed by ninhydrin as the film could display
purple when amino reacted with ninhydrin at 80◦C for 10
minutes.



International Journal of Polymer Science 5

0

1

2

3

4

5

c

d

b

a

0 10 20 30 40 50

W
at

er
ad

so
rp

ti
on

ra
ti

o
(%

)

Incubation time ( h )

(a)

0

1

2

3

4

5

6

c

d

b

a

0 10 20 30 40 50

W
at

er
ad

so
rp

ti
on

ra
te

(%
)

Incubation time ( h )

(b)

30

40

50

60

70

80

90

a b c d

C
on

ta
ct

an
gl

e
(◦

)

(c)

Figure 5: Water absorption of different PU films; a: PU, b: PU-NH2, c: PU-HA1, d: PU-HA4 in PBS (a), deionized water (b), (c) contact
angle results.

Figure 3 shows the ATR-FTIR spectra of PU surfaces
immobilized with 1,3-diamine-propane (PU-NH2) and HA
(PU-HA). In the spectra of PU-HA, the peaks at 3350 cm−1

and 1657 cm−1 corresponding to the hydroxyl group (−OH)
and the amide C=O stretching respectively, are related to
the presence of HA. Raman spectroscopy (Figure 4) was
also used to characterize the surface change before and
after HA immobilization. A new peak was observed at
2919 cm−1 which was attributed to the hydroxyl group
(−OH) stretching of alcohol chelate since the hydroxyl
groups in HA could form a chelated structure.

3.3. Hydrophilicity. The water uptake for the samples in PBS
(a) and deionized water (b) at 37◦C as a function of time was
shown in Figure 5. Water uptake was measured to determine
the hydrophilicity of PU films before and after modification
and this parameter was expected to have an important
influence on cell responses. The chemical composition was

the main factor controlling the amount of absorbed water.
For PU almost no water could be absorbed into the polymer
matrix within 48 hours. The hydrophilicity of PU-NH2 was
improved slightly due to the appearance of amino groups.
A much more hydrophilic character, which increases as the
molecular weight of HA increases, was observed when HA
immobilized on the surface. This result was expected, given
the highly hydrophilic nature of HA.

The water contact angle measurement of PU, PU-NH2,
and PU-HA was shown in Figure 5(c). The PU-NH2 film
showed a slight decrease in water contact angle of 72◦

in contrast to unmodified PU film (80◦). This result is
consistent with that of water uptake experiment. After
immobilizing HA on PU-NH2 surface, the water contact
angle value further decreased, and decreased slightly with
increasing the molecular weight of HA. The decrease of
contact angle is an index of the chemical changes occurring
on the film surfaces, which renders the surface more
hydrophilic with respect to the virgin film. It was expected
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Figure 6: SEM images of the polymer surfaces made at 5000×. (a) PU shows a rough surface. (b) The surface of PU-NH2 displays a relatively
flat surface. (c) and (d) The surfaces of PU-HA1 and PU-HA4 show a semiporous structure.
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Figure 7: Comparison of anticoagulant properties of different
films: APTT and PT (n = 3, mean ± S.D.).

that the higher hydrophilicity for PU-HA could be induced
by a large amount of negatively charged carboxylic groups in
HA backbone and rough surface with a large surface area.

3.4. Surface Morphology. SEM micrographs in Figure 6 illus-
trated the surface morphology changes of PU films before

and after each step of treatment. As shown in Figure 6,
the surface of PU base polymer was rough with irregular
pores. After the first step of 1,3-diaminepropane conjugation,
the polymer surface became relatively smooth, which could
be interpreted by the improved compatibility of the hard
and soft segments after extending the side chain. After
the second step of immobilizing HA on the surface of
PU-NH2 film, a semi-porous structure was observed. The
surface morphology certainly affected the related properties
of the polymer including wettability, contact angle, and cell
responses.

3.5. Coagulation Time. The blood coagulation system
includes the intrinsic pathway, the extrinsic pathway, and the
common pathway. APTT and PT are used to examine mainly
the intrinsic and extrinsic pathway, respectively. Figure 7
shows the clotting time of modified and unmodified PU.
PU-NH2 shows essentially the same APTT and PT result
as the native PU. The APTT and PT for PU, PU-NH2,
and PU-HA were 29s, 12.5s; 27s, 11.7s; 110s, 29.8s; 114s,
30.1s. HA-immobilized PU instead exhibits a strong increase
in APTT and PT, thereby exerts an anti-coagulant effect.
And the molecular weight of HA has little effect on the
blood clotting time. The above results indicate that the
anticoagulant activity of the PU films has been retained after
HA immobilization. The prolonged APTT and PT of PU-HA
films suggested that the coagulation mechanisms probably
worked through two pathways: the intrinsic pathway and the
extrinsic pathway.
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Figure 8: Phase contrast images of HUVECs attached on the surface of PU, PU-NH2, PU-HA1 and PU-HA4 7 days postseeding. There is
a significant difference (P < .05) between PU and PU-NH2, PU-HA1, PU-HA2. No significant difference is between PU-HA1 and PU-HA2.
The scale bar in the micrograph of PU-HA4 stands for 100 μm and it is applicable for all micrographs in the panel.

3.6. Cell Attachment. Preliminary studies were performed
to evaluate in vitro cell attachment and proliferation on
the surfaces of the PU, PU-NH2 and PU-HA films using
HUVECs. Figure 8 shows the morphology of HUVECs
adhered to and proliferated on the surface of these polymer
films after 7 days post seeding. As shown in Figure 8, there
are only a few cells that could adhere to and proliferate
on the surface of PU. The number of attached HUVECs
decreases while 1,3-diaminepropane was conjugated to PU
probably due to the existence of amino groups which was
known to be cytotoxic. In contrast, cells adhere to and
proliferate better on PU-HA films. It was also found that the
molecular weight of the conjugated HA has some influence
on the attachment of the cells. There appeared to be fewer
cells adherent on the PU-HA surface with higher molecular
weight of HA. The cytotoxicity of the PU films before
and after modification was qualitatively investigated by the
MTT assay. The result indicated that the viability of cells
incubated on the HA immobilized PU-NH2 surface was
significantly greater than that on the PU and PU-NH2

(P < .05), suggesting that the HA immobilized PU in this
study had a better cytocompatibility. No difference was
found between PU-HA1 and PU-HA4.

There are many factors influence cell responses on
biomaterials: mechanical property [27], electrical surface
charge [28], hydrophilicity [29], and surface morphology
[30], and so forth. Usually the cell response is a combination
of all these different stimuli, so it is impossible to find a
unique factor to explain these data. The obtained results
can be explained as follows: (a) the difference of the cell
number between PU and PU-NH2 is mainly caused by the
electrostatic factor since negatively charged surfaces show
increase cells attachment; (b) cells prefer to adhere to PU-
HA not only because of its rough surface and anionic surface
charge, but also because HA is an extracellular matrix (ECM)
component; (c) fewer cells adherent to PU-HA4 with high
molecular weight may be influenced by hydrophilicity.

4. Conclusions

In this paper, we have synthesized a novel kind of
polyurethane with carboxyl groups at the side chain by
two-step solution polymerization. In order to provide a
convenient way to immobilize HA, free amino groups have
been introduced into the PU base polymer. The variation
of ATR-FTIR, RS, water contact angle and morphology
showed that HA was successfully immobilized on the
surface of PU. HA immobilization not only improved the
hydrophilicity, but also greatly prolonged the coagulation
time and improved the cell biocompatibility in comparison
with base PU and PU-NH2. Hence, it can be concluded
that the HA immobilization is a promising way to enhance
cell-material interaction, resulting in a blood-contacting
material with high efficiency to accelerate the endothelium
regeneration.
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