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Abstract Novel side chain dendronized polyurethane was synthesized by the

sequential conjugation of amine-terminated fourth generation polyester dendrons

with carboxyl groups at the side chain of polyurethane and deprotection of acetonide

groups at the surface of dendrons. The effect of each step on the properties of the

polymers was measured by GPC, DSC, SEM, AFM, and water contact angle

measurement. The results showed that immobilization of polyester dendrons

improve the compatibility of hard and soft segments in polyurethane and decrease

the tendency of crystallinity due to the bulkiness of the substituents. After depro-

tection of the acetonide groups, both bulk and surface hydrophilicity of the polymer

were evidently enhanced. Cell toxicity analysis showed that the side chain

dendronized polyurethane synthesized in this study has exhibited excellent bio-

compatibility to human embryonic kidney 293T cells. The cells can effectively

adhere to and proliferate on the surface of the polymer film. Overall, the present

study demonstrated an efficient modification method for polyurethanes to improve

their cell compatibility with high potential in biomedical applications.

Keywords Polyurethane � Dendron � Biocompatibility

Introduction

Polyurethanes (PUs) are popularly investigated in biomedical applications because

of their long-term biostability, excellent mechanical properties, and moderately
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good biocompatibility [1–4]. In recent years, many attentions have been focused on

employing PUs as new tissue engineering materials with all their versatility in terms

of physical properties and biocompatibility [1, 5]. However, cell compatibility of

PUs is relatively poor, which has become one of the major drawbacks that hinder

their further biomedical applications [6–8]. Various methods have been developed

to improve cell compatibility of PUs including plasma treatment [9], introduction of

gelatin [10], or grafting biological agents (such as RGD) to their surfaces [11]. But

these methods are limited to surface modification without affecting their bulk

properties which may be not quite suitable for the preparation of tissue engineering

materials.

Polyester dendrimers/dendrons, prepared by a stepwise synthetic procedure have

attracted many attentions in drug delivery systems and other biomedical areas due to

their unique properties including highly regular branching pattern, well-defined

architecture, mono molecular weight distribution, and excellent biocompatibility

[12–14]. It would be interesting if these polyester dendrons could be conjugated

with PU chains. Introduction of polyester dendrons not only makes the PU chains

surrounded by a strictly controlled number of hydroxyl groups that can be used for

the attachment of drugs, solubilizing groups, targeting moieties, or other molecules

to tune the biological properties of the polymer, but also grafts spacers between the

PU chains that may be contribute to modify the physical properties of the polymer.

In this study, such method of polyester dendrons immobilization was adopted

and the characteristics of the modified polymers were explored. The aim of the

present study was to evaluate if this method could be utilized to improve the cell

compatibility for PUs.

Experimental

Materials

1,6-Hexane diisocyanate (HDI) was purchased from Bayer with purity greater than

99.5%. Polycarbonate diols (PCDL) with a number average molecular weight of

2,000 g mol-1 was kindly provided by Asahi Kasei Corporation and dried in

vacuum at 50 �C for 24 h prior to use. 2,2-bis(hydroxymethyl) propionic acid (bis-

MPA) and Dowex H? resin were purchased from Acros and used as received. The

amine-terminated fourth generation polyester dendrons (G4-NH2) were synthesized

according to the previous method by a divergent route based on anhydride chemistry

[15, 16]. Dimethylformamide (DMF) and tetrahydrofuran (THF) were refluxed

over calcium hydride for 3 days and distilled prior to use. Other reagents were

commercially available and used as received.

Synthesis of the PU base polymer

In an oven dried four-neck flask equipped with a stir bar, reflux condenser, and

nitrogen on command, 0.84 g (5 mmol) of HDI and three drops of dibutyltin

dilaurate (DBTDL) were dissolved in 50 mL of DMF and maintained at 80 �C with
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continuous stirring. 5 g (2.5 mmol) of PCDL dissolved in 50 mL of DMF was

added dropwise within 4 h to form a prepolymer solution. After which, 0.335 g

(2.5 mmol) of chain extender (bis-MPA) dissolved in 10 mL of DMF was added to

the prepolymer solution and was stirred at 80 �C for 2 h to form the polyurethane

solution. Subsequently, the solution was poured into a large amount of water and the

precipitate was collected after dried in vacuum at 50 �C for 24 h. The obtained

polymer was then re-dissolved in dichloromethane and the solution was centrifuged

at 13,000 rpm for 1 h to remove the heavy metal catalyst. Finally the polymer

solution was precipitated into a large amount of chilled methanol, filtered and dried

in vacuum at room temperature.

Synthesis of PU-dendrons conjugate (PU-G4)

PU (2 g, n[COOH] = 0.74 mmol, determined by titration) and CDI (1.05 g,

6.5 mmol) were dissolved in 100 mL of THF and stirred at room temperature for

12 h to activate the carboxyl groups at the side chain of the polymer. After which,

5.2 g (2.43 mmol) of G4-NH2 dissolved in 20 mL of THF was added slowly within

5 h. The mixture was then allowed to stir at room temperature for additional 24 h.

Once the reaction was complete, the catalyst was filtered off and the solution was

centrifuged at 13,000 rpm for 10 min, 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 h, PU-G4 was collected as a white

solid.

Deprotection of the acetonide groups at the surface of the dendrons

Two grams of PU-G4 was dissolved in a mixture of 75 mL of THF and 25 mL of

MeOH. Three teaspoon of Dowex H? resin was added and the mixture was

stirred at room temperature for 24 h. The Dowex H? resin was filtered off and

washed with small amount of THF. Then the THF solution was condensed to

about 30 mL and precipitated into methanol to give 1.76 g of PU-G4-OH as a

white solid.

Characterization

1H-NMR spectra were recorded at room temperature on a Bruker DRX-500 using

CDCl3 as the solvent. Gel permeation chromatography (GPC) was carried out on a

Waters HPLC system equipped with a Model 2690D separation module, a Model

2410 refractive index detector, and Shodex columns (K802.5, K803, and 805).

THF was used as eluent at the flow rate of 1.0 mL/min. Calibration was fulfilled

with narrow-molar-mass distributed polystyrene standards. Differential scan-

ning calorimetric (DSC) analysis was carried on a DSC2910 thermal analysis

system (TA Instruments Inc., USA) at a heating rate of 10 �C/min under nitrogen

atmosphere. Surface morphologies of the cast films were examined by a scanning

electron microscope (SEM, JSM-6360LV, JOEL). Atom force microscope (AFM)
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was used to analyze the microphase-separation between the soft and hard

segments.

Functionality of side chain carboxyl groups with G4 dendrons in PU-G4

The average functionality of side chain carboxyl groups with G4 dendrons in PU-G4

was determined by titration. Generally, 0.2 g of PU-G4 and a few drops of

phenolphthalein were dissolved in 20 mL of 1:1 dichloromethane:methanol. Then,

0.05 M NaOH/EtOH was added slowly until the polymer solution become reddish.

The volume of NaOH/EtOH consumed was obtained and the amount of carboxyl

groups in PU-G4 was calculated. The functionality of carboxyl groups (FCG) in PU-

G4 was calculated based on:

FCG ¼ 1� CG1

CG2

wherein CG1 and CG2 are the content of carboxyl groups in PU-G4 and PU,

respectively.

Equilibrium water content and contact angel measurement

Polymer films (3 for per sample) of 2 cm diameter disks were cut from cast

films, dried at 50 �C in a vacuum oven, and weighted. The samples were then

immersed in distilled water/and phosphate buffered saline (PBS, pH = 7.4) at

37 �C for 1, 2, 4, 12, 24, and 48 h, respectively. 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.

Contact angle measurements were carried out using the methods described earlier

[17]. For each sample, twelve data points were taken for mean and standard

deviation calculations.

In vitro cell responses evaluation

Cell responses to PU, PU-G4, and PU-G4-OH were evaluated by seeding human

embryonic kidney (HEK) 293T cells (0.9 9 105 cells/mL) on the polymer films

in the medium (Dulbecco’s modified Eagle’s medium, DMEM, Gibco) supple-

mented with 10% Newborn Calf Serum (NCS, Gibco). Polymer films of 0.7 cm

diameter disks were cut from cast films and putted into 96-well tissue culture

plates. Next, 0.5 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. Cell attachment was evaluated after 4 days. The morphology

of cells attached onto the polymer surface was observed using a phase contrast

microscope. The cells were also stained with Hoechst No. 33342 and observed

using a fluorescent microscope. Cell proliferation was determined by MTT

assay.
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Results and discussions

Synthesis

In this study, the PCDL soft segments were reacted with HDI with the molar ratio of

NCO/OH = 2 to prepare the isocyanate terminated prepolymer, which further

reacted with bis-MPA to form the base polyurethane with carboxyl groups at the

side chain. Then the amine-terminated fourth generation polyester dendrons were

reacted with the carboxyl groups to immobilize the dendrons to the PU chains.

Purification could be easily carried out by precipitating the polymer solution in

methanol. There will be no residue of unreacted dendrons in the polymer matrix

since they can be easily dissolved in methanol and will not precipitate from the

solution, which was also confirmed by the monomodal GPC trace of PU-G4 (not

shown). The synthetic route was illustrated in Scheme 1.

Structure analysis

The structure of PU, PU-G4, and PU-G4-OH were analyzed by 1H-NMR (Fig. 1).

After the immobilization reaction, new peaks (n1–4, m4, i, j) attributed to the

dendrons appeared, indicating the successful immobilization of polyester dendrons.

The number of available carboxyl groups in PU base polymer determined by

titration was found to be quite close to that in feed bis-MPA, meaning no side

reaction of isocyanate with carboxyl groups happened. This might be explained by

the much higher reactivity of isocyanate with hydroxyl groups than with carboxyl

groups. The average functionality of side chain carboxyl groups of PU with G4

dendrons was illustrated in Table 1. From the GPC results, there were about 20
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precursor molecules connected by the bis-MPA chain extend. In other words, about

nineteen carboxyl groups exist in each PU chain. After the immobilization reaction,

over 80% carboxyl groups were functionalized by the polyester dendrons.

The next step consisted in deprotecting the acetonide protective groups at the

surface of the dendrons. This was easily realized by reacting it with Dowex H? resin

at room temperature. This reaction deprotected all the acetonide groups at the

surface of the dendrons without any side reactions, as supported by the 1H-NMR

spectrum (Fig. 1). The peak for the acetonide groups at 1.34–1.41 ppm (i, j)

completely disappeared, and that of –O–CH2 (m4) shift from 3.65 to 3.74 ppm,

while the ratio between other peaks attributed to PU chains and dendrons remained

constant after the deprotection, suggesting no other reactions occurred. After

deprotection, a wide absorption peak at about 2.12 ppm that can be attributed to

terminal hydroxyl groups appeared, indicating the formation of the expected

structure. Although the loss of surface methyl groups leads to a slight decrease in
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Fig. 1 1H-NMR spectra of PU, PU-G4, and PU-G4-OH

Table 1 Molecular weight and functionality of side chain carboxyl groups

Sample Mn Mw/Mn COOH groups

per molecule

FCG (%)

PU 47,400 1.63 20 –

PU-G4 67,900 1.82 3 83.9

PU-G4-OH 60,600 1.69 3 84.4
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the polymer molar mass (Table 1), it cannot be analyzed quantitatively as the

interactions between the polymer chains and the solvent are different after the

modification of the terminal groups.

Thermal analysis

Thermal analysis of the PUs obtained was performed to provide insights into the

morphological structure of the material. Figure 2 showed the heating DSC

thermograms for the PUs. Both DSC traces were from the second heat in order to

minimize effects of thermal history. No evident Tg was detected above -75 �C for

each sample. The melt point and DHm for PU, PU-G4, and PU-G4-OH was

44.9 �C, 40.86 J/g, 42.61 �C, 21.71 J/g, and 39 �C, 28.02 J/g, respectively. The

decrease in melt point and DHm for PU-G4 and PU-G4-OH than PU was most

probably resulted from the introduction of polyester dendrons, which grafted

spacers between the PU chains. A little exothermal peak corresponding to the

crystallinity of polycarbonate chains can be observed in PU and PU-G4, but could

not be observed in PU-G4-OH. The total disappearance of crystallinity of

polycarbonate chains in PU-G4-OH could be explained by the bulkiness of the

substituents and the formation of large amount of hydroxyl groups which can

easily form hydrogen bonds and restrict the mobility of the polymer chains, as was

also supported by the increase in DHm for PU-G4-OH than PU-G4. In this work,

these side chains may also provide pseudo-crosslinking sites via hydrogen bonding

between the PU molecules.

Surface morphology

SEM micrographs in Fig. 3 illustrated the surface morphology changes of PU

films before and after each step of treatment. The films were fabricated by casting

0.02 g/mL polymer/CH2Cl2 solution onto the glass slides and evaporating the

solvent directly at room temperature. As shown in Fig. 3, the surface of PU base
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Fig. 2 DSC curves of PU, PU-
G4, and PU-G4-OH
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polymer was rough with irregular pores and the film was semitransparent. After the

first step of polyester dendrons immobilization, the polymer surface became

relatively smooth and the film was transparent, which could be interpreted by the

improved compatibility of the hard and soft segments after connecting the soft

polyester dendrons with the PU chains between two hard segments. After the second

step of deprotecting the acetonide groups at the surface of the dendrons, a semi-

porous structure with ordered pore size for PU-G4-OH was observed and the film

was also transparent. It is well-known that the ‘‘breath figure’’ method can generate

ordered structure porous polymer films by evaporating volatile organic solvent

under humid condition. [18, 19] Clearly, changes in mechanical properties also

contributed to the structures observed. The surface morphology certainly affected

the related properties of the polymer including wettability, contact angle, and cell

responses.

Fig. 3 SEM images of the polymer surfaces made at 92,000. a PU is a semitransparent material with a
rough surface. b The surface of PU-G4 displays a relatively flat surface and the material is transparent. c
The surface of PU-G4-OH shows a semi-porous structure with ordered pore size and the material is
transparent

Fig. 4 AFM images of PU (a), PU-G4 (b), and PU-G4-OH (c)
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Microphase separation

Atom force microscopy (AFM) images can provide useful information for

understanding morphological features between hard and soft segments. Figure 4

showed the tapping-mode AFM result of the surfaces of cast films of PU, PU-G4,

and PU-G4-OH. The hard domains in appears to be the bright regions, whereas the

dark regions denote to the soft segments. For all the samples, ordered microphase

separation can be observed. The irregular soft spherical domains were randomly

distributed in the polymer matrix with different dimensions. Among these three

samples, PU-G4 showed the smallest mean surface roughness. However, the domain

structure on the surface of PU that we believe possessed the greatest microphase

separation could be visualized by AFM, where the z-roughness was greater than

both PU-G4 and PU-G4-OH, which also correlated with the SEM result. The high

degree of microphase separation for PU is due to limited miscibility of the PCDL

soft segments with the hard segments. As the polyester dendrons were connected to

PU chain between two hard segments, which greatly improved the compatibility of

the hard and soft segments, the corresponding images for PU-G4 showed a surface

morphology that was virtually distinguishable from that of base PU. As mentioned

above, irregular soft domains were randomly distributed in the order hard domains

for PU because of the strong force between soft segments and hard segments,

whereas the distinction between light and dark regions appeared unclear for PU-G4,

indicating improved compatibility of hard and soft segments. After deprotection of

the terminal acetonide groups, PU-G4-OH consisting of large amount of hydroxyl

groups seems to provide more strong hydrogen bonding, and subsequently led to

exhibit clear boundary between hard segments and soft segments again.

There is a close relationship between surface roughness and surface hydrophilicity.

Surface roughness enhances surface hydrophobicity or hydrophilicity depending on

the initial equilibrium contact angle of the substrate with water [20].

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 Fig. 5. Water uptake was measured to determine the

bulk hydrophilicity of the PUs because this parameter was expected to have an

important influence on cell responses. The chemical composition (content of

hydroxyl groups) was the main factor controlling the amount of absorbed water. For

PU-G4 almost no water could be absorbed into the polymers matrix within 48 h.

After deprotecting the acetonide groups, a more hydrophilic character can be

expected due to the presence of higher amount of hydrophilic hydroxyl groups, thus

greatly increasing the water uptake.

The water contact angle measurement of PU, PU-G4, and PU-G4-OH was shown

in Fig. 5c. The immobilization reaction led to a slight decrease in water contact

angle from 79� for PU to 71� for PU-G4. The decrease in contact angle indicated

that the polymer surface became more hydrophilic after conjugation with polyester

dendrons. After deprotection of the acetonide groups, the contact angle greatly

decreased to 49�. The decrease of contact angle was an index of the chemical
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changes occurring on the film surface, which renders the surface more hydrophilic

with respect to the virgin film. It was expected that the higher hydrophilicity for PU-

G4-OH must be induced by the formation of large amount of hydroxyl groups and

rough surface with a large surface area.

Cell compatibility

Preliminary studies were performed to evaluate in vitro cell compatibility of the

PU, PU-G4, and PU-G4-OH using HEK293T cells for different time intervals (1,

2, and 4 days). Figure 6 showed the morphology (A, B) and MTT absorption (C)

for HEK 293T cells adhered to and proliferated on the surface of these polymer

films 4 days post-seeding. There are only quite few cells could adhere to and

proliferate on the surface of PU and PU-G4 and the difference was not significant

(p [ 0.05). However, PU-G4-OH showed much faster HEK 293T cells adhesion

and proliferation. The number of attached HEK 293T cells on the polymer surface

4 days post-seeding increases evidently on PU-G4-OH than PU and PU-G4,

which is consistent with the MTT absorption data in Fig. 6c. Cell morphology

also confirmed improved cell compatibility for PU-G4-OH than PU and PU-G4:

in the case of PU and PU-G4, most of the cells present a spherical shape and were

not uniformly distributed on the film surfaces, presenting small cell clusters,
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whereas on PU-G4-OH film, they appeared to be flat, polygonal in shape, and

were better spreadout than those adhering to PU and PU-G4 samples. This result

suggested that the hydrophilic surface of PU-G4-OH was more favorable for the

cell spreading and growth than the hydrophobic surface of PU and PU-G4. There

are three major factors in influencing cell responses on biomaterials: chemical,

surface morphology, and mechanical factors [17]. Deprotection of the acetonide

groups greatly improved the hydrophilicity of the polymer, which allowed the

culture medium penetrated more easily into the polymer films and was helpful for

cell growth. The adhesion and proliferation of cells on these materials indicates

that the use of PU-G4-OH is much more preferable for the activation of cellular

processes.
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Fig. 6 HEK 293T cell attachment and proliferation on PU (A1, B1), PU-G4 (A2, B2), and PU-G4-OH
(A3, B3). a Phase contrast images, b nuclei of attached HEK 293T cells stained by using Hoechst No.
33342 and visualized by a fluorescence microscope 4 days post-seeding; c MTT absorption for 1, 2,
4 days. The scale bar in B3 stands for 100 lm and it is applicable for all micrographs in a, b. In c, no
significant difference (p [ 0.05) is between PU and PU-G4, p \ 0.01 between PU or PU-G4 and PU-G4-
OH at day 1, day 2, and day 4
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Conclusions

This paper describes the synthesis and characterization of a novel side chain

dendronized polyurethane with prescribed structures and properties. The results

showed that the immobilization of polyester dendrons greatly improved the

compatibility of hard and soft segments in polyurethane and decrease the tendency

of crystallinity due to the bulkiness of the substituents. Deprotection of the

acetonide groups enhanced both bulk and surface hydrophilicity of the polymer film,

which greatly improved the cell biocompatibility in comparison with base PU and

PU-G4. Overall the results demonstrated an efficient modification method for PUs

to improve their cell compatibility with high potentials for diverse biomedical

applications.
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