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Abstract

Despite the widespread use of polyurethane (PU) in biomedical devices, its long-term
application has been hindered by insufficient hemocompatibility caused by protein adsorp-
tion and subsequent thrombosis. In this study, a fluorinated PU (F–PCU) was designed to
improve surface hemocompatibility while maintaining mechanical performance and good
cytocompatibility. F–PCU was synthesized via a prepolymer method using a fluorinated
diol and an ordered hard-segment extender. The chemical structure, thermal behavior,
and mechanical properties were systematically characterized, while surface properties and
biological performance were evaluated by water contact angle, protein adsorption, platelet
adhesion, and cytotoxicity assays. The results demonstrated that fluorinated side chains
preferentially enriched at the surface, forming a low-energy interface with significantly
enhanced hydrophobicity. F–PCU exhibited excellent mechanical properties with a tensile
strength of 49.5 MPa and an elongation at break of 965%. Notably, protein adsorption and
platelet adhesion were substantially reduced, while good cytocompatibility was maintained,
indicating improved surface hemocompatibility. These findings suggest that integrating
ordered hard segments with fluorinated side chains is an effective strategy to optimize
both bulk and surface properties, offering promising potential for long-term biomedical
applications.
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1. Introduction
Polyurethane (PU) is a class of multiblock copolymers composed of alternating soft

segments (polyether or polyester) and hard segments (diisocyanates) [1]. The polarity
difference between soft and hard segments induces microphase separation, in which hard
domains are dispersed within the soft matrix and act as physical crosslinking points,
thereby endowing PU with excellent mechanical performance, good processability, fatigue
resistance, and long-term stability in biological environments [2–5]. These advantages
have led to its widespread application in implantable medical devices, such as ventric-
ular assist devices, vascular grafts, catheters, and pacemaker insulation materials [6–9].
Despite its generally favorable biocompatibility, PU surfaces tend to induce nonspecific
protein adsorption after contact with blood or tissue fluids, which can subsequently trigger
platelet adhesion and activation, followed by thrombosis and inflammatory responses.
Under long-term implantation conditions, these adverse effects may further cause material
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degradation, infection, and even device failure, thereby limiting the long-term performance
of PU in demanding biomedical applications [10,11]. Therefore, improving the surface
hemocompatibility of PU remains a critical objective in the development of biomedical
polymers [12,13].

To address these limitations, various modification strategies have been developed,
which can be broadly categorized into bulk and surface modification. Bulk modification
involves incorporating biocompatible components into the main or side chains of PU
through copolymerization, blending, or chemical functionalization, enabling regulation of
physicochemical properties and biological behavior at the molecular level [14,15]. This ap-
proach offers good uniformity and stability, making the modified material less susceptible
to mechanical damage or hydrolytic degradation. However, it often required complex syn-
thesis, and excessive incorporation of functional components may compromise the intrinsic
mechanical properties of PU. In contrast, surface modification focuses on the outermost
layer of the material, employing techniques such as chemical grafting, plasma treatment,
surface coating, and self-assembled monolayers [16–18]. This approach enables the intro-
duction of specific biological functions without altering the bulk properties. Nevertheless,
the long-term stability of the modified surface remains a major concern, as functional layers
may detach, degrade, or be masked by adsorbed biomolecules upon prolonged exposure
to physiological conditions. Therefore, achieving a stable and durable improvement in PU
biocompatibility remains a significant challenge.

In recent years, fluorinated polymers have attracted considerable attention due to their
unique interfacial properties [19–21], and the incorporation of fluorinated segments into
PU has been regarded as an effective strategy to enhance biocompatibility [22–25]. Fluorine
atoms possess high electronegativity and extremely low surface free energy, which drives
their spontaneous migration and enrichment at the material surface during processing.
This results in the formation of a fluorine-rich interfacial layer with reduced surface energy,
thereby minimizing protein adsorption and suppressing platelet adhesion and activation.
In addition, the high bond energy of C–F bonds (∼485 kJ/mol) imparts excellent chemical
inertness, thermal stability, and resistance to oxidative degradation [26]. Consequently, the
fluorinated surface layer is more stable under physiological conditions, which is beneficial
for maintaining long-term anti-adhesive performance. Despite these advantages, a key
challenge remains in achieving sufficient surface fluorine enrichment while preserving the
mechanical integrity of PU under controllable and efficient synthetic conditions.

In this work, a fluorinated PU elastomer with ordered hard segments and pendant
fluorinated side chains was designed and synthesized via a conventional prepolymer
method. A fluorinated diol chain extender (PEM–diol) was first synthesized through
a thiol–ene click reaction between 2-(perfluorooctyl)ethyl methacrylate (PEM) and α-
thioglycerol (TGC). Subsequently, PEM–diol and an ordered butanediol–hexamethylene
diisocyanate–butanediol (BHB–diol) were employed as co-chain extenders to react with
a poly(ε-caprolactone)-based prepolymer, followed by film fabrication via solvent evap-
oration. PEM–diol introduced surface-active fluorinated side chains, whereas BHB–diol
promoted ordered hard-segment formation and mechanical reinforcement. The chemical
structures of PEM–diol, BHB–diol, and the resulting fluorinated PU (F–PCU) were system-
atically characterized. The effects of ordered hard segments on thermal and mechanical
properties were investigated by tensile testing, TGA, DSC, and DMA, while the role of fluo-
rinated side chains in surface hemocompatibility was evaluated through protein adsorption
and platelet adhesion assays. Furthermore, the cytocompatibility of F–PCU films was
evaluated using an in vitro cytotoxicity assay. This molecular design, integrating ordered
hard segments with surface-active fluorinated chains, provides an effective strategy for
developing high-performance PU materials for long-term biomedical applications.
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2. Results and Discussion
2.1. Characterization of PEM–Diol

Thiol–ene click reactions are widely recognized for their high efficiency, mild reaction
conditions, and excellent functional group tolerance, making them highly suitable for the
construction of functional molecules [27,28]. Accordingly, a thiol–ene click reaction between
the thiol group (–SH) of TGC and alkene group (–C=C) of PEM was employed to introduce
terminal diol functionality, yielding PEM–diol. The chemical structure of PEM–diol was
confirmed by 1H NMR (Figure 1a) and FT–IR (Figure 1b). In the 1H NMR spectrum,
the characteristic proton signals of –CH=CH2 (δ 6.2 and 5.6 ppm) and –SH (δ 2.1 ppm)
disappeared completely, while new signals corresponding to the methylene protons of
the thioether linkage (–CH2–S–CH2–) appeared at δ 1.43 and 2.61 ppm. The absence of
the –OH proton signals was attributed to rapid proton exchange with trace moisture or
solvent. These observations confirmed the successful thiol–ene click reaction and the
absence of unreacted PEM and TGC. Furthermore, the integral ratios of the characteristic
peak were consistent with the expected chemical structure of PEM–diol, verifying its
successful synthesis. The FT–IR spectrum further supported this conclusion, showing a
characteristic –OH stretching band at 3332 cm−1, along with the disappearance of the –SH
(∼2560 cm−1) and –C=C (∼1636 cm−1) absorption bands. Additionally, a strong doublet
at 1250–1206 cm−1, assigned to the asymmetric (1250 cm−1) and symmetric (1206 cm−1)
stretching of C–F bonds [29], confirmed the presence of the perfluoroalkyl segment.

  

  
Figure 1. (a) NMR and (b) FT–IR spectra of PEM–diol; (c) NMR and (d) FT–IR spectra of PCU and
F–PCU films.

2.2. Characterization of F–PCU Films

The 1H NMR spectra of F–PCU and PCU films are presented in Figure 1c. Both
samples exhibited a characteristic resonance at δ 7.1 ppm, corresponding to the N–H
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protons of the urethane linkages, which was confirmed the successful chain-extension
reaction. Signals at δ 4.0 and 2.3 ppm were assigned to methylene protons adjacent to ester
groups in the soft segment, corresponding to –COO–CH2– and –CH2–COO–, respectively.
Compared with PCU, F–PCU displayed an additional signal at δ 2.7 ppm, which was
attributed to methylene protons adjacent to the fluorinated alkyl chain (–CH2–CF2–). The
appearance of this characteristic resonance indicated the successfully incorporation of
fluorinated segments into the polymer chain of F–PCU. Together with the characteristic
signals of urethane linkages and soft-segment structure, these results provided convincing
evidence for the successful synthesis of fluorinated PCU. To further verify the chemical
structure, FT–IR spectroscopy was performed (Figure 1d). Both F–PCU and PCU exhibited
characteristic absorption bands at 3315, 1717, 1676, and 1532 cm−1, corresponding to the
N–H stretching, free C=O stretching, H-bonded C=O stretching, and N–H out-of-plane
bending vibration, respectively [30]. These features further confirmed the formation of
urethane linkages. In addition, the absorption band at 1252 cm−1 was assigned to the C–O–
C stretching of the ester groups in the PCL soft segments. It is worth noting that the FT–IR
spectrum of F–PCU showed an enhanced and slightly red-shifted band at ∼1155 cm−1,
which was attributed to the H–bonding interactions involving fluorine groups, resulting
in a shift of the characteristic vibration to lower wavenumbers. This characteristic feature
provided additional evidence for the successful incorporation of fluoroalkyl segments into
the polymer chains.

2.3. XPS Analysis

To further verify the successful incorporation of fluorine into the material, the surface
elemental composition of the prepared films was analyzed by XPS. The XPS spectra of
F–PCU and PCU films are shown in Figure 2a. For the blank PCU film, characteristic
peaks located at 532.2, 399.1, and 284.8 eV were observed, corresponding to O 1s, N 1s,
and C 1s, respectively. In contrast, the F–PCU films exhibited a significant decrease in
the O 1s peak intensity. Meanwhile, new peaks appeared at 689.0 and 163.9 eV, which
were assigned to F 1s and S 2p [31], respectively, confirming the successful introduction
of fluorinated and sulfur-containing moieties. Although the sulfur content was relatively
low, resulting in weak peak intensity, the S2p peak could still be clearly identified in the
partially enlarged XPS spectrum of F–PCU (Figure 2b). Notably, the surface fluorine content
reached 14.7%, which was significantly higher than the theoretical value of 3.5%. This result
indicated that the fluorinated alkyl side chains preferentially migrated and enriched at the
film surface during the film-forming process, driven by their strong hydrophobicity. Recent
studies on fluorinated acrylate-based coatings have shown that fluoroalkyl side chains
can migrate toward the coating–air interface during film formation or curing, leading to
fluorine enrichment at the outermost surface and a concomitant reduction in surface energy.
For example, Wang et al. reported that fluorinated side chains in crosslinked fluorinated
acrylate-modified waterborne PU partially migrated to the coating surface during curing,
resulting in surface fluorine enrichment [32]. Similarly, Zhao et al. demonstrated that
fluorinated acrylate side-chain structures facilitated fluorine migration to the coating
surface, thereby lowering surface energy and improving hydrophobicity [33]. This surface
segregation behavior also accounted for the reduced oxygen content at the surface.
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Figure 2. (a) Overview and (b) narrow-scan XPS spectra of PCU and F–PCU films.

2.4. Thermal Stability

The TGA and DTGA curves of F–PCU and PCU films are presented in Figures 3a and 3b,
respectively. As shown in the TGA curves, the temperatures corresponding to 5% weight
loss (T5%) for both F–PCU and PCU were approximately 290 ◦C, which was much higher
than that of PEM–diol (Figure S1), indicating excellent thermal stability. The DTGA curves
revealed that both F–PCU and PCU predominantly undergo a single main-stage thermal
degradation process. The maximum degradation temperatures (T1) were observed at
329 ◦C and 353 ◦C, respectively, which was attributed to the thermal cleavage of ester
bonds in the soft segments and urethane bonds in the hard segments, leading to substantial
mass loss. In addition, a minor weight loss was observed at higher temperature (396 ◦C
and 432 ◦C, denoted as T2), which could be ascribed to the decomposition of the ether-
based initiator used in the synthesis of PCL diol. Compared with PCU, F–PCU exhibited
an additional slight weight loss around 300 ◦C, which was attributed to the cleavage
of C–S bonds in the PEM–diol segments due to their relatively low bond dissociation
energy. Overall, F–PCU demonstrated slightly improved thermal stability compared to
blank PCU. This enhancement can be explained from two aspects [34–36]: (1) the strong
electronegativity of fluorine atoms induces enhanced interchain dipole–dipole interactions
and van der Waals forces, thereby increasing the cohesive energy density of the polymer
matrix; (2) the low surface energy of fluorinated groups (e.g., –CF3, –CF2–) facilitates the
formation of a dense fluorocarbon-rich surface layer, which effectively suppresses heat
transfer and retards the thermal degradation process.

  
Figure 3. (a) TGA and (b) DTGA curves of PCU and F–PCU films.
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2.5. Thermal Transformation

The DSC curves of the F–PCU and PCU films are shown in Figure 4. Both samples
exhibited two glass transition temperatures, denoted as Tg1 and Tg2. The Tg1 at a low
temperature of approximately −42 ◦C was associated with the soft PCL segments, whereas
the Tg2 appeared at 5.5 and 9.6 ◦C corresponded to the ordered hard domains [37]. The
occurrence of two distinct Tg values indicated the formation of a microphase-separated
morphology, which arose from the thermodynamical immiscibility between the hard and
soft segments owing to their intrinsic polarity differences. In addition, a broad endothermic
peak was observed at 62∼64 ◦C (Tm), which belonged to the melting of partially crystallized
soft and/or ordered hard domains, suggesting the semi-crystalline nature of both films.
This interpretation is further supported by the broad and diffuse diffraction peaks observed
in the XRD patterns (Figure S2). Compared with blank PCU, F–PCU displayed a broader
melting endotherm and a reduced melting enthalpy (∆Hf = 16.2 J/g) relative to PCU
(∆Hf = 21.6 J/g). This decrease in crystallinity can be attributed to the enhanced interchain
dipole–dipole interactions induced by fluorine-containing groups, which restrict chain
mobility and therefore hinder the formation of well-ordered crystalline domains [38].

 
Figure 4. DSC curves of PCU and F–PCU films.

2.6. Thermomechanical Properties

To elucidate the influence of fluorinated groups on the phased-separated and vis-
coelastic behaviors of the fabricated films, DMA measurements were performed, and
the corresponding results are shown in Figure 5. Both PCU and F-PCU films exhibited
two distinct relaxation transitions in the tan δ curves (Figure 5b), consistent with the DSC
analysis and indicative of a typical microphase-separated structure. The first relaxation
peak located at approximately −40 ◦C was assigned to the glass transition of the soft PCL
segments, while the second transition appearing in the range of 0–10 ◦C corresponded to
the relaxation of the ordered hard domains. These observations were in good agreement
with the Tg values obtained from DSC curves, further confirming the thermodynamic
immiscibility between the soft and hard segments. In addition, the storage modulus (E’)
decreased with increasing temperature (Figure 5a), reflecting enhanced segmental mobility
during the glass transition process [39]. Compared with PCU, F–PCU showed a relatively
broader relaxation behavior and a reduced damping intensity of the soft segment transition,
indicating restricted molecular motion caused by fluorine-induced interchain dipole–dipole
interactions. Moreover, the slightly lower modulus in the high-temperature region could be
attributed to their low crystallinity. The DMA results further demonstrated that the incor-
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poration of fluorinated groups affected the microphase morphology and chain dynamics of
the PU matrix.

  
Figure 5. (a) Storage modulus (E’) and (b) tan δ curves of PCU and F–PCU films.

2.7. Mechanical Properties

The tensile stress–strain curves of F–PCU and PCU films are shown in Figure 6a.
PCU exhibited a maximum tensile strength (σm) of 45.4 MPa and an elongation at break
(εm) of 1147%, whereas F–PCU showed corresponding values of 49.5 MPa and 965%,
indicating that both materials possessed excellent mechanical properties. This behavior
was primarily attributed to the presence of well-ordered hard segments within the PU
matrix. The urethane-rich hard segments form abundant H-bonds between C=O and
N–H groups, generating a physically crosslinked network that facilitates efficient stress
transfer [40]. Upon stretching, intermolecular H-bonds undergo reversible dissociation and
reformation, enabling energy dissipation and chain rearrangement, thereby enhancing both
the strength and stretchability. Compared with PCU, F–PCU exhibited a slightly higher
σm but a reduced εm. This difference can be ascribed to the incorporation of fluorinated
side chains, which strengthen intermolecular interactions (e.g., weak H–bonding or dipolar
interactions), leading to a more compact microstructure and reduced chain mobility.

   

Figure 6. (a) Tensile stress–strain curves of PCU and F–PCU films; Cyclic tensile stress–strain curves
of (b) PCU and (c) F–PCU films at 400% strain.

To further evaluate the mechanical behaviors, cyclic tensile tests were conducted
(Figure 6b,c). Both materials exhibited pronounced hysteresis during cyclic loading–
unloading, which was attributed to internal friction and irreversible chain rearrangement.
During stretching, polymer chains must overcome intermolecular interactions to reorient,
resulting in energy dissipation; upon unloading, incomplete recovery of chain configura-
tions leads to a distinct hysteresis loop. Similar behavior had been reported for segmented
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PU with ordered hard segments [41]. Under constant strain, the maximum stress (σc-m)
decreased significantly in the initial cycles and gradually stabilized with further cycling.
After five cycles, F–PCU retained 89.1% of its initial stress, which was higher than that
of PCU (84.8%), indicating relatively superior fatigue resistance. This improvement is
attributed to the introduction of fluorine, which enhances intermolecular interactions and
restricts chain slippage, thereby promoting a elastic recovery during cyclic deformation.

2.8. Surface Hydrophobicity

Surface wettability is closely associated with hemocompatibility, as either increased hy-
drophilicity or hydrophobicity can effectively reduce protein and platelet adhesion. WCA
measurement is commonly used to characterize surface wettability. As shown in Figure 7,
the blank PCU exhibited a WCA of 83.9 ± 3.4◦, indicating moderate surface hydropho-
bicity. Upon introduction of fluorinated alkyl side chains, the WCA of F–PCU increased
markedly to 134.2 ± 5.4◦, demonstrating significantly enhanced surface hydrophobicity.
This enhancement can be attributed to the unique physicochemical properties of fluorinated
alkyl groups. On the one hand, fluorinated chains possess extremely low surface energy
and tend to migrate and enrich at the surface during film formation, therefore forming
a dense hydrophobic layer. Compared with conventional fluorinated PU systems [42],
in which fluorinated segments are typically incorporated into the backbone, the present
design featuring flexible pendant fluorinated side chains provides higher chain mobility,
thus facilitating surface segregation of the fluorinated side moieties [43]. On the other hand,
the high bond energy and low polarizability of C–F bonds weaken H–bonding and van der
Waals interactions with water molecules, thereby inhibiting water spreading and increasing
contact angle. However, the WCA of F–PCU has not yet reached the superhydrophobic
regime (typically ≥ 150◦). Therefore, further optimization of hydrophobic modification is
required while maintaining mechanical performance, such as by optimizing the compo-
sitional ratio of BHB–diol and PEM–diol or introducing longer fluorinated alkyl chains,
which will be explored in future work.

Figure 7. Water contact angles on PCU and F–PCU film surface.

2.9. Surface Hemocompatibility

When blood contacts a foreign surface, thrombus formation is initiated by the adsorp-
tion of plasma proteins, followed by platelet adhesion and activation [44,45]. Therefore,
protein adsorption and platelet adhesion are commonly regarded as primary and straight-
forward approaches to evaluate surface hemocompatibility.
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2.9.1. Protein Adsorption

The extent of BSA adsorption on the F–PCU and blank PCU films is presented
in Figure 8a. The F–PCU surface exhibited a markedly reduced BSA amount of
0.9 ± 0.08 µg/cm2, in contrast to the significantly higher value measured for the PCU
surface (4.9 ± 0.21 µg/cm2). Surfaces with low interfacial free energy are known to ef-
fectively suppress the adsorption of plasma proteins [46]. In this work, the fluorinated
modification endowed the surface with pronounced hydrophobicity and consequently
lowered its interfacial energy, thereby minimizing protein–surface interactions and leading
to a substantial decrease in protein adsorption. Notably, the adsorption level on F–PCU
was significantly lower than that reported for silicone-coated PU (∼2.9 µg/cm2) [47]. Al-
though further protein adsorption studies involving physiologically relevant proteins or
media (such as fibrinogen or diluted plasma) are required to more comprehensively assess
blood-contacting performance, the markedly reduced BSA adsorption suggests that the
modified F–PCU surface has promising hemocompatibility.

  
Figure 8. (a) Protein adsorption and (b) platelet adhesion on PCU and F–PCU film surface.

2.9.2. Platelet Adhesion

The morphology of platelets adhered to the F–PCU and PCU film surfaces was char-
acterized by SEM, and representative images are presented in Figure 8b. The blank PCU
surface exhibited extensive platelet adhesion, with a quantified density of approximately
39,800 platelets/mm2. In addition, many of the adhered platelets displayed pronounced
morphological changes, including spreading and pseudopodia extension, suggesting
platelet activation. In contrast, the F–PCU surface demonstrated a markedly reduced
level of platelet adhesion, with the platelet density decreasing to 4729 platelets/mm2 based
on statistical analysis. Moreover, most adhered platelets retained their native discoid mor-
phology, with no evident deformation or aggregation, suggesting that platelet activation
was effectively inhibited. A similar phenomenon has also been reported for PDMS-coated
PU surfaces [48]. These findings demonstrated that the fluorinated surface effectively
inhibited platelet adhesion and activation. In blood-contacting environments, polymer
surfaces are rapidly covered by adsorbed proteins, and subsequent platelet adhesion and
activation are largely governed by the amount, composition, and conformation of the
adsorbed protein layer [49,50]. Therefore, the improved anti-platelet adhesion behavior of
F–PCU can be attributed to the fluorinated low-surface-energy interface, which reduces
nonspecific protein adsorption and may further modulate the interfacial protein layer,
thereby suppressing platelet adhesion and activation.

2.10. Cytotoxicity

Cytotoxicity assessment is an essential in vitro evaluation for determining the bio-
logical safety of biomaterials prior to further biomedical application. In this study, the
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cytocompatibility of the prepared films was investigated by culturing L929 fibroblasts with
the corresponding material extracts, followed by an MTT assay. The relative growth rates
(RGRs) after incubation for predetermined periods are displayed in Figure 9. Compared
with the PCU sample, F–PCU showed slightly lower RGR values at all tested time points,
which should be associated with the compositional modification of the surface after fluori-
nation. Nevertheless, the RGR values of cells exposed to F–PCU extracts remained above
75% throughout the incubation period, indicating that the F–PCU film did not markedly
inhibit cell viability or proliferation. According to the cytotoxicity grading criteria defined
in ISO 10993–5:2016 [51], materials with RGR values higher than 75% are classified as
grade 1, corresponding to a slight cytotoxic response. Therefore, F–PCU exhibited favor-
able cytocompatibility and acceptable biological safety, supporting its potential application
as an implantable biomaterial.

Figure 9. Relative growth rates of L929 cells in PCU and F–PCU extracts.

3. Materials and Methods
3.1. Materials

Poly(ε-caprolactone) diol (PCL–diol, Mn = 2000 g/mol) was purchased from J&K
Scientific Ltd. (Beijing, China) and was dehydrated at 90 ◦C under vacuum for 3 h. Stannous
octoate ((Oct)2Sn, >95%), N,N-diisopropylethylamine (DIPA, >99.5%), PEM (>98%), and
TGC (>99%) were obtained from Sigma-Aldrich (St. Louis, MO, USA). 1,4-Butanediol (BDO,
>99%), hexamethylene diisocyanate (HDI, 99%), and anhydrous N,N-dimethylformamide
(DMF, moisture content < 0.05%) were supplied by Aladdin Reagent Co. (Shanghai, China).
Fresh anticoagulated rabbit blood was obtained from a commercial supplier (Success Bio-
Tech Co., Ltd., Jinan, China). Other reagents were of analytical grade and purified by
standard methods.

3.2. Synthesis of BHB–Diol

BHB–diol was synthesized according to our previously reported method [52]. Briefly,
HDI was treated with an eight-fold molar excess of BDO at 80 ◦C for 3 h in the absence
of a catalyst. After cooling to room temperature, the reaction mixture was washed three
times with dry acetone to remove excess BDO. The product was then dried under reduced
pressure to constant weight, giving a white powder with a yield of 93.5%. The chemical
structure of BHB–diol was confirmed by 1H NMR (Figure S3), 13C NMR (Figure S4), and
HR–MS (Figure S5).
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3.3. Synthesis of PEM–Diol

PEM–diol was synthesized via a thiol–ene click reaction between PEM and TGC
(Figure 10). Specifically, PEM (10.64 g, 20 mmol) and TGC (2.38 g, 22 mmol) were dissolved
in tetrahydrofuran (THF, 25 mL), followed by the addition of DIPA (0.26 g, 0.2 mmol) as
a catalyst. The reaction was carried out at room temperature in the dark for 24 h. After
completion, the reaction mixture was poured into cold diethyl ether (250 mL, 0 ◦C) to
precipitate the product. The obtained product was collected and dried under reduced
pressure at room temperature to give PEM–diol as a pale-yellow viscous liquid with a yield
of 94.7%.

Figure 10. Synthesis of PEM–diol by thiol–ene click reaction.

3.4. Preparation of F–PCU and F–PCU Film

F–PCU was synthesized via a prepolymer chain extension approach, as illustrated
in Figure 11. PCL–diol (20 g, 10 mmol) and HDI (3.53 g, 21 mmol) were dissolved in
anhydrous DMF (20 mL) under mechanical stirring. After the addition of (Oct)2Sn (0.2 wt%
relative to PCL–diol) under a dry argon atmosphere, the reaction was conducted at 80 ◦C
until the –NCO content, determined by dibutylamine titration, reached the theoretical
value (approximately 2.5 h). Subsequently, a DMF solution (16.8 mL) containing BHB–diol
(2.6 g, 7.5 mmol) and PEM–diol (1.6 g, 2.5 mmol) was added dropwise under vigorous
stirring. The reaction was continued at 80 ◦C until the complete disappearance of the -NCO
absorption peak in the FT–IR spectrum. The resulting solution was diluted with DMF to
a solid content of 5 wt%, degassed under reduced pressure, and gently cast into a Teflon
mold. The solvent was evaporated at 45 ◦C for 48 h, followed by vacuum drying to remove
residual solvent, yielding semitransparent F–PCU films with a thickness of 0.2 ± 0.02 mm
(Figure S6). For comparison, a fluorine-free PU (named as PCU) was prepared following
the identical procedure, except that BHB–diol was used as the sole chain extender. GPC for
F–PCU: Mw = 88,300 g/mol, Mn = 67,100 g/mol, DM = 1.32; for PCU: Mw = 92,500 g/mol,
Mn = 75,600 g/mol, DM = 1.22.

Figure 11. Synthetic route of F–PCU.
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3.5. Instruments and Characterization
1H/13C NMR spectra were recorded on a Bruker Avance II 400 MHz spectrometer

(Rheinstetten, Germany) using CDCl3 or DMSO-d6 as the solvent. FT–IR spectra were
obtained on an Alpha ATR-FTIR spectrometer (Rheinstetten, Germany) over the range
of 4000–400 cm−1. Molar mass (Mw, Mn) and dispersity (DM) were determined by GPC
(Waters Alliance GPC2000, Milford, MA, USA) with THF as the eluent and monodispersed
polystyrene standards for calibration.

Surface elemental composition was analyzed using an ES CALAB 250 XPS (Thermo
Scientific, Waltham, MA, USA) at a take-off angle of 90◦. A monochromatic Al-Kα radiation
source (1466.8 eV) was employed.

Thermal stability was evaluated by TGA (Q50, TA Instruments, New Castle, DE,
USA) under nitrogen from 40 to 600 ◦C at a heating rate of 10 ◦C/min. DSC (DSC25, TA
Instruments, New Castle, DE, USA) was used to investigate thermal transitions. Samples
were first heated to erase thermal history and then subjected to a second heating scan from
–60 to 100 ◦C at 10 ◦C/min under nitrogen. Dynamic mechanical analysis (DMA) was
performed using a Q800 dynamic mechanical analyzer (TA Instruments, New Castle, DE,
USA) in tensile mode. The tests were conducted at a frequency of 1 Hz with a heating rate
of 3 ◦C/min over a temperature range of −80 to 40 ◦C.

Water contact angle (WCA) was measured using a CAM200 contact angle goniometer
(KSV, Helsinki, Finland). Prior to testing, the surface of the sample was washed with
ethanol and dried. A 2 µL water droplet was deposited onto the surface, and images were
captured within 3 s.

Mechanical properties were measured according to GB/T 1040.3–2006 [53]. Samples
were cut into a dumbbell shape (width: 4.0 mm; gauge length: 30 mm) and tested at a
crosshead speed of 20 mm/min. Cyclic tensile tests were conducted up to 400% strain for
five loading–unloading cycles.

Protein adsorption on the film surface was quantified using a Bradford assay, with
bovine serum albumin (BSA) as a model protein, following previously reported meth-
ods [54,55]. Circular samples (∼10 mm in diameter) were incubated in 1.0 mL BSA solution
(45 µg/mL) at 37 ◦C for 120 min. After incubation, the samples were removed and rinsed
with phosphate-buffered saline (PBS) to eliminate loosely bound proteins. The adsorbed
proteins were then desorbed by ultrasonication in 1 wt% sodium dodecyl sulfate solution at
37 ◦C for 30 min. The BSA concentration was determined using a micro-Bradford assay kit,
and absorbance was measured at 595 nm on a microplate reader. The amount of adsorbed
protein was calculated based on a standard calibration curve.

Platelet-rich plasma (PRP) was prepared from freshly collected rabbit blood antico-
agulated with sodium citrate. Film disks (∼10 mm in diameter) were preconditioned in
PBS (pH 7.4) for 12 h and then incubated with 1.0 mL PRP at 37 ◦C for 60 min. After
incubation, nonadherent platelets were removed by gentle rinsing with PBS. The attached
platelets were fixed with 2.5% glutaraldehyde at 37 ◦C for 30 min, followed by washing
with PBS and dehydration through a graded ethanol series (50–100%, v/v). The samples
were air-dried, sputter-coated with gold, and observed by SEM (SU–8010, Hitachi, Tokyo,
Japan). Adherent platelets were quantitatively analyzed by calculating surface coverage
from SEM images. At least eight random areas were selected for each sample.

In vitro cytotoxicity was evaluated using the MTT assay with L929 mouse fibroblasts
as test cells, in accordance with ISO 10993-5:2016 [51].

4. Conclusions
In this study, a fluorinated polyurethane elastomer (F–PCU) with ordered hard seg-

ments and pendant fluorinated side chains was successfully synthesized via a prepolymer
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method. XPS characterization revealed significant fluorine enrichment at the surface, result-
ing in the formation of a low-energy interface. Compared with fluorine-free PCU, F–PCU
maintained excellent thermal stability and mechanical performance. Moreover, the incorpo-
ration of fluorinated side chains markedly enhanced surface hydrophobicity and reduced
protein adsorption and platelet adhesion, indicating improved hemocompatibility. In addi-
tion, F–PCU exhibited good cytocompatibility, further supporting its potential suitability
for biomedical applications. Although further biological evaluations are still required
to comprehensively assess its long-term biocompatibility and in vivo performance, these
findings demonstrate that the integration of ordered hard segments with fluorinated side
chains provides an effective molecular design strategy for simultaneously achieving robust
mechanical properties, improved hemocompatibility, and favorable cytocompatibility in
PU materials for potential long-term biomedical applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules31111913/s1. Figure S1. TGA curve of PEM-diol
(heating rate: 5 ◦C/min). Figure S2. XRD patterns of PCU and F-PCU films. Figure S3. 1H NMR
spectrum of BHB-diol. Figure S4. 13C NMR spectrum of BHB-diol. Figure S5. HR-MS spectrum of
BHB-diol. Figure S6. Image of F-PCU film.

Author Contributions: Methodology, S.Z. and Z.H.; Investigation, S.Z. and R.Z.; Data curation, S.Z.
and R.Z.; Writing—original draft, S.Z. and R.Z.; Writing—review & editing, Z.H.; Funding acquisition,
Z.H.; Project administration, Z.H.; Conceptualization, Z.H.; Supervision, Z.H. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by the Shandong Provincial Natural Science Foundation, China,
grant number ZR2022MB099.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data are contained within the manuscript and are available
upon request.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Heath, D.E.; Cooper, S.L. Polyurethanes; Elsevier: New York, NY, USA, 2013.
2. Feng, H.; Wang, Y.; Zhang, T.; Wang, J.; Jia, Z.; Jiang, S.; Han, X. Review on research progress on bio-based self-healing

polyurethane. ACS Mater. Lett. 2025, 7, 3461–3488. [CrossRef]
3. Wu, S.; Ma, S.; Zhang, Q.; Yang, C. A comprehensive review of polyurethane: Properties, applications and future perspectives.

Polymer 2025, 327, 128361. [CrossRef]
4. Xu, J.; Dai, X.; Yang, Y.; Chen, J.; Han, L.; Zhang, R. Polyurethane foams in medical devices: A brief review. Macromol. Chem. Phys.

2026, 227, e00449. [CrossRef]
5. Puszka, A.; Sikora, J.W.; Nurzynska, A. Influence of the type of soft segment on the selected properties of polyurethane materials

for biomedical applications. Materials 2024, 17, 840. [CrossRef] [PubMed]
6. Major, R.; Gawlikowski, M.; Sanak, M.; Lackner, L.M.; Kapis, A. Design, manufacturing technology and in-vitro evaluation of

original, polyurethane, petal valves for application in pulsating ventricular assist devices. Polymers 2020, 12, 2986. [CrossRef]
7. Trepanier, C.M.; Rubianto, J.; Burker-Kleinman, J.; Appings, R.; Bendeck, M.P.; Santerre, J. Synthesis, characterization, and surface

modification of degradable polar hydrophobic ionic polyurethane nanoparticles for the delivery of therapeutics to vascular tissue.
Acta Biomater. 2024, 188, 184–196. [CrossRef]

8. Qiu, J.H.; Zhao, H.; Luan, S.F.; Wang, L.; Shi, H.C. Recent advances in functional polyurethane elastomers: From structural design
to biomedical applications. Biomater. Sci. 2025, 13, 2526–2540. [CrossRef]

https://doi.org/10.3390/molecules31111913

https://www.mdpi.com/article/10.3390/molecules31111913/s1
https://www.mdpi.com/article/10.3390/molecules31111913/s1
https://doi.org/10.1021/acsmaterialslett.5c01153
https://doi.org/10.1016/j.polymer.2025.128361
https://doi.org/10.1002/macp.202500449
https://doi.org/10.3390/ma17040840
https://www.ncbi.nlm.nih.gov/pubmed/38399091
https://doi.org/10.3390/polym12122986
https://doi.org/10.1016/j.actbio.2024.09.024
https://doi.org/10.1039/D5BM00122F
https://doi.org/10.3390/molecules31111913


Molecules 2026, 31, 1913 14 of 16

9. Ju, D.B.; Lee, J.C.; Hwang, S.K.; Cho, C.S.; Kim, H.J. Progress of polysaccharide-contained polyurethanes for biomedical
applications. Tissue Eng. Regen. Med. 2022, 19, 891–912. [CrossRef]

10. Puskas, J.E.; Chen, Y.H. Biomedical application of commercial polymers and novel polyisobutylene-based thermoplastic elas-
tomers for soft tissue replacement. Biomacromolecules 2004, 5, 1141–1154. [CrossRef] [PubMed]

11. Bochynska, A.I.; Hannink, G.; Grijpma, D.W.; Buma, P. Tissue adhesives for meniscus tear repair: An overview of current
advances and prospects for future clinical solutions. J. Mater. Sci.-Mater. Med. 2016, 27, 85. [CrossRef] [PubMed]

12. Chen, J.; Yang, N.; Xu, Y.; Ji, Y.; Qian, Z.; Sun, J.; Zhang, Q.; Xiong, Q.; Pan, C. Construction of an anticoagulant coating mimicking
extracellular matrix for better surface blood compatibility and endothelialization of polyurethanes. Polymer 2025, 339, 129172.
[CrossRef]

13. Zhao, J.; Bahatibieke, A.; Liu, G.; Li, J.; Li, J.; Zhao, F.; Yao, B.; Xie, Y.; Zheng, Y. Dynamically reshaping high density hydrogen
bonds enhanced polyurethane used as artificial heart valves with enhanced fatigue resistance, anti-calcification and blood
compatibility. Chem. Eng. J. 2024, 502, 158015. [CrossRef]

14. Zhao, X.; Yang, K.; Song, B.Y.; Qiu, H.F.; Zhao, J.K.; Liu, H.Z.; Lin, Z.H.; Han, L.J.; Zhang, R.Y. Amphiphilic nanofibrillated
cellulose/polyurethane composites with antibacterial, antifouling and self-healing properties for potential catheter applications.
Int. J. Biol. Macromol. 2024, 263, 130407. [CrossRef]

15. Belzile, A.; Armanasco, F.; Chiacchiarelli, L.M.; Lebrun, G.; Ruiz, E. Development of a novel flax soy-based polyurethane prepreg
composite. Compos. Part A Appl. Sci. Manuf. 2024, 181, 108136. [CrossRef]

16. Zhang, H.; Wang, D.; Wei, L.; Wang, W.; Ren, Z.; Shah, S.A.A.; Zhang, J.; Cheng, J.; Gao, F. Construction of antithrombotic and
antimicrobial ultra-thin structures on a polyethylene terephthalate implant via the surface grafting of heparin brushes. Biomater.
Sci. 2024, 12, 6099–6113. [CrossRef] [PubMed]

17. Zhang, J.; Lv, S.; Zhao, X.; Ma, S.; Zhou, F. Surface functionalization of polyurethanes: A critical review. Adv. Colloid Interfac. 2024,
325, 103100. [CrossRef]

18. Zhu, T.K.; Cao, H.M.; Wei, H.N.; Zhang, S.P. Surface immobilization of sulfobetaine zwitterionic and quaternary ammonium
copolymers on polyurethane surfaces to improve antifouling and bactericidal activities. Appl. Surf. Sci. 2025, 687, 162213.
[CrossRef]

19. Gao, Z.; Zhao, X.; Luo, G.; Yang, W.; Zhang, W.; Wang, H.; Zong, C.; Lei, L.; Li, H. Anti-fouling amphiphilic surfaces from
norbornene-based fluorinated copolymers with excellent mechanical properties. Prog. Org. Coat. 2024, 190, 108361. [CrossRef]

20. Kowey, I.; Valizadeh, K.; Krishnamurthy, A.; Rownaghi, A.A. Fluorinated polyimide materials and membranes in olefin/paraffin
separation. ACS Appl. Polym. Mater. 2025, 7, 7687–7711. [CrossRef]

21. Yang, Q.; Li, X.; Xue, Y.; Peng, H.; Bai, Y.; Li, W.; Zheng, W. Recent advances in fluorinated superhydrophobic materials:
Preparation and diverse applications. Chem. Eng. J. 2025, 523, 168236. [CrossRef]

22. Gregorits, B.; Wu, Y.; Chen, C.; Yeager, E.; Parker, M.; Martinez, I.; Lancaster, M.; Schmiedt, C.; Handa, H.; Allcock, H.R.; et al.
In vitro and in vivo biocompatibility study of fluorinated polyphosphazene coatings for blood-contacting medical devices. Acta
Biomater. 2025, 203, 346–357. [CrossRef] [PubMed]

23. He, X.; Zhang, S.; Yan, X.; Huang, X.; He, J.; Mai, S. Low-shrinkage-stress fluorinated methacrylate-thiol-ene resin composite:
Bacterial anti-adhesion activity, physical properties, and biocompatibility. J. Dent. 2026, 168, 106610. [CrossRef]

24. Ren, Y.; Sun, Z.; Huang, Y.; An, X.; Bian, X.; Cao, Z.; Liu, Y.; Javed, K.; Derkach, T.; Li, X. Preparation of fluorinated chitosan-based
multifunctional materials with rapid hemostasis, anti-infection, and non-adhesive properties for wounds. J. Poly. Sci. 2024, 62,
2762–2779. [CrossRef]

25. Zhang, X.; Jiang, X.; Li, J.; Liu, J.; Tan, H.; Zhong, Y.; Fu, Q. Largely improved blood compatibility of polyurethane by blending
with fluorinated phosphatidylcholine polyurethane. Chin. J. Polym. Sci. 2008, 26, 203–211. [CrossRef]

26. Li, D.; Yu, L.; Lu, Z.; Kang, H.; Li, L.; Zhao, S.; Shi, N.; You, S. Synthesis, structure, properties, and applications of fluorinated
polyurethane. Polymers 2024, 16, 959. [CrossRef]

27. Sradha, S.A.; Sariga; George, L.; Varghese, A. Advancements in thiol-yne click chemistry: Recent trends and applications in
polymer synthesis and functionalization. Mater. Today Chem. 2024, 38, 102112. [CrossRef]

28. Sojdeh, S.; Panjipour, A.; Yaghmour, A.; Arabpour, Z.; Djalilian, A.R. Click chemistry-based hydrogels for tissue engineering. Gels
2025, 11, 724. [CrossRef]

29. Cruz, R.; Becker, M.R.; Kozuch, J.; Ataka, K.; Netz, R.R.; Heberle, J. Infrared spectroscopic signatures of the fluorous effect arise
from a change of conformational dynamics. J. Am. Chem. Soc. 2025, 147, 12040–12050. [CrossRef] [PubMed]

30. Zheng, E.; Zhang, P.; Wang, J.; Chen, Y.; Liu, H.; Xu, J.; Hou, Z. Dual dynamic bonds enable biocompatible polyurethane hydrogels
with superior toughness, fatigue and puncture resistance, pH-reversibility, and room-temperature self-healability. Polymer 2025,
327, 128381. [CrossRef]

https://doi.org/10.3390/molecules31111913

https://doi.org/10.1007/s13770-022-00464-2
https://doi.org/10.1021/bm034513k
https://www.ncbi.nlm.nih.gov/pubmed/15244424
https://doi.org/10.1007/s10856-016-5694-5
https://www.ncbi.nlm.nih.gov/pubmed/26970767
https://doi.org/10.1016/j.polymer.2025.129172
https://doi.org/10.1016/j.cej.2024.158015
https://doi.org/10.1016/j.ijbiomac.2024.130407
https://doi.org/10.1016/j.compositesa.2024.108136
https://doi.org/10.1039/D4BM00778F
https://www.ncbi.nlm.nih.gov/pubmed/39436401
https://doi.org/10.1016/j.cis.2024.103100
https://doi.org/10.1016/j.apsusc.2024.162213
https://doi.org/10.1016/j.porgcoat.2024.108361
https://doi.org/10.1021/acsapm.5c00388
https://doi.org/10.1016/j.cej.2025.168236
https://doi.org/10.1016/j.actbio.2025.07.061
https://www.ncbi.nlm.nih.gov/pubmed/40738393
https://doi.org/10.1016/j.jdent.2026.106610
https://doi.org/10.1002/pol.20240038
https://doi.org/10.1142/S0256767908002844
https://doi.org/10.3390/polym16070959
https://doi.org/10.1016/j.mtchem.2024.102112
https://doi.org/10.3390/gels11090724
https://doi.org/10.1021/jacs.4c18434
https://www.ncbi.nlm.nih.gov/pubmed/40130333
https://doi.org/10.1016/j.polymer.2025.128381
https://doi.org/10.3390/molecules31111913


Molecules 2026, 31, 1913 15 of 16

31. Ahmadizadeh, N.; Sobhani, M.; Habibolahzadeh, A. Enhancement of hydrophobic properties of HTV silicone rubber by CF4
plasma treatment. Appl. Surf. Sci. 2023, 641, 158534. [CrossRef]

32. Wang, X.; Cui, Y.; Wang, Y.; Ban, T.; Zhang, Y.; Zhang, J.; Zhu, X. Preparation and characteristics of crosslinked fluorinated acrylate
modified waterborne polyurethane for metal protection coating. Prog. Org. Coat. 2021, 158, 106371. [CrossRef]

33. Zhao, Y.; Yang, S.; Zhang, J.; Xu, S.; Han, J.; Ma, S. Preparation and Characterization of Fluorinated Acrylate and Epoxy
Co-Modified Waterborne polyurethane. Polymers 2024, 16, 2576. [CrossRef] [PubMed]

34. Zhu, S.; Chen, R.; Zhang, W.; Niu, X.; Chen, W.; Mo, L.; Hu, M.; Zhang, L.; Li, J.; Chen, X.; et al. Dissecting terminal fluorinated
regulator of liquid crystals for fine-tuning intermolecular interaction and molecular configuration. J. Mol. Liq. 2020, 310, 113225.
[CrossRef]

35. Du, W.; Lin, Z.; Chen, T.; Chen, Y.; Luo, W.; Zeng, B.; Chen, G.; Dai, L. Synthesis of phosphorus fluorine containing polymers for
flame-retardant, low surface energy and good dielectric performance epoxy resin electronic packaging materials. Polym. Degrad.
Stabil. 2024, 229, 110932. [CrossRef]

36. Wang, A.; Liu, Y.; Yu, Y.; Song, M.; Li, J.; Wang, Y.; Zhang, C.; Lou, N.; Qi, F.; Han, X. Facile fabrication of porous fluorinated
polyurethane membranes for organic solvent adsorption based on thiol-ene click reaction within high internal phase emulsions.
Process Saf. Environ. 2025, 193, 1232–1242. [CrossRef]

37. Xiao, M.; Zhang, N.; Zhuang, J.; Sun, Y.; Ren, F.; Zhang, W.; Hou, Z. Degradable poly(ether-ester-urethane)s based on well-defined
aliphatic diurethane diisocyanate with excellent shape recovery properties at body temperature for biomedical application.
Polymer 2019, 11, 1002. [CrossRef]

38. Tan, H.; Guo, M.; Du, R.; Xie, X.; Li, J.; Zhong, Y.; Fu, Q. The effect of fluorinated side chain attached on hard segment on the
phase separation and surface topography of polyurethanes. Polymer 2004, 45, 1647–1657. [CrossRef]

39. Benali, N.; Alshahrani, H.; De Barros, S. Dynamic mechanical analysis of shape memory polymers: Thermomechanical behavior
and influence of thermal stimuli. Colloid Polym. Sci. 2025, 303, 2507–2514. [CrossRef]

40. Hou, Z.; Zhang, H.; Qu, W.; Xu, Z.; Han, Z. Biomedical segmented polyurethanes based on polyethylene glycol, poly(ε-
caprolactone-co-D,L-lactide), and diurethane diisocyanates with uniform hard segment: Synthesis and properties. Int. J. Polym.
Mater. Po. 2016, 65, 947–956. [CrossRef]

41. Wang, S.; Chen, X.; Guo, L.; Wang, S.; Dong, F.; Liu, H.; Xu, X. A human muscle-inspired, high strength, good elastic recoverability,
room-temperature self-healing, and recyclable polyurethane elastomer based on dynamic bonds. Compos. Sci. Technol. 2024, 248,
110457. [CrossRef]

42. Wang, X.; Hu, J.; Li, Y. The surface properties and corrosion resistance of fluorinated polyurethane coatings. J. Fluor. Chem. 2015,
176, 14–19. [CrossRef]

43. Li, L.; Wang, X.; Li, Z.; Bi, W.; Li, Y.; Qi, Y.; Dong, Q. The synthesis and curing kinetics study of a new fluorinated polyurethane
with fluorinated side chains attached to soft blocks. New J. Chem. 2016, 40, 596–605. [CrossRef]

44. Kwon, M.J.; Bae, J.H.; Kim, J.J.; Na, K.; Lee, E.S. Long acting porous microparticle for pulmonary protein delivery. Int. J. Pharm.
2007, 333, 5–9. [CrossRef]

45. Zhang, Q.; Shi, X.H.; Chen, H.J. Synthesis of biodegradable and blood-compatible polyurethane based on poly(vinylpyrrolidone).
J. Polym. Environ. 2017, 25, 1296–1303. [CrossRef]

46. Ren, Z.; Chen, G.; Wei, Z.; Sang, L.; Qi, M. Hemocompatibility evaluation of polyurethane film with surface-grafted poly(ethylene
glycol) and carboxymethylchitosan. J. Appl. Polym. Sci. 2013, 127, 308–315. [CrossRef]

47. Teng, J.; Wang, X.; Xu, J.; Hu, T.; Hou, Z.; Liu, Y. Facile method for covalent-bonding coating of crosslinked silicone layer onto
poly(ester-urethane) surface to improve tensile properties and hemocompatibility. Prog. Org. Coat. 2021, 152, 106111. [CrossRef]

48. Dabagh, M.; Abdekhodaie, M.J.; Khorasani, M.T. Effects of polydimethylsiloxane grafting on the calcification, physical properties,
and biocompatibility of polyurethane in a heart valve. J. Appl. Polym. Sci. 2005, 98, 758–766. [CrossRef]

49. Brash, J.L.; Horbett, T.A.; Latour, R.A.; Tengvall, P. The blood compatibility challenge. Part 2: Protein adsorption phenomena
governing blood reactivity. Acta Biomater. 2019, 94, 11–24. [CrossRef]
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