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Abstract: Diseases and complications related to catheter materials are severe problems in biomedical
material applications, increasing the infection risk and medical expenses. Therefore, there is an
enormous demand for catheter materials with antibacterial and antifouling properties. Considering
this, in this work, we developed an approach of constructing antibacterial surfaces on polyurethane
(PU) via surface-initiated atom transfer radical polymerization (SI-ATRP). A variety of cationic
polymers were grafted on PU. The biocompatibility and antifouling properties of all resulting
materials were evaluated and compared. We also used a theoretical algorithm to investigate the
anticoagulant mechanism of our PU-based grafts. The hemocompatibility and anti-biofouling
performance improved at a 86-112 pg/cm? grafting density. The theoretical simulation demonstrated
that the in vivo anti-fouling performance and optimal biocompatibility of our PU-based materials
could be achieved at a 20% grafting degree. We also discuss the mechanism responsible for the
hemocompatibility of the cationic brushes fabricated in this work. The results reported in this paper
provide insights and novel ideas on material design for applications related to medical catheters.
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1. Introduction

Catheter-related diseases and complications are serious pathogenic problems which increase
the infection risk and medical expenses [1,2]. Catheter-related bloodstream infections (CRBSIs) and
deep venous thrombosis (DVT) are among the worst drawbacks [3,4]. Bacteria and non-specific
proteins impregnably adhere to the hydrophobic catheter surfaces, which often leads to coagulation
and bacterial infection after prolonged contact with blood [5-7]. A patient with such complications
relies on heparin and antibiotic injections. However, heparin remains in blood vessels for prolonged
periods [8]. Therefore, the development of improved catheter materials capable of minimizing these
problems has become more and more critical.

A thin aqueous layer adsorbed on a material surface can reduce its protein adsorption by changing
the protein orientation and conformation [9-11]. Modeling results published by Cormack et al. [12]
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confirmed that the primary factor responsible for protein adsorption is the double layer at the
water/material interface. Protein attachment to the surface is strongly affected by the change of water
structure in this interface. Panos et al. [13] modeled protein—surface interactions to explore protein
adsorption on polyurethane (PU) surfaces. The wettability of the membranes, as well as the surface
roughness, strongly affected the total protein adsorption. Zhang et al. [14] found that the water layer
structure determines the motion of atoms by guiding the electrostatic interactions, which explains why
the adsorbed aqueous layers affect the adsorption dynamics so strongly. Therefore, water layers at the
material interface define the relationship between the proteins and the material surface.

Surface-initiated atom transfer radical polymerization (SI-ATRP) is often used to graft polymeric
brushes on material surfaces. Such surface modification maintains the original material structure,
but improves its performance [15]. The attachment of zwitterions to the material surface improves
the biocompatibility and antibacterial resistance of the membrane surfaces. However, they do not
destroy bacteria, and small amounts of bacteria on the biofilm surfaces can still accumulate [16-23].
Liu et al. [24] reported a multi-step strategy for constructing poly-(sulfobetaine methacrylate) on
thin-film-composite membranes via ATRP, followed by the in situ incorporation of silver nanoparticles
(AgNPs). Heetal. [25] designed an ATRP-based procedure to synthesize poly(sulfobetaine methacrylate)
and quaternary ammonium salt. The resulting compound was then immobilized on a silicon wafer by
a mussel-inspired chemical reaction. Yuan et al. [26,27] demonstrated a pathway of “repel and kill”.
Poly(2-(dimethylamino)ethyl methacrylate) was integrated into polyethylene glycol terephthalate
(PET) sheets and then quaternized by a ring-opening reaction to obtain polycarboxybetaine and
polysulfobetaine. However, these reactions required a synergy of multiple ions or biocompatibility,
which is only found in zwitterion-containing membranes.

Zwitterions are also difficult to use. Their counterparts—cationic polymers—also demonstrate
high hydrophilicity and antibacterial properties [28-30]. Nowadays, cations play an essential role
in biomedical applications. Metal, chitosan, and quaternary ammonium salt cations are among the
most outstanding ones: PU films containing them show significantly enhanced hemocompatibility,
anticoagulant, and antibacterial properties. Cai et al. [31] prepared an N-phosphonium chitosan with
an excellent water solubility and tested it as an intramuscular vaccine delivery system using ovalbumin
as a model antigen. Lei et al. [32] designed a new antibacterial thermoplastic polyurethane (TPU)
nanofiber membrane by electrospinning copper-loaded NaX zeolite (CuX), which can effectively resist
the adhesion of Escherichia coli (E. coli). Simultaneously, Cu?* released by CuX in the nanofiber
membrane destroys the cell wall and penetrates the plasma membrane of Escherichia coli, thus providing
sterilization properties. Jin et al. [33] developed and applied a seminal surface-engineering strategy to
conjugate anticoagulant heparin (Hep) and antibacterial carboxymethyl chitosan (CMCS) onto the
surface of poly-dopamine (PDA)-coated PU film. Therefore, establishing a “kill and clear” strategy
solely relying on cations is promising. Cationic brushes with antibacterial properties can be used to “kill”
bacteria, and the consequent “clearing” step can be realized by a hydration layer. Catheter materials
need a specific grafting density to achieve a dynamic balance of antibacterial and anticoagulant
properties. However, research on cations capable of achieving this is still insufficient due to the
underlying issues related to cytotoxicity and coagulability. Therefore, extensive qualitative analysis of
various cations is desired.

To accomplish this, we used PU as a representative catheter material. Our early simulation work
showed that grafting hydrophilic structures could negate interactions of the original substrate with
the targeted proteins, stabilizing their natural conformation. Cationic grafting polymeric chains are
inferior to zwitterionic and anionic ones, but are more effective than unmodified substrates. Because of
the excellent antibacterial ability of cationic polymers, we further studied their grafting degree factor,
especially with regards to the Acryl-oxy-ethyl-trimethyl-ammonium chloride (DAC) structure and the
natural protein conformations. PU was functionalized with cationic polymer brushes using SI-ATRP to
obtain a material capable of a “kill and clear” approach. We also attempted to optimize the PU grafting
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density using hemocompatibility experiments for guidance. Our experimental and theoretical results
provide insights and novel ideas for advancing research and the development of materials for catheters.

2. Theoretical Calculations

In this study, 20, 40, 60, and 80% grafting degrees were achieved by adjusting the PU and DAC-g-PU
chain ratios. The calcium-binding epidermal growth factor-like-domain (cbEFG-like-domain) of
coagulation factor IX was chosen as a research object, similar to our previous work. Chemistry at
HARvard Macromolecular mechanics (CHARMmM) force field and Simple Point Charge (SPC) solvent
models were used (Figure 1). After energy minimization and system equilibration, 10 ns molecular
dynamics (MD) simulations (with a 2 fs step size) were conducted in isothermal-isobaric ensemble
(NPT) at 310 K and 1 atmfor each grafting percentage [34-37].
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Figure 1. Model showing interactions between the calcium-binding epidermal growth factor (cbEGF)-like
domain and polyurethane (PU) in the presence of water. The red dots represent Ca?* complexed with an
EGF-like domain. The green dots are C1™. The black dots are Na*. Pink represents water molecules.

3. Experimental Section

3.1. Materials

Medical-grade PU particles were provided by Nanjing Xianbang Co. (Shanghai, China). Toluene (AR),
N, N-dimethylformamide (DMEF, AR), triethylamine (TEA, 99%), methanol (AR), anhydrous ether (AR),
and 2,2-bipyridine (BPY, 99.5%) were obtained from Sinopharm Chemical Reagent Co. (Shanghai,
China). Copper (I) bromide (98.5%), 4,4-diphenylmethane diisocyanate (MDI, AR), 2-bromoethanol
(96%), and dimethyl-diallyl-ammonium chloride (DMDAAC, 70%) were purchased from Shanghai
Aladdin Bio-Chem Technology (Shanghai, China). Methacryl-oxy-oxyethyl-trimethyl-ammonium
chloride (DMC, 97%) was provided by Shanghai Macklin Bio-Chem Technology Co. (Shanghai, China).
Acryl-oxy-ethyl-trimethyl-ammonium chloride (DAC, 80%) was purchased from Sigma-Aldrich
(Shanghai, China). Plasma enriched with platelets and fresh human blood was obtained from the
Nanjing Gulou hospital (Nanjing, China). The BCA protein quantification kit was also purchased from
Sigma-Aldrich (Shanghai, China).
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3.2. Preparation of PU Films

The PU particles were mixed with DMF to obtain an 8 wt% mixture, which was then transferred
to a round Teflon disc (10 cm in diameter) for evaporation, conducted in vacuum at 50 °C for 48 h.
The resulting PU films were extracted with toluene and ethanol using a Soxhlet extractor for 12 h.
The samples were dried and stored in a vacuum.

3.3. Immobilization of Initiator on PU Films

For PU surface activation, 4 g of MDI was dissolved in 40 mL of toluene under constant stirring.
The resulting solution was sealed under nitrogen. A total of 0.5 mL of TEA was added to act as a
catalyst. The PU films were then heated to 60 °C for 1 h under nitrogen. The resulting PU samples
(marked as PU-NCO) were soaked in toluene for 20 h, followed by vacuum-drying at 40 °C for 12 h.

The activated surface groups were converted into initiators by soaking PU-NCO samples in a
solution containing 3 mL of 2-bromoethanol and 30 mL of anhydrous ether. Following this, 0.5 mL of
TEA was added under nitrogen. The mixture was allowed to react for 10, 20, 30, 40, and 60 min at
room temperature. The resulting PU samples (marked as PU-Br) were soaked in anhydrous ether for
15 h and vacuum-dried at 40 °C for 5 h.

3.4. SI-ATRP from PU Films

The functionalization of PU films was performed by SI-ATRP based on the procedure described
in our previous work [38]. For this purpose, 1.0 mmol of BPY and several pieces of PU-Br were added
to a Schlenk flask, which was then evacuated using liquid nitrogen cryotherapy and back-filled with
nitrogen. Following this, 0.5 mmol of CuBr, 4.0 mmol of cation solution, and 20 mL of 1:1 (by volume)
methanol/water mixture were degassed and then added to the flask under nitrogen. The mixture was
stirred at room temperature for 2 h polymerization, after which the samples were sonicated in PBS and
water (for 10 min in each) and vacuum-dried at 40 °C for 12 h. The samples obtained in this step were
marked as PU-X and PU-Y, where X is the reaction time and Y is the cation type.

3.5. Characterization

Fourier transform infrared (FTIR) spectra were recorded using an ALPHA II instrument
manufactured by BRUKER (Karlsruhe, Germany) in the 4000-500 cm™! range. Each spectrum was
obtained after 64 scans at a 4 cm~! resolution. X-ray photoelectron spectra (XPS) were collected using
an ESCALAB Xi+ instrument manufactured by Thermo Scientific (Waltham, MA, USA) employing Al
Ko radiation as a source and the C1s hydrocarbon peak at 284.6 eV as a reference. The water contact
angle (WCA) measurements were performed using a DSA30S instrument manufactured by KRUSS
(Hamburg, Germany). Furthermore, 3 pL water droplets on the material surfaces were recorded by a
video camera to analyze their contact angles.

3.6. Protein Adsorption of PU

To conduct protein adsorption experiments, the samples were first soaked in PBS solution
overnight and then in 2 mL of platelet-poor plasma (PPP) made from platelet-rich plasma, and were
then incubated at 37 °C for 90 min, after which the samples were rinsed three times in PBS. The adsorbed
proteins were separated by 20 min ultrasonication in the SDS solution. The adsorbed protein content
was determined by the BCA protein quantification kit, using a standard protein solution as the
calibration standard [39,40].

3.7. Hemolysis Assays of PU

PU samples were washed with PBS and soaked in 0.9% saline solution overnight. Diluted blood
was prepared by blending 2 mL of fresh human whole blood (containing sodium citrate) and 2.5 mL of
0.9% saline solution. Subsequently, 0.2 mL of diluted blood was added to the saline solution containing
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PU samples and incubated at 37 °C for 120 min, after which it was centrifuged at 1000 rpm for 10 min.
The supernatant was transferred to a cuvette for optical density (O.D.) evaluation performed under
545 nm by a Multiskan GO microplate reader manufactured by Thermo Scientific (USA). The positive
and negative controls were diluted with distilled water and 0.9% NaCl aqueous solution, respectively,
to increase the blood volume to 10 mL. The controls were then shaken for 1 h and centrifuged at
1000 rpm for 10 min. The supernatant was used for O.D. analysis at 545 nm [41,42].
The hemolysis rate was calculated using the following formula:
Hemolysisrate(%) = Dt =Dne x 100%,
Dpc = Dpec

where Dy is the sample absorbance, and Dy, and D), are absorbance values of the negative and positive
controls, respectively.

3.8. Anticoagulant Measurements of PU In Vitro

After overnight equilibration in PBS, the samples were added to a 96-well tissue culture plate.
Then, 1 mL of PPP and 1 mL of 0.025 mol/L CaCl, solutions were added to each well. The recalcification
time required for flocculent precipitation was recorded. The O.D. was analyzed at 405 nm. The time
stopped when the curve had an inflection point [42].

3.9. E. coli Adhesion to PU

The liquid culture medium used for bacteria was sterilized in an autoclave for 120 min and then
added to a 24-well tissue culture plate at 37 °C. Next, 10 um of E. coli toxin was added to each well.
The PU samples, equilibrated with PBS overnight, were placed in a 24-well plate and incubated at 37 °C
for 24 h, after which the samples were washed with PBS to remove non-adherent bacteria, fixed with
a 2.5 wt% glutaraldehyde aqueous solution, and stored at 4 °C for 4 h. The resulting samples were
soaked in several ethanol/distilled water solutions (1:1, 3:2, 7:3, 4:1, and 5:0 (by volume) in sequence,
15 min for each solution) for dehydration. The resulting samples were freeze-dried, sprayed with gold,
and analyzed for adhered bacteria using a JSM-5610LV scanning electron microscope (SEM) by JEOL
(Tokyo, Japan) [26,40].

4. Results and Discussion

4.1. The Intermolecular Hydrogen Bonds

Our previous simulations demonstrated that grafting hydrophilic structures could minimize the
effects of the original substrate surfaces on targeted proteins by stabilizing their natural conformations.
In this work, we mainly focused on the hydrogen bonding between the grafted surfaces and the
protein conformations. At grafting rates above 40%, the H-bond content was linear (see Figure 2). At a
20% grafting degree, the EGF-like domain contained the lowest number of H-bonds with the grafted
polymer. Such an abnormally low content is related to the specific properties of the DAC-grafted
surface and its interaction with a protein. Therefore, grafting degree optimization will result in the
most suitable biocompatibility and antibacterial ability of the cationically grafted polymers.

4.2. PU Grafting Density
The PU grafting density can be expressed as follows [43]:

We - W
Grafting Density = E—
where W, is the sample weight after grafting, and Wy is the PU-Br sample weight. The grafting

densities of the various cationic PU samples are listed in Table 1. The grafting density gradually
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increased as the immobilization time increased. The highest grafting density equal to 167 pg/cm? was
achieved after a 60 min immobilization time.
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Figure 2. Number of hydrogen bonds in the cbEGF-like domain-acryl-oxy-ethyl-trimethyl-ammonium
chloride (DAC)-g-PU surface as a function of the grafting degree.

Table 1. Graft density of PU samples.

Sample ID Graft Density, ug/cm?

PU-10 66
PU-20 86
PU-30 112
PU-40 133
PU-60 167

4.3. Characterization of Functionalized PU Samples

The FTIR spectra of PU-NCO samples showed a strong band at 2290 cm™~! corresponding to
the NCO stretching vibrations (see Figure 3). This band was absent in the FTIR spectra of pure PU.
Absorbance at 2290 cm~! became weaker after immobilization by Br [38]. A peak corresponding to
—~C=0 group PU-PDMDAAC appeared at 1750 cm~!, while a peak corresponding to ~CHj [44] was
detected at 1250 cm ™. Methyl asymmetric stretching vibrations are characterized by absorption in the
28002900 cm™! region. -C=0 bonds of PU-PDAC manifested themselves by an absorption band at
1690 cm™! [45].

The XPS survey spectrum of unmodified PU showed peaks at 285, 533, and 400 eV (see Figure 4A),
which belonged to C, O, and N binding energies, respectively [43]. PU-Br samples displayed additional
peaks at 68 and 188 eV, which were attributed to Br 3d and Br 3p binding energies, respectively (see
Figure 4C) [38]. The XPS spectrum of cationically grafted PU samples did not exhibit peaks belonging
to -OCOO-, -HNCOO-, -CH-, and —-C-Br groups, which were present before grafting. The carbon
XPS peak in the spectrum of grafted PU had a different binding energy than in the spectra of PU and
PU-Br samples because of the presence of C— and O- containing cations (DAC and DMC). The C/O
ratio also changed because of the PU modification by grafting due to the substitution of several carbon
atoms by O and N. The C/O ratio of unmodified PU (which was equal to 2.61) increased, confirming
the successful polymerization of cationic brushes based on PU (see Table 2).
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WCA tests showed that PU was hydrophobic, judging by its WCA of 93° (see Figure 5) [46,47].
After the immobilization, WCA increased to 102° because of the presence of a more hydrophobic Br-
containing initiator [43]. Grafting PU with cationic brushes resulted in a significantly reduced WCA.
Therefore, grafted PU became hydrophilic because of the presence of hydrophilic functional groups on
the ends of the molecules of the cationic brushes [48]. Additionally, the WCA decreased as the grafting
degree increased.
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Figure 3. Fourier transform infrared (FTIR) spectra of pure and modified PU prepared in this work.
4.4. Protein Adsorption

The amount of protein adsorption on unmodified PU after 90 min incubation in fresh PPP was
1.434 pg/cm? (see Figure 6), which is higher than for other hydrophilic materials [49,50]. Such a
high value could be explained by the PU hydrophobicity [51], which does not allow hydrophilic
proteins to bind to its surface. After the grafting with cationic brushes, the amount of adsorbed protein
decreased for materials with low grafting degrees and increased for materials with high grafting
densities. The PU-20 sample demonstrated the most optimal protein adsorption amount. Negatively
charged blood proteins were somewhat attracted to the slightly grafted PU materials because the
electrostatic effect was weak. We believe that the primary mechanism responsible for protein attraction
is related to the surface hydrophilicity. Hydrophilic surfaces can better accommodate the natural states
of the adsorbed proteins. Protein serums of the slightly alkaline human blood serum are negatively
charged. Therefore, their structures are expected to be dependent on their electrostatic adsorption at
the material surface. Additionally, the higher the surface density, the more protein will be adsorbed by
the cationically grafted PU polymers [52].

4.5. Hemocompatibility In Vitro

Catheter material compatibility with blood is essential for patients’” well-being [40,53].
The anti-hemolytic ability of PU grafted with cationic brushes increased at a low grafting density.
However, the hemolysis rates of these samples were higher at higher grafting densities (see Figure 7A).
Cationic surfactants with strong bactericidal and hemolytic properties are often added during pesticide
manufacturing. The surfaces of the cells in human blood are negatively charged, which results in
their strong electrostatic attraction to a positively charged material surface. The molecular chain on
the material surface inserts itself into the blood cell membrane, changing its osmotic pressure and
causing a rupture. PU samples functionalized with different cationic brushes showed very similar
hemocompatibility ranges, with the most optimum value when the reaction time was 25 min.
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Soluble fibrinogen is converted into soluble fibrin by adding Ca®* to platelet plasma and
cross-linking its proteins with the thrombus [54,55]. The longer the recalcification time, the better the
anticoagulant effect. The recalcification times obtained in this work for the grafted PU displayed the
same trend as the protein adsorption (see Figure 7B). The recalcification time was longer for material
with a lower grafting density. These results also indicate that these materials possessed a coagulation
ability, which was enhanced even more for high grafting density materials. Although PU grafted
with different cations demonstrated different anticoagulant times, the best anticoagulation effect was
achieved for samples with a 20% grafting degree.
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Figure 4. X-ray photoelectron spectra (XPS) survey (A,C) and high-resolution C1s (B,D,E) spectra of
PU (A,B) and PU-Br (C-E) samples.



Membranes 2020, 10, 431

Figure 5. Water contact angle (WCA) data for various PU samples.

Table 2. Results of the XPS analysis of the PU sample surfaces prepared in this work.

Water contact Angel (deg.)
g

120

:

i

i

i

DMDAAL
DaC
oMC

0 I
PU

PU-Br PU-20

PU-40

PL-60

Element Content, at%

Sample ID
C (@] N Br c/O
PU 70.79 27.04 1.78 / 2.61
PU-NCO 78.75 10.06 11.19 / 7.82
PU-Br 76.08 14.84 8.32 0.76 5.13
PU-PDMC 69.35 2491 5.74 / 2.78
PU-PDAC 69.76 23.26 6.83 0.05 3.00
PU-PDMDAAC 6941 24.33 6.19 0.07 2.85
DMC
2.5 - DAC
[_1pbmbAaac
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L
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=
=
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9of 14

Figure 6. Protein adsorption by PU grafted with methacryl-oxy-oxyethyl-trimethyl-ammonium
chloride (DMC), DAC, and DMDAAC canyon brushes possessing different grafting densities (20, 40,
and 60%). The error bars represent the standard deviation from the average value calculated using

three measurements.
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Figure 7. (A) Hemolysis rate of the PU grafted with DMC, DAC, and DMDAAC cationic brushes and
possessing different grafting densities. (B) Recalcification time of cationic brushes possessing different

grafting densities. The values represent the average of three measurements. The error bars are standard
deviations from the average.

4.6. E. coli Adhesion

Biofilms form on the catheter surface due to bacterial adhesion [56]. This film protects bacteria from
human immune system attacks [57]. The inhibition of biofilm formation by killing bacteria could prevent
the infection. Figure 8 shows the adsorption of E. coli on unmodified PU and grafted PU-20 materials.
Numerous bacteria were visible on the unmodified PU surfaces. However, significantly fewer bacteria
were detected on the grafted PU surface because of the presence of cationic brushes, which interact with
the negatively charged bacterial cell membranes, disrupting their cytoplasmic membrane and causing
cell lysis. Therefore, PU grafted with cationic brushes demonstrated excellent antibacterial properties.
The most optimal results were obtained for samples subjected to a 20 min grafting procedure.

Figure 8. Scanning electron microscope (SEM) micrographs of bacteria accumulation on PU (A,D),
PU-PDAC (B,E), and PU-PDMDAAC (C,F).

4.7. Zeta Potential

The zeta potential of the unmodified PU was very low (-17.52, see Figure 9), which was attributed
to the presence of -OH and -COOH groups on the PU surface. After grafting, the zeta potential
increased as a function of the grafting density and eventually became positive when the grafting
density was 133 pg/cm? (PU-40). An analysis of the zeta potential changes during and after the protein
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adsorption experiment revealed that the zeta potential could be used to judge the protein adsorption
degree. Additionally, we observed that the protein adsorption by the modified PU depends on its
grafting density.

30
—=— DAC
—— DMDAAC
20 DAC+protein

DMDAAC+protein

-
o
1

Zeta potential (mV)
2 -
| 1

=20 -

-30 | | 1 1 1
PU PU-20 PU-30 PU-40 PU-60

Figure 9. Zeta potential in the water of different PU composites.
5. Conclusions

This work reported a strategy of constructing functionalized anti-biofilms containing cationic
brushes with antifouling and bactericidal properties. The cationic polymeric brushes were synthesized
using the SI-ATRP method and PU surface as a substrate. The optimum grafting density, which resulted
in the best hemocompatibility and anti-biofouling ability, was equal to 86 pg/cm?. Our theoretical
simulations verified that the optimal hemocompatibility could be obtained at a 20% grafting degree.
We also provided insights into the mechanism responsible for the excellent biocompatibility of PU
substrates modified with cationic brushes. Negatively charged blood proteins remained in their
natural states during their interaction with the hydrophilic surface of the grafted PU. As the grafting
degree of PU surface was increased, the electrostatic effect increased, which, in turn, reduced the
hemocompatibility of these materials. The materials developed in this work demonstrate a novel and
promising (for practical applications) concept for obtaining antimicrobial and biocompatible surfaces
for medical catheters.
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