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Biocompatibility and Antimicrobial
Activity of Some Quaternized Polysulfones

Silvia loan and Anca Filimon
“Petru Poni” Institute of Macromolecular Chemistry lasi
Romania

1. Introduction

In recent decades, considerable attention has been devoted to the investigation of new
applications of polysulfones, which are mainly because of their specific properties. The
literature shows that polysulfones and their derivatives are widely used as new functional
materials in biochemical, industrial, and medical fields because of their structure and
physical properties, such as their good optical properties, high thermal and chemical
stability, mechanical strength, resistance to extreme pH values, and low creep (Barikani &
Mehdipour-Ataei, 2000; Higuchi et al., 1988; Johnson, 1969; Mann & West, 2001). The chain
rigidity is derived from the relatively inflexible and immobile phenyl and SO, groups,
whereas their toughness is derived from the connecting ether oxygen. Although these
materials have excellent overall properties, their intrinsic hydrophobic nature precludes
their use in membrane applications, which require a hydrophilic character. Therefore, such
polymers should be modified to improve their performance for specific applications
(Johnson, 1969; Khang et al., 1995). The chemical modification of polysulfones, especially the
chloromethylation reaction, is a subject of considerable interest from both theoretical and
practical points of view; there is interest in obtaining the precursors for functional
membranes, coatings, ion exchange resins, ion exchange fibers, and selectively permeable
membranes (Higuchi et al.,, 2002; Tomaszewska et al., 2002). Functionalized polymers,
chloromethylated and quaternized polysulfones, have evidenced several interesting
properties, which recommend them for a wide range of industrial and environmental
applications. Quaternization with ammonium groups is an efficient method for increasing
their hydrophilicity. Accordingly, these polymers can be used for multiple applications, e.g.
as biomaterials and semipermeable membranes. Also, the different components of a block or
graft copolymer may segregate in bulk to yield nanometer-sized patterns or mesophasic
structures. Numerous applications involve nanodomained solids. By matching the
periodicity of the patterns with the wavelength of visible light, literature studies have
demonstrated that block copolymers, including polysulfones, act as photonic crystals.
Segregated block copolymers, polysulfones included, have been also used as precursors for
the preparation of various nanostructures, including nanospheres, nanofibers, annotates,
and thin membranes-containing nanochannels. Thin membranes containing nanochannels
have been used as membranes, pH sensors, or templates for the preparation of metallic
nanorods. Furthermore, in the last decades, blends of polysulfone or modified polysulfones
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and other synthetic polymers have continued to be a subject of intense both academic and
industrial investigation, because of their simplicity and effectiveness in the mixture of two
different polymers for producing new materials.

In such applications, the addition of functional groups to the polysulfone enhance some
properties of the material, such as hydrophilicity (which is of special interest for biomedical
applications) (Guan et al., 2005), antimicrobial action (Filimon et al., 2009; Yu et al., 2007),
and solubility characteristics (Filimon et al., 2007; Ioan et al., 2006), to allow higher water
permeability and better separation (Idris et al, 2007; Kochkodan et al., 2008). In addition,
functional groups are an intrinsic requirement for affinity, ion exchange, and other specialty
membranes (Guiver et al, 1993).

In this context, the paper presents the synthesis and some properties of new polysulfones
for biomedical applications. Studies are carried out on the quaternization reaction of
chloromethylated polysulfones with N,N-dimethylethanolamine (Filimon et al., 2010; Ioan
et al., 2006a, 2006b, 2007), N,N-dimethylethylamine and N,N-dimethyloctylamine (Ioan et
al., 2011a), for obtaining water soluble polymers with various amounts of ionic chlorine,
or on the new polysulfones with bulky phosphorus pendant groups, obtained by chemical
modification of the chloromethylated polysulfones by reacting the chloromethyl group
with the P-H bond of 9,10-dihydro-oxa-10-phosphophenanthrene-10-oxide (loan et. al.,
2011b).

The different properties, such as morphological aspect (by atomic force microscopy), where
the type of nonsolvents in casting solutions of polymer (identified by viscometry and
rheology investigations (Ioan et al., 2006b; Filimon et al., 2010)) significantly influenced
membrane morphology and where ordered domains depend on the charge density of
polyelectrolytes, the hydrophilic/hydrophobic characteristics (by contact angle method), as
well as the history of the formed films, correlated with a good adhesion of the red blood
cells and with a good cohesions of the platelets on the surface of the quaternized
polysulfone films (determined from surface properties), are investigate for specific
biomedical applications. Furthermore, bacterial adhesions to the surfaces (by analyzing the
inhibition zones) are studied for applications of modified polysulfones as semipermeable
membranes. Thus, the analysis of antibacterial activity, using Escherichia coli ATCC 10536
and Staphylococcus aureus ATCCC 6538 microorganisms, contribute to extending the possible
applications of quaternized polysulfones membranes in biomedical domains.

2. Synthesis of some new functionalized polysulfones

The quaternized polysulfones tested for biomedical applications, such as PSFQ, PSF-DMEA
and PSF-DMOA, are obtained by quaternized reaction (Luca et al, 1988) of
chloromethylated polysulfones (CMPSF) with N,N-dimethylethanolamine (Filimon et al.,
2010; Ioan et al, 2006a, 2006b, 2007;), N,N-dimethylethylamine, and N,N-
dimethyloctylamine (Ioan et al, 2011la), respectively. Also, polysulfones with bulky
phosphorus pendant groups (PSF-DOPO) are obtained by chemical modification of the
chloromethylated polysulfone, performed by reacting the chloromethyl group with the P-H
bond of 9,10-dihydro-oxa-10-phosphophenanthrene-10-oxide (DOPO) (Petreus et al., 2010).
The general chemical structures of the studied polysulfones, PSF, CMPSF and quaternized
polysulfones PSFQ, PSF-DMEA, PSE-DMOA and PSF-DOPO are presented in Scheme 1.
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Scheme 1. Chemical structures of polysulfone (PSF), chloromethylated polysulfone

(CMPSF), quaternized polysulfones (PSFQ, PSF-DMEA, PSE-DMOA) and polysulfone with

bulky phosphorus pendant groups (PSF-DOPO)

Table 1 lists the chlorine content, substitution degree, molecular weights of the structural
units, m, , number-average molecular weights, M,,, and intrinsic viscosities determined in
N,N-dimethylformamide (DMF) at 25°C of polysulfone and chloromethylated polysulfones
(Ioan et al., 2006a). The characteristics of quaternized polysulfones PSFQ1 and PSFQ2 (Ioan
et al., 2006b), and also PSF-DMEA and PSF-DMOA (Filimon et al., 2010) are presented in

Table 2.



252 A Search for Antibacterial Agents

Samples Cl, % DS m M, [n],dL/g
PSE 0 0 442.51 39000 0.3627
CMPSF1 3.34 0.437 463.68 41000 0.3929
CMPSE2 10.53 1.541 517.17 46000 0.4703
CMPSE3 12.13 1.828 530.83 47000 0.6970

Table 1. Chlorine content, substitution degree, DS, molecular weights of the structural units,
m, , number-average molecular weights, M, , and intrinsic viscosities in DMF at 25°C, [n],
of polysulfone and chloromethylated polysulfones

Samples Obtained from: Cli, % m M,
PSFQ1 CMPSF1 2.15 479.47 42000
PSFQ2 CMPSF2 5.71 647.31 57000
PSFQ3 CMPSF3 6.21 691.29 61000

PSF-DMEA CMPSE2 2.89 551.70 49000
PSE-DMOA CMPSF2 3.23 627.30 56000

Table 2. Ionic chlorine content, Cl;, molecular weights of the structural units, m, and
number-average molecular weights, M, , of quaternized polysulfones

On the other hand, the substitution of chlorine with the bulky cyclic phosphorus compound
is carried out at elevated temperature, using a large excess of phosphorus reactant. The
reactive P-H group interacts with CH>Cl group of chloromethylated polysulfone. The
occurrence of HCl evolved from the reaction proved the substitution.

Samples - II_EIlemental Cé)mposmorzS % ~ DS mg M,
PSF 73.07 5.12 7.47 14.16 0.18 - 443 39000
CMPSF1 | 68.81 4.81 6.96 15.22 4.20 0.56 470 41000
CMPSE2 | 66.58 4.68 6.72 15.44 6.58 0.90 486 43000
CMPSE3 | 61.27 4.25 6.12 17.86 10.50 1.53 528 47000

Table 3. Carbon, hydrogen, sulfur, oxygen and chlorine content, substitution degree, DS,
molecular weight of the structural units, m, and number-average molecular weights, M, ,
of polysulfone and chloromethylated polysulfone

Also, the chloromethylation reaction of polysulfone may occur in position 1* for CMPSF1
and CMPSF2, when DS < 1. Thus, according to Table 1, the difference between these two
samples lies in the different values of the chlorine content. For sample CMPSF3 with DS > 1,
the chloromethylation reaction occurs in positions 1* and 2*. Table 3 lists the carbon,
hydrogen, sulfur, oxygen and chlorine content, degree of substitution, molecular weights of
the structural units, and number-average molecular weight, M, , of the
chloromethylated polysulfones, determined from the polymerization degree of the
polysulfone (DP = 88) and molecular weights of the structural units of chloromethylated
polysulfones (Petreus et al. 2010).

mo,
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The characteristics of phosphorus-modified polysulfones are presented in Table 4 (Ioan et
al., 2011b).

Samples Obtained Elemental composition, % DS | m, M,

from:
C |H| S O Cl P

CMPSF1

PS-DOPO-1 (42Cl %) 725 49| 57 | 136 | 04 | 29 | 059 | 491.5 | 43000

ps-popo-2| SMPSE2 o3 147 52 | 144 | 045 | 34 | 072 | 569.4 | 50000
(6.6 C1 %)
CMPSF3

PS-DOPO-3 (105 C1 %) 711 | 43| 45 | 137 | 035 | 6.0 | 1.85 | 975.0 | 90000

Table 4. Elemental composition, substitution degree, DS, molecular weight of the structural
units, m,, and number-average molecular weights, M, , of phosphorus modified

polysulfones

3. Role of casting solutions on the functionalized polysulfones surface
morphology

Some studies have reported that the chain shape of a polymer in solution could affect the
morphology of the polymer in bulk (Hopkins et al., 2006; Huang et al., 2000; Qian et al.,
2005). The PSFQ membranes used in atomic force microscopy (AFM) are prepared with
different solvent mixtures, including DMF/MeOH, DMEF/water, MeOH/DMF and
MeOH/water. The solvent systems are selected as a function of the ionic chlorine content of
PSFQ. Thus, DMF solvates PSFQ1 with an ionic chlorine content of 2.15% more intensely
than the mixed DMF/MeOH and DMF/water solvents with high contents of MeOH and
water, respectively. On the other hand, MeOH solvates PSFQ2 with an ionic chlorine
content of 5.71%, more strongly than the mixed MeOH/DMF and MeOH/water solvents
with high contents of DMF and water, respectively (Filimon et al., 2007); Ioan et al., 2006b).
AFM is used to examine film surface and to measure their surface topography. All of the
images presented in Figures 1-3 are recorded under ambient conditions, at different size
scales to provide morphological details. Each micrograph shows that the membrane surface
is not smooth, existing in ordered domains, in which are distributed pores and nodules of
different size and intensities. Increasing the nonsolvent content in the casting solutions
favores modification of the ordered domains, more visibly in images with a
500 nm x 500 nm or 3 um x 3 um scanning area. Thus, the average surface roughness in

the 3 um x 3 pm scanning area decreases from 0.354 nm for the PSFQ1 membranes obtained

in 60 DMF/40 MeOH (Figure 1 (1b, b’), in two- dimensional (2D) and three-dimensional
(3D) AFM images, respectively), to 0.193 nm for the PSFQ1 membranes realized in 20
DMEF/80 MeOH (Figure 1 (2b, b’), in 2D and 3D AFM images, respectively). Also, the AFM
images from Figure 1, for a more extended scanning area, show that increasing the
nonsolvent content favores the increase of the pores number and of their characteristics,
such as area, volume, diameter, and also root-mean-square roughness of the surface (rms),
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whereas their depth decreases. This changing trend in morphology is probably due to the
modification of the chain conformation of quaternized polysulfones, which is influenced by
the quality of the mixed solvents (Qian et al., 2005; Kesting, 1990).
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Fig. 1. AFM images of PSFQ1 membranes obtained from different DMF/MeOH solvent
mixtures. (1) 60/40 DMF/MeOH: (a, a") 2D and 3D images - scanned area 500 nm x 500 nm ,
(b, b’) 2D and 3D images - scanned area 3 um x 3 um, (c, ¢’) 2D and 3D images - scanned area
5um x5 pum, (d, d’) 2D and 3D images - scanned area 60 um x 60 um ; (2) 20/80
DMF/MeOH: (a, a") 2D and 3D images - scanned area 500 nm x 500 nm , (b, b") 2D and 3D
images - scanned area 3 um x 3 pum, (c, ¢’) 2D and 3D images - scanned area 5 um x 5 pm
(d, d’) 2D and 3D images - scanned area 60 pm x 60 pm
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Fig. 2. AFM images of PSFQ1 membranes obtained from: (a, a”) 60/40 DMF/water, 2D and
3D images - scanned area 500 nm x 500 nm ; (b, b") 60/40 DMF/water, 2D and 3D images -
scanned area 3 um x 3 um; (c, ¢’) 60/40 DMF/water, 2D and 3D images - scanned area

60 um x 60 um ; (d, d’) 40/60 DMF/water, 2D and 3D images - scanned area 60 um x 60 um

200 400 nm

A higher charge density in PSFQ2 determines the appearance of nodules, as illustrated in
Figure 3 (a, a’ and b,b") . The presence of water as a nonsolvent in solutions used for casting
membranes influences the AFM images; increasing the water content leads to lower area
pores for both polymer membranes under study (Figure 2 (c, ¢’ and d,d") for PSFQ1
membranes, and Figure 3 (c, ¢’ and d,d") for PSFQ2 membranes) and to a lower number of
nodules in the PSFQ2 membranes (Figure 3 (c, ¢’ and d, d”)). In addition, it may be assumed
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that the association phenomena of MeOH and water over different composition domains of
their mixtures might be one of the factors affecting the morphology of the PSFQ2 membrane
surface. Thus, mixed solvents are formed from water and MeOH associated with water, at
high water contents; in contrast, at high MeOH compositions, the mixtures consist largely of
MeOH and water associate with MeOH. These phenomena change the PSFQ2 solubility,
and determine the modification of the solution properties (Filimon et al., 2007), as well as
morphology - Figure 3 (c, ¢’ and d, d).
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Fig. 3. AFM images of PSFQ2 membranes at scanned area 60 um x 60 um, obtained from:
(a, a”) 2D and 3D images, 60/40 MeOH/DMTF; (b, b’) 2D and 3D images,

20/80 MeOH/DMF; (c, ¢’) 2D and 3D images, 60/40 MeOH/water;

(d, d’) 2D and 3D images, 20/80 MeOH/water

Table 5 gives the average values of the pore characteristics and surface roughness
parameters of membranes prepared from different solvent/nonsolvent mixtures. On the
other hand, obviously, the number of nodules from the AFM images of the PSFQ2
membranes increases as the nonsolvent content increases.

Pore characteristics Surface roughness
Area | Vol. | Depth | Diameter | rms | nhp | nhh
60/40 DMF/MeOH | 0.499 | 74.72 | 237.62 | 0.793 12.36 | 279 | 253
20/80 DMF/MeOH | 1.441 | 83.47 | 88.54 1.350 18.36 | 205 | 180

Samples Cast solvents

PSFQL 60/40 DMF /water | 0.342 8.85 46.21 0.665 8.83 170 | 135
40/60 DMF/water | 0.165 4.60 45.74 0.460 6.53 | 200 | 190
60/40 MeOH/DMF | 0.186 1.00 6.82 0.489 5.45 66 50
PSFQ2 20/80 MeOH/DMF | 0.216 0.88 6.99 0.528 5.62 64 42

60/40 MeOH /water| 0.485 5.84 20.07 0.783 9.72 104 | 50
20/80 MeOH /water| 0.145 0.25 3.01 0.431 2.72 45 30

Table 5. Pore characteristics including the area (um x um ), volume (pm x um x nm ), depth

(nm), and diameter (um ), and surface roughness parameters including the root-mean-

square roughness (rms, nm), nodule height from the height profile (nhp, nm), and nodule
average height from the histogram (nhh, nm) of membranes prepared from the PSFQs with
different solvent mixtures

On the other hand, Figures 4 and 5 exemplify the bi- and three-dimensional structures
evidence by AFM investigations of PSE-DMEA films prepared with 100/0, 75/25, 50/50 and
25/75, and also with 75/25, 50/50 and 40/60 of DMF/MeOH and DMF/water compositions
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solvent mixtures, respectively. According to the AFM images, increasing the nonsolvent
content in the casting solutions favores modification of surface morphology.

R VRS T b B e e VR T

Fig. 4. 2D and 3D AFM images with 20x20 um? scanned areas of the PSF-DMEA films
obtained from DMF/MeOH solutions: (a, a") - 100/0; (b, b") - 75/25; (c, ¢’) - 50/50; (d, d”) -
25/75

Thus, Figure 4 and Table 6 show that average surface roughness attains a maximum value at
50/50 DMF/MeOH, and favores the appearance of the smallest number of pores with
highest depth values. Also, the area, diameter, length and mean width increase with
increasing the nonsolvent content. It should be noted that the thermodynamic quality of the
solvent mixtures over the studied domain increases with the addition of nonsolvent, at
approximately 50/50 DMF/MeOH becoming constant, while the preferential adsorption of
nonsolvent takes a maximum value, according to literature data (Filimon et al., 2010). In
addition, the presence of water as a nonsolvent in the solutions used for casting films
influenced the AFM images presented in Figure 5; a higher water content decreases the
thermodynamic quality of the DMF/water solvent mixtures so that, at 50/50 DMF/water, a
minimum value of surface roughness and a maximum number of pores with minimum
values of area, depth, diameter, length and mean width, are observed.

nm

Buml2 16 20°

B uml2

Fig. 5. 2D and 3D AFM images with 20x20 um? scanned areas of the PSF-DMEA films
obtained from DMF/water solutions: (a, a’) - 75/25; (b, b") - 50/50; (c, ¢’) - 40/60

Figure 6 plot also two- and three-dimensional structures of PSF-DMOA films prepared with
DMF/MeOH solvent mixtures of various compositions (100/0, 75/25, 50/50, and 45/55).
According to these images, increasing the nonsolvent content in the casting solutions
favores modification of the surface morphology. Thus, the average surface roughness
decreased with increasing MeOH content and favores increases in the pore number and
pore characteristics (area, depth, diameter, and mean width) according to Table 6. The
thermodynamic quality of solvent mixtures over the studied domain increases with the
addition of the nonsolvent (Filimon et al. 2010; Ioan et al., 2011a).
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Pore characteristics Surface roughness
Solvent Number Mean
mixtures Area | Depth | Diameter | Length | . Sa | rms | nhh
of pores width

PSF-DMEA, DMF/MeOH
100/0 234 0.24 | 272.78 0.57 0.86 0.31 | 33.97 | 42.87 | 231.14
75/25 268 0.27 | 259.59 0.62 0.94 032 | 31.89 | 4147 | 217.26
50/50 52 0.47 | 348.25 0.78 1.09 047 | 74.09 | 95.12 | 402.61
25/75 37 1.10 | 242.07 1.18 1.73 0.62 | 48.36 | 59.80 | 193.33

PSE-DMEA, DMF / water

75/25 147 0.51 | 245.19 0.86 1.25 048 | 37.41 | 47.76 | 227.79
50/50 1080 0.06 | 89.57 0.23 0.47 0.15 6.87 | 9.27 | 77.43
40/60 42 2.19 | 230.10 1.64 243 0.86 | 4498 | 57.61 | 281.80

PSF-DMOA, DMF/MeOH
100/0 9 1043 | 25.64 3.33 6.24 145 | 14.11 | 16.82 58
75/25 - - - - - - 14.43 | 19.90 82
50/50 34 0.70 | 11.37 0.89 1.56 0.42 3.09 | 441 17
45/55 44 0.80 | 16.02 0.98 1.53 0.49 277 | 4.24 28

PSF-DMOA, DMF/water
75/25 5 312 | 13.65 1.97 3.26 0.96 1.59 | 2.34 15
60/40 27 0.04 | 19.54 0.22 0.35 0.11 9.19 | 11.83 70
50/50 18 | 2.09 | 555 1.46 2.63 0.64 152 | 217 8

Table 6. Pore characteristics, including number of pores, area (um2 ), depth (nm), diameter

(um), length (um ), and mean width (um ), and surface roughness paramaters, including

average roughness (Sa, nm), root mean square roughness (rms, nm), and nodule average
height from the histogram (nhh, nm) of PSF-DMEA and PSF-DMOA films prepared from

solutions in DMF/MeOH and DMF /water, with 20 x 20 um2 scanned areas, corresponding

to the 2D AFM images (Ioan et al., 2011)

On the other hand, the presence of water as a nonsolvent in the solutions used for casting
films influenced the AFM images presented in Figure 7; a higher water content decreased
the thermodynamic quality of the DMF/water solvent mixtures.
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Fig. 6. 2D and 3D AFM images with 60 x 60 um? scanned areas of the PSF-DMOA films
obtained from DMF/MeOH solution: (a, a") 100/0; (b, b") 75/25; (c, ¢’) 50/50; (d, d”) 45/55
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Therefore, for a 60/40 DMF/water mixture, the average surface roughness, number of
pores, and pore depth are maximum with a minimum area (Table 6). It can be assumed that
the specific interactions with the mixed solvents employed in this study modify the PSF-
DMOA solubility and determine the modification of the solution properties.
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Fig. 7. 2D and 3D AFM images with 20 x 20 um? scanned areas of the PSF-DMOA films
obtained from DMF/water solution: (a, a") 75/25; (b, b") 60/40; (c, ¢’) 50/50

In the same context, from AFM images (Figure 8) one can see that the bulky phosphorus
pendant groups in PSF-DOPO determine the formation of domains with pores in an
approximately continuous matrix (Ioan et al., 2011b).
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Fig. 8. 2D and 3D-AFM images for PS-DOPO-1 (a, a") and PS-DOPO-2 (b, b’")

Pore characteristics Surface roughness
Samples :
Area Volume Depth | Diameter rms nhp nhh
PS-DOPO-1 23.25 14.39 1.51 5.02 363.16 0.45 1.40
PS-DOPO-2 28.96 15.19 0.95 67 0601* 343.11 0.70 1.30
PS-DOPO-3 25.00*

* From scanning electron microscopy, according to previous data (Petreus et al., 2010)

Table 7. Pore characteristics including area (um x um ), volume (um x pm x nm ), depth
(um ), and diameter (um ), and surface roughness parameters including root-mean-square
roughness (rms, nm), and nodules height from the height profile (nhp, um ) and nodules
average height from the histogram (nhh, um ) of polysulfone with bulky phosphorus
pendant groups membranes obtained from AFM investigations
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Pore characteristics (including area, volume, depth, and diameter) and surface roughness
parameters (including root-mean-square roughness (rms), and nodules height from the
height profile (nhp) from profile analysis, and nodules average height, from the histogram
(nhh)), are presented in Table 7. The dimensions of pores increase and their depth decreases
with increasing the substitution degrees, so that, for the PS-DOPO-3 sample, the dimensions
exceed the limit of the AFM apparatus.

On the other hand, AFM studies support the conclusion that the increasing density of bulky
phosphorus pendant groups from the side chain and decreases roughness and, implicitly,
confirm poor adhesion of the modified polysulfone films. Also, the bulky phosphorus
pendant groups, found in position 1* for samples PS-DOPO-1 and PS-DOPO-2, and in
positions 1* and 2* for sample PS-DOPO-3, modify the rigidity and hydrophobicity, and
determine different forms of entanglement in polymer solutions, influencing membrane
morphology and AFM images.

4. Surface tension parameters

Surface tension parameters of quaternized polysulfones are calculated by the geometric
mean method (GM) (equation (1)) (Kdlble et al., 1969; Owens et al., 1969) and the acid/base
method (LW/AB) (equation (2)) (van Oss et al, 1988a; van Oss et al, 1988b). In this context,
the surface tension data of the doubly-distilled water (W), ethylene glycol (EG), glycerol (G)
and formamide (FA) used in the calculations of the surface tension parameters of PSFQ are
presented in Table 8.

1+ cos6 v / ypv
. b = ’YIs)V' qu*_ YSV 7 Ysv :YSV +Y§V (1)

2 \/@ Tiv

where 6 is the contact angle determined for test liquids, subscripts “Iv” and “sv” denote the
interfacial tension between liquid-vapor and surface-vapor, respectively, while superscripts

p” and “d” denote the polar and disperse components, respectively, of total surface
tension, v, .

2 ~ [ 7~
1+cose=y—-(\/vivw A T Y T -va); yLW/AB — LW, yAB 2)
v

where yAP =2y -y5, , superscript “LW/AB” indicates the total surface tension, and also,
superscript “AB” and “LW” represent the polar component obtained from the electron-
donor, 7Y, , and the electron-acceptor, 7i,, interactions, and the disperse component,
respectively.

Literature (Della Volpe et al.,, 2004) shows that an improper utilization of three liquids
without dispersive liquids, or with liquids prevalently basic or prevalently acidic, strongly
increases the ill-conditioning of the system. In addition, the contact angles should be

measured with a liquid whose surface tension is higher than the anticipated solid surface
tension (Kwok et al., 2000).
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Table 9 shows the contact angle values between water, ethylene glycol, glycerol or formamide
and PSF, CMPSF and PSFQ membranes. The surface tension of PSF evidences the lowest
hydrophilicity, induced by the aromatic rings connected by one carbon and two methyl groups,
oxygen elements, and sulfonic groups, while chloromethylation of PSF with the functional
group -CH,Cl increases hydrophilicity (see the values of surface tension for PSF and CMPSF in
Table 10). Moreover, the results indicate that the PSFQ membranes are the most hydrophilic
ones from the studied samples (lowest water contact angle), due to the N,N-
dimethylethanolamine hydrophilic side groups. Hence, it is observed that total surface tension,
Yo, or YEW/AB “and the polar component, Y2, or YAP , increase with the degree of substitution
of CMPSF and with the quaternization degree of the ammonium groups for PSFQ samples.

Test liquids Yy v v T T
Water (W) (Strom et al., 1987; (Rankl et al., 2003)) | 72.8 | 21.8 51.0 | 25.50 |25.50
Ethylene glycol (EG) (Yildirim et al., 1997) 48.0 | 29.0 19.0 | 47.00 | 1.92
Glycerol (G) (van Oss et al., 1989) 64.0 | 34.0 300 | 57.40 | 3.92
Formamide (FA) (van Oss et al., 1989) 58.0 | 39.0 19.0 | 39.60 | 2.28
Methylene iodide (MI) (Rankl et al., 2003) 50.80 | 50.80 0 0.72 0
1-Brom-naphtalin (1-Bn) (Rankl et al., 2003) 44.40 | 44.40 0 0 0
Red blood cell (Vijayanand et al., 2005) 36.56 | 3520 | 1.36 0.01 | 46.2
Platelet (Vijayanand et al., 2005) 118.24] 99.14 | 1910 | 12.26 | 7.44

Table 8. Surface tension parameters (mN/m) of the liquids used for contact angle
measurements: total surface tension, 7j, , disperse component of surface tension, yﬂ, , polar
component of surface tension, yﬁ/ , electron-donor contribution on polar component, v, ,
and electron-acceptor contribution on polar component, v},

Solvents W C FA EG
Polymers
PSF 79 70 65 60
CMPSF1 78 72 66 57
CMPSE2 73 69 65 54
CMPSF3 71 68 64 52
PSFQ1 64 63 64 51
PSFQ2 64 56 69 48
PSFQ3 32 28 32 29

Table 9. Contact angle of different probe liquids (in °)

Therewith, the relative ratio of the polar component to the total surface tension ranges from
approx. 39% for PSF and 43% for CMPSF1, with the substitution degree DS<1, to 57-61% for
CMPSF, with the substitution degree DS>1, and to 79% for PSFQ. The apolar component,
v, decreases from PSF to CMPSF and PSFQ. The total surface tensions of PSF and
CMPSF1, where the substitution degree DS<1, are dominated by the apolar component,
while the total surface tension of CMPSF2, CMPSF3, (DS>1) and PSFQ are dominated by the
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polar term, with the electron donor interactions, v, , smaller than the electron acceptor ones,
Y4, - Thus, the functional groups -CH,Cl attached by chloromethylation process increase the
polarity for chloromethylated polysulfones with a substitution degree DS>1; also, the N, N-
dimethylethanolamine side groups introduced by the quaternization process increase the
polarity. The change is moderate for chloromethylated polysulfone with DS>1, with
different chloride content.

GM method LW/AB method

d LW B - + LW /AB
Ysv ygv Tsv Ysv 5\ Ysv Ysv Ysv

PSF 17.81 | 11.21 | 2849 | 18.77 | 934 | 8.74 | 28.10 33.23
CMPSF1 | 16.13 | 12.32 | 28.45 | 21.27 | 7.46 | 11.43 | 28.73 25.97
CMPSF2 | 13.23 | 17.56 | 30.79 | 16.85 | 12.38 | 17.02 | 29.23 | 42.35
CMPSF3 | 12.66 | 19.43 | 32.09 | 15.79 | 14.14 | 17.56 | 29.93 | 47.23

PSFQ1 812 | 29.88 | 38.00 | 12.70 | 19.29 | 27.24 | 31.98 60.31
PSFQ2 | 8.04 | 31.11 | 39.15 | 815 | 42.56 | 29.98 | 43.71 97.38
PSFQ3 8.08 | 31.20 | 39.18 | 7.82 | 56.82 | 49.34 | 64.74 82.70

Table 10. Surface tension parameters (mN/m) for polysulfone (PSF) film , chloromethylated
polysulfone films, (CMPSF1, CMPSF2 and CMPSE3) prepared from solutions in chloroform,
and quaternized polysulfone films (PSFQ1, PSFQ2 and PSFQ3) prepared from solutions in
methanol

Samples

Moreower, the surface tension parameters of quaternized polysulfones PSF-DMEA, and
PSE-DMOA, with surface properties of water, methylene iodide, 1-brom-naphtalin test
liquids from Table 8, and the contact angles measured between these solvents and
quaternized polysulfone films from Table 11, are presented in Table 12.

Solvent mixtures W |Contizti ang1|e TBn
PSF-DMEA
100/0 DMF/MeOH 71 28 17
75/25 DMF/MeOH 70 31 22
50/50 DMF/MeOH 61 30 20
25/75 DMF/MeOH 63 31 24
75/25 DMEF /water 59 35 21
50/50 DMF/water 60 33 18
40/60 DMF/water 56 33 16
PSF-DMOA
100/0 DMF/MeOH 72 32 15
75/25 DMF/MeOH 78 32 16
50/50 DMF/MeOH 58 28 16
45/55 DMF/MeOH 77 35 20
75/25 DMF / water 66 34 21
60/40 DMF/water 65 36 25

Table 11. Contact angle (°) of different liquids on films prepared from solutions of PSF-
DMEA and PSF-DMOA in DMF/MeOH and DMF/water
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These parameters are influenced by the solvent/nonsolvent composition from which the
films are prepared (Albu et al., 2011; Ioan et al. 2011a). Some studies have reported that the
chain shape of a polymer in solution could affect the morphology of the polymer in bulk. In
this context, the conformations of both PSF-DMEA and PSF-DMOA are affected by the
charged groups from different alkyl radicals of the studied quaternized samples, and also by
the compositition of the solvent mixtures. For the PSF-DMEA in the DMF/MeOH system,
one may observe that the polymer coil dimension decreases with increasing the DMF
content in the 0.25-1 volume fraction domain; below a 0.25 volume fraction of DMF, the
polymer precipitates. For the same polymer, but in a DMF/water solvent mixture, the
dimensions increase with increasing the DMF content, starting from approximately the same
volume fraction of DMF. The PSF-DMOA coil dimensions possess maximum values in
DMF/MeOH and DMF/water, around 0.6 and 0.8 DMF volume fractions, respectively. For
volume fractions of DMF below 0.25 in DMF/MeOH and 0.5 in DMF/water, the PSF-
DMOA precipitates due to the nature of the alkyl radicals and content of nonsolvent in the
system. Also, the values of intrinsic viscosity are higher for PSF-DMOA - with bulky carbon
atoms in the alkyl side chain, compared with PSF-DMEA, where the alkyl side chain
possesses two carbon atoms. Therefore, for a given composition of the DMF/MeOH and
DMF/water solvent mixtures, one of the components is preferentially adsorbed by the
quaternized polysulfone molecules in the direction of a thermodynamically most effective
mixture (Filimon et al., 2010). These aspects influence the surface properties of the polymer.
PSE-DMEA films possess low polar surface tension parameters, but slightly higher than
those for PSF-DMOA. The hydrophobic character is given by the ethyl radical from the N-
dimethylethylammonium chloride pendant group and by the octyl radical from the N-
dimethyloctylammonium chloride pendant group, respectively.

Solvent GM method LW/ AB method
mixtures |y, | v | Y | v | Y | e W Yoo 0

PSF-DMEA, DMF/MeOH

100/0 43.7 5.9 49.7 42.5 3.6 2.6 6.2 48.7

75/25 42.5 6.6 49.2 41.3 4.3 2.8 6.9 48.1

50/50 429 10.7 53.7 41.8 9.9 2.5 9.9 51.7

25/75 421 10.0 52.1 40.6 6.5 4.1 104 51.0

PSE-DMEA, DMF /water

75/25 41.8 12.2 54.0 41.5 214 0.1 3.18 44.68

50/50 42.6 114 54.0 42.3 19.0 0.2 3.83 46.08

40/60 42.8 134 56.3 42.7 254 0.2 4.15 46.85
PSE-DMOA, DMF/MeOH

100/0 40.9 5.1 46.0 424 0.4 1.4 1.5 43.9

75/25 39.6 3.0 42.6 42.7 0.2 0.8 0.8 43.5

50/50 43.6 1.9 45.2 43.1 1.5 2.0 1.8 449

45/55 39.1 3.6 42.7 41.3 1.0 0.5 1.4 42.7
PSF-DMOA, DMF /water

75/25 38.4 7.5 46.0 41.4 0.5 1.2 1.5 42.9

60.40 38.5 8.6 471 40.2 0.8 3.5 3.3 43.6

50/50 41.4 5.9 474 42.8 0.5 1.3 1.6 44 .4

Table 12. Surface tension parameters (mN/m) for quaternized polysulfone films PSF-DMEA
and PSF-DMOA prepared from solutions in DMF/MeOH and DMF/water
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Furthermore, the electron donor interactions, Y, , are smaller than the electron acceptor
ones, y;’V , for PSF-DMEA, and electron donor interactions, v;, , exceed the electron acceptor
interactions, Yg,, for PSF-DMOA, caused by the inductive phenomena from alkyl radical.
The results reflect the capacity of the N-dimethylethylammonium chloride or N-
dimethyloctylammonium chloride pendant groups to determine the acceptor or donor
character of the polar terms, generated by these inductive phenomena.

In the same context, the substitution degrees of polysulfones with bulky phosphorus
pendant groups enface the specific properties. Presence of substituted groups in position 1*
for samples PS-DOPO-1 and PS-DOPO-2 and in positions 1* and 2* for sample PS-DOPO-3
influence e.g. the rheological properties, leading to modification of slopes as a function of
viscosity vs. substitution degrees, concentration and temperature (Ioan et al., 2011b). This
behavior is assigned to the modification of cohesive energy and molar volume for the
studied samples. The Arrhenius equation evidenced an increased of activation energy and
flow activation entropy, in the following order: PS-DOPO-1 < PS-DOPO-2 < PS-DOPO-3.
This implies a higher energy barrier for the movement of an element of the fluid and a more
rigid structure for the PS-DOPO3 polymer chain and, as well as, a strong variation with
concentration of the activation energy and flow activation entropy. Thus, different forms of
the entanglement in polymer solutions are generated by the specific molecular
rearrangement of the polysulfone with bulky phosphorus pendant groups with different
substitution degrees, at different concentrations and temperatures. Moreover, the
viscoelastic characteristics showed that all samples exhibit the behavior characteristic of an
elastic gel at high frequencies, when G* > G”” and where both moduli are dependent on
frequency. These features are characteristic for a physical gel network, in which the gelation
process of phosphorus-modified polysulfones is influenced by intramolecular interactions,
depending on the substitution degrees and by intermolecular attractions that depend on
solution concentration.

Samples W F EG MI
PS-DOPO-1 77 56 59 43
PS-DOPO-2 78 52 49 21
PS-DOPO-3 82 46 31 =0

Table 13. Contact angle of different probe liquids (water (W), formamide (F),
ethylene glycol (EG) and methylene iodide (MI)) in (°) with polysulfones with bulky
phosphorus pendant groups

Surface tension parameters
GM method LW/ AB method

Samples

d LW B + — LW/AB
Ysv ng Tsv Ysv A% Ysv Ysv Ysv

PS-DOPO-1 | 33.18 | 4.80 | 37.98 | 3423 | 399 | 0557 | 7.15 37.22
PS-DOPO-2 | 44.62 | 2.34 | 46.96 | 39.20 | 1.508 | 0.112 | 5.063 40.710
PS-DOPO-3 | 52.85 | 1.14 | 53.99 | 48.85 | 1.378 | 0.358 | 1.327 50.228

Table 14. Surface tension parameters (mN/m) for membranes of PS-DOPO with different
substitution degrees, prepared from solutions in DMF
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On the other hand, according to Table 13 and, finally, Table 14, all phosphorus-modified
polysulfones show low polar surface tension parameters, y?, or Y’ , which decrease with
increasing the phosphorus pendant groups, and which manifest bring lower contributions
to the total surface tension parameters. Furthermore, the electron donor interactions, vj,
exceed the electro n acceptor interactions, Yz, , considering electron-donor capacity of P=O
group. These results show that the studied samples evidence high hydrophobicity, which
increases by increasing the substitution degrees. The maximum hydrophobicity of the
polysulfones with bulky phosphorus pendant groups would be advantageous, e.g., for
dielectric performance, since a low water absorption causes a significant decrease in the

dielectric constant and, implicitly, low adhesion to different interfaces.

5. Surface and interfacial free energy of functionalized polysulfones

The effect of different radicals of functionalized polysulfones and of the history of the films
formed from solutions on surface properties are analyzed by surface free energy, AG,, -
expressing the balance between surface hydrophobicity and hydrophilicity (equation (3))
(Faibish et al., 2002; Rankl et al., 2003), by interfacial free energy between two particles of
functionalized polysulfones in water phase, AGSGVE/S[ (equations (4) and (5) or (6)), and by the
work of spreading of water, W, (equation (7)).

AGw =My (1 +Cos ewater) (3)

where 7, is given in Tables 8 and 6., is give in Table 9, 11 and 13 for functionalized
polysulfones with N,N-dimethylethanolamine (PSFQ), N,N-dimethylethylamine and N,N-
dimethyloctylamine (PSF-DMEA and PSF-DMOA), and polysulfones with bulky
phosphorus pendant groups (DOPO), respectively.

AGEM (or AGLW/BAB )=-2-74 (or YSLlW/ AB) 4)

SWS SWS

2
ta=(Vh i ) (V- ®)
YW/ AP =(\/g—\/@)2+2-(\/v§v-vgv Y Y —\/v;V-YfV) (6)

W, =W, =W, =2-[(vs" 92+ (vd, )Y + (vae 1) Y2 1-2- v 7)

Generally, the literature (Faibish et al, 2002; van Oss, 1994) mentions that for
AG,, <-113 mJ/m?, the polymer can be considered more hydrophilic while, when
AG,, >-113 mJ/m?, it should be considered more hydrophobic. It is observed from Figure
9 that the surface free energy for PSF and CMPSF samples possesses low wettability .
Moreover, Figures 9, 10 and Table 15 show that all functionalized polysulfones are
characterized by small wettability, except for PSFQ3, where the hydrophylicity is higher. On
the other hand, N,N-dimethyloctylamine groups determine a higher wettability as N,N-
dimethylethylamine group (coresponding to PSF-DMOA and PSF-DMEA, respectively) and
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these wettability depends on the surphace morphology of samples prepared from different
composition of DMF/MeOH and DMF/water solvent mixtures (see Table 6). Also, a small
difference appears between PS-DOPO samples with different substitution degrees. Thus,
one can say that increasing the substitution degrees lead to a slight increase in
hydrophobicity.

PSF
By CMPSF1

-90 1 CMPSF2
m CMPSF3

PSFQ1
PSFQ2

-100 -
®

110

AGw, mJim2

AGy, = -113 mJim?
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[
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cos 0 for water
Fig. 9. Surface free energy vs. water contact angle for quaternized polysulfones with
N,N-dimethylethanolamine
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Fig. 10. Surface free energy vs. water contact angle for polysulfones with bulky
phosphorus pendant groups

The interfacial free energy, AGSM evaluated from solid-liquid interfacial tension, v, has
negative values (see Figure 11 - for PSFQ, Table 15 - for PSF-DMEA and PSF-DMOA, and
Table 16 - for PSF-DOPO), indicating an attraction between the two polymer surfaces, s,
immersed in water, w; hence, these materials are considered rather hydrophobic (Dourado

et al., 1998; van Oss & Giese, 1995).

In addition, the hydrophobicity of these polymers is described by the work of spreading of
water, W,, over the surface, which represents the difference between the work of water
adhesion, W, , and the work of water cohesion, W, (equation (7)).
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Ys1 AGw AGS‘AI)/S[
Solvent DMF/MeOH
mixtures PSE- PSE- PSE- PSE- PSE- PSE-
DMEA DMOA DMEA DMOA DMEA | DMOA
100/0 25.95 26.92 67 -95.30 -51.90 -53.84
75/25 2426 32.06 -68 -87.94 4852 -64.12
50/50 18.47 37.15 -75 -111.38 -36.94 -74.30
45/55 - 29.91 - -89.18 < -59.82
25/75 19.15 - 74 - -38.30 -
DME/water
75/25 16.50 21.66 77 -102.41 32.30 43.32
60,40 - 20.08 - -103.57 - -40.16
50/50 17.60 25.30 76 -97.70 -35.20 -50.60
40/60 15.57 - -79 - 31.14 -

Table 15. Water interfacial tensions and surface free energy for PSE-DMEA and PSF-DMOA
films prepared in different DMF/MeOH and DMF/water, and interfacial free energy
between two particles of quaternized polysulfones in water phase

40 1| /3 vg|
l:]AGsws L L
g20- 1 2 3 4 5
& o [ [ m
twl | UL
£-20 +
1-PSF
-40 2-CMPSF1 5-PSFQ1
3-CMPSF2 6-PSFQ2
-60 4-CMPSF3 7-PSFQ3 —

Fig. 11. Water interfacial tensions and surface free energy for polysulfone, chloromethylated
polysulfones, and quaternized polysulfones films prepared in DMF/MeOH and
DME/water

Samples Ysl oW/ AB AGEM AGLW/AB W,
PS-DOPO-1 25.69 21.84 -51.38 -43.69 -56.42
PS-DOPO-2 35.54 28.93 -71.08 -57.86 -61.03
PS-DOPO-3 43.65 40.09 -87.30 -80.17 -62.66

Table 16. Solid-water interfacial tensions, 7y, and interfacial free energy, AGS‘% , from the
geometrical mean method (GM) and solid-water interfacial tensions, yleW/ AB and
interfacial free energy, AGLW/AB  from the acid/base method (LW/AB), and the work of
spreading of water, W, over the polymer surface
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Fig. 12. Work of spreading of water, red blood cells and platelets over the surface of PSFQ1,
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Fig. 13. Work of spreading of water, red blood cells and platelets over the surface of PSF-
DMEA and PSF-DMOA films prepared in DMF/MeOH and DMF/water
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According to the negative values of the interfacial free energy of all polysulfone samples, the
work of spreading of water, W, , takes negative values, caused by the hydrophobic
surfaces, where the work of water adhesion is low, comparatively with the work of
cohesion; at the same time, be noticed that adhesion and implicitly work of spreading of
water, W, increases with increasing substitution degree for PSFQ samples (W , pspo1 <
Wi, w,psra2 < Ws w,psrqs3 ), i lower for PSF-DMOA than for PSF-DMEA, and decreases with
increasing of substitution degrees for PSF-DOPO (W; ., ps_poro1 < Wsw ps-poroz <

Ws,w,PS—DOPO3 )

6. Blood - functionalized polysulfone interactions

Blood compatibility is dictated by the manner in which their surfaces interact with blood
constituents, like red blood cells and platelets. To analyze the possibilities of using the
functionalized polysulfones in biomedical applications, and for establishing its compatibility
with blood, equation (7) is used, where W; ,,. and W, , describe the work of spreading of
red blood cells and platelets (Vijayanand et al.,, 2005); when blood is exposed to a
biomaterial surface, adhesion of cells occurs and the extent of adhesion decides the life of
the implanted biomaterials; thus, cellular adhesion to biomaterial surfaces could activate
coagulation and the immunological cascades. Therefore, cellular adhesion has a direct
bearing on the thrombogenicity and immunogenicity of a biomaterial, and thus dictates its
blood compatibility. The work of adhesion of the red blood cells can be considered as a
parameter for characterizing biomaterials versus cell adhesion. The materials which exhibit a
lower work of adhesion would lead to a lower extent of cell adhesion than those with a
higher work of adhesion. Considering the surface energy parameters (v, , yﬂ,, Y, Yiv)
given in Table 8 for red blood cells and platelets, the work of spreading of blood cells and
platelets is estimated by equation (7), with surface tension parameters listed in Table 10 for
PSFQ, Table 12 for PSF-DMEA and PSF-DMOA, and in Table 14 for PSF-DOPO.

Figures 12, 13 and 14 show positive values for the work of spreading of red blood
cells, W, 1y, , and negative values for the work of spreading of platelets, W, ,, suggesting a
higher work of adhesion comparatively with that of cohesion for the red blood cells, but a
smaller work of adhesion comparatively with the one of cohesion for platelets. Among these
polysulfones, the work of spreading of red blood cells, W, ,;,. exhibits a negative value for
the PSFQ1, generated by lower hydrophobicity, and a highest value for the PSE-DMEA,
characterized by high disperse parameter of surface tension.

These results suggest that the exposure of platelets to functionalized polysulfone films
determines an increase of platelets cohesion, and that a good hydrophobicity can be
correlated with a good adhesion of the red blood cells on the surface of the polysulfone
films.

In summary, both red blood cells and platelets are extremely important in deciding the
blood compatibility of a material. Moreover, it is known that adhesion of the red blood cells
onto a surface, e.g. modified polysulfones, requires knowledge of the interactions with the
vascular components. Thus, endothelial glycocalyx along with the mucopolysaccharides
adsorbed to the endothelial surface of the vascular endothelium reject clotting factors and
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platelets - which have a significant role in thrombus formation (Reitsma et al., 2007). In this
context, adhesion of the red blood cells and cohesion of platelets to surface films must be
discussed in correlation with future specific biomedical applications. These results seem to
be applicable for evaluating bacterial adhesion to the surfaces, and could be subsequently
employed for studying possible implanted induced infections, or for obtaining
semipermeable membranes.

7. Antimicrobial activity assessments

The literature shows that quaternary ammonium salts represent one of the most popular
types of antimicrobial agents (Hazziza-Laskar et al., 2005; Xu et al., 2006; Yu et al., 2007;
Merianos, 1991). Their biological activity, depending on their structure and physico-
chemical properties, affects the interaction with the cytoplasmic membrane of bacteria and
influences cell metabolism.

The antimicrobial activity of quaternized polysulfones with various ionic chlorine contents,
in DMSO, at different concentrations, is investigated against Escherichia coli (E. coli) and
Staphylococcus aureus (S. aureus). As shown in Figure 15 and Table 17, these polymers inhibit
the growth of microorganisms, the inhibition becoming stronger with increasing the
polycationic nature of the modified polysulfone and with the polymer solution
concentration. Also, for all solutions, the inhibition is intense compared to DMSO, which is
used as a control sample.

Fig. 15. Antimicrobial screening tests: (a) PSFQ1 in DMSO, ¢ = 1.08 g/L, against Escherichia
coli; (b) PSFQ2 in DMSO, ¢ = 1.10 g/L, against Escherichia coli; (c) PSFQ1 in DMSO, ¢ = 1.08
g/ L, against Staphylococcus aureus; (d) PSFQ2 in DMSO, c = 1.10 g/L, against Staphylococcus
aureus. In each figure, the inhibition area on the right side is recorded for DMSO as a control
sample
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Microorganism PSFQ1 PSFQ2 Control
052 ¢g/L 1.08 g/L 052 ¢/L 11¢g/L (DMSO)

E. coli 13 19 22 23 12

S. aureus 11 13 15 18 10

Table 17. Antimicrobial activity expressed by the diameter of the inhibition zone (mm) of
PSFQ1 and PSFQ?2 in DMSO at two concentrations and of DMSO used as a control sample
against Escherichia coli and Staphylococcus aureus

The cationic modified polysulfones with quaternary ammonium group interfere with the
bacterial metabolism by electrostatic stacking at the cell surface of the bacteria (Xu et al,,
2006). This conclusion is evaluated in terms of the diameter of the inhibition zone presented
in Table 17. The results show that the bacterial activity of the tested compounds is
dependent on the microorganism nature. Thus, the E. coli is found be much more sensitive
to the investigated polymers than the S. aureus.

On the other hand, the differences in the composition of the cell wall of Gram-negative (E.
coli) and Gram-positive (S. aureus) bacteria cause different resistance to killing by
antimicrobial agents. It is known that the component of Gram-positive bacteria cell walls is
peptidoglycan, whereas the major constituents of Gram-negative bacteria cell walls are
peptidoglycan, together with other membranes, such as lipopolysaccharides and proteins.
These components of the cell walls generate the hydrophilic character of E. coli bacteria and
the hydrophobic character of S. aureus. Thus, the different inhibiting effects of PSFQ1 and
PSFQ2 on the growth of the tested E. coli and S. aureus bacteria may be due to different
antimicrobial activities.

Therefore, all these aspects indicate that the antimicrobial activity depends not only on the
substituent groups of the quaternized polysulfones but also on the hydrophilic or
hydrophobic character of the bacteria, which generated different interactions of the
quaternary ammonium salt groups with the bacterial cell membrane. In particular, the
adhesion of the relatively hydrophilic E. coli to the hydrophilic quaternized polysulfones is
higher than the adhesion of hydrophobic S. aureus cells.

8. Conclusion

New quaternized polysulfones, prepared by quaternization of chloromethylated
polysulfone with N,N-dimethylethanolamine, N,N-dimethylethylamine, N,N-
dimethyloctylamine and also polysulfones with bulky phosphorus pendant groups,
obtained by chemical modification of the chloromethylated polysulfones by reacting the
chloromethyl group with the P-H bond of 9,10-dihydro-oxa-10- phosphophenanthrene-10-
oxide are investigated to obtain information on their hydrophilic/hydrophobic properties
and blood compatibility. The history of the formed films, prepared by a dry-cast process in
pure solvents or in different solvent/nonsolvent mixtures, influenced the surface tension
parameters, surface and interfacial free energy and the work of spreading of water,
maintaining the surfaces hydrophobic characteristics of polysulfones. On the other hand, the
results reflect the capacity of N-dimethylethanolammonium chloride pendant group to
determine the acceptor character of the polar terms, capacity of N-dimethylethylammonium
or N-dimethyloctylammonium chloride pendant groups to determine the acceptor or donor



Biocompatibility and Antimicrobial Activity of Some Quaternized Polysulfones 271

character of the polar terms, and capacity of P-H bond of 9,10-dihydro-oxa-10-
phosphophenanthrene-10-oxide to determine the donor character of the polar terms, caused
by the inductive phenomena of different pendant groups.

The AFM images show that surface morphology is characterized by roughness and nodules
formations, depending on the composition of solvent/nonsolvent mixtures, including the
characteristics of polysulfones and the thermodynamic quality of the solvents. Moreover,
the results suggest that:

- surface hydrophobicity and surface roughness are the parameters controlling the
compatibility with the red blood cells and platelets: a good hydrophobicity can be
correlated with a good adhesion of the red blood cells and with a good cohesions of the
platelets on the surface of the polysulfone films;

- high work of adhesion comparatively with work of cohesion for the red blood cells, but
a smaller work of adhesion comparatively with the one of cohesion for platelets is
obtained. Among these polysulfones, the work of spreading of red blood cells, W .,

exhibits a negative value for the quaternized polysulfone with N,N-

dimethylethanolamine pendant group and 2.15 ionic chlorine content (PSFQ1),

generated by lower hydrophobicity, and a highest value for the quaternized
polysulfone with N,N-dimethylethylamine pendant group (PSF-DMEA), characterized

by high disperse parameter of surface tension.

On the other hand, the antimicrobial activity of polysulfones with quaternary ammonium
groups is considered to be one of the important properties that are directly related to new
possible applications. In this study, adhesion of Escherichia coli and Staphylococcus aureus
cells to PSFQ is investigated. These polymers inhibit the growth of microorganisms, with
inhibition becoming stronger with the increasing polycationic nature of the modified
polysulfone and the concentration of the polymer solution. Moreover, the adhesion of the
relatively hydrophilic E. coli to hydrophilic quaternized polysulfone is higher than the
adhesion of the hydrophobic S. aureus cells.

These results are useful in investigations on specific biomedical applications, including
evaluation of bacterial adhesion to the surfaces, and utilization of modified polysulfones as
semipermeable membranes.
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