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Polystyrene (PS) was blended with polyethylene glycol (PEG) and silver sulfadiazine (SS) with different weight proportions to
form polymeric blends. These synthesized blends were preliminary characterized in terms of functional groups through the
FTIR technique. All compositions were subjected to thermogravimetric analysis for studying thermal transition and were
founded thermally stable even at 280°C. The zeta potential and average diameter of algal strains of Dictyosphaerium sp.
(DHM1), Dictyosphaerium sp. (DHM2), and Pectinodesmus sp. (PHM3) were measured to be -32.7mV, -33.0mV, and
-25.7mV and 179.6 nm, 102.6 nm, and 70.4 nm, respectively. Upon incorporation of PEG and SS into PS blends, contact angles
were decreased while hydrophilicity and surface energy were increased. However, increase of surface energy did not led to
decrease of antialgal activities. This has indicated that biofilm adhesion is not a major antialgal factor in these blended
materials. The synergetic effect of PEG and SS in PS blends has exhibited significant antialgal activity via the agar disk
diffusion method. The PSPS10 composition with 10 w/w% PEG and 10 w/w% SS has exhibited highest inhibition zones
10.8 mm, 10.8mm, and 11.3mm against algal strains DHMI1, DHM2, and DHMS3, respectively. This thermally stable
polystyrene blends with improved antialgal properties have potential for a wide range of applications including marine coatings.

1. Introduction

Biofouling is an undesired build-up of biotic deposits on a
material’s surface. This biotic deposit includes different spe-
cies such as cyanobacteria, algal spores, fungi, and macroal-
gae [1]. Biofouling thus may be either microbial based or
combination of micro- and macroattack caused by the syner-
getic effect of microbial and macroorganism, respectively [2].
Algal biofouling is a specific type of biodegradation initiated
by algae in highly humid as well as aquatic environment and
multiplies in their numbers that lead to attachment of other
biological species spiraling it into complex heterogeneous
system of macrobiofouling [1]. The biological degradation

of certain material depends specifically on the type of micro-
organisms, environmental conditions, and its physical and
chemical properties [3]. Microbial growth adversely affects
numerous areas relevant to food preservation, water purifica-
tion, photobioreactors, bioimplants, and biosensors in
healthcare applications [4]. Microbial growth can be inhib-
ited by different types of materials like nanocomposite, poly-
mer composites, and polymeric systems [5]. Among these
materials, polymer-based systems are the best antimicrobial
materials and have numerous advantages over conventional
materials with exceptional film-forming ability, suitable
chemical activity, thermal stability, mechanical strength, cor-
rosion resistance, and low cost [6]. Various antifouling
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FIGURE 1: Schematic of various blends showing antialgal properties.

polymer systems were developed to exhibit increased effi-
ciency, enhanced antimicrobial behavior, process ability, tun-
able properties, low toxicity, prolonged life time, and diverse
functionalities [7, 8]. Therefore, antifouling polymer-based
systems have given an innovative direction to the research
in the field of antimicrobial materials. Surface features like
hydrophilicity, surface roughness, polarity, surface energy,
and contact angle are important parameters to design anti-
fouling systems [9]. Polymer-based antifouling blends are
used in a wide variety of forms including copolymers, graft-
ing, polymer coatings, thin films, polymer brushes, and poly-
electrolytes [10].

Gitchaiwat et al. have enhanced antialgal property of
LDPE against the Chlorella vulgaris TISTR 8580 species by
adding the antialgal agent such as 2-methylthio-4-ethyla-
mino-6-tert-butylamino-triazin-1,3,5 [terbutryn (TT)] [11].
The results have shown that TT with an optimal loading of
750 ppm could be used to effectively inhibit the growth of
C. vulgaris, but to get satisfactory inhabitation iodopropynyl
butylcarbamate (IPBC) could be used as antialgal promoters
in the LLDPE specimens [11]. In another study, Yandi and
coworkers have investigated the antialgal activity of cationic
poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA)
brushes against marine algae Ulva linza and U. lactuca
[12]. PDMAEMA has been found to destroy zoospores in
contact with it and also avoid the subsequent development
of normally settled spores [12]. Bodkhe et al. have used
PSBMA as part of a block copolymer with PDMS that was
incorporated into the polyurethane network. Although these
coatings had excellent fouling resistance properties against
the marine bacterium Halomonas pacifica and N. incerta,
the performance was less pronounced against algal species
Cellulophaga lytica and U. linza [13]. In a recent study, 3-
sulfopropylmethacrylate was copolymerized with methyl
methacrylate that only controls the adhesion of Dictyo-
sphaerium algae but did not kill the algal cells [14]. These lit-
erature studies have indicated that the most polymeric

systems could significantly inhibit bacterial species but could
not be used effectively against algal species. To overcome
this discrepancy, hydrophilic polymers such as PEG could
be introduced to the polymeric system [15]. PEG due to
polar nature and strong hydrogen bonding leads to excluded
volume which makes the adsorption of fouling organisms
extremely difficult on its surface [16]. PEG-based antifouling
system acts as a biopassive material which effectively reduces
the microbial adhesion owing to the formation of an interfa-
cial layer [17]. The PEG moieties present on various fric-
tional surfaces have shown strong resistance towards
nonspecific proteins and cell adsorption. This minimizes
the amount of bioadhesion on these surfaces and makes
PEG highly desirable for antifouling purposes [17, 18].

In the current novel work, blending of polystyrene (PS),
polyethylene glycol (PEG), and silver sulfadiazine was car-
ried out by varying the concentration of constituents via
the melt-blending technique. Blend synthesis was confirmed
through FTIR, and thermal stability was studied through
TGA. The equilibrium contact angle of various compositions
was measured, and the surface energy of compositions was
calculated with the help of contact angle. The antialgal assay
of all blends was performed against three different algal
strains Dictyosphaerium sp. (DHML1), Dictyosphaerium sp.
(DHM2), and Pectinodesmus sp. (PHM3) by the agar disk
diffusion method via zone of inhibition measurement. The
PSPS10 blend has demonstrated a maximum zone of inhibi-
tion against these algal strains. Figure 1 shows the antialgal
behavior of the various blends indicating PSPS10 has the
maximum antialgal efficiency.

2. Experimental

2.1. Materials. All the chemical and reagent are of analyt-
ical grade. Polyethylene glycol (Mw-1000, 99.99%) was
purchased from Daejung Chemicals, S. Korea, Polystyrene
(Melt flow index 2-4g/10 min; Mw-350000, 95%, average
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TaBLE 1: Compositions of blends.

Sample code PS w/w% PEG w/w% SS w/w%
PS 100 0 —
PSP5 95 5 —
PSP10 90 10 —
PSP15 85 15 —
PSP20 80 20 —
PSS10 90 — 10
PSPS10 80 10 10

Mn~170,000, density 1.04g/cm3), and silver sulfadiazine
(98%) was purchased from Sigma Aldrich, Germany. Mueller
Hinton Agarose was purchased from Merck, UK. Standard
algal strains Dictyosphaerium sp. (DHM1), Dictyosphaerium
sp. (DHM2), and Pectinodesmus sp. (PHM3) were used as test-
ing species.

2.2. Preparation of Blends. The melt-mixing technique was
used for the preparation blends of polystyrene (PS) with
polyethylene glycol (PEG), and silver sulfadiazine (SS) was
prepared using the internal batch mixer of HAAKE Rheo-
mix model Lab OS by Thermo Fisher Scientific, USA. PEG
and SS were utilized as received while PS was meshed to fine
powder prior to blend preparation. The temperature of the
equipment was raised up to 200°C and held for five minutes
to become stabilized on attaining the desired temperature.
Afterward, the predetermined composition of blends was
fed into the melt mixer, and its mixing was controlled by
optimizing parameters such as RPM, temperature, and time.
After completion of blending, the blends were retrieved and
further molded into sheets of 1 mm thickness by using labo-
ratory press by Gibitre Instrument, Italy. The prepared
sheets were finally cold pressed using 30-ton hydraulic press.
Table 1 shows blend composition that were made by varying
the amount of PEG from 0 to 20% (w/w) and SS from 0 to
10% (w/w).

2.3. Characterization. Infrared spectroscopy (ATR-FTIR)
was performed by Bruker’s model Alpha-P (USA) for iden-
tification of functional groups in various blend composi-
tions. Thermal degradation analysis was performed using
TGA model LF2 (Mettler Toledo, USA) equipped with
high-temperature furnace in nitrogen atmosphere at the
heating rate of 20°C/min. The contact angle of blends was
measured by using 5 uL sessile drop of deionized water via
a lab-made customized apparatus. The contact angle was
measured for each composition by average three values of
drops after 2min with the help of Image] software. Since
the surface energy of the substrate is based on the contact
angle measurement of blends, therefore, the surface energy
was calculated by the Chibowski equation [14].

ys = %l(1+c030Eq). (1)

Here, ys is the solid surface energy, y! is the surface
energy of liquid, and 0y, is water equilibrium contact angle.
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FIGURE 2: FTIR spectra of PSPS10, PSP10, and PSS10.

The zeta potential and zeta size of algal strains Dictyosphaer-
ium sp. (DHM1), Dictyosphaerium sp. (DHM2), and Pecti-
nodesmus sp. (PHM3) were measured using the Zetasizer
model Nano Zsp by Malvern Instruments, UK. Prior to zeta
potential measurement, cultures were kept undisturbed for
almost 10 minutes to let any flocks settle down, and strains
were sampled from the top to be used in experiment.

2.3.1. Antialgal Bioassay. The antialgal profile of various
polymeric blends was tested against three different algal
strains namely Dictyosphaerium sp. (DHM1), Dictyosphaer-
ium sp. (DHM2), and Pectinodesmus sp. (PHM3). The pro-
cess commenced with the preparation of algal cell
suspension in BBM medium with the initial concentration
of 5-7 billion cells per millimeter. The antialgal effect of var-
ious samples was studied on the Mueller Hinton Agarose
plates inoculated with algal cultures. The agarose solution
(1% w/v) of distilled water and bold basal medium (BBM)
(4:1 by volume, respectively) was prepared [19]. The pour-
ing of plates with agar and spreading of algae onto these agar
plates was performed in the safety cabinet that was previ-
ously sterilized through UV light (10 to 15 minutes) and
cleaned with absolute ethanol. The whole process was per-
formed in sterile conditions close to the spirit lamp to avoid
any undesired microbial growth except microalgae. Disks of
6 mm of all samples were placed on agar, and the plates were
incubated for 3 to 4 days at 25°C. The clear zone around
sample disks was measured as the growth inhibition diame-
ter of algae [11].

3. Results and Discussion

Resultant blends formed by varying the amounts of PEG and
SS were characterized by different spectroscopic techniques,
and their antifouling potential was ascertaining by antialgal
assay.
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FIGURE 3: TGA thermographs of the polymer blend samples.
TaBLE 2: Decomposition temperature (T;) and melting

temperature (T,,) of blends (PS, PSP5-20, PSS10, and PSPS10).

Samples T, T,

PS 350.3 441.2
PSP5 316.9 431.2
PSP10 315.6 428.5
PSP15 3134 426.7
PSP20 310.5 425.3
PSS10 3354 434.1
PSPS10 330.5 432.2

3.1. FTIR Spectroscopy of Blends. Various functional groups
in the synthesized blends were identified by the FTIR spec-
troscopy (Figure 2). In the PSS10 blend, the absorption
bands at 3060 cm™ and 3026 cm™ were due to aromatic C-
H stretching vibrations. Three absorption signals at the wave
numbers 1600cm™’, 1492cm™, and 1452cm™ were due to
aromatic C=C stretching vibrations which has indicated
the presence of benzene ring [20]. The absorptions at the
756cm™ and 698 cm™ were corresponded to C-H out-of-
plane bending vibrations. This has indicated that there was
only one substituent in the benzene ring [21]. SS has exhib-
ited characteristic signals at 1125cm™ for SO, and at
1655cm™ for NH, group which has confirmed the success-
ful blend formation. The IR spectrum of PSP10 blend has
shown stretching vibrations of ~OH groups at 3463 cm™"
and C-O at 1645cm™" for polymeric part corresponding to
PEG [22]. In the PSPS10 blend, signatures of all functional
group were detected like C=C stretching vibrations of PS at
1452cm™, C-O and -OH signals of PEG at 1645 cm™! and
3463cm™, and NH, and SO, bands of SS at 1655cm™ and
1125cm™, respectively, as shown in Figure 2.
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FIGURE 4: Blend composition and water contact angles.

3.2. Thermal Stability. Thermogravimetric analysis (TGA)
was performed to determine the thermal stability of poly-
meric blends [21]. The TGA curves of various polymer blend
samples are depicted in Figure 3. The basic thermogravimet-
ric trend corresponding to various samples was almost iden-
tical. Thermal decomposition was started in the range of
310°C to 350°C as given in Table 2. The major structural
decomposition occurred between 350°C and 420°C with the
negligible amount of decomposition and continued till
800°C. Blending has affected the thermal stability of PS
which depends upon the amount of PEG incorporated into
blends, although it tends to decrease the thermal stability
of polystyrene blends but not more than 25°C at any decom-
position stage [21]. PEG is relatively a low-melting polymer
in comparison with polystyrene that has reduced the ther-
mal stability of corresponding blends while the initial
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FIGURE 6: Microalgae-cultured plates with the disk diffusion method against (a) Dictyosphaerium sp., strain HM1 (DHM1), (b)
Dictyosphaerium sp., strain HM2 (DHM2), and (c) Pectinodesmus sp., strain HM3 (PHM3).

decomposition temperature of blends remains high in com-
parison with room temperature where most of the polymers
are practically used [21].

Contrary to PEG, SS has improved the thermal stability
of PSS10 polymer blends to a notable extent. Ternary blend
PSPS10 tends to decompose by few degrees earlier when
compared with binary PSS10 blends in most of the cases
due to PEG. All polymeric blends were found thermally sta-

ble even at 300°C [23, 24].

3.3. Contact Angle and Surface Energy. Hydrophilicity of
various polymer blends was measured in terms of contact
angle as shown in Figure 4. The static contact angle of virgin
PS was found to be 80°, and increasing the concentration of
PEG, the contact angle was decreased [25]. The PSP5 blend
with 5% PEG concentration has demonstrated contact angle
of 66° [26]. By increasing the concentration of PEG up to
10% in the PSP10 blend, the contact angle was found to be
63° [27]. The PSP15 and PSP20 blends with 15% and 20%
concentration of PEG shown to have the contact angles of

65° and 53°, respectively [27]. Since PEG is hydrophilic in
nature due to the presence of hydroxyl group, therefore by
increasing the PEG contents, it has increased hydrophilicity
of the blends which has resulted in the decrease of water
contact angle [28, 29].

Further addition of 10% silver sulfadiazine (SS) in the
PSS10 blend has increased the hydrophilicity due to the
polar nature of SS and decreased the contact angle of blend
to 46° [22]. The polarity of SS has caused more strong attrac-
tion of water molecules on blend’s surface [30]. The PSPS10
blend with 10% SS and 10% PEG concentration has shown
the lowest contact angle, i.e., 43°. The decrease in the contact
angle of PSPS10 is due to presence of hydroxyl group in PEG
and polarity of SS that tends to increase the hydrophilic
nature of PSP10 [31, 32].

Among various blend compositions, the surface energy
(ps) of virgin PS has exhibited the minimum surface energy
(42 + 1 mJ/m?), and its surface energy has increased from 47
to 58 m]/m2 upon addition of 5-20% hydrophilic PEG in PS,
respectively [33]. Upon addition of SS into PS, it caused



further increased of surface energy up to 61 mJ/m” in the
PSS10 blend while the PSPS10 ternary blend has exhibited
the maximum ys value, ie., 63 mJ/m? [34]. Surface energy
and contact angle have inverse relationship as shown in
Figure 4. Generally, higher surface energy of material caused
more bioadhesion and reduced antialgal activity [35]. But in
this study, increase of surface energy did not lead to decrease
of antialgal activities. This has indicated that biofilm adhe-
sion is not a major antialgal factor in these blended
materials.

3.4. Zeta Potential and Size of Algal Strains. Zeta potential
and surface charges are important features that determine
surface properties like hydrophilicity, hydrophobicity, and
bioadhesion [36, 37]. Zeta potential values of Dictyosphaer-
ium sp. (DHM1), Dictyosphaerium sp. (DHM2), and Pecti-
nodesmus sp. (PHM3) algal strains were found to be
-32.7mV, -33.0mV, and -25.7mV, respectively (Figure 5)
[38], whereas the average diameter of algal strains was
measured as 179.6 nm, 102.6 nm, and 70.4 nm corresponding
to Dictyosphaerium sp. (DHM1), Dictyosphaerium sp.
(DHM2), and Pectinodesmus sp. (PHM3), respectively. There
was no discernible difference in the zeta potential of different
algae strains. Therefore, all the strains have exhibited almost
identical behavior against different polymer blends. Micro-
bial organisms are negatively charged over a wide pH range
[39]. Zeta potential leads to electrostatic interaction that
results in the adhesion of microorganisms on surfaces; thus,
fouling may increase with the increase in zeta potential [40].

3.5. Antialgal Activity. The inhibition of algal growth by
polymer blends was quantitatively measured in terms of
inhibition zone diameter [11]. The inhibition zones of poly-
mer blends against Dictyosphaerium sp. (DHM1), Dictyo-
sphaerium sp. (DHM2), and Dictyosphaerium sp. (DHM3)
are depicted in Figures 6 and 7. The green lawn on agar
plates has confirmed algal growth while each tested polymer
blend has exhibited particular inhibition zone depending
upon its composition and concentration [41]. Results have
revealed that PS has demonstrated no inhibition zone thus
no antifouling activity. Among various PSP5-20 blends,
PSP5 has the lowest PEG, and PSP20 has the highest PEG
concentration. From PSP5 to PSP20, the inhibition zone
against DHM1 was increased from 8.5mm to 9.3mm,
against DHM2 from 9.1mm to 9.3mm, and against
DHM3 from 8.6 mm to 9.7 mm, respectively [42]. This has
clearly shown the direct relationship between the amount
of hydrophilic PEG in blend and its antialgal properties
[43]. The inhibition zone was increased with the addition
of SS in PSS10 blend 10.2 mm, 10.2 mm, and 11.4 mm inhi-
bition zone against DHM1, DHM2, and DHM3 algal strains,
respectively, as given in Table 3. Most significant antialgal
behavior was observed in the PSPS10 blend owing to the
presence of both hydrophilic components, i.e., PEG and SS.
This has demonstrated the highest zone of inhibition, i.e.,
10.5mm, 10.5mm, and 11.4mm against DHM1, DHM?2,
and DHM3 algal strains, respectively, as depicted in
Figures 6 and 7.
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TaBLE 3: Contact angle, surface energy, and zone of inhibition of
blends (PS, PSP5-20, PSS10, and PSPS10).

Samples Contact Surface Zone of inhibition (mm)
angle (8) energy (ys) DHMI1 DHM2 PHM3

PS 80 42.52 0 0 0

PSP5 73 46.83 8.5 9.1 8.6
PSP10 67 50.42 9.1 8.8 9

PSP15 59 54.92 9.2 8.9 8.7
PSP20 53 58.07 9.3 9.3 9.7
PSS10 46 61.41 10.2 10.2 10.5
PSPS10 43 62.74 10.5 10.5 11.4

The hydrophilicity, high mobility, conformation, neutral
charge, and hydrogen bonding capacities of PEG are consid-
ered critical in their antifouling efficiency [44]. The hydro-
philic character of PEG lowers the interfacial free energy
for the water thus weakens the adsorption forces for proteins
[45]. When a protein reaches the PEG mount surface, then a
limited amount of conformation would be available in the
PEG chains due to steric stabilization [46]. The protein will
concurrently displace any water connected to PEG units,
thus altering the state of water polymer solvation [47]. Both
phenomenon, i.e., hydrophilicity and conformation would
boost the system’s free energy, so the mechanism would
not be conducive, and the protein would retain away from
the surface [47, 48]. The high mobility of PEG chains would
shorten the protein interaction time on the surface, thereby
minimizing the adsorbed volumes [49]. Moreover, hydrogen
bonding of water molecules across the PEG chains produces
some sort of bound water shell structure that serves to deter
proteins from approaching [50, 51].
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Incorporation of SS to blends PSS10 and PSPS10
resulted in even higher algal growth inhibition in compari-
son with PSP5-20. The amino group present in SS has
enhanced the antialgal activity of materials because it
increased the hydrophilic nature of blends [52]. Owing to
the hydrophilicity of SS, hydration shells of water are formed
on the blend surface that repels algal strains [53]. The ter-
nary blend PSPS10 was proved to be the best prepared com-
position that resulted in the maximum algal growth
inhibition of 10.5 mm for DHM]1, 10.5 mm for DMH?2, and
11.4mm for PHM3 due to the presence of strong antifouling
agent silver sulfadiazine and PEG.

4. Conclusions

The antialgal synergistic potential of polystyrene blends with
polyethylene glycol and silver sulfadiazine is revealed in this
work. Results have concluded that both antialgal agents, i.e.,
PEG and SS, have worked synergistically in polystyrene
matrix to improve the antialgal potential as evident from a
direct relationship between the amount of antialgal agent
and its inhibition zones against microbial growth. All pre-
pared compositions of PSP, PSS, and PSPS blends were
proved quite effective against algal species Dictyosphaerium
sp. (DHM1), Dictyosphaerium sp. (DHM2), and Pectinodes-
mus sp. (PHM3) while the ternary blend PSPS10 was the
most effective one due to the cooccurrence of both antialgal
agents and exhibited maximum zone of inhibitions against
all algal strains. Contact angle and surface energy values have
highlighted that bioadhesion is not a limiting factor in the
fouling of these prepared blends. Thermographs obtained
from TGA have demonstrated the thermal stability of blends
while a zetasizer has measured the significant values of zeta
potential and particle size. These significant results about ther-
mal stability and antialgal features of prepared polystyrene/
polyethylene glycol/silver sulfadiazine blends have widen their
scope in the fields of marine coatings.
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