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Abstract

To evaluate the influence of low molecular weight polymers synthesized through
soap-free emulsion polymerization on the indicator microorganism, Micrococcus luteus,
methyl methacrylate (MMA) and styrene were polymerized by using various initiators. The
MMA polymer colloid was not toxic to M. luteus. High volumes of polystyrene were
continuously synthesized, and low-molecular weight polystyrenes were removed from the
suspension to the supernatant. During the bioassay test, as the molecular weight of the
cationic polystyrene in the supernatant decreased, the inhibition zone against M. luteus grew
larger. Low molecular weight cationic polystyrene was toxic to M. luteus. Hence, the
supernatant containing low molecular weight cationic polystyrenes (particularly those with
molecular weights below 1000 g/mol) obtained from soap-free emulsion polymerization
should be treated carefully prior to its discharge to the environment. Moreover, such
supernatants should be treated with more care if they are to be discharged into seas or rivers.
One solution to reduce the toxicity of the supernatant against M. luteus is the addition of N-

vinylacetamide monomers during polymerization.
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1. Introduction

Polymeric particulate materials are used by many industries in products, such as toner,
cosmetics, and medicines [1]. These materials are synthesized through emulsion
polymerization with surfactants or stabilizers [2-4]. Such polymerization processes require
the use of surfactants and therefore their toxicity against microbes has been studied [5, 6].
Furthermore, we should consider the environmental impacts of the surfactants present in the
wastewater discharged from these processes [7]. Therefore, soap-free emulsion
polymerization, which is believed to have insignificant environmental impacts since it does
not use surfactants, is generally conducted by using an ionic radical initiator to synthesize
polymer particles in water [8-11]. However, in this process, low molecular weight polymers
were continuously synthesized in water even at a conversion efficiency of 1.0 [12].
Furthermore, these polymers could be treated as surfactants as they are composed of
hydrophobic polymer chains and hydrophilic groups that originated from the ionic initiator.
Although the antimicrobial activities of the polymers was investigated [13-15], the
environmental impacts of polymers formed through soap-free emulsion polymerization have
not been evaluated. From a drug delivery point of view, recent studies have reported that
smaller polymer particles can penetrate the lipid bilayer of cells easily [16-18]. Therefore,
this study investigates the environmental impacts of low molecular weight polymers,
including polymeric nanoparticles, synthesized through soap-free emulsion polymerization
by using Micrococcus luteus as the indicator microorganism. This microbe is commonly

detected in soil and water [19-21].



This study has two objectives: 1) to investigate the effects of methyl methacrylate
(MMA) or styrene polymers synthesized through soap-free emulsion polymerization on
microbes and evaluate their potential for environmental pollution and 2) to determine the
molecular weights of the polymers in the supernatant of polymer colloids synthesized

through soap-free emulsion polymerization.

2. Experimental
2.1 Materials used for soap-free emulsion polymerization

The water used in the soap-free emulsion polymerization was purified by using a
purification system (Auto Still WG250, Yamato), after which it was bubbled with nitrogen
gas to remove any dissolved oxygen. We selected two typical monomers, styrene and MMA,
for use in the polymerization. The styrene monomers (Tokyo Chemical Industry) were
washed with a 10% sodium hydroxide solution four times to remove any polymerization
inhibitors. Subsequently, these monomers were purified by distillation under reduced
pressure. MMA (Tokyo Chemical Industry) was used, as received, as a monomer for soap-
free emulsion polymerization. Water-soluble initiators, 2,2'-Azobis(2-
methylpropionamidine) dihydrochloride (V-50, Wako Pure Chemical), 2,2'-Azobis[2-(2-
imidazolin-2-yl)propane] dihydrochloride (VA-044, Wako Pure Chemical), and potassium
persulfate (KPS, Sigma Aldrich), and an oil-soluble initiator, 2,2'-Azobis(2-
methylpropionitrile) (AIBN, Sigma Aldrich), were used as radical initiators without further
purification. AIBN is not as water-soluble as the other initiators. However, we recently found

that it could be used as an initiator for soap-free emulsion polymerization of styrene to



synthesize polystyrene colloids with negative charges, and works like KPS [22, 23]. The
synthesized polymers were positively charged by V-50 and VA-044. The charge of the
initiators in water is important for investigating the effects of the synthesized polymers on
the microbes. Therefore, these four initiators were used as radical initiators for the

polymerization.

2.2 Synthesis of polymer colloids through soap-free emulsion polymerization

The polymerization reaction to synthesize polymer colloids was conducted in a 30-
mL round-bottom reactor. The temperature and rotation speed of the impeller in the reactor
were controlled by using a magnetic stirrer with heating (EYELA, RCH-20L). The conditions
for polymerization are listed in Table 1. A reaction time of 6 h was selected because previous
studies reported that almost complete polymerization could be achieved within this time
frame [23-25]. The centrifugal separator (3700, KUBOTA) was operated at 15,000 rpm for
3 h to separate the polymer colloid into polymer materials and supernatant containing low

molecular weight polymers.

Table 1. Experimental conditions of soap-free emulsion polymerization.

Water [g] 15
Monomer [mM] 64 ~ 128
Initiator [mM] 2.03~20.3
Temperature [°C] 70




2.3 Bioassay test

The antibacterial activities of the polymer samples against the indicator
microorganism, Micrococcus luteus, were evaluated by agar well diffusion method [26].

The component of bioassay plate was described by Arakawa et al. [27]. The bioassay
plate had two layers; the bottom layer consisted of tryptic soy broth (TSB; Difco
Laboratories) with 1.5% agar, while the top layer consisted of TSB with 0.8% agar
supplemented with a 2% M. luteus fill-growth suspension. Then, a hole with a diameter of 8
mm was punched with a sterile cork borer on the bioassay agar plate with M. luteus. Polymer
samples (80 pl) were placed into these agar wells, and were then incubated at 28 °C for 48
h. The antibacterial activities were evaluated by measuring the diameter of the inhibition

zone surrounding the polymer sample.

2.4 Analysis of polymers

The size of the particles synthesized through polymerization was measured by
scanning electron microscopy (FE-SEM; JSM-7500FA, JEOL). SEM samples were prepared
as follows: a small amount of the solution was sampled from the reactor, a drop of it was
placed on a freshly cleaved mica plate, the specimen was dried, and then coated with a thin
osmium film by chemical vapor deposition (CVD; Osmium Plasma Coater OPC60A, Filgen).
The average particle size was calculated by averaging the particle sizes of over 200 particles
identified in the SEM images. The zeta potential of the polymer colloid was measured by
using a Zetasizer Nano ZS (Malvern Co., Ltd.) after diluting the sample slurry with deionized

water. Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry



(MALDI-TOF-MS) (AXINA-CFR+, SHIMADZU) was used to determine the molecular
weight of polystyrene, especially to detect the lower molecular weights of the polymers
dissolved in the supernatant of the polymer colloid. The polymer samples were prepared
using dithranol (Sigma Aldrich) and subsequently freeze-dried (EYELA, FDU-1200). The

details of this method are available in a previous study [28].

3. Results and Discussion
3.1 Effect of polymer colloids on Micrococcus luteus

Polymer colloids were synthesized through soap-free emulsion polymerization of
MMA or styrene under a constant initiator concentration of 2.03 mM (or 4.06 mM when KPS
was used). The effect of each polymer colloid was examined via bioassays; the results
obtained are presented in Fig. 1. Polystyrene latex (PSL) colloids prepared by using V-50
had zeta potentials of +31.1 mV and created an inhibition zone, as shown in Fig. 1b. However,
the impact of poly methyl methacrylate (PMMA) on M. luteus was less. Furthermore, to
investigate the effects of the charge of the initiator on the inhibition zone, PSL colloids
prepared using VA-044, AIBN, and KPS were studied. The size of the inhibition zone of the
PSL colloid prepared with VA-044 was the largest, as shown in Fig. 1¢. However, no
inhibition zone was formed when AIBN and KPS were used, as shown in Figs. 1d and 1e
respectively. From these results, negative charged polystyrene using KPS and AIBN would
more suitable when soap-free emulsion polymerization of styrene, so they could minimize
environmental pollution. Furthermore, cationic polystyrenes synthesized using V-50 and

VA-044 were toxic to M. luteus. Recent studies reported that positively charged PSL with a



size of 100 nm was toxic to Lactococcus lactis and Pseudomonas fluorescens; however,
negatively charged PSL was not [29, 30]. The results of the present study are in agreement
with those of recent studies. The effect of polystyrene synthesized using V-50 and VA-044

on M. luteus is further discussed in the following sections.

--

Fig. 1 Bioassay of polymer colloids prepared using the following monomers and initiators:
(a) MMA and V-50; (b) Styrene and V-50; (c) Styrene and VA-044; (d) Styrene
and AIBN; (e) Styrene and KPS. The white particles seen at the centers of the
images are the polymeric particle sediments.

3.2 Effects of the polymer materials and supernatant of polymer colloid on the size of the
inhibition zone

The cationic PSL colloids were toxic to M. luteus. The low and high molecular weight
polystyrenes were classified by using a centrifugal separator and the effect of the molecular
weight of polystyrene on the size of the inhibition zone was investigated. The polymer
materials were obtained in the solid state by using a centrifugal separator and re-dispersed in
pure water to prepare PSL colloids by following an ultrasonic procedure (US-5KS, SND).
No inhibition zone was observed when the colloids of polymer materials synthesized by using
VA-044 and V-50 were used, as shown in Figs. 2a and 2c¢ respectively. However, as shown
in Figs. 2b and 2d, the supernatant produced noticeable inhibition zones; the inhibition zone
of the supernatant obtained by using VA-044 was larger than those of the supernatants

obtained by using the other initiators. Although the supernatants were transparent, they were



toxic to M. luteus. To study the supernatant, a drop of the solution that was used for the
bioassay test shown in Fig. 2d was placed on a mica surface and dried so that it could be
observed by FE-SEM (shown in Fig. 3). Positively charged spherical adsorbates smaller than
30 nm, which originated from VA-044, were adsorbed onto the negatively charged mica
surface [31], and were present in the supernatant. The zeta potential of the supernatant
obtained by using V-50 was +16.9 mV. These results indicate that low molecular weight
polystyrene would be present in the supernatant and toxic to M. luteus. The polymer

molecules were comprised of polystyrene and a portion decomposed from the initiator. To
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Fig. 2 Results of the bioassays of particles or supernatant prepared using the following
monomers and initiators: (a) particles with size of 180 nm synthesized using
styrene and V-50; (b) supernatant obtained using styrene and V-50; (c) particles
with size of 108 nm synthesized using styrene and VA-044; (d) supernatant
obtained using styrene and VA-044.

100nm

Fig. 3 SEM image of the supernatant polymers, obtained through soap-free emulsion
polymerization of styrene with 2.03 mM VA-044, adsorbed electrostatically on
the mica surface.



determine the effect of the initiator alone on the inhibition zone, 2.03 mM VA-044 solutions
with and without heating at 70 °C for 6 h were prepared. Heating enabled the initiator to
decompose and form radical segments. Neither of the initiators exhibited toxicity against M.
luteus in the bioassay tests. Thus, the initiators and initiator radicals were not involved in the
antimicrobial activity against M. luteus. Furthermore, the toxicity of pure water saturated
with styrene monomers, which have been reported to be toxic to other microbes [32], was
investigated. No inhibition zone against M. luteus was observed. Additionally, no inhibition
zone was observed when water was used as the solvent in the bioassays. Therefore, cationic
initiator, styrene monomer, and water were not toxic to M. luteus. However, the low
molecular weight polystyrene particles in the supernatant contributed to the formation of
inhibition zones. This relationship between particle size and inhibition zones agreed with the
results of a previous study on nanoparticles, which reported that small particles were
cytotoxic [33]. The molecular weights at which polystyrene was toxic to M. luteus were

subsequently analyzed.

3.3 Effect of the molecular weights of the polymers in the supernatant on the inhibition zone

To determine the effect of the molecular weights of the polymers in the supernatant
on the inhibition zone, soap-free emulsion polymerizations of styrene were conducted using
VA-044 under two different conditions. Under the first condition, the concentrations of the
initiators and monomers were 20.3 mM and 64 mM, respectively, while the other conditions
were the same as those listed in Table 1. Under the second condition, the concentrations of

the initiators and monomers were 2.03 mM and 128 mM, respectively. The polymers in the
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Fig. 4 Influence of the ratio of monomer concentration to initiator concentration on the
molecular weight of the synthesized polymer dissolved in the supernatant,
inhibition zone examined via a bioassay test.

supernatant obtained by using the centrifugal separator were characterized by following the
MALDI-TOF-MS method. The toxicity of each supernatant against M. luteus was
investigated by measuring the size of the inhibition zone.

The relationships between the ratio of monomer concentration to initiator
concentration in the conditions and molecular weight of the synthesized polymer dissolved
in the supernatant, the diameter of the inhibition zone are presented in Fig. 4. The lowest
molecular weight detected by MALDI-TOF-MS was plotted as the vertical axis because low
molecular weight polystyrene particles were significantly correlated with the inhibition zone
diameter. As the concentration ratio of monomer and initiator decreased, molecular weight

was also decreased. Although the concentrations of the polymers in the supernatants differed,
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the inhibition zone diameter increased as the molecular weight decreased. Low molecular
weight polystyrene particles were more harmful to M. luteus. The three samples in Fig. 4
exhibited antimicrobial activities equivalent to that of 4-28 pg/mL of ampicillin (beta-lactam
antibiotic). Concretely, inhibition zone of 12.7 mm was worth of antimicrobial activity of 4
pg/mL of ampicillin, on the other hand, that of 27.1 mm was equivalent with the 28 pg/mL

of ampicillin

3.4 Examination of the validity of the present method for direct evaluation of the antibacterial

properties of the polymer particles and polymers dissolved in the supernatant

Fig. 5 Results of the bioassays of polystyrene plates prepared with: (a) no polymer; (b)
polymer materials; (¢) polymers remaining in the supernatant.

To evaluate the direct toxicity of the solid polymers against M. luteus, the polystyrene
plates were electrostatically modified with the polymers that were synthesized through soap-
free emulsion polymerization of styrene (64 mM) and VA-044 (2.03 mM) in water. These
plates were dried to create samples for the bioassay test with M. luteus as the indicator
microorganism. The polystyrene plates were placed directly on the agar surface and bioassay
tests were conducted. The results are shown in Fig. 5. The unmodified polystyrene plate and

the polystyrene materials, obtained through centrifugal separation, adsorbed on the plate did
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M. luteus

Fig. 6 SEM images of the polystyrene plates modified with: (a) no polymer; (b) polymer
materials obtained through centrifugal separation; (c) polymers remaining in the
supernatant after the bioassay. The scale bars correspond to 1 um.

not exhibit antibacterial activity against M. luteus (Figs. 5a and 5b). However, a clear
inhibition zone was formed around the plate modified with the polymers remaining in the
supernatant after centrifugal separation (Fig. 5c). After the bioassay tests, each polystyrene
plate was washed with pure water and examined by FE-SEM, as shown in Fig. 6. Fig. 6a
shows that the unmodified polystyrene plate was fully covered with M. luteus. This indicates
that the polystyrene plate was not toxic to M. luteus and could therefore be used to evaluate
the antibacterial properties of polystyrene synthesized through soap-free emulsion
polymerization with VA-044. Furthermore, as shown in Fig. 6b, the polystyrene plate
modified with polystyrene materials was covered with M. luteus. However, the low molecular
weight polymers remaining in the supernatant were toxic to M. luteus because M. luteus was
not present throughout the polystyrene plate modified with these polymers, as shown in Fig.
6¢. This modification technique demonstrates potential as a method for the development of
antibacterial plastics. The results obtained agreed well with each other and indicate that low
molecular weight cationic polystyrene was toxic to M. luteus. Furthermore, these results

demonstrated the validity of the bioassay tests conducted using the liquid samples, such as
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polymer colloid and supernatant, directly for the evaluation of the antibacterial properties of
the various samples as described in the experimental section.

Some studies have reported that polycyclic aromatic hydrocarbons and surfactants
are harmful to the environment and human health [7, 34-37]. Low molecular weight
polystyrenes, particularly those with molecular weights below 1000, could be regarded as
surfactants because they are comprised of hydrophobic chains of styrene monomers and
hydrophilic groups that originated from the ionic initiator. Furthermore, polystyrene is
similar to polycyclic aromatic hydrocarbons because it has a similar number of phenyl rings.
No inhibition zone was observed for the PMMA colloid, as shown in Fig. 1a, because PMMA
did not have phenyl rings. Recent molecular dynamic simulations have demonstrated that
smaller cationic particles can penetrate the lipid bilayer of cells more easily than negatively
charged nanoparticles [16, 38]. Hence, it is possible that the low molecular weight cationic
polystyrene particles remaining in the supernatant after centrifugal separation penetrated the
M. luteus cells easily. The phenyl rings of these polymers may have been responsible for the
toxic effects [39, 40] against M. luteus, due to which an inhibition zone was formed in the
bioassay test.

Furthermore, to control the antibacterial activities of the low molecular weight
cationic polystyrene in the supernatant, N-vinylacetamide monomers (NVA) were added
during the polymerization of styrene with V-50. NVA is a nonionic and amphiphilic
monomer. The synthesized polystyrenes were coated with NVA monomers and polymers to
decrease their zeta potentials [41]. Fig. 7 shows the influence of the NVA concentration used

in the polymerization on the inhibition zone evaluated via bioassay tests using the supernatant
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obtained through centrifugal separation. The size of the inhibition zone decreased as the
concentration of NVA used in the polymerization increased. This suggests that the addition
of NVA during the polymerization of styrene with cationic initiators helped control the

antimicrobial activities of molecular cationic polystyrene against M. luteus.
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Fig. 7 Influence of the NVA concentration used in the polymerization of styrene with V-
50 on the inhibition zone examined by a bioassay test using the supernatant. The 8
mm diameter dots indicate the diameter of the inhibition zone for the present
sample.

4. Conclusions

This study focuses on low molecular weight polymers synthesized through soap-free
emulsion polymerization of MMA or styrene by using initiators. Furthermore, the effects of
these polymers on Micrococcus luteus were investigated. The bioassay tests provided the

following observations:
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+ PMMA colloid synthesized by using V-50 was not toxic to M. luteus. However, PSL
colloid synthesized by using V-50 created an inhibition zone against M. luteus.
* KPS and AIBN were more suitable than cationic initiators for soap-free emulsion

polymerization of styrene because they were less harmful to M. luteus.

* Polystyrenes were consistently synthesized throughout the reaction. Furthermore, low

molecular weight polystyrenes remained in the supernatant after centrifugal separation of the
polystyrene colloid.

+ Cationic initiator, styrene monomer, and water were not toxic to M. luteus.
* As the molecular weight of the polystyrenes remaining in the supernatant, of the polymer

colloids synthesized through soap-free emulsion polymerization with VA-044, decreased,
their toxicity against M. luteus increased.

Based on these observations, it can be concluded that low molecular weight
polystyrene synthesized using cationic initiators was toxic to M. luteus. Furthermore, the
supernatant containing polystyrene with molecular weights lower than 1000 could potentially
pollute the environment. Therefore, supernatant obtained from soap-free emulsion
polymerization of styrene by using cationic initiators should be treated more carefully if it is
to be discharged into seas or rivers.

References

[1] R.M. Fitch, Polymer Colloids: A Comprehensive Introduction, Academic Press1997.

[2] W.D. Harkins, A general theory of the mechanism of emulsion polymerization, Journal
of the American Chemical Society 69(6) (1947) 1428-44.

[3] W.V. Smith, The kinetics of styrene emulsion polymerization, Journal of the American
Chemical Society 70(11) (1948) 3695-3702.

16



[4] P.J. Feeney, D.H. Napper, R.G. Gilbert, Coagulative Nucleation and Particle-Size
Distributions in Emulsion Polymerization, Macromolecules 17(12) (1984) 2520-2529.

[5] J. Klebensberger, O. Rui, E. Fritz, B. Schink, B. Philipp, Cell aggregation of
Pseudomonas aeruginosa strain PAOT1 as an energy-dependent stress response during growth
with sodium dodecyl sulfate, Arch Microbiol 185(6) (2006) 417-27.

[6] T.M. Lima, L.C. Procopio, F.D. Brandao, B.A. Leao, M.R. Totola, A.C. Borges,
Evaluation of bacterial surfactant toxicity towards petroleum degrading microorganisms,
Bioresour Technol 102(3) (2011) 2957-64.

[7] S. Rebello, A.K. Asok, S. Mundayoor, M.S. Jisha, Surfactants: toxicity, remediation and
green surfactants, Environmental Chemistry Letters 12(2) (2014) 275-287.

[8] T. Yamamoto, M. Inoue, Y. Kanda, K. Higashitani, AFM observation of growing poly
isobutyl methacrylate (PIBMA) particles, Chemistry Letters 33(11) (2004) 1440-1441.

[9] T. Yamamoto, Y. Kanda, K. Higashitani, Initial growth process of polystyrene particle
investigated by AFM, Journal of colloid and interface science 299(1) (2006) 493-6.

[10] A.R. Goodall, M.C. Wilkinson, J. Hearn, Mechanism of Emulsion Polymerization of
Styrene in Soap-Free Systems, J Polym Sci Pol Chem 15(9) (1977) 2193-2218.

[11] M. Arai, K. Arai, S. Saito, POLYMER PARTICLE FORMATION IN SOAPLESS
EMULSION POLYMERIZATION, J Polym Sci Pol Chem 17(11) (1979) 3655-3665.

[12] T. Yamamoto, T. Fukushima, Y. Kanda, K. Higashitani, Molecular-scale observation of
the surface of polystyrene particles by AFM, J Colloid Interface Sci 292(2) (2005) 392-6.
[13] M. Alvarez-Paino, A. Munoz-Bonilla, M. Fernandez-Garcia, Antimicrobial Polymers in
the Nano-World, Nanomaterials (Basel) 7(2) (2017).

[14] A. Muifioz-Bonilla, M. Fernandez-Garcia, The roadmap of antimicrobial polymeric
materials in macromolecular nanotechnology, European Polymer Journal 65 (2015) 46-62.
[15] A. Mufioz-Bonilla, M. Fernandez-Garcia, Polymeric materials with antimicrobial
activity, Progress in Polymer Science 37(2) (2012) 281-339.

[16] K. Shimizu, H. Nakamura, S. Watano, MD simulation study of direct permeation of a
nanoparticle across the cell membrane under an external electric field, Nanoscale 8(23)
(2016) 11897-906.

[17] H. Shinto, T. Fukasawa, K. Yoshisue, M. Tezuka, M. Orita, Cell membrane disruption
induced by amorphous silica nanoparticles in erythrocytes, lymphocytes, malignant
melanocytes, and macrophages, Advanced Powder Technology 25(6) (2014) 1872-1881.
[18] A. Verma, O. Uzun, Y. Hu, Y. Hu, H.S. Han, N. Watson, S. Chen, D.J. Irvine, F.
Stellacci, Surface-structure-regulated cell-membrane penetration by monolayer-protected
nanoparticles, Nat Mater 7(7) (2008) 588-95.

[19] H. Al-Awadhi, R.H. Al-Hasan, S.S. Radwan, Comparison of the potential of coastal
materials loaded with bacteria for bioremediating oily sea water in batch culture, Microbiol
Res 157(4) (2002) 331-6.

[20] I.M. Banat, E.S. Hassan, M.S. El-Shahawi, A.H. Abu-Hilal, Post-Gulf-War assessment
of nutrients, heavy metal ions, hydrocarbons, and bacterial pollution levels in the United Arab
Emirates coastal waters, Environment International 24(1-2) (1998) 109-116.

[21] G.A. Silva-Castro, 1. Uad, J. Gonzalez-Lépez, C.G. Fandifio, F.L. Toledo, C. Calvo,
Application of selected microbial consortia combined with inorganic and oleophilic

17



fertilizers to recuperate oil-polluted soil using land farming technology, Clean Technologies
and Environmental Policy 14(4) (2011) 719-726.

[22] T. Yamamoto, Synthesis of micron-sized polymeric particles in soap-free emulsion
polymerization using oil-soluble initiators and electrolytes, Colloid Polym Sci 290(11)
(2012) 1023-1031.

[23] T. Yamamoto, Soap-free emulsion polymerization of aromatic vinyl monomer using
AIBN, Colloid Polym Sci 290(17) (2012) 1833-1835.

[24] T. Yamamoto, K. Kawaguchi, Effect of electrolyte species on size of particle through
soap-free emulsion polymerization of styrene using AIBN and electrolyte, Colloid Polym Sci
293(3) (2015) 1003-1006.

[25] T. Yamamoto, Synthesis of nearly micron-sized particles by soap-free emulsion
polymerization of methacrylic monomer using an oil-soluble initiator, Colloid Polym Sci
291(11) (2013) 2741-2744.

[26] M. Balouiri, M. Sadiki, S.K. Ibnsouda, Methods for in vitro evaluating antimicrobial
activity: A review, J Pharm Anal 6(2) (2016) 71-79.

[27] K. Arakawa, F. Sugino, K. Kodama, T. Ishii, H. Kinashi, Cyclization mechanism for the
synthesis of macrocyclic antibiotic lankacidin in Streptomyces rochei, Chem Biol 12(2)
(2005) 249-56.

[28] H. Katayama, H. Kitaguchi, M. Kamigaito, M. Sawamoto, Matrix-assisted laser
desorption ionization time of flight mass spectrometry analysis of living cationic
polymerization of vinyl ethers. I. Optimization of measurement conditions for poly(isobutyl
vinyl ether), J Polym Sci Pol Chem 38(22) (2000) 4023-4031.

[29] T. Nomura, Y. Kuriyama, H. Tokumoto, Y. Konishi, Cytotoxicity of functionalized
polystyrene latex nanoparticles toward lactic acid bacteria, and comparison with model
microbes, Journal of Nanoparticle Research 17(2) (2015).

[30] T. Nomura, E. Fujisawa, S. Itoh, Y. Konishi, Comparison of the cytotoxic effect of
polystyrene latex nanoparticles on planktonic cells and bacterial biofilms, Journal of
Nanoparticle Research 18(6) (2016).

[31] T. Yamamoto, Y. Kanda, K. Higashitani, Molecular-scale observation of formation of
nuclei in soap-free polymerization of styrene, Langmuir 20(11) (2004) 4400-4405.

[32] G. Bringmann, R. Kiihn, Comparison of the toxicity thresholds of water pollutants to
bacteria, algae, and protozoa in the cell multiplication inhibition test, Water Research 14(3)
(1980) 231-241.

[33] Y. Pan, S. Neuss, A. Leifert, M. Fischler, F. Wen, U. Simon, G. Schmid, W. Brandau,
W. Jahnen-Dechent, Size-dependent cytotoxicity of gold nanoparticles, Small 3(11) (2007)
1941-9.

[34] K.P. Miller, K.S. Ramos, Impact of cellular metabolism on the biological effects of
benzo[a]pyrene and related hydrocarbons, Drug Metab Rev 33(1) (2001) 1-35.

[35] M. Bouchard, C. Viau, Urinary 1-hydroxypyrene as a biomarker of exposure to
polycyclic aromatic hydrocarbons: biological monitoring strategies and methodology for
determining biological exposure indices for various work environments, Biomarkers 4(3)
(1999) 159-187.

18



[36] D.S. Ireland, G.A. Burton Jr, G.G. Hess, In Situ Toxicity Evaluations of Turbidity and
Photoinduction of Polycyclic Aromatic Hydrocarbons, Environmental Toxicology and
Chemistry 15(4) (1996) 574.

[37] G. Zafra, T.D. Taylor, A.E. Absalon, D.V. Cortes-Espinosa, Comparative metagenomic
analysis of PAH degradation in soil by a mixed microbial consortium, J Hazard Mater 318
(2016) 702-10.

[38] Z.G. Qu, X.C. He, M. Lin, B.Y. Sha, X.H. Shi, T.J. Lu, F. Xu, Advances in the
understanding of nanomaterial-biomembrane interactions and their mathematical and
numerical modeling, Nanomedicine (Lond) 8(6) (2013) 995-1011.

[39] N. Schweigert, A.J.B. Zehnder, R.I.L. Eggen, Chemical properties of catechols and their
molecular modes of toxic action in cells, from microorganisms to mammals. Minireview,
Environmental Microbiology 3(2) (2001) 81-91.

[40] L.S. Birnbaum, The mechanism of dioxin toxicity: relationship to risk assessment,
Environmental Health Perspectives 102(Suppl 9) (1994) 157-167.

[41] T. Yamamoto, Y. Takahashi, Synthesis of hydrocolloid through polymerization of
styrene and N-vinyl acetamide by AIBN, Colloid Surface A 516 (2017) 80-84.

19



