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    Chapter 10   
 Environmental and Safety Issues                     

    Abstract     The use of antimicrobial molecules has, unfortunately, side effects that 
may limit their fi nal use. Therefore, in addition to the antibacterial performance, the 
evaluation of environmental and safety issues is a requirement. According to the 
Directive 98/8/EC of the European Parliament relative to the use of biocidal prod-
ucts, it has been pointed out that several conventional biocides need to be replaced. 
Moreover, the use of antimicrobial substances, for instance, in food-related applica-
tions requires following the FDA requirements. In particular, the ISO 10993 is 
related to the biocompatibility and safety standards aiming to server as framework 
for selecting tests to evaluate biological responses. These include cytotoxicity, pri-
mary skin irritation, dermal sensitization, and systemic toxicity. In addition to the 
toxicity of the material, it is also crucial to determine if there exist leachable sub-
stances and eventual degradation products. In this context, antimicrobial polymers 
can provide alternative solutions to current microbial contamination and biofouling 
issues while respecting the environmental and health regulations. 

 This chapter will briefl y describe the environmental problems that need to be 
considered when using polymers in particular in those cases, where the antimicro-
bial employed is leached from the polymeric material. The cytotoxicity associated 
to the nonselective performance of antimicrobials will be discussed as well. Finally, 
illustrative ongoing works for the fabrication of nontoxic antimicrobial polymeric 
materials will be analyzed.  

  Keywords     Antimicrobial safety   •   Environmental issues   •   Biocide releasing   • 
  Nonleaching polymers   •   Cytotoxicity   •   Antimicrobial toxicity  

10.1           Introduction 

 The use of antimicrobial molecules has, unfortunately, side effects that may limit 
their fi nal use. Therefore, in addition to the antibacterial performance, the evaluation 
of environmental and safety issues is a requirement. According to the Directive 
98/8/EC of the European Parliament [ 1 ] relative to the use of biocidal products, it 
has been pointed out that several conventional biocides need to be replaced. One of 
the principal concerns is related to the environmental contamination related to the 
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use of biocides in particular for pest control and preservatives. For these uses, novel 
and more environmentally friendly alternatives need to be developed. 

 For the use of antimicrobial substances, for instance, in food-related applications 
requires following the FDA requirements. In particular, the ISO 10993 is related to 
the biocompatibility and safety standards aiming to server as framework for select-
ing tests to evaluate biological responses. These include cytotoxicity, primary skin 
irritation, dermal sensitization, and systemic toxicity. In addition to the toxicity of 
the material, it is also crucial to determine if there exist leachable substances and 
eventual degradation products. 

 In this context, antimicrobial polymers can provide alternative solutions to cur-
rent microbial contamination and biofouling issues while respecting the environ-
mental and health regulations. 

 This chapter will briefl y describe the environmental problems that need to be 
considered when using polymers in particular in those cases, where the antimicro-
bial employed is leached from the polymeric material. The cytotoxicity associated 
to the nonselective performance of antimicrobials will be discussed as well. Finally, 
illustrative ongoing works for the fabrication of nontoxic antimicrobial polymeric 
materials will be analyzed.  

10.2     Using Small Biocides Released from the Polymer 

 In order to prevent microorganism growth and proliferation, the most extended 
approach involves the use of low-molecular weight biocides. In general, the strategy 
involves the construction of polymers that gradually release small amounts of the 
biocidal active molecules/ions. The encapsulated biocide is able to migrate to the 
surface and is delivered to the environment, where the microbes need to be killed. 
Provided the optimization of the release kinetics, these antimicrobial polymers are 
able to deliver the biocidal active molecule continuously at low concentrations which 
is a prerequisite from a toxicological point of view. Nevertheless, even at low concen-
trations, there still remains a drawback since toxic biocides are delivered into the 
environment. Moreover, these compounds can be particularly toxic and/or irritant 
when they contain either heavy metals or halogens in their structure and are still a 
menace especially for sensitized persons and children. As a result, in general, the use 
of conventional antimicrobial agents is connected to the problems of remaining toxic-
ity of these agents that can fi nally cause additional severe problems to the environ-
ment [ 2 ]. An illustrative example of this problem is the case of the use of 
triorganotin- based formulations (e.g., tributyl tin methacrylates) extensively employed 
in the fabrication of antifouling paints [ 3 ,  4 ]. Tributyl tin (TBT) successfully inhibits 
the growth of water organisms on the ship hull by gradually leaching into the seawa-
ter. While showing an excellent activity, the TBT leachates produce important toxic 
effects in sea dwellers. As a consequence, the use of TBT has been totally banned in 
the fabrication of antifouling paints from January 2008, and later efforts have been 
focused attempting to bind the active organic biocides to a polymer. 
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 Food packaging is another application area that has also limited the use of small 
biocides, and many different groups are currently investigating other alternatives. In 
particular, in this case, these agents may diffuse into the food, can be ingested, and 
thus cause problems of different nature [ 5 ,  6 ]. 

 Finally, for water treatment purpose, the most extended strategy to disinfect and 
sterilize water resorts to chlorine and other related chemicals. In order to release the 
biocide, water penetrates into the paint or coating, dissolve such biocides, and dif-
fuse out into the bulk phase again (see Fig.  10.1 ) [ 7 ]. As a result, residues of these 
chemicals can be concentrated both in the environment and in the food chain. It 
could also be possible that halomethane analogues, suspected of being carcino-
genic, can be formed. Therefore, these biocides should be equally avoided for this 
application [ 5 ,  8 ]. In particular, for aquaculture applications [ 9 ], some investiga-
tions have assessed the toxicity of biocides on nontarget species and concluded that 
most of them are growth inhibitors for freshwater and marine autotrophs [ 10 ], 
affecting key species, including corals [ 11 ] and sea grasses [ 12 ]. These studies 
revealed a clear impact of these compounds on the aquatic ecosystems [ 13 ].

   The widespread use of TBT-based chemicals in public health applications and 
agricultural and industrial purposes introduced a dilemma. Initial efforts focused in 
a better understanding of how to control and utilize the unique properties of organo-
tin compounds [ 3 ]. However, triorganotin-based formulations have been gradually 
replaced by other alternative tin-free biocides including copper and organic com-
pounds have been developed [ 4 ]. Copper is typically employed in the form of cop-
per oxide (Cu 2 O) [ 7 ] either alone or in association with, for instance, inorganic zinc 
which in combination with copper enhances the overall toxicity of the formulation 
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  Fig. 10.1    Schematic illustration of the behavior of a biocide-based antifouling system exposed to 
sea water. Reproduced with permission from [ 7 ]       
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and improve the leaching process [ 14 ]. In addition to inorganic molecules, other 
organic biocides, such as dichlofl uanid, Sea Nine 211 ® , chlorothalonil, Irgarol 
1051 ® , or Zineb have also explored, in particular to enhance the antifouling proper-
ties of paints [ 15 ]. 

 Equally, within this context, one of the protective strategies to decrease the risk 
of catheter-related blood stream infections (CRBSI) involves the modifi cation of the 
catheter surface since the biomaterial/environment surface are perfect areas for 
microbial colonization that fi nally may lead to bloodstream infections [ 16 ]. In order 
to reduce CRBSI, anti-infective agents have been incorporated into the catheter 
polymer or simply coated on the polymer. The principal biocides employed include 
heparin, chlorhexidine/sulphadiazine, silver ions, or antibiotic substances [ 17 ,  18 ]. 
Biocides such as chlorhexidine and other antibiotics usually leach from the catheter. 
However, leached chlorhexidine and sulfadiazine silver can sensitize patients, pro-
ducing life-threatening anaphylaxis on subsequent contact [ 19 – 22 ]. 

 In addition to patient-related problems, antibiotic resistance can also occur after 
continual contact to, for instance, minocycline and/or rifampicin-impregnated cath-
eters. This occurs when bacteria have been exposed to subinhibitory concentration 
of antibiotics that were unsuccessful to remove these microorganisms. Raad et al. 
[ 22 ], Tambe et al. [ 23 ], and Sampath et al. [ 24 ] are few of the authors that observed 
in vitro resistance upon frequent use of catheters to leachable rifampicin or rifampi-
cin combined with minocycline.  

10.3     Alternatives to Small Biocides: Nonleaching Polymer 
Materials 

 As mentioned above, early generations of antimicrobial polymers were based on 
antimicrobial systems releasing antimicrobials from the device into the surrounding 
tissue to prevent bacterial colonization and growth on the device [ 16 ]. However, in 
spite of their good antimicrobial activity, as depicted in Fig.  10.2 , the negative side 
effects including resistance to bacteria, possible sensitization and environmental 
issues motivated new investigations to produce nonleaching antimicrobials.

   Nonleaching systems were proposed to help to reduce the above-mentioned 
risks. The potential benefi ts of the substituting toxic biocides for antimicrobial poly-
mers include no leaching out of toxic or irritating ingredients, no migration, and 
wide-range effi cacy against algae, bacteria, and fungi. Simultaneously, antimicro-
bial polymers can exhibit very low toxicity toward humans. Finally, by blending 
these polymers with standard polymers, it is also possible to fabricate an extensive 
variety of polymeric materials with antimicrobial surfaces, while maintaining the 
mechanical properties. 

 Antimicrobial polymers that do not release low-molecular weight biocides were 
fi rst fabricated by covalently binding the active organic biocide to a polymer. In an 
interesting work, Bruenke et al .  [ 16 ] reported a direct comparison between the 
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antimicrobial activity of leaching and nonleaching antimicrobial materials focusing 
on central venous catheters (CVCs). In particular, catheter-associated contamina-
tions develop fast into general bacterial infections in day-to-day clinical environ-
ments. As depicted in Fig.  10.3 , the antimicrobial effi cacy of nonleaching CVCs is 
similar to conventional leaching CVC systems. The antibacterial evaluation was 
carried out using different germs usually associated with CVC-related infections. In 
Fig.  10.3  are included the results found for the case of the most relevant bacteria  S. 
epidermidis  and multiresistant  S. aureus  (MRSA). These interesting data revealed 
that there are no differences in the use of leaching and nonleaching strategies and 
that the effectiveness is related to the biocide employed. Thus, while the CVCs 
treated with ionized silver partly failed, the rest of the biocides employed produced 
a germ reduction of ≥99.9 %. In summary, nonleaching antimicrobial polymer 
maintain the activity of the leaching homologues and can thus help to reduce both 
loss of antimicrobial activity and health-associated risks due to biocide leaching.

   As a result of the aspects commented above, we can summarize the following 
advantages and disadvantages of using polymeric leaching and nonleaching 
materials.

    (a)    First of all, it is worth mentioning that antimicrobial polymers display, in gen-
eral, a broad spectrum of activity while maintaining a low toxicity to mammals. 
More importantly, the mechanism of action related to the interaction with the 
bacterial membrane and therefore nonspecifi c is expected to prevent the devel-
opment of resistant microorganisms.   

  Fig. 10.2    Illustrative representation of the action mechanism of leaching versus nonleaching anti-
microbial polymers. Leaching antimicrobial polymers ( red dots ) are released from the polymer to 
the environment to facilitate the antimicrobial effect by a chemical interaction with the germs 
( green ). However, concentration gradient ( pink gradient ) is formed inducing the development of 
resistant pathogens in sublethal concentrations of the additive. Moreover, some additives can pro-
duce also sensitization reactions. In the case of nonleaching antimicrobial polymers, the antimicro-
bial agent ( blue rods ) is immobilized at the polymer surface (usually positively charged) that 
mediate the antimicrobial effect by a physical effect. For this, the germs need direct contact with the 
materials surface. So far, no adverse events are reported. Reproduced with permission from [ 16 ]       
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   (b)    In addition to the environmental benefi ts of no leaching antimicrobial polymers, 
maintaining the active molecules within the material structure has also economic 
advantages. In effect, the active element is not consumed or released to the envi-
ronment. Therefore, nonleaching polymers represent a sustainable strategy.   

   (c)    On the contrary, one of the disadvantages of using exclusively surface-active 
biocides concerns the contact-limited action of these systems. Non-migrating 
antimicrobials will not diffuse into the microbes and eventual biofi lm formation 
on top of the active surface will signifi cantly reduce the effi cacy, thus restricting 
the possible application.   
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  Fig. 10.3    Comparison of the antimicrobial effi cacy of leaching and nonleaching before (left col-
umn) and after (right column) plasma preincubation. By using the Certika test, the antimicrobial 
effi cacy was evaluated for ( a )  S. epidermidis , and ( b ) multiresistant  S. aureus  MRSA. The plasma 
preincubation did not play a signifi cant role on the fi nal antimicrobial activity. While the CVCs 
treated with ionized silver comparatively failed to mediate antimicrobial activity, the rest of the 
systems explored produced a germ reduction of ≥99.9 %. Reproduced with permission from [ 16 ]       
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   (d)    Another current limitation that still needs to be overcome in the use of polymer 
biocides is the durability in comparison with commercial formulations in which 
copper has been incorporated as antifouling agent. The commercial antifouling 
containing copper oxide materials typically remain clean from microorganism 
for several months. On the contrary, the antifouling test carried out using anti-
microbial polymer shows very little fouling after 1 month but, in general, a bit 
later fouling started quickly.   

   (e)    Finally, the third important limitation is related to the incorporation of poly-
meric active substances into coatings and plastics. In general, polymeric active 
substances are more diffi cult to incorporate than low-molecular weight bio-
cides. This is mainly due to the limited solubility of polymers into each other. 
As a result, usually time-consuming optimization procedures can be required.      

10.4     Safety Concerns Related to the Use of Different 
Antimicrobial Polymers: Cytotoxicity 
Against Mammalian Cells 

 Covalent incorporation of biocide functional groups within a polymer structure sig-
nifi cantly increased the antibacterial effi cacy. In effect, the constituent monomers 
isolated have in comparison with the fi nal polymer a negligible biocidal activity [ 2 ]. 
In addition, as has been analyzed in Chap.   3    , the macromolecular characteristics 
including density of biocidal groups, the molecular weight or polydispersity are 
crucial parameters that largely infl uenced the fi nal activity. Moreover, polymeric 
antimicrobial agents display also additional advantages such as their low volatility, 
their chemical stability, and also their low permeability through the skin in humans 
as well as in animals. Finally, it is worth mentioning that polymers minimize the 
environmental problems related to the eventual residual toxicity of the antimicrobial 
agents and enlarge their lifetime. As a consequence, antimicrobial polymers are 
receiving increasing interest at the academic level as well as from the industrial sec-
tor [ 5 ,  25 – 29 ]. 

 While it is true that functional polymers bearing biocides are expected to signifi -
cantly reduce the environmental and health-associated issues, the eventual cytotox-
icity can be crucial on the fi nal use of a particular antimicrobial polymer. As a result, 
there is an increasing interest in the design and fabrication of selective antimicrobial 
polymers [ 2 ] whose potency against bacteria and non-toxicity toward mammalian 
cells can provide signifi cant advantages over most polymeric biocides that are 
broadly poisonous [ 30 – 36 ]. 

 Cytotoxicity refers to the capability of a particular antimicrobial to produce a 
toxic effect on cells, and in particular on human cells [ 37 ]. It is widely accepted that 
none of the existing drugs are completely free from toxicity and a usual reason for 
withdrawal of approved drugs is related to their adverse drug reactions [ 38 ,  39 ]. In 
this context, there is an optimum balance between the requirement for treatment and 
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the toxicity produced at therapeutic levels. Among the existing classes of drugs, 
antimicrobials present particular issues related to cytotoxicity since their fi nal role is 
to provoke microbial cell death [ 40 ]. For instance, in the antimicrobial therapy the 
antimicrobial concentration needs to be precisely optimized. It is well known that 
antimicrobial peptides can provide benefi t at lower antimicrobially active concentra-
tions in the prevention of infected wounds, but may exhibit cytotoxicity at larger 
concentrations that fi nally affect wound healing unfavorably [ 41 ]. Similarly, the use 
of antiseptic agents pose problems for therapeutic usage since they exert a detergent- 
like effect, that far from being selective compromises both microbial and mammalian 
cell membranes simultaneously [ 42 ]. The cytotoxic effects are multiple and can vary 
from small irritations at the site of exposure to serious vascular injuries [ 40 ,  43 ]. 

10.4.1     General Mechanisms of Antimicrobial Toxicity 

 As depicted by Mandell [ 40 ], fi ve main mechanisms of antimicrobial toxicity can be 
distinguished, i.e., unexpected interactions between drugs, direct effects of the 
drugs on tissues and organs, drugs producing hypersensitivity, changes in microbial 
fl ora produced by antimicrobials, and release of toxic products after microbial lysis. 
These mechanisms applied to antibiotics and drugs can be extended to the use of 
antimicrobial agents. A brief description of each mechanism is provided below. 

10.4.1.1     Unexpected Interactions Between Drugs 

 The simultaneous consumption of more than one drug can produce unexpected 
adverse reactions. Two principal effects have been reported. On the one hand, one 
drug may reduce the effect of the other, for instance, by interfering with its absorp-
tion. On the other hand, in some cases, drugs can show synergistic toxicity, produc-
ing negative events that would not be produced using the drugs separately. For 
instance, in the case of consumption of tetracyclines or fl uoroquinolones and antac-
ids, the chelation with cations can signifi cantly reduce the absorption of the antimi-
crobial drug. Another example of toxicity includes the nephrotoxicity of 
cephaloridine when this antibiotic is used together with furosemide or hypoglyce-
mia produced by combination of chloramphenicol with tolbutamide [ 40 ,  44 ].  

10.4.1.2     Direct Effects of the Drugs on Tissues and Organs 

 The use of antimicrobial agents can produce direct adverse effects on both tissues 
and organs. For instance, chloramphenicol has been associated to anemia pro-
cesses. Similarly, amphotericin B is related to hypokalemia and aminoglycosides 
with eighth-nerve toxicity. While the precise mechanism still not completely 
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understood, in general, this adverse effect is related to the direct interaction 
between the drug or its metabolites and a particular tissue or organ in the body. An 
example of this is the myelosuppressive effects observed when using chloram-
phenicol. These effects are directly related to the inhibition of mitochondrial pro-
tein synthesis. Equally, irreversible aplastic anemia is believed to be associated to 
changes in stem cell genes [ 45 ,  46 ]. In other cases, the hypokalemia detected in 
some patients using amphotericin B is explained as the consequence of a decrease 
in renal blood fl ow [ 47 ]. Finally, aminoglycoside can damage either the inner hair 
cells of the organ of Corti or the sensory cells of the vestibular system. This pro-
duce in patients treated with aminoglycosides eighth-nerve damage, resulting in 
either deafness or vertigo [ 48 ].  

10.4.1.3     Drugs Producing Hypersensitivity 

 Usual reactions to an antimicrobial substance produce gastrointestinal (GI) effects 
with either upset or diarrhea. However, these do not represent hypersensitivity reac-
tions. The most important hypersensitivity is the type I since this type of hypersen-
sitivity may proceed to anaphylaxis. In addition to type I, there are other adverse 
reactions associated to a hypersensitivity mechanism including Stevens–Johnson 
syndrome, serum sickness, Coombs’ positive hemolytic anemia, and erythema 
nodosum [ 40 ].  

10.4.1.4     Changes in Microbial Flora Produced by Antimicrobials 

 Studies on both human and animal have evidenced that during an antimicrobial 
therapy, in particular using broad-spectrum agents, can signifi cantly reduce the host 
fl ora increasing the risk of colonization and possible infection by another pathogen. 
Illustrative examples of these changes include the vaginal Candida infection in 
women who have just fi nished an antimicrobial therapy or even the growth of fungal 
superinfections after fi nishing an antimicrobial therapy for a known bacterial 
infection.  

10.4.1.5     Release of Toxic Products after Microbial Lysis 

 Another possible toxicity associated to antimicrobial therapy is related to the spo-
radic deterioration of a patient’s clinical condition due to the release of toxic prod-
ucts upon microbial lysis. To this mechanism, two illustrative reactions are the 
Jarisch–Herxheimer reaction (observed in patients with syphilis of the brain treated 
with iv penicillin [ 40 ]) and the erythema nodosum leprosum (infl amed nodules that 
erupt over the skin that associated with fever). For instance, the latter is observed in 
around 50 % of the cases in which the patient has been treated with dapsone [ 49 ].   

10.4 Safety Concerns Related to the Use of Different Antimicrobial Polymers…



240

10.4.2     Cytotoxicity of Antimicrobial Polymers 

 One of the main factors that direct the cytotoxicity of an antimicrobial polymer is 
related to the type of functional group incorporated within the chain. For instance, 
as reported by Alamri et al. the cytotoxicity of antimicrobial polymers bearing 
amino groups against mammals is low [ 2 ]. More precisely, the polymers reported by 
these groups presented an acute oral and dermal toxicity in rats (LD50 value) above 
2000 mg/kg. Moreover, the polymer is not irritating to the skin and only causes 
limited eye irritation. These groups are not sensitizing and did not show any effect 
in the in vitro gene mutation test, the in vitro chromosome aberration test, or the 
Ames test. 

 Antimicrobial polymers are designed to display an antimicrobial effect by inter-
action with negatively charged bacterial membranes that causes selective permeabi-
lization [ 50 ]. However, this and other similar mechanisms can also be followed by 
polymers to interact with mammalian cells leading to cytotoxicity issues. 

 One of the most extended mechanisms occurs when the antimicrobial is used at 
large concentrations. In this case, the antimicrobial affect the membrane integrity 
and produce cell lysis. As a result, the cytoplasmic contents are released leading to 
a process known as necrosis. An alternative mechanism results when the antimi-
crobial is able to start the apoptosis process (i.e., genetically modifi ed cell death 
process) in which both cell division and grow are stopped [ 51 ]. The apoptosis 
process can be easily detected since the refractive index of the cell changes during 
this process together with the disruption of the cell nucleus with cleavage of DNA 
into fragments as well as shrinkage of the cytoplasm [ 52 ]. As reported by Laverty 
et al. [ 50 ], these effects cannot be observed in the case of necrosis since the mem-
brane destruction occurs rapidly, and there is no time for activation of apoptotic 
mediators [ 53 ]. 

 Probably, one of the crucial aspects in the use of antimicrobials is therefore the 
differentiation between microbial and human cells. The objective must be to achieve 
a complete eradication of the infection while limiting the antimicrobial-related 
damage. Antimicrobial polymers may offer interesting alternatives to obtain the 
selectivity required, diffi cult to obtain with low-molecular weight antimicrobials.  

10.4.3     Cytotoxicity of Hybrid Antibacterial Nanostructures 

 The use of nanotechnologies to reach bioactive biomaterials, in particular, in 
nanomedicine holds an unexpected and exceptional potential for both the preven-
tion and treatment of human diseases [ 54 ]. For instance, the incorporation of anti-
microbial nanoparticles into polymeric materials has been largely employed to 
combat bacterial colonization and biofi lm formation. However, there is still a lack 
of knowledge about the toxicology of nanomaterials. Probably, the most impor-
tant aspect limiting the progress on the toxicology of nanomaterials is related 
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to the lack of standardized experimental models to examine the toxicology of 
nanoparticles. Most of the current models have led to inconsistent results due to 
the lack of reproducibility [ 55 ]. 

 Illustrative examples of controversial observations have been, for instance, pub-
lished for the case of silver-based antibacterial nanostructured materials [ 56 ]. On 
the one hand, Albers et al. [ 57 ] observed local toxicity when using silver nanopar-
ticles in a concentration range where antibacterial effects occurred. Similarly, Zhao 
et al. [ 58 ] evidenced that AgNPs integrated in a titania coatings had long-term activ-
ity against bacteria. However, these nanoparticles presented certain cytotoxicity 
provoking a diminished expression of alkaline phosphatase activity in the case of 
osteoblastoid cells. However, the studies reported by Liu et al. [ 59 ] concerning 
in vitro and in vivo effects of AgNPs incorporated in a PLGA coating concluded 
that the nanoparticles exhibit excellent antibacterial activity while preserving the 
induction of osteogenesis. 

 This controversial outcome can be, at least to some extent, explained by dissimi-
larities in Ag-NP coating/shapes, the type of cells employed, genotoxicity endpoint, 
intracellular dissolution, the cellular uptake, as well as the technique employed to 
expose the cells [ 60 ]. 

 Other groups have also described the induction of apoptosis but also genotoxic 
effects as well as eventual translocation of NPs to tissues/organs with the possibility 
of systemic effects. According to the Scientifi c Committee on Emerging and Newly 
Identifi ed Health Risks (SCENIHR) report [ 60 ], silver nanoparticles (Ag-NPs) can 
be distributed in different organs but are mainly localized in liver, spleen, and kid-
ney. In the same report, the authors mentioned recent results indicating that persis-
tence of silver can also occur in the brain and testes. Nevertheless, it is still unclear 
whether the silver distribution in the brain occurs in the brain tissue or is restricted 
to the endothelium of the brain. In effect, there are only few available studies on the 
in vivo genotoxicity of Ag-NPs they employed Ag-NPs of variable characteristics. 
For this reason, additional investigations are essential to determine whether Ag-NPs 
could be genotoxic in vivo. 

 One of the major limitations in assessing the toxicological effects of nanopar-
ticles is related to the evaluation methods employed. As described in the SCENIHR 
report [ 60 ], only some of the conventional methods employed to evaluate Ag-NP 
solubility are capable to reveal the Ag +  availability. On the other hand, evaluating 
the interactions between biotic receptors and Ag-NPs, together with the continued 
delivery of Ag +  is a complex process that still need to the investigated. These 
aspects still require to be completely and thoroughly investigated, in particular in 
the case of using nanostructured antibacterial materials for routinary infection 
prophylaxis. In addition, it is also known that the type of nanoparticles employed 
(chemical composition), their shape, size, and concentration as well as their sur-
face properties are important characteristics that can affect their toxicological 
properties as well as their selectivity against prokaryotic cells. These aspects still 
need to be well understood and precisely controlled in order to optimize the anti-
microbial performance.   
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10.5     Environmental Friendly Non-Fouling Polymeric 
Materials 

 In view of the above depicted issues related to the use of antimicrobials, there is an 
urgent need to develop novel nontoxic polymeric materials and surfaces. In a recent 
review, Magin et al. [ 61 ] highlighted few of the alternatives to produce such 
materials. 

10.5.1     Strategies Approaches Based on the Modifi cation 
of the Surface Chemistry 

 It is today widely accepted that the chemical composition and the surface largely 
affects the initial microorganism adhesion, biofi lm formation as well as the release 
of adhesion of fouling organisms to surfaces [ 61 ]. Therefore, by modifying the sur-
face chemical composition and thus the surface energy it will be possible to reduce 
or completely avoid the microorganism adhesion to the polymer surface. The degree 
of biological fouling retention as a function of the surface tension of the substrate 
has been studied by Baier [ 62 ] As depicted in Fig.  10.4 , a minimal fouling is 

  Fig. 10.4    Relationship between critical substratum surface tension and retention strength of 
attached biofouling organisms. This curve has been confi rmed in different environments without 
signifi cant changes. The minimum is always found in the zone between 20 and 30 mN/m although 
at different absolute levels depending upon the specifi c biological system, the time of contact, and 
the acting mechanical forces of removal. Reproduced with permission from [ 62 ]       
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achieved at a critical surface tension of around 22–24 mN/m. Thus, the optimal 
chemical groups for theta surface results are intrinsically hydrophobic, closely 
packed methyl (-CH 3 ) terminals or polyvinylidene fl uoride (PVDF) with repeating 
CH 2 CF 2  groups. In the case of polyethylene with repeating -CH 2 - groups or polytet-
rafl uoroethylene with consecutive -CF 2 - groups are both less favorable since they 
have higher interfacial energy. Dispersive force-dominated critical surface tensions 
are 31 and 18 mN/m for polyethylene and polytetrafl uoroethylene, respectively, and 
are clearly outside of the zone where the thermodynamic interfacial free energy 
function minimum.

   Several groups have fabricated functional surfaces modifi cation with different 
chemical groups and explored the ability of these surfaces to avoid the adsorption of 
biomolecules (such as proteins) but also microorganisms. Whitesides and cowork-
ers [ 63 ] evidenced that functional groups that are electrically neutral, hydrophilic, 
and contain hydrogen bond acceptors, presented the best properties in order to resist 
protein adhesion. 

 One of the most extensively employed groups to prevent protein adsorption and 
biofouling is poly(ethylene glycol) (PEG) [ 63 ]. PEG, a biocompatible polymer 
[ 64 ], exhibits excellent protein resistance due to steric repulsion [ 65 ]. Also polymer 
bearing phospholipids [ 66 – 68 ], oligosaccharides [ 69 ], polyacrylates [ 70 ,  71 ], and 
zwitterionic polymers (with simultaneously positive and negative domains) resisted 
protein adsorption. Examples of zwitterionic compounds include phosphorylcho-
line [ 63 ] as well as sulfobetaine [ 72 ] just to mention two of them. Finally, bioin-
spired polymers attempting to mimic complex biopolymers that resist biofouling 
are currently being investigated. In particular, motivated by the unique properties of 
mussel adhesive proteins (MAPs) a great effort has been focused on the develop-
ment of synthetic mimics of MAPs [ 73 – 75 ].  

10.5.2     Fabrication of Nontoxic Antifouling Interfaces Based 
on the Surface Physical Properties 

 In addition to the modifi cation of the surface with functional nonadhesive groups, 
another interesting alternative to avoid biofouling is related to the formation of 
micro and nanostructures at the surface [ 61 ]. Cells and bacteria respond to the sur-
face topography in many different ways. For instance, cells are elongated when in 
contact with micro/nanofi bers [ 76 ]. The possibility to prevent from contamination 
without the use of particular antimicrobials but exclusively based on the surface 
structure is on the one hand a great challenge but on the other hand an excellent 
opportunity to fabricate environmental friendly antimicrobial surfaces. 

 Based on these pioneer studies, different groups explored the role of the surface 
microstructuration in order to decrease or completely avoid biofouling. In this con-
text, it has been demonstrated that surfaces with particular microtopographies can 
affect attachment of barnacles [ 77 – 79 ] or even prevent biofouling on mollusk 
shells [ 80 ,  81 ] and bacteria [ 82 ]. More recently, Carman et al. [ 83 ] investigated 
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how bioadhesion is infl uenced by microscale topography. For this purpose, the 
authors prepared polydimethylsiloxane (PDMS) surfaces with different micropat-
terns (i.e., channels, ridges, pillars, and pits that were 5 μm wide and spaced 
2–20 μm apart) and compared the settlement of Ulva zoospores as a function of the 
surface pattern and with a smooth surface. They evidenced that the Ulva was sig-
nifi cantly reduced when the dimensions of the patterns are smaller than the average 
diameter of the spores (i.e., 5 μm). As depicted in Fig.  10.5 , the Sharklet AF™ 
topography, with dimensions smaller than the spore body, reduced settlement den-

  Fig. 10.5    Images of Ulva settlement on ( a ) a smooth surface; ( b ) 5 mm wide, 5 mm spaced, and 
5 mm high channels; and ( c ) 4 mm high Sharklet AF TM in PDMS. Images were taken via light 
microscopy. Scale bars ¼ 25 mm. Reproduced with permission from [ 83 ]       
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sity by 86 % relative to smooth PDMS. When exposed to this structure, the spores 
avoided the 2 μm wide channels and were exclusively confi ned either in defects or 
wider spaces (~3 μm). Later, by using the same surface pattern, Chung and cowork-
ers demonstrated that the topography can inhibit biofi lm formation of  S. aureus  
over a long period of time (~21 days) [ 84 ].

   The types of surface patterns as well as the surface wettability (anisotropic or 
isotropic and enhanced/decreased due to microtopographical roughness) are two 
surface characteristics that require consideration in order to design surfaces with 
antifouling properties. It is outside of the scope to analyze this aspect since the 
employment of surface roughness to change the surface wettability in order to 
improve the antifouling properties has been extensively described. Readers inter-
ested in this topic are referred to the following references [ 85 – 88 ].   

10.6     Particular Environmental and/or Safety Concerns 
Related to the Final Use and Conclusions 

10.6.1     Particular Considerations in Polymeric Antimicrobial 
Packaging Systems 

 Active packaging has been designed to improve food safety as well as to help avoid-
ing the development of resistant bacterial strains. Moreover, as depicted by 
Balasubramanian et al. [ 89 ] besides determining the occurrence of resistance in sur-
vivors of the treatments, a priority should also be the safety evaluations of both the 
antimicrobials and the packaging materials. While usually the materials employed 
for packaging purposes have been already approved for food uses the incorporation 
of antimicrobial compounds require a reexamination in order to follow the regula-
tory rules. For instance, several essential oils employed as antimicrobials belong, 
however, to the category of fl avorings according to the EU legislation and are 
Generally Recognized as Safe (GRAS status) in the USA. Others have been banned 
in view of their toxicological effect since they can produce irritation, allergic, or 
even spasmodic reactions [ 90 ,  91 ]. For instance, eugenol, thymol, and menthol in 
the treatment of root canal provokes the irritation of mouth tissues. This is probably 
a consequence of both membrane lysis and tissue penetration. It is also interesting 
to mention that differences between in vivo and in vitro experiments have been 
reported. For example, while in vivo carvone, thymol, carvacrol, and cinnamalde-
hyde show minor effects, in vitro are potentially toxic at the cellular level [ 91 ]. 

 At the European level, since the compounds released into the food are included 
in the category of food additives they must be evaluated according to those regulat-
ing laws. Moreover, when using nonleaching antimicrobials, i.e., the antimicrobial 
stays within the packaging material is considered as food-contact material constitu-
ent. In this case, regulations are focused on the prevention of undesirable migration 
into the food [ 92 ]. As an illustrative example, a limit of 10 mg/dm 2  was set for 
migration of active materials from packaging polymers in 2003 [ 93 ].  
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10.6.2     Modern Approaches to Environmentally Effective 
Marine Antifouling Coatings 

 Structures exposed to the marine environment such as ships or marine platforms 
requires protection from several elements such saltwater, biological attack, and tem-
perature fl uctuations as temperature fl uctuations, saltwater, and also from biological 
attacks, i.e., biofouling [ 94 ]. Protective surface coatings are designed to offer these 
properties and have been largely employed among others in the shipping industry. 
In addition to these main functions, it is also desirable that the protective coatings 
also provide the characteristics summarized in Table  10.1 .

   As depicted in Fig.  10.6 , from the initial TBT-based systems banned in 2003 the 
antifouling industry have been searching for other options [ 4 ,  95 ] such as biocide- 
free nonadherent surface coatings [ 96 ]. The main objective was then to fi nd accept-
able replacements with appropriate environmental behavior [ 4 ,  7 ,  95 ,  97 ]. During 
this period, the fi rst candidates were also metallic species, including copper or zinc 
released using self-polishing copolymer delivery mechanism. Nevertheless, these 
metallic species presented diffi culties during the preparation of controlled dissolu-
tions of the antifouling compounds and, their toxicity still under investigation [ 98 ]. 
In effect, metals and in particular heavy metals are frequently toxic to both humans 
and marine organisms since they can divide metabolic functions. As a result, both 
heavy metals and TBT due to the improved legislation in terms of toxicity require-
ments were replaced in favor of other approaches. Some of these, extensively 
reviewed by Chambers et al. [ 94 ] are briefl y summarized below:

     (a)    Booster biocides 
 One of the fi rst explored alternatives was the incorporation of the so-called 
booster biocides. These have been typically introduced to improve the length 
and functionality of copper-based antifouling coating systems. Two illustrative 
examples of booster biocides are Irgarol 1051 and Diuron. However, these com-
pounds are rapidly controlled by the UK Health and Safety Executive and 

   Table 10.1    Requirements for an optimal antifouling coating   

 Must be:  Must not be: 

 Anticorrosive  Toxic to the environment 
 Antifouling  Persistent in the environment 
 Environmentally acceptable  Expensive 
 Economically viable  Chemically unstable 
 Long life  A target for nonspecifi c species 
 Compatible with underlying system 
 Resistant to abrasion/biodegradation/erosion 
 Capable of protecting regardless of operational profi le 
 Smooth 

  Reproduced with permission from [ 94 ]  
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whereas Diuron was directly banned, the use of Irgarol has been limited to the 
use in the case of vessels larger than 25 m in length [ 12 ,  99 ]. As a result, the use 
of booster biocides only provided an interim solution due to the large demands 
for effective antifouling strategies [ 4 ].   

   (b)    Foul release coatings 
 Foul release coatings (FRCs) take advantage of the possibility of fi nely tune the 
surface energy in order to reduce the organism’s ability to create a strong inter-
facial interaction with the surface. Moreover, these coating are rather smooth 
and permits that the anchored organisms to be dislodged when the vessel moves 
above a critical speed [ 100 ], which depending on the type of microorganisms 
can vary between 10 and 20 knots [ 7 ]. Thus, these surfaces help to remove foul-
ing due to tensile and shear stresses by decreasing the thermodynamic work of 
adhesion [ 101 ]. Moreover, in addition to the appropriate surface energy, the 
combination with a low elastic modulus permits to easily create fractures 
between the organism and the coating surface and fail [ 100 ]. The most impor-
tant families of FRCs are those prepared using fl uoropolymers and those using 
silicon-based coatings. The share a low surface energy while the thickness of 
the coating is larger for silicone coatings (150 μm) than for fl uoropolymer- 
based coatings (75 μm) [ 102 ].   

   (c)    Nontoxic biomimetic coatings 
 Nature has been in many studies a source of inspiration to design surfaces with 
unprecedented properties. In particular, nature has been a model for engineer-
ing development of highly sophisticated surfaces, for instance, with hierarchi-
cal order [ 103 ]. In effect, there is interest in the use of natural microtopography 
[ 80 ,  81 ,  104 ] and the design of synthetic microtextured surfaces [ 77 ,  105 – 107 ] 

  Fig. 10.6    Evolution of the antifouling generations. Reproduced with permission from [ 94 ]       
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based on those found in nature with antifouling properties. As has been already 
mentioned, it has been reported that some organisms can be settle or removed 
depending on the size and periodicity of the surface patterns. However, in order 
to fully understand the mechanisms regulating bioadhesion the surface proper-
ties of shells from both a chemical and a physical point of view are still under 
investigation [ 80 ,  108 ]. 

 In addition to the surface structure, the functionality plays a key role on the 
development of non-foulant surfaces [ 103 ,  109 ]. In effect, the tailored micro-
architecture [ 106 ] of materials, polar properties as well as the surface-free 
energy [ 110 ] have been explored with the objective of fabricating more perfor-
mant and nontoxic antifouling surfaces. For instance, using biomimetic strate-
gies several groups have reported the immobilization of protein-resistant 
polymers to surfaces. For that purpose, mussel adhesive proteins have been 
employed to achieve functional coatings with high density [ 111 ].    

10.7        Conclusions 

 In this chapter, we have revised the most relevant environmental and safety issues 
related to the use of antimicrobial polymers. In contrast to small biocides that are 
usually released to the environment, the use of nonleaching polymeric materials 
offers important advantages decreasing the possibility of eventual sensitization and 
environmental issues. In effect, the use of antimicrobial polymers prevents leaching 
out of toxic or irritating ingredients and exhibit wide-range effi cacy against algae, 
bacteria, and fungi. Polymers minimize the environmental problems related to the 
eventual residual toxicity of the antimicrobial agents and enlarge their lifetime. 

 Concerning the safety aspect, polymeric antimicrobial agents display also advan-
tages such as their low volatility, their chemical stability, and also their low perme-
ability through the skin in humans as well as in animals.     

   References 

    1.     http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:1998:123:0001:0063:EN:
PDF      

       2.    Alamri A, El-Newehy MH, Al-Deyab SS. Biocidal polymers: synthesis and antimicrobial 
properties of benzaldehyde derivatives immobilized onto amine-terminated polyacrylonitrile. 
Chem Cent J. 2012;6:1–13.  

     3.    Champ MA, Seligman PF. An introduction to organotin compounds and their use in antifoul-
ing coatings. In: Champ MA, Seligman PF, editors. Organotin: environmental fate and 
effects. Dordrecht: Springer; 1996. p. 1–25.  

        4.    Omae I. Organotin antifouling paints and their alternatives. Appl Organomet Chem. 
2003;17:81–105.  

10 Environmental and Safety Issues

http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:1998:123:0001:0063:EN:PDF
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:1998:123:0001:0063:EN:PDF


249

      5.    Kenawy ER, Mahmoud YAG. Biologically active polymers, 6—synthesis and antimicrobial 
activity of some linear copolymers with quaternary ammonium and phosphonium groups. 
Macromol Biosci. 2003;3:107–16.  

    6.    Li GJ, Shen JR. A study of pyridinium-type functional polymers. IV. Behavioral features of 
the antibacterial activity of insoluble pyridinium-type polymers. J Appl Polym Sci. 
2000;78:676–84.  

        7.    Yebra DM, Kiil S, Dam-Johansen K. Antifouling technology—past, present and future steps 
towards effi cient and environmentally friendly antifouling coatings. Prog Org Coat. 
2004;50:75–104.  

    8.    Sonak S, Pangam P, Giriyan A, Hawaldar K. Implications of the ban on organotins for protec-
tion of global coastal and marine ecology. J Environ Manage. 2009;90(Supplement 
1):S96–108.  

    9.    Guardiola FA, Cuesta A, Meseguer J, Esteban MA. Risks of using antifouling biocides in 
aquaculture. Int J Mol Sci. 2012;13:1541–60.  

    10.    Okamura H, Nishida T, Ono Y, Shim JW. Phytotoxic effects of antifouling compounds on 
nontarget plant species. Bull Environ Contam Toxicol. 2003;71:881–6.  

    11.    Owen R, Knap A, Toaspern M, Carbery K. Inhibition of coral photosynthesis by the antifoul-
ing herbicide Irgarol 1051. Mar Pollut Bull. 2002;44:623–32.  

     12.    Chesworth JC, Donkin ME, Brown MT. The interactive effects of the antifouling herbicides 
Irgarol 1051 and Diuron on the seagrass Zostera marina (L.). Aquat Toxicol. 
2004;66:293–305.  

    13.    Sánchez-Rodríguez Á, Sosa-Ferrera Z, Santana-del Pino Á, Santana-Rodríguez 
JJ. Probabilistic risk assessment of common booster biocides in surface waters of the har-
bours of Gran Canaria (Spain). Mar Pollut Bull. 2011;62:985–91.  

    14.    Kittur FS, Harish Prashanth KV, Udaya Sankar K, Tharanathan RN. Characterization of chi-
tin, chitosan and their carboxymethyl derivatives by differential scanning calorimetry. 
Carbohydr Polym. 2002;49:185–93.  

    15.    Jeong J-H, Byoun Y-S, Lee Y-S. Poly(styrene-alt-maleic anhydride)-4-aminophenol conju-
gate: synthesis and antibacterial activity. React Funct Polym. 2002;50:257–63.  

        16.    Bruenke J, Roschke I, Agarwal S, Riemann T, Greiner A. Quantitative comparison of the 
antimicrobial effi ciency of leaching versus nonleaching polymer materials. Macromol Biosci. 
2016;16:647–54.  

    17.    Gilbert RE, Harden M. Effectiveness of impregnated central venous catheters for catheter 
related blood stream infection: a systematic review. Curr Opin Infect Dis. 2008;21:235–45.  

    18.    Casey AL, Mermel LA, Nightingale P, Elliott TSJ. Antimicrobial central venous catheters in 
adults: a systematic review and meta-analysis. Lancet Infect Dis. 2008;8:763–76.  

    19.    Guleri A, Kumar A, Morgan RJM, Hartley M, Roberts DH. Anaphylaxis to chlorhexidine- 
coated central venous catheters: a case series and review of the literature. Surg Infect 
(Larchmt). 2012;13:171–4.  

   20.    Nichols WW, Pepine CJ, O’Rourke MF. Carotid-artery intima and media thickness as a risk 
factor for myocardial infarction and stroke. N Engl J Med. 1999;340:1762–3.  

   21.    Oda MDPT, Hamasaki MDJ, Kanda MDN, Mikami MDK. Anaphylactic shock induced by 
an antiseptic-coated central nervous catheter. Anesthesiology. 1997;87:1242–4.  

     22.    Raad I, Hanna H, Jiang Y, Dvorak T, Reitzel R, Chaiban G, et al. Comparative activities of 
daptomycin, linezolid, and tigecycline against catheter-related methicillin-resistant 
Staphylococcus bacteremic isolates embedded in biofi lm. Antimicrob Agents Chemother. 
2007;51:1656–60.  

    23.    Tambe SM, Sampath L, Modak SM. In vitro evaluation of the risk of developing bacterial 
resistance to antiseptics and antibiotics used in medical devices. J Antimicrob Chemother. 
2001;47:589–98.  

    24.    Sampath LA, Tambe SM, Modak SM. In vitro and in vivo effi cacy of catheters impregnated 
with antiseptics or antibiotics: evaluation of the risk of bacterial resistance to the antimicrobi-
als in the catheters. Infect Control Hosp Epidemiol. 2001;22:640–6.  

References



250

    25.   Kenawy E-R, Abdel-Hay FI, El-Shanshoury A-ER, El-Newehy MH. Biologically active 
polymers V: synthesis and antimicrobial activity of modifi ed poly(glycidyl methacrylate-co- 
2-hydroxyethyl methacrylate) derivatives with quaternary ammonium and phosphonium 
salts. J Polym Sci Part A Polym Chem. 2002;40.  

   26.    Chen CZS, Cooper SL. Interactions between dendrimer biocides and bacterial membranes. 
Biomaterials. 2002;23:3359–68.  

   27.   Gottenbos B, Van der Mei HC, Klatter F, Nieuwenhuis P, Busscher HJ. In vitro and in vivo 
antimicrobial activity of covalently coupled quaternary ammonium silane coatings on sili-
cone rubber. Biomaterials. 2002;23.  

   28.   Akashi A, Matsuya Y, Unemori M, Akamine A. Release profi le of antimicrobial agents from 
α-tricalcium phosphate cement. Biomaterials. 2001;22.  

    29.    Muñoz-Bonilla A, Fernández-García M. Polymeric materials with antimicrobial activity. 
Prog Polym Sci. 2012;37:281–339.  

    30.    Gabriel GJ, Maegerlein JA, Nelson CE, Dabkowski JM, Eren T, Nusslein K, et al. Comparison 
of facially amphiphilic versus segregated monomers in the design of antibacterial copoly-
mers. Chemistry. 2009;15:433–9.  

   31.    Madkour AE, Tew GN. Towards self-sterilizing medical devices: controlling infection. Polym 
Int. 2008;57:6–10.  

   32.   Gabriel GJ, Som A, Madkour AE, Eren T, Tew GN. Infectious disease: connecting innate 
immunity to biocidal polymers. Mater Sci Eng R. 2007;57.  

   33.    Kenawy E-R, Worley SD, Broughton R. The chemistry and applications of antimicrobial 
polymers: a state-of-the-art review. Biomacromolecules. 2007;8:1359–84.  

   34.   Klibanov AM. Permanently microbicidal materials coatings. J Mater Chem. 2007;17.  
   35.   Park D, Wang J, Klibanov AM. One-step, painting-like coating procedures to make surfaces 

highly and permanently bactericidal. Biotechnol Prog. 2006;22.  
    36.   Tiller JC, Liao C-J, Lewis K, Klibanov AM. Designing surfaces that kill bacteria on contact. 

Proc Natl Acad Sci U S A. 2001;98.  
    37.    Laverty G, Gilmore B. Cationic antimicrobial peptide cytotoxicity. SOJ Microbiol Infect Dis. 

2014;2:1–8.  
    38.    Williams DP. Toxicophores: investigations in drug safety. Toxicology. 2006;226:1–11.  
    39.    Pirmohamed M, Breckenridge AM, Kitteringham NR, Park BK. Adverse drug reactions. 

BMJ. 1998;316:1295–8.  
         40.    Mandell LA, Ball P, Tillotson G. Antimicrobial safety and tolerability: differences and dilem-

mas. Clin Infect Dis. 2001;32:S72–9.  
    41.    Chalekson CP, Neumeister MW, Jaynes J. Treatment of infected wounds with the antimicro-

bial peptide D2A21. J Trauma. 2003;54:770–4.  
    42.    le Duc Q, Breetveld M, Middelkoop E, Scheper RJ, Ulrich MMW, Gibbs S. A cytotoxic 

analysis of antiseptic medication on skin substitutes and autograft. Br J Dermatol. 
2007;157:33–40.  

    43.    Hachem R, Reitzel R, Borne A, Jiang Y, Tinkey P, Uthamanthil R, et al. Novel antiseptic 
urinary catheters for prevention of urinary tract infections: correlation of in vivo and in vitro 
test results. Antimicrob Agents Chemother. 2009;53:5145–9.  

    44.    Korsgaard Christensen L, Skovsted L. Inhibition of drug metabolism by chloramphenicol. 
Lancet. 1969;294:1397–9.  

    45.    Yunis AA, Smith US, Restrepo A. Reversible bone marrow suppression from chlorampheni-
col: a consequence of mitochondrial injury. Arch Intern Med. 1970;126:272–5.  

    46.    Mitus WJ, Coleman N. in vitro effect of chloramphenicol on chromosomes. Blood. 
1970;35:689–94.  

    47.    Burgess JL, Birchall R. Nephrotoxicity of amphotericin B, with emphasis on changes in 
tubular function. Am J Med. 1972;53:77–84.  

    48.    Friedmann I, Dadswell JV, Bird ES. Electron-microscope studies of the neuro-epithelium of 
the inner ear in guinea-pigs treated with neomycin. J Pathol Bacteriol. 1966;92:415–22.  

    49.    Wemambu SNC, Turk JL, Waters MFR, Rees RJW. Erythema nodosum leprosum: a clinical 
manifestation of the Arthus phenomenon. Lancet. 1969;294:933–5.  

10 Environmental and Safety Issues



251

     50.    Laverty G, Gorman SP, Gilmore BF. The potential of antimicrobial peptides as biocides. Int 
J Mol Sci. 2011;12:6566–96.  

    51.    Wyllie AH, Kerr JF, Currie AR. Cell death: the signifi cance of apoptosis. Int Rev Cytol. 
1980;68:251–306.  

    52.    Hengartner MO. The biochemistry of apoptosis. Nature. 2000;407:770–6.  
    53.    Silva MT, do Vale A, dos Santos NMN. Secondary necrosis in multicellular animals: an out-

come of apoptosis with pathogenic implications. Apoptosis. 2008;13:463–82.  
    54.    Campoccia D, Montanaro L, Arciola CR. A review of the biomaterials technologies for 

infection- resistant surfaces. Biomaterials. 2013;34:8533–54.  
    55.    Yildirimer L, Thanh NTK, Loizidou M, Seifalian AM. Toxicology and clinical potential of 

nanoparticles. Nano Today. 2011;6:585–607.  
    56.    Hartemann P, Hoet P, Proykova A, Fernandes T, Baun A, De Jong W, et al. Nanosilver: safety, 

health and environmental effects and role in antimicrobial resistance. Mater Today. 
2015;18:122–3.  

    57.    Albers CE, Hofstetter W, Siebenrock KA, Landmann R, Klenke FM. In vitro cytotoxicity of 
silver nanoparticles on osteoblasts and osteoclasts at antibacterial concentrations. 
Nanotoxicology. 2013;7:30–6.  

    58.    Zhao L, Wang H, Huo K, Cui L, Zhang W, Ni H, et al. Antibacterial nano-structured titania 
coating incorporated with silver nanoparticles. Biomaterials. 2011;32:5706–16.  

    59.    Liu Y, Zheng Z, Zara JN, Hsu C, Soofer DE, Lee KS, et al. The antimicrobial and osteoinduc-
tive properties of silver nanoparticle/poly (dl-lactic-co-glycolic acid)-coated stainless steel. 
Biomaterials. 2012;33:8745–56.  

      60.   Final opinion on Nanosilver: safety, health and environmental effects and role in antimicro-
bial resistance. 2014.   http://ec.europa.eu/health/scientifi c_committees/emerging/index_en.
htm      

      61.    Magin CM, Cooper SP, Brennan AB. Non-toxic antifouling strategies. Mater Today. 
2010;13:36–44.  

     62.    Baier RE. Surface behaviour of biomaterials: the theta surface for biocompatibility. J Mater 
Sci Mater Med. 2006;17:1057–62.  

      63.    Ostuni E, Chapman RG, Holmlin RE, Takayama S, Whitesides GM. A survey of struc-
ture − property relationships of surfaces that resist the adsorption of protein. Langmuir. 
2001;17:5605–20.  

    64.    Alcantar NA, Aydil ES, Israelachvili JN. Polyethylene glycol-coated biocompatible surfaces. 
J Biomed Mater Res. 2000;51:343–51.  

    65.    Jeon SI, Lee JH, Andrade JD, Degennes PG. Protein surface interactions in the presence of 
polyethylene oxide. 1. Simplifi ed theory. J Colloid Interface Sci. 1991;142:149–58.  

    66.    Ishihara K, Hanyuda H, Nakabayashi N. Synthesis of phospholipid polymers having a meth-
ane bond in the side-chain as coating material of segmented polyurethane and their platelet 
adhesion-resistant properties. Biomaterials. 1995;16:873–9.  

   67.    Willis SL, Court JL, Redman RP, Wang JH, Leppard SW, O’Byrne VJ, et al. A novel 
phosphorylcholine- coated contact lens for extended wear use. Biomaterials. 2001;22:3261–72.  

    68.    Lewis AL, Tolhurst LA, Stratford PW. Analysis of a phosphorylcholine-based polymer coat-
ing on a coronary stent pre- and post-implantation. Biomaterials. 2002;23:1697–706.  

    69.    Ruegsegger MA, Marchant RE. Student research award in the doctoral degree candidate 
category, 27th annual meeting of the Society for Biomaterials, St. Paul, MN, April 24–29, 
2001—Reduced protein adsorption and platelet adhesion by controlled variation of oligo-
maltose surfactant polymer coatings. J Biomed Mater Res. 2001;56:159–67.  

    70.    Terada S, Suzuki K, Nozaki M, Okano T, Takemura N. Anti-thrombogenic effects of 
2-hydroxyethylmethacrylate-styrene block copolymer and argatroban in synthetic small- 
caliber vascular grafts in a rabbit inferior vena cava model. J Reconstr Microsurg. 
1997;13:9–16.  

    71.    Tanaka M, Mochizuki A, Ishii N, Motomura T, Hatakeyama T. Study of blood compatibility with 
poly(2-methoxyethyl acrylate). Relationship between water structure and platelet compatibility 
in poly(2-methoxyethylacrylate-co-2-hydroxyethylmethacrylate). Biomacromolecules. 2002;3:
36–41.  

References

http://ec.europa.eu/health/scientific_committees/emerging/index_en.htm
http://ec.europa.eu/health/scientific_committees/emerging/index_en.htm


252

    72.    Chang Y, Liao S-C, Higuchi A, Ruaan R-C, Chu C-W, Chen W-Y. A highly stable nonbiofoul-
ing surface with well-packed grafted zwitterionic polysulfobetaine for plasma protein repul-
sion. Langmuir. 2008;24:5453–8.  

    73.    Yu ME, Deming TJ. Synthetic polypeptide mimics of marine adhesives. Macromolecules. 
1998;31:4739–45.  

   74.    Lee BP, Dalsin JL, Messersmith PB. Synthesis and gelation of DOPA-modifi ed poly(ethylene 
glycol) hydrogels. Biomacromolecules. 2002;3:1038–47.  

    75.    Huang K, Lee BP, Ingram DR, Messersmith PB. Synthesis and characterization of self- 
assembling block copolymers containing bioadhesive end groups. Biomacromolecules. 
2002;3:397–406.  

    76.    Katz MJ, Lasek RJ. Invited review: guidance cue patterns and cell migration in muiticeliuiar 
organisms. Cell Motil. 1980;1:141–57.  

     77.    Berntsson KM, Jonsson PR, Lejhall M, Gatenholm P. Analysis of behavioural rejection of 
micro-textured surfaces and implications for recruitment by the barnacle Balanus improvisus. 
J Exp Mar Biol Ecol. 2000;251:59–83.  

   78.    Schumacher JF, Carman ML, Estes TG, Feinberg AW, Wilson LH, Callow ME, et al. 
Engineered antifouling microtopographies—effect of feature size, geometry, and roughness 
on settlement of zoospores of the green alga Ulva. Biofouling. 2007;23:55–62.  

    79.    Schumacher JF, Aldred N, Callow ME, Finlay JA, Callow JA, Clare AS, et al. Species-
specifi c engineered antifouling topographies: correlations between the settlement of algal 
zoospores and barnacle cyprids. Biofouling. 2007;23:307–17.  

      80.    Scardino A, De Nys R, Ison O, O’Connor W, Steinberg P. Microtopography and antifouling 
properties of the shell surface of the bivalve molluscs Mytilus galloprovincialis and Pinctada 
imbricata. Biofouling. 2003;19:221–30.  

     81.    Bers AV, Wahl M. The infl uence of natural surface microtopographies on fouling. Biofouling. 
2004;20:43–51.  

    82.    Scheuerman TR, Camper AK, Hamilton MA. Effects of substratum topography on bacterial 
adhesion. J Colloid Interface Sci. 1998;208:23–33.  

     83.    Carman ML, Estes TG, Feinberg AW, Schumacher JF, Wilkerson W, Wilson LH, et al. 
Engineered antifouling microtopographies—correlating wettability with cell attachment. 
Biofouling. 2006;22:11–21.  

    84.    Chung KK, Schumacher JF, Sampson EM, Burne RA, Antonelli PJ, Brennana AB. Impact of 
engineered surface microtopography on biofi lm formation of Staphylococcus aureus. 
Biointerphases. 2007;2:89–94.  

    85.    Howell D, Behrends B. A review of surface roughness in antifouling coatings illustrating the 
importance of cutoff length. Biofouling. 2006;22:401–10.  

   86.    Genzer J, Efi menko K. Recent developments in superhydrophobic surfaces and their rele-
vance to marine fouling: a review. Biofouling. 2006;22:339–60.  

   87.    Marmur A. Super-hydrophobicity fundamentals: implications to biofouling prevention. 
Biofouling. 2006;22:107–15.  

    88.    Long CJ, Schumacher JF, Brennan AB. Potential for tunable static and dynamic contact angle 
anisotropy on gradient microscale patterned topographies. Langmuir. 2009;25:12982–9.  

    89.    Balasubramanian A, Rosenberg LE, Yam K, Chikindas ML. Antimicrobial packaging: poten-
tial vs. reality—a review. J Appl Pack Res. 2009;3:193–221.  

    90.    Burt S. Essential oils: their antibacterial properties and potential applications in foods—a 
review. Int J Food Microbiol. 2004;94:223–53.  

     91.    Malhotra B, Keshwani A, Kharkwal H. Antimicrobial food packaging: potential and pitfalls. 
Front Microbiol. 2015;6:611.  

    92.    Kruijf ND, Beest MV, Rijk R, Sipiläinen-Malm T, Losada PP, Meulenaer BD. Active and 
intelligent packaging: applications and regulatory aspects. Food Addit Contam. 
2002;19:144–62.  

    93.    Vartiainen J, Skytta E, Enqvist J, Ahvenainen R. Properties of antimicrobial plastics contain-
ing traditional food preservatives. Packag Technol Sci. 2003;16:223–9.  

10 Environmental and Safety Issues



253

       94.    Chambers LD, Stokes KR, Walsh FC, Wood RJK. Modern approaches to marine antifouling 
coatings. Surf Coat Technol. 2006;201:3642–52.  

     95.    Omae I. General aspects of tin-free antifouling paints. Chem Rev. 2003;103:3431–48.  
    96.    Watermann BT, Daehne B, Sievers S, Dannenberg R, Overbeke JC, Klijnstra JW, et al. 

Bioassays and selected chemical analysis of biocide-free antifouling coatings. Chemosphere. 
2005;60:1530–41.  

    97.    Terlizzi A, Fraschetti S, Gianguzza P, Faimali M, Boero F. Environmental impact of antifoul-
ing technologies: state of the art and perspectives. Aquat Conserv Mar Freshwat Ecosyst. 
2001;11:311–7.  

    98.    Townsin RL. The ship hull fouling penalty. Biofouling. 2003;19:9–15.  
    99.    Lambert SJ, Thomas KV, Davy AJ. Assessment of the risk posed by the antifouling booster 

biocides Irgarol 1051 and diuron to freshwater macrophytes. Chemosphere. 2006;63:734–43.  
     100.    Brady RF, Singer IL. Mechanical factors favoring release from fouling release coatings. 

Biofouling. 2000;15:73–81.  
    101.    Berglin M, Lönn N, Gatenholm P. Coating modulus and barnacle bioadhesion. Biofouling. 

2003;19:63–9.  
    102.    Brady RF. A fracture mechanical analysis of fouling release from nontoxic antifouling coat-

ings. Prog Org Coat. 2001;43:188–92.  
     103.    Naik RR, Brott LL, Rodriguez F, Agarwal G, Kirkpatrick SM, Stone MO. Bio-inspired 

approaches and biologically derived materials for coatings. Prog Org Coat. 
2003;47:249–55.  

    104.    Baum C, Meyer W, Stelzer R, Fleischer L-G, Siebers D. Average nanorough skin surface of 
the pilot whale (Globicephala melas, Delphinidae): considerations on the self-cleaning abili-
ties based on nanoroughness. Mar Biol. 2002;140:653–7.  

    105.    Ista LK, Callow ME, Finlay JA, Coleman SE, Nolasco AC, Simons RH, et al. Effect of sub-
stratum surface chemistry and surface energy on attachment of marine bacteria and algal 
spores. Appl Environ Microbiol. 2004;70:4151–7.  

    106.    Jelvestam M, Edrud S, Petronis S, Gatenholm P. Biomimetic materials with tailored surface 
micro-architecture for prevention of marine biofouling. Surf Interface Anal. 2003;35:168–73.  

    107.    Hoipkemeier-Wilson L, Schumacher JF, Carman ML, Gibson AL, Feinberg AW, Callow ME, 
et al. Antifouling potential of lubricious, micro-engineered, PDMS elastomers against zoo-
spores of the green fouling alga Ulva (Enteromorpha). Biofouling. 2004;20:53–63.  

    108.    Scardino A, de Nys R. Fouling deterrence on the bivalve shell Mytilus galloprovincialis: a 
physical phenomenon? Biofouling. 2004;20:249–57.  

    109.    Tamerler C, Dincer S, Heidel D, Zareie MH, Sarikaya M. Biomimetic multifunctional molec-
ular coatings using engineered proteins. Prog Org Coat. 2003;47:267–74.  

    110.    Zhao Q, Liu Y, Wang C, Wang S, Müller-Steinhagen H. Effect of surface free energy on the 
adhesion of biofouling and crystalline fouling. Chem Eng Sci. 2005;60:4858–65.  

    111.    Dalsin JL, Messersmith PB. Bioinspired antifouling polymers. Mater Today. 2005;8:38–46.    

References


	Chapter 10: Environmental and Safety Issues
	10.1 Introduction
	10.2 Using Small Biocides Released from the Polymer
	10.3 Alternatives to Small Biocides: Nonleaching Polymer Materials
	10.4 Safety Concerns Related to the Use of Different Antimicrobial Polymers: Cytotoxicity Against Mammalian Cells
	10.4.1 General Mechanisms of Antimicrobial Toxicity
	10.4.1.1 Unexpected Interactions Between Drugs
	10.4.1.2 Direct Effects of the Drugs on Tissues and Organs
	10.4.1.3 Drugs Producing Hypersensitivity
	10.4.1.4 Changes in Microbial Flora Produced by Antimicrobials
	10.4.1.5 Release of Toxic Products after Microbial Lysis

	10.4.2 Cytotoxicity of Antimicrobial Polymers
	10.4.3 Cytotoxicity of Hybrid Antibacterial Nanostructures

	10.5 Environmental Friendly Non-Fouling Polymeric Materials
	10.5.1 Strategies Approaches Based on the Modification of the Surface Chemistry
	10.5.2 Fabrication of Nontoxic Antifouling Interfaces Based on the Surface Physical Properties

	10.6 Particular Environmental and/or Safety Concerns Related to the Final Use and Conclusions
	10.6.1 Particular Considerations in Polymeric Antimicrobial Packaging Systems
	10.6.2 Modern Approaches to Environmentally Effective Marine Antifouling Coatings

	10.7 Conclusions
	References


