www.sada.co.za / SADJ Vol 72 No. 3

CLINICAL REVIEW <105

Use of antibacterial nanoparticles in

Endodontics

SADJ April 2017, Vol 72 no 3 p105 - p112

A 10O Ibrahim ', D S Moodley 2, L Petrik®, N Patel*

SUMMARY

Several root canal irrigants and medicaments are availa-
ble to combat endodontic pathogens. However, evidence
of complete elimination of these pathogens by the use of
these solutions is not recorded in the literature. The pos-
sible development of resistant bacterial species is one of
the problems related to the efficacy of the currently avail-
able irrigants and medicaments. In addition, the complex
anatomy of the root canal system allows endodontic path-
ogens to be hidden in areas inaccessible to the action of
the irrigating preparations. This is further enhanced by the
protective layer that is formed by the remnants of pulp
tissue, dentin powder and dead cells which inhibit the an-
tibacterial activity of the root canal irrigants and medica-
ments. Antimicrobial nanoparticles show promising effect
against resistant pathogens in pharmaceutical science as
a result of their unique physio-chemical properties. Unlike
traditionally used antimicrobial agents, these nanoparti-
cles destroy bacterial cells through multiple mechanisms.
The concept of using nanoparticles in endodontics as a
new treatment modality was developed recently and their
antibacterial efficacy against endodontic pathogens was
evaluated by several researchers in many in vitro studies.
This article reviews some of the currently available litera-
ture on laboratory studies that evaluated the efficacy of
nanoparticles against endodontic pathogens.
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ACRONYMS

ROS: reactive-oxygen species

INTRODUCTION

The world “nano” originated from a Greek word which
means “dwarf”.! The philosophy of nanotechnology was
first illustrated in 1960 by Richard P. Feynman, a Nobel
Prize winner, in his lecture “There’s Plenty of Room at
the Bottom”.? Since then, the concept of nanotechnology
has been applied in numerous scientific fields such
as physics, engineering as well as in the medical field.
Nanotechnology is defined as a science that deals with
the development of new materials with new properties
and functions through controlling and restructuring of
the materials on a nanometer scale of “less than 100 nm”
and hence the name nanomaterials.® The term is applied,
according to the European commission, to “any natural,
incidental or manufactured material containing particles, in
an unbound state or as an aggregate or as an agglomerate
and where, for 50% or more of the particles in the number
size distribution, one or more external dimension is in the
size range 1 nm — 100nm”.#

Nanomaterials exist in different forms and shapes. They
are categorized according to their dimensions into: zero
dimension such as nanoparticles, one dimension such as
nanorods, two dimensions such as thin films and three
dimensions such as nanocones.® They show increased
chemical reactivity compared with their bulk form.

The term nanodentistry is defined as “the science and
technology of diagnosis, treating and preventing oral
diseases, relieving pain, preserving and improving dental
health using nanostructured material”. Nanodentistry is
applied in different areas, for example: manufacturing of
dental materials; prevention of oral diseases such as dental
caries and periodontal disease; as therapeutic agents for
the treatment of dentine hypersensitivity, oral cancer and
endodontic diseases; inthe technology oftissue engineering;
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and as a diagnostic aid to identify certain diseases such
as oral cancer.” Currently the application of nanomaterial in
endodontics is limited to a few studies that evaluated the
antimicrobial properties of some nanomaterials in different
forms against endodontic pathogens.

Endodontic diseases as a microbial infection
Microbial elements are the most common cause of pulpal
and periapical pathosis.2 All endodontic infections are
polymicrobial in nature® with differences between the
types of micro-organisms isolated from primary and
secondary root canal infections.’® Microbiological studies
have revealed more than 400 microbial species from
endodontic samples."

Endodontic infection is eventually established as a bio-
film."”» This form of microbial colonization inside the root
canal system was initially discovered by Ramachandran
Nair.”®* Microbial biofilm is a surface-attached microbial
community defined by Mohammadi et al as “a sessile mul-
ticellular microbial community characterized by cells firmly
attached to a surface and enmeshed in a self-produced
matrix of extracellular polymeric substance”.* Endodontic
biofilm is composed of 10-15% bacterial cells embedded
in 85-90% of that extracellular substance.™

Virulence of endodontic pathogens

The virulence and pathogenicity of endodontic micro-
organisms in a biofilm state are enhanced by several
factors.'®® In 2010, Kishen listed basic mechanisms
which allow endodontic pathogens to resist the commonly
used root canal irrigants and medicaments.?® These
mechanisms are usually associated with the extracellular
polymeric matrix, rate of bacterial growth, availability of
nutrients and ability to adopt a resistant phenotype.?®

The extracellular polymeric matrix can play a major role
in increasing the resistance of endodontic biofilm against
root canal irrigants and medicaments.'® Amongst the fac-
tors contributing to this resistance are: the ability of the
extracellular polymeric matrix to facilitate adhesion of the
biofilm structure to the tooth surface and provide mechan-
ical stability to the biofilm. The matrix is a source of nutri-
tion during starvation conditions.® Moreover, the close
proximity of the bacterial cells within the biofilm structure
facilitates microbial communications such as exchange
of genetic information and communication between cells
(quorum sensing) in the regulation of gene expression and
microbial synergy.'® Additionally, the extracellular polymer-
ic matrix was shown to decrease the penetration rate of
antimicrobial agents.?!

Another factor associated with the high virulence of endo-
dontic pathogens in a biofilm state is their ability to dem-
onstrate dissimilar gene expression patterns compared
with those microorganisms found in a planktonic state. As
a result, microbial biofilm is found to be more resistant to
antimicrobial agents.?223

Antibacterial mechanisms of nanoparticles
The use of nanoparticles as antimicrobial agents has
recently attracted considerable attention in the medical

field as a result of their superior antibacterial properties
compared with those of other antimicrobial agents together
with a low potential to produce microbial resistance.?* The
antimicrobial activity of nanoparticles against different
microorganisms differs from that of its original bulk
state?® and may vary according to the different types of
nanoparticles.?

The efficacy of the nanoparticles to eliminate bacterial
cells is attributed to the concurrent effect of two different
mechanisms (Figure 1). One involves the binding of
nanoparticles to the targeted bacterial cell membrane
through electrostatic forces, causing an alteration in the
membrane potential, depolarization and eventually loss of
membrane integrity.2® This results in disturbance of major
bacterial cell functions such as respiration, transportation
of nutrients and disturbance of energy transduction,
leading subsequently to bacterial cell death.?® The second
mechanism includes the production of oxygen free-
radicals such as reactive-oxygen species (ROS) that can
influence survival of the bacterial cell by blocking the
protein function, destroying DNA and resulting in excess
radical production.?”

Antimicrobial efficacy of nanoparticles in endodontics
Different types of nanoparticles have been investigated
recently in different forms in in vitro studies to evaluate
their efficacy against endodontic pathogens.'?®2° The
nanoparticles used in these studies broadly can be
classified into three categories according to their nature:
metallic or inorganic, polymeric and bioactive non-organic
nanoparticles.

Antibacterial efficacy of metallic or inorganic nano-
particles

The antibacterial effect of metallic or inorganic
nanoparticles such as silver, magnesium and zinc oxide
against endodontic pathogens have been evaluated in
many in vitro studies.®**2 Among these, the antibacterial
effect of silver nanoparticles was the most commonly
considered in the literature.

Silver nanoparticles (Ag-NPs)
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Figure 1: Diagrammatic representation of the antibacterial mechanisms of
nanoparticles
(A) Toxicity through production of reactive oxygen species (ROS),
(B) Nanoparticles attach to bacterial cell membrane causing toxicity through
cell membrane damage.

STRONGER
REPAIR

DENTIST RECOMMENDED
BRAND FOR SENSITIVE TEETH*

*Project Touchstone December 2016. For any product safety
issues, contact GSK on +27 11 745 6001 or 0800 118 274

REPAIR

& PROTECT

NO

SENSODYNE



CLINICAL REVIEW

The antimicrobial properties of silver nanoparticles were
first demonstrated by Jose Ruben et al.*® Silver nanoparti-
cles have the ability to bind to the negatively charged part of
the bacterial cell membrane, disturbing its functions such as
permeability and respiration, causing leaking of the cytoplas-
mic content and eventually rupture of the bacterial cell. As a
result, the nanoparticles will infiltrate inside the cytoplasmic
content and interact with sulphur- and phosphorus- contain-
ing proteins such as DNA and RNA, causing further damage
to the bacterial cell.®® Additionally, the silver nanoparticles
release silver ions when in contact with an aqueous media,
further disturbing the bacterial functions.®*%"

Wu et al. evaluated the effect of silver nanoparticles in a
concentration of 0.1% as an endodontic irrigant solution
and as a gel in two different concentrations (0.02% and
0.1%) against Enterococcus faecalis biofilm.®' The solution
did not cause any major change to the structure of E
faecalis biofilm. However, the use of silver nanoparticles
in a gel form with a concentration of 0.02% had the
ability to disrupt the structural integrity of the E. faecalis
biofilm more than a 0.01% silver nanoparticle gel and thus
decreased the number of viable bacteria.®'

The antibacterial effect of silver nanoparticles as an
intra-canal medicament in a paste form was evaluated
by Buruniera et al®® Three different carriers for silver
nanoparticles were used in their study, namely;
hydroxyethylcellulose polymer, carbomer polymer gel and
polyethylene glycol. The antibacterial efficacy of these
new materials was evaluated against different bacterial
species such as E. faecalis, Pseudomonas aruginosa,
Streptococcus mutans, E. coli and Staphylococcus aureus.
This study showed that the use of silver nanoparticles when
loaded into different types of carriers had an antibacterial
effect against the tested bacterial species. Additionally, the
use of hydroxyethylcellulose polymer gel as a vehicle for
silver nanoparticles provided the maximum homogeneity
and fluidity as a carrier compared with the other materials
and thus resulted in improved antibacterial properties.®®

Silver nanoparticles may hold different surface charges
and the effect of these variations on their antibacterial
efficacy was evaluated by Abbaszadegan et al®® The
efficacy of three preparations having surface charges of
neutral, negatively-charged or positively-charged against
planktonic cells of E. faecalis was compared with that of

Table 1: Summary of studies that evaluated the antimicrobial effect of metallic nanoparticles against some endodontic pathogens
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sodium hypochlorite and chlorhexidine. Positively-charged
silver nanoparticles showed a minimal effect against the
tested bacterial species. However, unlike with neutral
and negatively-charged silver nanoparticles, sodium
hypochlorite and chlorhexidine, the minimal antibacterial
effect was still shown with the positively charged silver
nanoparticles at lower concentrations. Additionally, some
tissue inhibitors, such as dentine powder or the remnants
of pulp tissue, that have the ability to inhibit the antibacterial
effect of root canal medicaments,*® were shown to have
no such effect on the antibacterial properties of the
positively-charged silver nanoparticles even after 24 hours
contact time. The study concluded that the antibacterial
effects of different surface-charged silver nanoparticles,
sodium hypochlorite, and chlorhexidine depended on
their concentrations and the contact time.*®

Furthermore, silver nanoparticles were shown to enhance
the antibacterial properties of some intra-canal medica-
ments such as calcium hydroxide, as has been demon-
strated by Afkhami et al. in their study which tested the
effect of the combination on E. faecalis.*'

The use of silver nanoparticles as an antimicrobial agent
against endodontic pathogens shows promise. However,
further investigation is required to evaluate any effect on
the colour stability of the tooth structure, the dentine sur-
face and possible cytotoxic actions on human cells.

Magnesium-containing nanoparticles (Mg-NPs)
Magnesium-containing nanoparticles were suggested
for use as antimicrobial agents against endodontic
pathogens due to their known antibacterial properties
against gram-positive and gram-negative bacteria, spores
and viruses.?® Magnesium-containing nanoparticles are
either magnesium-oxide nanoparticles or magnesium-
halogen-containing nanoparticles such as chlorine,
bromine and fluorine.?®#? The antimicrobial properties of
magnesium-containing-nanoparticles were thought to
be due to multiple mechanisms. Similar to the common
antimicrobial mechanisms of nanoparticles, magnesium-
halogen-containing nanoparticles infiltrate inside the
bacterial cell, resulting in a disturbance in the membrane
potential. The penetration facilitated the DNA binding and
lipid peroxidation effects of the nanoparticles, causing
more destruction of the bacterial cell.** Magnesium-oxide
nanoparticles were found to be bactericidal when present
in an aqueous form as a result of the action of superoxide
anions that formed on the bacterial cell surface.**

The antibacterial efficacy of different concentrations of
magnesium oxide nanoparticles (5 mg/L and 10 mg/L)
and 5.25% sodium hypochlorite and 2% chlorhexidine
against endodontic pathogens such as E. faecalis, S. au-
reus and Candida albicans was studied by Monzavi et al.*°
The results showed no significant differences in the anti-
microbial efficacies of the irrigant solutions used against
the tested endodontic pathogens. However, the inclusion
of magnesium oxide nanoparticles in an irrigant solution
produced extended antibacterial activity when compared
with sodium hypochlorite.*°

CLINICAL REVIEW

Zinc oxide nanoparticles (ZnO-NPs)

Zinc oxide nanoparticles showed high antibacterial ef-
fectiveness,*54¢ destroying microbial cells in a higher pH
environment.*” The antibacterial mechanism of zinc oxide
nanoparticles is similar to that of other types of nanoparti-
cles, causing increased permeability of the cell wall mem-
brane, a release of cytoplasmic content and cell death.*®
The bactericidal effect of zinc oxide nanoparticles was
shown to be related to size, the smaller the size the higher
the antibacterial effect and the production of reactive oxy-
gen species such as hydrogen peroxide when in contact
with an aqueous medium.#4749-51 Additionally, zinc oxide
nanoparticles can produce zinc ions inside the bacterial
cell causing disturbances in its enzymatic system and the
mechanism of amino acid metabolism, resulting in further
damage.® The antibacterial effect of zinc oxide nanoparti-
cles has been shown to depend on concentration, higher
levels resulting in the maximum antibacterial effect.*

The antibacterial and antibiofilm efficacy of zinc oxide na-
noparticles against some endodontic pathogens such as E.
faecalis were assessed by Kishan et al.*? It was shown that
zinc oxide nanoparticles can reduce the colony forming units
of E. faecalis in a biofilm state. The same antibacterial effect
was evident when zinc oxide nanoparticles were incorpo-
rated into a resin based root canal sealer. Also shown was a
95% reduction in the ability of E. faecalis to adhere and form
biofilm in a dentinal wall.>> Another study found that the thick-
ness and structure of the E. faecalis biofilm was reduced and
disrupted after 72 hours contact time with zinc oxide nano-
particles but concluded that zinc oxide nanoparticles have
the ability to eliminate E. faecalis in a planktonic state but not
in a biofilm state.?® Varying degrees of antibacterial effects
against P. aeruginosa, E. faecalis, C. albicans, S.aureus and
Kocuria rhizophila were shown when zinc oxide nanopar-
ticles were incorporated into polyethylene glycol to form a
creamy mix and used as an intra-canal medicament.?®

Several studies also shown the antibacterial effect of us-
ing metallic nanoparticles against endodontic pathogens
(Table 1). However, further developments in understanding
their chemical structure are required if their antimicrobial
properties are to be enhanced and further clinical testing
of the antibacterial effects should be undertaken.

Application of polymeric nanoparticles in endodontics
Chitosan nanoparticles

Polymeric nanoparticles gained significant interest amongst
researchers as a result of their biocompatible and antimicro-
bial properties.®® Chitosan nanoparticles (Cs-NPs) are one of
the commonly investigated polymeric nanoparticles in en-
dodontics. Chitosan is a natural polysaccharide® that is ob-
tained by deacetylation of chitin,®® one of the most abundant
polysaccharides in nature that forms most of the external skel-
eton of arthropods such as crabs and shrimps.5¢ Chemically,
chitin is composed of (1-4)-linked 2-acetamido-2-deoxy-f-D-
glucose.®” A modification in the structure of chitin in which
the acetyl group is reduced by 40% to 35% by chemical
hydrolysis in alkaline solution and high temperature produc-
es a new chemical formula that consists of a copolymer of
(1-4)-2-amine-2-deoxy-B-D-glucan and (1-4)-2-acetamide-2-
deoxy-B-D-glucan which is known as chitosan.5®
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Table 2: Summary of studies that evaluated the antimicrobial effect of chitosan nanoparticles against some endodontic pathogens

Microorganism
tested

Kishan et al (2008)  E. faecalis in a bioflm  As an irrigant solution and
Shertha et al and a planktonic state ~ when added to a zinc oxide
(2010) based sealer

Shertha and E. faecalis in planktonic  Using photodynamic therapy

Kishen (2014a) and biofim state

Shertha and
Kishen (2014b)

S. Oralis, R intermedia,
A. naeslundii biofilms
nanoparticle

DasSilva (2013) E.faecalis biofilm

by incorporating rose bengal
in chitosan nanoparticles in the
presence of tissue inhibitors

Photodynamic therapy
using rose bengal chitosan

Chitosan nanoparticles

Complete elimination in planktonic state and signifi-
cant reduction against E. faecalis in a biofilm state

Complete elimination of E. faecalis with chitosan
nanoparticle rose bengal mixture in the absence of
tissue inhibitors

Presence of tissue inhibitors delayed the antibacterial
action up to 24 hours

Pulp tissue remnant and bovine serum albumin had
the highest inhibitory effect

Photodynamic therapy using rose bengal chitosan
nanoparticle can eliminate the tested microorganisms

The mixture inhibits E. faecalis biofilm formation

incorporated with zinc oxide

eugenol sealer

Although the antimicrobial efficacy of chitosan was as-
sessed by several investigators, the antibacterial mecha-
nism of chitosan has not yet been fully clarified. Several
hypotheses have been postulated, based on its cationic
nature.®® Chitosan with low molecular weight was con-
sidered to have the ability to penetrate the bacterial cell
membrane and then to bind to the DNA, inhibiting its tran-
scription and mRNA synthesis, while chitosan with high
molecular weight was surmised to bind to the negatively
charged components of the bacterial cell wall, forming an
impermeable layer and blocking transportation into the
cell.®® Another alternative hypothesis for the antibacte-
rial mechanism of chitosan is thought to be as a result of
its ability to bind to the negatively charged bacterial cell
membrane, increasing its permeability and ultimately re-
sulting in leaking of the cytoplasmic contents and bacte-
rial cell death.®' Others postulated that as chitosan has the
ability to chelate metals microbial growth was inhibited by
reducing enzyme activity through metal chelation.®?

In endodontics, the use of chitosan nanoparticles as an
antimicrobial agent was investigated against some endo-
dontic pathogens (Table 3). Kishan et al.*2 and Shertha et
al.?® showed that chitosan nanoparticles can completely
eliminate E. faecalis pathogens present in a planktonic
state, and can cause a significant reduction of bacteria in
the biofilm state.2 32

Chitosan nanoparticles can be used as a drug carrier.%®
This property was utilized by Shertha and Kishan by
conjugating a photosensitizer material (rose bengal) to
the chitosan structure and then evaluating its antimi-
crobial property against biofilms of E. faecalis, Strepto-
coccus oralis, Prevotella. intermedia, and Actinomyces
naeslundi.®® They showed that such a conjugation can
destroy the bacterial cell membrane of the tested bacte-
rial species and then can penetrate deep into the biofilm
structure of the tested species reducing the biofilm thick-
ness and the number of microbial cells.5®

The presence of some tissue factors such as dentine
powder, dentine matrix and remnants of pulp tissue within
the root canal system was shown to inhibit the antimicrobial
properties of some endodontic disinfectants.®4® The
effect of these tissue factors was evaluated by Shertha
and Kishan against the antimicrobial properties of
synthesized chitosan nanoparticles conjugated with rose
bengal as photosensitizer.®® Remnants of bacterial tissue
and dentine powder reduced the antibacterial efficacy of
the conjugated solution in the first few hours. However,
complete elimination of the tested bacteria before and
after application of low energy photodynamic light was
shown after 24 hours.®®

Chitosan nanoparticles were incorporated into a zinc-
oxide eugenol based sealer and were assessed for their
antibacterial effect against E. faecalis biofiim on bovine
root dentine treated by phosphorylated chitosan, chitosan
conjugated with rose bengal and a combination of phos-
phorylated chitosan and chitosan conjugated with rose
bengal, respectively. There was an inhibition of E. faecalis
biofilm formation, the degree of inhibitory effects varying
with the different treatment solutions used.®”

Bioactive glass nanoparticles

In 1971 a new material with antibacterial properties and
that can bond to the bone structure was developed. The
developed material consisted of 45% SiO,, 24% Na,O,
24.5% Ca0 and 6% P,0, and was named Bioglass.®®
The antimicrobial property of bioactive glass material was
shown to be through its ability to: [i] release its ions when
it came into contact with an aqueous medium, [ii] increase
the surrounding pH [iii] increase the osmotic pressure
around the bacterial cell causing inhibition of bacterial
growth and [iv] to precipitate calcium and phosphate ions
in the bacterial cell membrane, disturbing its functions.®®
The use of 4555 bioactive glass nanoparticles was found
to produce better antibacterial effects against E. faeca-
lis than micro-sized bioactive glass particles.”” However,
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Zehnder et al showed that calcium hydroxide is more ef-
fective than 20 — 60 nm sized bioactive glass nanoparti-

CLINICAL REVIEW

endodontics: a review. Journal of International Society of Pre-
ventive & Community Dentistry 2015;5:1-12.

cles against E. faecalis.”’ 12. Siqueira JF, Rélgas IN, Ricucci D. Biofilms in endodontic infec-
tion. Endodontic Topics 2010;22:33-49.
) . ) L 13. Ramachandran Nair PN. Light and electron microscopic stud-

The use of bioactive glass nanoparticles as an antimicro- ies of root canal flora and periapical lesions. Journal of Endo-

bial agent as a replacement for the commonly used endo- dontics 1987:13:29-39.

dontic disinfectants is still an area of controversy as are- 14, Mohammadi Z, Palazzi F, Giardino L, Shalavi S. Microbial bio-

sult of the variation in results obtained by different studies films in endodontic infections: an update review. Biomedical

regarding their efficacy against endodontic pathogens. Journal 2013;36:59. . o

More studies after further improvement in the synthesis of 19+ Kokare G, Chakraborty S, Khopade A, Mahadik K. Biofilm:

bioactive glass nanoparticles are needed. Importance and applications. Indian Journal of Biotechnology

2009;8:159-68.
16. Flemming H-C, Wingender J. The biofilm matrix. Nature Re-

DISCUSSION views Microbiology 2010;8:623-33.

The large number of nanoparticle materials available today ~ 17- Tronstad L, Sunde PT. The evolving new understanding of en-

provide multiple choices for their use in in the medical field. dodontic infections. Endodontic Topics 2003;6:57-77.

. . . 18. Siqueira JF, Rogas IN. Present status and future directions in

Curreht enldodontlc rgsearoh is focused on Ievaluatmg the endodontic microbiology. Endodontic Topics 2014;30:3-22.

antimicrobial properties of some nanoparticles as New 19 kolenbrander PE, Paimer RJ, Periasamy S, Jakubovics NS.

agents against endodontic pathogens. Available studies Oral multispecies biofilm development and the key role of cell-
show that there is promise in the use of different types of cell distance. Nature Reviews Microbiology 2010;8:471-80.
nanoparticles as antimicrobial agents especially against 20. Kishen A. Advanced therapeutic options for endodontic bio-

persistent endodontic pathogens such as E. faecalis. Whilst films. Endodontic Topics 2010;22:99-123. o

it appears that some of the shortcomings, of traditional 21 Costerton JW, Stewart PS, Greenberg EP. Bacterial bio-

o ) films: a common cause of persistent infections. Science
root canal irrigants and medicaments can be overcome, 1999:284:1318-22.

more in-vitro and in-vivo studies are needed to evaluate 55 Bejoin C, Valle J, Latour-Lambert P, et al. Global impact of ma-

which nanoparticles are more appropriate for use as a root ture biofilm lifestyle on Escherichia coli K12 gene expression.

canal irrigant solution, intra-canal medicament, or even Molecular Microbiology 2004;51:659-74.

bioactive root canal filling material, which is still an area of ~ 23. Sauer K, Camper AK, Ehrlich GD, Costerton JW, Davies

further investigation. Also, the antimicrobial effects of the DG. Pseudomonas aruginosa displays muittiple phenotypes
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