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KEYWORDS Abstract The LuxS quorum sensing system is considered as the main system that most of the oral
LuxS: bacteria use to communicate in order to create biofilms. Here we identified 11 of the most important
Quorum sensing; biofilm formers that utilize the LuxS system and presented current and recent information regarding
Biofilm; this system. Though different bacterial species are able to communicate thorough the LuxS system,
Oral microflora; it was also found that cross kingdom communication can occur between bacteria and fungi and bac-
Oral immune response teria and epithelial cells. Immune response also plays and important role in mitigating the effects of

biofilms. Here we identified 6 of the most important molecules that are involved in the immune
response to biofilms. These immune molecules maintain the stability in the oral cavity by preventing
bacteria from overwhelming the space and simultaneously minimizing the immune response in
order not to cause tissue damage. Here we also discuss current research being done in order to
maintain the balance in the oral cavity via inhibiting biofilm formation without eradicating oral
bacteria in order to prevent the overgrowth of other organisms such as Candida albicans. One
approach being used is inhibiting AI-2 intermediates which leads to lack of quorum sensing com-
munication between bacteria through the use of intermediate analogues. Another approach that
found success is the utilization of D forms of sugars where D-ribose and D-galactose have been pro-
ven to inhibit the LuxS system and subsequently preventing the process of quorum sensing leading
to the reduction in biofilm formation.
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1. Introduction

Oral microbiology, though harmless in most cases, tend to
form biofilms in the oral cavity. Studies conducted on oral cav-
ity mucosa have shown that the body responds to the presence
of bacteria by triggering an immune response in addition to
various pathways contributing to survivability of cells and
apoptotic behavior (Ebersole et al., 2019). One of the major
tools that bacteria utilize to communicate with each other is
Quorum sensing. It is essentially the language that bacteria
communicate with (Shao and Demuth, 2010). The language
is communicated through releasing of proteins known as
autoinducers. It was found that when growing bacteria in lig-
uid broth, removing bacteria will leave behind a trail of pro-
teins that could send messages to other bacteria in order to
communicate (Nealson and Hastings, 1979). This communica-
tion is believed to be cross species (Lewenza et al., 2002; Riedel
et al., 2001). While Pseudomonas and Burkholderia bacterial
species are known to be able to cross communicate utilizing
N-acylhomoserine lactone dependent quorum sensing,
encoded by Lux/ and LuxR, such product have not been iden-
tified in oral bacterial biofilms. Even though the research field
on oral biofilm has been studied extensively, the detection of
such compounds has been overlooked in addition to the fact
that genetic material studies did not indicate the presence of
N-acylhomoserine, however, saliva studies did show that it
contained some N-acylhomoserine indicating the presence of
the protein (Kumari et al., 2006; Kumari et al., 2008). The
main challenge is that only half of the bacteria in the oral cav-
ity are cultivable, while the other half can be detected only
through the presence of their DNA which greatly hinders the
ability to study the whole microbiota of the oral cavity
(Chen et al., 2010; Dewhirst et al., 2010).

Later it was found that there were other communication
proteins designated as autoinducer-2 (Al-2), encoded by LuxS
(Surette et al., 1999). It was also found that the AI-2 system
contributes to antibiotic resistance in bacteria giving it even
further importance medically due to the dire situation with
wide spread antibiotic resistance (Ju et al., 2018). Even with
the current knowledge, there is still a lot that is unknown
about quorum sensing in biofilms.

It was found that the communication between bacteria in
order to form and co-exist in biofilms is extremely important
for the survival of the bacteria, but also a major source for oral
diseases. The fight to control oral bacterial biofilm has long
existed even before the current knowledge in biofilms. Biofilms
are communities of bacteria tightly growing together on sur-
faces and providing shelter and nutrient to each other by

secreting extracellular sugars and other materials. As a result,
bacteria become a very tight knit community that is hard to get
rid of. Many studies have been done to break-down bacterial
biofilms yet nothing has reached satisfactory results and phys-
ical removing of bacteria via tooth brushing remains as the
hallmark for oral hygiene (Darby, 2009; Hellstrom et al.,
1996). But the problem remains with deep pocket infections
within the oral cavity that physical removal of bacteria is not
possible. With periodontal diseases being classified as a serious
health problem, 5 to 20 of adults suffer from such diseases
(Petersen et al., 2005). With biofilms remaining as the predom-
inant problem with oral cavity infections, little is known about
chemical and genetic interaction of bacteria to coexist with
each other in biofilm communities where they remain pro-
tected and continue to cause harm when present in unwanted
areas throughout the oral cavity. Though short term presence
of bacterial biofilms in the oral cavity may not be harmful,
long term presence will lead to sever illnesses.

In this article, we will summarize the current knowledge
about oral bacteria quorum sensing and its relationship to bio-
film formation while emphasizing the major known genes
responsible for these actions and the immune response genes
that are activated as a result of being exposed to bacterial
biofilms.

2. Biofilms and the LuxS system of oral bacteria:

Oral bacteria form biofilms in the oral cavity in order to pro-
tect from harmful agents in addition to forming communities
to feed and nourish themselves (Hall-Stoodley et al., 2004).
The bacteria involved in most known pathogenic oral infec-
tions are listed in Table 1 and biofilm capabilities discussed
in this segment. Oral bacteria communicate with a quorum
sensing systems to send protein signals between each other.
These signals affect multiple aspects of the oral biofilm includ-
ing carbohydrate metabolism, biofilm structure and biofilm
composition (Brambilla et al., 2016; Tong et al., 2011). One
of the most well studied bacteria in terms of cariogenic activi-
ties is Streptococcus mutans (Fumes et al., 2018; Salli and
Ouwehand, 2015). Recent studies have shown that the bac-
terium could communicate with other streptococci utilizing
the LuxS system. Recently, it was found by Wang et al that
S. mutans and S. gordonii quorum sensing mechanism affected
multiple aspects of the dual bacteria biofilm and also increased
susceptibility to chlorohexidine (Wang et al., 2017). Gene
expression analysis of genes involved in S. mutans biofilm for-
mation was also assayed in this study. It was found that spaP,

fruAd, gtfB, gtfC and gtfD were all upregulated when 0.1uM of
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Table 1 Overview of the most important oral biofilm bacteria that have the Lux quorum sensing system.

No. Bacterium Quorom Lux Protein Important notes
system
1 Burkholderia Spp. (Riedel et al., 2001) LuxI/LuxR N-acyl homoserine Transient oral bacteria that uses
(AHL) the AHL system found in gram

2 Pseudomonas aeruginosa (Riedel et al., 2001) LuxI/LuxR (AHL) negative bacteria and found in
saliva

3 Vibrio harveyi (Bassler, 1999; Nealson et al., 1970) LuxI/LuxR/LuxS  AHL and AI-2 Not an oral bacterium, but able
to use both quorum sensing
systems and main model used to
understand the Lux system

4 Porphyromonas gingivalis (Frias et al., 2001) LuxS Autoinducer-2 (AI-2) Three important oral bacteria

5 Fusobacterium nucleatum (Frias et al., 2001) LuxS Al-2 that belong to the same genera

6 Prevotella intermedia (Frias et al., 2001) LuxS Al-2

7 Streptococus mutans (Sztajer et al., 2008) LuxS Al-2 Oral gram positive and gram

8 Streptococcus gordonii (Cuadra-Saenz et al., 2012) LuxS Al-2 negative bacteria notorious for

Streptococcus oralis (Cuadra-Saenz et al., 2012) LuxS Al-2 forming oral biofilms
9 Agregatibacter actinomycetemcomitans (Fong et al.,  LuxS Al-2
2001)

10  Eikenella corodens (Azakami et al., 2006) LuxS Al-2

11  Enterococcus faecalis (Laganenka and Sourjik, 2018)  LuxS Al-2

12 Escherichia coli (Li et al., 2007) LuxS Al-2 Transient oral bacteria

AI-2 was added to the culture. spaP is onvolved in adhesion of
bacteria while fruA is involved in biofilm formation and gt¢fB,
gtfC and gtfD are involved in both adhesion and biofilm for-
mation and are all considered to be cariogenic genes. The
result in biofilm formation complemented the results of the
gene expression study. However, when adding 10uM of AI-2,
it was found that there was no significant increase of gene
expression when compared to the negative control indicating
the importance of AI-2 in the formation of biofilms for S.
mutans. This is a significant finding in understanding the role
of quorum sensing in biofilm formation. It was also found
the AI-2 affected biofilm formation between S. gordonii and
P. gingivalis (Mcnab et al., 2003). The authors identified the
presence of the Lux.S gene in S. gordonii and proceeded to cre-
ate a knock out of the LuxS gene; the resulting bacteria were
unable to produce AI-2 which resulted in almost no reduction
in the S. gordonii biofilm formation capabilities. However,
when analyzing biofilm capabilities for P. ginigivalis, it was
found that when co-culturing with S. gordonii, only the strain
that had the Lux.S was able to lead to a co-culture biofilm. This
indicated that LuxS and AI-2 from S. gordonii are essential for
the ability of P. ginigivalis to produce biofilms. The authors
were able to also show their results via confocal laser micro-
scope. Visualizing the bacteria in the co-cultured biofilm had
shown that P. gingivalis only stayed on the surface of the S.
gordonii biofilm layer. It was also reported that AI-2 involve-
ment in the co-culture biofilm affected carbohydrate metabo-
lism as well. Four proteins involved in carbohydrates
metabolism were overproduced as a result of AI-2 stimulation
including GTF, YIbN-like protein, fructanase and tagatose
1,6-diphosphate aldolase (Mcnab et al., 2003). The breakdown
of carbohydrates will ultimately lead to the contribution of
biofilm formation and eventually dental caries (Pitts et al.,
2017; Yu et al., 2017).

Recent studies have showed that cross communication
between different species of microorganisms in the oral cavity
may occur. The communication between cross species of

S. mutans and C. albicans has been established (Koo et al.,
2018). Bachtiar et al/ have shown that sending messages
between Agregatibacter actinomycetemcomitans bacterium
and Candida albicans, which is an opportunistic fungal species
found in the oral cavity, was possible through activation of the
LuxS gene (Bachtiar and Bachtiar, 2020). The releasing of the
AI-2 from A. actinomycetemcomitans lead to a decrease in bio-
film formation by the C. albicans and an increase in the biofilm
formation by S. mutans. This indicated that AI-2 from A acti-
nomycetemcomitans is required to push S. mutans to produce
more biofilm while causing C. albicans to reduce biofilm pro-
duction. This is another example of the cross species talk that
could occur as a result of the quorum sensing activity of oral
bacteria. Another role for the AI-2 has been shown in A acti-
nomycetemcomitans and P. gingivalis where it was found that
AI-2 also regulates iron chelation and acquisition (Fong
et al., 2003; James et al., 2006). Iron deficient media have
shown to reduce the growth of bacteria indicating the impor-
tance of iron for cell to cell signaling and the survivability of
oral bacteria (James et al., 2016). This supports the idea that
bacteria survive in the oral cavity by providing support to each
other utilizing cross species quorum sensing communication.
In most cases the LuxS system is released in connection to
environmental stress as a signal for survivability measures
including DNA repair and nutritional acquisition (Yuan
et al., 2005). Laganenka et al were also able to show that
Al-2 from E. faecalis was able to significantly increase biofilm
formation activity in the bacterium E. coli (Laganenka and
Sourjik, 2018). Through measuring of cell viability in a static
fashion, it was shown that cell numbers were higher when
E. coli and E. faecalis were co-cultured together. Utilizing flu-
orescence microscopy, the authors were able to show that
E. coli aggregates were 3 times larger after just 2 h of co-
culturing. It was also shown that the increase in biofilm activ-
ity was specifically due to the presence of AI-2. Interestingly,
the increase in biofilm capabilities of E. coli was irrelevant of
bacterial contact indicating that the message was sent via Al-
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2. When measuring the response of co-cultured E. coli and E.
faecalis to oxidative stress, it was reported that co-cultured
biofilms were 17% more resistant than single bacteria biofilm
indicating stress response is an inducer to AI-2 release
(Laganenka and Sourjik, 2018). Although E. coli is not known
as the other oral bacteria, it is present in the oral cavity in a
transient fashion, other Gram positive bacteria my increase
their virulence by quorum sensing communication through
the LuxS system. With the presence of other Gram negative
bacteria that are considered enterobactereacae, such as Kleb-
siella, such co-culture mechanism may be of significant impor-
tance in oral diseases, especially in Gram negative organism.

3. Immune response

The immune response of the oral mucosa to the presence of
oral biofilms is important to keeping bacterial activity in check
in the oral cavity. Many genes have been identified as being
essential for a normal immune response (Mancl et al., 2013).
Little information is known about the extensiveness of the
immune response for the constant presence of the naturally
occurring oral bacteria. Though many genes have been identi-
fied, the constitutive expression nature of these genes has not
been studied extensively. Here we will summarize some of
the most important immune response molecules that are
responsible for controling oral microbiom. Most of proteins
encoded by these genes have been identified either in the oral
mucosa or saliva. Table 2 demonstrates the most important
molecules that will be discussed in this section.

The slgA immunoglobulin is one of the most important
antibodies produced in the mucosal membranes to protect
against bacteria in general. It is composed of two IgA type
immunoglobulins, 1 and 2, found in dimeric form
(Macpherson and Slack, 2007). This immunoglobulin is not
only found in the mucosa, but it is also secreted in saliva
and found to be stimulated by the important cariogenic bac-
terium S. mutans (Van Nieuw Amerongen et al., 2004). The
important function of immunoglobulins is to prevent massive
overgrowth of biofilms and not the eradication of the bac-
terium indicating the importance of growth control rather than
the elimination of bacteria (Van Nieuw Amerongen et al.,
2004). There is no work to be found that has connected bacte-
rial AI-2 to the production of slgA. It is expected there will be
a correlation between the slgA protein and AI-2 if such study is
conducted.

Table 2 Most important biofilm immune response molecules.

No. Immune Role
molecule
1 slgA Dimeric IgA produced in large amounts in

saliva

2 Hsp70 Heath shock chaperone protein

3 oPMN Circulating neutrophils capable of rapid
mobility

4 MMp Enzyme involved in destruction of
extracellular matrix

5 TNF Cytokine involved in cell destruction and
bone remolding

6 IL-1 Interleukin involved in tissue and bone

destruction

Hsp70 is a stress response protein known in cellular heat
shock response. It is a chaperone protein and is believed to
be constitutively expressed and involved in the immune-
response of the oral cavity (Fabian et al., 2007). It has extracel-
lular cytoprotective properties and stimulates the production
of natural killer cells leading to increased cell defense
(Fabian et al., 2004). Although there is very little research done
to connect oral biofilm and AI-2 to the production of Hsp70,
Tsakmakidis et al/ have shown that common oral bacteria such
as Agregatibacter actinomycetemcomitans and S. oralis
enhance the production of Hsp70 peri-implant mucosal cells
defense mechanism against these bacteria (Ingendoh-
Tsakmakidis et al., 2019).

Matrix metalloproteinases (MMp), Tumor Necrosis factor
(TNF) and interleukin 1 (IL1) are a part of one immune
response system that is activated when lipopolysaccharides
(LPS) is released from Gram negative oral bacteria (Page
et al., 1997). MMp and TNF mediate epithelial cell destruction
and extracellular matrix breakdown during inflammation
allowing for new tissue growth and allowing for infiltration
of leukocytes into the area of infection (Darby, 2009;
Ohlrich et al., 2009). The role of Gram negative bacteria in
oral biofilms may significantly increased as a result of activat-
ing this inflammatory pathway. On the other hand, ILI
together with TNF are involved in some minor aspects of
mediating bone loss (Page et al., 1997). The increase in inflam-
mation is believed to help with increase in biofilm formation by
means of cellular secretions providing some nutrients to the
bacteria and allowing for extensive growth (Darby, 2009)

It has been recently shown that the epithelial cells are capable
of producing a mimic of AI-2 in order to communicate with the
bacteria (Ismail et al., 2016). However, only AI-2 like activity
was detected. Though the cell lines tested were not oral epithelia
cell lines, it is feasible that oral epithelial cell lines will react in a
similar manner. For example the bacterial genes that were found
to be associated with stimulating such communication in Vibrio
harveyi were VIBHAR_RS11610, VIBHAR_RS11600, VIB-

Fig. 1 3D structure of the VIBHAR_RS11600 DNA binding
protein as it was predicted by the Phyr2 protein prediction
software.
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HAR_RS16700 and VIBHAR_RS04115. It was found that VIB-
HAR_RS11600 had a DNA binding site indicating potential
role in regulation of AI-2 mimic gene expression. Running VIB-
HAR_RS11600 through Phyre 2 software for protein prediction
demonstrated that the DNA binding domain (Fig. 1) is identical
to many transcriptional regulatory protein in other bacterial
species such as E. faecalis, S. epidermidis, S. aureus and K. pneu-
moniae. This indicates a potential role for these bacteria and the
ability to induce host-bacteria communication and stimulating
AI-2 mimic from various epithelial cells in the human body.
However DNA sequence comparison did not show any homol-
ogy with any other bacteria except for various species of Vibrio.

Oral Polymorphonuclear Neutrophils (0PMNs) are acti-
vated by plaque biofilm as a defense mechanism
(Rijkschroeff et al., 2018). Its main function is to balance the
presence of oral bacteria and the health of the oral cavity.
When oPMNs are over produced it leads to oral tissue damage
and eventually increase inflammatory response. oPMN circu-
late in the blood system and is able to be rapidly mobilized
to the oral cavity in response to inflammation inducers
(Borregaard, 2010; 37 Furze and Rankin, 2008). It was shown
that oPMNs can be found in saliva and oral rinses of dental
patients, and even a much larger increase in patients with peri-
odontitis indicating its importance in the control of oral micro-
biology (Loos, 2016). Despite that, similar to previous
immune-response proteins, there is little to no work done to
connect the release of oPMNs to the production of the impor-
tant quorum sensing molecule AI-2.

4. Inhibition of biofilms through discovery of AI-2 inhibitors

Due to the well-established role of AI-2 in biofilm formation
and quorum sensing, the idea of inhibiting AI-2 as a preventive
measure for reducing oral biofilms has been studied with var-
ious compounds. Weiland- Briuer et al have done some
metagenomics analysis in order to search for potential proteins
that would inhibit both the AHL and AI-2 systems (Weiland-
Briuer et al., 2016). They were able to identify 142 for AHL
and 13 for AI-2 as Quorum Quenching proteins (QQ). The
QQ proteins were able to inhibit biofilms from E. coli, B. sub-
tilis and S. aureus but not P. aeruginosa which uses the AHL
system instead of the AI-2 system (Sauer et al., 2002).
Although all four organisms are mostly transient residents of
the oral cavity, the concept of AI-2 inhibition could be applied
on the more permanent oral organisms as well. Muras et al
tested extract of the marine bacterium Tenacibaculum sp. and
found that the bacterial extract lead to reduction in AI-2 activ-
ity and biofilm formation in three important oral bacteria, S.
mutans, S. oralis and S. dentisani by a significant margin
(Muras et al., 2018). With this bacterium known to produce
toxins and being pathogenic to marine life, the likelihood of
utilizing the extract as treatment is not possible; however, iden-
tifying the particular compound causing inhibition of quorum
sensing may be of significance for future studies (Jal and
Khora, 2015). Another technique that has been used to inhibit
AI-2 is the usage of analogues. Schramm et a/ have used an
analogue for methylthioadenosine nucleosidase, MTAN,
which acts by converting S-adenosylhomocysteine (SAH) to
ribosylhomocysteine, which is an intermediate in AI-2 bio-
chemical synthesis (Schramm, 2007). This finding indicates
that such compounds are capable of interrupting the AI-2 quo-

rum sensing system through provision of intermediate ana-
logues that interfere with biochemical synthesis of AI-2
proteins and therefore reduce or even prevent the synthesis
of biofilm. Interestingly, it has been reported that D-
galactose inhibited biofilm formation in the notorious cario-
genic bacterium S. mutans. Ryu et al showed that D-
galactose reduced biofilm formation significantly at various
concentrations with 20 mM being the maximum effective con-
centration in this particular study by reducing biofilm capabil-
ities by more than 50%. At 200 mM D-galactose, the effect
was nearly identical to that of 20 mM (Ryu et al., 2020). This
was consistent with what the same group have reported earlier
about D-galactose inhibiting AI-2 leading to the inhibition of
biofilm formation of A actinomycetemcomitans and P. gingi-
valis. (Ryu et al., 2016). Choi et al even applied for a US patent
for technology to use D-galactose as a method for inhibiting
AI-2 and therefore inhibit biofilm formation in patients who
need it (Choi et al., 2019). These finding show that D-
galactose is a strong candidate for further studying and analy-
sis for wide spread anti-biofilm use with relatively no toxicity.

The concept of inhibiting biofilm formation in the oral cav-
ity has mostly been done in vitro, providing us with a proof of
concept for such approaches. In order to examine the capabil-
ity of reducing AI-2 in an in vivo model, Cho et al have tested
known anti AI-2 molecules Furanone and D-ribose on peri-
odontal mouse model (Cho et al., 2016). They were able to
show that the addition of D-ribose reduced P. gingivalis num-
bers by more than 31% suggesting that adding D-ribose to
drinking water would help with reduction of biofilms in the
oral cavity. Suzuki et al have hypothesized that Fructanase
binds to AI-2 and inhibits quorum sensing in S. mutans which
in turn reduced biofilm formation significantly (Suzuki et al.,
2017). They were able to show that inhibition occurred not
only to the biofilm mass, but also reduced the production of
other important biofilm ingredients such as eDNA and even
extracellular insoluble carbohydrates such as glucans which
are important in oral biofilm formation. They were able to
show that the inhibition of biofilms occurred at many levels
and not just AI-2 system. This indicates the strength of Fruc-
tanse as anti-biofilm agent as it was thoroughly studied by
Suzuki et al.

5. Conclusion

The importance of AI-2 in oral bacterial biofilm is well estab-
lished. With quorum sensing being a major contributor to bio-
film formation, inhibition of quorum sensing would seemingly
be an effective method of reducing oral diseases as most of
them are caused by oral bacteria forming biofilms. Combating
biofilms while making sure to not kill all the bacteria is a chal-
lenge, specifically when we know that fungal microorganisms,
such as C. albicans, will replace bacteria and start growing in
the oral cavity causing a lot of problems. Having a normal
microflora with little disturbance is ideal in order to maintain
the balance. With a lot of work being done on preventing the
formation of oral bacterial biofilms, inhibition of the LuxS sys-
tem through prevention of the AI-2 protein from sending mes-
sages would be ideal. With the available molecules, such as D-
galactose, that have little toxicity on both the oral epithelium
and bacteria but yet still have the capabilities to prevent bio-
films, it would be ideal to have such compound investigated
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and presented to the public as an oral health preventive mea-
sure. Since most of the work being done on AI-2 being recent,
a lot of work is still to be done to asses such AI-2 inhibitors.
One area of research that was not covered well is the immune
response towards the presence of Al-2. Though AI-2’s role in
oral biofilms has been established, its importance to the
immune response has not been demonstrated. It is expected
to have a role in the immune response since it is found to be
an abundantly used protein. Though this article demonstrated
the most important immune response molecules to biofilms in
the oral cavity, no article was able to show the direct response
of the immune system towards the protein. This will be an
interesting field to observe in the future. One aspect of utilizing
anti-biofilm treatment is that it maintains the presence of oral
bacteria which is needed for a healthy oral cavity, but prevents
the harmful aspects of these bacteria. Two major strategies
that have been implemented in order to counter act biofilm
formation through inhibit of AI-2 mostly involve the use of
analogues or metagenomics analysis to find natural proteins
that could bind to the AI-2 protein and inhibit it. Though com-
pounds like D-ribose and D-galactose have been shown to
inhibit AI-2 communication, the exact method of the inhibi-
tion has not been fully understood. One important oral bac-
terium that was not talked about here is Treponema
denticola. Though it is an important organism in pathogenic
oral biofilms, no report of it having AI-2 has been presented
indicating that it is a receiver of the AI-2 message, but unable
to produce it. It would be interesting to see in the future a
breakdown of bacteria that are capable of producing AI-2
and ones that are only capable of receiving it to get a better
understanding on how oral bacteria biofilm communities
work. Most of the work on AI-2 inhibitors focused on just
the biofilm formation aspect, but Suzuki et a/ have toughly
investigated the response and showed that anti-biofilm activity
affect bacteria at many levels and not just its biofilm capabil-
ities. Even with all the compounds and molecules that have
been identified to interfere with biofilm formation, it expected
that not only biofilm in these organisms would be affected, but
rather a compounded effect is expected to be seen upon deeper
investigations. With the development of current computational
technology, many scientists have taken the rout to use in silico
approaches to identify molecules that inhibit biofilm formation
(Byeon et al., 2017). Such techniques are inexpensive and pro-
vide a lot of information that will allow scientist to work more
comfortably before laboratory experimentation as the potential
for these molecules have already been explored beforehand.
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