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Introduction

The broadly diverse mycobacteria are known to exist 
in wide ranging environments like soil, water, dust etc. 
(Eddyani et al. 2008; Johansen et al. 2020). They have 
been divided into tuberculous and non-tuberculous 
mycobacteria (NTM) (Wolinsky 1992). Non-tuberculous 
mycobacteria (NTM) consist of more than 170 differ-
ent species (Baldwin et al. 2019). While majority of 
them have a worldwide presence, some are endemic to 
certain geographical locations (Hoefsloot et al. 2013). 
NTM are responsible for a wide array of pulmonary, 
extrapulmonary and disseminated diseases affecting 
all organs (Baldwin et al. 2019; Johansen et al. 2020). 
NTM infections are increasing globally owing to a 
multitude of factors (Collins 1989; Faverio et al. 2016). 
Constrained diagnostic capabilities, coupled with high 
degree of antibiotic resistance and lack of vaccines has 
aggravated the problem (Ahmed et al. 2020). 

First identified in 1947, Mycobacterium ulcerans is a 
pathogenic NTM responsible for causing Buruli ulcer 
(Yotsu et al. 2015). M. ulcerans is a fragile (Eddyani et 

al. 2008) environmental bacterial pathogen (Ohtsuka 
et al. 2014), that has an optimal growth temperature of 
30-33oC (Hoxmeier 2014). It has been known to adapt 
to certain ecological niches (Stinear et al. 2007) and 
are transmitted by some aquatic insects, mosquitoes, 
mammals etc. (Stinear et al. 2004; Einarsdottir and 
Huygen 2011). Evidences show that M. ulcerans evolved 
one million years ago by diverging from the common 
ancestor shared by Mycobacterium marinum (Stinear et 
al. 2005). This was made possible by acquisition of a 
plasmid encoding mycolactone and reductive evolution 
(Demangel et al. 2009; Hoxmeier 2014). Mycolactone is 
responsible for the virulence of M. ulcerans (Liu et al. 
2019). M. ulcerans infection results in tissue destruction 
of limbs owing to necrosis of the skin and soft tissues 
(Einarsdottir and Huygen 2011; O’Brien et al. 2019).

The World Health Organization (WHO) considers 
Buruli ulcer as a neglected tropical disease. It has been 
reported from 34 countries (Fig. 1), especially Ghana, 
Benin, Democratic Republic of Congo, Ivory Coast, Togo, 
French Guiana, Australia, China, Papua New Guinea, 
and Japan (Yotsu et al. 2015; Röltgen and Pluschke 2015, 
Simpson et al. 2019). People living near swamps, lakes 
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and rivers are more prone to infection (Brou et al. 2008; 
Einarsdottir and Huygen 2011). Changes in the ecosystem 
has been cited as a reason behind incidence of Buruli 
ulcer (Morris et al. 2014). Multiple lines of evidence have 
pointed out that amongst mycobacterial diseases, Buruli 
ulcer is the third common one after tuberculosis and 
leprosy (Van der Werf et al. 1999; Etuaful et al. 2005; 
Walsh et al. 2011). What starts as a painless nodule in 
the limbs, when left untreated progresses into severe 
ulceration and necrosis (Fig. 2) owing to the immu-
nosuppression triggered by mycolactone (de Souza et 
al. 2012; Hall et al. 2014). Age, late diagnosis, and joint 
infections are some of the risk factors for Buruli ulcer 
severity (Tai et al. 2018). Immunization with BCG in a 
controlled setting offered small degree of protection 
(Smith et al. 1977). However, in the absence of suitable 
vaccine (Philips et al. 2014), surgery and combinatorial 
antibiotic treatment with rifampicin and streptomycin 
was recommended (Yotsu et al., 2015). In Japan, a regimen 
of rifampicin, levofloxacin and clarithromycin was fol-
lowed (Sugawara et al. 2015). But numerous side-effects 
have been reported. Repurposed anti tuberculosis drugs 
proved to be ineffective against Buruli ulcer (Liu et al. 
2018). 

Explosion of genome projects in the last two de-
cades, coupled with development of high-performance 
computational facilities and software have resulted in 
a wealth of information (Sur et al. 2010). This includes 

M. ulcerans as well. Here, we present a comprehensive 
review of the knowledge based on various bioinformatic 
analyses concerning M. ulcerans and Buruli ulcer. This 
is from the perspective of genomics and or comparative 
genomics, diversity, phylogenetic analyses, proteomics, 
vaccinomics, resistomics, etc. Additionally, we also com-
ment on the opportunities of utilizing computational 
studies for controlling this pathogen.

Figure 1. World map depicting countries with reported Buruli ulcer cases.

Figure 2. Buruli ulcer disease progression.
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Whole genome, comparative and population 
genomics research

Advances in molecular biology and genomics coupled 
with the publication of human genome in the early 21st 
century accelerated studies on whole genome. A neces-
sity was felt to decode the huge deluge of information 
coming out from genome projects, aimed at enriching 
comparative genomics that could be applied to research 
on mycobacterial diseases (Zakham et al. 2011). While 
earlier genomic studies on identification of M. ulcerans 
concentrated on the use of 16SrRNA gene sequencing 
technology (Nakanaga et al. 2007), the whole genome 
sequencing of M. ulcerans Agy99 (Stinear et al. 2007) 
offered a new outlook into the biology of the pathogen. 
This was the first ever whole genome sequence of a M. 
ulcerans strain. It established the implication of reductive 
evolution and adaptation of the pathogen to specific niche 
(Stinear et al. 2007). Since 2007, several whole genome 
sequences of human pathogenic M. ulcerans strain Harvey, 
M. ulcerans subsp. shinshuense ATCC33728, M. ulcerans 
strain S4018, M. ulcerans strain CSURP7741, M. ulcer-
ans strain SGL03, M. ulcerans strain P7741 etc. became 
available in the public domain. The genome sequence 
of M. ulcerans subsp. shinshuense ATCC33728 isolated 
from Japan and determined by 454 GS FLX Titanium 
technology, is made up of a 5.9 mb chromosome and a 
166 kb plasmid (Yoshida et al. 2016). M. ulcerans strain 
S4018 isolated from a Buruli ulcer patient in Benin was 
sequenced on a MiSeq sequencer platform (Kambarev 
et al. 2017). M. ulcerans strain CSURP7741 isolated from 
French Guiana, was sequenced using a combinatorial ap-
proach of Nanopore and Illumina methods. It had some 
affinities with the frog pathogen M. ulcerans subsp. lifandii 
(Saad et al. 2019). Most of these genomes had a high GC 
content. M. ulcerans strain Harvey is the largest among 
human pathogenic M. ulcerans, having coding sequences 
more than 9000 coding sequences ((https://patricbrc.org/
view/Taxonomy/2#view_tab=genomes&filter=and(keyw
ord(Mycobacterium),keyword(ulcerans)). These genome 
sequences house valuable information that are crucial 
for understanding the phylogeny, pathophysiology, and 
lifestyle of this bacteria.

Over the years, comparative genomics research on 
different mycobacterial species have been the successful 
in providing valuable insights (Zakham et al. 2011). One 
such work focused on genes located within regions of 
difference accounting for 7% of M. ulcerans genome. The 
work demonstrated that gain of virulence plasmid along 
with deficiency of recognizable anti-virulence genes, 
catalyzed by IS2606 expansion. This armed the classical 
lineage with better capability with respect to virulence and 

transmissibility (Käser and Pluschke 2008). An extensive 
comparative genomics analyses from Benin using bioin-
formatic methods, resulted in the detection of 45 M. ulcer-
ans specific proteins that could assist in the serodiagnosis 
of Buruli ulcer. This study underscored the importance of 
further research in generating antigenic repertoire of M. 
ulcerans (Pidot et al. 2010). That, M. ulcerans Agy99 showed 
affinity with Mycobacterium leprae Br4923, Mycobacterium 
sp. KMS and Mycobacterium sp. MCS was illustrated by 
a study with 14 mycobacterial genomes (Zakham et al. 
2011). A comparison of whole genome sequences of thirty 
mycolactone producing mycobacteria and M. marinum, 
highlighted that M. ulcerans does not behave as a normal 
saprophyte. In all probability it had adapted itself to an 
aerobic and osmotically stable ecological niche that also 
protects it from light (Doig et al. 2012). Comparison of 
the M. ulcerans and M. marinum complex portrayed some 
fascinating aspects. The work highlighted mycolactone 
producing mycobacteria as a monophyletic group and 
stressed the importance to consider these bacteria as a 
single species i.e., M. ulcerans (Doig 2012). Moreover, the 
work also demonstrated the role of selective pressure and 
purifying selection in protein coding genes of M. ulcerans. 
Besides, the outcome also accentuated that speciation of 
M. ulcerans had no effect on codon translation (Doig 2012). 
Investigation of 21 mycobacterial genomes including M. 
ulcerans Agy99 divulged that although they differed in 
size, yet they had comparable high GC and low tRNA 
content. Besides, the ES1 locus extant in Mycobacterium 
tuberculosis and M. marinum was missing in M. ulcerans 
Agy99 (Zakham et al. 2012). A robust comparative ge-
nomics methodology was successful in detecting 424 
essential genes from the genomes of M. ulcerans linked to 
carbohydrate and amino acid metabolism. Out of them, 
236 were possible candidates for vaccine development. 
Furthermore, a number of enzymes associated with the 
cell wall, thiamine, histidine and protein biosynthesis 
pathways were also predicted to be prospective drug 
targets (Butt et al. 2012). 

Increasing interest in mycobacterial comparative ge-
nomics prompted development of a user-friendly analysis 
platform named MycoCAP (Choo et al. 2015). This served 
as a suite for analyzing genomes from 55 Mycobacterium 
species including M. ulcerans. MycoCAP houses an assort-
ment of web-based tools for searching, genome annotation, 
comparing genomes and virulence genes, determining 
phylogenetic relationships between mycobacterial strains 
and super classification. The developers of this trailblaz-
ing platform contemplate that, addition of newer genomes 
and their analysis will provide significant evolutionary 
insights (Choo et al. 2015). 

The last decade also witnessed the use of whole ge-
nomes studies to figure out transmission and outbreak 
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of M. ulcerans in different countries. Research on whole 
genomes of M. ulcerans in clinical isolates from Ghana, 
Ivory Coast, Togo, Benin, and Nigeria, revealed wide-
spread presence of the bacterium coupled with the exis-
tence of multiple genotypes in certain areas (Ablordey et 
al. 2015). The researchers opined that mobility of Buruli 
ulcer infected humans and livestock, from neighbor-
ing countries might have had contaminated the water 
bodies in different parts of Ghana. As a result, certain 
genotypes were introduced which later on transmitted 
among the population. This work stressed the need to 
undertake more whole genome surveys to understand 
the mechanism of genotype admixtures (Ablordey et al. 
2015). Whole genome sequencing of isolates using NGS 
technologies from Benin and their comparison revealed 
incidence of exogenous Buruli ulcer reinfection (Eddyani 
et al. 2015). This incident demonstrated the importance of 
understanding transmission routes by targeted genome 
sequencing in Ouémé river valley. Another work based 
on whole genome amplification of crayfish samples in 
water bodies from Japan, illustrated seasonal emergence 
of M. ulcerans subsp. shinshuense (Luo et al. 2015). This 
study specified the link between contaminated water 
and incidence of Buruli ulcer. 

Ever increasing number of mycobacterial genomes 
resulted in a plethora of information regarding cyto-
chrome P450 monooxygenases (CYPs), a crucial enzyme 
for metabolic processes. Computational analysis of my-
cobacterial CYPs including those from M. ulcerans Agy99 
demonstrated high diversity and their association with 
oxidation of steroids, fatty acids and terpenoids (Parvez 
et al. 2016). Human pathogenic mycobacteria have low 
count of CYPs which are crucial for lipid synthesis (Senate 
et al. 2019). Recently, a comparative study of CYPs from 
complete genomes of seven M. ulcerans strains provided 
insights into their lifestyle. Using CYPMiner software 
(Kweon et al. 2020) the study predicted 261 CYPs in the 
strains, classified into 35 and 38 families and subfamilies 
(Sur 2021). Although a few of them were diagnostic mark-
ers for some strains, there were 20 conserved families 
and subfamilies. While the flourishing family CYP140 
was linked to mycolactone synthesis and pathogenesis, 
others were destined for lipid utilization. Interestingly, 
African strains showed similarities in their CYP profile 
(Sur 2021). Furthermore, the work revealed mutual as-
sociation between CYP families and subfamilies.

Scientists have conducted population genomics stud-
ies applying bioinformatics methodologies, to ascertain 
the population structure and evolution of M. ulcerans in 
Africa. One such study using evolutionary trajectory and 
dynamics of M. ulcerans from Democratic Republic of 
Congo, Republic of Congo and Angola detected distinct 
sequence types. The research highlighted that a superior 

sublineage of M. ulcerans evolved in these countries and 
became endemic to hotspots in certain transmitted regions 
(Vandelannoote et al. 2019). This outcome once again 
pointed out the necessity for novel intervention-based 
health strategies, to disrupt transmission from localized 
outbreaks. Another study with whole genome sequences 
from clinical isolates in Melbourne, applying phylogeo-
graphic and Bayesian phylogenetic techniques divulged 
an interesting outcome. The investigation portrayed 
that M. ulcerans started migrating in eastern portion of 
Southeast Australia in the 1980’s and gradually expanded 
to the western regions by increasing its population to a 
great extent (Buultjens et al. 2018). It once again empha-
sized the urgency to conduct environmental surveillance 
of pathogen mobility and have suitable interventional 
strategies in place to prevent migration and growth of 
endemic cases. It is clear from these sorts of research 
in Africa and Australia, that assessment of population 
structure and disease management based on comparative 
genomics data, is pivotal for controlling Buruli ulcer. In 
African countries and Australia with high burden of the 
disease, a localized assessment of M. ulcerans population 
using genomics (Vandelannoote et al. 2019a) can go a long 
way in treating Buruli ulcer. 

Genomic diversity research based on compu-
tational techniques

Last decade of the 20th century witnessed a growing 
clamor for molecular typing of different strains of M. 
ulcerans from various parts of the globe ( Jackson et al. 
1995). Scientists were of the opinion that diversity stud-
ies would usher a new chapter for better understanding 
of Buruli ulcer epidemiology. Accessibility of genome 
sequence data of mycobacterial pathogens including M. 
ulcerans, signified the importance of studying genome 
polymorphisms to recognize pathogenic characteristics 
(Zhu et al. 2009). The necessity to have a database for 
mycobacterial genome polymorphisms gave birth to 
MyBASE. This user-friendly database accommodates 
information on genomic polymorphisms of different 
mycobacteria including M. ulcerans. It facilitates inter-
pretation of diversity in pathogenicity, genome structure, 
evolution etc. (Zhu et al. 2009). 

A single nucleotide polymorphism (SNP) profiling, us-
ing next-generation sequencing methodology from three 
strains of M. ulcerans demonstrated certain features (Qi 
et al. 2009). The Ghanaian isolate of M. ulcerans Agy99, 
when compared to a Japanese strain indicated 26564 
SNPs in the latter. However, juxtaposition of M. ulcerans 
Agy99 with two other strains from Ghana revealed only 
173 SNPs. This study illustrated that the Ghanaian clade 
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diverged from the Japanese strain 394-529 thousand years 
back, while two other Ghanaian subtypes diverged only 
1000-3000 years back (Qi et al. 2009). One more study 
using high-throughput DNA sequencing data, of M. ul-
cerans genome isolates from Densu river basin of Ghana 
indicated sparse SNPs. Additional phylogenetic recon-
struction analysis using SNP genotyping data divulged 
the ascendancy of a clonal complex and variants within 
it (Röltgen et al. 2010). 

It was reported that multilocus sequence typing 
(MLST) based on housekeeping genes, of M. ulcerans 
isolates resulted in six contrasting genotypes from wide-
ranging biogeographical regions of the world (Narh et 
al. 2014). Comparative DNA analysis between samples 
from water, soil, biofilms, and clinical samples, from 
Buruli ulcer patients in South Togo revealed similar M. 
ulcerans genetic profile (Maman et al. 2018). This study 
demonstrated riverine source of M. ulcerans infection in 
regions through which Haho and Zio rivers flow. MLST, 
short read DNA sequencing and SNP calling in a Japanese 
study, illustrated the difference between pigmented and 
non-pigmented colonies of M. ulcerans subsp. shinshuense. 
The pigmented and non-pigmented isolates differed only 
in 8 SNPs and 20 indels (Nakanaga et al. 2018). The lat-
ter was devoid of a large plasmid encoding regions for 
mycolatone biosynthesis, rendering it non-pathogenic 
in contrast to the former. Genome-wide association 
analysis of Buruli ulcer patients from Ouémé and pla-
teau regions of Benin, revealed the role of lncRNAs and 
pathways linked to autophagy in the disease (Manry et 
al. 2019). These sort of genomic diversity studies using 
an assortment of computational techniques, enhanced 
our understanding of M. ulcerans regarding intraspecific 
divergence, geographical dissimilarities, virulence etc. 

Research from Benin assessed bacterial diversity in 
skin lesions from individuals with Buruli ulcer. They 
performed a small-scale microbiome analysis using 16Sr-
RNA sequencing, to gauge the composition of microbes 
from Buruli ulcer lesions, non Buruli ulcer lesions and 
skin samples of healthy persons (Leuvenhaege et al. 2017). 
The samples from Buruli ulcer lesions exhibited higher 
proportion of unassociated bacteria like Bacteroides and 
obligate anaerobes, in contrast to non Buruli ulcer lesions 
(Van Leuvenhaege et al. 2017). Since, skin microbiome is 
influenced by geography, genetics, climatic condition etc., 
its comparative study on a large scale should be used for 
estimating diversity in different populations (Nuhamu-
nada et al. 2018). This work on Buruli ulcer lesions from 
Benin underlined that, additional microbiome-based 
analysis should be accompanied with standard micro-
biological studies.  

In silico phylogenetics studies

Rapid improvement in “omics” data analysis and my-
cobacterial genomics research, has contributed to the 
understanding of evolutionary mechanisms (Bottai et al. 
2014). One of the earliest works based on whole genome of 
M. ulcerans Agy99, indicated its evolution by lateral gene 
transfer and reductive evolution from M. marinum (Stinear 
et al. 2007). In fact, a number of factors viz., amassing 
304 insertion sequence elements like IS2404 and IS2606, 
presence of 771 pseudogenes, genomic rearrangements, 
genome reduction, inability to tolerate sunlight, plasmid 
acquisition, mycolactone selective pressure and occurrence 
of foreign genes, contributed to its evolution and allowed 
it to colonize insects (Fig. 3a) by adapting to an arthropod 
ecosystem (Stinear et al. 2007). Moreover, the loss of ESX1 
locus was also regarded as a survival strategy. Extensive 
comparative genomics analysis of insertions, deletions 
and genomic rearrangements from clinical isolates of M. 
ulcerans revealed that the microorganism evolved into five 
haplotypes (Käser et al. 2007). Two phylogeographically 
well-defined lineages were observed (Fig. 3a). The clas-
sical lineage underwent substantial genomic rearrange-
ments and comprised of highly pathogenic genotypes 
concentrated mainly in Africa, Australia and Southeast 
Asia. They were over-represented by genes belonging to 
the PPE/PE families. On the other hand, the less patho-
genic ancestral lineage housed environmental genotypes 
from China, South America and Mexico which showed 
similarity with M. marinum (Käser et al. 2007). There is 
strong evidence that, the classical and ancestral lineages 
diverged during the arrival of modern humans (Qi et 
al. 2009). However, the African isolates were not quite 
archaic and came into existence in the last 18,000 years 
(Stinear et al. 2000).

Some in silico analysis pointed out that, reductive evo-
lution increased the pathogenic capacity of M. ulcerans by 
gaining a virulence plasmid pMUM001 (Demangel et al. 
2009). Further comparative evolutionary genomic stud-
ies with two Ghanaian strains and one Japanese strain, 
demonstrated that the latter had an unstable genome 
compared to the former. Additionally, reductive evolu-
tionary pressure was less among the Ghanaian strains 
(Qi et al. 2009). These were attributed to chromosomal 
rearrangements. Phylogenetic analysis of different myco-
bacterial species using 16SrRNA sequences, divulged the 
placement of M. ulcerans in a separate clade along with M. 
marinum (Zakham et al. 2012). A vast phylogenetic study 
with mycolactone producing mycobacteria including 
M. ulcerans, specified the role of pMUM plasmid hous-
ing genes for mycolactone biosynthesis to their advent 
(Doig et al. 2012). Add to this was the gain of cell wall 
associated genes and loss of cell wall antigens. This set 
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off the process of cell wall remodeling that was crucial 
for the lifestyle of M. ulcerans, especially in its potential 
to form biofilms. Additional analysis of the mycolactone 
producing mycobacterial complex showed that, M. ulcer-
ans were in all probability transferred between Africa 
and Australia not long ago. This was ascribed to genetic 
drift and deletion of some genes, linked to metabolism 
and respiration that were futile for adaptation to distinct 
ecological niches (Doig et al. 2012).

Phylogenetic analysis based on complete mycobacterial 
genomes, hypothesized occurrence of shared common 
mobile elements between M. ulcerans and M. marinum 
(Reva et al. 2015). Moreover, reticulate network analysis 
also supported the close relationship between these bac-
teria. Evolutionary reconstruction studies and Bayesian 
analysis of M. ulcerans from 11 endemic regions of Africa, 
identified two specific M. ulcerans lineages (Fig. 3b) housed 
in the continent (Vandelannoote et al. 2017). While the 
Mu_A1 lineage was from 68 BC, the Mu_A2 lineage was 
introduced by humans in 1800 AD (Zingue et al. 2018). 
The close relation of the latter with isolates from Papua 
New Guinea was attributed to anthropogenic activities. 

One recent phylogenetic study with M. ulcerans from 
French Guiana and its comparison with global strains, 
utilizing core and accessory genomes threw up interesting 
facts. Five distinct lineages were identified by maximum 
likelihood phylogeny (Reynoud et al. 2019). Out of these, 
the L1.2 lineage was completely independent. The French 
Guinean strains were clustered together (Reynoud et al. 
2019). Research using complex whole genome sequences 
of M. ulcerans from Australian counties, underscored the 
impact of microevolution. It was found that three M. ul-
cerans complex clones, were the reason behind uptick of 
cases in Southern Australian counties compared to non-
endemic counties in rest of Australia (Saad et al. 2020).

The outcome of M. ulcerans phylogenetic studies ac-
centuated the interplay of myriad factors including phylo-
geography and human activities, which were responsible 
for variation amongst lineages, pathogenic lifestyle, and 
adaptation to specific niches.

Figure 3. (a) Schematic depiction of the evolution of Mycobacterium ulcerans and its divergence into two major lineages (Stinear et al. 2007; 
Käser et al. 2007; Käser and Pluschke 2008). Note the factors responsible for evolution from M. marinum and niche adaptation. (b) Specific M. 
ulcerans lineages from Africa (Vandelannoote et al. 2017; Zingue et al. 2018).
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Proteomics of M. ulcerans and Buruli ulcer

Prokaryote research has reaped the benefit of rapid ad-
vances in the field of proteomics (Burley and Bonnano 
2002). One of the pioneering computational proteome-
based studies concerning M. ulcerans, was a comparative 
analysis of Mycobacterium tuberculosis strains and NTMs 
that included M. ulcerans Agy99 (Zakham et al. 2012). It 
used a BLAST matrix to perform genomic analysis of 
the predicted proteomes (Zakham et al. 2012). The work 
revealed low similarity between M. tuberculosis strains, M. 
ulcerans Agy99 and MAV complex. A classic investigation 
involving quantitative proteomics and transcript level 
analysis, highlighted the implication of culture conditions 
on the regulation of mycolactone toxin in M. ulcerans 
(Deshayes et al. 2013). Data from 2D gel electrophore-
sis and mass spectrometry analysis demonstrated that 
during pathogenesis and lesion formation, mycolactone 
altered the cytoskeleton and hindered collagen biosyn-
thesis (Gama et al. 2014). It reiterated that mycolactone 
toxin was associated with reduction in collagen content 
in Buruli ulcer lesions. Another worker (Sarpong 2018) 
used high throughput mass spectrometry data to explore 
differentially expressed proteins from fast and slow heal-
ing Buruli ulcers. Highly expressed proteins viz., IFI30, 
PSME3, CD74, C4A linked to MHC class I, MHC class 
II and complement pathways showed better promise in 
healing Buruli ulcer (Sarpong 2018).

Vaccinomics research

The genome sequencing of a number of M. ulcerans strains 
opened up numerous possibilities for identifying potential 
vaccine candidates. Currently, there is no vaccine prevent-
ing Buruli ulcer (Mangas et al. 2020). A limited transient 
protection lasting for a year or so has been reported in 
individuals administered with Mycobacterium bovis BCG 
vaccine (Einarsdottir and Huygen 2011). Thus, develop-
ment of a suitable vaccine is important for preventing 
M. ulcerans infections and Buruli ulcer severity. In the 
post genomic era, a study on mice revealed the efficacy 
of priming species specific Ag85A-DNA and homologous 
protein boosting, in eliciting strong Th1 immune re-
sponses against M. ulcerans infection (Tanghe et al. 2008). 
Efforts to develop inactivated vaccines, DNA/protein 
vaccines by targeting the mycolactone toxin, enzymes 
synthesizing mycolactones, mycobacterial proteins and 
M. ulcerans specific proteins demonstrated some degree of 
humoral and cellular responses (Huygen et al. 2009; Pidot 
et al. 2010; Einarsdottir and Huygen 2011). Comparative 
genomics methods were used for serological assessment 
of the antigens (Pidot et al. 2010). However, none of them 

were tested in clinical trials. The last decade saw increased 
interest in in silico identification of potential antigens and 
peptides for designing new vaccine candidates. Develop-
ment of mycobacrvR package using reverse vaccinology 
and integrative immunoinformatic approach, served as 
a means for designing epitope-based vaccine candidates 
against mycobacterial diseases (Chaudhuri et al. 2014). 
This package used an assortment of 20 algorithms for 
determining adhesins with extracellular and surface 
localized characteristics (Chaudhuri et al. 2014). Analysis 
of the whole proteome of M. ulcerans Agy99 identified 
36 adhesin and adhesin like proteins. Out of these, 26 
potential vaccine candidates were identified by the en-
hanced reverse vaccinology method (Chaudhuri et al. 
2014). Others attempted to develop a recombinant vac-
cine from Mycobacterium marinum against Buruli ulcer 
(Hart et al. 2016). 

Mycobacterial secretory proteins have been the target 
of vaccine researchers since they are known to induce 
immune responses (Gcebe et al. 2016). There is evidence 
that the PE/PPE family of genes possess the capability 
to elicit Th1 response against tuberculosis (Bennan et 
al. 2017). Some workers studied the highly antigenic 
PE-PGRS family proteins from the whole proteome of M. 
ulcerans Agy99, to predict multi-epitope vaccine against 
it (Nain et al. 2020). They applied a robust integrated 
vaccinomics methodology (Fig. 4) by utilizing a wide 
array of algorithms. Initially, they selected 15 suitable 
epitopes which interacted with HLA binding alleles and 
demonstrated significant population coverage on a global 
coverage. This was followed by designing the vaccine 
chimera. The designed construct revealed antigenic, im-
munogenic, and non-allergenic characteristics. Docking 
and MD simulation studies demonstrated binding affinity 
with TLR2 receptor (Nain et al. 2020). Furthermore, in 
silico cloning, codon optimization and in silico immune 
response simulation analysis postulated that the vaccine 
construct is a suitable candidate for generating immune 
response against M. ulcerans Agy99 (Nain et al. 2020). 
Although, experimental studies are necessary to sub-
stantiate the findings. 

In silico studies on antibiotic resistance and 
exploration of natural products as anti Buruli 
ulcer drugs

The World Health Organization (WHO) has approved the 
use of antibiotics for primary treatment of Buruli ulcer 
lesions (Omansen et al. 2019). Although there are some 
uncertainties surrounding antibiotic therapy, further 
treatments using surgery, physical therapy, analgesia, 
and community therapy are followed in many countries 
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(Omansen et al. 2019). In recent years, development of a 
number of bioinformatics tools and databases, opened 
up the possibility of exploring microbial whole genome 
sequencing data for investigating antibiotic resistance 
(Hendriksen et al. 2019). An in silico study highlighted 
the occurrence of 14 antibiotic resistance genes in M. 
ulcerans Agy99. Single mutation in katG and pncA genes 
were responsible for resistance to isoniazid and pyra-
zinamide drugs (Gupta et al. 2017). This rendered them 
useless against M. ulcerans Agy99. Additionally, this study 
predicted that, using a cocktail of antibiotics like rifampin, 
streptomycin, azithromycin, clarithromycin etc., probably 
assisted in overcoming the impact of mutation and may 
control Buruli ulcer (Gupta et al. 2017). Nonetheless, these 
sorts of studies should be expanded to other M. ulcerans 
strains as well.

The growing concern of antibiotic resistance, coupled 
with the lack of potent antibiotics against late stage Buruli 
ulcer has troubled the clinicians. Despite this, identifi-
cation of suitable lead compounds that could act as anti 
Buruli ulcer drug in an in silico study from Ghana (Kwofie 
et al. 2018) showed promise. They screened isocitrate ly-
ase from M. ulcerans and generated its three-dimensional 
structure using molecular modeling. After refinement, 

molecular dynamics simulation, and active site predic-
tion, the structure was used for molecular docking with 
AutoDock (Kwofie et al. 2018). Virtual screening of the 
AfroDb for natural compounds, followed by docking 
resulted in 20 compounds showing reasonable affinity 
for isocitrate lyase. Further physicochemical analysis 
and ADMET testing narrowed upon ZINC38143792, 
ZINC95485880, and ZINC95486305 as best leads that 
could be suitable for experimental validation (Kwofie et 
al. 2018). These lead compounds known to possess inhibi-
tory (Mujovo et al. 2008) and anti-bacterial properties 
(Kwofie et al. 2018) possibly restricted disease progression 
by neutralising isocitrate lyase.

Conclusion and future perspectives

Buruli ulcer caused by M. ulcerans is a neglected tropical 
disease. M. ulcerans has been understudied in comparison 
to other mycobacterial pathogens. The major burden of 
Buruli ulcer is often borne by the poor. This has resulted 
in socioeconomic problems. In the recent years, a deluge 
of information from M. ulcerans genome projects, coupled 
with state-of-the art research in comparative genomics, 

Figure 4. Schematic representation of the in silico vaccine design methodology (Nain et al. 2020). CTL = cytotoxic T-lymphocyte, HTL = helper 
T-lymphocyte.
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population genomics, pathogen mobility/transmissibility, 
pathogen phylogeny, proteomics and designing vaccine 
candidates using in silico tools, has provided fantastic 
insights. This has revolutionized our understanding 
of Buruli ulcer. Phylogenetic and population genomics 
studies have illustrated the significance of incorporating 
microbial phylogeographic data in the analysis, since it 
highlighted information about strain origin, spread of 
the bacterium and migration of hosts. This has met with 
success in some regions of Africa and Australia wherein, 
early detection of active cases, surveillance and treatment 
resulted in reduced transmission and disease incidence 
(Vandelannoote et al. 2017, 2019). However, lot more needs 
to be done. Governments and international organizations 
should understand the necessity to finance Buruli ulcer 
research so as to improve disease control measures and 
minimize the burden. There is a need to have an interna-
tional network of researchers with diverse expertise to 
foster technological innovations. This should be aimed at 
expanding high precision cost effective sequencing meth-
odologies, advancing development of new tools/software, 
large scale targeted studies on genome variability/diversity 
in countries/regions with high prevalence, investigating 
the pattern of host microbiomes and identification of new 
vaccine candidates. Information from genomes could also 
be used to develop potent diagnostic and treatment regi-
mens. Moreover, genome-based investigations should be 
increasingly conducted to understand insect vector-based 
transmission of Buruli ulcer. This is important since, 
M. ulcerans has crafted an ecological niche for itself in 
aquatic insects. Furthermore, there is a need to broaden 
newer genotyping strategies and boosting genomic di-
versity studies. Sequencing more genomes from different 
locations could aid such studies. Additionally, in silico 
techniques should be applied to understand the nature 
of pMUM plasmid and mechanism of mycolactone toxin 
immunosuppression (Einarsdottir and Huygen 2011). The 
information from such studies can aid in the development 
of effective vaccines and therapeutic drugs against M. 
ulcerans, using immunoinformatics and immunogenomics 
approaches. Pharmaceutical companies and biomedical 
industries should take initiatives to validate the vaccine 
constructs designed by robust in silico techniques. Com-
putational studies on antimicrobial inhibitors and drug 
compounds from indigenous plants should be encour-
aged. This aspect of research is lacking. Clinicians and 
pharmaceutical scientists should assist bioinformaticians 
in this regard to combat the pathogen. The bottom line 
is to have a multidisciplinary effort in place, to better 
understand the epidemiological and transmission fac-
tors of this challenging and steadily evolving bacterium. 
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ABSTRACT

LPS binding protein (LBP) is an important innate sensor of microbial cell wall structures. Frequent functionally relevant mutations exist

and have been linked to influence susceptibility to and course of bacterial infections. We examined functional properties of a single

nucleotide polymorphism resulting in an exchange of phenylalanine to leucine at position 436 of LBP (rs2232618) and compared the

frequent variant of the molecule with the rare one in ligand binding experiments. We then stimulated RAW cells with bacterial ligands

in the presence of serum obtained from individuals with different LBP genotypes. We, furthermore, determined the potential effects of

structural changes in the molecule by in silico modeling. Finally, we analyzed 363 surgical patients for this genetic variant and

examined incidence and course of sepsis following surgery. We found that binding of LBP to bacterial ligands was reduced, and

stimulation of RAW cells resulted in an increased release of TNF when adding serum from individuals carrying the F436L variant as

compared with normal LBP. In silico analysis revealed structural changes of LBP, potentially explaining some of the effects observed

for the LBP variant. Finally, patients carrying the F436L variant were found to be similarly susceptible for sepsis. However, we observed

a more favorable course of severe infections in this cohort. Our findings reveal new insights into LPS recognition and the subsequent

activation of the innate immune system brought about by LBP. The identification of a genetic variant of LBP influencing the course of

sepsis may help to stratify individuals at risk and thus reduce clinical complications of patients. ImmunoHorizons, 2021, 5: 972–982.
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INTRODUCTION

The LPS binding protein (LBP) is an acute-phase protein pri-
marily secreted from the liver with substantial concentrations
also released from pulmonary and gut epithelial cells (1�4). It
belongs to a larger family of phospholipid transfer proteins
(PLTPs), which transfer lipid derivates and lipopeptides
throughout the body influencing lipid homeostasis (5, 6). These
functions are associated with common diseases like vascular
and heart disease but are also known to be involved in innate
immunity (7, 8). It has recently been shown that LBP particu-
larly facilitates the transfer of multimers of LPS to its sensing
receptor consisting of CD14, TLR4, and MD2, initiating the
inflammatory response (9�11). Furthermore, it plays a role in
detoxification of LPS by transferring LPS into lipoproteins (4,
12�15). In addition, LBP is also able to bind lipopeptides origi-
nating from both Gram-negative and Gram-positive bacteria
and to mediate their proinflammatory effects (16�18). Recently,
it has been postulated to be associated with bacterial transloca-
tion in the gut, potentially adding function to this molecule by
sensing/scavenging bacterial material entering the body
through a deranged gut wall (19). Finally, it has been shown
that LBP, in a similar manner as other members of the geneti-
cally related family of PLTPs, such as cholesterol ester transfer
protein and PLTP, can bind and transfer phospholipids. This
mechanism most likely is important for LPS transfer from
micelles to HDL particles and into membranes but potentially
may represent a general lipid transport system (20, 21).

In critically ill patients, LBP levels are markedly increased
severalfold (22). LBP effects within the host depend strongly
on its concentrations in serum, in which lower concentrations
are responsible for effective initiation of LPS sensing. However,
high acute-phase concentrations of LBP exert a rather inhibit-
ing effect on the immune response (23�25). Underlying mecha-
nisms of this phenomenon are not yet completely understood
but may involve facilitation of LPS internalization brought
about by LBP (26).

Hereditary factors have been studied in the context of sep-
sis, and consequently, a growing number of genetic factors was
identified that contribute to risk and the course of severe forms
of sepsis (27, 28). Single nucleotide polymorphisms (SNPs) of
the innate immune system have been described that influence
individual responses to invading pathogens (29).

For the LBP gene on chromosome 20, at least two studies
were able to show association of mutations with altered inflam-
matory responses (30, 31), and haplotype studies were able to
associate genetic alteration to outcome (32, 33). In a very recent
comprehensive review of this year, it was concluded that
genetic variations of LBP alter the risk for inflammatory com-
plications (34). For the purposes of this study, nonsynonymous
LBP SNPs were deemed as appropriate candidates to assess
structural changes in the molecule in combination with func-
tional and clinical data. Other LBP SNPs identified with regard
to infections and sepsis were mostly promotor variants or syn-
onymous SNPs (34). In this study, we compared patients

carrying different variants of LBP regarding a coding SNP
(rs2232618) at position 436, leading to an amino acid exchange
from phenylalanine (Phe) to leucine in the LBP molecule (31,
35, 36). We previously studied a different SNP (rs2232613) lead-
ing to a change at amino acid position 333 in a comparable
experimental setting with patient data from the same cohort
also partly included in this study. These results showed an
altered molecular response and an influence on clinical out-
come (37). Patients carrying this SNP were excluded from the
primary analysis. The SNP further evaluated in this study has
been shown by others to be associated with altered sepsis prev-
alence and mortality in Chinese trauma victims (38, 39).

The SNP was initially thought to cause an exchange from
leucine to Phe, but recent sequence analysis revealed that the
cystine to thymidine exchange is more frequent in Western
European inhabitants. Therefore, the c1341t genotype (nucleo-
tide sequence: TTC leading to Phe) was considered to be the
common variant. As a continuation of a previous study, we
show in this study how functional properties of the LBP mole-
cule are altered by this SNP (37). We assessed binding of sev-
eral ligands to the variants of LBP. As molecular patterns
originating from bacteria, we used LPS and lipopeptides. Phos-
phatidylethanolamine was used as a nonbacterial ligand to
assess transfer ability to LBP as has been done in previous
experiments (21). Furthermore, we used the murine RAW
246.7 cell line and stimulated the cells with the ligands in the
presence and absence of serum from patients carrying the rare
variant of LBP. We used this as a macrophage model for LPS
recognition and measured the in vitro release of a proinflamma-
tory cytokine (TNF). In this way, we were able to simulate the
structural and biochemical influence of this SNP on the basis of
the recently discovered molecular structure of the whole LBP
molecule using different bioinformatic tools (40). We also
examined this functionally relevant SNP in a cohort of 363 sur-
gical intensive care unit (ICU) patients from European ancestry
and associated it with the susceptibility to postoperative infec-
tions and outcome. We hypothesized that the variant of LBP
studied in this study would affect its ability to confer its main
biological function. We sought to determine whether structural
changes in the molecule could explain this behavior. Finally,
we tried to determine whether these findings of altered struc-
ture and function would influence the clinical course of
patients with postoperative infections carrying this SNP.

MATERIALS AND METHODS

Binding assays of LBP-containing sera of distinct
genotypes with bacterial and synthetic ligands
For binding assays, either LPS (Escherichia coliO111:B4 �smooth�
LPS, Sigma-Aldrich, Taufkirchen, Germany), Pam2Cys [Pam2

Cys-Ser-(Lys)4 × 3 trifluoroacetic acid, EMC Microcollections,
T€ubingen, Germany], Pam3Cys (Pam2Cys-Ser-Lys4, EMC Micro-
collections), or 3-sn-PE (3-sn-phosphatidylethanolamine, Sigma-
Aldrich) were placed on an ELISA plate in a concentration of 30
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mg/ml each in carbonate buffer (pH 8.2). Plates were incubated
with sera containing LBP of individuals carrying either the com-
mon or the rare genotype in increasing concentrations (0.2,
0.39, 0.78, 1.56, 3.13, 6.25, 12.5, and 25%, respectively). These
sera were diluted 1:2 from a maximal concentration of 25%. We
used sera from different individuals with a mean LBP concen-
tration of 17 ng/ml for common variant sera and 15.8 ng/ml for
sera of heterozygous individuals. Following incubation, the pho-
tometric reaction was stopped with 1 M H2SO4. OD of the
bound ligands was photometrically measured at 450 nm in an
ELISA reader (Photometer Spectra Fluor Plus, Tecan, Crail-
sheim, Germany).

Stimulation of murine macrophage cells
Murine macrophage cells (RAW 264.7, Leibniz-Institut DSMZ,
Braunschweig, Germany) were stimulated with 1, 10, and 100
ng/ml of two different LPS types (smooth LPS [E. coli 0111:B4]
and �rough� LPS [Salmonella minnesota Re595, Sigma-Aldrich])
and two different lipopeptides (Pam2Cys [Pam2Cys-Ser-(Lys)4 ×
3 TFA, EMC Microcollections] and Pam3Cys [Pam3Cys-Ser-
(Lys)4, EMC Microcollections]) in addition to serum of individ-
uals with different genotypes (concentrations of either 1, 2, and
5%). Concentrations of TNF were determined at 4 h using
ELISA (DPC Biermann, Bad Nauheim, Germany). All measure-
ments were performed in duplicate, resulting in four values per
experiment.

In silico analysis
The sequence information about human LBP SNP rs2232618 was
retrieved from dbSNP (http://www.ncbi.nlm.nih.gov/SNP/).
MutPred was used to determine the effect of the amino acid
substitutions (41). To investigate the secondary structures of
common and rare variants, PSIPREDwas used (42). I-Mutant
3.0 (http://gpcr2.biocomp.unibo.it/cgi/predictors/I-Mutant3.0/
I-Mutant3.0.cgi) was applied for the determination of free energy
change (DDG) and protein stability changes owing to single-site
mutations (43). The crystal structure of the LBP protein was
obtained from Protein Data Bank (PDB identifier [ID]: 4M4D)
(44). This was used as a template for generating the three-dimen-
sional structure of common and rare variant human LBP. The
three-dimensional structures were generated and energy mini-
mized with SWISS-MODEL and Swiss-PdbViewer, respectively
(45, 46). For the purpose of validating these structures, PROSA,
ProQ, and SAVES (https://saves.mbi.ucla.edu/) were used (47, 48).
Finally, the modeled structures of human LBP common and rare
variant types were visualized with PyMOL. Docking of LPS with
variants of human LBP were carried out using PatchDock and
Firedock software (49, 50). The software DUET (http://biosig.
unimelb.edu.au/duet/) was applied to study the role of mutation
on the protein structure, using a combination of support vector
machine and machine learning algorithms. The implication of
mutation on the domain core stability was predicted using
ELASPIC (51). ProFunc was used to figure out the alterations
between common and rare variants of the proteins regarding

functional clefts and cavities (52). ConSurf estimated the conser-
vation profile of the key residues related to functional regions in
the structures (53). The differences in the conserved residues of
the major functional clefts were studied. CASTp was employed to
examine the prevalence of functional pockets in the modeled
structures (54). The solvent-accessible area and changes because
ofmutations were determinedwith GETAREA (55).

We also subjected the sequence information from the L var-
iant of LBP SNP rs2232613 described in (37) to MutPred,
PSIPRED, and I-Mutant 3.0, respectively, and analyzed the
modeled structures of this variant with DUET, ELASPIC, Pro-
Func, ConSurf, CASTp, and GETAREA.

Genotyping
The frequency of the LBP SNP F436L (rs2232618) was deter-
mined by real-time PCR assays with subsequent melting curve
analysis using the LightCycler 1.5 (Roche Diagnostics, Mann-
heim, Germany). Sequenced controls representing different gen-
otypes were included in each reaction. Oligonucleotides used for
genotyping were as follows: primers, forward: 50-TTTGCTT
TTCCCAAGCGTT-30 and reverse: 50-GAGCCCTGTTTTCCAA
GTCC-30; and probes, sensor: 50-CTATTACATCCTTAACAC
CCTCTAC-FL-30 and anchor: red 50-640-CCAAGTTCAATGG
TAAGAATCACTGTGG-30. One reaction volume of 20 ml con-
tained 2 ml 10× PCR Buffer, 2 mMMgCl2, 125 mMNTPs, 5 U Taq
polymerase, 3mg BSA, primers at 0.5mM(LBP forward/reverse),
fluorescence probes at 0.2 mM each, and 5�20 ng DNA. On the
LightCycler 1.5 platform, PCR parameters were as follows: initial
denaturation at 95�C for 4 min, 40 cycles of denaturation (95�C
for 1 s), annealing (56�C for 10 s), and extension (72�C for 8 s)
with subsequent melting curve analysis: 1 cycle at 95�C for 10 s,
40�C for 30 s, followed by an increase of temperature to 80�C at
a slope of 0.1�C/s. All oligonucleotides were manufactured by
TIB MOLBIOL (Berlin, Germany). PCR reagents were obtained
fromRapidozym (Berlin, Germany).

Patient selection
The local ethics committee of the Charit�e � Universit€atsmedizin
Berlin approved this clinical study (AA3/03/45). DNA testing was
permitted by a signed broad written consent including DNA test-
ing before surgery. All stepswere performed according to theHel-
sinki declaration. Statistical analysis was carried out after
anonymization of the patients� data. Definition of sepsis (systemic
inflammatory response syndrome, sepsis, severe sepsis, and septic
shock) was based on published criteria (56). We did not reclassify
the patients according to new sepsis definitions because recent
publications show thatmatching is not reliable (57, 58).

The patient cohort from this study was previously described
(59). Infections were defined as described by the clinical classi-
fication for nosocomial infections of the National Institutes of
Health (60). A total number of 363 patients fulfilled the inclusion
criteria. Severity of disease was assessed by the Simplified Acute
Physiology Score on admission (61). Patients were followed up
until discharge from the hospital. Patient DNA was extracted
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from blood or tissue specimens collected prior to surgery and
were examined for the LBP SNPs.

Then, 675 individuals from a group of 692 volunteers
(healthy individuals and blood donors) served as controls for
frequencies of these SNPs. Characteristics of these individuals
were published recently (62). All individuals consented to
genetic testing. Blood donors were anonymized, and the
healthy individuals gave written informed consent. Either blood
or oral swabs were used for DNA extraction using QIAamp
DNA Mini Kit (QIAGEN, Hilden, Germany).

Statistical analysis
Contingency tables were statistically tested with the x2 test or
Fisher exact test where appropriate for differences in frequen-
cies. Odds ratios (OR) were determined using the x2 test. Dif-
ferences in numerical data were compared with unpaired t test
or Mann�Whitney U test. For statistical analysis, the IBM SPSS
Statistics 20.0 software package (IBM) and the Prism 8 Software
package (GraphPad Software) were used. A two-tailed p < 0.05
was considered statistically significant.

RESULTS

Binding of bacterial or synthetic ligands to serum of
carriers with the F436L genotype
We hypothesized that the F436L variant of LBP was associated
with altered binding of bacterial ligands. To study this, we
incubated plates containing different bacterial ligands to the
binding of progressively diluted serum of individuals with dif-
ferent genotypes. For all tested ligands, we were able to record
reduced binding in carriers of the F436L mutation of LBP as
shown in Fig. 1. Very low concentrations showed only little
influence that was not statistically significant. When reaching
increased concentrations (3.13% up to 25% of serum), carriers
of the mutation bound ligands to a lesser degree.

This was detectable for ligands originating from Gram-nega-
tive bacteria (LPS 0111:B4) for serum concentrations of 6.25
and 12.5%, in which binding of LPS differed significantly
between common and rare variant LBP (6.25: 0.507 versus
0.354, p 5 0.048 and 12.5: 0.734 versus 0.526, p 5 0.010)
(Fig. 1A). This was as detectable in ligands from Gram-positive
bacteria, although to a lesser degree. In this study, binding of
the lipopeptide Pam2Cys was markedly reduced in all experi-
ments (0.78%: 0.169 versus 0.155, p 5 0.026; 1.56%: 0.231 ver-
sus 0.179, p 5 0.002; 3.125%: 0.248 versus 0.187, p < 0.001;
6.25%: 0.254 versus 0.187, p < 0.001; 12.5%: 0.250 versus 0.196,
p < 0.001; and 25%: 0.234 versus 0.194, p < 0.001) (Fig. 1B).
Similar results were seen in binding of the lipopeptide
Pam3Cys, although only for higher concentrations of serum
(6.25%: 0.291 versus 0.226, p 5 0.047; 12.5%: 0.327 versus
0.245, p 5 0.034; and 25%: 0.311 versus 0.21, p 5 0.003). (Fig.
1C). Binding of the artificial ligand 3-sn-phosphatidylethalon-
amine was also markedly reduced in patients carrying the
genetic variation (0.78%: 0.175 versus 0.136, p 5 0.004; 1.56%:

0.274 versus 0.198, p 5 0.006; 3.125%: 0.361 versus 0.251, p <

0.001; 6.25%: 0.378 versus 0.263, p < 0.001; 12.5%: 0.426 versus
0.297, p 5 0.002; and 25%: 0.491 versus 0.354, p 5 0.003) (Fig.
1D). An additional finding was a saturation effect seen with
increasing serum concentrations. This effect was detectable for
all ligands, confirming previous observations (12). We saw no
influence of the genotype with this regard.

Differences in genotypes affect LPS stimulation of murine
macrophage cell lines
After we found an effect on binding of ligands induced by the
protein changes brought about by the genetic variations of LBP,
we investigated whether this would affect their ability to facili-
tate the LPS transfer to TLR4 and thus the release of the proin-
flammatory cytokine TNF. We incubated RAW cells with LPS
and other ligands in the absence and presence of sera obtained
from individuals differing in their LBP genotype. As expected,
we found the LPS-induced release of TNF to depend on the
addition of LBP-containing serum. Mean concentrations of
TNF induced by the smooth LPS 0111:B4 (containing carbohy-
drates in addition to the lipid A core) increased markedly stron-
ger as compared with the rough variant of LPS Re595 (see
Supplemental Table I). As is shown in Fig. 1E, the addition of
LBP-containing serum induced a severalfold stronger release of
TNF as compared with LPS 0111:B4 alone. In detail, 100 ng/ml
LPS 0111:B4 with 1% serum resulted in a mean 6 SEM of
6514 6 667.0 ng/ml TNF with serum of rare variant LBP
compared with 8655 6 538.6 ng/ml TNF with added common
variant serum (p value: 0.012; Mann�Whitney U test).

In the experiments with lower concentrations of LPS 0111:B4
(1 and 10ng/ml) with 1% serum either from common variant or
rare variant, the results in individuals was lower TNF values
with a similar trend between the genotypes just failing to reach sta-
tistical significance. Mean6 SEM of TNFwas 42486 1006 ng/ml
for the rare variant and 23276 626.8 ng/ml for common variant
serum (p 5 0.16, unpaired t test). Interestingly, adding 2 or 5%
serum to the above-mentioned doses resulted in a less pro-
nounced difference (LPS 0111:B4 10 ng/ml 1 5% serum, p 5
0.98; LPS B4 100 ng/ml 1 5% serum, p 5 0.61, unpaired t test)
(Fig. 1E, Supplemental Table I). Overall, the �response curve�
was flatter, with individuals carrying the rare variant.

Adding rough LPS (Re595) to the LBP-containing sera
resulted in an overall lower induction of TNF and no statistically
significant differences between the genotypes. Other experiments
with lipopeptides (Pam2Cys or Pam3Cys) and LBP-containing
sera with different genotypes showed an increase in TNF concen-
trations, but there was no statistical difference between the geno-
type groups (see Supplemental Table I). Of note, the number of
repetitions in these experiments was low because of sparse
amounts of human sera available for the different genotypes.

Computational analysis of the LBP SNP F436L
We assessed a potential impact of the F436L LBP genotype on
protein function on a structural level by computer modeling.

ImmunoHorizons FUNCTIONAL CONSEQUENCES OF A FREQUENT LBP GENE VARIANT 975

https://doi.org/10.4049/immunohorizons.2100095

 by guest on D
ecem

ber 17, 2021
http://w

w
w

.im
m

unohorizons.org/
D

ow
nloaded from

 

http://www.immunohorizons.org/lookup/suppl/doi:10.4049/immunohorizons.2100095/-/DCSupplemental
http://www.immunohorizons.org/lookup/suppl/doi:10.4049/immunohorizons.2100095/-/DCSupplemental
http://www.immunohorizons.org/lookup/suppl/doi:10.4049/immunohorizons.2100095/-/DCSupplemental
http://www.immunohorizons.org/


Three-dimensional structural models of the common and rare
variant human LBP protein were generated by homology
modeling based on the crystal structure of LBP recently pub-
lished (37, 63). The LBP molecule is boomerang shaped with
three functionally distinct parts. The first is the N-terminal
part, which is believed to primarily interact with LPS (9). The
C-terminal portion is potentially interacting with CD14, and
this subsequently leads to TLR4 interaction and thus may initi-
ate signaling. The groove in human LBP is a unique region dif-
fering from related proteins such as bactericidal/permeability
increasing protein (21). Position 436 is buried and located
inside the C-terminal domain of LBP between the A0 loop and
the Phe core at the tip of the molecule. In both models, F436/
L436 was positioned within an a-helix (helix B) lining the
inner surface of the C-terminal phospholipid binding pocket
formed by helix A and B and the b2 and b6 sheets (23). Fig. 2A

shows the three-dimensional structure of the LBP variant and
the location of the F436L exchange in the groove region.

We compared hydrophobicity, surface charge, and the
intactness of LBP-specific structural features such as the Phe
core and the LPS binding groove formed by the A0 loop (21).
The close ups and top view portrayed the nature of the interior
surface of common and rare variant protein in Fig. 2B�E.

When analyzing the inner surface of this pocket, we noted
that one continuous hydrophobic channel is formed in the com-
mon variant model, similar to the murine LBP crystal structure
in which both phospholipid acyl chains that were seen in the
crystal could be accommodated in the channel (23). In the
L436 model, however, the leucine side chain protruded into
this channel, thus effectively blocking the channel and reducing
the accessible size of the pocket by 50%. This means in the
L436 structure, only one acyl chain could be accommodated as

FIGURE 1. (A) Binding of progressively diluted serum of individuals with common and rare LBP variant with the known LBP ligands LPS

O111:B4 and (B) Pam2Cys, (C) Pam3Cys, and (D) 3-sn-PE.

Binding was assessed by OD. OD values were compared using the Mann–Whitney nonparametric test. All data are expressed as mean 6 SEM. Error

bars are shown either above or below respective values. *p < 0.05, **p < 0.01, ***p < 0.001 denote statistically significant differences. (E) Stimula-

tion of RAW 264.7 cells with 100 ng LPS 0111:B4. Left shows stimulation with no additional LBP. Middle and right show costimulation with LBP-

containing serum 1 and 2%, respectively, from carriers with either common or rare variants. *p < 0.05. n.s., not statistically significant.
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evident from superpositions with phospholipid molecules. We
also found that the rare variant differed in size of the first
major cleft from the common variant (2845.0 versus 2416.08
Å3). These clefts are known to harbor functional residues (64).
The highlighted alterations in surface topography may there-
fore cause changes in molecular function.

Molecular docking simulations show the interaction between
human LBP and LPS. Fig. 2 H�I demonstrates the differences
in docking residues of human LBP with LPS in both variants in
the groove region. In the common variant, Ile251 and Tyr284
were the supporting residues for a potential interaction with
LPS. Interestingly, Ser224 and Arg254 residues can interact
with LPS in the rare variant in addition to other supporting res-
idues. This difference in docking residues in the common vari-
ant and rare variant could cause structural conformational

rearrangements influencing molecule function. These results are
supported by the observations from MutPred, I-Mutant 3.0,
DUET, and ELASPIC, which indicate a loss of stability of the
rare variant LBP. This is further supported by solvent accessibil-
ity analysis showing a change in polar energy, surface atoms,
and buried atoms.

The results are presented in Tables I and II. An additional
comparison with the rs2232613 rare variant described in a pre-
vious study is presented in Supplemental Table III.

Distribution of genotypes in the study cohorts
To evaluate if the tested genotypes would potentially influence
susceptibility to and course of clinical infections, we examined
a cohort of patients following surgery. In this cohort, 290 of
363 patients carried the more frequent variant. In 73 patients,

FIGURE 2. Overview of the F436L and the common variant with regard to location, effects on molecular structure, and LPS binding caused by

mutational changes in the amino acid chain.

(A) Ribbon diagram of the three-dimensional structures of human LBP highlighting the location of the variant region in red. Left, central and right

portion of the structures represented N-terminal, central, and C-terminal regions. (B and C) Close up of the interior surface of the common variant

showing either Phe (F436) residue (B) or leucine (L436) residue (C) in red. (D and E) Top views of the interior surfaces from the common (D) and

rare human LBP variant (E) showing conformational differences as a result of the amino acid change. (F and G) Docking of LPS to the common var-

iant (F) in the groove region shows a marked difference as compared with the rare human LBP (G) variant with LPS. (H and I) The comparison of

ligand plots of the common human LBP variant (H) and the rare variant (I) shows that there are potentially changes in the molecular interaction

between the LBP residues and LPS based on our analysis.
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the LBP SNP F436L (rs2232618) was present. Of these, 69
patients were heterozygous and 4 were homozygous carriers of
the mutated alleles. We found a similar distribution of frequency
in the control group consisting of 675 healthy volunteers: 555
were carriers of the common variant alleles only, 112 were het-
erozygous, and 8 were homozygous. The resulting allele frequen-
cies were 0.091 and 0.095, respectively, as shown in Table III.
The SNP was in complete Hardy�Weinberg equilibrium in
both groups (patients: x2<0.002, p5 0.96; control group: x25 0.75,
p 5 0.39). The distribution of the SNP is in accordance with
available data (http://www.ensembl.org/Homo_sapiens/Transcript/
Haplotypes?db=core;g=ENSG00000129988;r=20:38346482-3837
7013;t=ENST00000217407).

Influence of LBP SNP F436L on infection susceptibility
and clinical course in ICU patients
Comparison of clinical characteristics between the genotype
groups revealed no differences with regard to age, gender dis-
tribution, or preexisting conditions. Overall, preadmission dis-
ease severity scores (American Society of Anesthesiologists
classification and Simplified Acute Physiology Score) were
equal, as shown in Supplemental Table II. After performing
risk calculation, none of these conditions influenced susceptibility

to infections or outcome (data not shown). Of the 363 studied
patients, 202 (55.7%) developed infections in the ICU. In terms of
sepsis susceptibility, no influence of the studied genotype could be
found (common variant: 163/290 [56.2%]; F436L: 39/73 [53.4%]),
which was also the case for the type of infection. These results
are presented in Table IV. The most frequent infection in three
groups was pneumonia followed by abdominal and wound infec-
tions. The genotypes had no influence on the prevalence of infec-
tions nor on the causing pathogens. The distribution of pathogens
was equal in all groups. In �10% of the patients, there was more
than one pathogen identified, and in a similar number of patients,
no pathogen could be retrieved by microbiological examination.
Both facts were not different between the groups and did not
influence further outcome (data not shown).

As compared with the prevalence of infections, we found an
association with severity of infection between the genotype
groups. The F436L genotype group showed a lower risk for
septic shock (OR 0.34; 95% confidence interval [CI] 0.11�1.02;
p < 0.05) as compared with the common variant group. Further-
more, patients carrying the F436L allele had a lower mortality
associated with overall infectious complications (2.6 versus 10.4%)
or septic shock (25.0 versus 39.0%) as compared with common
variant patients. The latter fact was not statistically significant
(OR 0.23; 95% CI 0.03�1.75; p 5 0.21 for infectious complications;

TABLE I. Comparison of structural stability between human LBP common and rare variant (F436L) using in silico tools

Analysis with MutPred (Result of nsSNP rs2232618 [F436L])

nsSNP Amino acid change Loss of stability Loss of helix

rs2232618 F436L p 5 0.07 p 5 0.1299

Analysis of Stability Changes in LBP Variants Using I-Mutant3.0, DUET, and ELASPIC

Amino acid change I-Mutant3.0 DUET ELASPIC domain core
F436L �1.29 (destabilizing)a �0.151 (destabilizing)a �0.794 (destabilizing)a

aAll values shown as DDG/kcal/mol.

TABLE II. Structural comparison of human LBP common and rare variant (F436L) using in-silico tools

Difference in Secondary Structure between LBP Variants

Feature CVa RVa

Coil 32.01 30.56
Helix 26.40 26.40
Strands 41.58 43.03

Difference in Highly Conserved Residues of Cleft 1 and Cleft 2 between LBP Variants

Clefts CV RV

Cleft 1 287, 289 287, 289, 316, 379, 400
Cleft 2 38, 39, 93, 142, 205, 209, 215, 236, 276, 451 38, 39, 50, 93, 142, 205, 209, 215, 236, 276, 451, 478

Analysis of LBP Variants for Functional Pockets Using CASTp

No. of pockets CV RV

64 65

Comparison of the Solvent Accessibility Analyzed by GETAREA between LBP Variants

Feature CV RV

Polar energy 8726.01 8781.85
No. of surface atoms 2137 2149
No. of buried atoms 1446 1408

aValues as percentage of structural components.
CV, common variant; RV, rare variant.
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OR 0.47; 95% CI 0.05�4.92; p 5 0.64 for septic shock, respec-
tively). We found no difference in the clinical course of homozy-
gous compared with heterozygous patients.

Interestingly, we found that the previously studied P333L
SNP showed almost opposite effects in most of the studied
aspects (37). With the additional genotyping data for the study
cohort, we were able to directly compare both rare variants.
We found mortality was significantly higher in the P333L group
than in the F436L group (21.2%: 7/33 versus 2.4%: 1/39; p 5

0.02 tested with Fisher exact test). However, we noted differ-
ences in the rate of preexisting conditions between the geno-
type groups that did not reach statistical significance, except
for diabetes. More details for the comparison of these variants
are provided in the supplemental material (Supplemental Table
IV). Overall, the genotype groups did not differ with regards to
risk factors for worse outcome.

DISCUSSION

This work shows a series of phenotypic effects of a genetic var-
iation in the LBP gene on either functional properties of the
molecule as well as clinical effects. We found that ligand bind-
ing to LPS was reduced when the serum of carriers of the rare
variant was added as compared with serum of individuals

carrying the common variant. This might be explained by a
physically impaired adherence of these molecules to the ligand
binding domain of LBP. To effectively exert its function, LBP
must bind to its ligands to induce CD14 and thus TLR binding
and consecutively induce intracellular signal transduction (65).
The experimental concept employed in this study aimed at sim-
ulating macrophage function in the presence of serum proteins
that are also part of the ligand transfer like MD-2 or CD14. In
our cell stimulation experiments, we found lower cytokine con-
centrations induced in macrophages by bacterial ligands associ-
ated with the rare variant of LBP. This was particularly the
case with high concentrations of LPS and the serum of individ-
uals carrying the rare variant. Taken together, it appears that
reduced binding of LBP ligands associated with the rare variant
leads to lesser pronounced induction of proinflammatory cyto-
kines. In the early response to bacterial infection, the release of
high concentrations of proinflammatory cytokines might be
associated with a more pronounced inflammatory reaction.
Recent sepsis definitions articulate a dysregulated or uncon-
trolled immune reaction as a major factor for morbidity and
mortality in this setting (66). However, the host ability to com-
bat bacteria might also be related to adequate amounts of cyto-
kines released (67).

The function of LBP is not only restricted to the trans-
fer from LPS or other ligands to its innate immune recep-
tors but also has immune inhibiting properties, particularly
in higher acute-phase concentrations, by scavenging LPS
(23). The observed genetic changes might affect this func-
tion of the molecule as well. In our experiments, higher
concentrations of LBP did not result in increased binding
of the molecule. However, we also could confirm previous
findings, which show that high concentrations of serum
tend to scavenge LPS, but this effect was reduced in the
rare variant (Fig. 1A). This effect was also seen with bind-
ing to bacterial lipopeptides, although the effect was less
pronounced. Interestingly, binding to a nonbacterial ligand
did not show this effect.

TABLE IV. Clinical characteristics of patients with infections (n 5 202)

Characteristic Common Variant Group (n 5 163) Rare Variant Group F436L (n 5 39) p Value

Site of infection (No. [%])
Pneumonia 67 (41.1) 17 (43.6) 0.86
Peritonitis 29 (17.8) 5 (12.8) 0.63
Abscess 45 (27.6) 12 (30.8) 0.70
Urinary tract infections 4 (2.5) – 1.00
Other 18 (11.0) 5 (12.8) 0.78

Type of microorganism (No. [%])a

Gram negative 95 (58.3) 24 (61.5) 0.86
Gram positive 61 (37.4) 18 (46.2) 0.36
Fungi 12 (7.4) 2 (5.1) 1.00

Outcome (No. [%])
Sepsis 122 (74.8) 35 (89.7) –
Septic Shock 41 (25.2) 4 (10.3) <0.05
Mortality 17 (10.4) 1 (2.6) 0.21

aNumbers not adding up to 100% because of missing data or more than one detected microorganism in a patient. Statistical analysis for contingency tables using
x2 test except for mortality, where Fisher�s exact test was applied.

TABLE III. Distribution of genotypes in the studied cohorts

Number of Individuals (%) Allele Frequencies

Patients
(n 5 363)

Controls
(n 5 675) Patients Controls

Common variant 290 (77.3%) 555 (82.2%)
F436L

Heterozygous 69 (18.4%) 112 (16.6%) 0.091 0.095
Homozygous 4 (1.1%) 8 (1.2%)

The genotyping data reported in this study reveal a similar distribution of
alleles as compared with HapMap data and The Innate Immunity Program for
Genomic Applications data regarding populations of European ancestry (Hap-
Map: 0.084 and 0.103, The Innate Immunity Program for Genomic Applica-
tions: 0.043; p 5 0.794, using x2 test).
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In an in silico approach, we tried to explain the results
through molecular modeling of the rare variant as compared
with the common variant. In the F436L variant, the changed
amino acid is situated close to the groove of the molecule near
the center. This means that in the L436 structure, only one acyl
chain could be accommodated, as evident from superpositions
with phospholipid molecules. Although this has not been for-
mally proven, from a structural perspective, it appears plausible
that the two hydrophobic channels in LBP contribute to LPS or
lipopeptide binding. Therefore, the F436L variant might alter
the ability to bind these hydrophobic substances. Analysis of
MutPred implied change in function of the protein because of
destabilization.

Examination of the three-dimensional structures revealed
some structural changes because of amino acid change from
F436L. This is further supported by the destabilization occur-
ring owing to free energy change based on I-Mutant 3.0,
DUET, and ELASPIC analysis. Additionally, docking analysis
revealed a shift in the amino acids residues binding to LPS in
the rare variant compared with the common variant. Topo-
graphical and conformational changes associated with the
amino acid change from F436 to L436 is evident from the
altered binding of the rare variant to LPS. An increase in size
of cleft 1 in the rare variant of LBP demonstrated that it had a
higher number of active sites and was more receptive for ligand
binding interactions owing to extra structural rearrangements.
Finally, functional pockets and the overall number of highly
conserved residues from two major functional clefts of the
rare variant were higher in number as compared with the
common variant. Comparatively higher number of pockets
in the rare variant point to the fact that it may be slightly
more flexible than the common variant.

From the clinical data of our study, we show a lower risk of
septic shock in the presence of the rare LBP variant. It was not
associated with sepsis prevalence and susceptibility to infection.
Although not statistically significant, we also found an associa-
tion with reduced mortality. Clinical effects of LBP variants
have been observed in previous studies showing an influence
on susceptibility to and also severity of infections or other
inflammatory diseases (34). As we have shown in a previous
study, another functional LBP SNP (P333L and rs2232613) was
associated with a more severe course of sepsis (37). By direct
comparison of these SNPs in our clinical cohort, we observed a
marked difference in the clinical course of infections, suggest-
ing an opposite effect.

In other studies, LBP variants like an LBP haplotype varia-
tion were associated with an increased rate of Gram-negative
infections in recipients of homolog bone marrow for hemato-
logic malignancies (30). In other patients, LBP haplotype varia-
tion was a risk factor for ventilator-associated pneumonia and
sepsis in pediatric patients (32, 33). The LBP haplotypes varia-
tions did include wildtype and mutated variants. Therefore, no
conclusive picture regarding risk alleles could be drawn from
these data. Interestingly, the F436L SNP examined in this study
was associated with a higher prevalence of sepsis in a cohort of

trauma victims of Han Chinese origin with a different demo-
graphic composition (38, 39).

In conclusion, this study shows a functional relevant SNP in
the LBP gene that is associated with changes in its properties
regarding binding capability and function with regard to stimu-
lation of macrophages. In silico analysis revealed molecular
alterations that could be associated with these functional
changes. We found a favorable outcome following severe infec-
tions in patients after surgery. We propose several potential
ways of how a loss of function or a gain of function could be
explained by this variant and potentially contribute to patient
outcome.

There are potential limitations of our study. First, in our
experimental approach, we used a xenogenic model, including
mouse macrophages and human serum. In our view, this is jus-
tified by the fact that human macrophages (i.e., derived from
transformed THP-1 cells) are not readily available and might
not display full functional capacity. Human serum used in this
study, in addition, contains functional molecules that are
needed for sufficient signal transduction in contrast to recombi-
nant protein. The retrospective analysis of only two variants of
LBP, furthermore, is a limitation of this study. The association
found should be studied prospectively in a broader approach,
including other nonsynonymous SNPs.

To further delineate functional consequences regarding con-
centration-dependent effects of this SNP, however, more
experiments may be necessary. Elucidating the complex cas-
cade of events leading from recognition of pathogens to sys-
temic inflammation and disease may in the future lead to novel
intervention strategies currently needed to improve the out-
come of sepsis. Furthermore, a genetic risk stratification may
allow for better prevention of clinical complications in patients
at risk for infectious diseases.
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Supplemental material 

Table SI: Stimulation of RAW cells with different ligands (LPS 0111:B4, LPS 595, Pam2Cys and Pam3Cys) with increasing concentrations of LBP 

(either common (CV) or rare variant (RV)). All values are concentrations of TNF in pg/dl.  

 
 

No serum RV No serum CV  LBP 2% RV LBP 2% CV  LBP 5% RV LBP 5% CV  

  TNF  (pg/dl) 

mean (+/-SEM) 

TNF  (pg/dl) 

mean (+/-SEM) 

p-value TNF  (pg/dl) 

mean (+/-SEM) 

TNF  (pg/dl) 

mean (+/-SEM) 

p-value TNF  (pg/dl) 

mean (+/-SEM) 

TNF  (pg/dl) 

mean (+/-SEM) 

p-value 

Pam2Cys  

in ng/ml 

0 436.8 (178.3) 557.7 (227.7) n.s. 735.7 (300.4) 567.8 (231.8) n.s. 865.3 (353.3) 598.8 (244.5) n.s. 

1 726.4 (296.6) 626.0 (255.6) n.s. 1468.8 (599.6) 849.8 (346.9) n.s. 1496.6 (611.0) 1119.9 (457.2) n.s. 

10 797.6 (325.6) 686.7 (280.3) n.s. 1810.1 (739.0) 1433.1 (585.1) n.s. 2114.9 (863.4) 1470.2 (600.2) n.s. 

100 761.8 (311.0) 564.8 (230.6) n.s. 1823.2 (744.3) 1231.7 (502,8) n.s. 2545.7 (1039.3) 1466.2 (598.6) n.s. 

Pam3Cys  

in ng/ml 

0 404.1 (165.0) 509.1 (207.8) n.s. 605.3 (247.1) 536.6 (219.0) n.s. 564.9 (230.6) 534.8 (218.3) n.s. 

1 447.4 (182.7) 508.1 (207.4) n.s. 826.5 (337.4) 632.9 (258.4) n.s. 1127.3 (460.2) 642.4 (262.2) n.s. 

10 756.5 (308.8) 552.4 (225.5) n.s. 1619.2 (661.0) 1345.5 (549.3) n.s. 2112.6 (862.5) 1811.7 (739.6) n.s. 

100 1148.2 (468.7) 742.5 (303.1) n.s. 3984.6 (1626.7) 3636.2 (1484.5) n.s. 4271.4 (1743.8) 2876.7 (1174.4) n.s. 

LPS 

0111:B4 

in ng/ml 

0 590.3 (241.0) 524.5 (214.1) n.s. 685.4 (279.8) 496.4 (202.6) n.s. 663.2 (270.8) 640.6 (261.5) n.s. 

1 361.3 (147.5) 444.3 (181.4) n.s. 1340.6 (547.3) 1045.4 (426.8) n.s. 1156.9 (472.3) 1069.3 (436.5) n.s. 

10 970.8 (396.3) 854.8 (349.0) n.s. 2094.0 (854.9) 1950.7 (796.4) n.s. 2184.8 (891.9) 2139.8 (873.6) n.s. 

100 2440.8 (996.4) 1463.2 (597.4) n.s. 4272.0 (1744.0) 2773.2 (1132.1) n.s. 3783.6 (1544.6) 2738.5 (1118.0) n.s. 

LPS 

Re595  

in ng/ml 

0 510.3 (208.3) 509.7 (208.1) n.s. 696.6 (284.4) 555.4 (226.7) n.s. 551.8 (225.3) 527.0 (215.2) n.s. 

1 538.6 (219.9) 489.0 (199.6) n.s. 656.4 (268.0) 520.5 (212.5) n.s. 613.3 (250.4) 588.2 (240.1) n.s. 

10 637.4 (260.2) 516.4 (210.8) n.s. 1337.3 (545.9) 649.1 (265.0) n.s. 1229.5 (501.9) 796.7 (325.3) n.s. 

100 1207.5 (493.0) 692.6 (282.8) n.s. 3069.0 (1252.9) 2401.3 (980.3) n.s. 3745.2 (1529.0) 2757.5 (1125.7) n.s. 

Statistical analysis with Mann-Whitney-U test.   
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Table SII: Characteristics of 363 patients in the clinical cohort 

 

Clinical cohort (n=363)    

Characteristics information 

Common variant 

(n=290) 

Rare variant F436L 

(n=73) 

p-Value 

Age (years, mean ± SD)) 62.1 ± 12.2 60.1 ± 13.2 0.94 

Male/female 182/108 47/26 0.89 

aASA Score (mean ± SD) 2.8 ± 0.6 2.8 ± 0.7 0.92 

bSAPS-II–Score  (mean ± SD) 25.1 ± 11.0 24.3 ± 11.2 0.44 

Pre-existing condition [No (%)]   

Arterial hypertension 126 (43.4) 24 (32.9) 0.11 

Myocardial disease 101 (34.8) 21 (28.8) 0.41 

Diabetes 56 (19.3) 9 (12.3) 0.23 

Lung pathology 51 (17.6) 13 (17.8) 1.00 

Renal pathology 18 (6.2) 5 (6.8) 0.79 

aASA = American Society of Anesthesiologists. bSAPS = Sequential Acute Physiology Score recorded  

at admission to the ICU. Statistical analysis for contingency tables using Chi-square test except for mortality 

where Fisher's exact test was applied  
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Table SIII: In silico-analysis of LBP common variant and rare variants (rs2232618 and rs2232613).  

Feature Method Effect feature CV rs2232618 rs2232613 Interpretation 

Protein 

stability  

MutPred Loss of stability -- P=0.07 P=0.05 - loss of stability of the helix in rs2232618 and in 

rs2232613.  

- differences in protein stability and structure in all 

relevant molecule areas (coil, helix and strand) 

- Free energy levels hint towards destabilization of 

the mutated molecules (more pronounced in 

rs2232618)  

 

Conclusion: Overall both rare variants show a 

decrease in protein stability. Destabilizing 

effects with ΔΔG values below -0.5/kcal/mol are 

considered functional when they are located in 

binding sites. 

  Loss of helix -- P=0.1299 P=0.105 

 I-Mutant 

3.0 

free energy -- -1.29 

(destabilizing)* 

-0.64 

(destabilizing)* 

 DUET folding and 

unfolding free 

energy 

-- -0.151 

(destabilizing)* 

-0.163 

(destabilizing)* 

 ELASPIC Domain core -- -0.794 

(destabilizing)* 

0.497* 

Protein 

structure  

PSIPRED Coil 32.01% 30.56% 32.64% - Sizable increase in volume in Cleft 1 and minor 

increase in Cleft 2 for the rare variant type 

rs2232618  

- The number of functional pockets differed 

slightly.  

- Analysis of polar energy and surface atoms in 

this variant and no difference in the number of 

buried atoms.  

- The rs2232618 variant seems more accessible 

compared to the other variants as shown by 

larger surface area and stronger polar energy  

 

Conclusion: These facts point towards structural 

conformational differences as a consequence of 

the LBP gene variations. 

  Helix 26.40% 26.40% 26.19% 

  Strands 41.58% 43.03% 41.16% 

 ProFunc Cleft 1 (conserved 

residues) 

223, 286, 287, 309, 

400, 444, 447 

223, 286, 287, 289, 

309, 400, 444, 447 

223, 286, 287, 289, 

309, 400, 444, 447 

  Cleft 2 (conserved 

residues) 

38, 39, 41, 50, 101, 

142, 215, 236, 276, 

451, 478 

38, 39, 41, 50, 101, 

142, 215, 236, 276, 

451, 478 

38, 39, 41, 50, 101, 

215, 236, 276, 451, 

478 

 CASTp No. of pockets 64 65 66 

 GETAREA Polar energy 8726.01 8781.85 8727.03 

  No. of surface 

atoms 
2137 2149 2138 

  No. of buried 

atoms 

1446 1408 1446 

*All values shown as (ΔΔG/kcal/mol) 
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Table SIV: Characteristics of patients in the complete clinical cohort (n=424) and the 

subgroup with infections (n=235). Comparison of all tested LBP-variants (common variant, 

F436L-variant and P333L-variant) 

Clinical cohort (n=424) 

Characteristics information 
Common 
variant (n=290) 

Rare variant 
F436L (n=73) 

Rare variant 
P333L (n=61) p-Value 

Age (years, mean ± SD)) 62.1 ± 12.2 60.1 ± 13.2 63.0 ± 12.0 cn. s. 

Male/female 182/108 47/26 40 / 21 n. s. 
aASA Score (mean ± SD) 2.8 ± 0.6 2.8 ± 0.7 2.8 ± 0.7 n. s. 
bSAPS-II–Score  (mean ± SD) 25.1 ± 11.0 24.3 ± 11.2 25.4 ± 12.6 n. s. 

Pre-existing condition [No (%)]  
 

 

Arterial hypertension 126 (43.4) 24 (32.9) 32 (52.5) n. s. 
Myocardial disease 101 (34.8) 21 (28.8) 26 (42.6) n. s. 

Diabetes 56 (19.3) 9 (12.3) 19 (31.1) 0.02 

Lung pathology 51 (17.6) 13 (17.8) 17 (27.9) n. s. 

Renal pathology 18 (6.2) 5 (6.8) 1 (1.6) n. s. 

Clinical cohort with infections (n=235) 

Site of infection [No (%)] 

Pneumonia 67 (41.1) 17 (43.6) 15 (45.5) n. s. 

Peritonitis 29 (17.8) 5 (12.8) 6 (18.2) n. s. 

Abscess 45 (27.6) 12 (30.8) 9 (27.3) n. s. 

Urinary tract infections 4 (2.5) -- - - n. s. 

Other 18 (11.0) 5 (12.8) 3 (9.1) n. s. 

dType of microorganism [No (%)] 

Gram negative 95 (58.3) 24 (61.5) 20 (60.1) n. s. 

Gram positive 61 (37.4) 18 (46.2) 10 (30.3) n. s. 

Fungi 12 (7.4) 2 (5.1) 1 (3.0) n. s. 

Length of stay [LOS] / Severity of disease 

LOS ICU  (mean ± SD) 19.2 ± 17.1 14.7 ± 8.3 19.7 ± 14.5 n. s. 
SAPS-II–Score  (mean ± SD) 25.1 ± 11.0 24.3 ± 11.2 25.0 ± 11.2 n. s. 

Mortality (n / %) 17 (10.4) 1 (2.6) 7 (21.2) 0.02 

aASA = American Society of Anesthesiologists. bSAPS = Sequential Acute Physiology Score recorded at admission to the 

ICU. Statistical analysis for contingency tables using Chi-square test or Fisher’s exact test, where appropriate. cn. s. = not 

statistically significant. dNumbers not adding up to 100% due to missing data or more than one detected microorganism in a 

patient. Contingency table analyzed with Chi²-test; mortality analyzed with Fisher’s exact test; LOS and SAPS-II-Score 

analyzed with ANOVA.  
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REVIEW ARTICLE

Mycobacterium abscessus: insights from a bioinformatic perspective

Saubashya Sur , Tanushree Patra , Mistu Karmakar and Anindita Banerjee

Postgraduate Department of Botany, Ramananda College, Bishnupur, India

ABSTRACT
Mycobacterium abscessus is a nontuberculous mycobacterium, associated with broncho-pulmon-
ary infections in individuals suffering from cystic fibrosis, bronchiectasis, and pulmonary diseases.
The risk factors for transmission include biofilms, contaminated water resources, fomites, and
infected individuals. M. abscessus is extensively resistant to antibiotics. To date, there is no vac-
cine and combination antibiotic therapy is followed. However, drug toxicities, low cure rates, and
high cost of treatment make it imperfect. Over the last 20 years, bioinformatic studies on M.
abscessus have advanced our understanding of the pathogen. This review integrates knowledge
from the analysis of genomes, microbiomes, genomic variations, phylogeny, proteome, transcrip-
tome, secretome, antibiotic resistance, and vaccine design to further our understanding. The util-
ity of genome-based studies in comprehending disease progression, surveillance, tracing
transmission routes, and epidemiological outbreaks on a global scale has been highlighted.
Furthermore, this review underlined the importance of using computational methodologies for
pinpointing factors responsible for pathogen survival and resistance. We reiterate the significance
of interdisciplinary research to fight M. abscessus. In a nutshell, the outcome of computational
studies can go a long way in creating novel therapeutic avenues to control M. abscessus medi-
ated pulmonary infections.
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Introduction

Mycobacteria are a diverse group of bacteria character-
ised by their varying ability to cause diseases.
Mycobacteria are categorised into nontuberculous
mycobacteria (NTM) and tuberculosis-causing mycobac-
teria (Johansen et al. 2020). NTM is ubiquitous, hetero-
geneous (Locatelli et al. 2020), and responsible for
pulmonary infections, disseminated infections, cervical
lymphadenitis, and infections in the bones and soft tis-
sues (Baldwin et al. 2019). NTM infections are increasing

worldwide and have surpassed the incidence of tuber-

culosis in many countries (Adjemian et al. 2012; Ryan

and Byrd 2018; Baldwin et al. 2019). Age, bronchiectasis,

exposure to aerosols, indiscriminate use of antibiotics

and immunosuppressants, use of showers, and human-

pathogen interaction, coupled with improved diagnos-

tic capabilities are the reasons for an increased inci-

dence of NTM induced diseases (Collins 1989; Feazel

et al. 2009; Bryant et al. 2016; Johansen et al. 2020;

Yoon et al. 2020). The cost of treating NTM is high.
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Prolonged treatment, extensive antibiotic resistance,
relapse of infection, and lack of suitable vaccines has
become a matter of concern (Baldwin et al. 2019).

First isolated in 1953 (Moore and Frerichs 1953),
Mycobacterium abscessus is a rapidly growing NTM spe-
cies having worldwide distribution (Tortoli et al. 2017). It
is an emerging pathogen that is present in contaminated
soil and potable water (Thomson et al. 2013; Lee et al.
2015; Kimble 2021). M. abscessus is heterogeneous and
incorporates three subspecies viz., M. abscessus subsp.
abscessus, M. abscessus subsp. massiliense, and M. absces-
sus subsp. bolletii (Mougari et al. 2014). M. abscessus is
one of the major respiratory infections causing mycobac-
teria (Mougari et al. 2014). It causes respiratory infections
in immunocompromised individuals and patients with
cystic fibrosis, bronchiectasis, and other pulmonary dis-
eases (Hull and Thomson 1998; Howard et al. 2006;
Mougari et al. 2014). The decline in lung function owing
to M. abscessus infection has resulted in increased mor-
tality (Qvist et al. 2016). Moreover, there is evidence of
M. abscessus mediated nosocomial infection as a result
of lung transplantation, tattooing, and surgical tourism
(Sanguinetti et al. 2001; Nessar et al. 2012; Maurer et al.
2014; Chouhan et al. 2019).

The presence of an intact ESX-4 system is essential
for M. abscessus virulence (Newton-Foot et al. 2016; Roy
et al. 2020). It catalyses the breakdown of phagosomes
and facilitates bacterial cytosolic escape (Bunduc et al.
2020). Phenotypic heterogeneity allows M. abscessus to
transit between smooth (own glycopeptidolipid) and
rough (lacking glycopeptidolipid) colonies (Howard
et al. 2006; Catherinot et al. 2009). The latter is respon-
sible for the severity and persistence of infection
(Johansen et al. 2020). M. abscessus is notorious for its
extensive resistance to several antibiotics and disinfec-
tants (Lee et al. 2015; Novosad et al. 2016). This has
been attributed to the presence of mycobacterial cell
envelope, production of antibiotic degrading enzymes,
resistance to macrolides, the existence of active efflux
pumps, expression of whiB gene family, gene polymor-
phisms, mutations in rrs and rrl genes, etc. (Nessar et al.
2012; Johansen et al. 2020). Despite the use of combin-
ation antibiotic therapy, lengthy regimens, multiple
side effects, and variable drug susceptibility of the sub-
species became limiting factors (Koh et al. 2011;
Novosad et al. 2016; Johansen et al. 2020).

Publication of the human genome in 2000, led to a
proliferation of genome sequencing projects spanning
living kingdoms. The outcome was a deluge of informa-
tion from the perspective of genome, proteome, tran-
scriptome, epigenome, metabolome, resistome, structure,
etc. (Sur et al. 2010). It revolutionised the science of

bioinformatics. This was complemented by advances in
computational facilities, the development of new algo-
rithms, databases, and high throughput technologies (Sur
and Pal 2021). Furthermore, research utilising various bio-
informatics techniques enriched our understanding of an
organism or a biological system holistically. This included
M. abscessus as well. This review focuses on the outcome
and significance of M. abscessus research from a bioinfor-
matic perspective. We showcase the implication of such
research in understanding the nature and dynamics of
this pathogen. Additionally, we also highlight the signifi-
cance of computational studies in formulating strategies
to combat M. abscessus infection. Taking these into con-
sideration, we searched PubMed/Google Scholar to col-
lect suitable articles until November 2021.

Understanding genome architecture,
regulatory networks, transmission and
pathogen adaptation from whole-genome,
genomics, and comparative genomics research

Preliminary sequence-based studies concerning M.
abscessus centred around 16S rRNA, 23S rRNA, rpoB, and
housekeeping genes (Bastian et al. 2011; Macheras et al.
2011). The whole-genome sequence of M. abscessus was
first published in 2009. It illustrated the genetic basis of
pathogenicity and housed numerous virulence genes of
non-mycobacterial origin (Ripoll et al. 2009). This was fol-
lowed by whole-genome sequences of numerous other
strains (Chan et al. 2012; Choi et al. 2012; Choo, Wong,
Yusoff et al. 2012; Ngeow et al. 2012; Choo, Wong,
Leong et al. 2012; Caverly et al. 2016; Yee et al. 2017;
Yoshida et al. 2018; Machado et al. 2021). They were
sequenced using Roche 454, Illumina, and PacBio tech-
nologies. M. abscessus strain M94 possessed a distinctive
cluster of tRNA’s linked to pathogenicity (Choo, Wong,
Leong et al. 2012). Genome sequence analysis of M.
abscessus strain M139 revealed a conflicting taxonomic
position, owing to its resemblance with both M. absces-
sus subsp. abscessus and M. abscessus subsp. massiliense
(Ngeow et al. 2012). Besides, the whole genome
sequence of clinical isolates of M. abscessus from cystic
fibrosis patients in different continents threw light on
genome plasticity, transmission, adaptation patterns,
drug susceptibility, and antibiotic resistance (Choo et al.
2014; Davidson et al. 2014; Harris et al. 2015; Everall
et al. 2017; Lipworth et al. 2019). Recent times, witnessed
genome sequencing and characterisation of the pro-
phage and mycobacteriophage of M. abscessus (Amarh
et al. 2021; Kimble 2021). These studies exemplified the
relation of polymorphic toxin-linked type VII secretion
systems with antibiotic resistance.
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Ever-increasing whole-genome sequences of various
mycobacteria catalysed the growth of new databases
and computational resources. The challenges posed by
large-scale genome-wide studies, comparative genom-
ics, etc. demanded resources with higher resolution and
sensitivity (Cheung et al. 2011). MabsBase supported
accessibility, annotation, and computational studies of
M. abscessus strains (Heydari et al. 2013). Likewise,
MycoCAP was optimised for comparative genomic ana-
lysis of various mycobacteria including M. abscessus
(Choo et al. 2015). It facilitated an understanding of the
pathobiology and evolution of these bacteria. While
MabsBase and MycoCAP focussed on genomic charac-
teristics, Mabellini provided a platform for realising the
structural proteome of M. abscessus (Skwark et al. 2019).
Furthermore, antimicrobial targets can also be
designed. Accurate identification of subspecies from
the whole genome sequences of M. abscessus complex
clinical isolates was facilitated by user-friendly software
(Lin et al. 2020). This held promise for discriminate
therapies. BacWGSTdb 2.0 was developed as a fast, one-
stop repository for analysing whole-genome sequences
of nine clinically important bacteria (Feng et al. 2021). It
housed information on 1611M. abscessus isolates for
the benefit of clinicians and epidemiologists.

The accessibility of sequence data and appropriate
tools paved the way for genomic and comparative stud-
ies. Genomic analyses of M. abscessus ATCC 19977 recog-
nised b prism II lectins, MVL lectins, and heparin-binding
haemagglutinin associated with host-pathogen interac-
tions (Abhinav et al. 2013). Sequence analysis of M.
abscessus ATCC 19977 revealed the occurrence of a DNA
degradation (Dnd) phenotype within the genomic island
(Howard et al. 2013). Exploration of genome sequences
within the M. abscessus group (Macheras et al. 2011;
Sekizuka et al. 2014) revealed that M. massiliense pos-
sessed a genomic island MmGI-1 associated with lipid
metabolism. This aided the bacterium to survive in a
lipid-rich ecological niche (Sekizuka et al. 2014). The dif-
ference in virulence patterns amongst M. abscessus, M.
bolletii, and M. massiliense was delineated by compara-
tive genomics. This is significant in the context of design-
ing specific drug targets (Sassi and Drancourt 2014).

A survey of the whole genomes of M. abscessus clin-
ical isolates reported the incidence of innumerable
strain-specific accessory genes. It warranted increased
surveillance since the outcome indicated a fast-evolving
open pangenome (Choo et al. 2014). Pangenome ana-
lysis of various mycobacteria including M. abscessus
pointed out the role of ESX-encoding plasmids in ena-
bling the diversification of type VII secretion systems
(Dumas et al. 2016). This diversification catalysed

bacterial survival within the host and pathogenicity.
Other observations supported this fact (Laencina et al.
2018). Further pangenome analysis of M. abscessus and
twenty-seven other mycobacterial species demon-
strated 811M. abscessus specific genes linked to quo-
rum sensing. A high number of quorum sensing genes
correlated with adaptation and overwintering hostile
conditions (Wee et al. 2017).

Bioinformatic studies of mycobacterial genomes
underlined the role of tRNA array units, virulence fac-
tors and gene regulatory networks in inferring organism
biology. M. abscessus complex showed myriad tRNA
array units located within the genomes, bacterio-
phages, and plasmids. The incidence of tRNA arrays in
the bacteriophages and plasmids was attributed to
horizontal gene transfer (Morgado and Vicente 2018).
Genome analysis of the Mycobacterium chelonae-absces-
sus complex (Simmon et al. 2011; Behra et al. 2019) dis-
closed that the virulence factor phospholipase C (plcC)
housed by M. abscessus, was shared with
Mycobacterium salmoniphilum-like strains (Behra et al.
2019). Computational modelling recognised conserva-
tion of transcriptional control in M. tuberculosis and M.
abscessus, as well as 54 regulator-target pairs, over 5
transcription factors in the latter (Staunton et al. 2019).

Whole-genome sequence analysis of the clinical iso-
lates of M. abscessus complex from Ireland revealed the
dominance of two different strains of M. abscessus
subsp. abscessus. On top of that, M. abscessus complex
(Lee et al. 2015; Tan et al. 2017) isolates from non-cystic
fibrosis patients were more diverse than the cystic
fibrosis counterpart (Redondo et al. 2020). Despite the
lack of patient-to-patient transmission, monitoring
infections and spotting transmission routes were rec-
ommended, owing to the elevated incidence of cystic
fibrosis in Ireland. Genomic analysis and comparative
studies of M. abscessus subsp. massiliense, from spor-
adic, non-cystic fibrosis, cystic fibrosis, and outbreak
clone 1 isolates out of the USA unfolded some interest-
ing facts. Examination of the pangenome and core gen-
ome analyses divulged similarities between sporadic
and outbreak isolates, concerning single nucleotide
polymorphism numbers. However, the absence of
acquired antimicrobial resistance mutations in the spor-
adic isolates signalled cross-transmission (Bryant et al.
2016; Davidson et al. 2021). One population genomics
study explored 588M. abscessus isolate genomes from
cystic fibrosis care facilities across the USA and com-
pared them with genomes from earlier studies. It
divulged the prevalence of dominant clones that in all
likelihood could spread in the environment (Davidson
et al. 2021a). Besides, these sorts of analyses warranted
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the integration of epidemiological, genomic, and evi-
dence-based studies to understand transmission.

Of late several in silico techniques have been applied
for distinguishing M. abscessus subspecies and other
NTMs. Subspecies-Specific Sequence Detection (SSSD)
methodology differentiated M. abscessus subspecies,
from 1505 genome sequences of the M. abscessus com-
plex with high precision (Minias et al. 2020). Machine
learning and comparative genomics methodologies rec-
ognised marker genes and SNPs for distinguishing M.
abscessus and other NTMs (Jia et al. 2021). A whole-gen-
ome sequence analysis method successfully identified
M. abscessus and NTMs from a mixed infection.
Amongst PubMLST, MetaPhlAn3, Kraken2, and
Mykrobe-Predictor tools, Kraken2 demonstrated abso-
lute sensitivity and specificity in detecting and identify-
ing mixed NTM species (Khieu et al. 2021). Moreover,
accurate detection of the relative abundance of individ-
ual NTM species from a mixture signified its potency
and relevance.

Microbiome and methylome profiling of M.
abscessus mediated diseases

Microbiome refers to the entire genetic material of all
microorganisms present in a habitat (Richardson et al.
2019). Microbiome analysis facilitates understanding of
the intracellular mechanisms and interactions of the
microorganisms with their host (Marchesi and Ravel 2015;
Francoise and H�ery-Arnaud 2020). The fast-developing
technique of microbiome sequencing is relevant for rec-
ognising the microbiome’s role in disease progression.

A distinct relationship between the lower airway micro-
biota and NTM disease has been recognised. The contri-
bution of NTM bacteria including M. abscessus, in disease
progression, underlined the need for comprehending
therapeutic implications (Sulaiman et al. 2018). The chal-
lenges posed by M. abscessus along with other pathogens
in the cystic fibrosis microbiome have consequences on
diagnosis and therapy (Mahenthiralingam 2014; Surette
2014). That M. abscessus was more susceptible to antibiot-
ics compared to Pseudomonas aeruginosa, demanded
effective monitoring of the lung microbiome in cystic
fibrosis patients (Vandeplassche et al. 2019).

The sputum microbiome demonstrated the influence of
M. abscessus complex infection on cystic fibrosis patients.
The patients had a significantly different microbiome com-
munity compared to the control set (Bharadwaj 2021).
Nevertheless, antibacterial treatments brought about a
change in the microbiome community. Therefore, it is evi-
dent that surveillance of the lung and sputum microbiome
of M. abscessus infected patients, during infection, therapy

(with antibiotics, probiotics, etc.) and recovery may assist
in clinical management (Thornton et al. 2021).

The limitations imposed by traditional molecular
methods in understanding bacterial pathogenicity can
be overcome by ascertaining methylome profiles from
genomes. This holds importance owing to its modifica-
tion in response to stress (Chhotaray et al. 2020).
Genome-wide methylome profiling of smooth and
rough M. abscessus clinical isolates illustrated significant
differences. The differences shaped by mutations in the
genes associated with antibiotics and stress tolerance
influenced pathogenicity and resistance (Chhotaray
et al. 2020). DNA methylation profiling also facilitated
the recognition of biomarkers in patients with lung dis-
eases (Oh et al. 2021).

Genetic and genomic variation studies
highlighted the role of mutations and M.
abscessus subspecies in disease outbreaks

Technological advances in high-throughput sequencing
over the last two decades resulted in the generation of a
substantial amount of functionally relevant genetic vari-
ation data (Wang et al. 2010). This incorporated informa-
tion from pulmonary diseases including those caused by
M. abscessus, critical for understanding disease patho-
physiology and designing strategies (Yarden et al. 2005;
Knowles and Drumm 2012, Howard et al. 2013, Shmarina
et al. 2013). Preliminary researchers studied rpoB, hsp65,
secA, etc. utilising multi-locus sequence typing to ascer-
tain the role of subspecies in disease outbreaks
(Davidson 2018). Using R studio, a novel workflow for
multilocus sequence typing was developed with 104
whole genomes from the M. abscessus complex and 14
loci. It identified 62 distinct sequence types and under-
lined the impact of a few discriminatory genes and anti-
biotic resistance genes in diversifying M. abscessus
subspecies (Wuzinski and Sharma 2018).

A Malaysian survey of tandem repeat polymorphisms
data from 38 clinical isolates of M. abscessus under-
scored its significance in interpreting epidemiology,
strain differentiation, and subspecies identification
(Wong et al. 2012). Analysis of clinical isolates from the
outbreaks of M. abscessus in different parts of the world
underlined the role of dominant antibiotic-resistant
clones. While M. abscessus subsp. bolletii BRA100 clone
was responsible for the outbreak in southern Brazil,
dominant clones of M. abscessus subsp. massiliense and
M. abscessus subsp. abscessus caused respiratory infec-
tions in cystic fibrosis patients in other countries (Nunes
et al. 2014; Bryant et al. 2016; Davidson 2018). SNP ana-
lysis revealed similarity among these dominant clone
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isolates in the core genome, and genomic variations in
the accessory genome (Davidson 2018). Whole-genome
sequencing of M. abscessus clinical isolates from a hos-
pital setting in Australia identified a related cluster vary-
ing only by few a SNPs. The study divulged cross-
transmission among cystic fibrosis patients (Yan et al.
2020). A different pattern was noticed in cystic fibrosis
isolates from Germany. Genome sequencing, phylogen-
etic and variant analysis revealed a new adaptation strat-
egy for M. abscessus within the lungs (Lewin et al. 2021).
The pathogen accumulated an assortment of variants in
the population, that housed numerous virulent and anti-
biotic-resistant genes containing non-synonymous varia-
tions. Consequently, there appears to be a strategic shift
from employing a handful of dominant clones to har-
bouring numerous genetic variants at a time to sustain
chronic lung infection. These genetic and genomic vari-
ation analyses may be beneficial for large-scale popula-
tion genomics studies. This holds especially in the
context of understanding clinically relevant mutations
that facilitate pathogen survival and transmission.

Phylogenetic research reveals a multitude of
factors shaping the evolution of M. abscessus

Evolution in microorganisms is crafted by the events of
mutations, genomic rearrangements, and horizontal
gene transfer mechanisms (Juhas et al. 2009). These
events are responsible for the adaptation of the micro-
organism to environmental conditions and diversifica-
tion. The pulmonary pathogen M. abscessus (Howard
et al. 2006) is important from the evolutionary perspec-
tive, owing to its adaptability within the host and caus-
ing diseases.

Over the years microbiologists were perplexed by
the taxonomic position of the M. abscessus subspecies.
Some researchers divided M. abscessus into three sub-
species viz. M. abscessus sensu stricto, M. massiliense,
and M. bolletii based on single-gene sequencing
(Ad�ekambi et al. 2006). Multilocus sequencing and
phylogenetic analysis of hsp65, rpoB, and secA sequen-
ces of the clinical isolates and type strains of M. absces-
sus and closely related species, clearly differentiated M.
abscessus from M. massiliense, and M. bolletii (Zelazny
et al. 2009). However, others emended them into M.
abscessus subspecies abscessus and M. abscessus sub-
species bolletii (Leao et al. 2011). Phylogenetic and phy-
logenomic analysis of rpoB, hsp65, sodA, recA, secA,
erm41,16S-23S internal transcribed spacer (ITS) genes
and 12M. abscessus whole genomes, efficiently classi-
fied its subspecies (Tan et al. 2013). It emphasised the
importance of using minimal gene marker sets for

classifying M. abscessus. Computational pairwise com-
parison of 43M. abscessus strains and 3 genomes, div-
ided M. abscessus into M. abscessus subsp. abscessus, M.
abscessus subsp. massiliense and M. abscessus subsp.
bolletii (Tortoli et al. 2016). Phylogenomic network ana-
lysis and examination of thymidylate kinase protein and
30S ribosomal protein S3 supported the splitting of M.
abscessus into three subspecies (Tan et al. 2015).
Additionally, it provided evidence that M. massiliense is
different from M. bolletii in the context of antibiotic sus-
ceptibility. This was reinforced by another phenotypic
and phylogenomic analysis, proposing the distinction
of M. massiliense and M. bolletii within the M. abscessus
complex (Adekambi et al. 2017). Microevolution of sub-
species within the M. abscessus complex was accom-
plished by the influence of homologous recombination
and positive selection of isochorismate, beta-lactamase-
like protein, deoxyribonuclease tatD, thymidylate kinase
Tmk, 30S ribosomal protein S3, and some hypothetical
proteins (Tan et al. 2017). A phylogenomic survey
emended the name Mycobacterium abscessus to
Mycobacteroides abscessus and its subspecies. This was
due to the occurrence of 27 unique molecular marker
proteins distinct from other members of
Mycobacteriaceae (Gupta et al. 2018). A computational
study precisely classified M. abscessus subspecies using
the housekeeping gene gnd (Ng and Ngeow 2020).
Recently, the name Mycobacterium abscessus was reap-
plied on the basis of genomic and computational analy-
ses (Meehan et al. 2021).

An integrative phylogenomic analysis of the epidemic
isolates of M. abscessus from Brazil with related outbreak
isolates from the UK, USA, Malaysia, and France under-
scored the obligation to study epidemiological outbreaks
across continents (Davidson et al. 2013). The Brazilian out-
break strains belonging to a monophyletic clade had
many deletions and differences in their gene content.
Moreover, they were similar to the UK outbreak strains
compared to that from the USA, Malaysia, and France.
This portrayed that the Brazilian and UK outbreak isolates
were a clone devoid of genetic variation and circulating
over wide geographic regions (Davidson et al. 2013).
Again, variation with outbreak strains from USA, Malaysia,
and France indicated independent localised evolution.
Further phylogenetic investigation of the Brazilian out-
break divulged convergent evolution in the isolates. It
affirmed that this nosocomial outbreak was caused by M.
abscessus subsp. massiliense lineage (Everall 2019). Similar
phylogenetic characterisation of the M. abscessus subsp.
massiliense strains from an outbreak in USA, and compari-
son with UK outbreak strains indicated relatedness
(Tettelin et al. 2014). The researchers employed MEGA,
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Mugsy, Phylomark, and GATK software to infer the
relatedness, and stressed using whole-genome sequence
data for understanding transmission routes.

Bacteriophage insertions are one of the factors
responsible for variations amongst M. abscessus strains
(Davidson et al. 2013; Sassi and Drancourt 2014).
Exploration of 48M. abscessus genomes suggested that
numerous mycobacteriophages co-evolving with the
mycobacterium were accountable for heterogeneity
resulting from gene loss, gain, and exchanges (Sassi
and Drancourt 2014).

PE/PPE proteins from M. abscessus ATCC 19977, other
mycobacterial species, and non-mycobacteria were inves-
tigated using various phylogenetic software, to recognise
their origin and evolution (Bavishi et al. 2014). It divulged
an accommodation of a wide variety of these fast-evolv-
ing proteins in pathogenic mycobacteria.

Mosaicism in M. abscessus genomes obtained from
cystic fibrosis patients has been attributed to pRAW-like
genetic elements (Sapriel et al. 2016). These extrachro-
mosomal elements influenced evolution through gen-
ome re-modelling and shaped pathogenicity. Lateral
transfer of a rpoB gene from M. abscessus to M. massi-
liense bolstered the view that these events contributed
to diversity among M. abscessus strains (Kim et al.
2017). Whole-genome phylogenetic analysis revealed
that M. abscessus belonged to the ancestral group of
rapidly growing mycobacteria. It possessed distant
homologs of genes belonging to the mammalian cell
entry operon and had numerous genes linked to amino
acid transport and transcription (Bachmann et al. 2020).
These had a role in metabolism and adaptation to
pathogenic lifestyles. A recent study showed the step-
wise evolution of M. abscessus pathogenicity. Certain
epigenetic modifiers resulted in the saltational increase
of pathogenicity in some clones (Bryant et al. 2021).
This has been ascribed to horizontal gene transfer
events. Also, allopatric parallel evolution possibly
resulted in an escalation of virulence as a consequence
of mutations in chronic patients. The outcome under-
lined testing several colonies from various samples to
understand antibiotic resistance and launch measures
to prevent human to human transmission.

Phylogenetic studies based on whole-genome
sequencing and single-nucleotide polymorphism ana-
lysis, in a German patient cohort, identified macrolide
resistance and aminoglycoside susceptibility
(Wetzstein et al. 2020). erm (41) methyltransferases
were responsible for macrolide resistance in M. absces-
sus subsp. abscessus and M. abscessus subsp. bolletii.
Phylogenomic analysis of M. abscessus genomes from
cystic fibrosis and non-cystic fibrosis patients, also

recognised a clade possessing erm (41) T28C mutation
that was responsible for macrolide susceptibility
(Bronson et al. 2021). These studies offer a new direc-
tion in designing therapeutics.

Computational proteomics research on
M. abscessus

An assortment of protein contents within a cell at a par-
ticular time and environmental condition is the proteome.
Whole proteome profiling, liquid chromatography, mass
spectrometry (LC-MS), MALDI-TOF MS-based experiments,
and spatial proteomics (Zhao et al. 2016; Nicholson et al.
2021) have catalysed proteomics research. It resulted in
the generation of abundant, reliable, quantitative, and tar-
get enriched data, that can be investigated by robust
computational techniques (Nicholson et al. 2021). That
related mycobacterial species tend to show variable phe-
notypes linked to virulence, bolstered proteomics research
in mycobacteria (Bajaj et al. 2020).

Examination of the predicted proteomes from myco-
bacterial strains including M. abscessus ATCC 19977
using BLAST matrix, demonstrated that the latter
shared a few genes with other slow-growing mycobac-
teria (Zakham et al. 2012). Proteome analysis using
MALDI-TOF MS successfully identified different subspe-
cies of M. abscessus. The outcome accelerated the diag-
nosis and treatment of M. abscessus subspecies
mediated diseases (Luo et al. 2016). It highlighted hav-
ing appropriate antibiotic therapies in place since sub-
species of M. abscessus are notorious for showing
variation in antibiotic susceptibility (Luo et al. 2016).
Integration of proteomic and genomic data offered a
better resolution in demonstrating drug resistance in M.
abscessus UC22. It had 30 variant peptides associated
with 16 single-nucleotide variations linked to drug
resistance (Advani et al. 2019).

In addition to the identification of different sub-
species and illustrating drug resistance, computa-
tional proteomics research provided insights into the
identification of immunogenic proteins, adaptation to
antibiotic stress, and survival within the host. One
study recognised 12 immunogenic species-specific
proteins, from the M. abscessus complex suitable for
T-cell and B-cell epitope prediction. They hold prom-
ise for future diagnostic immunoassays in combating
M. abscessus complex diseases (Steindor et al. 2019).
Tandem mass tag spectrometry data from M. absces-
sus subsp. abscessus, showcased its adjustment to
outsmart environmental and antibiotic stress. M.
abscessus subsp. abscessus synthesised enzymes, that
enabled it to alter the cell surface and bring about
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changes in the metabolites. It underscored the sur-
vival strategies to overcome low nutrient conditions
and neutralise the impact of amikacin and linezolid
(Rojony et al. 2020). Investigation of multi-omics and
proteomics datasets from M. abscessus illustrated the
role of non-coding RNAs, internal transcription sites,
and novel open reading frames in pathogenicity and
adjustment within the host (Nicholson et al. 2021).
Despite being constrained by limited works, proteo-
mics research on M. abscessus is significant in shed-
ding new light on pathogen physiology, resistance
patterns, and virulence.

In silico secretome characterisation

The secretome comprises the complete set of secreted
proteins. It involves different types of molecules
(Ranganathan and Garg 2009). The secretome is associ-
ated with cell adhesion, migration, cell-to-cell communi-
cation, signal transduction, etc. (Bonin-Debs et al. 2004).
Exploration of the secretomes from pathogenic bacteria
opened up opportunities to develop new vaccine candi-
dates and diagnostic markers. Over the years computa-
tional approaches have become popular to profile the
secretome of various pathogens (Ranganathan et al.
2009; Ranganathan and Garg 2009; Robinson et al. 2009).

A combinatorial approach using 2-D gel electro-
phoresis, MALDI-TOF, and bioinformatics tools identi-
fied species-specific 32 major secreted proteins from
M. abscessus ATCC23006 (Yadav and Gupta 2012). The
majority of them were linked to cellular functions and
virulence. Moreover, the secretome of M. abscessus
ATCC23006 revealed a substantial difference with
Mycobacterium chelonae ATCC35752. These bacteria
are closely related, yet variation in their secretome
stressed the need for developing novel diagnostic
tools based on contrasting secreted proteins.
Extensive computational analyses of clinical isolates
revealed 85% secretome similarity within M. abscessus
subspecies (Cornejo-Grandos et al. 2021). Larger secre-
tome and antigenic densities in clinical isolates from
rough colonies compared to smooth colonies signified
the former’s role in pathogenicity. Additionally, the
incidence of a plethora of excreted/secreted (ES) pro-
teins and proteins associated with quorum sensing
portrayed their implication on virulence (Cornejo-
Granados et al. 2021). Analysing the secretome of M.
abscessus using computational techniques holds
promise in the context of developing novel drugs and
vaccines. However, an insufficient number of studies
coupled with the lack of experimental validation are
some of the limitations.

New insights into infection, adaptability, and
drug responses from transcriptomic research
on M. abscessus

Transcriptomic analysis using microarray and RNA-seq
datasets from pathogenic bacteria has the potential to
unravel significant insights into the lifestyle patterns,
host responses, antibiotic resistance patterns, etc. One
of the pioneering studies on the whole transcriptome
of THP1- derived macrophages using RNA-seq data,
revealed a substantial correlation between the smooth
and rough morphotypes of M. abscessus during early
infection (Aulicino et al. 2015). However, later stages of
infection revealed some degree of the strain-specific
differential immune response. That, strains belonging
to the M. abscessus complex are phenotypically diverse
and were also identified using phenotype microarray
technology (Ameen 2018). Analysis of RNA-seq data
from human THP1 exposed to M. abscessus and other
pathogens indicated a more pronounced response to
M. abscessus (Thuer and Gabald�on 2017).

The adaptive capability of M. abscessus under stress
conditions was shown by transcriptomic studies. The
amalgamation of dRNA-seq, RNA-seq, and ribosome
profiling technologies for characterising M. abscessus,
underlined its effective capability to adapt itself within
the cystic fibrosis lung (Miranda-CasoLuengo et al.
2016). Therefore, M. abscessus employed certain meta-
bolic strategies, that enabled it to overcome nutrient-
deficient conditions within the human macrophages
and persist longer in the cystic fibrosis lung. These
strategies were quite common amongst other cystic
fibrosis pathogens. Examination of the transcriptomic
profiles of M. abscessus in amoeba and murine macro-
phages demonstrated that some amoeba proteins
allowed M. abscessus to overcome environmental stress
and catalyse its defense mechanism (Dubois et al.
2019). This adaptation of M. abscessus to intracellular
lifestyle was an outcome of its shift to fatty acid metab-
olism from carbohydrate metabolism.

Transcriptomic analysis of the M. abscessus infected
respiratory epithelia using DESeq2 package, ToppGene
Suite, and Ingenuity pathway analysis software speci-
fied that ciliary genes were downregulated whereas
inflammatory genes like IL-32, and those linked to chol-
esterol biosynthesis and cytokines were upregulated
(Matsuyama et al. 2018). This provided a solid under-
standing of numerous pathways that may be suitable
targets for drug development. RNA-seq analyses have
also been successful in underscoring drug-specific
responses and tolerance to clofazimine and tigecycline
by M. abscessus (Schildkraut et al. 2021). Thus, it is evi-
dent from transcriptomic studies that understanding

CRITICAL REVIEWS IN MICROBIOLOGY 7



gene expression patterns of M. abscessus is crucial for
developing therapeutic strategies.

In silico studies on antibiotic resistance in M.
abscessus provide knowledgebase to catalyse
new treatment strategies

M. abscessus is notoriously resistant to clinically avail-
able antibiotics (Novosad et al. 2016; Joob and
Wiwanitkit 2019). Intrinsic resistance to ethambutol, flu-
oroquinolones, rifampicin, thiacetazone analogs, clofazi-
mine, and bedaquiline is caused by low cell wall
permeability, expression of antibiotic modifying
enzymes, and induction of drug efflux pumps (Luthra
et al. 2018; Johansen et al. 2020). Acquired macrolide
resistance to aminoglycosides, kanamycin, and amikacin
occurs by a mutation in the genes encoding targets
owing to prolonged treatment (Nessar et al. 2012,
Luthra et al. 2018). Antibiotic resistance caused progres-
sive lung damage, reduced functionality, and mortality
in patients with cystic fibrosis (Le Moigne et al. 2016; de
Carvalho et al. 2021). The availability of the genomic
data of M. abscessus opened up opportunities to under-
stand antibiotic resistance using computa-
tional approaches.

Sequence analysis of rrl (23S rRNA gene), revealed
point mutations accountable for clarithromycin resist-
ance (Figure 1) in 36 out of 51 cystic fibrosis patients
(Wallace et al. 1996; Bastian et al. 2011). A bioinformatic
study supported by experimental evidence showcased

the role of multi-functional Mab_3168c protein behind
amikacin resistance (Figure 1) in M. abscessus cells (Tsai
et al. 2013). Investigation of the M. abscessus clinical iso-
lates from China using whole-genome sequencing, SNP
and BLAST analysis predicted the role of rrl and erm
(41) genotypes (Figure 1) in clarithromycin resistance (Li
et al. 2017). Around, 41.7% of these isolates housed the
erm (41) T28 sequevar associated with resistance. The
significance of erm (41) T28C mutation in M. abscessus
has been substantiated by another study in the context
of macrolide resistance (Figure 1, Bronson et al. 2021).
The emergence and reversion of erm (41) T28C muta-
tion were catalysed by selective pressure. This had a
bearing on the patterns of macrolide resistance. An in-
depth statistical exploration of M. abscessus complex
isolates from Florida showed 100%, 98.4%, 93.4%, and
87.7% resistance to trimethoprim/sulfamethoxazole,
ciprofloxacin, moxifloxacin, and doxycycline (Sfeir
et al. 2018).

Genetic toolkit analysis successfully identified seven
enzymes, that altered antibiotic targets together with
the antibiotics (Figure 1) and formed a complicated
resistome of M. abscessus (Luthra et al. 2018). These
enzymes offered a safeguard against antibiotics target-
ing cell wall synthesis, RNA synthesis, and pro-
tein synthesis.

Genomic DNA analysis of M. abscessus complex iso-
lates from China, and sequence comparisons using
BLAST highlighted variation in antimicrobial resistance
amongst them (Guo et al. 2020). Clarithromycin

Figure 1. Illustration of the major factors responsible for resistance to different antibiotics by M. abscessus (Wallace et al. 1996;
Bastian et al. 2011; Tsai et al. 2013; Li et al. 2017; Luthra et al. 2018; Li et al. 2020; Bronson et al. 2021).
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resistance was higher in M. abscessus isolates (74.3%)
compared to M. bolletii (68.4%). Furthermore, imipenem
and ceftazidime seemed to work in a unison against
the isolates. Bioinformatic studies of whole-genome
sequences from Chinese M. abscessus isolates resistant
to clarithromycin, spotted genes encoding resistance
factors (Li et al. 2020). Frameshift mutations in mmpS,
tetR, and lysR family transcriptional regulators were
accountable for the resistance (Figure 1).

Transposon-sequencing showed promise in pin-
pointing essential genes in M. abscessus and drive the
development of bactericidal drugs against the patho-
gen. PBP-lipo was recognised as one such gene having
the ability to sensitise M. abscessus to ampicillin, amoxi-
cillin, and other antibiotics (Akusobi et al. 2021).
Saturated transposon mutagenesis and deep sequenc-
ing of M. abscessus identified essential genes, tRNAs,
and short open reading frames associated with patho-
genesis and antibiotic resistance (Rifat et al. 2021).

In addition to these, many other genes and their
polymorphisms have been reported to show innate and
adaptive drug resistance (Johansen et al. 2020).
Computational studies on these could enhance our
understanding by providing novel insights. Moreover,
improved computational tools coupled with the ana-
lysis of antibiotic resistance datasets from different
parts of the world could be fruitful. The knowledge
from such studies may assist clinicians and drug manu-
facturers in controlling the pathogen.

Computational prediction of drug targets and
multi-epitope vaccine candidates

M. abscessus infections are chronic and hard to control
with existing chemotherapeutic agents (Nash et al.
2009). This demanded research on novel therapeutic
strategies and vaccines. Sequence analysis and struc-
tural studies hold potential in drug discovery against M.
abscessus. Comparative homology modelling can deter-
mine high-quality structures that may assist in screen-
ing and ligand design (Waman et al. 2019). While,
metabolic reconstructions are suitable for understand-
ing pathogenesis, systematic mutagenesis analysis with
SDM and mCSM software might rapidly assess muta-
tions causing drug resistance (Waman et al. 2019). A
combination of in vitro and in silico methods can usher
new possibilities (Omeershffudin and Kumar 2019).

A hierarchical in silico analysis identified 40 target
candidates associated with manifold metabolic activ-
ities, crucial for pathogen survival (Shanmugham and
Pan 2013). Further characterisation of these targets
based on subcellular localisation, interactions,

functionality, and druggability, divulged appropriate-
ness against M. abscessus infections (Shanmugham and
Pan 2013). Computerised drug screening, data analysis
and phenotype characterisation identified niclosamide
(Berube et al. 2018) and 11 compounds targeting M.
abscessus (Richter et al. 2018). In silico and in vitro inves-
tigation of tetrahydropyridine compounds demon-
strated their role in inhibiting the efflux mechanism of
M. abscessus subsp. abscessus (Ramis et al. 2019).
Molecular modelling and molecular docking analysis of
MmpL5 and Tap efflux transporters with different
ligands were carried out. NUNM01 was identified as the
most suitable adjuvant candidate against M. abscessus
(Ramis et al. 2019).

In vitro and mass spectrometric data analysis using
bioinformatic tools, found TLR2eF (TLR2 enriched frac-
tion) housing numerous lipoproteins and proteins.
These TLR2eF compounds had the potential to prevent
M. abscessus infections as vaccine and diagnostic mole-
cules (Le Moigne et al. 2020). Comparative genomics
studies of NTMs including M. abscessus identified 15
druggable proteins to be broad-spectrum vaccine and
drug targets (Swain et al. 2021). It consisted of patho-
gen-specific essential proteins, that functioned as car-
riers, transcriptional regulators, enzymes, and ribosomal
binding proteins (Swain et al. 2021).

Reverse genetics is a powerful and advantageous
strategy for designing vaccines (Nogales and Mart�ınez-
Sobrido 2017). One such study recognised the signifi-
cance of MgtC, as a probable vaccine candidate for pro-
tecting cystic fibrosis patients from M. abscessus (Le
Moigne et al. 2016). A pangenome based reverse-vacci-
nology approach (Figure 2) using bioinformatic tools,
determined multi-epitope vaccine candidates against
M. abscessus (Dar et al. 2021). Antigenic target detection
and physiochemical characterisation of the core gen-
ome proteins culminated in the recognition of 4 anti-
genic proteins. CD8 and CD4 T-cell interacting epitopes
were predicted from these antigenic proteins and a
multi-epitope vaccine candidate was designed. It was
non-allergenic, antigenic, and immunogenic (Dar et al.
2021). Interestingly, the T-cell epitopes displayed sub-
stantial population coverage. Construction of the struc-
tural model followed by conformation B-cell mapping
identified B-cell epitopes. The outcome of in silico clon-
ing and immune stimulation was encouraging (Dar
et al. 2021). Additionally, molecular docking studies
highlighted strong interaction between the multi-epi-
tope vaccine and Toll-like receptor 2. Binding affinity
studies and molecular dynamics simulation further sub-
stantiated the findings. Despite the robustness of this
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approach, the outcome of this work is yet to be vali-
dated by experimental studies.

Overall, knowledge from these in silico studies on
bactericidal compounds and vaccines can go a long
way in assisting experimental analysis by saving time
and expenses.

Conclusions

The burden of pulmonary diseases caused by M. absces-
sus is increasing globally. Undeniably, the biggest chal-
lenge posed by this pathogen lies with the effective
diagnosis and development of appropriate drugs. Since
2009, genomes of numerous M. abscessus strains have
been sequenced. These high-quality sequence data pro-
vided a basis for numerous computational studies, lead-
ing to a wealth of information. Despite concerns over
the lack of functional data, knowledge from myriad in
silico analyses furnished valuable insights into the
nature of M. abscessus and its diseases.

Whole-genome analysis and comparative genomics
provided information about virulence patterns and
stressed the need for surveillance of clinical isolates on
a global scale. Moreover, it demonstrated the role of
advanced methodologies in detecting transmission
routes, virulence proteins (especially the ES proteins),
resistance patterns, subspecies identification, and pin-
pointing M. abscessus from mixed infections.

Knowledge from genome studies may favour ease of
diagnosis and treatment. Microbiome and methylome
analyses highlighted therapeutic implications and
improvements associated with drug therapies. While
genetic variation studies illustrated the role of subspe-
cies and dominant clones in disease outbreaks and
cross-transmission, phylogenetic analysis showcased
factors shaping the evolution of M. abscessus.
Investigation of the proteome, secretome and transcrip-
tome enhanced our understanding of the pathogen
physiology, and the influence of metabolites on viru-
lence, adaptability, and gene expression patterns. These
findings are likely to catalyse the development of novel
drugs and vaccines. Likewise, precise identification of
the factors conferring antibiotic resistance in M. absces-
sus through computational techniques may facilitate
advancements in therapeutic strategies. Efforts should
also be in place to integrate computational and experi-
mental studies of plant-based compounds, that may act
as inhibitors of the pathogen.

Hence, it is evident that in addition to clinical, micro-
biological, and molecular techniques, computational
studies are necessary to advance our understanding of
M. abscessus. Pharmaceutical and biomedical industries
should collaborate with researchers and clinicians, to
reduce vulnerability to cystic fibrosis and bronchiectasis
that allow M. abscessus to become a chronic infection.
Although a lot needs to be done, future computational

Figure 2. Demonstration of the pangenome-based reverse-vaccinology approach for designing multi-epitope vaccine candidates
(Dar et al. 2021).
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studies should be aimed at technological innovations
for large-scale analysis of different types of data.
Technological know-how should be shared amongst
developed and emerging economies. In essence, this
review underscores the significance of utilising the out-
come of various computational studies, for a better
understanding of the pathogen and for developing
novel therapies.

Acknowledgments

The authors thank Ramananda College for providing infra-
structure to carry out the work.

Author contributions

SS conceived the idea and supervised the study. TP per-
formed the literature review. SS wrote the manuscript with
support from TP. MK and AB assisted with the figures and
manuscript editing. All authors have read and approved the
submitted version of the manuscript.

Disclosure statement

The authors report no potential conflict of interest(s).

Funding

The authors reported there is no funding associated with the
work featured in this article.

ORCID

Saubashya Sur http://orcid.org/0000-0001-7002-628X
Tanushree Patra http://orcid.org/0000-0001-7573-201X
Mistu Karmakar http://orcid.org/0000-0001-6653-8282
Anindita Banerjee http://orcid.org/0000-0002-1016-2295

References

Abhinav KV, Sharma A, Vijayan M. 2013. Identification of
mycobacterial lectins from genomic data. Proteins. 81(4):
644–657.

Ad�ekambi T, Berger P, Raoult D, Drancourt M. 2006. rpoB
gene sequence-based characterization of emerging nontu-
berculous mycobacteria with descriptions of
Mycobacterium bolletii sp. nov., Mycobacterium phocaicum
sp. nov. and Mycobacterium aubagnense sp. nov. Int J Syst
Evol Microbiol. 56:133–143.

Adekambi T, Sassi M, van Ingen J, Drancourt M. 2017.
Reinstating Mycobacterium massiliense and Mycobacterium
bolletii as species of the Mycobacterium abscessus complex.
Int J Syst Evol Microbiol. 67(8):2726–2730.

Adjemian J, Olivier KN, Seitz AE, Holland SM, Prevots DR.
2012. Prevalence of nontuberculous mycobacterial lung
disease in U.S. medicare beneficiaries. Am J Respir Crit
Care Med. 185(8):881–886.

Advani J, Verma R, Chatterjee O, Devasahayam Arokia Balaya
R, Najar MA, Ravishankara N, Suresh S, Pachori PK, Gupta
UD, Pinto SM, et al. 2019. Rise of clinical microbial proteo-
genomics: a multiomics approach to nontuberculous
Mycobacterium-the case of Mycobacterium abscessus UC22.
OMICS. 23(1):1–16.

Akusobi C, Benghomari BS, Wolf ID, Singhvi S, Zhao J,
Ioerger TJ, Rubin EJ. 2021. High-density transposon muta-
genesis in Mycobacterium abscessus identifies an essential
penicillin-binding lipo-protein (PBP-lipo) involved in septal
peptidoglycan synthesis and antibiotic sensitivity. bioRxiv.
doi:10.1101/2021.07.01.450732.

Amarh ED, Dedrick RM, Garlena RA, Russell DA, Jacobs-Sera
D, Hatfull GF. 2021. Genome sequence of Mycobacterium
abscessus phage phiT46-1. Microbiol Resour Announc. 10:
e01421-20.

Ameen SMM, University of Sulaimani 2018. High throughput
phenotypic microarray profiling of Mycobacterium absces-
sus. JZS-A. 20(2):9–20.

Aulicino A, Dinan AM, Miranda-CasoLuengo AA, Browne JA,
Rue-Albrecht K, MacHugh DE, Loftus BJ. 2015. High-
throughput transcriptomics reveals common and strain-
specific responses of human macrophages to infection
with Mycobacterium abscessus smooth and rough variants.
BMC Genom. 16:1046.

Bachmann NL, Salamzade R, Manson AL, Whittington R,
Sintchenko V, Earl AM, Marais BJ. 2020. Key transitions in
the evolution of rapid and slow growing mycobacteria
identified by comparative genomics. Front Microbiol. 10:
3019.

Bajaj A, Saraswat S, Freeke J, Barker A. 2020. Method of
extraction and proteome profiling of mycobacteria using
liquid chromatography-high resolution mass spectrometry.
SN Appl Sci. 2(11):1863.

Baldwin SL, Larsen SE, Ordway D, Cassell G, Coler RN. 2019.
The complexities and challenges of preventing and treat-
ing nontuberculous mycobacterial diseases. PLoS Negl
Trop Dis. 13(2):e0007083.

Bastian S, Veziris N, Roux A-L, Brossier F, Gaillard J-L, Jarlier
V, Cambau E. 2011. Assessment of clarithromycin suscepti-
bility in strains belonging to the Mycobacterium abscessus
group by erm(41) and rrl sequencing. Antimicrob Agents
Chemother. 55(2):775–781.

Bavishi A, Lin L, Choudhary M, Primm TP. 2014. Evolution of
PE35 and PPE68 gene families in Mycobacterium: roles of
horizontal gene transfer and evolutionary constraints. JTR.
02(04):181–198.

Behra PRK, Das S, Pettersson BMF, Shirreff L, DuCote T,
Jacobsson KG, Ennis DG, Kirsebom LA. 2019. Extended
insight into the Mycobacterium chelonae-abscessus com-
plex through whole genome sequencing of
Mycobacterium salmoniphilum outbreak and
Mycobacterium salmoniphilum-like strains. Sci Rep. 9(1):
4603.

Berube BJ, Castro L, Russell D, Ovechkina Y, Parish T. 2018.
Novel screen to assess bactericidal activity of compounds
against non-replicating Mycobacterium abscessus. Front
Microbiol. 9:2417.

Bharadwaj L. 2021. The Cystic Fibrosis Microbiome and its
Association with Incident Infections with Mycobacteroides
(Mycobacterium) abscessus [Unpublished master’s thesis].
Calgary (AB): University of Calgary.

CRITICAL REVIEWS IN MICROBIOLOGY 11

https://doi.org/10.1101/2021.07.01.450732


Bonin-Debs AL, Boche I, Gille H, Brinkmann U. 2004.
Development of secreted proteins as biotherapeutic
agents. Expert Opin Biol Ther. 4(4):551–558.

Bronson RA, Gupta C, Manson AL, Nguyen JA, Bahadirli-
Talbott A, Parrish NM, Earl AM, Cohen KA. 2021. Global
phylogenomic analyses of Mycobacterium abscessus pro-
vide context for non cystic fibrosis infections and the evo-
lution of antibiotic resistance . Nat Commun. 12(1):5145.

Bryant JM, Brown KP, Burbaud S, Everall I, Belardinelli JM,
Rodriguez-Rincon D, Grogono DM, Peterson CM, Verma D,
Evans IE, et al. 2021. Stepwise pathogenic evolution of
Mycobacterium abscessus. Science. 372(6541):eabb8699.

Bryant JM, Grogono DM, Rodriguez-Rincon D, Everall I,
Brown Kar P, Moreno P, Verma D, Hill E, Drijkoningen J,
Gilligan P, et al. 2016. Emergence and spread of a human-
transmissible multidrug-resistant nontuberculous myco-
bacterium. Science. 354(6313):751–757.

Bunduc CM, Bitter W, Houben ENG. 2020. Structure and func-
tion of the mycobacterial Type VII secretion systems. Annu
Rev Microbiol. 74:315–335.

Catherinot E, Roux A-L, Macheras E, Hubert D, Matmar M,
Dannhoffer L, Chinet T, Morand P, Poyart C, Heym B, et al.
2009. Acute respiratory failure involving an R Variant of
Mycobacterium abscessus. J Clin Microbiol. 47(1):271–274.

Caverly LJ, Spilker T, LiPuma JJ. 2016. Complete genome
sequence of Mycobacterium abscessus subsp. bolletii.
Genome Announc. 4(3):e00543–16.

Chan J, Halachev M, Yates E, Smith G, Pallen M. 2012. Whole-
genome sequence of the emerging pathogen
Mycobacterium abscessus strain 47J26. J Bacteriol. 194(2):
549.

Cheung MS, Down TA, Latorre I, Ahringer J. 2011. Systematic
bias in high-throughput sequencing data and its correc-
tion by BEADS. Nucleic Acids Res. 39(15):e103.

Chhotaray C, Wang S, Tan Y, Ali A, Shehroz M, Fang C, Liu Y,
Lu Z, Cai X, Hameed HMA, et al. 2020. Comparative ana-
lysis of whole-genome and methylome profiles of a
smooth and a rough Mycobacterium abscessus clinical
strain. G3 (Bethesda). 10(1):13–22.

Choi GE, Cho YJ, Koh WJ, Chun J, Cho SN, Shin SJ. 2012.
Draft genome sequence of Mycobacterium abscessus
subsp. bolletii BD(T). J Bacteriol. 194(10):2756–2757.

Choo SW, Ang MY, Dutta A, Tan SY, Siow CC, Heydari H,
Mutha NVR, Wee WY, Wong GJ.,. 2015. MycoCAP -
Mycobacterium comparative analysis platform. Sci Rep. 5:
18227.

Choo SW, Wee WY, Ngeow YF, Mitchell W, Tan JL, Wong GJ,
Zhao Y, Xiao J, 2014. Genomic reconnaissance of clinical
isolates of emerging human pathogen Mycobacterium
abscessus reveals high evolutionary potential. Sci Rep. 4:
4061.

Choo SW, Wong YL, Leong ML, Heydari H, Ong CS, Ng KP,
Ngeow YF. 2012. Analysis of the genome of
Mycobacterium abscessus strain M94 reveals an uncommon
cluster of tRNAs. J Bacteriol. 194(20):5724.

Choo SW, Wong YL, Yusoff AM, Leong ML, Wong GJ, Ong CS,
Ng KP, Ngeow YF. 2012. Genome sequence of the
Mycobacterium abscessus strain M93. J Bacteriol. 194(12):
3278.

Chouhan D, Barani Devi T, Chattopadhyay S, Dharmaseelan
S, Nair GB, Devadas K, Radhakrishna Pillai M. 2019.
Mycobacterium abscessus infection in the stomach of

patients with various gastric symptoms. PLoS Negl Trop
Dis. 13(11):e0007799.

Collins FM. 1989. Mycobacterial disease, immunosuppression,
and acquired immunodeficiency syndrome. Clin Microbiol
Rev. 2(4):360–377.

Cornejo-Granados F, Kohl TA, Sotomayor FV, Andres S,
Hernandez-Pando R, Hurtado-Ramirez JM, et al. 2021.
Secretome characterization of clinical isolates from the
Mycobacterium abscessus complex provides insight into
antigenic differences. BMC Genom. 22:385.

Dar HA, Ismail S, Waheed Y, Ahmad S, Jamil Z, Aziz H, Hetta
HF, Muhammad K. 2021. Designing a multi-epitope vac-
cine against Mycobacteroides abscessus by pangenome-
reverse vaccinology. Sci Rep. 11(1):11197.

Davidson RM, Benoit JB, Kammlade SM, Hasan NA, Epperson
LE, Smith T, Vasireddy S, et al. 2021. Genomic characteriza-
tion of sporadic isolates of the dominant clone of
Mycobacterium abscessus subspecies massiliense. Sci Rep.
11:5336.

Davidson RM, Hasan NA, de Moura VC, Duarte RS, Jackson M,
Strong M. 2013. Phylogenomics of Brazilian epidemic iso-
lates of Mycobacterium abscessus subsp. bolletii reveals
relationships of global outbreak strains. Infect Genet Evol.
20:292–297.

Davidson RM, Hasan NA, Epperson LE, Benoit JB, Kammlade
SM, Levin AR, Calado de Moura V, Hunkins J, Weakly N,
Beagle S, et al. 2021a. Population genomics of
Mycobacterium abscessus from U.S. cystic fibrosis care cen-
ters. Ann Am Thorac Soc. 18(12):1960–1969.

Davidson RM, Hasan NA, Reynolds PR, Totten S, Garcia B,
Levin A, Ramamoorthy P, Heifets L, Daley CL, Strong M,
et al. 2014. Genome sequencing of Mycobacterium absces-
sus isolates from patients in the United States and com-
parisons to globally diverse clinical strains. J Clin
Microbiol. 52(10):3573–3582.

Davidson RM. 2018. A closer look at the genomic variation of
geographically diverse Mycobacterium abscessus clones
that cause human infection and disease. Front Microbiol.
9:2988.

de Carvalho N, Leao S, Bombarda S, Arbeit RD, Chimara E.
2021. Evaluation of the MGIT 960/EpiCenter TB eXiST sys-
tem for drug susceptibility testing for Mycobacterium
abscessus complex. Research Square. doi:10.21203/rs.3.rs-
62195/v2

Dubois V, Pawlik A, Bories A, Le Moigne V, Sismeiro O,
Legendre R, Varet H, Rodr�ıguez-Ord�o~nez MDP, Gaillard J-L,
Copp�ee J-Y, et al. 2019. Mycobacterium abscessus virulence
traits unraveled by transcriptomic profiling in amoeba and
macrophages. PLoS Pathog. 15(11):e1008069.

Dumas E, Christina Boritsch E, Vandenbogaert M, Rodr�ıguez
de la Vega RC, Thiberge J-M, Caro V, Gaillard J-L, Heym B,
Girard-Misguich F, Brosch R, et al. 2016. Mycobacterial
pan-genome analysis suggests important role of plasmids
in the radiation of Type VII secretion systems. Genome
Biol Evol. 8(2):387–402.

Everall I, Nogueira CL, Bryant JM, S�anchez-Bus�o L, Chimara E,
Duarte RdS, Ramos JP, Lima KVB, Lopes Mar L, Palaci M,
et al. 2017. Genomic epidemiology of a national outbreak
of post-surgical Mycobacterium abscessus wound infections
in Brazil. Microb Genom. 3(5):e000111.

Everall I. 2019. Evolutionary Genomics of Cystic Fibrosis and
Nosocomial Pathogens of the Mycobacterium abscessus

12 S. SUR ET AL.

https://doi.org/10.21203/rs.3.rs-62195/v2
https://doi.org/10.21203/rs.3.rs-62195/v2


species complex. [Doctoral thesis]. University of
Cambridge. Cambridge. https://doi.org/10.17863/CAM.
37771

Feazel LM, Baumgartner LK, Peterson KL, Frank DN, Harris JK,
Pace NR. 2009. Opportunistic pathogens enriched in show-
erhead biofilms. Proc Natl Acad Sci U S A. 106(38):
16393–16399.

Feng Y, Zou S, Chen H, Yu Y, Ruan Z. 2021. BacWGSTdb 2.0:
a one-stop repository for bacterial whole-genome
sequence typing and source tracking. Nucleic Acids Res.
49(D1):D644–D650.

Francoise A, H�ery-Arnaud G. 2020. The microbiome in cystic
fibrosis pulmonary disease. Genes. 11(5):536.

Guo Y, Cao X, Yu J, Zhan Q, Yang J, Wu X, Wan B, Liu Y, Yu
F.,. 2020. Antimicrobial susceptibility of Mycobacterium
abscessus complex clinical isolates from a Chinese tertiary
hospital. IDR. 13:2001–2010.

Gupta RS, Lo B, Son J. 2018. Phylogenomics and comparative
genomic studies robustly support division of the genus
Mycobacterium into an emended genus Mycobacterium
and four novel genera. Front Microbiol. 9:67.

Harris KA, Underwood A, Kenna DT, Brooks A, Kavaliunaite E,
Kapatai G, Tewolde R, et al. 2015. Whole-genome sequenc-
ing and epidemiological analysis do not provide evidence
for cross-transmission of Mycobacterium abscessus in a
cohort of pediatric cystic fibrosis patients. Clin Infect Dis.
60:1007–1016.

Heydari H, Wee WY, Lokanathan N, Hari R, Mohamed Yusoff
A, Beh CY, Yazdi AH, Wong GJ, Ngeow YF, Choo SW, et al.
2013. MabsBase: A Mycobacterium abscessus genome and
annotation database. PLoS One. 8(4):e62443.

Howard ST, Newman KL, McNulty S, Brown-Elliott BA,
Vasireddy R, Bridge L, Wallace RJ. 2013. Insertion site and
distribution of a genomic island conferring DNA phos-
phorothioation in the Mycobacterium abscessus complex.
Microbiology. 159(Pt 11):2323–2332.

Howard ST, Rhoades E, Recht J, Pang X, Alsup A, Kolter R,
Lyons CR, Byrd TF. 2006. Spontaneous reversion of
Mycobacterium abscessus from a smooth to a rough mor-
photype is associated with reduced expression of glyco-
peptidolipid and reacquisition of an invasive phenotype.
Microbiology. 152(Pt 6):1581–1590.

Howard ST. 2013. Recent progress towards understanding
genetic variation in the Mycobacterium abscessus complex.
Tuberculosis. 93:S15–S20.

Hull J, Thomson AH. 1998. Contribution of genetic factors
other than CFTR to disease severity in cystic fibrosis.
Thorax. 53(12):1018–1021.

Jia X, Yang L, Li C, Xu Y, Yang Q, Chen F. 2021. Combining
comparative genomic analysis with machine learning
reveals some promising diagnostic markers to identify five
common pathogenic non-tuberculous mycobacteria.
Microb Biotechnol. 14(4):1539–1549.

Johansen MD, Herrmann JL, Kremer L. 2020. Non-tuberculous
mycobacteria and the rise of Mycobacterium abscessus.
Nat Rev Microbiol. 18(7):392–407.

Joob B, Wiwanitkit V. 2019. Drug resistance pattern of
Mycobacterium abscessus: change of pattern in 20-year
period after the first report of human pulmonary infection
in Thailand. Biomed Biotechnol Res J. 3(2):92–94.

Juhas M, van der Meer JR, Gaillard M, Harding RM, Hood
DW, Crook DW. 2009. Genomic islands: tools of bacterial

horizontal gene transfer and evolution. FEMS Microbiol
Rev. 33(2):376–393.

Khieu V, Ananta P, Kaewprasert O, Laohaviroj M, Namwat W,
Faksri K. 2021. Whole-genome sequencing analysis to
identify infection with multiple species of nontuberculous
mycobacteria. Pathogens. 10(7):879.

Kim BJ, Kim GN, Kim BR, Shim TS, Kook YH, Kim BJ. 2017.
Phylogenetic analysis of Mycobacterium massiliense strains
having recombinant rpoB gene laterally transferred from
Mycobacterium abscessus. PLoS One. 12(6):e0179237.

Kimble M. 2021. Characterizing Mab Cluster R Prophage of
Pathogen Mycobacterium abscessus (Mab). Honors College.
https://digitalcommons.library.umaine.edu/honors/669

Knowles MR, Drumm M. 2012. The influence of genetics on
cystic fibrosis phenotypes. Cold Spring Harb Perspect Med.
2(12):a009548.

Koh W-J, Jeon K, Lee NY, Kim B-J, Kook Y-H, Lee S-H, Park
YK, Kim CK, Shin SJ, Huitt GA, et al. 2011. Clinical signifi-
cance of differentiation of Mycobacterium massiliense from
Mycobacterium abscessus. Am J Respir Crit Care Med.
183(3):405–410.

Laencina L, Dubois V, Le Moigne V, Viljoen A, Majlessi L,
Pritchard J, Bernut A, Piel L, Roux A-L, Gaillard J-L, et al.
2018. Identification of genes required for Mycobacterium
abscessus growth in vivo with a prominent role of the
ESX-4 locus. Proc Natl Acad Sci U S A. 115(5):E1002–E1011.

Le Moigne V, Belon C, Goulard C, Accard G, Bernut A, Pitard
B, Gaillard J-L, Kremer L, Herrmann J-L, Blanc-Potard A-B,
et al. 2016. MgtC as a host-induced factor and vaccine
candidate against Mycobacterium abscessus infection.
Infect Immun. 84(10):2895–2903.

Le Moigne V, Gaillard JL, Herrmann JL. 2016. Vaccine strat-
egies against bacterial pathogens in cystic fibrosis
patients. Med Mal Infect. 46(1):4–9.

Le Moigne V, Roux A-L, Jobart-Malfait A, Blanc L, Chaoui K,
Burlet-Schiltz O, Gaillard J-L, Canaan S, Nigou J, Herrmann
J-L, et al. 2020. A TLR2-activating fraction from
Mycobacterium abscessus rough variant demonstrates vac-
cine and diagnostic potential. Front Cell Infect Microbiol.
10:432.

Leao SC, Tortoli E, Euzeby JP, Garcia MJ. 2011. Proposal that
Mycobacterium massiliense and Mycobacterium bolletii be
united and reclassified as Mycobacterium abscessus subsp.
bolletii comb. nov., designation of Mycobacterium absces-
sus subsp. abscessus subsp. nov. and emended description
of Mycobacterium abscessus. Int J Syst Evol Microbiol. 61(Pt
9):2311–2313.

Lee MR, Sheng WH, Hung CC, Yu CJ, Lee LN, Hsueh PR. 2015.
Mycobacterium abscessus complex infections in humans.
Emerg Infect Dis. 21(9):1638–1646.

Lewin A, Kamal E, Semmler T, Winter K, Kaiser S, Sch€afer H,
Mao L, Eschenhagen P, Grehn C, Bender J, et al. 2021.
Genetic diversification of persistent Mycobacterium absces-
sus within cystic fibrosis patients. Virulence. 12(1):
2415–2429.

Li B, Guo Q, Mao Y, Zou Y, Zhang Y, Zhang Z, Chu H. 2020.
Genetic evolution of Mycobacterium abscessus conferring
clarithromycin resistance during long-term antibiotic ther-
apy. Can Respir J. 2020:7623828.

Li B, Yang S, Chu H, Zhang Z, Liu W, Luo L, Ma W, Xu X,
2017. Relationship between antibiotic susceptibility and

CRITICAL REVIEWS IN MICROBIOLOGY 13

https://doi.org/10.17863/CAM.37771
https://doi.org/10.17863/CAM.37771
https://digitalcommons.library.umaine.edu/honors/669


genotype in Mycobacterium abscessus clinical isolates.
Front Microbiol. 8:1739.

Lin D, Sun R, Tan Y, Wang J, Chen X. 2020. Improved subspe-
cies identification in clinical Mycobacterium abscessus com-
plex isolates using whole genome sequence. bioRxiv. doi:
10.1101/2020.01.02.893412.

Lipworth S, Hough N, Leach L, Morgan M, Jeffery K,
Andersson M, Robinson E, et al. 2019. Whole-genome
sequencing for predicting clarithromycin resistance in
Mycobacterium abscessus. Antimicrob. Agents Chemother.
63:e01204-18.

Locatelli ME, Tosto S, D’Agata V, Bonaventura P, Grasso RS,
Marino A, et al. 2020. Disseminated disease by
Mycobacterium abscessus and Mycobacterium celatum in an
immunocompromised host. Am. J. Case Rep. 21:e921517-
1–e921517-5.

Luo L, Liu W, Li B, Li M, Huang D, Jing L, Chen H, Yang J,
Yue J, Wang F, et al. 2016. Evaluation of matrix-assisted
laser desorption ionization-time of flight mass spectrom-
etry for identification of Mycobacterium abscessus subspe-
cies according to whole-genome sequencing. J Clin
Microbiol. 54(12):2982–2989.

Luthra S, Rominski A, Sander P. 2018. The role of antibiotic-
target-modifying and antibiotic-modifying enzymes in
Mycobacterium abscessus drug resistance. Front Microbiol.
9:2179.

Machado E, Oliveira FC, Silva Duarte R, Carvalho AC, Cândido
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Introduction

Fungi are one of the most diverse groups of organisms 
on earth. They are eukaryotic heterotrophs that obtain 
their energy by absorption of nutrients. The large visible 
fructification of the underground mycelia of macro-fungi 
is known as ‘Mushrooms’. They mainly belong to the 
phylum Basidiomycota and Ascomycota with observable 
spore bearing structure. Mushrooms are abundant in 
nature and they are the first known fungi. Wild edible 
mushrooms have been collected and consumed by people 
from the very early stage of civilization, even when people 
didn’t know about its nutritive value.

Macrofungi varies widely in their habitats. The species 
diversity of mushrooms is directly related to the habitat. 
They are found on soil (terrestrial), dead leaves (folicolous), 
wood (lignicolous) or dung and decomposing organic 
materials (coprophilous). Macrofungi, based on their nu-
trition, can be categorized into three groups: saprophytes, 
parasites, and symbiotic (Kinge et al. 2017). Mushrooms 
predominantly grow during rainy season in forests and 

can be epigeous or hypogeous. They vary mostly in shape, 
size and colour. Some of them are edible whereas some 
are proven to be poisonous. The various environmental 
factors that affect the growth of mushrooms are tempera-
ture, humidity, light and the substrate over which they 
grow. All the species of mushrooms shows remarkable 
diversity in their morphological characteristics.

Mushrooms contain high amounts of nutritious com-
pounds including vitamins, proteins, minerals, fiber and 
trace elements. Edible mushrooms have been considered 
to be an ideal food for obese persons due to high fibre, 
low fat and low starch content. They are considered 
as “poor man’s protein” because of their high nutrient 
content (Singha et al . 2017b). Chang and Buswell (1996) 
coined the term ‘mushroom nutraceuticals’ to describe 
those compounds that have considerable potentiality as 
dietary supplements, used for the enhancement of health 
and prevention of various human diseases.

Mushrooms are seasonal fungi, which earn additional 
ecological significance. They appear in between reaching 
a highest point of development with the diverse niches 
in the forest ecosystem. Their habitat and climate are the 
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Mushrooms are macroscopic fruit bodies of fungi; one of the most 
diverse groups of living organisms distributed all over the world. In recent past, they 
have gained signi cant scienti c attention for their profound nutraceutical potentiality. 
The objective of the present study was to explore the diversity and ecological distribu-
tion of mushrooms in di erent forest areas of Bankura district. The study area includes 
intermittent dense forest and fl ood plains from middle-east to eastern part of Bankura 
district. However, this area received very little attention from a conservation perspec-
tive, and there is no such documentation on mushrooms of this area. The survey was 
conducted from August 2019 to October 2020 including vivid  eld surveys in the forest 
depots. The study has revealed a total of 53 identi ed mushroom species belonging to 
40 genera and 30 families. The study has also identi ed 25 edible, 18 inedible and 15 
medicinally potential mushrooms. The genus  and the family  dominates Russula Russulaceae
the myco-population. The  nding shows that this region is rich in macrofungal diversity 
complicatedly linked to the functioning of the local ecosystem. The present study opens 
new possibilities regarding the exploration and utilization of wild mushrooms in India.
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major factors that indicate their biodiversity. Fungi also 
play an important role as decomposers. They breakdown 
plant components like lignin and cellulose and thus are 
particularly important in woody-ecosystems. They also 
degrade surface waste and release nitrogen back into the 
soil in the form of ammonium nitrate, an important nutri-
ent that plants need for their survival. Mushrooms are also 
known to produce several bioactive compounds that have 
therapeutic uses. However, they protect themselves from 
deleterious effect of plant phenolic tannins by producing 
a hydrolytic enzyme, called tannase that form gallic acid 
and glucose (Das Mohapatra et al. 2020). It is often been 
noticed that local people who consume the mushroom 
Astraeus hygrometricus (Kurkure chhatu) on regular basis 
enjoy several health benefits (Dutta and Acharya 2014). 
This mushroom possesses antitumor, anti-Leishmanial, 
anti-Candidal, antioxidant and immune-modulatory 
activity (Biswas et al. 2017).

Macrofungal diversity is an integral component of 
the global diversity. Diverse abundance of macrofungal 
species is a helpful indicators to interpret the current 
status of the ecosystem. Most healthy forest ecosystem 

contains at least 45% mycorrhizal fungi (Arnolds 1988). 
Native people living in nearby forest areas relate to the 
wild mushrooms in respect to their socio-economic life-
styles by means of both food ingredients as well as small 
business elements. Chang and Miles (2004) reported that 
out of 14000 known mushroom species, there were nearby 
7000 well-studied species that possesses varying degree 
of edibility. Among them, only 200 species were experi-
mentally cultured; 100 were economically cultivated, 60 
were commercially cultivated and about 10 species have 
gained industrial importance. 

The total recorded mushrooms in India are approxi-
mately 850 species (Deshmukh 2004). The collection and 
scientific study of mushrooms in India has started during 
19th century (Kaul et al. 2002). Butler and Bisby (1931) 
published the first list on Indian fungi which was further 
revised by Vasudeva (1960). Purkayastha and Chandra 
(1985) published the first comprehensive account of In-
dian edible mushrooms and their cultivation technology.

India has an ancient history of using mushrooms as 
food, medicine, minerals and drugs. It has become a centre 
of herbal therapy (Nad et al. 2021). However, such kind 

Figure 1. Study location and map of Bankura forest areas.
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of studies is very rare in West Bengal. Dutta and Acharya 
(2014) obtained 31 edible and 3 medicinally important 
macrofungi that were used by local and indigenous com-
munities in eight districts of West Bengal. Das et al. (2015) 
reported 16 wild edible mushrooms with ethno-medical 
value from tropical dry deciduous forest of Eastern Chota 
Nagpur plateau. Deshmukh et al. (2006) reported that, 
around 40 species found from all over India were lethal. 
Singha et al. (2017b) explored the nutritional and anti-
bacterial potentiality of some wild edible mushrooms 
from Gurguripal Eco-forest, Paschim Medinipur, West 
Bengal, India. Thus, the studies on mushroom diversity 
are often significant and contribute to the knowledge of 
the ecosystem of a forest.

The forest region of Bankura district is one of the 
enriched forest areas of West Bengal. The district pos-
sesses dense forest dominated by Sal (Shorea robusta). 
Other trees found in the forests include Azadirachta indica 
(Neem), Dillenia indica (Chalta), Syzygium cumini (Jam) 

study area (Mueller et al. 2004). After finding a colony or 
a single species of mushroom, the fruiting bodies were 
collected with the help of knife. Their habitat conditions 
and occurrence frequency were recorded. The samples 
were photographed (Nikon D5300 camera), both in their 
natural habitats and with the reference of a scale or coin, 
for identification. The samples were then taken in a con-
tainer, labelled and kept for further study.

Identication of the specimens

The collected samples were examined in laboratory by 
observing the formation of the cap, arrangements of the 
gills, presence of pores on the under surface of the fruit 
bodies or not, presence of stipe and volva or not, the type 
of the surface (smooth or rough), etc. Then according to 
their characteristics, they were then identified with the 
help of standard literatures (Pradhan et al. 2010; Pushpa 
and Purushothama 2012; Acharya and Pradhan 2017).

Mushroom diversity of Bankura district
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(Basu et al. 2013). A higher proportion of mycorrhizal 
fungi is generally correlated with a region that contain 
better conserved forests (Pradhan et al. 2016). Bankura is 
surrounded with low-lying alluvial-laterite soil (Das and 
Paul 2015) with an average annual rainfall of 1329 mm 
(Majumder and Patra 1993). Overall, the biogeological 
environment provide favourable climatic zone for fungal 
growth. However, there is no valid documentation on 
diversity of mushrooms in this area till date. Hence, the 
present study is focused on the diversity and distribution 
of mushrooms in Bishnupur and adjacent forest areas of 
Bankura district, West Bengal.

Materials and Methods

Study area 
Five major forest areas namely Bishnupur (23°04′48′ ′N, 
87°19′12′′E; Altitude 59 m), Joypur (23°02′N, 87°27 ′E; Alt.74 
m), Sonamukhi (23°18′11.5848′′N, 87°24′56.4948′ ′E; Alt. 
66 m), Taldangra (23°01′1.092′′N, 87°06′29.3688′′E; Alt. 
74 m), and Bankadaha (22°58′03.64′′N 87°21′05.43′′E; Alt. 
74 m) of Bankura district were selected as the study area 
(Fig. 1). These forest areas have a tropical climate with dry 
and rainy season (annual average rainfall: 11000-15000 
mm), dominated by ‘Sal’ trees with a laterite and alluvial 
type soil. The average temperature of this locations ranges 
between 20-30 °C during rainy season. The field study 
was conducted from August 2019 to October 2020 to 
obtain the maximum outcome.

Collection of samples
Opportunistic sampling method was being performed and 
conspicuous specimens were collected precisely from the 

Preservation of the specimens

All the samples were preserved immediately in liquid 
preservative (25:5:70 ml rectified alcohol + formalin + 
distilled water) for further studies (Hawksworth et al. 
1995).

Data analysis

Occurrence frequency of species A
Total number of all species

 × 100

D =                    ; where,Σn (n-1)
N (N-1)

Simpson Index of Diversity =1-D; where,

The frequency of occurrence for each species was cal-
culated by following formula as suggested by Aung et 
al. (2008).

Simpson Index of Diversity was calculated as suggested 
by Simpson (1949).

n = total number of organisms of a particular species
N = total number of organisms of all species

Shannon diversity index for mushroom was calculated 
as suggested by Margalef (2008).

H =-Σ (n/N) log (n/N); where,

H = diversity index
N = total number of individuals of all the species 
n = total number of individuals of a particular species
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A B S T R A C T

Selectivity of [60]-Fullerene (C60) over its [70]-analogue (C70) is ably established for N-containing polynuclear
aromatic planar indenopyridines (I) in organic media for the first time. The present work envisages the chemical
physics behind non-covalent interaction between [70]-fullerene (C70) and indenopyridines (I: I1, I3 and I4) in
toluene alongwith a comparative analysis of previously studied interaction of C60 (Pal et al., 2019) via formation
of multiple absorption isosbestic points and isoemissive point in UV–Vis and steady state fluorescence studies
respectively, stable ground state equilibrium between C70 and I is recognized and is purely non-covalent in nature.
All three indenopyridines showed high formation constant (� 105) with [70]-fullerene though the selectivity of
binding favours [60]-fullerene. Experimental findings are well supported within vacuo DFT based computation.
Loss of planarity of indenopyridines in the optimized adducts, FMO features, electrochemical indices and finally
TD-DFT calculation validates the strong complexation. Taut wrapping of C70 by indenopyridines is most con-
spicuous for I4 among others as that of C60.

1. Introduction

Huge studies has already been made in the field of charge transfer or
electron donor-acceptor type weak interaction captivating Fullerenes viz.
C60 and or C70 as electron acceptor [1–12]. The exploration of the
emission and optical properties of fullerenes and their derivatives is a
central topic among the dynamic research fields of fullerenes to study
charge separation recombination phenomena in energy storage devices
[12]. These studies are gently related to “donor-acceptor” molecular
systems in polynuclear aromatic compounds [13–23]. Varieties of donors
are available in literature for which comparative efficiency of charge
transfer interaction reported in organic media for Fullerenes [1–6].

N-containing polynuclear aromatic donor indenopyridine [18–21]
plays noteworthy chemical and biological consequence. The efficiency of
indenopyridines to form a weak binding complex with C60 has already
been reported by our group [9]. To the best of our knowledge, there is no
report of its comparative interaction with other fullerenes as electron
acceptors till date. So the purpose of this study is to investigate the mode
and efficiency of interaction of indenopyridine donors with
[70]-fullerene acceptor in comparison with its [60]-analogue.

In this study better selectivity of C60 for indenopyridine donors are
established through the formation of reaction equilibrium between [70]-

fullerene and three different indenopyridines viz., I1, I3 & I4 (Fig. 1). As
that of C60/I interactions reported earlier [9] all these are well estab-
lished via the formation of both absorption isosbestic and isoemissive in
toluene medium. Furthermore the interaction in the complex is modelled
with density based change in global minimum geometry, Frontier orbital
features, electrochemical indices and finally by TD-DFT transition
estimation.

2. Experimental

2.1. Materials

Toluene HPLC (Merck India) grade is used as solvent. I1, I3 & I4,
Indenopyridines are synthesized as reported [24], used in this study.
Aldrich made [70]-fullerene (C70) is used. The concentration range of
10�5 M �10�6 M of indenopyridines (I1, I3 & I4) is taken and the range
of 10�6 M are taken for C70 in all the spectral measurements.

2.2. Instruments used

The UV–Vis spectral measurements are performed using Shimadzu
UV 2400 series PC spectrophotometer fitted with an electronic
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temperature controller unit (TCC –240 A). The emission and excitation
spectra are recorded with a spectrofluorometer (Hitachi F-4500) equip-
ped with a temperature controlled cell holder. Temperature is guarded to
within �0.1 K, by water circulation from a constant temperature bath
(Heto Holten, Denmark).

Molecular simulations are performed using Spartan’14 molecular
modelling software of Wavefunction Inc. (Irvine, CA, USA). The searches
of global minima for all the three optimized complexes are done by the
Monte Carlo simulation in vacuum using Merck molecular force-field
calculations (MMFF). Gaussian 09 (Linux), Gaussian, Inc. (USA), soft-
ware is used for DFT and TD-DFT theoretical calculations. For all the free
systems and their complexes, MPW1PW91/6-31G functional is chosen
for calculating single point geometries and frontier orbitals.

3. Results and discussion

3.1. Ground state interactions

The photon induced interaction processes of the electron deficient
fullerene to indenopyridines (I1, I3 & I4) are scrutinized both by visible

absorption and fluorescence spectroscopy. The three solutions of inden-
opyridines (I1, I3 & I4), are titrated separately with a stock C70 solution,
in toluene. Titration process is as described earlier for C60 interaction [9].
Fig. 2 shows appearance of a set of three isosbestic points for all the three
indenopyridine systems, for which intensity of maximum absorption of
indenopyridine decreased by adding solutions of C70. Table 1 listed the
multiple isosbestic points in different regions of the spectra on interac-
tion of I1, I3 and I4 with C70 in toluene. Thus all the three indenopyridine
(I1, I3 & I4) systems form ground state steady equilibria with C70 in
toluene medium.

Comparing with C60 isosbestic points, are red shifted for C70 inter-
action, irrespective of all three indenopyridines (shown in Table 1).

3.2. Excited state interaction

The excited state C70� indenopyridine association has not yet been
well established. The fluorescence maxima of indenopyridines system-
atically quenches without any remarkable shift. Still give rise to an iso-
emissive point in lower wavelength region with the increasing
concentration of C70 in the solution, as shown in Fig. 3.

Fig. 1. Structures of the indenopyridines (I) used.
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Thus with the appearance of isoemissive point static interaction
between the fluorophore indenopyridines (I1, I3 & I4) and the fluo-
rescence quencher (C70) is well established as earlier [9]. On contrary,
isoemissive points are blue shifted (shown in Table 1) on switching
from C60 to C70.

3.3. Determination of equilibrium constant

Stern-Volmer equation [25] is used to determine the association
constant values (Fig. 4) and is listed in Table 1. I4 binds most efficiently
with C70 among the indenopyridines used; reflects massive charge

Fig. 2. Absorption isosbestic appearedin toluene medium due to interaction of (a) I1 (2.50 � 10�5 mol/dm3) with [70]-fullerene, concentration of [70]-fullerene:
0.00, 6.88 � 10�7, 1.26 � 10�6, 1.75 � 10�6, 2.16 � 10�6, 2.52 � 10�6, 2.84 � 10�6, 3.12 � 10�6, 3.36 � 10�6, 3.58 � 10�6 mol/dm3 (b) I3 (3.80 � 10�6

mol/dm3), with [70]-fullerene, concentration of [70]-fullerene: 0.00, 6.88 � 10�7, 1.26 � 10�6, 1.75 � 10�6, 2.16 � 10�6, 2.52 � 10�6, 2.84 � 10�6, 3.12 � 10�6,
3.36 � 10�6, 3.58 � 10�6 mol/dm3 (c) I4 (7.31 � 10�6 mol/dm3), with [70]-fullerene, concentration of [70]-fullerene: 0.00, 6.88 � 10�7, 1.26 � 10�6, 1.75 � 10�6,
2.16 � 10�6, 2.52 � 10�6, 2.84 � 10�6, 3.12 � 10�6, 3.36 � 10�6, 3.58 � 10�6 mol/dm.3.

Table 1
Isosbestic and isoemissive points appear upon interaction of indenopyridines (I1, I3 and I4) with two fullerenes in toluene. The excited state association constants for the
corresponding three complexes.

Indenopyridine Interaction with [60]-fullerene [9] Interaction with [70]-fullerene KC60/
KC70Absorption isosbestic

point at wavelength
(nm)

Isoemissive point at
wavelength (nm)

Stern-Volmer
constant (KSV) �
10�5 (M�1)

Absorption isosbestic
point at wavelength
(nm)

Isoemissive point at
wavelength (nm)

Stern-Volmer
constant (KSV) �
10�5 (M�1)

I1 369.8, 330.7 450.8 9.5 � 0.18 435.60, 387.52, 341.03 446.6 1.90 � 0.11 5.0
I3 369.5, 329.3 471.6 10.7 � 0.24 428.23, 391.50, 345.32 446.1 2.06 � 0.15 5.19
I4 381.4, 318.3, 300.5 440.2, 627.8 11.0 � 0.30 421.85, 399.41, 340.76 431.2 2.35 � 0.13 4.68
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transfer of I4 with [70]-Fullerene amongst others. The order of excited
state equilibrium constants follows KC70/I4>KC70/I3>KC70/I1. Similar
order of the binding is observed earlier in case of C60 also. However the
association capability between fullerene and indenopyridines are 5 fold
less in C70 in contrast to that of C60 might be due to lack of planarity
[70]-analogue.

3.4. Theoretical analysis

A precise Monte Carlo (MC) conformational search protocol [25,26]
is used for these associated complexes also. For studying weak intermo-
lecular interactions such as CT, van der Waals, H-bonding, and hydro-
phobic [27–30], normally DFT optimization calculations of the adduct

structures are employed. Fig. 5 presents best possible geometries of the
three complexes. The donor (I) and the acceptor (C70) intermolecular
distances (shown in Table 2) are within 3.44 Å – 3.55 Å which is in the
charge transfer range of interaction. This intermolecular distances are
slightly higher compared to that of [60]-fullerene analogue (shown in
Table 2) [9]. Between the interacting molecules strong π-π interaction
originated due to π-parallel orientation as shown in Fig. 5. The angle
between pyridine and indeno moiety of each indenopyridines in the
fullerene adduct increases as reported earlier [9]. The interaction is more
pronounced in case of C60 than C70 as evident from intermolecular dis-
tances and the angle between pyridine and fluorenyl moiety of I's, might
be due to spherical symmetric structure of [60]-analogue. The aforesaid
angle of I4 changes from 10.64� to 46.42� to create a suitable cavity for
C70 and among the indenopyridines, I4 has the greatest binding constant
with both the Fullerenes. The similar order as that of [60]-fullerene [9],
the ability to wrap up [70]-fullerene in the opening of different inden-
opyridines and the distance between three sets of the interacting moi-
eties, are followed.

The order of the equilibrium constant (K) depends directly on the
amount of charge transfer taking place. Here the amount of charge
transfer decreases with increase in distance between the interacting
molecules. Consequently the K values follow the order.

The electronic chemical potential (μ) [31], the global electrophilicity
index [32,33] (ω) and the global nucleophilicity N index [34] values are
determined for donor-acceptor interaction as earlier [9]. Electronic
chemical potential (μ) of Fullerenes (>-5.00eV) are found lower than that
of indenopyridine derivatives (�4.39 to�4.70eV). Electrophilicity index
(ω) of both [60]- and [70]-fullerene have higher values (4.06eV and
4.18eV) in compare to indenopyridine derivatives (2.77eV–2.95eV).
Thus, in presence of Fullerene, indenopyridines act as donor and
evidently fullerenes serves as acceptor during charge transfer process.
The global nucleophilicity N index [34] value of indenopyridine de-
rivatives are in the range (N > 3.0 eV) of a donor during charge transfer
as shown earlier [9].

Fig. 3. Fluorescence spectra appeared on excitation at wavelength 436 nm in toluene medium due to interaction of I1 (2.50 � 10�5 mol/dm3) with [70]-fullerene,
concentration of [70]-fullerene: 0.00, 6.88 � 10�7, 1.26 � 10�6, 1.75 � 10�6, 2.16 � 10�6, 2.52 � 10�6, 2.84 � 10�6, 3.12 � 10�6, 3.36 � 10�6, 3.58 � 10�6

mol/dm.3.

Fig. 4. Stern-Volmer plot of the three C70/I interacting systems.
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3.4.1. TD-DFT calculation
TD-DFT/MPW1PW91/6-31G calculation are done and reported in

Table 3. Few of the possible transitions listed in Table 3 are there having
little contribution in compare to others. The HOMO to (LUMOþ1),
HOMO to LUMO and (HOMO-1) to LUMO are the most prominent
transitions in case of I/C70.

3.4.2. HOMO-LUMO interactions
Investigating the interaction between the frontier HOMO/LUMO or-

bitals of the donor-acceptor adducts, the intermolecular type of

interaction is conveniently interpreted. The FMO interactions between
C70 and indenopyridines are studied through DFT/MPW1PW91/6-31G
level calculation. Fig. 6 depicted that the HOMO, (HOMO-1) and
(HOMO-2) orbitals of the complexes reside mainly on indenopyridine
moiety and LUMO and (LUMOþ1) mostly dwell on acceptor [70]-
fullerene as that reported in case of C60 [9]. However, the direction of
charge transfer from TD-DFT data in the CT transition is better explained.
Thus the clear corroboration of charge transfer interaction between
fullerene and indenopyridines are granted by frontier molecular orbital
pictures.

Fig. 5. The orientation of the adduct of (a) C70/I1 (b) C70/I3 and (c) C70/I4 interacting systems in optimized groundstate geometry showing the intermolecular
distances in Å.

Table 2
Parameters of the optimized ground state geometry of adducts.

Indenopyridines Interaction with [60]-fullerene [9] Interaction with [70]-fullerene

Minimum distance between the Fullerene-
60 (C60) and indenopyridine moieties (in
Å)

Number of
conformers

Dipole
moment (D)

Minimum distance between the Fullerene-
70 (C70) and indenopyridine moieties (in
Å)

Number of
conformers

Dipole
moment (D)

I1 3.109 2 4.6029 3.54443 2 4.2342
I3 3.424 1 7.7364 3.52999 1 8.7120
I4 3.417 2 4.7734 3.46302 2 4.7159
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4. Conclusion

However the electrophilicity index (ω) suggest C70 as better acceptor
in comparison with C60, still better spherical symmetry of C60 confirmed
higher binding complexes with all three Indenopyridines used in this
study. Not only both [60]- and [70]-Fullerenes form stable ground state
equilibrium but also both distorted the planarity of N-based heterocyclic
aromatic donor indenopyridines. Though angle of distortion of planarity
is higher to accommodate coconut shaped C70, still Stern-Volmer asso-
ciation constant ratio shows 5 fold higher selectivity of spherical C60 on
interacting with Indenopyridines in Toluene.
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The bigger picture

The complexity of biological processes and their programmability has kindled the

imagination of researchers since decades. Exact mimicking of these complex

processes to execute life-like functions still remains a distant goal. However,

constant efforts are being dedicated to develop artificial life based on the limited

knowledge that we have gained on various biological systems and intercellular

processes. Among these, the exploration of out-of-equilibrium chemical systems

has gained special attention in recent years. Nevertheless, the control over such

systems with multiple input signals and programming them using basic Boolean

logic for the execution of smart functions remain a challenging task. The present

use of light, sound, and chemical inputs in out-of-equilibrium chemical logic

systems addresses the aforementioned challenges. The long-term goal in this

direction is to increase the complexity of such chemical logic systems and perform

more complicated functions.

Summary

Living systems at different scales function through the sensing of multiple external signal inputs, which are

further processed based on binary or more complicated computational models and networks. Inspired by

such behavior, here, we show that the information processing in out-of-equilibrium chemical systems

utilizing binary Boolean logic can be exploited to obtain transient functions such as spatiotemporally

controlled chemical gradients and patterns in response to specific combination of multiple physical or

chemical inputs (light, audible sound, and O ). We further explore systems that are able to execute highly
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complicated functions such as guiding a cargo through a maze by processing the information from multiple

external stimuli. Our approach of integrating and encoding binary Boolean logic within out-of-equilibrium

chemical systems for the extraction of mechanical work to execute transient biomimicking functions can

expand the realms of systems chemistry and related research and help us design smart materials.
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Introduction

Living systems ranging from the size of a single cell to higher organisms such as animals and human beings

obtain specific information (physical or chemical input signals) through their sensory systems, which is

thereafter processed based on basic binary logic as well as complex computational algorithms to program

much more complicated spatiotemporal functions, e.g., cell division, cell motility, cargo transport, etc.

(Figure S1A).  In the recently passed epoch, the pursuit of making programmable life-like systems in the

lab has therefore led to the exploration of complex chemical or biological networks that operate out of

equilibrium, where different components interact with each other following a certain logic or program to

give rise to a collective emergent behavior.3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14 However, the possibility of

integrating such binary Boolean logic in programming out-of-equilibrium chemical systems (CSs) to obtain

transiently functional materials has so far been a daunting task. 15, 16, 17 If such modules can be created

utilizing chemical logic systems (CLSs) that encode binary logic and carry out information processing, it

may pave the way toward smart systems capable of executing complex biomimicking functions.

Among other physical stimuli, the use of audible sound in controlling chemical processes is still in its

infancy.18, 19, 20, 21, 22 Very recently, our group utilized audible sound to control redox-sensitive and pH-

sensitive out-of-equilibrium CSs.  We anticipated that our approach can offer an alternate strategy to

control the spatiotemporal distribution of out-of-equilibrium chemical network systems through the

participation of various chemical (reducing agents, acid, atmospheric gases, etc.) and physical stimuli

(sound, light, etc.), maintaining the rules of binary logic to mimic biological processes such as

spatiotemporally controlled chemical gradients, patterns, etc. In a seminal work,  Hermans and coworkers

1,2

3,

23

24
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have demonstrated such features with out-of-equilibrium functional supramolecular polymers.  We

thought of taking this challenge a step ahead by controlling the spatiotemporal location of nanoaggregates

of such supramolecular polymers in solution to execute even higher level complex functions under out-of-

equilibrium conditions.  We anticipated that the presence of nanoaggregates having different physical

and chemical properties within different locations in a solution can segregate a solution into property-

specific spatiotemporal domains, which would be useful in the execution of macroscopic functions such as

extraction of mechanical work.29, 30, 31, 32 The topography of liquid surface generated by standing waves

has previously been used as a template to assemble floating beads in programmable patterns.  We

therefore thought of utilizing audible sound generated concentric surface waves as templated tracks for the

programmed movement of a floating cargo.

Among the vast examples of mechanical work by systems exhibiting life-like behavior that involves

collective intelligence,  solving a maze involves locating and reaching a specific target avoiding collisions

with physical hurdles encountered along the way.  So far, maze solving has been explored using both active

(self-propelled) and passive (that needs to be guided) particles through chemotaxis, phototaxis,

magnetotaxis, etc.35, 36, 37, 38, 39 Nevertheless, the use of audible sound to guide a passive cargo through a

maze is hitherto unknown.

Herein, we demonstrate that the concerted participation of various physical and chemical stimuli, which

follows the rules of Boolean math, can be utilized to obtain a programmed spatiotemporal distribution of

out-of-equilibrium CSs to program spatiotemporal patterns, chemical gradients, and most importantly,

transient mechanical functions (Figure S1B). For instance, the pH-responsive nanoaggregates of a peptide-

based gelator can be controlled with light in the presence of a photoacid, leading to a spatiotemporal change

in the surface tension of the solution, which further induces motion in a passive floater (cargo) due to the

Marangoni effect. The application of audible sound provides specific tracks for cargo movement through the

generation of surface waves. An algorithm based on binary logic is further set up to successfully navigate the

floating cargo through a maze.

Section snippets

Design of multistimuli-responsive redox chemical system for pattern formation: Chemical

system 1 (CS1)

As a model multiple stimuli-responsive system, we chose the redox chemistry of methyl viologen

(MV /MV ), which is known to form spatiotemporal patterns upon dissolution of atmospheric oxygen in

solution under normal conditions. Such spatiotemporal patterns can be reproducibly obtained by

controlling the dissolution of oxygen in water using audible sound-induced vibration of the air-water

interface.  MV  is known to get reduced to its radical cationic (MV ) form through photoinduced…
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ARTICLE

Cascade reaction networks within audible sound
induced transient domains in a solution
Prabhu Dhasaiyan 1, Tanwistha Ghosh1, Hong-Guen Lee2, Yeonsang Lee2, Ilha Hwang 1✉,

Rahul Dev Mukhopadhyay1,6✉, Kyeng Min Park 3, Seungwon Shin4, In Seok Kang5 & Kimoon Kim 1,2✉

Spatiotemporal control of chemical cascade reactions within compartmentalized domains is

one of the difficult challenges to achieve. To implement such control, scientists have been

working on the development of various artificial compartmentalized systems such as lipo-

somes, vesicles, polymersomes, etc. Although a considerable amount of progress has been

made in this direction, one still needs to develop alternative strategies for controlling cascade

reaction networks within spatiotemporally controlled domains in a solution, which remains a

non-trivial issue. Herein, we present the utilization of audible sound induced liquid vibrations

for the generation of transient domains in an aqueous medium, which can be used for the

control of cascade chemical reactions in a spatiotemporal fashion. This approach gives us

access to highly reproducible spatiotemporal chemical gradients and patterns, in situ growth

and aggregation of gold nanoparticles at predetermined locations or domains formed in a

solution. Our strategy also gives us access to nanoparticle patterned hydrogels and their

applications for region specific cell growth.
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The coexistence of different chemical domains in which var-
ious chemical cascade reaction networks operate with spa-
tiotemporal control is one of the fundamental principles of

operation in living systems, particularly in eukaryotic cells1–7. Cells
have developed mechanisms for the precise sensing of positional
information of biochemical and for regulating the cascade processes
in which they are involved. Intracellular gradients of biomolecules
arise from the spatial separation of opposing reactions in bio-
chemical reaction cycles. These gradients provide positional cues for
executing vital transiently active cellular functions. To understand
and mimic such localization and control over biochemical networks
in living systems, various artificial counterparts such as liposomes,
vesicles, polymersomes, etc. have been developed8–18. For instance,
amphiphilic block copolymer-based semipermeable polymersomes
were synthesized by van Hest and co-workers12–15. More recently,
coacervate-based biomimetic systems were also extensively studied
by Mann and others19–23. These systems provide specific domains
that allow spatiotemporal control of various cascade reaction net-
works akin to biological systems. In a different strategy to execute
such localization and control over chemical reactions, Pickering
emulsions have also been explored24. A recent development in this
area is the concentric liquid reactors formed under centrifugal force
induced out-of-equilibrium conditions and utilized for sequential
chemical synthesis and separation by Grzybowski and co-workers25.
Given the requirements of a prudent molecular design that often
leads to cumbersome synthetic steps in the case of the membrane-
based systems, and the need for an astute choice of pairwise
immiscible liquids in liquid-liquid phase separating membraneless
systems, there are large demands for the development of novel
straightforward strategies for the creation of programmable domains
within a solution where specific chemical reaction networks can be
spatiotemporally controlled. Among chemical reactions, enzymatic
networks especially have biological significance and possess unique
advantages. In general, enzyme cascades can be regulated either by
tuning the abundance or activity of the enzymes or by perturbing
the enzymatic reaction network with small molecules acting as
inhibitors or competitors. However, it remains a central objective of
synthetic biologists and chemists to explore alternate strategies to
spatiotemporally control such enzymatic reaction networks, to
program the predictable formation of chemical gradients through
the spatiotemporal control of their reaction kinetics.

An external physical stimulus like light energy, which can be
locally applied and can be remotely controlled, has been a useful
tool to control the spatiotemporal assembly of organic molecules
and that of nanoparticles within a matrix where chemical gra-
dients are generally controlled by diffusion rather than by con-
vection. In a recent work, Prins and co-workers demonstrated
that kinetic asymmetry could emerge even at the macroscopic
level within a gold nanoparticle embedded hydrogel matrix sti-
mulated by a spatial delivery of light energy thereby installing a
non-equilibrium state26. Nevertheless, controlling the kinetics of
nanoparticle formation and their self-assembly utilizing localized
energy delivery in a solution still remains challenging due to the
uncontrolled diffusion and convectional currents operating
within the system.

Sound energy, which can induce vibrations within a medium
while traveling through it and has found wide applications in
physics, medical science, materials science and other fields27–29.
However, the use of sound energy in chemistry is mostly limited
to ultrasound-induced cavitation effects that can efficiently exe-
cute several chemical reactions30–32. Nevertheless, utilizing
audible sound (in the range of 20–20,000 Hz) to control any
molecular or supramolecular events and synthesis is still in its
infancy, most likely due to its low intensity, which is unable to
induce chemical transformations33. However, it has been long
known that vertical shaking of a liquid-filled dish using audible

sound (or a vibration generator) can generate a standing wave
pattern on the liquid surface (Faraday instability), and the pat-
terns change significantly depending on the frequency of the
applied sound and the shape of the dish34–38. Based on this
phenomenon, very recently we have developed a facile strategy
that utilizes audible sound to control the spatiotemporal dis-
tribution of chemical components in out-of-equilibrium systems
resulting in the formation of predictable chemical patterns39. We
specifically utilized the audible sound-induced vibration of the
air-water interface to promote the dissolution of atmospheric
gases (e.g., oxygen and carbon dioxide) to obtain spatiotemporal
control over redox or pH-specific chemical reactions, which were
easily visualized as predicable and programmable spatiotemporal
patterns. The patterns consisted of distinct redox-specific and/or
pH-specific domains, which were visualized from the color of the
chemical indicators present in the solution. These domains
although transiently generated, retained their position and dis-
tinct boundary features for a specific time period40. Therefore, we
anticipated that redox or pH-responsive chemical reactions can
favorably occur within these transient domains during the pattern
formation process. The spatiotemporal execution of more com-
plex reaction systems such as multistep enzymatic cascade reac-
tions and controlling their kinetics within these transient domains
was another interesting challenge that we considered exploring.

Herein, we report spatiotemporal control of enzyme-mediated
cascade reactions within audible sound-induced transient
domains created in a solution without utilizing any structure
inducing molecules (Fig. 1). This is further extended to the spa-
tiotemporal control over the in situ growth and self-assembly of
nanoparticles within predictable domains present in the solution.
Additionally, the preparation of nanoparticle-patterned hydrogels
and their utilization for region-specific growth of cells is also
explored. Our approach will offer a promising strategy to control
chemical processes within predictable yet transiently generated
domains within a solution. The strategy can be further utilized to
gain control over the region-specific reaction kinetics of enzyme
cascade reactions and other complex chemical network systems in
solution. The present findings will be significant in the develop-
ment and control over cascade reaction networks in a solution.
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Fig. 1 Audible sound induced generation of transient domains and
spatiotemporally controlled cascade reaction networks. Schematic of the
audible sound induced surface standing wave and generation of
corresponding concentric rings (cross-sectional view). Spatiotemporally
controlled cascade reaction of substrate S1 with an oxygen responsive
enzyme E1 is facilitated at the antinodal domains due to the region-specific
dissolution of oxygen. The final product P2 is generated by the reaction of
product P1 and substrate S2 with enzyme E2, which is observed as a color
pattern.
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Results
Cascade reactions within audible sound induced transient
domains. Among enzyme cascade reactions, we chose the widely
studied glucose oxidase (GOx) and horseradish peroxidase (HRP)
cascade combination with glucose and a redox responsive col-
orimetric dye. Dyes such as 2,2’-azino-bis(3-ethylbenzothiazo-
line-6-sulfonic acid) (ABTS) and o-dianisidine are typically
utilized as substrates in the aforementioned cascade. Recently,
Hess and co-workers have reported the spontaneous generation
of colored spatiotemporal patterns of ABTS radical utilizing the
same enzymatic cascade system that arose from reaction-driven
Rayleigh–Bernard convection41. Although the overall nature of
the resulting patterns was rather similar in each trial, the patterns
were not exactly the same in general. Nevertheless, predictable
pattern generation depends on the region-specific control of
oxygen (substrate) dissolution into the solution, which as men-
tioned before can be efficiently controlled by audible sound
induced liquid vibrations39.

As shown in Fig. 1, during the audible sound induced vertical
vibration of the liquid, the atmospheric oxygen molecules
undergo region-specific dissolution and diffusion into the
solution. Specifically, the nodes where the vibration is minimum
show lesser gas dissolution (oxygen deficient region) while at the
antinodal positions where the vibration is maximum the gas
dissolves more efficiently into the solution (oxygen rich region).
The nodal and antinodal positions are reproducibly obtained at
the same places in the solution for all trials and as a consequence,
the colored spatiotemporal patterns of ABTS radical obtained by
this strategy should be the same or predictable over several
repeated cycles. The overall solution in the dish is in a way
isolated into domains differing in their oxygen concentration
(oxygen rich: intense bluish cyan and oxygen deficient: pale cyan).
These distinctly colored chemical gradients are generated due to
the regional expedited dissolution of atmospheric gases such as
oxygen into certain concentric domains within the solution,
which retain their identity, position and boundary features
transiently in solution and can be utilized to execute enzymatic
cascade reactions within a single phase with much more
precision.

The experimental setup used in the present study is shown in
Supplementary Fig. 1. A schematic representation of the GOx-
HRP enzymatic cascade is portrayed in Fig. 2a. The typical
reaction involves the ping-pong mechanism of GOx where the
first step is the reduction of GOx-FAD to GOx-FADH2 by
glucose. The recovery of reduced GOx-FADH2 was initially taken
care of by oxygen and produces H2O2, which is further used by
HRP in order to oxidize ABTS (colorless) to ABTS+• (cyan)41.
The pattern experiments were performed after optimizing the
concentration of the cascade ingredients with a solution (5.0 mL)
containing GOx (3.6 U/mL), HRP (2.2 U/mL), ABTS (1.0 mM),
and glucose (50 mM) taken in a well-cleaned glass Petri dish,
which was tightly covered. The dish was then placed on a
loudspeaker connected to a function generator and waited until
the solution became colorless. When the solution was exposed to
air, in the absence of any external sound input, a randomly
shaped cyan-colored pattern was generated as shown in Fig. 2b.
The same pattern was not reproducibly obtained in the
subsequent trials. In contrast, when the solution was exposed to
air in the presence of an audible sound input (40 Hz), a “target”
(or concentric ring) pattern was formed, as shown in Fig. 2c.
Within a few seconds of audible sound induced vibration of the
enzyme-substrate mixture, a concentric ring pattern with cyan
and colorless domains was generated due to the region-specific
preference in the dissolution of oxygen and subsequent enzymatic
cascade reactions. More specifically, the cyan-colored regions
correspond to the oxygen rich antinodes where H2O2 is produced

by the O2/glucose/GOx reaction, followed by the generation of
ABTS+• by the H2O2/ABTS/HRP reaction. On the other hand,
the colorless regions correspond to the nodes where the
formation of ABTS+• is limited due to the minimal vibration of
liquid and less oxygen uptake. In the present case, since the cyan-
colored regions are separated by the colorless regions, the
contents of each cyan-colored region are not mixed with those
of the adjacent regions. Accordingly, the cyan-colored domains
can be considered as “pseudo-compartments”, while the colorless
regions can be thought of as “pseudo-barriers” as they spatially
separate transient domains in the solution. Although the
boundaries of the transient pseudo-compartments generated in
this way are less clearly defined than traditional permanent
compartments based on lipids or other structure inducing
molecules, they could be utilized to generate regional chemical
concentration gradients and successfully control chemical
reactions.

The strategy also works well in the case of other substrates as
evident from a similar pattern with orange and colorless domains
that were generated in case we used o-dianisidine as a
colorimetric indicator (Supplementary Fig. 2). The effect of
atmospheric oxygen concentration, which plays a key role in the
aforementioned pattern generation process was also tested. For
example, no pattern was generated under inert conditions, while
the pattern generation was faster in the presence of an oxygen
rich atmosphere than under normal atmospheric conditions.
(Supplementary Fig. 3).

The formation of the target pattern here is presumably due to the
viscous nature of the solution with weaker vibration, which
suppresses the lateral flow thereby generating a concentric ring-
based pattern rather than a two-vortex pattern as previously
observed39,42. The cyan-colored concentric domains remain
transiently stable in the solution. However, after ~30min, most
of the solution turns into a cyan color, which can be ascribed to the
slow diffusion of H2O2 throughout the solution. Since the standing
wave generated in the dish is highly dependent on the applied
audible sound frequency, we could control the pitch of the colored
ring pattern as shown in Supplementary Fig. 4, thereby we can
specifically change the distance between the concentric domains,
which can be a useful strategy to affect the chemical diffusion or
communication between these domains. In addition, the number of
domains increases with an increase in the diameter of the dish as
shown in Supplementary Fig. 5. The shape of the transient domain,
that is, the cyan-colored features in the pattern, can also be changed
by changing the shape of the dish. For example, a target pattern is
observed in a circular dish, while a checkerboard pattern was
observed in a square dish (Supplementary Fig. 6). To further
establish the predictability and reproducibility of patterns devel-
oped by our strategy, we performed the pattern formation
experiments by varying the depth of the solution with and without
applying audible sound (Supplementary Fig. 7). Thereby, we
surmised that under the typical experimental conditions, only
concentric ring domains were generated in the presence of audible
sound, and we could clearly suppress the effects of the reaction-
driven Rayleigh–Bernard convection usually observed in these
systems under normal circumstances. We observed that during the
pattern formation experiments, once a random pattern is generated
in the absence of audible sound, it is difficult to reorganize the
chemical gradients to obtain a pure concentric pattern even if the
sound is applied later, as shown in Supplementary Fig. 8. The
resultant pattern is therefore a mixture of random maze-like and
concentric ring-shaped chemical gradients.

Another way of interpreting the patterns is through the rate of
the enzyme cascade reaction, which is comparatively much faster
at the antinodes than at the nodal positions. The rate of reaction
even varied at the individual antinodal domains. Image analysis
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of the patterns at any particular instant during the pattern
generation showed that the color intensity corresponding to the
amount of ABTS+• formation showed a steady decrease as one
moved from the center to the periphery (Fig. 2d). This
observation can be attributed to the rate of oxygen dissolution
being affected by the concomitant decrease in the amplitude of
the vibrations at the antinodal positions from the center towards
the periphery, which is well established in the literature43. As a

matter of fact, we monitored the time-dependent changes in the
ABTS+• formation at the center and at the first three concentric
ring-shaped domains (at the antinodes), where we clearly
observed that the rate of progression of the enzyme cascade
reaction is different at the different concentric rings being highest
at the center and shows a gradual decline as the rings are placed
towards the periphery (Fig. 2e). The overall rate of pattern
formation or the rate of the enzyme cascade reaction in the
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specified domains can also be manipulated by the addition of a
competitor. For instance, the addition of catalase leads to the fast
decomposition of H2O2 and thereby affects the rate of ABTS+•

formation (Fig. 2f)44. We observed that the rate of enzyme
cascade reaction at the concentric rings was significantly
decreased and the pattern formation was largely delayed as we
increased the catalase concentration in solution (Fig. 2g).

In situ growth of gold nanoparticles within audible sound
induced transient domains. After the successful control of the
GOx-HRP enzymatic cascade, we decided to expand our strategy
to spatiotemporally control the in situ seeded growth of gold
nanoparticles (AuNPs) (Fig. 3a) within the audible sound gen-
erated transient domains within the same solution. Here, we
utilized the growth of small sized AuNPs (~4 nm, acting as seed)
in a cascade with the biocatalytic reaction between glucose, GOx
and O2 as schematically represented in Fig. 3a45–47. Seed AuNPs
were prepared by literature procedure and characterized by
transmission electron microscopy (TEM) and UV–Vis spectro-
scopy. The UV–Vis spectra of the as synthesized seed AuNPs
showed characteristic surface plasmon peak at 513 nm, which
supported the formation of small sized seed and the TEM
experiments further confirmed the formation of spherical seed
AuNPs with an average size of 4.1 nm (Supplementary Fig. 10).

For the in situ growth of AuNPs, we varied different parameters
and optimized a suitable condition for executing the audible
sound experiments (Supplementary Fig. 11). When an aqueous
solution (5.0 mL) containing seed AuNP (8 nM), GOx (35 U/mL),
glucose (50 mM), and AuCl4- (0.6 mM) was placed in a Petri dish,
the solution turned wine red in color within 10 min (Fig. 3b),
indicating the formation of larger AuNPs (average size ~ 11 nm)
due to the reduction of Au3+ to Au0 on the seed AuNP surface by
the reaction byproduct H2O2. The results obtained from time-
dependent UV–Vis spectra corroborates the AuNP growth pro-
cess in the solution state (Supplementary Fig. 12).

When the same cascade biocatalytic nanoparticle growth
mixture was subjected to audible sound and exposed to the air,
we observed the appearance of red-colored concentric ring pattern
within a few minutes, indicating the spatiotemporal expedited
growth of AuNPs at the antinodal regions, as shown in Fig. 3c. We
observed that the more oxygen supplied antinode regions turned
wine red within a few minutes owing to the accelerated production
of H2O2 that promoted the growth of the seed AuNPs, while the
nodal positions where the supply of oxygen was limited appeared
as thin concentric lines with a comparatively less intense wine red
color. From the time-dependent TEM images obtained from
aliquots extracted from each area, we further confirmed the
facilitated growth of the AuNPs at the transiently generated
domains placed at the antinodal positions of the standing wave.
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Whereas, a time-dependent TEM analysis of samples extracted
from the nodal positions showed minimal changes in the size of
AuNPs (Fig. 3d, e). Although our audible sound method allowed
us to control the in situ regional growth of AuNPs within
transiently generated domains in a solution, a sharp boundary
between the concentric ring-shaped domains (at the antinodal
positions) as in the case of ABTS/ABTS+• pattern was not
achieved in this case, which can be ascribed to relatively small
differences in molar extinction coefficients (~100-fold) as well as
surface plasmon peaks (~20 nm) between seed and fully grown
AuNPs48. Therefore, we aimed towards exploring a nanoparticle-
based cascade reaction with a clear contrast between the
concentric ring-shaped domains. We anticipated that the large
difference in solution color between dispersed and aggregated
AuNPs may be useful in obtaining such results. It may also
simultaneously provide an easy route for the spatiotemporal self-
assembly of specifically surface functionalized AuNPs.

Gold nanoparticle aggregation within audible sound induced
transient domains. On demand control of metal nanoparticle
assembly is important as the physical properties of metal nano-
particles are largely dependent on the aggregation or stacking of
individual nanoparticles. Controlling such nanoparticle assembly
in a spatiotemporal fashion is challenging and has so far been
achieved using external stimuli such as chemicals, biomolecules,
light, magnetic field, etc49–52. To apply our audible sound method
to spatiotemporally program a nanoparticle assembly, we pre-
pared carboxylic acid-functionalized gold nanoparticles (AuNPs)
because their aggregation tendency and the resulting vivid color
changes in acidic pH have been well-known for decades. We first
synthesized 13 nm AuNPs capped with citric acid and the surface
capping agent of these AuNPs was further exchanged with
thioctic acid by ligand exchange reaction as the latter provides
better stability and pH response in water53,54. As shown in
Supplementary Fig. 13, the thioctic acid-functionalized AuNPs
(TA-AuNP) were well dispersed in basic and neutral aqueous
solution and exhibited a red-wine color. However, it turned blue
below pH 4, indicating AuNP aggregation. Therefore, based on
the color changes, we can easily recognize the formation of TA-
AuNP aggregates under acidic conditions (Fig. 4a).

Following the previous ABTS pattern experiment, here we used
the glucose/GOx reaction again because the reaction produces
gluconic acid that lowers the pH of the solution. Firstly, TA-
AuNP was mixed with glucose/GOx and the solution was exposed
to air without applying sound. As the enzymatic reaction
proceeds, the pH of the solution decreases and thus TA-AuNP
aggregation occurs, resulting in randomly positioned blue regions
in the red-colored solution as shown in Fig. 4b. The time-
dependent UV–Vis spectra of this solution are given in
Supplementary Fig. 14, which establishes the gradual self-
assembly of the AuNPs. In contrast, the application of audible
sound to the above solution produced a concentric ring pattern
with blue and red concentric rings as shown in Fig. 4c. Such a
ring pattern was evolved because of the enzymatic reaction, which
proceeded preferentially at the antinodal regions transiently
generated in the solution. In this pattern, small portions of the red
and blue regions were extracted and analyzed by time-dependent
TEM analysis. As shown in Fig. 4d, the TA-AuNPs in the red-
colored nodal positions of the standing wave, mostly existed as
individual particles, while the nanoparticles in the blue-colored
concentric regions located at the antinodal positions exhibited the
formation of larger nanoparticle aggregates and clusters with time
as we expected. Since the color of the dispersed and aggregated
nanoparticles was distinctly different, we could track the relative
rates of TA-AuNP aggregation at the various antinodal regions

through analysis of pattern images exhibited in Fig. 4c. The
obtained results clearly corroborated that the TA-AuNP aggrega-
tion follows a much faster kinetics at the center and the rate of
aggregation gradually decreases as one shifts to the antinodal
regions (ring 1 to ring 3) towards the periphery (Supplementary
Fig. 15) as observed in the case of the ABTS+• pattern (Fig. 1e).
These results confirm that our audible sound method provides an
innovative strategy to program the self-assembly of gold
nanoparticles within transient domains generated in a solution.

Nanoparticle-patterned hydrogels for region-specific cell
growth. Region-specific growth of cells on specifically designed or
patterned substrates can be exploited in a variety of biomedical
applications, including regenerative medicine, tissue engineering,
development of biosensors, and elucidation of cell-matrix inter-
actions, etc55,56. To explore such applications, patterned surfaces
of functional polymer or hydrogels have been often utilized as
platforms for cell growth57. Similarly, the scope of studying the
interaction of cells with patterned substrates containing materials
such as carbon nanotubes58, metal nanoparticles59, etc. remains
open for investigation. For instance, inhibition of cell growth has
been reported in the presence of dispersed AuNPs. Whereas, an
increase in the growth rate of cells has been observed in the
presence of large AuNP aggregates59. The patterns obtained in
the aforementioned cases mostly utilize chemical vapor deposi-
tion or techniques such as inkjet printing. We thought that using
our audible sound-based strategy it may be possible to obtain
patterns of AuNPs and AuNP aggregates, which can be further
immobilized within a hydrogel matrix. We anticipated that these
patterned substrates can be utilized as a platform to obtain
region-selective cell growth, which in a way can extend the cas-
cade chemical processes to the next higher level of biological
applications. Figure 5a shows a schematic illustration of the
nanoparticle-patterned hydrogel preparation and its application
as a platform for selective cell growth. When 40 Hz of audible
sound was applied to a solution containing TA-AuNP (8 nM),
GOx (80 U/mL), glucose (50 mM), poly(ethylene glycol)-diacry-
late (PEG-DA) (Mn= 700, 10 wt%) and a photo-initiator (Irga-
cure 2959, 1 wt%), spatiotemporal patterns consisting of blue
concentric rings of aggregated AuNPs were developed within
3 min as shown in Fig. 5b. The fully developed pattern was fixed
by irradiating the solution with 365 nm UV light. Figure 5c shows
a photograph of the resulting nanoparticle-patterned hydrogel
material. The hydrogel comprising of aggregated (blue region)
and non-aggregated (pink region) nanoparticles containing
domains was further utilized as a scaffold for region-selective
growth of HeLa cells. To improve cell adhesion and proliferation,
the hydrogel surface was treated with a cyclic RGDyK peptide and
poly-L-lysine conjugate (c(RGDyK)-PLL) (see Methods
section)60,61, and the resulting hydrogel was incubated overnight
after being treated with HeLa cells. When the patterned hydrogel
was observed under a fluorescent microscope after 24 h, patterned
cell growth is observed as shown in Fig. 5d, and the corre-
sponding three-dimensional (3D) fluorescence image intensity
plot of the cells (Fig. 5e) was found to be prominent along with
alternate concentric rings as observed in the hydrogel pattern (See
also Supplementary Fig. 16). Additionally, cells in the antinodal
region show well spread morphology, whereas those in the nodal
region do not (Supplementary Fig. 17). Analyzing these images,
we could confirm a region-specific cell growth over the AuNP
aggregated domains, which coincide with the antinodal positions
of the pattern. As a control experiment, we carried out the same
study using a hydrogel, random-patterned with AuNPs and
AuNP aggregates that was prepared without applying sound. This
resulted in random cell growth over the hydrogel surface, as
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shown in Supplementary Fig. 18. We further confirmed that our
strategy of obtaining region-selective cell growth can be extended
to other cells, such as human umbilical vein endothelial cells
(HUVECs) (Supplementary Fig. 19).

Discussion
We have demonstrated the utilization of audible sound induced
liquid vibration to generate transient domains within a solution
wherein enzyme-mediated cascade chemical reactions can be
spatiotemporally controlled to obtain predictable and repro-
ducible spatiotemporal chemical gradients and colored patterns.
Our approach further provided a way to gain spatiotemporal
control over the in situ growth or aggregation of AuNPs in an
aqueous solution. Finally, we prepared nanoparticle-patterned
hydrogels and showed their utilization for region-specific cell
growth. The uniqueness and expandability of our strategy of
using audible sound to generate transient domains, which act as
pseudo-compartments within a solution, may provide more
insights for gaining better control over complex chemical reaction
networks at the macroscopic level and in the development of

smart materials or systems that can be controlled by such cascade
chemical reaction networks.

Methods
Materials and general methods. All the reagents and solvents employed were
commercially available and used as supplied without further purification. Cyclic
RGDyk peptide was obtained from PEPTRON (Daejeon, Republic of Korea). HeLa
and HUVEC were purchased from ATCC. Deionized water with a resistivity of
18.2 MΩ cm−1 was used to prepare aqueous solutions. UV–visible absorption
spectra were collected on a Cary series UV–Vis–NIR spectrophotometer, Agilent
Technologies. TEM images were recorded on an FEI Titan Themis electron
microscope operating at 300 kV. A function generator (AFG-2005, GW Instek) and
a speaker (PC83-8 or DS135-8, Dayton Audio) were used to generate and control
vertical vibrations. Vibrational acceleration was measured by a vibration meter
(ST-140, Tenmars). Photos of the experiments were taken by a smartphone or a
digital camera. A fluorescence microscope (Eclipse Ti-E, Nikon) was used for the
imaging of cells.

Protocol for sound induced transient domains and colored pattern generation
experiments. A circular glass Petri dish was mounted on top of a loudspeaker with
a flat acrylic tray and the loudspeaker was connected to a function generator to
generate vertical sinusoidal vibration. The typical experimental set up is shown in
Supplementary Fig. 1. The ranges of frequency and amplitude of vibration were
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controlled by a function generator and the amplitude of vibration was measured
with a vibration meter. For the audible sound-induced transient domains and color
pattern generation experiments, frequency in the range of 30−90 Hz with an
amplitude of the vibration in the range of 0.20−0.25 g were found to be suitable.
Unless otherwise noted, a 56 mm-sized (inner diameter) circular glass Petri dish
was used for pattern generation experiments. Each pattern generation experiment
was repeated more than 10 times to confirm the reproducibility of the pattern
formation process.

Glucose/GOx/HRP/ABTS cascade reaction without applying sound. A 5.0 mL
solution containing 3.6 U/mL GOx, 2.2 U/mL HRP, 1.0 mM ABTS, and 50 mM
glucose in PBS (pH 7.1) was purged with nitrogen gas for 1 h and then gently
poured into a Petri dish placed on a tray, and covered with a piece of plastic wrap.
After the solution turned colorless, the Petri dish was gently shaken to ensure that
the solution was homogenous. After waiting for several seconds for further stabi-
lization, the Petri dish was uncovered and exposed to the air to initiate pattern
generation. The pattern generation in the dish was recorded with a smartphone.

Glucose/GOx/HRP/ABTS cascade reaction with applying sound. A 5.0 mL
solution containing 3.6 U/mL GOx, 2.2 U/mL HRP, 1.0 mM ABTS, and 50 mM
glucose in PBS (pH 7.1) was purged with nitrogen gas for 1 h, and then gently
poured into a Petri dish placed on an acrylic tray over the loudspeaker, and covered
with a piece of plastic wrap. After the solution turned colorless, the Petri dish was
gently shaken to ensure that the solution was homogenous. After waiting several
seconds for further stabilization, the Petri dish was uncovered and exposed to the
air and the function generator connected to the loudspeaker was turned on to
initiate pattern generation. The pattern generation in the dish was recorded with a
smartphone. In experiments to study the effect of catalase on color pattern gen-
eration, catalase was additionally added to the initial reaction mixture at different
concentrations. Pattern experiments were carried out at different concentrations of

atmospheric oxygen; a 5 L glass beaker (filled with pure oxygen or argon gas) was
used as a reaction chamber for such a purpose (Supplementary Fig. 3). For the
pattern generation experiments with different sized or shaped dishes, the solution
volume was adjusted in such a way that the height of the solution remain 2 mm,
taking into account the size of the dish (Supplementary Figs. 5 and 6).

Glucose/GOx/HRP/dianisidine cascade reaction with applying sound. A
5.0 mL solution containing 7.2U/mL GOx, 4.5U/mL HRP, 2.0mM o-dianisidine, and
50mM glucose in PBS (pH 7.1) was purged with nitrogen gas for 1 h, gently poured
into the Petri dish on a tray. After waiting several seconds for stabilization, the
function generator was turned on to initiate the color pattern generation. The reaction
scheme and colored pattern in the dish were shown in Supplementary Fig. 2.

Colored pattern analyses. The images obtained from the pattern experiments
were analyzed using ImageJ software. Firstly, the RGB color pattern images were
converted into grayscale representation, then the gray values were collected using
the multi-point/point tool. For each image at a particular time, 10 data points were
collected from the region of interest. Finally, the mean and standard deviations
were calculated and plotted. Since the gray value at t= 0 s is considered as a
background, the initial gray value was subtracted and a percentage change in gray
value was calculated. The error bars in the line profile figures represent the stan-
dard deviation of the pattern image intensity.

Effect of applying frequency. To ascertain the effect of frequency on the transient
domain formation, experiments were performed by varying the frequency of the
applied audible sound. Throughout the frequency range investigated (30−90 Hz),
the shape of the domain was found to be similar but the thickness of the concentric
ring-shaped domain became narrow with an increase in the frequency of the
applied sound as shown in Supplementary Fig. 4.
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Preparation of seed AuNPs. Seed gold nanoparticles (AuNPs) were prepared
according to the literature62. In a typical experiment, a 20 mL aqueous solution
containing 0.25 mM HAuCl4 and 0.25 mM trisodium citrate was prepared in a
glass sample vial. Next, freshly prepared ice-cold NaBH4 (0.1 M, 0.6 mL) was added
under vigorous stirring. Stirring was continued for 30 s and the solution was kept
undisturbed for 4 h. The seed AuNP was characterized by UV–Vis spectroscopy
and TEM (Supplementary Fig. 10).

Optimizing the conditions for the growth of seed AuNPs. In order to optimize
the concentration of various components in the growth of seed AuNPs, UV–Vis
experiments were performed with different concentrations of each component. When
we varied the concentration of GOx from 35–85 U/mL (keeping the concentration of
glucose= 50mM, AuCl4-= 0.60mM, seed AuNP= 8 nM), there was a blue shift in
the surface plasmon peak (530−538 nm), also the generation of red color was faster in
case of using a high concentration of GOx (Supplementary Fig. 11a). This indicated
that the growth of seed AuNPs could be tuned by changing the GOx concentration.
Upon changing the concentration of glucose from 10 to 50mM (keeping the con-
centration of GOx= 85U/mL, AuCl4–= 0.60mM, seed AuNP= 8 nM), the resulting
spectra remained the same, suggesting that the changes in glucose concentration in
this region had no significant effect on the growth of seed AuNPs (Supplementary
Fig. 11b). Then, the concentration of AuCl4– was varied 0.2− 1.0 mM and keeping
concentration of glucose= 50mM, GOx= 50 U/mL, and seed AuNP= 8 nM. As
shown in the Supplementary Fig. 11c, the surface plasmon peak value for higher
concentration (1mM) showed a red shift, revealing the formation large sized
nanoclusters (surface plasmon peak at 550 nm). Finally, the concentration of seed
AuNPs was also varied (2−8 nM) keeping the concentration of glucose= 50mM,
GOx= 50U/mL, and AuCl4–= 0.60mM, respectively (Supplementary Fig. 11d).
Since the high concentration of seed AuNP produced a red color within a few minutes
(surface plasmon peak at 533 nm), it was confirmed that it is suitable for sound-
induced pattern experiments. At a low concentration of seed AuNPs, the spectra were
broad and the surface plasmon peaks appeared at higher wavelengths as shown in
Supplementary Fig. 11d. The corresponding average particle sizes were calculated
from the TEM images (Supplementary Figs. 11e–h). By combining all the results, we
conclude that 50mM of glucose, 35U/mL of GOx, 8 nM of seed AuNPs, and
0.60mM of AuCl4– was an appropriate condition for the spatiotemporal in situ
growth of AuNPs using our protocol. Time-dependent UV–Vis spectral changes
corresponding to the seeded growth of AuNP are presented in Supplementary Fig. 12.

Sound-controlled in situ growth of AuNPs. Before the experiment, the cascade
components (glucose/GOx/seed AuNPs/AuCl4-) were degassed individually with
nitrogen gas for 1 h. Then, 5.0 mL solution containing 50 mM of glucose, 35 U/mL
of GOx, 8 nM of seed AuNPs, and 0.6 mM of AuCl4- were quickly transferred into
a Petri dish on top of the loudspeaker. After waiting several seconds for stabili-
zation, the function generator connected to the loudspeaker was turned on. Within
a few minutes, the mauve colored solution was segregated into two domains due to
sound-induced liquid vibrations, and the red-colored pattern generated in the dish
was recorded with a smartphone.

Synthesis and characterization of TA-AuNP. After synthesizing 13 nm-sized
gold nanoparticles according to the literature, thioctic acid-functionalized gold
nanoparticles (TA-AuNPs) were prepared by ligand exchange method49,50. For the
ligand exchange of the citrate stabilized AuNPs, an ethanolic solution of thioctic
acid (10 mM, 4.0 mL) was added to the citrate stabilized AuNPs solution (40 mL)
whose basicity was preadjusted to pH 11, the mixture was then stirred for 18 h in
the dark. The solution was then centrifuged for 20 min (at 18,000 × g, 10 °C),
followed by decantation of supernatants. The precipitated TA-AuNPs were redis-
persed in water and centrifuged again two times more under the same conditions.
The resulting TA-AuNPs were characterized by TEM (Supplementary Fig. 13a),
and pH-dependent UV–Vis spectral changes were also observed (Supplementary
Fig. 13b). Time-dependent UV–Vis spectral changes with glucose/GOx reaction
system are presented in Supplementary Fig. 14.

Sound-controlled TA-AuNP pattern experiments. Prior to the experiments, all
the required ingredient solutions were thoroughly degassed with N2 gas for 1 h.
Then, 5.0 mL solution containing 40 U/mL GOx, 8 nM TA-AuNP, 50 mM NaCl,
and 50 mM glucose was taken into a Petri dish. Once the solution became steady,
the function generator connected to the loudspeaker was turned on. The pattern
generation in the dish was recorded with a smartphone.

Preparation of gold nanoparticle-patterned hydrogels. Prior to the experiments,
all the required ingredient solutions were thoroughly degassed with N2 gas for 1 h.
Then, 1.5 mL solution containing 80 U/mL GOx, 8 nM TA-AuNP, 75 mM NaCl,
50 mM glucose, 10 wt% PEG-DA (Mn= 700), and 1 wt% Irgacure 2959 was taken
into a 36 mm-sized Petri dish. Once the solution became steady, the function
generator connected to the loudspeaker was turned on and a frequency of 40 Hz
was applied to this solution. The pattern generation in the dish was recorded with a
smartphone. The fully developed pattern was fixed by irradiating the solution in
the Petri dish with a handheld UV lamp (365 nm) for 1 h.

Preparation of c(RGDyK)-PLL. A cyclic RGDyK peptide and poly-L-lysine con-
jugate (c(RGDyK)-PLL) was prepared by following the previous work60,61. To a
solution of poly-L-lysine (PLL) (50 mg) in deionized (DI) water (5 mL), a solution
of dibenzocyclooctyne-N-hydroxysuccinimidyl ester (100 μL, 0.2 mM in DMSO)
was added and the mixture was stirred at room temperature for 1 h. Followed by
the addition of cyclo[Arg-Gly-Asp-D-Phe-Lys(Azide)] (c(RGDyK-azide), 100 μL,
0.2 mM in DI water) to the reaction mixture and stirred at room temperature for
12 h. After the reaction mixture was purified by dialysis against water using a
membrane with a molecular weight cut-off of 10000, the sample was lyophilized to
give c(RGDyK)-PLL (45 mg). The product was dissolved in DI water (1 mg/mL)
and used in the following experiments.

Cell culture experiments with a patterned hydrogel. The patterned hydrogel
was thoroughly washed with PBS buffer to remove any unreacted residues. Sub-
sequently, the hydrogel was coated with the solution of c(RGDyK)-PLL for 1 h. A
solution of live cells (4 mL, 2 × 106 cells, HeLa in DMEM), which was stained with
DiIC18(3), was transferred to the hydrogel. In the case of HUVECs, a solution of
live cells (4 mL, 2 × 106 cells, HUVEC in F-12K), which was stained with SP-
DiOC18(3). The cells were incubated at 37 °C in a humidified incubator under
standard culture conditions for 1 to 3 days. The cells were imaged under a
fluorescence microscope and the images were manually arranged to make an
overview image of the hydrogel.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The authors declare that all the data supporting the findings of this study are available
within the paper and its Supplementary Information file or from the corresponding
authors upon request.
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ABSTRACT: The formation of chemical patterns is in general difficult to control due to
the random diffusive motions of the reacting chemical species in solution. In this paper,
we present a new method using audible sound to control the formation of chemical
patterns obtained in blue bottle experiments. The waves generated on the surface of the
solution by applying audible sound result in the nonuniform dissolution of atmospheric
gases such as oxygen at the nodal and antinodal positions. On the basis of this
phenomenon, the shapes of the patterns could be tuned according to the characteristics
of the applied sound input, such as frequency and amplitude. This is an easy way for
students to follow and control redox-responsive and pH-responsive chemical reactions in
solution. The experiments involve chemicals that are mostly nontoxic and are easy to
demonstrate since they involve common electronic gadgets (e.g., smartphones, Bluetooth
speakers, etc.). These experiments provide interesting demonstration activities as well as
a new understanding of utilizing audible sound for controlling chemical reactions.

KEYWORDS: Graduate Education/Research, Upper-Division Undergraduate, Demonstrations, Interdisciplinary/Multidisciplinary,
Mechanisms of Reactions, Acids/Bases, Dyes/Pigments, Oxidation/Reduction

■ INTRODUCTION

Since Alan Turing first proposed the theory of chemical
pattern generation using a reaction-diffusion model in 1952,1

many studies have been conducted to study the generation of
spatiotemporal patterns through chemical reactions.2−13

Representative examples include the patterns formed during
the Belousov−Zhabotinsky reaction5,6 and the “blue bottle”
reaction7−9 reported in the 1960s. In particular, the latter has
been frequently used for the demonstration of colored
chemical pattern generation because it is nontoxic and easy
for students to follow. Later, on the basis of the blue bottle
experiment, various other colored chemical pattern generation
systems have also been developed using different dyes and
reducing agents.10−12 However, since it is difficult to control
the diffusive behavior of chemical species in these reactions,
the nature of the generated chemical patterns is rather
inconsistent and unpredictable.
Sound is a series of pressure waves propagating through the

medium, and it is not well-utilized in chemistry except for
sonochemistry where high-power ultrasound is used.14,15 In
particular, audible sound (typically 20−20,000 Hz) has very
low energy, which is insufficient to induce chemical reactions.
However, it is known that audible sound can affect the surface
waves and internal flow in a fluid, which is similar to a physical
phenomenon known as Faraday waves. The Faraday waves
were first reported by Michael Faraday in 1831, where the
waves occur at the air−liquid interface when a low-frequency
vertical vibration is applied to a liquid placed in a dish.16−18

The same phenomenon can be executed when the dish is
placed over a loudspeaker generating audible sound. Here, the

waves generated in the liquid are determined according to the
frequency and amplitude of the sound, the shape of the dish,
etc. On the basis of the above methods, various applications
have been reported in the literature. This includes self-
assembly of floating beads on the liquid surface and
precipitation patterns of bacteria, cells, microscale beads,
etc.19−22 In addition, we have recently demonstrated a novel
method of generating chemically different domains in a
solution using audible sound.23 The waves generated on the
surface of the solution by applying audible sound resulted in
the nonuniform dissolution of atmospheric gases such as
oxygen at the antinodal and nodal positions, because the
former come into frequent contact with air, while the latter did
not (Scheme 1a). On the basis of this phenomenon, we have
shown that redox reactions can be performed with region
specific control in a solution, and the progress of the reaction
can be visualized through the formation of a colored
spatiotemporal pattern. The same principle was applied to
the region specific dissolution of carbon dioxide and the
achievement of spatiotemporal control over an acid−base
reaction. Interestingly, the patterns generated through this
method could be programmed on the basis of the frequency of
the applied sound.
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Herein, we extend our audible sound strategy to the
traditional blue bottle reaction, which is known to generate
spatiotemporal patterns. In addition, we show the generation
of phenolphthalein based patterns using carbon dioxide and
sound. Lastly, in order to increase the ease of demonstration of
our strategy, we also verified that the same experiment is
possible with a freely available smartphone based function
generator application and a Bluetooth speaker.

■ MATERIALS AND METHODS

Chemicals

Methylene blue, resazurin sodium salt, D-glucose, sodium
hydroxide, phenolphthalein, and dimethyl sulfoxide (DMSO)
were purchased from commercial vendors and used as
purchased.

Preparing Stock Solutions

Sodium hydroxide stock solution (5 M), glucose stock solution
(1 M), and methylene blue stock solution (1 mg/mL) were
prepared by dissolving the corresponding amounts of solutes in
deionized water. Phenolphthalein stock solution (2 mg/mL)
was prepared in DMSO.

Pattern Experiment with Methylene Blue

Solutions for the pattern experiment using methylene blue
were prepared by mixing 3.85 mL of deionized water, 0.25 mL
of methylene blue stock solution, 0.55 mL of glucose stock
solution, 0.25 mL of DMSO, and 0.10 mL of sodium hydroxide
stock solution in a 20 mL vial, in the listed order. The final

molar concentrations of each species in the solution were as
follows: 0.15 mM methylene blue, 110 mM glucose, 100 mM
sodium hydroxide. The mixture was gently shaken, and the vial
was kept undisturbed for 5 min with the lid closed. Then, 5 mL
of the mixture was poured into a 56 mm sized (inner diameter)
glass Petri dish placed on a loudspeaker and gently shaken
again until it did not show any haze (see Scheme 1b and
Supporting Information Figure S1a for experimental setup).
Pattern generation was started as soon as we turned on the
function generator connected to the loudspeaker, and the
pattern images were recorded on a smartphone.

Pattern Experiment with Phenolphthalein under Carbon
Dioxide Atmosphere

Solutions for the phenolphthalein experiment were prepared
by mixing 4.15 mL of deionized water, 0.60 mL of sodium
hydroxide (pH 12) solution, and 0.25 mL of phenolphthalein
stock solution in a 20 mL vial, in the listed order. The final
molar concentrations of each species in the solution were as
follows: 0.32 mM phenolphthalein, 1.2 mM sodium hydroxide.
The mixture was gently shaken and poured to a 56 mm sized
glass Petri dish. The dish was then covered with a carbon
dioxide filled glass beaker (see Supporting Information Figure
S1b for experimental setup). Pattern generation was started as
soon as we turned on the function generator connected to the
loudspeaker, and the pattern images were recorded on a
smartphone.

Scheme 1. (a) Schematic Cross Sectional View of Region Specific Dissolution of Gases into a Vertically Vibrating Solution,a

(b) Schematic of the Experimental Setup for Audible Sound Controlled Blue Bottle Pattern Generation Experiment,b (c)
Redox Equilibrium in Methylene Blue Based Pattern Experiment,c and (d) Acid−Base Equilibrium in Phenolphthalein Based
Pattern Experimentd

aMore gases are dissolved at the antinode regions under the standing wave conditions. bA representative pattern figure that can be obtained in the
presence of audible sound is also presented. cA typical pattern image obtained using methylene blue reaction in the absence of audible sound is also
presented in the center. dA typical pattern image obtained using phenolphthalein reaction in the absence of audible sound is also presented in the
center.
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■ HAZARDS
Sodium hydroxide is a highly corrosive chemical, so
participants should remain cautious while handling sodium
hydroxide. DMSO is classified as a class 3 solvent (low toxic
potential) by the United States Food and Drug Administration.
However, DMSO penetrates well into the skin and causes
irritation. Therefore, the participants should wear proper
protective equipment such as gloves, lab coats, and safety
goggles during the experiment. The experiment can be carried
out outside a fume hood because of the low vapor pressure of
DMSO.

■ RESULTS AND DISCUSSION

Pattern Experiment with Methylene Blue

Among the various pattern generation experiments, the
methylene blue based blue bottle experiment was selected as
the main experiment in consideration of its wide representa-
tiveness, accessibility, and safety. The chemical reaction related
to the blue bottle experiment is shown in Scheme 1c. In a
typical blue bottle experiment, we usually observe the process
of color change of a blue methylene blue solution to its
colorless leuco form in an oxygen-deficient environment, such
as inside the closed bottle. However, in this paper, we tried to
observe the process of changing the blue colored pattern using
a Petri dish in an open space. The schematic of the
experimental setup for the audible sound controlled blue
bottle reaction and corresponding pattern generation is shown
in Scheme 1b.
We checked the nature of the patterns generated in the Petri

dish depending on the presence or absence of audible sound.
The pattern obtained in the absence of audible sound is given
in Scheme 1c. The pattern generated without sound showed a
“worm-like” shape, which is probably caused by the density-
driven chemical convections of glucose and its oxidation
products, but the exact mechanism is not yet known.9,24 Here,
the oxidation product was initially identified as gluconic acid,
but recent studies have indicated the formation of arabinonic
acid as a major oxidation product.12,25,26 In contrast, in the
presence of 60 Hz audible sound, a spatiotemporal pattern
consisting of well-defined concentric rings was observed as
shown in Figure 1a. The pattern formation started with the
appearance of a blue dot at the center of a Petri dish after ∼60

s; this was followed by the development of the concentric rings
from the center to the side wall of the Petri dish (see also
Supporting Information Video S1). The pattern was most vivid
at ∼110 s and lasted until ∼3 min. After this time, the rings
gradually broadened, and the distinction between the rings
became ambiguous; the overall color of the solution became
brighter.
The concentric ring pattern is generated due to the standing

wave on the surface of the solution present in the Petri dish
generated by audible sound. As the antinodal regions vibrate
up and down more than adjacent surface areas, there exists
more chance for the solution in these regions to come in
contact with the atmosphere. This process results in a greater
absorption of oxygen at the antinodal regions. On the other
hand, the nodal regions remain relatively static and absorb less
oxygen. The regions with higher oxygen concentration remain
blue as leuco-methylene blue readily reacts with oxygen and
produces methylene blue, whereas the regions with lower
oxygen concentration turn colorless. Therefore, the resulting
colored ring pattern in a Petri dish is a visualization of the
concentration gradient of methylene blue and leuco-methylene
blue in a Petri dish. The nature of the formed spatiotemporal
pattern depends on the size of the Petri dish. As the size of the
dish increases, the number of concentric rings increases while
maintaining the spacing between them (see Figure S3).
Since we use audible sound as an external stimulus, we also

studied the changes in pattern formation by varying the
frequency of the audible sound input. As shown in Figure 1b, it
was confirmed that the distance between the ring patterns
narrowed when the frequency was increased. As a representa-
tive example, here we present the results of three frequencies
from 30 to 60 Hz, but this method of obtaining reproducible
spatiotemporal patterns worked well when the audible sound
frequency was varied between 25 and 100 Hz. At frequencies
lower than 25 Hz, it was difficult to obtain a stable sound using
ordinary loudspeakers, and frequencies higher than 100 Hz
caused surface waves and patterns that were too narrow to
recognize with the naked eye. Sound intensity is also an
important factor for stable and reproducible pattern formation.
A method for determining the appropriate sound intensity is
described in the Supporting Information (see Figure S4).

Figure 1. (a) Photographs showing pattern generation over time in a methylene blue based pattern experiment with 60 Hz sound. See Figure S2 for
larger and detailed images. (b) Changes in patterns obtained at different audible sound frequencies (30−60 Hz).
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The audible sound controlled pattern generation method
can also be applied to other types of blue bottle experiments,
such as in the case of resazurin based pattern experiments. As
shown in Figure S5, it was confirmed that the resazurin also
forms sound dependent patterns as in the case of methylene
blue. A detailed explanation of the pattern generation
experiments with resazurin is described in the Supporting
Information.

Pattern Experiment with Phenolphthalein under Carbon
Dioxide Atmosphere

As mentioned in the pattern experiments above, the
application of audible sound causes regional dissolution of
oxygen into the solution in a Petri dish. The same principle
applies to a carbon dioxide rich environment, and we have
already demonstrated the formation of pH gradients in a
solution induced by the audible sound assisted CO2 dissolution
in our previous report. Herein, we propose another variation of
pattern generation experiment using a phenolphthalein
solution and a carbon dioxide filled chamber. Phenolphthalein
is an indicator that remains colorless in acidic and neutral
environments (pH < 8.3) and turns to pink in basic solution
(Scheme 1d). Therefore, the solution for the pattern
generation experiment was designed to have an initial pH
around 11, so that carbon dioxide absorption and carbonic acid
generation could be expressed as a color change (pink to
colorless).27 The carbon dioxide rich atmosphere was prepared
with a 5 L glass beaker and a high-pressure carbon dioxide tank
or dry ice (see Supporting Information Figure S1b for
experimental setup).
First, we tested the pattern generation using a phenolph-

thalein solution and a carbon dioxide chamber. As shown in
Scheme 1d, we obtained a worm-like pattern as in other cases
shown above. Instead of the density-driven convection in the
case of the blue bottle reaction, the heat generated during the
inhomogeneous exothermic reaction between carbonic acid
and phenolphthalein in solution is presumed to be the
plausible reason for random pattern generation. After
confirming that the pattern can also be generated by this
method, the effect of audible sound on the phenolphthalein
pattern was also investigated. In the presence of audible sound,
a pink concentric ring pattern was obtained using a carbon
dioxide rich atmosphere and a phenolphthalein solution

(Figure 2). This time, the pattern was developed in a way
that the antinodal regions lost their pink color due to the
dissolution of carbon dioxide, which led to a decrease in
solution pH, and phenolphthalein’s colorless form became
dominant. Figure 2a shows the time-dependent development
of a pattern obtained by applying 60 Hz sound. Antinodal
regions turned colorless starting from the center to the side
wall, and the ring pattern was fully developed at around 80 s.
As time passed, the remaining pink nodes also turned colorless
from the center, and eventually, the pattern disappeared after
200 s (see Figure S6). As in the case of the oxygen
experiments, the higher frequency of sound led to narrower
concentric lines present in the patterns obtained in the carbon
dioxide experiments (see Figure 2b).

Pattern Experiments with an Easily Accessible
Experimental Setup

Since we also aimed this experiment to be versatile and
accessible in various lab conditions, we considered substituting
a readily available counterpart for a less accessible component
such as a function generator. In this regard, we confirmed the
possibility of utilizing a smartphone application instead of a
typical function generator. A function generator and a wired
speaker were substituted with a free smartphone application
and a Bluetooth speaker as given in Figure 3a (see Supporting
Information for details). Even though the commercial
Bluetooth speakers exhibited a limitation in generating
consistent sound in the low-frequency regions, it was possible
to obtain a decent ring pattern using the substituted setup as
shown in Figure 3b.

Figure 2. (a) Photographs showing pattern generation over time in a phenolphthalein based pattern experiment with 60 Hz sound. See Figure S6
for larger and detailed images. (b) Changes in patterns obtained at different audible sound frequencies (30−60 Hz).

Figure 3. (a) Photograph taken during the pattern experiment with an
alternative setup. (b) A photograph of a methylene blue concentric
ring pattern generated at 40 Hz on a Bluetooth speaker.
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■ CONCLUSION
We have demonstrated a novel method to generate well-
defined color patterns using audible sound induced liquid
vibrations. The waves generated on the surface of the solution
by audible sound cause the inhomogeneous dissolution of
atmospheric gases in the solution. For example, antinodes
come into frequent contact with air, while nodes do not. Using
this phenomenon, we successfully demonstrated various
pattern generation experiments using reactions sensitive to
oxygen or carbon dioxide. The shapes of the resulting patterns
were determined by the frequency of the applied sound. This
study will provide better control of the blue bottle reaction and
open new perspectives on the spatiotemporal regulation of
redox- and pH-sensitive chemical reactions using audible
sound. Finally, using audible sound for regional regulation of
chemical reactions could make students interested in physics
and fluid dynamics as well as in chemistry.
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Remotely controllable supramolecular
rotor mounted inside a porphyrinic cage

Avinash Dhamija,1 Chandan K. Das,3 Young Ho Ko,1 Younghoon Kim,1 Rahul Dev Mukhopadhyay,1,4

Anilkumar Gunnam,1 Xiujun Yu,1 In-Chul Hwang,1 Lars V. Schäfer,3 and Kimoon Kim1,2,5,*

SUMMARY

The confinement of molecular machines into nanostructured cages
and controlling their functions by external stimuli holds great poten-
tial for the creation of smart functional materials that imitate the
embodied intelligence of biological processes. Herein, we report
the construction of a supramolecular rotor in a porous Zn-metal-
lated porphyrinic cage (1) by encapsulation of a tetrazine-based
linear axle (LA) via metal-ligand coordination bond, followed by
post-assembly modification to append a controllable side arm to
LA via inverse electron demand Diels-Alder (IEDDA) reaction. While
the rotor alone shows nearly no motion, the addition of pyridine
derivatives as a zinc coordinating ligand results in both 90� jump-
like rotarymotion of the rotor and slow tumblingmotion of the rotor
axle in a stochastic manner. Interestingly, the dual motions of the
rotor can be reversibly controlled by the UV and visible light-
induced coordination and dissociation of an azopyridine-based
ligand with Zn centers as a signal transducer.

INTRODUCTION

‘‘Confinement effect’’ at various length scales is believed to play an indispensable

role in evolution of life,1,2 stabilization of biomolecules,3,4 and in controlling the

reactivity and functions of chemical systems.5–7 The physical and chemical proper-

ties of a molecule can be astutely altered once confined within a suitable nanoscopic

domain.6,7 Among other complex macromolecular or supramolecular systems, the

confinement of biological machineries within specific nanoscopic domains inside

the cellular matrix, which provides an environment that is electronically and sterically

different from the extracellular matrix, is the very basis for their remarkable precision

and programmed mechanical motion of their constituent components and associ-

ated functions.8–10 Most of these biomolecular machines are controlled by various

chemical or physical stimuli and transform their energy to perform a specific biolog-

ical function.8 One of themost celebrated examples is adenosine triphosphate (ATP)

synthase, where the rotatory motion of the enzyme subunits is controlled by chem-

ical processes, such as proton (or Na+) flux or ATP hydrolysis.11,12 In some cases,

transmembrane proteins remotely control the mechanical motion of biomolecules,

such as bacteriorhodopsin or halorhodopsin in light-driven ion pumps.13–15 Inspired

by such natural systems, numerous stimuli-controlled artificial molecular machines

have been developed.16–21 One approach to further explore the potential of artificial

molecular machines for practical applications and to gain a better control over their

functions is to confine them inside a 3D nanoscopic environment.22–28 These nano-

porous confinements can serve as a stable scaffold to anchor themolecular machines

in a specific orientation so that a collective effect of the functioning of individual

The bigger picture

The confinement of biological

molecular machines, which are

controlled by various chemical or

physical stimuli within the

cytoskeleton matrix, endows them

with remarkable precision and

programmable mechanical

motions. Biological molecular

machines are far more complex

than any artificial molecular

machine ever built. To mimic the

intricate behavior of biological

machinery, strategies need to be

developed for embedding and

confining artificial molecular

machines within nanoscopic

domains in which their functions

can be specifically controlled by

external stimuli. One such

approach is the confinement of

molecular machines inside porous

organic cages. The high porosity

of the organic cages provides

ample room for uninterrupted

movement, and its shape-

persistent and interactive

framework provides a high degree

of control over the mechanical

motion triggered by external

stimuli. Our strategy may lay the

foundation for the development

of tunable molecular devices

using porous organic cages.
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machines can be harnessed to execute a predetermined function, a long-cherished

goal in the area of amphidynamic materials.29–31 Nevertheless, there always exists a

tradeoff between controlling the orientation of the machines through rigid confine-

ment and maintaining the required flexibility to carry out the specific motion as effi-

ciently as in the solution state. In this regard, porous molecular cages are particularly

interesting for encapsulating guest molecules as molecular machines via non-cova-

lent interactions and to study the effect of molecular confinement on their functions.

Due to their accessible internal cavities for nanoscale confinement, shape

persistence, and their molecular solubility, the molecular machines can retain their

solution-state efficiency even after being confined inside the cages.32–35 Such an alli-

ance of molecular machines and porous organic cages can, in principle, serve as a

functional nanoscale unit for the controlled manipulation (via catalysis) and transport

of other chemical species (such as ions).36,37 Despite these inherent advantages, it

still remains synthetically challenging to install molecular machines inside the

nano-sized porous organic cages and to control the molecular motion by chemical

or/and physical stimuli.

Of particular interest is controlling confined molecular machines remotely by an

external stimulus, which may unlock new properties of these systems with spatio-

temporal precision. In comparison with other remotely controlled stimuli, light has

unique advantages of being a clean energy source and having the ability to be

transiently delivered at a precise location in a solution.38,39 These benefits have

led to the development of a large number of photoresponsive molecular ma-

chines, self-assemblies, smart materials, drug delivery systems, etc.40–43 Usually,

a molecular machine consists of a light-responsive component, such as azoben-

zenes,44,45 dithienylethenes,46,47 spiropyranes,48–50 etc.,51 to control its mechani-

cal motion by light in the confinement. However, using a light source to control

a molecular machine that is devoid of any photoresponsive component can be

very interesting considering its resemblance with the biological machines, e.g.,

light-driven ion pumps.

We have recently reported cube-shaped porous organic cages self-assembled from

six square-shaped porphyrins and eight triangular linkers by dynamic covalent

chemistry.52–54 Shape-persistent porphyrinic cages, due to their well-defined recep-

tor cavities, are ideal platforms to install molecular machines in a precise and pre-

dictable manner. Previously, a number of Zn–porphyrins-based dynamic molecular

machines have been reported.55–58 However, the establishment of a rational and

high-yielding synthetic strategy to precisely organize molecular machines inside

Zn–porphyrin-based porous organic cages with a 3D encompassed intrinsic nano-

scopic cavity and to control their functions with multiple external stimuli requires

further exploration. Herein, we report the synthesis of a supramolecular rotor built

inside a porous Zn–porphyrinic cage (1) by insertion of a tetrazine-based LA followed

by post-assembly modification to append a controllable side arm to the axle. The 1H

and 2D EXSY NMR studies reveal a 90� jump-like random rotary motion of the rotor

arm and a slow tumbling motion of the rotor axle upon the addition of pyridine de-

rivatives, which compete with the rotor for zinc–porphyrin coordination. Computa-

tional calculations confirm the stochastic nature of themolecular motions. Moreover,

the rotation rates of these two motions can be adjusted by varying the amounts of

pyridine derivatives. The reversible control over the dual motions of the rotor is

achieved by UV and visible light-induced coordination and dissociation of azopyri-

dine-based photo-dissociable ligand (PDL), which acts as a signal transducer. The

nanoscale hydrophobic cavity of the Zn–porphyrinic cage and the remotely control-

lable functions of the rotor may collectively lead to the development of tunable
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molecular devices with potential applications in reversible on-off ion channels,

switchable catalysis, and drug delivery.

RESULTS AND DISCUSSION

Synthesis and characterization

At the outset of this work, we synthesized a pyridine terminated LA (length,�1.9 nm,

see synthesis in Scheme S1), which can coordinate to two Zn metal centers of 1 (dis-

tance, �2.3 nm), across the cavity (Figure S1). LA consists of a central tetrazine moi-

ety that can react efficiently with alkenes or alkynes dienophiles via inverse electron

demand Diels-Alder (IEDDA) reaction to attach a new functionality on LA. By using

the remarkably high-yielding IEDDA reactions for post-assembly modification, a

number of different rotor moieties can be precisely incorporated into the cage.

We envisaged that post-assembly modification of LA inside 1 with (1R,8S,9s)-bicy-

clo[6.1.0]-non-4-yn-9-ylmethanol (L1) may provide a controllable side arm for the

freely rotating axle as L1 contains a hydroxy group (–OH) at the terminal position,

which can coordinate with the ‘‘equatorial’’ Zn–porphyrins of 1 (Figure 1). The me-

chanical motion of the resulting assembly L1-LA31 can be triggered in the presence

of chemical stimuli, such as pyridine derivatives, which can coordinate with the

Zn–porphyrinic faces of L1-LA31 from outside the hydrophobic cavity, thus initi-

ating the motion by inhibiting the formation of coordination bonds between the

Zn centers of 1 and the rotor L1-LA (Figure 1B).

The axle insertion experiment was performed by adding a stoichiometric amount of

LA to the chloroform solution of 1, yielding LA31 (Figure 1A). The binding affinity

(Ka) of 1 for LA was determined to be 3.8 G 0.1 3 107 M�1 by UV-vis titration (Fig-

ure S2), confirming a strong host-guest interaction between 1 and LA. In the 1H

Figure 1. Synthesis and functioning of the supramolecular rotor

(A) Schematic representation of encapsulation of tetrazine-based LA inside 1 and its post-assembly

modification with L1 and L2 substrates.

(B) Schematic representation of rotary and tumbling motions of the rotor in the presence of

pyridine derivatives.

(C) Schematic representation of L1-LA, L2-LA, and para-substituted pyridine derivatives.
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NMR spectrum of LA31 in toluene-d8, LA protons showed a large upfield shift

compared with their free state, due to the strong ring current of the porphyrin units.

In particular, the a-py protons that are closest to the porphyrin ring showed the

largest upfield shift (8.84 to 1.88 ppm), indicating that LA is precisely positioned in-

side 1 (Figure S3). Moreover, the insertion of LA into the cavity of 1 splits the identical

pyrrolic protons (a) of all six porphyrins of 1 into three sets: a1 protons for two ‘‘axial’’

porphyrins (connecting to the axle) and a2 and a3 protons for four ‘‘equatorial’’ por-

phyrins (parallel to the axle). The a2 and a3 protons show different chemical shifts as

they are directed toward the axial and equatorial porphyrins, respectively (Figure 2).

The NMR splitting pattern of the cage protons suggests theO/ D4 desymmetriza-

tion of the cage structure. All peaks were assigned by several 2D NMR experiments

(1H–13C HSQC [heteronuclear single quantum coherence spectroscopy], 1H–1H

COSY [homonuclear correlation spectroscopy], and ROESY [rotating-frame nuclear

overhauser effect spectroscopy]; Figures S4–S7). A single trace in the DOSY (diffu-

sion-ordered spectroscopy) spectrum confirmed the presence of a single species

(LA31) in the solution (Figure S8). Finally, X-ray structure analysis of LA31 (for crys-

tallization conditions, see supplemental information) confirmed the coordination of

the py moieties of LA to the Zn metal centers of the opposite faces of 1 (Zn–Npy =

2.081(5) Å). In the crystal structure, LA31 maintained an overall cube-shape with

the same opposite Zn,,,Zn distance (23.8 Å) in all three directions despite the inser-

tion of LA (Figure 2A).

Figure 2. Characterization of the supramolecular rotor by single-crystal X-ray diffraction and 1H NMR spectroscopy

(A and B) X-ray crystal structures of (A) LA31 and (B) L1-LA31 (disordered octyloxy chains and hydrogen atoms have been omitted for clarity).

(C) Partial 1H NMR of (Ci) 1, (Cii) LA31, and (Ciii) L1-LA31 in toluene-d8 at 298 K. Color-coded spheres (right) represent chemically non-equivalent

pyrrolic protons.
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To demonstrate facile post-assembly modification of LA31, norbornadiene was

chosen as a model compound for IEDDA reaction that quantitatively converts the

tetrazine-based axle (LA) to a pyridazine-based axle (PLA) inside 1 (PLA31) within

4 h at room temperature, which is manifested by the disappearance of 1H NMR sig-

nals of LA and the appearance of PLA signals (Figures S9 and S10). The formation of

PLA31 was confirmed by 2D NMR and DOSY analysis (Figures S11–S13).

The post-assembly modification of LA31 with L1 substrate (1 equiv per tetrazine) by

IEDDA reaction proceeded almost instantly at room temperature to furnish a ring-

fused pyridazine-based axle inside 1 (L1-LA31), as verified by 1H NMR, MALDI-

TOF, and elemental analysis (EA) (Figures S14 and S15). Thermal stability was

confirmed by thermogravimetric analysis (TGA) (Figures S16 and S17). In the 1H

NMR spectrum of L1-LA31 in toluene-d8, the L1 protons are shifted in the upfield

region (appeared between 0 to �5 ppm), which may be due to their close proximity

with one of the ‘‘equatorial’’ Zn–porphyrin from inside the cavity. In addition, the pyr-

rolic protons a3 of the equatorial Zn–porphyrins of LA31 are divided into two sets

a3a and a3b, indicating further desymmetrization of the cage structure (Figure 2C).

The splitting of phenyl and imine protons also suggests the lowering of cage symme-

try. All peaks were assigned by several 2D NMR experiments (Figures S18–S21).

Moreover, DOSY experiment confirmed the single species in solution (Figure S22).

Unexpectedly, the pyrrolic protons a1 and a2 of L1-LA31 showed no splitting, the

reason for which is currently not fully understood. On the other hand, upon directly

mixing the 1:1 ratio of L1-LA and 1, a non-symmetrical pattern of LA protons was

observed in the 1H NMR spectrum, indicating that L1-LA coordinates to 1 from

outside the cage in a monodentate fashion (Figure S23), probably due to small-sized

windows of the cage and long alkyl chains blocking the cage windows. After

numerous attempts, the structure of L1-LA31 has been finally confirmed by sin-

gle-crystal X-ray crystallography (Figure 2B). The molecular structure revealed that

L1-LA resides inside 1 by the coordination of the py groups of L1-LA to the ‘‘axial’’

Zn–porphyrins (Zn–Npy = 2.129(5) Å) and the hydroxy group (–OH) to the ‘‘equato-

rial’’ Zn–porphyrin (Zn–OH = 2.379(5) Å). As shown in Figure 2B, the slightly bent

axle LA (bent angle, �167�) and curved shape of the side arm L1 assist in the coor-

dination of the hydroxy group (–OH) with one of the ‘‘equatorial’’ Zn–porphyrins. The

opposite Zn,,,Zn distances in the a and b axes are both 23.7 Å, whereas that in the c

axis is 20.1 Å. The shorter Zn,,,Zn distance may be ascribed to the coordination of

the –OH group of L1-LA to the equatorial Zn–porphyrin. The bent shape of LA and

the curved shape of L1 were also observed in the X-ray crystal structure of L1-LA

(Figure S24).

Rotary motion of the supramolecular rotor

Next, we investigated the operation of the supramolecular rotor L1-LA31. In the

absence of external stimulus, upon cooling the solution of L1-LA31 (in toluene-

d8) down to 243 K, no splitting of pyrrolic protons peaks was observed in the 1H

NMR spectrum (Figure S25), which suggests that L1-LA is either rotating too slowly

on the NMR timescale or no rotation at all, possibly due to the Zn–OHL1-LA coordi-

nation bond. It is known that Zn–porphyrins bind more strongly to pyridine than

to alcohols.59 In fact, coordination of pyridine to the Zn center can replace the

Zn–OH coordination bond for maintaining a five-coordinate binding mode. The co-

ordination of pyridine to L1-LA31 is borne out by the upfield shift of the pyridine

protons peaks in the 1HNMR spectrum. However, in the presence of excess pyridine,

the peaks shifted back to the downfield region due to the establishment of a fast

equilibrium between coordinated and free pyridine molecules (Figure S26).
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Thereafter, the effect of the addition of the chemical stimulant (pyridine) to L1-LA31

was studied in detail by 1H NMR spectroscopy. Upon stepwise addition of pyridine

(up to 6 equiv) to L1-LA31, the pyrrolic protons a3a and a3b of the four equatorial

porphyrins merged into a sharp singlet at 8.98 ppm (Figure 3A). The imine protons

and the phenyl protons that correspond to the equatorial porphyrins also merged,

indicating the symmetrization of the cage framework (Figure S26A). Additionally,

the side arm (L1) protons that appear between 0 to �5 ppm due to their close prox-

imity with one of the equatorial Zn–porphyrins broadened and shifted slightly down-

field (Figure S26B). The symmetrical structure of the cage framework as derived from

the 1H NMR spectroscopic studies and broadened resonances of the side arm pro-

tons suggested that the coordination of pyridine molecules to the Zn centers disso-

ciated the Zn–OH coordination bond, and, as a result, the side arm started jumping

rapidly around all four equatorial Zn–porphyrin stations at room temperature by

using the rotor axle as a hinge (Figure 1B). To confirm that the mixing of the peaks

is due to the rotary motion and not to pyridine coordination, 1H NMR titration be-

tween pyridine (0–6 equiv) and 1 was performed, which showed that the coordina-

tion of pyridine does not affect the protons signals of cage 1 due to its relatively

rapid association/dissociation equilibrium with the Zn–porphyrins of 1 on the NMR

timescale (Figure S27).

Further insight into the rotor dynamics was obtained from variable-temperature (VT)
1H NMR studies. While the a3a and a3b protons of L1-LA31 appeared as a single

peak in the presence of 6 equiv of pyridine at 298 K, the peak was broadened at

263 K and emerged as two distinct peaks at 9.05 and 9.09 ppm at 243 K (Figure 3B).

The 1HNMR could not be recorded below 243 K due to poor solubility of L1-LA31 in

toluene-d8 at the low temperatures. Upon raising the temperature back to 298 K, the

peaks again merged into a single peak at 8.99 ppm (Figure S28). These experiments

further corroborated the notion that the rotor exhibits a fast rotary motion in the

presence of the chemical stimulant pyridine, whereas the rotation decelerates at

low temperatures. Line shape analysis of the VT 1H NMR data in the presence of 6

equiv of pyridine provided rotation rates (k) of 4.0 3 103 and 1.0 3 102 Hz at 298

and 243 K, respectively, from which an activation energy barrier (DGz
298) of

52.0 kJ mol�1 is estimated (Figure 3Bii). Whereas, in the presence of 10 equiv of pyr-

idine, rotation rates (k) of 6.03 103 and 2.0 3 102 Hz are obtained at 298 and 243 K,

respectively (Figure S29). Similarly, para-substituted pyridine derivatives, 4-

Figure 3. Rotary motion of the supramolecular rotor in the presence of pyridine

(A) 1H NMR titration of L1-LA31 upon stepwise addition of pyridine (0–6 equiv) in toluene-d8 at 298 K.

(B) (Bi) Variable temperature 1H NMR spectra of a mixture of L1-LA31 and 6 equiv of pyridine at various

temperatures in toluene-d8 (blue trace, experimental; red trace, simulated) and (Bii) Eyring plot of the

variable-temperature data (red line, best linear fit) used to determine the activation energy barrier

(52.0 kJ mol�1).
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(dimethylamino)pyridine, 4-methylpyridine, 4-acetylpyridine, and 4-cyanopyridine

were also used as chemical stimuli for the initiation of the rotary motion. Depending

on the electronic effect of the substituent at the para-position, different equivalents

of pyridine derivatives were required to start the rotary motion, which is shown

by merging of the a3a and a3b peaks of L1-LA31. 4-(dimethylamino)pyridine and

4-methylpyridine start the rotary motion at 4 and 6 equiv, respectively, due to the

presence of strong electron-donating substituents at the para-positions (Figures

S30 and S31). However, 16 equiv of 4-acetylpyridine was required to initiate the ro-

tary motion because of the electron-withdrawing acetyl group (Figure S32). In the

case of 4-cyanopyridine, the peaks did not merge even after the addition of a large

excess (30 equiv) due to the presence of a strong electron-withdrawing cyano group

at the para-position (Figure S33). The equivalents of substituted pyridine derivatives

required to initiate rotary motion showed a decent linear correlation with the Ham-

mett substituent constants, proving that the addition of pyridine derivative is the key

factor in initiating the rotary motion (Figure S34).

To further probe the proposed operation of the rotor, we synthesized another model

system, L2-LA31 (Figures 1A and S35–S41), in which the coordination site (–OH) is

hindered by the benzoyl group (Scheme S2). In the 1H NMR spectrum of L2-LA31 in

toluene-d8, the pyrrolic protons (a3) corresponding to the equatorial porphyrins ap-

peared as a single peak at 8.92 ppmwithout pyridine and did not split upon the addi-

tion of pyridine, which suggests that the rotor L2-LA does not behave as static but

rotates freely inside the cavity (Figure S42). Furthermore, the VT NMR experiments

of L2-LA31 showed that the pyrrolic protons signal broadened but did not split

upon reducing the temperature up to 243 K (Figure S43). A quantum chemical calcu-

lation suggests that despite the large size of the side arm L2, the space inside 1 is

large enough for free rotation of the rotor, which is consistent with the results

mentioned earlier (Figure S44).

To better understand themode of operation of the rotor at the atomic level, we carried

out quantum chemical calculations and molecular dynamics (MD) simulations. First, in

a model system consisting of the rotor L1-LA and two axial Zn–porphyrins, relaxed po-

tential energy surface scans (PES) were computed for the rotation of L1-LA around the

Zn–pyridyl bond (Zn–Npy bond), pyridyl–phenyl bond (C–C bond), and phenyl–

pyridazinyl bond (C–C bond), which revealed that the rotation around the Zn–N

bond is energetically most favorable in comparison with the C–C bonds along the

axle backbone (Figure S45). After that, relaxed PES scans were performed for the rota-

tion of L1-LA inside cage 1, both in the absence and in the presence of pyridine mol-

ecules bound to the ‘‘equatorial’’ Zn centers. As a reaction coordinate, the distance be-

tween the O atom of L1-LA and the bonded Zn center was used. The resulting energy

profiles (Figure S46) suggest that the binding of pyridine from outside of the cage

lowers the activation barrier by ca. 15–20 kJ/mol, in line with the experimental obser-

vation that the addition of pyridine induces the rotational motion of the rotor. Interest-

ingly, coordination of a pyridine molecule to the Zn center to which the rotor is bound

from the inside already leads to a substantial lengthening, or even partial dissociation,

of the Zn–OHL1-LA coordination bond (Figure S46), supporting the notion that the

lowering of the activation energy barrier is due to weakening of the Zn–OH bond.

To investigate the dynamics of the rotational motion, MD simulations of L1-LA31 in

explicit toluene solvent were carried out. In total, 100 MD simulation trajectories of

length 200 ns were generated (50 each in the canonical and microcanonical ensem-

bles, see methods in supplemental information), yielding a total of 20 ms of simula-

tion time. MD simulations were carried out in the absence of pyridine, but the
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interaction strength of the Zn–OHL1-LA coordination bond in the force field was weak

enough to observe a statistically significant number of rotation events within the

simulation timescale (Video S1). The dihedral angle time trace shown in Figure 5 re-

veals that the rotational motion of L1-LA inside 1 is jump-like in nature, in the sense

that rotations by +90� or �90�, which occur spontaneously, are fast but followed by

long dwell times in the symmetry equivalent energy minima. This observation is in

line with the energy profiles shown in Figure S46, which suggests that rotation of

L1-LA is an activated process. Because of the curved shape of the rotor arm L1

and the preferred orientation of hydroxy group (–OH), we thought that the rotation

might be unidirectional in nature. However, out of the total number of 259 rotation

events observed in the MD simulations, forward (+90�) and backward (�90�) direc-
tion of rotation were found in 140 (54%) and 119 (46%) of the cases, respectively.

The results from the canonical and microcanonical simulations were similar, with

55% forward and 45% backward rotations. Given the uncertainties of about 12%,

as obtained from the jump statistics, it can be concluded that the rotor L1-LA un-

dergoes jump-like random rotation inside 1. Overall, the MD simulation data

concluded that the direction of the rotary motion is random for every 90� event.

Tumbling motion of the supramolecular rotor

Apart from the fast rotary motion of the supramolecular rotor, surprisingly, a slow me-

chanical motion was also detected by 2D-EXSY (exchange spectroscopy) experiments.

Upon addition of 6 equiv of pyridine to L1-LA31, off-diagonal peaks were observed

between the pyrrolic protons (a1, a2, a3a, and a3b) and also between the imine protons

(d1, d2, and d3) of the axial and equatorial Zn–porphyrins in the 2D-EXSY experiment

(mixing time, 0.3 s), indicating a slow exchange of the rotor axle between the axial and

equatorial Zn–porphyrins through dissociation and re-association of Zn–NL1-LA coordi-

nation bonds (Figure 1B). This finding supports amodel that, in the presence of 6 equiv

of pyridine at room temperature, rotor L1-LA not only performs rotary motion but also

simultaneously executes tumbling motion in a stochastic manner. Interestingly, no off-

diagonal peak was recorded when up to 4 equiv of pyridine was added to L1-LA31

(Figures 4A and S47), which suggests that at low concentration, pyridine molecules

only coordinate with the ‘‘equatorial’’ four-coordinated or weakly five-coordinated

Zn–porphyrins to trigger the rotary motion. However, in the presence of 6 equiv of pyr-

idine, the free pyridine molecules attack the ‘‘axial’’ five-coordinated Zn–porphyrins

from outside the cavity, destabilizing the internal Zn–NL1-LA coordination bonds and

Figure 4. Tumbling motion of the supramolecular rotor in the presence of pyridine

(A) 2D-EXSY plots of L1-LA31 with (Ai) 4 equiv, (Aii) 6 equiv of pyridine at 298 K in toluene-d8.

(B) 2D-EXSY plot of L1-LA31 with 6 equiv of pyridine at 273 K in toluene-d8.
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triggering the tumblingmotions also. The exchange rate of the tumblingmotion of L1-

LA31with 6 equiv of pyridine was estimated from the 2D-EXSY spectrum as 1.1 Hz per

90� rotation (DGz
298 = 72.8 kJ mol�1, see methods in supplemental information). Even

upon the addition of 10 equiv of pyridine to L1-LA31, the tumbling rate is only slightly

increased to 1.6 Hz per 90� rotation (Figure S47). Slow tumbling rate can be attributed

to the high binding affinity of 1 for the rotor axle (LA) (3.8 G 0.1 3 107 M�1), due to

which free pyridine molecules can only destabilize the rotor but cannot replace it.60

Furthermore, the VT 2D-EXSY experiment of L1-LA31with 6 equiv of pyridine showed

that the tumbling motion is completely quenched at 273 K (Figure 4B), whereas the

rotary motion is retained up to 243 K (Figure 3B), confirming that the rotary motion

and the tumbling motion are two separate processes completely uncorrelated to

each other. Since the rate of the tumbling motion is slower (1.1 Hz per 90� rotation)

than the rotary motion (4,000 Hz), the rotor’s axis of rotation changes depending on

the tumbling of the axle, and, as a result, the rotor performs multi-directional motion

inside the cage in a random manner. A similar tumbling motion was also observed

when 6 equiv of pyridine was added to L2-LA31, yielding a tumbling rate of 1.3 Hz

per 90� rotation (DGz
298 = 70.8 kJ mol�1, Figure S48).

Light-induced reversible control of the rotary and tumbling motions of the

supramolecular rotor

To reversibly control the rotary and tumbling motions of the supramolecular rotor by

light, we utilized an azopyridine-based ligand 3-((3,5-di-tert-butylphenyl)diazenyl)-

4-methylpyridine (PDL),61,62 which can coordinate to the Zn–porphyrinic faces of

L1-LA31 in the trans form to trigger the motions, while dissociating in the cis form to

stop the motions (Figure 6A). To check our proposition, we performed a photoirradia-

tion experiment of PDL in the presence of a model compound, zinc tetraphenylpor-

phyrin (ZnTPP). In UV-visible spectroscopy, upon the addition of increasing amounts

of trans-PDL (0–400 equiv) to ZnTPP (1 3 10�6 M), the Soret band of ZnTPP at

418 nm decreased and a new band appeared at 428 nm. The binding affinity (Ktrans)

of ZnTPP for trans-PDL was estimated as 5.8G 0.33 103 M�1. Upon UV (365 nm) light

irradiation of the solutionmentioned earlier, the absorption band at 428 nmdecreased,

whereas the Soret band of free ZnTPP reappeared because the steric hindrance be-

tween the porphyrin ring and the t-Bu groups of cis-PDL restricted the Zn–Ncis-PDL coor-

dination (Figure S49). In 1H NMR spectroscopy, UV (365 nm) irradiation of a 1:1 mixture

of ZnTPP and trans-PDL achieves a photostationary (PS) cis/trans ratio of 65:35, which is

Figure 5. Molecular dynamics (MD) simulation of rotary motion of L1-LA inside 1

(A and B) (A) Time evolution of the dihedral angle describing the rotation (see B) during a

representative MD simulation trajectory. Forward (+90�, ‘‘clockwise’’) and backward (�90�,
‘‘counterclockwise’’) jumps are indicated by blue and red arrows, respectively.

ll

Chem 8, 1–14, February 10, 2022 9

Please cite this article in press as: Dhamija et al., Remotely controllable supramolecular rotor mounted inside a porphyrinic cage, Chem (2021),
https://doi.org/10.1016/j.chempr.2021.12.008

Article



much lower than the PS ratio of isolated PDL (cis/trans = 91:9),61 most likely due to the

stabilization of the trans-PDL upon coordination with ZnTPP (Figure S50).

The ‘‘modus operandi’’ of PDL in controlling the mechanical motion of the rotor

was investigated by 1H NMR and 2D EXSY experiments. Upon addition of the trans-

PDL (6 equiv) to L1-LA31, the pyrrolic protons a3a and a3b corresponding to the equa-

torial porphyrins merged into a single peak in the 1H NMR spectrum (Figures 6B and

S51), as well as the off-diagonal peaks appeared between the axial and equatorial por-

phyrins protons in the 2D-EXSY experiment (Figure S52A), which confirmed the outset

of both rotary and tumbling motions. However, UV (365 nm) light irradiation of the so-

lution mentioned earlier for a short time (10 min) caused isomerization of trans-PDL

molecules that were weakly coordinated to the ‘‘axial’’ Zn–porphyrins. At this point,

the off-diagonal peaks disappeared (Figure S52B), and the pyrrolic protons split

slightly (Figure 6B), indicating that the tumbling motion had stopped completely.

Further irradiation with UV light for a long time (30 min) increased the separation

between the pyrrolic protons a3a and a3b peaks, reflecting that the rotation rate is

substantially reduced on the NMR timescale. No further splitting of the peaks was

observed even upon prolonged irradiation, because the UV light irradiation on 6 equiv

of trans-PDL can only achieve up to 3.9 equiv of cis-PDL (65:35 cis/trans) in the pres-

ence of Zn–porphyrins (see earlier). The rotary and tumbling motions resumed upon

visible (440 nm) light irradiation of the sample for a short time (10 min). No observable

fatigue was observed in 1H NMR spectra after several cycles of irradiation by 365 and

440 nm light under ambient conditions. In UV-vis spectroscopy, UV and visible light

irradiation on a mixture of L1-LA31 and trans-PDL switched the Soret band of

L1-LA31 between two photostationary states (PSS), PSStrans at 431 nm and PSScis

Figure 6. Reversible control of the rotary and tumbling motions by a photo-dissociable ligand (PDL)

(A) Schematic representation of reversible control of rotary and tumbling motions of L1-LA31 by the addition and photoisomerization of azopyridine-

based ligand (PDL).

(B) 1H NMR spectra of L1-LA31/trans-PDL (6 equiv) upon UV (365 nm) and visible (440 nm) light irradiation in an alternate sequence in toluene-d8 at 298 K.
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at 426 nm (Figure S53). The results mentioned earlier suggest that PDL is an effective

stimulus to fully control the tumbling motion and partially control the rotary motion of

the rotor in an on/off fashion through exposure to UV or visible light, respectively.

Organization of supramolecular rotor in solid state

Organization of such rotors in the solid state by simple crystallization may provide

amphidynamic crystals,29–31 which are a promising platform for the development

of tunable molecular devices. In particular, the precise organization of such rotors

in a specific orientation in the crystalline state may allow a synchronized motion of

the rotors. Therefore, we decided to take a close look at the packing structures of

LA31 and L1-LA31. We found that the cube-shaped LA31 molecules crystallized

in the cubic space group Pn-3n with the LA axles randomly oriented in all three (a, b,

and c) axes (Figure S54A). In contrast, the square prism-shaped L1-LA31molecules

are packed in such a way that the rotor axles (LA) are aligned in the a and b axes with

the lateral side arm (L1) pointing toward the c axis (Figure S54B). The rotor molecules

arrange themselves in the same orientation in the solid state, which offers the oppor-

tunity to explore various properties of this system. Therefore, we performed prelim-

inary 13C magic-angle spinning (MAS) solid-state NMR experiments to study the

dynamics in the solid state. However, without labeling with 13C isotope, spectra of

L1-LA31 in the absence and presence of pyridine were very broad and the shifting

of the rotor or cage peaks was not clear (Figure S55). Therefore, we concluded that to

explore the solid-state properties of the rotor, 13C or 2H isotope labeling of the cage

or rotor or both is needed. Work along these lines is in progress.

CONCLUSIONS

We have developed a rational high-yielding synthetic strategy to confine a supramo-

lecular rotor inside the cavity of Zn–porphyrinic cage (1) by encapsulation of a tetra-

zine-based LA by metal-ligand coordination bond, followed by its post-assembly

modification with bulky cycloalkyne substrates. By using the exceptionally high-

yielding IEDDA reactions for the post-assembly modification, a variety of rotor moi-

eties can be precisely incorporated into the cage, and at the same time, the tedious

bottom-up synthetic strategies conventionally adopted for the synthesis of complex

molecular rotors can be avoided. The 1H and 2D EXSY NMR studies revealed that,

whereas the rotor alone displays little or no motion, the addition of pyridine deriva-

tives results in both 90� jump-like random rotary motion of the rotor arm and slower

tumbling motion of the central rotor axle in a stochastic manner. Since the rate of the

tumbling motion is slower than the rotary motion, the rotor’s axis of rotation changes

depending on the tumbling of the axle, and as a result, the rotor performs multi-

directional motion inside the cage in a random manner. The nature of the molecular

motions was supported by quantum chemical calculations and MD simulations. A

reversible control over the aforementioned dual motions was achieved by the irradi-

ation of UV and visible light, which induced the coordination and dissociation of an

azopyridine-based ligand with the cage.

The concept of confining molecular machines inside a molecular cage and remotely

controlling their functions is beneficial not only for understanding the operation of bio-

logical machines confined within the intracellular matrix but also for the development

of functional nanoscale units for the controlled manipulation (via catalysis) and trans-

portation of other chemical species (such as ions) through their 3D nanocavities. To

the best of our knowledge, this is the first experimental demonstration of two different

motions in a single-rotor system confined within amolecular cage that can be remotely

controlled by chemical stimulus and light. At present, the dual motions are stochastic
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in nature, further design and understanding of the complementary role of rotary and

tumbling motions is needed, and efforts in this direction are currently in progress.
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ABSTRACT: We have investigated the doping-induced local
structural and electronic effects in the recently developed low
band gap room temperature ferroelectric Mn−Nb co-doped
BaTiO3. Experimental and theoretical Raman spectroscopies are
utilized to quantify the Ti off-centering, identified to be the intrinsic
origin of ferroelectricity in these systems. Mn and Nb exhibit
contrasting doping behaviors that have remarkable effects on
BaTiO3 functionality. Jahn−Teller distorted Mn3+ is primarily
associated with lowering of the bulk band gap, while charge-
compensating Nb5+ off-centers within the O6 octahedra, creating a
polar mode that stabilizes the ferroelectric ground state. The charge
neutral aliovalent Mn3+−Nb5+ pair effectively couples to the
inherent ferroelectric instability of the BaTiO3 lattice, restoring
some spontaneous polarization lost by doping Mn3+ (d4) ions at
Ti4+ (d0) sites.

■ INTRODUCTION

Research on ferroelectric materials has come a long way since
the discovery of the perovskite oxide BaTiO3 as a ferroelectric
in 1946,1 finding a wide array of applications2,3 in the modern
age such as capacitors,4,5 actuators,6 sensors,7,8 waveguide
modulators,9,10 and ferroelectric memories.11 Ferroelectrics
typically exhibit high dielectric constants and carry sponta-
neous lattice polarization (P) that can be reversed by using an
external electric field greater than the coercive field. This
intrinsic polarization can be utilized to sustain efficient
separation of photogenerated electron−hole pairs, thereby
generating a steady-state photocurrent. The high electric field
in ferroelectrics is capable of producing above band gap
voltages,12 with controllable voltage output.13 This fundamen-
tal advantage over conventional p−n junctions explains the
tremendous interest in ferroelectric photovoltaics.14−17

In the classical ferroelectric BaTiO3, the lowest unoccupied
energy states (3d) of d0 ion Ti4+ strongly hybridize with O 2p
states, thus largely driving the ferroelectric distortion.18 The
Ti4+ ion off-centers from its centrosymmetric position in the
unit cell, resulting in large inherent polarization (P = 24.1 μC/
cm2). In addition to such a high P value, BaTiO3 exhibits a rich
structural phase diagram, high chemical stability, and wide
doping tunability of the perovskite structure ABO3 which
provides an ideal framework for tuning and exploring

multifunctionalities.19−22 However, the biggest challenge in
realizing BaTiO3 ferroelectrics as photovoltaics stems from its
typically large bulk band gap (3.2 eV) which limits its access
mostly to the UV range, as commonly observed23,24 for all d0-
ferroelectric perovskites (e.g., KNbO3 and BaZrO3). This is
primarily due to the requirement of partial d-occupancy on the
B-site cation to reduce the optical band gap that tends to
remove the ferroelectric distortion, eventually stabilizing the
prototypical high-symmetry phase.25−27 Work on improving
overall performance focuses mainly on narrowing the band gap
through modification in compositions and the connection
between polar order and photovoltaic effect.15 Band gap
engineering via chemical substitution such as A-site La-doped
BiFeO3

15 and B-site Cr-doped in BiFeO3 has shown
remarkable overall efficiencies of nearly 8%.24 Another route
is to make solid solutions such as [KNbO3]1−x[BaNi1/2-
Nb1/2O3−δ]x which show a wide tunability with enhanced
photovoltaic properties under visible light.16 Furthermore, the
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competing structural distortions associated with a remnant
polarization are dramatically reduced as a function of doping.
This complicates the trade-off between a narrow gap and large
remnant polarization.
This goal was, however, recently accomplished28 by co-

doping equimolar amounts of Mn3+ (d4) and Nb5+ (d0) at Ti4+

sites in BaTiO3. This doping strategy allowed for substantial
band gap tunability (1.5−3.2 eV), suitable for visible light
absorption, and sufficiently high P values. A P value of 1.66 eV
was reported for 7.5% doping (P = 15.1 μC/cm2), which
retained ∼70% polarization of BaTiO3. DFT+U calcula-
tions28,29 revealed the doping induced midgap states to be of
predominantly Mn 3d character, as was also concluded from
enhancement of the Mn 3d states detected by resonant
photoelectron spectroscopy,29 identifying Jahn−Teller (JT)
active Mn3+ (d4) to be responsible for reduction of the
observed band gap. Nb5+ (d0), on the other hand, acted as a
charge compensator, also capable of stabilizing ferroelectric
ground states similar to ferroelectric niobates.30−32 The Mn−
Nb dopant pair dipole was argued to effectively couple to the
BaTiO3 lattice, thereby retaining the electric polarization to a
large extent. Domain switching was observed through
piezoresponse force microscopy (PFM)33 measurements on
epitaxial thin films of Mn−Nb co-doped BaTiO3 (hereafter
termed BTMNO) grown by pulsed later deposition, validating
good ferroelectric response in films, a key step toward BaTiO3-
based PV34,35 device fabrication.
While the electronic properties of the BTMNO are being

investigated currently, experimental studies on the local
geometric structure about the dopant ions and how they link
to the electronic structure have been less explored. This is of
fundamental importance, as local structural distortions
operative beneath a well-defined periodic lattice36−39 can
often significantly influence material functionalities. The
present work uses X-ray absorption fine structure (XAFS)
with support from Raman and DFT calculations to elucidate
the dopant environment: position of dopants, formal valence
states, modes of distortion, and their link to the material
functionality. We find Mn and Nb residing at Ti sites to be an
effective charge neutral pair exhibiting fundamentally different
modes of local distortions, which leads them to assume
characteristic roles in the band gap engineering and retention
of electrical polarization in BTMNO. The ability to control
such local structures is fundamental to formulate strategies for
making ferroelectric perovskites efficient solar harvesters.

■ METHODS
Experiments. BTMNO with x = 0.0, 0.025, 0.05, 0.075,

and 0.1 were prepared by using previously reported methods.28

Raman spectroscopy measurements were performed by using a
Renishaw inVia Raman spectrometer equipped with a 633 nm
wavelength laser and an edge filter for Rayleigh scattering
rejection. A sharp cut of the edge filter designed for 633 nm
wavelength allowed the measurements of soft modes to as low
as 40 cm−1.
X-ray absorption spectroscopy (XAS) measurements at the

K-edges of Ti (4966 eV), Mn (6539 eV), and Nb (18986 eV)
were performed at the Materials Research Collaborative Access
Team (MRCAT) Sector 10 bending magnet line of the
Advanced Photon Source, Argonne National Laboratory, with
high photon flux (6.4 × 109 at 10 keV) and high resolution
(ΔE/E ∼ 10−4). The incident photon beam was monochrom-
atized by using a Si (111) double-crystal monochromator

detuned by 50% to remove harmonics. A mixture of N2 and He
gas was optimized to absorb ∼5−10% of the incident photons.
Polycrystalline samples were first ground into a fine powder,
mixed with boron nitride and PVDF, and then pressed into 7
mm diameter pellets. Samples were oriented at 45° with
respect to the incident X-ray beam, thereby allowing
simultaneous measurement of a reference foil using the
transmitted beam intensity. Flourescence data were collected
by using a four-element Vortex (Hitachi) SDD detector with
xMap (XiA) digital pulse processing electronics. The step size
corresponding to selected XAS energy ranges for each metal
edge is provided in the Supporting Information (Table S1).
The fluorescence mode data were found to be free from
significant amplitude loss due to self-absorption effects. During
data collection multiple scans were recorded for each sample.
Comparing these individual scans against their average gives an
idea about the noise level and the reliability of the data. All
XAS data sets were processed and analyzed by using the
Athena-Artemis software suite, a front end to FEFF and
IFEFFIT.40 The subtracted background was calculated by
using the AUTOBK algorithm implemented in the software.41

EXAFS Analyses. The XAS data were first converted to
absorption versus energy, followed by energy scale calibration,
pre-edge background removal using a linear fit, and post-edge
background removal using a third-order polynomial. All the
spectra were normalized to have an edge step of 1. The
amplitude reduction factor (S0

2) values for Mn (0.85) and Nb
(0.98) were first extracted individually and thereafter retained
as constant values while performing simultaneous fits to Mn K
and Nb K-edge data for all BTMNO compositions.
Coordination numbers, bond distances, energy offsets, and
pseudo-Debye−Waller factors (σ2) were extracted as local
structural parameters. For Ti K-edge data, strong interference
with the Ba L3 (5247 eV) edge limits usable kmax to ∼8.2 Å−1,
rendering EXAFS resolution too poor to account for Ti off-
centering in terms of three different Ti−O bond lengths. Thus,
the modulus of Fourier transforms of χ(k) over the range 2.0−
8.0 Å−1 for the Ti K-edge data (Figure 2d) has been
interpreted qualitatively and compared to results obtained
from the pre-edge fine structure analyses. For both dopant K-
edges (Mn and Nb), longer k ranges could be extracted: 2.0−
9.0 Å−1 for Mn and 3.0−13.5 Å−1 for Nb. Fits to Mn K and Nb
K data sets were performed over these k-ranges by using the
standard EXAFS equation40 and a Hanning window (Δk = 2
Å−1, ΔR = 0.2 Å). We calculated the EXAFS for undoped
tetragonal BaTiO3 from the available crystal structure
information (Inorganic Crystal Structure Database ICSD-
67520) as the starting model. A second calculation was
performed, where the neighboring Ti atoms were replaced by
Mn and Nb. In both calculations, the central Ti atom was
replaced with Mn (or Nb) while fitting the Mn K (or Nb K)
edge data. While this approach allows us to estimate the Ti:
(Mn + Nb) ratio at B-sites, the observed uncertainty limits
were ∼5%, higher than the doping interval (2.5%). Thus, the
final fits were performed by fixing the Ti:(Mn + Nb) ratio to
their nominal values. A minimum of two metal (M)−O (M =
Mn, Nb) paths were required to describe the O-shell, two M−
Ba paths for the Ba-shell and two paths for the next-neighbor
B-site: one Ti−Ti single scattering and one Ti−Ti−O multiple
scattering path, which amounts to a large number of free
parameters. Therefore, the number of free parameters were
minimized by four approaches: (1) estimating the S0

2 values
for Mn and Nb individually and by using them as constant
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values for simultaneous fits, (2) choosing a single ΔE0
parameter (to align the energy grid of the calculation to that
of the data) for all the FEFF paths for a given BTMNO
composition, (3) independently estimating the coordination
numbers (N) for first shell (N = 6 for O), second shell (N = 8
for Ba), third shell (N = 6 for M = Ti, Mn, Nb), and multiple
scattering paths (N = 8) and fixing them; (4) using one
isotropic expansion factor (α1) for the two M−Ba distances
(M−Ba1 and M−Ba2) and a second isotropic expansion factor
(α2) for Ti−Ti single scattering and Ti−Ti−O multiple
scattering paths. The α1 and α2 parameters have been
translated into the corresponding bond distances and
tabulated. The estimated bond distances and coordination
numbers tally very well with the reported crystallographic data
on tetragonal BaTiO3 structure (ICSD-67520), which gives us
confidence about the high data quality in the present case. The
errors were estimated by a standard Levenberg−Marquardt,
nonlinear minimization of the statistical χ2 parameter, built
within the Artemis program.40 Fits to all data in k and R (real
part and magnitude) space, extracted EXAFS parameters and
their associated error limits are detailed in the Supporting
Information.
Theory. Density functional theory (DFT) calculations were

performed within two contexts: to extract the theoretical
ground state geometries by using three different functionals
(PBE, PBE0, and B3LYP) and to assist in the assignment of
Raman bands by applying linear response DFT. The phonon
modes in BaTiO3 were obtained with periodic calculations in
Crystal1742,43 using the general gradient approximation
(GGA) functional PBE and hybrid DFT with the PBE0 and
B3LYP functionals. Consistent Gaussian basis sets of triple-
zeta valence with polarization quality44 were utilized for Ti and
O, while a scalar relativistic Hay and Wadt small core effective
potential45 and 10 electron valence description46 were used for
Ba. A mesh of 12 × 12 × 12 k points in reciprocal space was
generated according to the Monkhorst−Pack method47 and
used for both the geometry optimizations and linear response
calculations. The geometry optimizations were performed for
both the cell and atoms by using a SCF energy convergence
limit of 10−8 hartree. Linear response DFT calculations were
subsequently performed on the geometry-optimized structures
where both the dielectric tensor and vibrational modes were
extracted. The Raman intensities were calculated by a coupled-
perturbed Kohn−Sham calculation up to fourth order before
the calculation of the frequencies as implemented in
Crystal17.48

■ RESULTS AND DISCUSSION
Modeling BTO. To provide a thorough basis for the

discussion, we performed density functional theory (DFT)
calculations of the parent compound (BaTiO3) using three
different functionals: one with a pure generalized gradient
approximation, GGA (PBE), and two hybrid-functionals
(PBE0 and B3LYP). The theoretical ground state was fully
geometry-optimized for both cubic and tetragonal cell
dimensions and internal atomic coordinates, while subsequent
linear response DFT calculations provided the dielectric tensor
(Table 1) with naturally slightly lower value along the polar
direction in comparison to the less polar directions. To
faithfully assign experimental effects arising from asymmetries,
such as off-centering, full vibrational assignments were
performed by analyzing the displacement vectors and their
relative amplitudes. The linear response DFT calculations and

the Raman-active vibrational modes can be seen in Table 2.
The Raman intensities were extracted by using the Berry phase

method using a coupled-perturbed Kohn−Sham calculation
approach to fourth order before the calculation of the
frequencies.
All functionals give the well-known overdetermination along

the c-axis and thus a slight elongated tetragonal structure in
agreement with previous theoretical calculations.49 Incorpo-
ration of exchange via hybrid functionals enables theoretical
description that match the experimental situation better than
the pure GGA. In addition, the relative off-centering of Ti in
the unit cell and the dielectric tensor is best described by
B3LYP. The general trends and main conclusions, however,
can without loss of generality also be performed from the
vibration modes found for the other functionals (Table 2). By
use of the B3LYP functional, cubic BaTiO3 exhibits a triply
degenerate Ti-displacement mode with compensating Ti−O

Table 1. Ground State Structure, Dielectric Tensor, and
Band Gap of Cubic (Pm-3m) and Tetragonal (P4mm)
BaTiO3 Obtained in This Work

PBE PBE0 B3LYP expa,b

cubic (Pm-3m)
a (Å) 4.019 3.978 4.021 4.006
ε11, ε22, ε33 6.476 5.184 5.337 (5.4)
Eg (eV) 1.71 3.79 3.33 3.3

tetragonal (P4mm)
a (Å) 3.997 3.959 3.983 4.000a

(3.986)b

c (Å) 4.136 4.092 4.225 4.018
(4.026)

c/a 1.035 1.034 1.061 1.005
(1.010)

δz(Ti) 0.025 0.025 0.016 0.018
(0.015)

ε11, ε22 6.057 4.906 5.188 5.19c

ε33 5.169 4.456 4.879 5.05c

Eg (eV) 1.76 3.89 3.39 3.4d

aActa Crystallogr., Sect. B: Struct. Sci. 1992, 48, 764. bShirane, G.;
Danner, H.; Pepinsky, R. Phys. Rev. 1957, 105, 856. cHermet, P.;
Veithen, M.; Ghosez, Ph. J. Phys. Condens. Matter 2009, 21, 215901.
dWemple, S. H. Phys. Rev. B 1970, 2, 2679.

Table 2. Calculated and Experimental Raman Active Γ-
Point Phonon Frequencies and Dominating LO Phonons
from the TO-LO Split for the Tetragonal (P4mm) Phase of
BaTiO3 (in cm−1)

Raman mode PBE PBE0 B3LYP expa expthis work

1A1/2E 165 180 187 168
2E 170 196 187 168
2A1 291 376b 258 270 270
3E 297 313 310 270−320c 270−320c

B1 291 313 315 304 308
4E 466 499 494 470 515
3A1 546 569 512 515 515
E TO−LO split 658 717 709 715 720
A1 TO−LO split 725 777 733 715 720

aRaman spectrum of BaTiO3. Parsons, J. L.; Rimai, L. Solid State
Commun. 1967, 5, 423−427. bThis mode was found at unusually high
wavenumbers by using the PBE0 functional. cPeak hidden by other
stronger vibration modes in the region noted.
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asymmetric stretch at 92 cm−1 and a triply degenerate Ti-
displacement with more or less constant Ti−O distance but
instead compensating Ti−O bending and Ba displacement at
180 cm−1. Two triply degenerate vibrations are found at 326
and 508 cm−1 which correspond to asymmetric O−Ti−O
bending and symmetric bending, respectively, where the latter

is coupled to an asymmetric O−Ti−O stretch. The vibrations
at 92, 180, and 508 cm−1 are IR-allowed with the first mode
having high intensity. The 180 cm−1 mode has more or less
negligible intensity due to the small change in dipole during
the vibration, while the 508 cm−1 vibration should have a small
but detectable intensity due to the induced dipole change upon

Figure 1. (a) Calculated Raman spectra for tetragonal (P4mm) BaTiO3 with the theoretical wavenumbers with the B3LYP functional. (b)
Schematic representation of the eigenvectors of the Raman active phonon modes shown in the Ti-centered BaTiO3 perovskite unit. (c)
Experimental Raman spectra for the BTMNO series: x = 0.0 (black), 0.025 (red), 0.075 (magenta), and 0.1 (olive).

Figure 2. (a) Ti K XANES for the BTMNO series: x = 0.0 (black), 0.025 (red), 0.05 (blue), 0.075 (magenta), and 0.1 (olive), showing Ti4+

oxidation states. (b) Pre-edge region showing intense p−d peaks (A2) in BTMNO samples due to Ti off-centering within O6 octahedra; the inset
shows A2 peak intensities decreasing with doping, suggesting loss of polarization. (c) k2-weighted χ(k) functions and (d) modulus of the χ(R)
functions for Ti data, showing remarkable similarities in Ti local environments in BTMNO systems.
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the Ti−O vibration coupling. Neither of the modes are
Raman-active, however, due to the cancellation of changes in
polarizability during the vibration from the selection rules of a
cubic perovskite system.
The off-centering of Ti in the transition to a tetragonal

system activates several of the vibrations due to the broken
symmetry. For the tetragonal phase, the 180 cm−1 mode in the
cubic system is translated to 187 cm−1, and the triply
degenerate 326 cm−1 mode in the cubic system splits into a
high intensity 258 cm−1 mode and a doubly degenerate mode
at 310 cm−1. The triply degenerate 508 cm−1 mode in the
cubic system is transformed into a doubly degenerate mode at
494 cm−1 and a nondegenerate mode at 512 cm−1. The
theoretical Raman spectrum with the B3LYP functional and
the displacement for the eigenvectors of the elements in the
unit cell for the tetragonal phase (P4mm) is shown in Figure
1a,b. As is well-known, the dipoles that are created with long-
wave longitudinal phonons in polar crystals are responsible for
the removal of degeneracy between the LO and TO phonons
at the Brillouin zone center and thus the phenomenon of LO−
TO splitting. Because the magnitude of the TO−LO split is
dependent on the dielectric constant, a hybrid functional is
here preferred due to the inclusion of more exact exchange and
thus closer correspondence between the experimental and
theoretical dielectric properties. By use of the Born effective
charges and the theoretical dielectric tensor, subsequent linear
response calculations were utilized to obtain LO phonons.
Using the B3LYP functional, we calculated the LO modes to
184 cm−1 (E(LO)), 196 cm−1 (A1(LO)), 310 cm−1 (E(LO)),
482 cm−1 (E(LO)), 486 cm−1 (A1(LO)), 709 cm−1 (E(LO)),
and 733 cm−1 (A1(LO)), where only the latter two have high
intensities. For the comparison of the vibrational modes using
different DFT functionals and experimental modes, see Table
2.
Experimental Raman Spectra. Figure 1c shows the

Raman spectra of BaTiO3 (x = 0.0) and BTMNO samples for
x = 0.025, 0.075, and 0.1. Upon comparison with the
theoretical spectra for the tetragonal structure with that of
the experimental BaTiO3, it is clear that the experimental
spectrum is more complex and contains more asymmetric as
well as broader modes. Moreover, the complexity of the spectra
increases further with doping. The Raman spectrum shows
broad peaks centered around 270 cm−1 (2A1, E(TO)), a sharp
peak at 308 cm−1 (B1, E(LO + TO)), an asymmetric broad
peak at 515 cm−1 (A1, E(TO)), and a broad weak peak at 720
cm−1 (A1(LO), E(LO)), where phonon mode assignments are
given inside parentheses. A1 modes are related to Ti ion
displacements relative to O and Ba ions along the c-axis and E
modes to Ti ion displacements along the a/b-axis, while B1
modes are related to O ion displacement along the c-axis.50

The presence of the E(1TO) soft mode is a fundamental
criterion for spontaneous polarization to exist through long-
range phenomenon, which indicates the existence of ferro-
electric properties in BTMNO samples. It increases in relative
intensity as x increases; that is, the volume fraction of the B-
site exhibiting an asymmetric breathing mode increases with x,
which provides direct evidence51 of B-site doping of Mn and
Nb. One can note that the asymmetric shoulder of the 515
cm−1 band develops with increased doping. Recalling the mode
assignment from DFT (Figure 1a), the JT distorted Mn−O6
octahedra and off-centered Nb−O6 octahedra are seen to
distort the symmetric bending modes in the Ti−O6 octahedra
in the doped samples compared to pure BaTiO3.

One can also note a new band emerging at around 645 cm−1

with an accompanying band at around 800 cm−1 with intensity
at the expense of the intermediate band at 720 cm−1 (Figure
1c), further supporting the broken symmetry modifying the
TO−LO split upon Ti replacement. The origin of this is due to
incorporation of heavier B-site cations and changed bond
strength of the metal−O bond. The line shapes at lower
wavenumbers also become visibly broader at higher concen-
trations (7.5% and 10%), as more Ti sites are being substituted
by Mn and Nb ions.

Ti K XAS. The absolute absorption energy (E0) for a specific
X-ray edge can be used to fingerprint the mean valence for an
element when compared to well-known standards. Figure 2a
shows the normalized Ti K XANES for the BTMNO series and
Ti foil. The E0 positions, as estimated from the position of the
inflection point in the main part of the absorption Ti K-edges
for all BTMNO samples, show extremely consistent values
close to 4987 eV, indicating a Ti4+ oxidation state. Figure 2b
shows the pre-edge region of the Ti K XANES for BTMNO
samples, exhibiting multiple peaks,52,53 of which the first two
peaks (A1 and A2) are marked. While peak A1 is explained by a
quadrupolar 1s → 3d transition, peak A2 has contributions
from both quadrupolar (1s → 3d) and dipolar (1s → 4p)
transitions, the quadrupolar transition being the more
dominant one.52,53 In tetragonal BaTiO3, Ti atoms are
displaced from the center of O6 octahedra, thereby breaking
the centrosymmetry and affecting p−d mixing. A2 peak
intensity is therefore an indicator of the degree of orbital
hybridization between the two atomic states and is directly
proportional to the mean-squared displacements of Ti from the
centers of the surrounding O6 octahedra. The A2 peak is
difficult to model with a single Gaussian over a narrow window
due to significant overlap with the intense peaks beyond 4972
eV (Figure 2b). Thus, a much wider pre-edge region (∼15 eV)
is needed to be modeled for a more accurate estimate of A2
peak intensity variations as a function of doping (x). Pre-edge
fine structure fits over −20 to −5 eV across the Ti K
absorption edge of the BTMNO series were performed, after
proper background subtraction using a linear baseline and a
Lorentzian function. The background subtracted data,
corresponding total fits, and contributions of individual
Gaussian components to the total fit for all BTMNO samples
are plotted in Figure S1, and the fit parameters are tabulated in
Table S2. A2 peak intensities derived from the fits are plotted
in the inset of Figure 2b. We find A2 intensities to decrease
with co-doping Mn and Nb at Ti sites, suggesting reduced p−d
mixing.
Increased doping systematically decreases tetragonality and,

hence, the polarization in BaTiO3. The largest drop is noticed
going from x = 0.075 to x = 0.1, where the system becomes a
paraelectric (cubic). Nonetheless, Figure 2b clearly establishes
that in BTMNO Ti ions remain off-centered within the Ti−O6
octahedral environment in BaTiO3 for all doping concen-
trations; the extent of this distortion decreases with x.
Figure 2c shows the k2-weighted χ(k) functions for Ti. We

find remarkable similarities in Ti local environments,
suggesting the Mn and Nb dopants to have little influence
on the overall Ti environment. Ba L3 (5247 eV) XAS interferes
strongly with Ti K (4966 eV) XAS, limiting reliable data for Ti
K only up to kmax ∼ 8.2 Å−1. The number of independent
variables (n) that could be extracted is defined by the
resolution of EXAFS as ≈2ΔkΔR/π. For Ti K, n gets reduced
to only 3, far short of minimum requirement n = 7 to estimate
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Ti off-centering in the Ti−O6 octahedra. The modulus of
Fourier transforms of χ(k) over the range 2.0−8.0 Å−1 for the
Ti K-edge data is shown in Figure 2d. A small increase of
amplitude is noticeable for the x = 0.1 (olive) sample,
suggestive of somewhat lower extent of distortion in the Ti
local environment. This increase is be expected from
decreasing tetragonality of the system with doping (Figure
2b), which eventually becomes cubic at x = 0.1.
Mn K XAS. Figure 3a shows the normalized Mn K XANES

for the BTMNO series in comparison with reference Mn
oxides [MnO(II), Mn2O3(III), and MnO2(IV)] and Mn foil. A
linear fit to the estimated E0 positions of the Mn standards was
used to extract the Mn valence states by mapping the E0

positions of the BTMNO system: 6553.66 ± 0.11 eV for x =
0.025, 6553.73 ± 0.07 eV for x = 0.05, 6552.98 ± 0.11 eV for x
= 0.075, and 6553.35 ± 0.03 eV for x = 0.1. The E0 values for
all BTMNO samples show a narrow spread around the Mn2O3

standard (6553.02 ± 0.03 eV), indicating a Mn3+ oxidation
state (Figure 3a, inset). The E0 value also agrees well with the
reported54 E0 value for the Mn K-edge in LaMnO3, another
perovskite structure with Mn3+ residing in an octahedral O
environment. The leading Mn K-edge for the 7.5% sample is
slightly broader. While mixed valence states are known to
induce such broadening, the leading edge is still positioned
significantly apart from MnO and MnO2. The observed
broadening therefore is related to the higher disorder present
in the x = 0.075 sample.

The quadrupolar transitions (Mn 1s → 3d (t2g) and 3d (eg)
states) in the Mn K pre-edge appear as a broad feature in the
region B1 which could not be resolved experimentally due to
core-hole lifetime broadening. The intensity of feature B1 for
Mn is much lower compared to the corresponding quadrupolar
intensities observed for Ti (Figure 2a) for any given x value.
The Mn−O6 octahedra, therefore, are expected to be relatively
more symmetrically distorted than Ti−O6 octahedra. The
feature in region B2 (Figure 2a) corresponds to the d-states of
neighboring metal (M) sites through oxygen-mediated intersite
hybridization of Mn(4p)−O(2p)−M(3d). Feature B2 shows
small, non-monotonic changes with doping, which might be a
consequence of disorder associated with B-site doping, to be
discussed later.
Figure 3b shows the Fourier transform of χ(k) (2.0−9.0

Å−1) for the Mn K-edge data in the BTMNO series. The first
split peak at ∼1.5 Å corresponds to nearest O neighbors, and
the multipeak at ∼3.2 Å corresponds to second (Ba) and third
near neighbors (Ti, Mn, and Nb), including multiple scattering
contributions from Mn−Ti−O paths. The apparently lower
values of the distances are due to phase shifts for different
atom-pair correlations and were accounted for during the
fitting procedure. The Mn−O peak amplitude tends to
decrease with doping, indicating that the oxygen environment
around the manganese is becoming more distorted, except for
the x = 0.075 sample. The multipeak corresponds to a
weighted sum of contributions from Mn−Ti, Mn−Mn, and
Mn−Nb. This peak appears much smoother, which suggests

Figure 3. (a) Mn K XANES for the BTMNO series: x = 0.025 (red), 0.05 (blue), 0.075 (magenta), 0.1 (olive), and well-known Mn standards;
inset shows Mn in BTMNO systems to assume 3+ formal valence. (b) Modulus of the k3-weighted χ(R) functions for Mn data. (c) Mn−O shell
modeled with different numbers (n) of Mn−O distances: 1 (blue), 2 (red), and 3 (olive) and corresponding differences plotted in dotted lines. (d)
Mn−O distances within Mn−O6 octahedra, showing four short Mn−O1 (blue triangles) and two long Mn−O2 (red circles) bonds, suggesting JT
distortion within the Mn3+−O6 octahedra.
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that the distribution of Mn−Ti, Mn−Mn, and Mn−Nb
interatomic distances is possibly more disordered. Hence, no
large changes are observable in the local structure in this bond
length range for this peak with doping. The x = 0.075 sample
breaks this trend, with a very different higher shell environ-
ment and possibly higher disorder.
We found the optimal number of O atoms surrounding Mn

to be 6 for all x, clearly establishing B-site doping of Mn. The
split peak on Mn−O prompts us to check for multiple Mn−O
distances within the Mn−O6 octahedra in a perovskite
structure. In this framework, the quality of preliminary fits
with different Mn−O distances (n = 1, 2, 3) and one σ2

parameter was compared (Table S3) and presented in Figure
3c for the lowest and highest doping concentrations (2.5% and
10%). The residuals (dotted lines) obtained considering
multiple Mn−O distances (n = 2, 3) were significantly lower
(by a factor between 20% and 30%) (Figure 3c) than the
residuals calculated with a single Mn−O bond distance (n =
1), as reflected in lower fit quality of the n = 1 models. Also,
the n = 1 models consistently yielded higher σ2 values (Table
S3) compared to n = 2, 3 models, suggesting the O6
environment surrounding Mn to be nonisotropic. The
systematic lower residual for n = 2 compared to n = 3
indicates that the Mn−O6 octahedra in BTMNO systems
support the model with two different values of the Mn−O
distance: four short (Mn−O1) and two long Mn−O (Mn−
O2) bonds. Formation of such distorted O shell due to B-site
doping was evidenced in our Raman experiments (Figure 1c)
as well. The two different Mn−O bonds are plotted in Figure
3d which does not show any noticeable composition
dependence. Fits to the Mn K-edge data over the range Δk
= 2.0−9.0 Å−1 and ΔR = 1.05−4.0 Å for the BTMNO series
are provided in the Supporting Information (Figure S2a,b).
EXAFS parameters corresponding to first shell (Mn−O) fits
are provided in Table S4.
Different types of distortions could be prevalent in the Mn−

O6 octahedra: JT effect, Mn off-centering within O6 octahedra,
charge disproportionation, and occurrence of multiple Mn3+

sites. Each of these effects would have a different manifestation
on the structure, as mentioned below:

• The Jahn−Teller (JT) effect would (e.g., similar to
LaMnO3) generate a 2 + 2 + 2 distribution of Mn−O
distances at ∼1.9, ∼1.97, and ∼2.15 Å along three
different crystallographic axes in an orthorhombic54

structure, represented as JT-(o). In a tetragonal55

structure, JT distortion (JT-(t)) is expected to generate
a 4 + 2 distribution of Mn−O distances (∼1.9 and
∼2.15 Å): two along the axis of distortion and four in
the plane perpendicular to the axis of distortion.

• Off-centering (OC) distortion56 of Mn along the polar c-
axis like Ti would create a 1 + 4 + 1 distribution of Mn−
O distances: one short and one long Mn−O axial bond
(along c) and four Mn−O bonds (in the ab-plane)
assuming intermediate values.

• Charge disproportionation (CD) of a fraction (y) of
Mn3+ into Mn2+ and Mn4+ would create y × Mn3+−O
distances ∼2 Å, (1 − y/2) × Mn2+−O (∼2.14 Å) and (1
− y/2) × Mn4+−O bonds at ∼1.87 Å.57

• Mn3+ can exist as multiple sites (MS), where the short
and long Mn−O bonds are associated with two different
sites.58 EXAFS can be effectively employed to resolve
such local distortions, as revealed by the simulations
provided in Figure S3.

The bond lengths used in the bullets above are based on
sum of atomic radii57 and ignores doping-induced lattice
effects. However, for BTMNO these approximations are not
too crucial due to rather comparable ionic radii of the dopants
(Mn3+: 0.72 Å and Nb5+: 0.78 Å) replacing Ti4+ (0.745 Å) and
low doping concentrations.
Both OC and CD effects would necessarily require the ratio

of long and short Mn−O bonds to be 1:1, which is in sharp
contrast to ratio (1:2) we found find from optimized fits (n =
2) to the Mn-EXAFS (Figure 3d). MS are known to occur in
solid solutions with large ionic radii differences between the
substituted and substituting ions and at high doping limits.
Such ionic radii mismatch induces strain that can yield locally
heterogeneous phases, often tracked by isosbestic points58,59 in
the metal K absorption edges. No signature of isosbestic points
could be detected in the Mn K XANES (Figure 3a), thereby
making the MS model rather unlikely as well. This is not
surprising, considering similar ionic radii of the host (Ti4+) and
the dopant (Mn3+ and Nb5+) ions and such low doping
concentrations, as the EXAFS would be dominated by
scattering from Ba and Ti, which predominantly form the
matrix. Our results in Figure 3d with n = 2 (four short and two
long Mn−O bonds) therefore can be best related to a Jahn−
Teller distortion (JT-(t)). The Mn−O environment in
BTMNO is in marked contrast with the Mn−O arrangement

Figure 4. (a) Mn−Ba (2NN) short (black squares), Mn−Ba long (red circles), and Mn−M (M = Ti, Mn, Nb) (3NN) (blue triangles) interatomic
distances in BTMNO samples. (b) Pseudo-Debye−Waller factors (σ2) associated with each sublattice: O (short: red circles, long: blue triangles),
Ba (magenta left triangle), and M (olive squares), revealing high σ2 values and the largest scatter for the x = 0.075 composition.
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in orthorhombic LaMnO3 which experiences a JT-(o)
distortion. This is primarily due to tetragonal symmetry of
BaTiO3, having identical Ti−O−Ti angles along a- and b-axes
(∼180°). At low doping limits of Mn, the B-site is mostly Ti,
leading to more regular arrangement of Mn−O bonds along
the a- and b-axes.
For a tetragonal structure one expects a bimodal distribution

of the second shell (Mn−Ba) and third shell (Mn−M;M = Ti/
Mn/Nb) distances. Scattering factors of Mn and Ti are rather
similar, while Nb has a significantly different scattering factor.
However, the dopant concentration limit is too low to
independently estimate the (Mn + Nb):Ti concentration.
Therefore, the nominal (Mn + Nb):Ti ratio was used as a
constraint to model the higher neighboring shells. Details of
the corresponding Mn K EXAFS parameters are provided in
the Supporting Information (Table S5). Figure 4a shows the
variation of Mn−Ba and Mn−M distances with x. The
distances remain roughly similar, with no appreciable
composition dependence. The σ2 values corresponding to all
the different sublattices are shown in Figure 4b across the
entire composition window. Clearly the σ2 parameters assume
higher values and reveal the maximum scatter among different
sublattices for the x = 0.075 sample. The σ2 for Mn−M is
rather large, suggesting high disorder at the B-sites. Also, we
find that the x = 0.075 sample experiences the largest JT
splitting (Figure 3d) and broadening of the Mn K absorption
edge (Figure 3a). All these observations are clearly suggestive
of a unique, more disordered Mn local environment for the x =
0.075 sample.
Nb K XAS. Figure 5a shows the normalized Nb K XANES

for the BTMNO series. Similar to the Mn co-dopant, we find
that the E0 positions (white line energy absorption feature due
to the 1s → 4p transition) stay more or less constant for all
doping concentrations. The BTMNO samples show similar
values (∼18903 eV), closest to the reported value60 for Nb2O5,
indicating Nb to exist predominantly as Nb5+ at these time
scales (10−15 s). A single broad, intense pre-edge shoulder
feature (labeled C) around 18990 eV is noticeable, but the fine
structure cannot be resolved due to the large intrinsic width of
the Nb core level. Nonetheless, considerable intensity of the
p−d peak indicates the niobium atoms to be displaced from
the centers of the NbO6 octahedra.32,61,62 The baseline-
subtracted Nb K absorption edge of the BTMNO series over
−15 to −5 eV is shown in the inset of Figure 5a. The peak
intensity is maximum for the x = 0.075 sample, suggesting Nb
distortion within the O6 octahedra is expected to be largest for
this composition.
Figure 5b shows the modulus of χ(R) obtained by Fourier

transformation over the k-range 3.0−13.5 Å−1. Direct
comparison of first peak (O shell) in χ(R) suggests that the
oxygen polyhedra around Nb ions remain similar regardless of
the doping concentrations, except for x = 0.075. The Nb−O
peak distribution is narrower compared to the distribution for
the co-dopant Mn (Figure 3b), suggesting that the oxygen
environment around the Nb is possibly less distorted
compared to Mn when occupying a Ti site. The intense
multipeak at ∼3.2 Å corresponds to combined scattering from
Ba, Ti, Mn, and Nb and a significant multiple scattering path
Nb−Ti−O described already. No significant changes in the
peak profile can be noticed in this bond length range with x,
except for the x = 0.075 sample which exhibits higher disorder.
The coordination number for O atoms was found to be 6,

indicating that Nb acts as substitutional impurity at Ti sites in

BTMNO. The intense p−d peak (Figure 5a) and Nb−O peak
structure (Figure 5b) prompt us to check for possible
distortions within the Nb−O6 octahedra. As observed with
Mn−O6, the n = 1 model (single Nb−O distance) could not
provide a satisfactory description of the Nb−O6 octahedra.
The Nb−O octahedron was therefore modeled with multiple
distinct Nb−O paths (n = 2, 3). Both models yielded similar
quality fits, but the results were not unique. This is because all
three-path models (n = 3) approached a five short Nb−O and
one long Nb−O bond combination of the two-path (n = 2)
model. Optimal fits were thus concluded by using two Nb−O
distances, five short (Nb−O1), and one long (Nb−O2). This
unusual bonding arrangement Nb−O6 octahedra persists for all
doping compositions up to x = 0.1, as plotted in Figure 5c. Fits
to the Nb K-edge data over the range Δk = 3.0−13.5 Å−1 and
ΔR = 1.05−4.0 Å for the BTMNO series are provided in
Figures S4a,b. EXAFS parameters corresponding to first shell
(Nb−O) fits are provided in Table S6.
Nb5+ being a d0 ion is JT-inactive; therefore, the Nb−O

environment was checked for plausible distortions other than
JT:

• Off-centering (OC) distortion30−32,63 of Nb along
(001), (011), or (111) directions.

• OC (001) would create a 1 + 4 + 1 Nb−O bond
distribution, as explained previously.

• OC (011) would create three sets of Nb−O distances,
two small, two intermediate, and two large Nb−O bonds
(2 + 2 + 2 distribution) typical of an orthorhombic
distortion in a perovskite.

Figure 5. (a) Nb K XANES for the BTMNO series: x = 0.025 (red),
0.05 (blue), 0.075 (magenta), and 0.1 (olive); inset shows the
baseline-subtracted pre-edge feature C related to local distortion of
Nb within the O6 octahedra. (b) Modulus of χ(R) for the BTMNO
series (c) Distribution of Nb−O bond distances within Nb−O6
octahedra, showing one short Nb−O1 (blue triangles) and five long
Nb−O2 bonds (red circles). (d) Nb−O shell for 10% Mn-Nb-doped
BaTiO3 compared with different models: Nb off-centering models
along (001), (111), and (011) directions. (e) All possible
combinations for the n = 2 (α, β) model, revealing closest proximity
of the (α = 5, β = 1) model to the OC(001) model, i.e., off-centering
distortion of Nb within the Nb5+−O6 octahedra.
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• OC (111) would create two sets of Nb−O distances
each involving three bonds (3 + 3 distribution), typical
of a rhombohedral distortion in a perovskite.

• Charge disproportionation (CD) would have a different
interpretation for Nb than Mn. This is because Nb is
already presumably at its maximum valence (+5), but it
can assume a range of lower formal valence states. This
would be reflected as a weighted sum of different
fractions of Nbn+−O bonds at different distances (e.g.,
Nb oxides).

• Multiple sites (MS)58 can exist, one site associated with
only short Nb−O bonds and the other site with only
long Nb−O bonds.

To fit a five short and one long Nb−O bond length
description, a CD model would require assigning 83.3% of
Nb−O bonds to Nb5+ and 16.7% to Nb4+, resulting in
nonstoichiometry effects. No appreciable broadening of the
main Nb K absorption edge has been observed for BTMNO
samples to support this claim. Rather, the absorption profiles
are almost overlapping, suggesting the fraction of Nb5+ in Nb
sites has no dependence on concentration. For a MS model, a
similar case can be argued as with Mn that this mode of
distortion, even if operative, would be rather weak at such low
doping levels. We also find no evidence for isosbestic points in
the Nb K XANES to support the CD or the MS model.
Moreover, these models cannot explain the intense pre-peak in
Nb K XANES. The Nb−O6 distortion must therefore be
related to some form of OC distortion in the Nb−O6
octahedra.
Figure 5d compares all OC three-path models (n = 3). The

OC (011) model is simply too broad to describe the Nb−O6
environment, The OC (111) model, too, yielded a poor
description with largely offset Nb−O bond distances. Thus, Nb
is not likely to be displaced toward any of the Nb−O6
octahedral faces or edges. The OC (001) model improves
the description reasonably, hinting that the Nb−O6 comprises
of a considerable fraction of shorter Nb−O bonds, assuming
values close to the Ti−O distances in the ab-plane for BaTiO3.
In undoped BaTiO3, an ideal Ti off-centering along (001)
gives rise to three Ti−O distances of 1.84, 1.98, and 2.14 Å. If
we simply replace the Ti by Nb and use a single expansion
factor (retaining proportional variation of the Ti−O bond
lengths in BaTiO3), the corresponding Nb−O distances occur
around 1.84, 1.97, and 2.11 Å, with poor fit quality. The short

Nb−O bond, when relaxed, immediately converges to a value
∼1.98 Å, and a high fit quality is achieved. Interestingly, this
value is almost identical to the four equatorial Ti−O distances.
So essentially, one sees a distribution of five short and one long
Nb−O distance within the Nb−O6 octahedra. Interestingly,
the longer Nb−O bond also assumes a value close to the
longer axial Ti−O bond in BaTiO3. This implies that although
Nb distorts the O6 cage locally, some portion of the intrinsic
tetragonal (001) distortion of the O6 cage (Ti−O6 octahedra
in pure BaTiO3) is still preserved. Neither of the other two OC
modelsOC (011) (2 + 2 + 2 distribution) and OC (111) (3
+ 3 distribution)could be reduced similarly to a five short +
one long Nb−O distance distribution. The Nb−O6 distortion
we observe, therefore, can be regarded as a structural variant of
the OC (001) distortion model.
We check the validity of this observation in Figure 5e by

comparing all two-path (n = 2(α, β)) Nb−O bond
combinations, where α and β represent the number of short
and long Nb−O bonds. One can clearly see that how the Nb−
O description could be approached by systematically replacing
longer Nb−O bonds (β) with shorter Nb−O (α) bonds. Thus,
Nb when doped at the Ti site does remain off-centered within
the O6 octahedra being displaced roughly along the polar-
ization axis. This finding emphasizes the natural tendency of d0

ions in perovskites to create a polar distortion at the B-site, a
fundamental criterion for stabilizing a ferroelectric ground
state.18,25 Thus, apart from being a charge compensator ion,
Nb5+ also is likely to contribute to the total polarization of the
system, although the extent of off-centering is relatively lower
as compared to Ti. We note here that local structure about Nb
is in marked contrast with Nb−O arrangement in KNbO3 and
similar reported structures of Nb in perovskite ferroelectrics.
This again is related to the tetragonal symmetry of the BaTiO3
lattice, which drives the directionality of Nb displacement
within the Nb−O6 octahedra.
Figure 6a shows the interatomic distances for second shell

(Nb−Ba) and third shell (Nb−M; M = Ti/Mn/Nb). The (Mn
+ Nb):Ti ratio was constrained close to the nominal (Mn +
Nb):Ti ratio to model the higher neighboring shells, as in the
Mn K-edge fits. Details of the corresponding Nb K EXAFS
parameters are provided in Table S7. The Nb−Ba and Nb−M
distances do not reveal any significant changes with increasing
doping concentration. The σ2 values for the different
sublattices are shown in Figure 6b for all x values. Like Mn,

Figure 6. (a) Nb−Ba (2NN) short (black squares), Nb−Ba long (red circles), and Nb−M (M = Ti, Mn, Nb) (3NN) (blue triangles) interatomic
distances in BTMNO samples. (b) Pseudo-Debye−Waller factors (σ2) associated with each sublattice: O (red circles), Ba (magenta left triangle),
and M (olive squares), showing high σ2 values and largest scatter for the x = 0.075 composition.
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here also we notice the largest σ2 values for the x = 0.075
sample, also exhibiting the largest spread of σ2. The spread of
σ2 among different sublattices, however, is considerably lower
compared to the Mn results (Figure 4b).
Doping Comparison and Links to Material Function-

ality. Comparing the local environments about Mn and Nb
reveal several interesting facts. First, the distortions associated
with Mn and Nb doping at Ti sites are fundamentally different
from each other: Mn at Ti sites show JT distortion, while Nb
at Ti sites show off-center distortion. This has important
implications on material properties as will be discussed below.
Second, doping effects of Mn/Nb are extremely local in nature.
Most pronounced structural changes are observed for the
nearest neighboring O shell, while the higher shell (Ba, Ti)
environments show smaller lattice effects regardless of doping
composition, with interatomic distances for Nb being slightly
larger (∼0.05 Å) than Mn. This suggests that local structural
descriptions about dopants in BTMNO samples start
conforming toward more uniform description within 4 Å,
where the next B-sites occur. The changes in the O
environments thus are accommodated by the lattice through
cooperative rotation with neighboring Ti−O6 octahedra,
preserving the overall lattice periodicity. Third, the σ2 values
for all sublattices in the Mn local environment are systemati-
cally higher compared to the corresponding σ2 values in the Nb
local environment, which explains why the χ(k) oscillations for
Mn are comparatively less structured than Nb-χ(k) (Figure
S5). This can be understood from the changes in the O−O
interatomic distances in a Ti−O6 octahedra when the Ti is
replaced by a Mn or Nb. The long O−O interatomic distance
for Ti in BaTiO3 is ∼4.0 Å. When doped with Mn, the O−O
interatomic distance increases to ∼4.4 Å, much higher
compared to O−O interatomic distance (∼4.2 Å) when Ti is
replaced with Nb. The larger octahedral volume of Mn−O6
compared to Nb−O6 is expected to be compensated through
greater adjustment of the Mn−O−Ti bond angles and hence
larger σ2 values. This is not surprising, as JT is known to be a
stronger lattice distortion compared to OC.
Incorporation of Mn in BaTiO3 supplies a finite number of d

electrons (dn) that create new midgap states with predom-
inantly Mn 3d character.28 Our O K XAS studies29 have also
identified newly formed doped states appearing below the
conduction band to be primarily of Mn 3d character. By
removing the 3d degeneracy, the JT distortion governs the
splitting of the midgap states, eventually lowering the bulk
band gap. Mn doping, therefore, is primarily associated with
improving the photovoltaic functionality of BTMNO. On the
other hand, exchanging Ti with Mn is believed to be
detrimental to ferroelectricity, as exchanging d0 ions by dn

ions typically decreases the inherent polarization. However,
larger polarization loss (25%) was reported by Das et al.28

when the co-dopant to Nb5+ was a JT-inactive Fe3+ (3d5) ion.
This indicates that strong JT distortions about Mn3+ aid
effective coupling of Mn3+−O6 octahedra to the surrounding
corner-shared tetragonally distorted Ti−O6 octahedra, mini-
mizing loss of overall BaTiO3 polarization.
The other dopant, Nb, plays a very different role when

doped at Ti sites. An equimolar amount of Nb5+ acts as a
charge compensator to Mn3+, maintaining overall charge
neutrality in BTMNO. The “d0-ness”25 of metals occupying
B-sites (e.g., Ti4+, Nb5+, and Zr4+) in perovskites is well-known
to generate off-centered displacement of the d0 ion within the
O6 octahedra which stabilizes a ferroelectric phase. We find

similar off-centering distortion for Nb5+ within the O6
octahedra for the BTMNO systems. Because of this innate
asymmetry, Nb could retain some portion of the polarization
of BaTiO3 lost due to Mn doping. However, being a d0 system,
Nb5+ is not expected to have any appreciable influence on band
gap engineering. Incorporation of Nb, therefore, is primarily
associated with the ferroelectric functionality of BTMNO.
The above discussion highlights the effectiveness of co-

doping aliovalent ions Mn3+ and Nb5+ over isovalent doping in
broadening the absorption in the visible region for ferroelectric
BaTiO3. Isovalent Mn doping alone in BaTiO3 results in a
hexagonal structure with no ferroelectricity.26 Also, an
electronically degenerate Mn4+ ion would be JT-inactive.
Isovalent doping of only Nb in BaTiO3, on the other hand, is
synthetically challenging due to slow kinetics of Nb
incorporation.64 It is also known to suffer from charge
imbalance and requires high temperature conditions for
reproducible electrical properties.65 In contrast, aliovalent
doping of Mn3+−Nb5+ pair could behave as a dipole that can
effectively couple to the tetragonally distorted BaTiO3 lattice
and help retain the overall electric polarization. This explains
the efficacy of the co-doping strategy to strike the right balance
between good solar absorption and good polarization to be
able to function as a potential ferroelectric photovoltaic
material.
Figure 7 shows the local structure−property correlation

between distortions (δ) within the local octahedra associated

with each B-site in BTMNO and the polarization (P) values
reported by Das et al.28 Using high-energy resolution
fluorescence detected X-ray absorption (HERFD-XAS) at the
Ti K-edge, we have already elucidated29 how evolution of the
A2 peak intensities (∝ Ti off-centering) correlates strongly with
evolution of P values over the doping window (0.0 ≤ x ≤ 0.1).
For the dopants, we define distortion (δ) from the difference
of short (M−O1) and long (M−O2) bonds within the
respective M−O6 octahedra (M = Mn, Nb): thus, δM = ΔM−
O = M−O2 − M−O1. Surprisingly enough, we find that the
doping dependence for δMn and δNb roughly parallels the

Figure 7. Correlation of (a) polarization (P) (black circles) in
BTMNO to structural distortions associated with the B-sites: (b) Ti4+

off-centering distortion indicated by A2 intensities (red triangles), (c)
off-centering distortion of Nb5+ (blue squares), and (d) Jahn−Teller
distortion of Mn3+ (magenta stars) ions.
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variation of A2 intensities and P values. This observation
indicates strong coupling of Mn and Nb to the inherent Ti
distortion in BTMNO. Replacing Ti4+ with Nb5+ keeps the
number of d0 ions maximum to retain the ferroelectric
distortion, while strong JT distortion enables Mn3+ to
effectively couple to the BaTiO3 lattice. Also, the δMn values
are noticeably larger than the corresponding δNb values for a
given composition, revealing stronger distortion (JT-induced)
about Mn ions compared to Nb (off-center displaced). This
explains why the local environment about Mn exhibits higher
disorder (σ2) as compared to Nb. It is important to remember
that even though some level of distortion persists locally for all
x, doping systematically leads to reduction of tetragonality,
eventually making the system cubic at x = 0.1. Ferroelectricity
in BaTiO3 is driven by long-range ordered displacement of Ti.
Mn−Nb co-doping disrupts the Ti−O covalent bonding,
limiting long-range polar ordering. The P value, therefore is
determined by the balance between these long-range
Coulombic forces and doping induced short-range interatomic
forces. Beyond a critical doping threshold (x ≥ 0.1), the
macroscopic polarization eventually goes to 0 and the system
becomes paraelectric.28

Figure 7 also highlights the anomalous behavior of the x =
0.075 sample, showing an increase of polarization (P) and
distortion effects. We recall here that for the x = 0.075 sample
the χ(R) functions for both Mn (Figure 3b) and Nb (Figure
5b) data reveal severe dampening effects, especially visible for
the higher order peak (∼3.2 Å). We also found maximum
spread of σ2 values associated with different sublattices
(Figures 4b and 6b), with unusually high values for the
Mn−M and Nb−M pairs. This typically happens as EXAFS
cannot fully resolve multiple local structures closely resembling
each other and therefore accounts for it by a single broad bond
distribution. One common origin for such multiple environ-
ments is local chemical inhomogeneities at the B-site, for
example, dopant clustering effects. In such a scenario, the
dopant-rich small fraction of the sample would exhibit high
disorder and low polarization, whereas the Ti-rich major
fraction would essentially behave as a pure undisrupted
BaTiO3 lattice, eventually resulting in higher P values. Thus,
one cannot rule out the possibility that x = 0.075 experiences
dopant clustering effects. Such local effects, as often observed,
remain intimately connected to the overall lattice, thereby
affecting the bulk band gap. The structural peculiarity of x =
0.075 possibly stems from the fact that tetragonal to cubic
phase transition point in BTMNO lies in the vicinity of x =
0.075. This region is hence sensitive since small composition
changes can affect major structural changes. Still, however, the
x = 0.075 sample was, in fact, fairly reproducible. A more
accurate description of such unique structural anomalies
requires detailed calculations. Nonetheless, Figure 7 implies
that co-doping of Mn3+ and Nb5+ can induce strong electron−
lattice coupling, which in turn is capable of sustaining the
ferroelectric distortion prevalent in tetragonal BTMNO. This
explains how the inherent BaTiO3 polarization is preserved to
a considerable extent even in the presence of a non-d0 system
like Mn3+. Such coupling remains effective up to an optimal
doping limit, beyond which the system would assume a higher
symmetry cubic phase, as we see for x = 0.1.

■ CONCLUSIONS
We have studied how the local structural effects about B-sites
(dopants: Mn and Nb; host: Ti) can influence material

functionality in the room temperature low band gap ferro-
electric system BTMNO, where Mn is primarily responsible for
reducing the band gap and Nb acts as a charge compensator
ion. Calculated Raman modes clearly identify Ti off-centering
to be the driving force for such spontaneous polarization in the
system. The intensity of the 1s → 3d quadrupolar transition, a
measure of the extent of displacement of the B-site (Ti) from
the O6 octahedral center, correlates well with reported
polarization values for a given composition. Our XAS studies
reveal Mn3+ and Nb5+ to be the dominant charge states of the
dopant species. Both dopants experience strong local structural
distortions at the Ti sites, but the modes of distortion
associated with the two dopants have fundamentally different
origins. The Mn3+−O6 distortion could be related to the Jahn−
Teller effect, while the Nb5+−O6 distortion could be associated
with off-center displacement of Nb within the O6 octahedra. A
d4 Mn3+ ion replacing Ti4+ helps to improve the photovoltaic
functionality of BaTiO3 through bulk band gap reduction and
partial loss of polarization. However, the loss is significantly
minimized by strong JT distortions about Mn3+ that
adequately couple the Mn3+−O6 octahedra to the overall
ferroelectric BaTiO3 lattice. A d0 Nb5+ ion replacing Ti4+, in
contrast, partially compensates for this small loss of polar-
ization by replenishing the number of d0 ions but barely
participates in band gap tunability. The relatively stronger
extent of distortion of Mn3+ within the O6 octahedra
introduces higher disorder in BaTiO3 compared to Nb5+. We
find the Mn and Nb residing at Ti sites to be an effective
charge neutral pair with insignificant charge disproportionation
effects. Rather, the Mn3+−Nb5+ pair has the ability to integrate
with the tetragonal BaTiO3 lattice, preserving the intrinsic
polarization to a considerable extent. Our findings reveal how
BTMNO material functionality can be correlated to complex
B-site local distortions, thereby highlighting the effectiveness of
controlled co-doping strategies in making promising ferro-
electric photovoltaics and other optoelectronic applications in
the future.
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Abstract

In this paper, we proposed general coupling

conditions to the error dynamics of coupled

dynamical systems for realizing multistability. The

basic mechanism to propose multistability is to

design partial synchronization of states between the

coupled system and use to find some initial

condition-dependent constants of motion. Here, we

propose that i number of state variables are

completely synchronized, and the remaining j

number of state variables of two coupled systems

are in constant difference to obtain multistable

behaviour, where  and .

We interpret our scheme for coupled chaotic

Lorenz, Rossler, and Van der Pol–Duffing

oscillators. Further, we establish numerical

simulation results with a bifurcation diagram,
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Abstract

We study spatiotemporal synchronization under

complex network of diffusively coupled chaotic

modified logistic map. In modified logistic map a

new parameter is introduced such that nonlinear

term is in fractional power. The complex network is

dynamic whose coupling connections change

stochastically in time. Here we investigate the

spatiotemporal dynamics of coupled modified

logistic maps whose coupling connections are

rewired randomly, and we determine (1) the effects

of variation of newly induced parameter , (2) the

effects of variation of low and high rewiring

probability, (3) the effects of variation of growth

rate r and (4) the effects of variation of different

randomness and linear stability analysis of the

synchronized steady-state solution. We have
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calculated analytically the critical coupling

coefficient for the transition to spatiotemporal

regularity of the lattice. The analytical results

match well with the numerical simulation results.

The variation of the basin size with respect to

coupling strength and rewiring probability with

various randomness and coupling is plotted. The

simulation results do not change significantly with

the variation of lattice sizes.
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ABSTRACT. In this paper, we propose a new theoretical scheme design of multi-

stable system of coupled Nuclear spin generator and Lorenz systems. In the system

coupled Nuclear spin generator and Lorenz systems reduces to a single modified

Lorenz system. We derive the existence conditions of fixed points and the condi-

tions of local stability of the modified system is also derived. To obtain multistable

behaviour maximum lyapunov exponent of the system and bifurcation analysis

are analyzed. Dynamical behaviour with respect to multistable parameter using

MATCONT software are also analyzed. The main observation is that: In coupling

two m-dimensional dynamical systems multistable behaviour can be obtained if i

number of variables of the two systems are completely synchronized and num-j

ber of variables keep a constant difference between them, where andi + j = m

1 ≤ ≤i, j m−1. Numerical simulation results are presented to verify the proposed

schemes.

1. INTRODUCTION

Multistability is the property whereby the solutions of a dynamical system can

alternate between two or more exclusive lyapunov stable and convergent equi-

librium states under asymptotically slowly changing inputs or system parameters.

1corresponding author

2020 Mathematics Subject Classification. 37 Dynamical systems and ergodic theory, 58 Global anal-
ysis, analysis on manifolds, 97 Mathematics education.
Key words and phrases. Multistability, Lorenz system, Nuclear spin generator system and Bifurca-
tion analysis.
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Abstract

The laminar forced convection MHD Couette-Poiseuille flow of a viscous incompressible fluid with

the viscous and Joule dissipations has been studied.  Two different orientations of the wall thermal

boundary-conditions have been considered, namely: the constant heat-flux at the upper moving

plate with the adiabatic stationary lower plate and the constant heat flux at the stationary lower

plate with an adiabatic moving upper plate. The governing equations are solved analytically. It is

observed that the fluid velocity increases near the stationary plate and it decreases near the moving

plate with an increase in magnetic parameter. The temperature field is significantly affected by the

modified Brinkman number. The fluid temperature increases when the lower plate is adiabatic and

the upper plate is at positive constant heat flux while it decreases in case the lower plate is at

negative constant heat flux and the upper plate is adiabatic with an increase in modified Brinkman

number for the combined effects of viscous and Joule dissipations. Further, the fluid temperature

decreases for positive heat flux case while it increases for negative heat flux case with an increase

in either magnetic parameter or velocity parameter when the combined effects of viscous and Joule

dissipations are taken into account.
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A COMPARATIVE STUDY ON SELECTED FITNESS 

VARIABLES OF TRIBAL HANDBALL AND 
VOLLEYBALL PLAYERS 

                               Argha Nayak1 & Dr. Deepak Kumar Singh2 

Affiliations: 

1.       State Aided College Teacher, Gobinda Prasad Mahavidyalaya,  Bankura, West 
Bengal Email: arghanayak90@gmail.com 

2.       Assistant Professor Department of Physical Education Ramananda College 
Bishnupur, Bankura, West Bengal,  Email: deepakpe2014@gmail.com Mobile 
8918873871 

 
ABSTRACT 

Sports by their very nature an enjoyable, challenging, all absorbing and require a certain 
amount of skill and physical condition in order of human values. Ball games is one of the most 
popular of all the common games and sports. Handball is very fast by its nature and demands a 
high level of specific fitness. It is game of constant actions and requires continuous adaptations 
to the changing situation by the team as well as by individual players. Volleyball  has a  
requirement  for  great deal of planned program to highly trained teams. The purpose of the study 
was to compare the selected fitness variables between tribal Handball and Volleyball players of 
Bankura district. Forty (40) male student players of Gobinda Prasad Mahavidyalaya and 
Ramananda College (20 Handball and 20 volleyball players) were selected as subjects. The 
average age of the subject was 19.2 years. The performance variables such as speed, strength, 
agility and cardiorespiratory endurance were measured with a standard test. Product moment 
correlation was used to established reliability. t-test was used in order to find out the significant 
differences between the selected variables of Handball and Volleyball players. The significant 
differences were observed at 0.05 level in speed, leg explosive strength, agility and 
cardiorespiratory endurance. No significant difference was seen in Arm and shoulder strength.  
Keywords: Speed, Strength, Agility, Cardio respiratory, Variables. 
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Abstract

In recent trends, digital systems in the light of power dissipation are a crucial issue. In

computing, the computational process of reversible logic is bijective and can decrease the

rising issue of power dissipation. In reversible circuit design, Peres gate considered as one of

the fundamental reversible gate. Therefore, a Peres gate using Add/Drop Multiplexer (ADM)

and Reflective Semiconductor Optical Amplifier (RSOA) is proposed in this paper. Frequency

encoding scheme and dibit-based logic are incorporated here. In long range transmission,

frequency encoding bears huge benefits in respect with the other encoding techniques. This

encoding technique may decrease the probability of bit error. Due to the high gain and low

noise property of RSOA, the proposed design can perform operations like computation, data

processing, etc. at ultra-high speed with low noise. MATLAB Simulink (R2018a) software has

been used to verify the operation of the proposed design.

Frequency encoding dibit-based logic Peres gate

reflective semiconductor optical amplifier (RSOA) add/drop multiplexer (ADM)

|
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memory using reflective
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Journal of Optics (2022)
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Abstract

In recent times, any device should be designed with

taken care of power consumption as well as speed.

Photon has super-fast speed so it is very preferable

to the researcher rather than the electron. So the

researchers focus on the development of low-

power-consuming devices. The reflective

semiconductor optical amplifier (RSOA) is a

suitable candidate for that purpose. It has a

versatile gain medium and also it has huge

application in passive optical networks. In this

article, we have proposed a design of read-only

memory using RSOA. To verify the practical

feasibility, we have used MATLAB software to

simulate the design. For all the memory outputs,

the quality factor (Q), extinction ratio, contrast

ratio, and also bit error rate have been calculated.
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Abstract

In recent years, reversible gates have a great impact

on optical nanotechnology, quantum and DNA

computing. In the optical field, reversible gates like

the Fredkin gate, Feynman gate, Toffoli gate, and

Peres gate are very demanding due to their low

power consumption. In this article, a novel design

of Feynman gate using Add/Drop Multiplexer and

Reflective Semiconductor Optical Amplifier (RSOA)

is proposed. Frequency encoding scheme and dibit-

based logic are incorporated in the proposed

design. The Frequency encoding technique

decreases the probability of bit error in long-range

transmission. Due to the high gain and low noise

property of RSOA, the proposed design can perform

operations like computation and data processing at

ultra-high speed with low noise. To verify the
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operation of the proposed design, we have used

MATLAB Simulink (R2018a) software.
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Amoxicillin using fluconazole nanoparticles studied under Atomic Force
Microscopy.   

by Dania Ahmed, Samina Perveen, Raza Shah, Farid Ahmed 
Abstract: COVID-19 patients are increasing day by day. The risk of bacteria-virus
co-infection also escalates. Because of the extensive use of antibacterial drugs,
the drug resistant bacterial strains are increasing. rnAntibiotic resistance caused
by pathogenic bacteria has become a major health challenge these days. The key
objective was to examine the antibacterial effects of Fluconazole coated silver
nanoparticles (Ful-AgNPs) in combination with amoxicillin against bacteria that
show resistance to amoxicillin. Here we are reporting a quick, tranquil, and
feasible synthetic procedure for the preparation of Ful-AgNPs. Characterization
of nanoparticles was performed by employing Uv-Visible spectroscopy, Fourier-
transform infrared spectroscopy, and Atomic force microscopic techniques. The
size of Ful-AgNPs was found in the range from 9-18 nm. Ful-AgNPs shows
selective recognition capability towards amoxicillin in the presence of other
competing drugs without showing any interference. The binding ratio between
Ful-AgNPs and amoxicillin was observed 1:1 (Ful-AgNPs: amoxicillin) in Jobs plot
study. The sensing capability of Ful-AgNPs was also evaluated in blood plasma
and tap water to evaluate the matrix effect, and Ful-AgNPs recognize amoxicillin
in both mediums without showing any interferences. Fractional inhibitory
concentration index shows synergistic interaction of Ful-AgNPs with amoxicillin.
These results demonstrate that the combination of amoxicillin with Ful-AgNPs
inhibits the growth of bacterial cells and the MIC value found to be 25-50
Keywords: Silver nanoparticles; Antibacterial potential; UV-Visible spectroscopy;
Amoxicillin; Synergistic effect; Combinatorial effect; COVID-19.
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promising approach for drug delivery: a review   
by Nadeesha Athukorala, Sanath Rajapakse, S.D.S.S. Sooriyapathirana 
Abstract: Increased awareness that drug release patterns can affect therapeutic
responses, the necessity of safe and efficient drug administration, and the
requirement of novel strategies to deliver complex drugs fuelled the drug
delivery research. Scientists have understood that novel therapies are possible
when a drug is encapsulated within or attached to a carrier. It became clear that
the drug carrier systems are essential as the drug itself. Nanotechnology’s
application in drug delivery is reported to improve therapeutic outcomes.
Nevertheless, challenges related to biocompatibility, cytotoxicity, and rapid
clearance limited the use of nanomedicine. After extensive research, erythrocyte
membrane camouflaged nanoparticles loaded with drugs have become an
attractive candidate for drug delivery. The combined strategy has offered an
opportunity to unite natural cell membrane properties with artificial
nanoparticles. This article reviews the background, development, and importance
of the combined strategy, and provides a foundation to stimulate the interests in
this novel strategy.
Keywords: erythrocytes; nanoparticles; drug delivery; targeted drug delivery.
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ABSTRACT

We study the phenomenon of localization and delocalization in a circuit-QED network with connectivity varying from finite-range coupling to all-to-all coupling.
We find a fascinating interplay between interactions and connectivity. In particular, we consider (i) harmonic, (ii) Jaynes-Cummings, and (iii) Bose-Hubbard
networks. We start with the initial condition where one of the nodes in the network is populated and then let it evolve in time. The time dynamics and steady
state characterize the features of localization (self-trapping) in these large-scale networks. For the case of harmonic networks, exact analytical results are
obtained, and we demonstrate that all-to-all connection shows self-trapping whereas the finite-ranged connectivity shows delocalization. The interacting
cases (Jaynes-Cummings and Bose-Hubbard networks) are investigated both via exact quantum dynamics and via a semiclassical approach. We obtain an
interesting phase diagram when one varies the range of connectivity and the strength of the interaction. We investigate the consequence of imperfections in
the cavity or qubit and the role of inevitable disorder. Our results are relevant especially given recent experimental progress in engineering systems with long-
range connectivity.
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