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Dear Fellow-iGEMers and scientifically interested people, 
 

Before you delve into the exciting articles that you will find in this journal, we would like to introduce 

our team. 

We are a group of international students from Maastricht, a quaint city in the Netherlands caught 

between Belgium and Germany. We are all studying at the Maastricht Science Programme, a bachelor 

implementing a Liberal Arts and Sciences degree. This allowed for the formation of an iGEM team with 

different scientific backgrounds, giving rise to a polyvalent and scientifically creative team. 

 

The MSP-Maastricht 2022 iGEM team is called Aestuarium, which is defined as the place where a river 

meets the sea. This name was chosen to reflect the focus of the project, namely the desalination of water 

by cyanobacteria. Saline water comprises 97% of water on Earth, leaving only 3% of freshwater. Out 

of this small percentage, only 1% is destined for human use, while the major part is used for industrial 

and agricultural purposes. Due to the climate crisis, this percentage is being depleted. Our project aims 

to increase the amount of freshwater available by converting saltwater into freshwater by using 

transformed cyanobacteria. Salt will be extracted by inserting halorhodopsin, a green light activated Cl⁻ 

pump, and an Na⁺/H⁺ antiporter in the cyanobacteria. 

 

As iGEM projects often do, Aestuarium is looking to become a startup once iGEM is over. With this in 

mind, it is necessary to think about how our project could be applied in the real world. Desalination of 

water using biological organisms is not novel. However, our project also focuses on chemical 

immobilization of the bacteria to a surface in order to facilitate extraction from the desalinated water. 

The method chosen for this is encapsulation in Alginate Beads crosslinked by calcium ions. Overall, 

this method is critical to the applicability of our project. In fact, all first world countries have strict laws 

about the containment of GMOs, particularly in regard to the food industry. Therefore, immobilization 

is a promising pathway for the safe implementation of our product. 

 

Having concluded this introduction, we wish you a pleasant read and hope you will appreciate the 

content we chose to put forward! 
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The MSP-Vector 
 
The MSP-Vector owes its existence to the first MSP-Maastricht iGEM Team, Oakshield, founded in 

2020. 
It was based on a simple idea: to give the opportunity to iGEM teams to develop their scientific writing 

and critical thinking. In order to do this, they decided to found an iGEM-specific journal dedicated to 

put forward the best research of the year. This was not an easy process, as peer reviews had to be 

designed and the teams had to be contacted. As you can see, the team succeeded in establishing the 

tradition that is the MSP-Vector. 
 
Since 2020, all MSP-Maastricht iGEM teams have had a team dedicated to the improvement and growth 

of the journal and its reputation. In 2021, the major improvement was the establishment of a peer review 

form that ensured thorough and standardized evaluation of the articles submitted by the teams. 
 
This year’s journal team has been dedicated to improve the MSP-Vector to the best of its abilities. To 

this end, major features were added. 
 
The most notable one was the addition of expert reviewers. This change in particular led to a series of 

adjustment and tweaks that had to be made to accommodate for it. These experts, namely Dr. George 

Church, Dr. Michael Funk and Dr. Yevgeniya Nusinovich reviewed what the participants deemed to be 

the three most deserving articles. In order to do this, a standard grading system had to be developed, 

based on the previous year’s peer review form. With the help of members from the MSP teaching staff 

specialized in academic writing, the form was repurposed to fit our needs. The new grading form 

ensured transparency in the selection process. A given team had to review three other articles by filling 

the review form. Based on these results, the final grades were calculated by the editors. The outcome 

of the selection was then announced, and the three articles were sent to the panel of reviewers for 

individual feedback.  
 
As a team, our hope is that this tradition will continue in the next years, and that the future teams will 

be able to benefit and build upon the work that has been done by Aestuarium. 
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The MSP-Vector Team 

 
 

Lucrezia Gheno (she/her) 
Lucrezia is a third year student from Italy at the Maastricht Science 

Programme. 

Thanks to Lucrezia’s comradeship and self-reliance, the journal team 

managed to publish a successful journal filled with information on 

synthetic biology. A lot of dedication was invested by her to collaborate 

with other iGEM teams and experts in the field. 

 

 

Contact: l.gheno@student.maastrichtuniversity.nl 
 

 

Anirudh Rajesh (he/him) 
Anirudh is a second year student from India at the Maastricht University 

Programme.  

Anirudh was actively engaged in spreading the knowledge of synthetic 

biology. With his interest, the team was able to reach out and educate 

young minds. Troubleshooting challenges we met especially in the lab 

was Anirudhs’ strong suit. 

 

 

 

Contact: a.rajesh@student.maastrichtuniversity.nl 

 

 

Mathis Ben Harira (he/him) 
Mathis is a third year student from the France at the Maastricht Science 

Programme. 

Mathis’ ambitious attitude allowed the team to build a trustworthy 

network. This has also provided potential for the long run of this project. 

Having such valuable contacts thanks to Mathis has allowed the team to 

understand a better implementation of our project. 

 

 

Contact: m.benharira@student.maastrichtuniversity.nl 

 

 

 

Bastien Vassort (he/him) 
Bastien is a third year student from France at the Maastricht Science 

Programme. 

With the knowledge Bastien has in the labs, he has been a backbone for 

troubleshooting. His organization also allowed the team to do their work 

efficiently. He was also involved in making sure our teams’ journal 

collaboration was a success. 

 

 

Contact: b.vassort@student.maastrichtuniversity.nl   
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The Reviewers 

 
Dr. George Church 

Dr. George Church is widely recognized for his contributions to 

genomic science, chemistry and biomedicine. His most notable 

innovations include the development of the first direct genomic 

sequencing method, helping in the initiation of the Human Genome 

Project and Personal Genome Project. 

Dr. George Church is currently leading Synthetic Biology at 

Harvard’s Wyss Institute, and he is the Director of the U.S. 

Department of Energy Technology Center and Director of the 

National Institutes of Health Center of Excellence in Genomic 

Science. Additionally, he is Professor of Genetics at Harvard Medical 

School and Professor of Health Sciences and Technology at Harvard 

and the Massachusetts Institute of Technology (MIT). 

 

 

Dr. Michael Funk 

Dr. Michael Funk joined AAAS in 2017 and is now a Senior Editor 

handling papers for Science in the fields of biochemistry, structural 

biology, chemical biology, and environmental microbiology. His 

responsibilities include selecting articles for review, choosing 

appropriate reviewers, ensuring data availability and integrity, 

participating in scientific meetings, and coordinating with others at 

AAAS/Science to promote and communicate research to the 

scientific community and public. He has also judged annual prizes 

administered by AAAS/Science, including the inaugural 

BioInnovation Institute Prize in 2022. His background is in 

enzymology and crystallography, and he obtained his Ph.D. in 

Biological Chemistry from MIT. 

 

 

Dr. Yevgeniya Nusinovich 

Yevgeniya Nusinovich, M.D., Ph.D., is a Senior Editor at Science 

handling research papers on cardiology, metabolism, reproduction, 

medical genomics, and a selection of other biomedical topics. Before 

coming to Science, Yevgeniya was an editor at Science’s sister 

journal Science Translational Medicine, where she also handled a 

variety of subject areas. Her Ph.D. was in molecular medicine, but 

she also trained in clinical pediatrics and worked with patients at 

Children’s National Hospital in Washington, DC before fully 

switching to an editorial career. 
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Abstract- Unconventional computing has yielded a lot of
attention in recent years. The notion of biocomputing was
first introduced in late ‘50s and today constitutes a
promising field of technology that combines biology,
engineering and computer science. The increasing
limitations of currently used computers, with respect to
performance, manufacturing cost and environmental
footprint, lead to the need for alternative solutions that can
perform complex computational tasks in a faster, more
robust, reproducible and affordable way. Until today,
various software and hardware applications of
biocomputing have been developed. The scope of this
review is to provide an overview of the field by presenting
some of the most exceptional biocomputing applications.

Index Terms - Biocomputing, Biomolecular systems, DNA
Computing, Genetic engineering

I. INTRODUCTION

Computation is defined as any type of arithmetic or
non-arithmetic calculation that is based on a predetermined
model, i.e., an algorithm. Most computational algorithms are
being developed, tested and launched via silicon-based
devices, such as personal computers, phones, electronic
sensors etc. Until recent years, such technologies have offered
a combination of speed, reliability and affordable cost.
However, recent obstacles in silicon technology, from the
increasing environmental footprint to the slow-down of
Moore’s Law along with the need for faster, in vivo
computational systems, have given rise to alternative methods
of implementing computational algorithms, leading to the
emergence of biocomputing.

Biocomputing is defined as the process of building
computational systems that use biological materials, mimic
biological organisms or are used to gather data in them. The
systems developed are called biocomputers and use
biologically derived molecules, such as DNA, RNA and
proteins, to perform computations.The biocomputing approach

implements the gathering and the processing of data
simultaneously inside the living organism, in contrast to the
methods used in traditional biomedical science that separate
these two stages. The first steps in biocomputing were
proposed by Jacob and Monod (Jacob & Monod, 1961), who
presented a biomolecular computation scheme, where the
presence of lactose and the lack of glucose in the bacterial
growth medium would induce the Lac operon and elevate the
expression of genes lacA, lacY and lacZ, leading to the logical
function: Lactose AND NOT Glucose → lacA, lacY, lacZ.
Another fundamental study on biocomputing was that of
Knight and Sussman, who proposed a biochemically plausible
mechanism for constructing digital logic signals and gates of
significant complexity within living cells (Knight & Sussman,
1998). Based on that research, Knight introduced the concept
of BioBrick parts, which are DNA parts that conform to a
restriction-enzyme assembly standard, in an effort to
standardize systematic genetic engineering of Eschericichia
coli (Knight, 2002). The BioBrick assembly would form the
basis of the iGEM Competition and lead to the foundation of
The Registry of Standard Biological Parts, one of the largest
synthetic biology databases, with over 20,000 Parts
(Marchisio & Stelling, 2009).

The present work provides an overview of the most
eye-catching software and hardware applications of
biocomputing, from tunable oscillators to biological encryption
systems. This short and comprehensive analysis aims to help
researchers and welcome newcomers to the field of
biocomputing.

II. RESEARCH ELABORATIONS

For this review, we performed a search in the following
databases; IEEE Xplore and PubMed using the keywords
“biocomputing”, “biocomputing applications”, “biocomputing
algorithms”, “biological computation”, “DNA computing”
from 2000 to 2022. 1893 to 1972 papers were retrieved from
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the IEEE Xplore and PubMed databases similarly. After
reviewing the abstracts of the papers that were gathered, we
excluded biocomputing review papers and ended up with the
papers presented here.

III. RESULTS AND FINDINGS

A. Software related biocomputing applications

“Smart” bacterial consortia. Since McCulloch & Pitts set the
foundations for the development of artificial neural networks
(ANNs) (McCulloch & Pitts, 1943), artificial intelligence has
reached an impressive level of complexity and a broad range of
applications. ANNs are computational networks inspired by
the way brain neurons work. Recently, researchers, inspired by
the architecture of ANNs, attempted to create novel living
systems able to perform complex computational tasks. Sarkar
et al. created a single layer ANN structure in a microbial
consortium to perform multiple computational tasks (Sarkar et
al., 2021). The rules for the function of the biological neural
network are set by characterizing and tuning genetic devices
via manipulating gene regulation modules (promoter and RBS
engineering). Li et al. created a network in bacterial consortia
for pattern recognition, imitating a perceptron algorithm (Li et
al., 2021). Inspired again by the perceptron algorithm, Pandi et.
al built a whole-cell and a cell-free single layer metabolic
perceptron-like network that perform rapid and multiplex
analog computation to classify metabolic states in a weighted
manner (Pandi et al., 2019). All of the above work provides a
new perspective on engineering cells to process information
beyond the dominant logic-gate inspired systems.

Membrane computing for solving Sudoku and DNAzymes
that calculate square roots. A family of different membrane P-
systems was used in order to solve a large amount of Sudoku
problems (Diaz-Pernil et al., 2010). A human-like approach
was developed, where the P-system computes the Sudoku
solution via a reset-checking cycle and the computational
procedure is initiated only if at least one unique candidate
exists in all partial solutions. Despite its success in a variety of
Sudoku setups, the method proposed is still unable to tackle the
hardest Sudoku problems, implying the need for more
sophisticated P-systems. A research team designed a method
that could calculate the square root using 10bit square root
logic operations via DNA strand displacement (TDSD) (Zhou
et al., 2019). Their approach used nanoindicators (DNAzymes)
because of their capability to create large-scale logic circuits.
Nanoindicators use Fluorescence Resonance Energy Transfer
in order to measure the square root of different numbers, based
on three basic modules: the cognitive module, the
biocomputing module and the thresholding module. The
innovation this system offers is the projection of TDSD in the
field of creating complicated computing circuits.

An encryption system implemented using DNA-computing.
Cui et al. developed a DNA-computing implementation of an
encryption system, using the technologies of DNA synthesis,
PCR amplification and DNA digital coding (Cui et al., 2008).
The encryption model is the RSA Algorithm, a public key
cryptography method, where the sender translates the original
or plaintext with a public key to the encrypted or ciphertext
before sending it to the receiver. Next, the receiver decrypts the
ciphertext to the plaintext via a private key. In the implemented
biocomputing approach, the two keys correspond to two pairs
of PCR primers that the two parties send to each other. Next,
the sender converts the plaintext to a binary sequence and then
to a DNA one, using the given encryption PCR primers.
Similarly, with the correct decryption primers, the receiver can
reversely extract the binary sequence from the DNA one and,
finally, the initial plaintext. Some advantages of the process
include the different ciphertexts that can be derived from the
same plaintext, the high confidential strength, as well as the
ever-decreasing cost due to the progress of the various
biological technologies used.

Solving two NP-complete, one NP-hard problems. In 1994,
Adleman encoded and solved the directed Hamiltonian Path
Problem via DNA computing (Adleman, 1994). A DNA
computing 5-step algorithm was implemented in order to
identify the correct Hamiltonian path. The proposed method
compared greatly with the supercomputers of the early ‘90s,
since it allowed not only for a thousandfold more operations
per second, but also for a more energy efficient way of
executing those operations. Furthermore, the use of DNA
molecules as storage media led to a dramatic increase in
information density. Following Adleman, Lipton in 1995,
proposed a generalized method that solves NP-complete
problems by solving the Boolean Satisfiability Problem using
DNA computing once more and highlighting the advantages of
the parallelism inherent by it (Lipton, 1995). Based on the
Adleman-Lipton model, Wang et al., solved the Capacitated
Vehicle Routing problem, a well-known NP-hard problem
(Wang et al., 2019).

B. Hardware related biocomputing applications

Foundational Research. In contrast to modern electronic
devices which are based on microchip technology,
biocomputing uses molecular and synthetic biology parts to
implement its various algorithms. These parts follow specific
predefined rules, which are being deployed by designers and
engineers, in order to assemble novel genetic circuits. One
fundamental paper on the hardware aspect of biocomputing is
that of Gardner et al. who engineered a genetic toggle switch
composed of two repressible promoters arranged in a mutually
inhibitory network (Gardner et al., 2000). Each promoter was
inhibited by the repressor that was transcribed by the opposing
promoter. Switching was accomplished by transiently
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introducing an inducer of the currently active repressor, since
the inducer permitted the opposing repressor to be maximally
transcribed until it stably repressed the originally active
promoter. Another ground-breaking approach was that of
Weiss et al., who implemented an in-vivo NAND gate via a
genetic regulatory network (Weiss et al., 2002). Logic signals
were represented by the synthesis rates of cytoplasmic DNA
binding proteins and the NAND gate consisted of structural
genes for output proteins, fused to promoter/operator regions
that were regulated by input proteins. The implementations
above would become the inspiration for a series of
electronic-inspired bioengineering applications in the
following years.

Further Advancements in Circuitry Biotechnology. In the
domain of cellular digital circuits, a worth-mentioning work is
that of Strack et al., who constructed a biomolecular keypad
lock (Strack et al., 2008). The system consisted of three
consecutive AND logic gates and each gate required the
presence of two inputs, a biocatalyst and a chemical
compound, to activate the subsequent reaction in a chain-like
manner, where the product of each biochemical conversion
served as the substrate of the following one. Were all the
reactants present and in the right order, the biocomputing
network was “unlocked” and a coloured agent was synthesized
(output “1”), otherwise the “dialed password” was recognized
as incorrect, and the “alarm” was set off (output “0”), hence
the resemblance with an electronic keypad lock. A similar
biomolecular configuration based on fluorescent devices has
also been reported (Margulies et al., 2007) Another electronic
component implemented in-vivo was an oscillator analogue
created in E.coli (Stricker et al., 2008). The genetic oscillator
was composed of araC, lacI and yemGFP genes, under the
control of three identical copies of the hybrid promoter
plac/ara-1, to form three co-regulated transcription modules
using positive and negative feedback loops. Through the
biochemical interaction of these components and under the
influence of IPTG and arabinose, the yemGFP concentration
was recorded to fluctuate periodically. Several conditions such
as temperature and inducer concentration were used to tune the
period of oscillation, which could be as low as 13 minutes.

Modern Approach. State-of-the-art biocomputing hardware
aims to take advantage of the fundamental genetic circuits and
research of the past, in order to synthesize more complex
computing systems. One such example is the development of a
CRISPR-Cas 9 system that controlled gene expression with
sophisticated logic gates (Kim et al., 2019). In particular, the
researchers used single guide RNAs (gRNAs) as a genetic
software to develop an ON and an OFF system. Both systems
consist of an inactive form of Cas 9 (dCas 9) that binds to the
gRNA-relying DNA and regulates the transcription of the
target, with dCas 9 inhibiting the expression of the reporter in
the OFF system and activating it in the ON system. Those two

systems, with the proper gRNA inputs, implemented a range of
computations such as Boolean logic gates and arithmetic
operations, thus leading to the design of dual-core CPUs. Other
approaches aim to create biological systems of modern
electronic components, such as bio-memristors utilizing the
slime mold Physarum polycephalum (Miranda & Braud, 2017).
P.polycephalum was cultured in designated receptacle
chambers to manufacture such a device that is based on
biological architecture, since the aforementioned unicellular
organism displays memristive properties. When AC voltage is
applied to its plasmodium, P.polycephalum produces the
distinctive current vs. voltage non-linear plot of a memristor,
called a pinched hysteresis loop. That kind of breakthrough in
memristive technology could be beneficial for the future
development of multilayer biological Neural Networks, since
memristors are already a complexity-and-power friendly
hardware implementation of such systems (Adhikari et al.,
2015).

IV. DISCUSSION

As presented above, biocomputing is an emerging field that has
already offered a wide range of applications, both in the
software and hardware domains. The main advantages of
biocomputing include the synthesis of low energy, parallel
computational systems, that are easily integrated in the
biological environment of interest. This ever increasing
research interest in biocomputing applications (Figure 1) could
revolutionize the field of biosensors, since it leads to devices
that implement the ‘sense-process-act’ procedure. Under this
scheme, a variety of different applications could take
advantage of biocomputing tools, from theranostic and
personalized drug-delivery systems (Tregubov et al., 2018) to
water quality assessment biosensors (Jung et al., 2022).

FIGURE 1.
Number of  Elsevier publications related to biocomputing applications
(1999-2021)
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However, there are still hurdles that should be acknowledged,
the most significant one being the low-scale information
processing ability that even modern biocomputers offer. This
threshold in computing power turns biocomputers insufficient
for building a general-purpose computer that will replicate
silicon-based microelectronic devices of the past decades.
Furthermore, questions about the scale-up demand, production
and commercialization of such technologies should be asked.
Apart from these limiting factors, biocomputing is still an area
of growth and well-suited in situations that require constant
operation and adaptation to external changes.

V. CONCLUSION

Biocomputing has been a recent field of research interest, that
aims to execute efficient computations at a molecular level.
Due to the immediate relation of such systems to synthetic
biology principles, plenty of iGEM Teams have already offered
quality projects related to biocomputing, such as information
storage and transferring systems (iGEM Team Groningen,
2016) and innovative synthetic circuit technologies (iGEM
Team EPFL, 2016). Under such context, this review may serve
future iGEM Teams and researchers with the information
necessary to comprehend the main aspects, rules and
applications of biocomputing in their effort to further
brainstorm and contribute in this domain with their own
projects and research work.
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ABSTRACT 

Interleukin-10 is a cytokine that plays a central role in 

dampening the immune system. Autoimmune diseases can be 

caused by or can result in dysregulation of interleukin-10, 

which causes sudden or chronic inflammation. Administration 

of this cytokine to normalize the interleukin-10 concentration 

could therefore be used as a potential therapeutic. However, 

there is a lack of knowledge on the exact mechanism of 

interleukin-10 within autoimmune diseases. Furthermore 

interleukin-10 cannot be easily administered due to its short 

half-life and side effects. Despite these facts interleukin-10 

presents a viable option in creating novel treatments for 

autoimmune diseases. 
Index Terms - Interleukine-10, therapeutic agents, autoimmune 

diseases, immune response, iGEM 

 

I. INTRODUCTION 

 

Interleukin-10 (IL-10) is a cytokine active in regulating the 

immune response. Its primary role is to deactivate or dampen the 

immune response without damaging surrounding tissue (Howes 

et al., 2014). This is done by suppressing antigen-specific 

immunity and thus allowing for T cell tolerance (Akdis & 

Blaser, 2001). IL-10 was first described in mice as inhibiting 

cytokine production by Th1 cells. Soon thereafter came the 

discovery of BCRF, an Epstein-Barr virus gene, which closely 

resembled the IL-10 cytokine. Research suggested that the virus 

uses the IL-10 homolog, BCRF, as a means to evade the immune 

system (Moore et al., 2001), characterizing the central role of 

IL-10 in the human immune system. 

 

IL-10 is the founding member of its cytokine family which 

consists of nine members: IL-10, 5 members of the IL-20 

subfamily and 3 cytokines that are commonly classified as type 

III interferons. The members of the IL-10 family are all 

produced by both adaptive and native immune cells and regulate 

the immune response (Ouyang & O’Garra, 2019). The 

involvement of specifically IL-10 is demonstrated in many 

different disease states, both in animal models and humans with 

mutations in IL-10 (Iyer & Cheng, 2012). However, how this 

cytokine can be used as a therapeutic agent is still being 

reviewed. 

Since IL-10 lowers the inflammatory host response, it is co-

responsible for preventing inflammation in autoimmune 

pathologies. Hence why dysregulation of IL-10 is known to be 

the cause of some autoimmune diseases. However, because of 

the broad diversity in autoimmune diseases, IL-10 plays a 

varying role. Systemic Lupus Erythematosus patients have 

shown high levels of IL-10, while during allergic Asthma 

reactions, the relevant cells have shown to produce reduced IL-

10 levels (Iyer & Cheng, 2012). The unbalance, however, 

suggests the potential of (artificial) IL-10 administration in 

autoimmune disease patients. 

 

In this review, the questions that currently still exist regarding 

IL-10 biology will be discussed. We will discuss the latest 

developments related to the metabolic regulation of IL-10. 

Furthermore, we summarize the applications in which IL-10 has 

the most potential and is already in use. Finally, we highlight the 

challenges we are facing while using IL-10 as a possible 

therapeutic agent in autoimmune diseases. 

 

II. METABOLIC REGULATION OF IL-10 

  

IL-10 is produced by a wide range of cells including, but not 

limited to, monocytes, macrophages, CD4+, CD8+ and dendritic 

cells (Couper et al., 2022). Although always present in low 

concertation (Sarris et al., 1999), Il-10 production can be 

initiated by various stimuli (Saraiva et al., 2019). Production in 

myeloid cells for example can be caused by the presence of a 

microbial product recognized on pattern recognition receptors 

or can be caused by the presence of cytokines, like type I 

interferon, produced by other immune cells. T cells, on the other 

hand cannot directly react to the presence of pathogens and 

instead solely depend on the presence of cytokines (Board et al., 

2016). However, the exact mechanisms triggering these systems 

remain largely unclear. 

 

Since IL-10 plays a central role within the regulation of the 

immune response, an IL-10 deficiency could lead to sudden, 

chronic or excessive infections, as pathogens are let through the 

human immune mechanisms. Furthermore, a heightened 

concentration of IL-10 has been shown to increase the risk of 

autoimmune diseases.(Iyer & Cheng, 2012). 
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The way Il-10 minimizes the host’s infection is dependent on 

the affected cell. For example , IL-10 inhibits the cytokine 

production of Th 2 cells, which in turn regulates the production 

of inflammatory cytokines such as, IL-4, IL-5 and IL-13. 

Another example is IL-10 inhibiting the expression of most 

inducible chemokines that cause inflammation (Moore et al., 

2001). These two examples are simplifications, and the full 

effect of IL-10 as an anti-inflammatory cytokine is much more 

complex and involves many more positive, negative and self-

regulatory mechanisms (Saraiva et al., 2019). 

 

III. APPLICATIONS OF IL-10 AS A THERAPEUTIC 

AGENT 

 

IL-10 has inhibitory effects on multiple proinflammatory 

cytokines by indirectly inhibiting their production such as tumor 

necrosis factor (TNF) (Clarke et al., n.d.). Besides, IL-10 

promotes wound healing and down-regulation of MHC class II 

cells (Ouyang & O’Garra, 2019; Peranteau et al., 2008) 

Therefore IL-10 is able to adjust the function of 

proinflammatory cytokines in vivo and in vitro. As a result, IL-

10 has been viewed as a potential agent to treat multiple 

inflammatory diseases (Minshawi et al., 2020). 

 

Enhancing IL-10 levels to treat diseases is being researched for 

a number of different diseases but is best understood in 

inflammatory bowel disease (IBD) and cancer, see TABLE 1. 

The relation between IL-10 and IBD was shown when IL-10 

deficient mice developed colitis (Kühn et al., 1993). Due to the 

ability of IL-10 to induce repair of the epithelial cell layer 

(Quiros et al., 2017) caused by the inflammation and inhibition 

of the inflammatory responses during IBD, the treatment with 

IL-10 is favorable. Besides, pegylated IL-10 stimulates CD8+T 

cell expansion and activation, which in turn triggers IFN-ɣ 

secretion and therefore solid tumor suppression. 

 

Furthermore, researchers show that for different autoimmune 

diseases, the corresponding IL-10 response is strikingly diverse 

(Iyer & Cheng, 2012). Meaning that the efficiency of IL-10 

administration differs among the disorders. One explanation for 

this is the difference in IL-10 surplus and deficiency. Both are 

common in auto-immune diseases yet, IL-10 deficiency as seen 

in IBD suggests, and has shown (Fedorak et al., 2000), to yield 

better and more efficient results after manual IL-10 

administration. In other cases IL-10 effects might not be strong 

enough to cancel the pro-inflammatory workings of other 

cytokines present during the disease. Lastly, it has been 

suggested that individual phenotype and severity of the disease 

influences effectiveness of IL-10 (Marlow et al., 2013). 

Role of IL-10 Application area 

Repairing the epithelial cell 

layer 

Inflammatory bowel 

disease (IBD) 

Triggering IFN-ɣ secretion Cancer tumour suppression 

TABLE 1: Applications of IL-10 as therapeutic agent and its 

specific roles in treating the disease. 

 

IV. CHALLENGES RELATED TO IL-10 AS 

THERAPEUTIC AGENTS 

 

Although the potential of IL-10 in a clinical application has been 

demonstrated, many challenges still remain. No clinically 

approved therapy manipulates IL-10 family cytokines (Ouyang 

& O’Garra, 2019). 

 

A significant drawback, which withholds clinicians from using 

IL-10, is that the biologically active form of such a molecule is 

an unstable homodimer. As a result, IL-10 has a short half-life 

and is easily degraded in vivo (Minshawi et al., 2020). To use 

IL-10 as a potential therapeutic agent, it is therefore necessary 

to continually administer small doses to maintain the wanted 

concentration. 

 

Furthermore, research has shown that, although small 

concentrations are safe and overall well tolerated, high doses of 

IL-10 are associated with systemic side effects like fever, 

headache and malaise (Tilg et al., n.d.). Most of these side-

effects however are temporary and mild to moderate and 

disappear after the cancelation of the treatment (Colombel et al., 

2001). 

 

The last difficulty that presents itself is the complexity of the IL-

10 mechanism. New research suggests that IL-10 is not solely 

immune inhibitory but can also stimulate the immune response 

in some immune diseases (Colombel et al., 2001), and cancers 

(Naing et al., 2016). A proposed explanation is that IL-10 also 

induces pro-inflammatory cytokine production, which may be 

heightened in presence of other proteins, like disease-specific 

antibodies (Lu et al., 2021). This is an unwanted effect when 

using IL-10 as a therapeutic agent. However, much remains 

uncertain on this effect of IL-10. 

 

V. CONCLUSION 

 

There are still obstacles that need to be addressed before IL-10 

can be used clinically. The main challenges are the complexity 

and thus uncertainty regarding some of IL-10’s mechanisms and 

the lack of representative immune system models in mice. 

Therefore, there needs to be a focus on further understanding of 

the exact mechanisms of each autoimmune disease in humans 

before it can be used as a therapeutic. Despite the current 

challenges, IL-10 has large potential as a therapeutic agent when 

filtering out the patients with a disease phenotype that causes 

dysregulation in the IL-10 mechanisms and consequently an IL-

10 deficiency. 

 

VI. RESEARCH ELABORATIONS 

 

The information and data obtained for this review was obtained 

using google scholar and PubMed. 
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Abstract- Observing bacterial development in real time has 

always been a major challenge in research. In this context, 

bacterial bioluminescence is a useful tool for studies. It is 

commonly used as a biosensor for toxic chemical detection. 

Different genetic constructions, involving mainly the Lux 

operon, were created and tested over time to improve the 

bioluminescence system, modifying bacteria so that they 

could produce their own light. However, those genetic 

constructions were always too weak to allow single-cell 

imaging. A new genetic construction called iLux, an 

improvement of the Lux operon, was designed by Carola 

Gregor and her team in 2017 to address this problem. 

Thus, bacterial bioluminescence can now be used to study 

bacterial development and spread inside host organisms. 

This is a promising advance for a better understanding of 

bacterial pathogenesis pathways, with a focus on Dickeay in 

this article, and for testing new cures against bacterial 

diseases. An improvement of iLux operon to make it more 

adaptable is in progress. 

 

Index Terms- bioluminescence, bacteria, iLux, pathogenesis, 

luciferase 

 

I. INTRODUCTION 

 

Observing bacteria in vivo has always been a big 

challenge within the global scientific community, and its 

understanding would help fight infections or diseases to protect 

any type of living organisms. A real challenge would be to be 

able to follow bacterial infections in real time, with 

non-intrusive methods in order to collect the most  

representative data to understand them accurately. Until now, 

to observe and understand bacteria development, scientists 

have been performing many types of studies using 

fluorescence, with the broadly used GFP reporter gene. 

However, this method does not always provide quantitative and 

accurate results concerning in vivo studies of bacteria, since 

living organisms produce autofluorescence, which can interfere 

with the GFP fluorescence detected and hence distort the 

reality (Teuscher et al., 2018). Thus, researchers tried to 

develop single cell bioluminescence, which could overcome 

the autofluorescence problem and could allow for the 

development of highly luminescent tools to be used for in vivo 

studies in the future. 

In 2017, single-cell bioluminescence was made 

possible thanks to the design of the iLux operon by Carola 

Gregor and her team (Gregor et al., 2018). The goal of our 

iGEM team, Fiat Lux, is to use synthetic biology to create an 

improved, more adaptable, version of the iLux operon. Hence, 

it would be easier for any scientific team to use the iLux 

operon for single-cell imaging on any bacterial strain. 

The advantage of single-cell imaging is the possibility 

of observing bacterial spread directly through living organisms' 

tissues thanks to a highly sensitive Charge Coupled Device 

camera (highly sensitive CCD camera). Thus, an all new 

research area can now be investigated, principally in crop 

sciences, animal and even human health. Understanding 

bacterial development across time and its response to 

treatments will be more precise. Some crop diseases still don’t 

have any treatment because of the difficulties in understanding 

phytobacteria evolution inside the host, as for example the soft 

rot diseases caused by Dickeya solani on potato plants 

(Czajkowski et al., 2011). The iLux operon is a hope for 

finding new cures. 

 

II. RESEARCH ELABORATIONS 

 
A. Research design and databases 

 

Research of articles was made through Pubmed’s 

platform. The main key words used to find articles were “iLux 

operon”, “bioluminescence” and “Dickeya”. Reviews of 

articles for “bioluminescence”, “Dickeya” and “soft rot 

diseases” were spotted to have a summary of known research 

so far. In order to have the newest articles, no articles before 

the year 2000 were selected. 

 

B. IVA PCR 

 

Details of the protocol are not available yet because of 

a confidential agreement. 

 

C. OE-PCR 

 

Details of the protocol are not available yet because of 

a confidential agreement. 

 

D. Synthesized oligonucleotides 

 

Details of the protocol are not available yet because of 

a confidential agreement. 

 

III. RESULTS AND FINDINGS 

  

A. iLux’s functioning 

 

The iLux operon was designed by Carola Gregor and 

her team in 2017, as a better version of the Lux operon (Gregor 

et al., 2018). The Lux operon is made of a core of five genes. 

Because it has evolved in different organisms, other genes 

were added in the Lux operon in some species of bacteria 

(Brodl et al. 2018). However, the iLux operon is only using the 

five genes from the Lux operon, which are lux A, lux B, lux C, 

lux D and lux E. LuxA and luxB code for an enzyme, a 
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heterodimeric luciferase, while luxC, luxD and luxE code for a 

fatty acid reductase complex (Fig.1). The luciferase catalyzes 

the mono-oxygenation of an aliphatic aldehyde using FMNH2 

as a redox cofactor. This reaction needs O2 and the excited 

FMN releases its energy under the form of light with a 

wavelength of 490 nm. The fatty acid reductase complex is a 

complex of three different proteins which are an acyl-reductase 

(luxC), an acyl-transferase (luxD) and an acyl-synthetase 

(luxE). In order to produce light in a continuous way, the 

bacterium needs to recycle FMN and the mono-oxygenated 

aliphatic aldehyde, into FMNH2 and an aliphatic aldehyde 

respectively. The fatty acid reductase complex regenerates the 

fatty acid, while FMN is reduced by either another Lux operon 

gene (lux G) or by a genomic bacterium gene. In order to 

improve the reduction of FMN, Gregor and her team added the 

frp gene after luxCDABE. The frp gene is a NADPH-flavin 

oxidoreductase from V. campbellii. The operon assembling 

luxABCDE from P. luminescence and frp was mutated using 

error-prone PCR. 

The iLux operon created is therefore a combination of 

luxA with K22E, T119A and S178A mutations ; luxB with 

S13P, V121A and N259D mutations ; luxC with N10T, N59D, 

E74D, S256P, M355T and N230D mutations ; luxD and luxE 

without any mutations ; frp with M213L, R242L and K256R 

mutations. 

 
FIGURE 1. 
Bioluminescence pathway of iLux operon. (Adapted from Brodl and al., 2018) 

 

B. Improvement of iLux’s adaptability 

 

Our iGEM team, Fiat Lux, decided to adjust the iLux 

operon according to iGEM’s competition in order to create a 

universal bioluminescence system. It will satisfy the BioBrick 

convention, making the change of plasmid and the use in 

different bacterial strains easier (Shetty et al., 2008). Directed 

mutagenesis was successfully realized using IVA PCR to erase 

EcoRI and XbaI restriction sites within the operon (Fig.2) and 

adding a BioBrick suffix and prefix around it. Because of the 

operon’s size, six parts were created through that IVA PCR. 

Thanks to an overlap extension PCR (OE-PCR), their numbers 

were reduced to three : one with luxCD, one with luxABE and 

one with frp. They were supposed to be joined again using 

OE-PCR. However, this time OE-PCR wasn’t successful. 

Hence, a different approach was taken. LuxABE was kept and it 

was joined through OE-PCR to frp and luxCD, which we 

synthesized artificially without problematic restriction sites. 

Thanks to the BioBrick prefix and suffix, the change of vector 

for the iLux operon is now easier. 

 

 
FIGURE 2. 

iLux operon in pGex(-)xAmp vector containing problematic restriction sites. 

 

C. Dickeya’s pathogenesis pathway 

 

Dickeya’s bacterial strains are known for being 

phytopathogens. In Europe, one of the most common Dickeya 

strain found in fields is Dickeya solani which can infect potato 

plants (Blin et al., 2021). Dickeya solani’s and other Dickeya’s 

phytopathogenic pathways aren’t fully understood yet. The 

phytopathogenic mechanisms are known, but the spread 

mechanism of bacteria inside the host isn’t. 

For now, the indicator of Dickeya’s infection and 

spread are side effects of the infection. “The Dickeya virulence 

strategy is based on its capacity to dissociate the plant cell wall 

and, for this, the bacteria secrete an extensive set of 

polysaccharide degrading enzymes, composed mostly of 

pectinases.” (Hugouvieux-Cotte-Pattat, 2016). Hence, the 

examination of plant tissues, which is the only way to locate 

the infection for now, is based on the recognition of soft rot 

tissue caused by cell wall dissociation. 

 

IV. DISCUSSION 

 

iLux operon has the advantage of being autonomous, 

producing its own enzymes and regenerating the products into 

new reactives allowing “infinite” bioluminescence as long as 

the bacterium has enough ATP. The presence of FMNH2 is not 

problematic because this luciferin is present in every 

bacterium. It is produced through a biosynthetic pathway in 

which riboflavin is a precursor (García-Angulo et al., 2017). 

Gregor and her team inserted their iLux operon into 

the vector pQE(-) and expressed it in E.coli Top10. They used 

this vector because it was the one that increased the 

bioluminescence activity for the Top10 cells the most. 

However, this construction is not suitable for every bacterial 

strain. Indeed, each bacterial strain has a relative affinity for 

each plasmid, modulating the induced bioluminescence 

activity. The conformation of the iLux operon was not 

convenient to allow its change to another vector. Firstly, 

synthesizing the iLux operon is not an easy solution because of 

its size (6605 bp). Usually, oligonucleotide synthesized 

fragments are 1kb long. To synthesize bigger DNA fragments, 

ligation and/or recombination steps are necessary (Notka et al., 

2011). It represents a considerable cost in terms of money and 
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time for teams to adapt iLux into a specific vector for the 

bacterial strain they will use. Secondly, extracting the iLux 

operon from pQE(-) and inserting it in another vector is 

complex. In fact, lots of restriction sites are contained within 

the operon. A need for the standardization of the operon 

became apparent to help further studies, which was fulfilled by 

the BioBrick convention. 

The improvement of iLux’s adaptability was 

successful. But even if inserting the new iLux operon is quick 

and easy, additional research should be done to understand, for 

each bacterial strain, which vector should be used. In fact, the 

bioluminescence pathway is ATP-consuming which can 

negatively affect either growth or cell division. Hence, using 

the iLux operon to study and try out treatments on a 

phytopathogenic bacterial strain is possible if the vector 

carrying the operon is in a quantity that doesn’t use too much 

ATP. Otherwise, growth or spread pathways could be 

negatively regulated, falsifying results. However, if the vector 

doesn’t negatively affect those two pathways, then using a high 

sensitive CCD camera allows the tracking of the infection 

without interfering with the host integrity. Knowing over time 

where bacteria are spreading, how long they live in an infected 

tissue, and how long it takes for the soft rot phenotype to 

appear, are key pieces of information to find cures. Moreover, 

when a treatment (biological or chemical) needs to be tested, it 

will be easier to understand the effects on the phytopathogenic 

bacterial strain over time. Knowing with precision the 

consequence of treatments on bacteria is also promising for 

environmental protection. Indeed, it will be easier to find the 

best concentrations of a product to apply for its efficacy to be 

at the minimum needed level, preventing the use of 

unnecessary products in fields, which could possibly cause 

environmental problems. 

 

V. CONCLUSION 

 

The creation of the iLux operon is a breakthrough for 

the pathogenic research field. Thanks to the BioBrick 

convention, the iLux operon modified by Fiat Lux allows 

teams to work with it, in an easier and more efficient way. An 

open-source data collection inventorying each typical bacterial 

strain and the corresponding vector, in which inserting the iLux 

operon would not impact the bacterial life pathway, would be a 

great help for the scientific community. 

Furthermore works on the iLux operon could be done, 

focussing particuliary on the luciferase coded by luxA and 

luxB, which kinectics datas are still undocumented so far. 

Diseases, such as the soft rot disease in potato plants 

caused by Dickeya solani, still do not have any treatments 

nowadays. The use of the iLux operon would allow the 

collection of data on infection evolution through time and 

treatments to better understand the general pathogenic pathway 

of bacteria. With a better understanding of pathogenic bacteria, 

the iLux operon gives hope to find new treatments. 
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Abstract- Photothermal therapy (PTT) is a promising novel 

treatment for head and neck cancers. In PTT, metallic 

nanoparticles (NPs) are used to convert light energy of a 

laser to heat, which causes cell death in the surrounding 

tumour tissue. The composition, morphology, and size of 

these NPs influences the safety and efficacy of PTT. This 

review concludes that the optimal NPs for PTT have a 

bimetallic composition with a silver core and golden shell, a 

star-shaped morphology, and a size between 5 and 150 nm. 

Depending on size, these nanoparticles have properties 

required for PTT, such as an optimal photothermal 

conversion efficiency in the near infrared region (NIR), 

efficient tumour uptake, low accumulation in other organs, 

and prevention of immediate clearance. Before metallic NPs 

can be applied in PTT, a suitable method of synthesis must 

be developed, next to tumour targeting strategies and 

coatings. The efficacy and safety should be determined using 

animal models, organoids, and clinical trials. 

 

Index Terms- Head and neck cancer, metallic nanoparticles, 

near infrared light, photothermal therapy 

 

I. INTRODUCTION 

 

Yearly, over 3000 patients in the Netherlands get the diagnosis 

of head and neck cancer (HNC) (Nederlandse Kankerregistratie, 

2022). The treatment of HNC is very dependent upon the type 

and stage of the cancer, but it often includes a combination of 

radiotherapy, surgery and systemic therapy (Mody et al., 2021). 

This can come with severe consequences, such as toxic side-

effects or (partial) loss of speech. 

 

A promising new treatment for HNC is photothermal therapy 

(PTT). PTT is based on the conversion of light energy of a near 

infrared light (NIR) laser to heat, which causes cell death in the 

surrounding tissue (Chen et al., 2019). Multiple photothermal 

agents can be used to achieve this effect, and important traits for 

these agents are a specificity for tumour cells and high 

photothermal conversion efficiency (PCE). (Han & Choi, 2021). 

 

Metallic nanoparticles (NPs) can be used as a photothermal 

agent for PTT due to surface plasmon resonance (SPR). This 

describes the oscillation of free electrons at the surface of a 

metal in resonance with an electromagnetic field applied to its 

particles. The oscillation of electrons is converted to localized  

 heat (Lv et al., 2021). The use of NPs makes it possible to utilise 

the SPR effect by targeting tumour cells specifically.  

 

Several clinical trials have been conducted with nanomaterial-

mediated PTT by the company AuroLase®, using silica-gold 

nanoshells (Han & Choi, 2021). A trial for prostate cancer 

showed promising results in tumour reduction (NCT02680535), 

which indicates the effectiveness of PTT as a treatment for 

cancer.  

 

A trial on refractory and/or recurrent HNC tumours was not 

completed as patients showed side-effects (NCT00848042). 

These clinical trials show that PTT is a promising new therapy, 

where optimization of the treatment is needed to increase the 

efficacy and decrease the side effects.  

 

By optimising the NPs in PTT treatment, a more successful 

cancer therapy could be found for this group. The composition, 

morphology and size of the NPs influence the light to heat 

conversion due to a change in the SPR effect. The composition 

of the NPs also influences their toxicity and stability. The aim 

of this literature review is therefore to discuss the optimal 

morphology, size and composition of metallic NPs for the use in 

PTT. 

 

II. METHODS 

 
The Google Scholar search engine is used, with the following 

key words in varying combinations: bimetallic, nanoparticles, 

photothermal therapy, surface plasmon resonance, synthesis, 

gold, silver, head and neck cancer, morphology, shape, 

composition, size. Included studies must have been published in 

the past 15 years and be peer-reviewed. They can be 

experimental studies or reviews. Studies published before 2007 

and non-English publications are excluded from this review. 

 

III. RESULTS AND FINDINGS 

  

A. Composition 

 

 

 Metallic NPs can be used in PTT due to the SPR effect which 

describes the conversion of light into heat by oscillation of 

electrons. Noble metals have a strong SPR effect, which makes 

them effective in producing heat and therefore a good candidate 

for use in PTT (Lv et al., 2021).  

 

Gold is the most explored noble metal for PTT because the metal 

requires low radiation energies due to its optical-thermal 

conversion efficiency. The low radiation energies make PTT 

less invasive (Jabeen et al., 2014). In addition, gold 

nanoparticles have an excellent photostability, low cytotoxicity 

and are biocompatible, which is beneficial for their use as a 

medical treatment (Hwang et al., 2014). Silver materials have 

also gained attention recently for the use in PTT due to low 

toxicity and a better heat conductivity than other metals (Boca 

et al., 2011). Combining silver and gold into bimetallic NPs 

offers unique optical properties, which cannot be found in 

monometallic NPs. The SPR effect of these bimetallic NPs is 

stronger and the absorption spectra are broader (Boote et al., 
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2014). To obtain NPs which have the advantages of silver and 

gold, without the drawbacks of both metals, the core of the 

particle should be silver and the so-called shell should be gold 

(Calderon et al., 2021). These properties make bimetallic NPs 

preferred for the application of PTT. 

 

 
B.  Morphology  

 

The morphology of metallic NPs significantly influences their 

physical properties and therefore affects the possible application 

in photothermal therapy. The optimal absorption of the NPs is 

in the near infrared region (NIR) between 750 and 900 nm, due 

to the maximal penetration depth in the tissue and the minimal 

absorption by biomolecules in the skin and the blood (Hwang et 

al., 2014). Next to this, NPs with an optimal absorption in the 

NIR region can be activated with an infrared laser, which makes 

it possible to apply the treatment at a specific place in the body 

(Lv et al, 2021). A great diversity of NP shapes is possible, 

varying from spheres to cubes, rods, wires, and cages (Xie et al., 

2010).  

 

Spherical NPs made of only gold have a characteristic 

absorption at 500-600 nm, which is in the visible spectrum. 

However, changing the shape to a non-spherical one can shift 

the absorption to the NIR region between 750 and 900 nm (Xie 

et al., 2010). The most common morphology of pure gold NPs 

with absorption in the NIR region are nanorods. These NPs 

exhibit two wavelength bands, caused by longitudinal and 

transverse oscillation of electrons, of which the stronger 

longitudinal wavelength band is in the NIR region (Huang et al., 

2007). Gold nanorods have been shown to be effective in vivo 

in ablating ovarian tumour cells (Jang et al., 2012).  

 

Gold nanocages are cubes with hollow interiors and porous 

walls. NPs of this shape have a variable SPR effect depending 

on the amount of added metal precursor and can therefore be 

tuned to exhibit absorbance in the NIR region (Skrabalak et al., 

2018). The use of golden nanocages in PTT has been shown to 

be promising with an in vivo study. In this study, golden 

nanocages of 45 nm were used with an LSPR of 810 nm. They 

were coupled to an antibody targeting the epidermal growth 

factor (EGFR) that is overexpressed on breast cancer cells. This 

caused cellular death of breast cancer cells after irradiation with 

a laser (Chen et al., 2007).  

 

Another morphology of gold NPs showing absorption in the 

NIR region are so-called nanostars, or branched NPs. They 

consist of a core with sharp tips, where the size of the tips 

influences the optical properties (Hao et al., 2007). Applied 

electrical fields can be enhanced near the tips of the stars, 

leading to heat generation. Therefore, a nanostar with long tips, 

called a nano-urchin, can cause effective photothermal ablation 

(Liu et al., 2013). Next to this, nanohexapods (nanostars with 6 

spikes) have shown greater tumour uptake and photothermal 

conversion efficiency than gold nanorods and nanocages (Vines 

et al., 2019) 

 

 
 
FIGURE 1. 
Schematic representation of possible shapes of nanoparticles. The shapes are 

based on the review of De Berardis et al. (2020). 

 

Besides gold NPs, the shift of absorbance from the visual 

spectrum to the NIR region also occurs in bimetallic NPs, such 

as those with an iron oxide core and a gold nanoshell. These 

particles in solution have been irradiated with NIR light with a 

centre wavelength of 808±10 nm leading to an increase of the 

temperature of the solution (Ji et al, 2007). Nanostars made of 

silver and gold also exhibit absorption in the NIR region as these 

show an absorbance peak at 949 nm (Joseph et al., 2019).  

 

To conclude, the absorbance of gold and bimetallic NPs can be 

shifted from the visual spectrum to the NIR region by changing 

the shape from spherical to a nanorod, nanoshell, nanocage, or 

nanostar, where nanohexapods are the most optimal morphology 

for PTT due to their great tumour uptake and photothermal 

conversion efficiency (Vines et al., 2019). 

 

C. Size 

 

suitable the particles are for photothermal therapy. Firstly, the 

nanoparticle distribution in the body after intravenous injection 

is influenced by the size of the NPs. NPs larger than 200 nm get 

removed by the reticuloendothelial system, which causes direct 

clearance and thereby an ineffective therapy (de Barros, 2012). 

Research by Moghimi et al. (2012) suggested that filtration by 

the reticuloendothelial system can be avoided by using NPs 

smaller than 150 nm. However, NPs of a size under 10 nm, are 

also unsuitable for photothermal therapy, since they quickly get 

filtered out of the body by the renal system due to their small 

size (Zuckerman, 2012).  

 

Additionally, accumulation of NPs at sites outside of tumour 

tissue is undesirable, since this can have cytotoxic effects. The 

largest accumulation of NPs occurs in the heart, the liver, and 

the spleen (Dreaden, 2012). Several studies have been 

conducted to discover at what size NPs accumulate least. In the 

research of Jong et al. (2008) mice were intravenously injected 

with gold NPs of size 10, 50, 100 and 250 nm. After 24 hours, 

the amount of gold NPs in the blood, heart, lung, thymus, liver, 

spleen, kidney and brain was measured and it was observed that 

most NPs accumulated in the liver and spleen. The particles with 

a size of 10 nm accumulated in almost every organ, while the 

larger particles were only found in the blood, liver, and spleen. 

Interestingly, the particles with size of 50 nm showed the lowest 

accumulation in the liver and spleen compared to all other sizes. 

Research of Sonavane et al. (2008) found similar results after 

injecting mice with 15, 50, 100, and 200 nm NPs. 15 nm NPs 

accumulated most throughout the tissues, while the 50 nm NPs 

had the lowest accumulation in the liver and spleen.  

 

Another factor that influences the efficiency of PTT is how well 

the particles are able to reach the tumour cells. Due to the leaky 

vasculature and the poor lymphatic drainage around tumours, 
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the interstitial fluid pressure in tumours is high (Hoffman, 

2006). This pressure is higher at the core of the tumour, making 

it harder for NPs to reach the centre. A model of tumour tissue 

has shown that NPs of 12 nm are better at penetrating the tumour 

than larger particles (Chauhan, 2012). An in vivo study by 

Natarajan et al. (2008) confirmed these results, in which tumour 

targeting was compared for NPs of size 20, 30, and 100 nm. 

They found that the 20 nm particles were more efficient at 

targeting the tumour than their bigger-sized counterparts. 

However, the NPs of 20 nm did have a lower heating capacity 

than their bigger-counterparts, which is another aspect that 

needs to be considered.  

 

Hence, the range for NPs suitable for PTT lies between 10 and 

150 nm and within this range certain sizes are more favourable 

for certain aspects. While NPs of 50 nm show lower 

accumulation in the liver and spleen, NPs around 20 nm are best 

at reaching tumour tissue. Therefore, it is not agreed upon what 

the ‘ideal’ size for NPs is. 

 

IV. DISCUSSION 

 

In order to realise NPs with optimal composition, shape and 

size, a suitable method of synthesis must be developed. With 

current techniques this is hard to accomplish chemically, for 

the reason that golden spikes will be reduced quicker than 

silver, which leads to the formation of NPs with a golden core 

and silver spikes. These NPs are less preferred for PTT as 

explained earlier (Calderon et al., 2021). Moreover, the 

preparations of NPs are usually carried out by various physical 

and chemical methods like laser ablation, pyrolysis, 

lithography, chemical vapour deposition, sol-gel technique, 

and electrodeposition which are very expensive and hazardous. 

Using these methods also leads to the presence of some toxic 

chemicals absorbed on the surface that may have adverse 

effects in applications (Roopan et al., 2014).  

 

After completing synthesis of the NPs, several aspects need to 

be further researched and taken into account. Firstly, different 

methods for the administration of the NPs need to be explored. 

Some known strategies are intra-tumour injection, active 

targeting, biometric targeting and programmed targeting (Zhao 

et al., 2021). In addition, different coatings should be tested. 

Polyethylene glycol is a coating with high potential to use 

successfully and safely on golden NPs for drug purposes 

(Zamora-Justo et al., 2019). Over and above that, the 

distribution through the body and the natural clearance of the 

NPs should be checked in animal models. Additionally, the 

cytotoxicity could be tested on organoids before entering the 

clinical trials (Angela L Caipa Garcia, 2021). After finalising 

the preclinical experiments, the newly developed therapy for 

PTT should be tested in the clinical trials, including 

additionally needed devices, e.g. NIR lasers. In the course of 

these trials efficacy and adverse effects will be tested on test 

patients. 

 

V. CONCLUSION 

 

To conclude, the optimal NPs for PTT have a bimetallic 

composition with a silver core and golden shell, combining the 

best of both worlds.The optimal morphology is likely to be a 

nanohexapod due to their good tumour uptake and photothermal 

conversion efficiency. NPs of a size between 10 and 150 nm are 

optimal, where NPs of 50 nm show lower accumulation in 

organs, and NPs under 30 nm are best at reaching the tumour 

tissue. More research is needed on the synthesis of the optimal 

NPs. Before the NPs can be utilized in PTT, the options for 

administration and coatings should be explored, and research is 

needed on the distribution through the body and the cytotoxicity. 

might elaborate on the importance of the work or suggest 

applications and extensions. 
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ABSTRACT 

This year, as a part of the iGEM competition, MSP-Maastricht 

has decided to tackle the ongoing issue of water scarcity, both 

locally and globally, by developing a biosynthetic approach to 

water desalination. The aim is to accomplish this by genetically 

modifying marine bacteria, such that the organism will be able 

to take up larger quantities of salt through two cellular pumps. 

The NpHR pump will be utilised for the removal of Cl⁻, whilst 

a pH-dependent antiporter will be responsible for the removal 

of Na+. The pump activity will be controlled by exposing light 

of a specific wavelength to the bacteria, which will be 

immobilised and embedded in a sol-gel medium, facilitating 

potential industry applications. This paper addresses previous 

iGEM teams’ attempts at similar projects, their shortcomings, 

and how MSP-Maastricht aims to address these in this year’s 

project. Furthermore, this paper functions as a literature 

review, providing an overview of the design of MSP-

Maastricht’s project. 

 

Index Terms - Biodesalination, iGEM, cyanobacteria, genetic 

engineering, literature review 

 

I. INTRODUCTION 

 

Water scarcity is today more than ever a modern issue. Climate 

change has led not only to a decrease in the amount of freshwater 

available, but it has impacted its quality as well (Ma et al., 2022). 

Moreover, the impact has gotten larger and more urgent, not 

only in developing countries but in countries such as Italy, 

Spain, and Portugal as well, which are currently affected by 

extreme droughts (Cresswell-Clay et al., 2022; Jones, 2022). To 

combat this, restrictions in usage of freshwater are being 

implemented (Schauenberg, 2022). As this issue grows in 

urgency, so does the global interest towards innovative, 

sustainable solutions that could solve the water scarcity issue. 

Various iGEM teams have attempted to address this challenge, 

by developing projects in which saline water could be converted 

into freshwater through the process of biodesalination (Minas et 

al., 2015). 

This article is a literature review and evaluation of the past 

iGEM teams’ biodesalination projects, followed by future 

prospects and the current biodesalination project being 

conducted by the MSP-Maastricht team. For the final evaluation 

of the current state of research, various factors will be kept into 

account, such as the chassis organism chosen and the gene(s) 

that have been integrated in said organism. Through secondary 

research and expert interviews, it is clear that for a synthetic 

approach to be made into a scalable prototype for 

biodesalination some criteria must be met. Firstly, an ideal 

organism possessing features such as being axenic, easy 

manipulation, a naturally high salt tolerance and a sequenced  

 

genome must be chosen. Secondly, the energy costs needed for 

the biodesalination methods should also be as low as possible, 

in order to make it competitive with the costs and sustainability 

of current desalination methods (Kevin Watkins, 2006). 

 

II. RESEARCH ELABORATIONS 

  

A. Research design 

Research was done through the use of the projects database 

provided by igem. Additionally, databases such as 

“WebofScience” or “GoogleScholar” were employed. When 

using these search engines, specific keywords were used, such 

as “biodesalination”, “cyanobacteria” or “Na⁺ influx pumps”. 

 

III. RESULTS AND FINDINGS 

Colorado State University 2013 

Colorado State University was the first iGEM team to attempt 

biodesalination. The project involved the genetic modification 

of S. cerevisiae to remove all pumps responsible for efflux of 

ions out of the cell, with particular attention to those removing 

Na⁺. Additionally, light activated channelrhodopsins (ChR2 and 

ChEF) were used to increase sodium uptake ability of the cell 

(Lin, 2011; Nagel et al., 2003). The imported salt would have 

then been stored in the vacuole. In addition to 

channelrhodopsins, Na+/H+ antiporters were introduced in the 

cell. The NHX1 antiporter was chosen, since it is already present 

in the vacuole membrane of the organism (Zhu et al., 2016). 

However, NHX1 is less specific than other antiporters, meaning 

that the sodium movement rate across the vacuole membrane 

was lower. Thus, NHX1 was overexpressed in the chosen 

organism in order to compensate for its low specificity. The final 

product was not tested, as the Gibson assembly was not yielding 

positive results. 

 

Shanghai 2015 

The Shanghai 2015 iGEM team took inspiration from Amezaga 

2014 et al. Their idea was to modify Synechocystis sp. PCC 6803 

to express a Cl⁻ halorhodopsin pump (NpHR) and more Na⁺ ion 

channels. Two different NpHR promoters were chosen, namely 

PcpcG2 and Pdark. The former induces transcription upon green 

light exposure, the latter upon absence of light; these two 

promoters were chosen to ensure efficiency in both presence or 

absence of light. In their results the team mainly focuses on the 

Synechocystis with the Pdark promoter then the ones with 

PcpcG2 promoter. In the first sets of data, Na⁺ and Cl⁻ were 

measured at different time intervals during the desalination 

stage. It was observed that there was an obvious decrease at the 

beginning, followed by a rise, which was consistent with the 

expected process controlled by Pdark. After adjusting the 

measurement, it was shown that Na⁺ concentration decreased by 
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1.75 g/L and Cl⁻ concentration by 3 g/L after 10 hours with the 

Pdark promoter.  

 

Aachen 2017 

In 2017, the Aachen team worked on modifying yeast in order 

to increase salt accumulation into yeast vacuoles. The chosen 

organism was S. cerevisiae, previously used by CSU in 2013. 

Na⁺ efflux mechanisms (ENA1 and NHA1) were knocked out, 

while native Na⁺ and Cl⁻ ion transporters (NHX1 and GEF1 

respectively) were overexpressed. This would lead to an 

increase in NaCl uptake into the prevacuolar compartment, and 

reduced leakage of said ions back into the external environment 

(Gaxiola et al., 1999). Additionally, a vacuolar ion transporter 

from a salt tolerant plant was incorporated into their gene 

construct (AtNHXS1) (Sottosanto et al., 2007). This gene codes 

for an antiporter that exchanges H⁺ ions with Na⁺ ions to move 

Na⁺ ions against their concentration gradient into the vacuole 

(Rodríguez-Rosales et al., 2009; Sottosanto et al., 2007). In 

order to maintain this exchange, elevated levels of H⁺ had to be 

maintained in the vacuole. To achieve this, the AVP1 gene was 

inserted in the gene construct. This protein has many capacities, 

however here it was chosen for its property of vacuole 

acidification, which would allow high H⁺ levels in the vacuoles 

(Schilling et al., 2017). This project had a rather successful 

outcome, as salt content of seawater was decreased by ~39%. 

 

Kyoto 2018 

In this project, yeast, namely S. cerevisiae, was once again used 

to desalinate water by transporting sodium ions into the vacuoles 

of yeast. However, a yeast used to brew soya sauce, 

Zygosaccharomyces rouxii, was also used. This yeast possesses 

naturally high salt tolerance; therefore, it was chosen with the 

intention of incorporating some of the genes yielding this high 

salinity stress resistance into S. cerevisiae (Hou et al., 2013). As 

glycerol was found to be an important molecule in regulating the 

osmotic stress of S. cerevisiae, the genes chosen were ZrGPD1, 

a glycerol-3-phosphate dehydrogenase, and ZrFPS1, a glycerol 

transporter. (Costenoble et al., 2000). Additionally, Mangrin, a 

mangrove protein, was included in the gene construct as well, 

for its ability of repairing other cellular proteins damaged by 

salt, (Yamada et al., 2002). 

As in previous projects, Na⁺ efflux pumps were knocked out, 

namely NHA1, ENA1, ENA2 and ENA4. Furthermore, 

AtNHXS1 and SseNHX1, Na⁺/H⁺ antiporter genes, were added. 

The AVP1 gene (previously mentioned) increases H⁺ 

concentration within the vacuole, allowing the antiporters to 

work as efficiently as possible. However, during the project it 

was found that overexpressing plasmids led to ERAD 

(Endoplasmic Reticulum-Associated Degradation) which 

significantly inhibited growth of colonies, or rendered it 

impossible in some cases (Vembar & Brodsky, 2008). Despite 

this issue, it was still observed that when lacking all Na⁺ efflux 

pumps, the cells were able to reduce the salt concentration of the 

medium by 80 mM Na⁺. 

 

Linkoping 2021 

Linkoping aimed to use phototrophic organisms to desalinate 

saltwater for agricultural use. Synechocystis sp. PCC 6803, a 

cyanobacterium, was chosen as a chassis organism (Yu et al., 

2013). This cyanobacterium was engineered to express 

halorhodopsin, an inward directed Cl⁻ pump, channelrhodopsin, 

an ion channel incorporated to allow influx of Na⁺, and CBD, a 

cellulose binding domain, meaning a surface protein that binds 

to cellulose (Deisseroth & Hegemann, 2017; Dutta et al., 2015; 

Linder & Teeri, 1996). The combination of these parts would 

have led to inward pumping of Cl⁻, which would have in turn 

created an electrochemical gradient within the cell that would 

have caused Na⁺ to flow into the cell. Additionally, expression 

of a native ion channel, MscL, was induced, to regulate osmotic 

pressure (Booth & Blount, 2012). 

 

MSP-Maastricht 2022 

In 2014 Amezaga et. al, published a paper on a potential method 

of biodesalination, in which the idea of genetically modifying 

cyanobacteria to express halorhodopsin NpHR was introduced. 

NpHR is a Cl⁻ pump activated upon exposure to 580 nm 

wavelength of light, which corresponds to the yellow/green 

visible light spectrum. Amezaga found this to be beneficial for 

biodesalination, as it reduces an organism’s ability to pump Na⁺ 

back out of the cell. This is due to the naturally occurring active 

Na⁺-ATPase pumps, which depend on ATP produced by the 

organism during photosynthesis to remove Na⁺ ions. When 

NpHR-expressing cells are exposed to green light (exclusively), 

their ability to photosynthesise is reduced, hence lowering ATP 

production. As a consequence, the cell is starved of energy, and 

Na⁺ efflux is reduced. Furthermore, the green light activating 

NpHR provides the cells with the ability to take up more sodium 

than the osmotic potential allows it. With the influx of negative 

Cl⁻ ions, the cell’s potential becomes negative, driving the 

accumulation of more positive ions, such as Na⁺. This paper 

served as inspiration and basis for the MSP-Maastricht 2022 

project. 

The chassis organism chosen for this project was a marine 

cyanobacterium, Synechococcus sp. Given the marine origins of 

the organism, compensating for salt tolerance would not be a 

concern. The chosen organism strains were PCC 7002 and PCC 

11901. Both strains are axenic, meaning that they can survive 

independently of other organisms in the ecosystem. (Zhang et 

al., 2021). Additionally, they are photosynthetic, meaning that a 

significantly lower quantity of nutrients is required; lastly, their 

genomes have been sequenced (PC7002 GenBank assembly 

accession: GCA_000019485.1; PC11901 GenBank assembly 

accession: GCA_005577135.1) allowing us to be able to work 

with these particular strains. Another reason for this choice was 

the high growth rate of both strains, with a doubling time of 2.6 

hours for PCC7002 and 2 hours for PCC11901 (Włodarczyk et 

al., 2020; Ludwig et al., 2012). 

The aim of the project is to express Cl⁻ and Na⁺ pumps in 

Synechococcus sp. to desalinate saline water into fresh water. 

This project will use a membrane pump halorhodopsin that is 

activated by light. This halorhodopsin pump will pump in Cl⁻ 

ions into the cell (Lanyi, 2012). Thanks to its light-activation 

properties, NpHR was chosen, as this would allow for regulation 

of the pump activity. For the removal of Na⁺, Na⁺/H⁺ antiporters 

will be used, namely NhaS3, NhaS4 and NhaA. All antiporters 

will be tested independently, to determine the most efficient 

combination. 

The regulating factor of these three antiporters is the pH 

gradient; additionally, the magnitude of the electrochemical 

potential difference will decide the direction of ion exchange 

(Hunte et al.,2005). As seawater shows a pH of around 8.1 and 

the intracellular pH of Synechococcus PCC 7942 being 7.16 ± 

0.03 to 7.55 ± 0.02., the gradient is maintained (Marion et al., 

2011 Ritchie, 2012). Kaplan et al. (1989) also observed that 
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when the pH of the medium containing the bacteria was changed 

from 7.0 to 8.5, there was a higher intake of Na⁺ via the NhaS3 

antiporter.  

It should be considered that cyanobacteria possess mechanisms 

that pump out excess Na⁺, since when present in high quantity it 

could lead to cell death through various pathways (Huflejt et al., 

1990; Allakhverdiev and Murata, 2008; Bhargava et al., 2003). 

To achieve this, cyanobacteria use ATP to actively pump out 

excess Na⁺ (Marin et al., 2004; Wiangnon et al., 2007). 

However, it is possible to reduce this activity by reducing the 

rate of photosynthesis, and with it ATP production. Liu & van 

Iersel (2021) observed that green light corresponds to the lowest 

rate of photosynthesis. As previously mentioned, the Cl⁻ pump 

halorhodopsin is also activated at green light providing us with 

an advantageous working set up 

Moreover, MSP-Maastricht has considered how this could 

potentially be scaled up and applied in an industrial context. 

Given the biosafety concerns and strict regulations surrounding 

GMOs, there would have to be a simple and safe way to 

introduce and remove the cyanobacteria to and from the water. 

The solution would have to meet several criteria, it would have 

to; allow the bacteria to adhere to the surface non-covalently; 

not interfere with ions; and be easily producible. This is 

attainable when using surface imprinting techniques. Such 

techniques are mostly applied in biosensors, in which they create 

synthetic receptors for bioparticle detection (Eersels et al., 

2016). In surface imprinting, a template solution, containing 

bacteria, and a polymerization mixture, containing monomers, 

cross-linkers and initiators, are mixed (Cai et al., 2018; Eersels 

et al., 2016). The polymerization mixture engulfs the template 

and is cross-linked. After curing, the template particles can be 

removed, resulting in a polymer layer containing indentations 

that can rebind target bacteria by shape recognition. 

Amongst several, sol-gel-derived films can be used as a surface 

imprinting technique (Cai et al., 2018; Eersels et al., 2016). The 

sol-gel process converts monomers into a colloidal solution 

(sol). This colloidal solution acts as the precursor for forming an 

integrated soft network of polymers (gel) (Cai et al., 2018). 

Compared to other imprinting techniques, sol-gel-derived films 

have the advantage that they have a low processing temperature, 

fairly good adhesion, and are easy to manufacture (Betancor et 

al., 2005). Therefore, the team decided to use a silica-based sol-

gel to imprint the genetically modified (GM) cyanobacteria. 

This sol-gel, including the imprinted GM Synechococcus, will 

be transferred to a container filled with seawater. After the 

maximum salt absorption is reached in GM Synechococcus, the 

sol-gel with the imprinted GM Synechococcus will be 

transferred to a container filled with a solution that removes the 

bacteria. After removal, a new layer of GM Synechococcus is 

bound onto the sol-gel template surface (this is analogous to two 

jigsaw pieces fitting together). This results in a reusable sol-gel 

surface that can easily bind and unbind bacteria. 

 

 
Figure 1 

Light microscope image of E.coli stained with Safranin-O 

adherent to a silica-based sol-gel containing TMOS, taken 

during testing of the immobilisation technique. (Source: Author, 

2022). 

 

IV. DISCUSSION 

Some of the previous (similar) attempts saw varying degrees of 

success. For starters, Colorado State University 2013 failed to 

get past the gibson assembly phase. The hypothesised reason for 

this failure is that the insert protein sequences contained a 

number of various restriction site sequences. To avoid such an 

error from occurring in MSP-Maastricht’s project, the insert 

sequences were all screened. 

Shanghai 2015 was one of the more successful teams. As 

aforementioned, the team managed to use their system to reduce 

the Na+ concentration from 8.5g/L to ~6.75g/L (approx. -

1.75g/L) and Cl⁻ concentration from ~15g/L to ~12g/L (approx. 

-3g/L). This is equal to a roughly 20% reduction in both Na+ and 

Cl⁻ levels. However, Shanghai only inserted one pump - 

halorhodopsin - and a sodium channel. Shanghai (successfully) 

aimed to import Na+ through the artificial creation of an 

electrochemical gradient. That being said, in order to maximise 

NaCl sequestration, MSP-Maastricht intends to pair the NpHR 

pump with one of three sodium/hydrogen antiporters, to actively 

pump both ions into cells. The most successful of the three 

combinations will then be determined and optimised. This 

should prove more efficient than pumping one ion and 

depending on a concentration gradient for the other one to be 

absorbed. 

Although Aachen 2017 also obtained very promising results, 

there were still some areas for improvement with the device. 

Firstly, using yeast as a chassis organism means that one must 

supply the cultures with nutrients. This adds an - avoidable - 

extra level of complexity to the maintenance process. Secondly, 

to remove the free floating yeast from the water an ultrafiltration 

system was proposed. This means once the yeast have absorbed 

the maximum amount of salt, the tank would need to be drained 

of water, the filter would need to be cleaned or changed, and the 

surfaces would need to be cleaned of yeast. The cleaning process 

would have to be one that does not cause cell lysis, as this would 

release the salt content and render the entire biodesalination 

process redundant. The MSP-Maastricht immobilisation 

solution offers a much simpler and convenient solution, where a 

continuous flow of water could be applied as GM containing 

slides are removed/introduced into the water tank. Finally, with 

Aachen 2017’s system, salt accumulation cannot be stopped 

ensuring that the organisms die and cannot be reused. This also 

means the water would have to be drained before the cells die to 
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limit lysis and subsequent release of salts back into the water. 

Hence, the tank would have to be cleaned out after each volume 

of water desalinated. 

Kyoto 2018 was another team to report somewhat successful 

results. After developing multiple different mutant yeast strains, 

the team obtained a maximum sodium uptake of 80mM from the 

medium. Assuming the concentration of NaCl to be 0.6M in 

seawater (Huh et al., 2014), then this would be a ~13.3% 

reduction in sodium levels. Unfortunately, since chloride levels 

were not measured, no definite conclusions can be drawn 

regarding the net movements of this ion. Kyoto determined that 

translation of exogenous proteins could have been limited by 

Endoplasmic Reticulum-Associated Degradation. Furthermore, 

over-expression of exogenous proteins likely had cytotoxic 

effects on the host organism, limiting colony growth. Kyoto 

hypothesised that these effects occurred due to the use of high 

expression plasmids. This resulted in very limited growth of the 

colonies containing them, or no growth at all. In order to not run 

into the same issue, MSP-Maastricht’s plasmid uses a mid-

strength constitutive promoter to avoid over-expression of the 

inserted protein sequences. 

Conversely to Shanghai, Linkoping 2021 found halorhodopsin 

to be toxic to the host organism (despite using identical strains 

and proteins). This was determined to be caused by poor 

conservation of the sequence after transformation into E. Coli 

and V. Natriegens. The proposed reasoning for this was that the 

gene was attacked by the host organism since it was 

compromising its survival, which led to the shorter and 

potentially toxic halorhodopsin proteins being translated. This, 

in turn, was a strongly limiting factor in the survival of colonies 

being grown with these plasmids as Linkoping hypothesised the 

misconserved proteins to be toxic to the cells. That being said, 

the team only applied the developed plasmid on non-

cyanobacteria (E. Coli and V. Natriegens). The MSP-Maastricht 

project intends to transform cyanobacteria which are closely 

related to the species where the NpHR pump originates from. 

Therefore, a much more accepting response by the host cell is 

expected. 

 

 

V. CONCLUSION 

 

In conclusion, having identified and attempted to address 

weaknesses of previous iGEM teams with similar projects, the 

MSP-Maastricht 2022 team is hopeful that with careful 

execution, the project can yield strong initial results. These can 

then be continuously expanded upon and further investigated 

beyond the context of iGEM, to perhaps one day contribute as a 

viable, easily accessible desalination alternative. 
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Abstract- Endocrine disruptors are toxic chemical 

compounds that, when found in irrigation water, are 

capable of causing adverse damage to agricultural crops, at 

a cellular level and visible phytotoxic effects. The effects of 

endocrine disruptors that are present in wastewater used 

for irrigation of crops are evaluated thought out various 

authors, such as plants where it can be observed changes of 

color, decrease in root, leaf and stem growth; in animals 

with relevant reproductive and development consequences 

and in humans interfering with the synthesis, action and 

metabolism of steroid hormones. Detection protocols for 

Endocrine disruptors are evaluated as well as proven 

research for degrading such compounds. 

 

Index Terms- Endocrine disruptors, effects, wastewater, 

irrigation crops. 

 

I. INTRODUCTION 

Endocrine Disrupting Chemicals (EDCs) are defined by the 

U.S. Environmental Protection Agency (EPA) as exogenous 

agents that interfere with synthesis, secretion, transport, 

metabolism, binding action, or elimination of natural hormones 

produced and present in the body; therefore disrupting 

homeostasis, reproduction, and developmental processes in the 

human body. Furthermore, these agents present a wide array of 

mechanisms through which they interact and exert their effect 

in the metabolism, thus making a single system of detection 

and degradation ineffective due to the great diversity between 

these agents.(Evanthia, DK. 2019) 

EDCs, unlike naturally produced hormones, are not natural 

ligands and do not interact with affinity and/or specificity with 

hormone receptors in the body, making their effects quite 

unpredictable and making it hard for detection systems to 

measure the levels of damage that exposure to these agents 

produce. Nevertheless, the Endocrine Society's Second 

Scientific Statement on Endocrine-Disrupting Chemicals 

(EDC-2) has come to the conclusion that chronic exposure to 

such agents is detrimental to human health and that further 

research regarding hormonal signaling pathways and 

mechanisms of action, with emphasis in the basic biology of 

hormones and their function during fetal development.(Gore, 

A. 2015). 

In addition to describing some of the most discussed effects 

that EDCs have on biological systems, this review seeks to also 

discuss known methods of degradation and elimination of 

these agents both from the environment and living organisms. 

Such methods are mainly based on a 

detection-trigger-elimination system, and EDCs are usually 

eliminated by degradation through chemical means; however, 

special effort is being put on the research of the use of enzymes 

for the degradation of these agents. 

 

II. RESEARCH ELABORATIONS 

The information and data was obtained principally from google 

scholar, we selected the information with the following 

criterias: the research was filtered with the published date, such 

dates range from 2015 up to 2022, in addition, the minimal 

number of references has to be 15 and finally, the principal key 

words are: endocrine disruptors compounds, food, animals, 

vegetables, agriculture, detection, elimination and degradation. 

 

III. RESULTS AND FINDINGS 

A. EDCs general properties 

Endocrine-Disrupting Chemicals (EDCs) are substances that 

interfere with hormone biosynthesis, metabolism, or action 

resulting in a deviation from normal homeostatic control or 

reproduction. (Diamanti, E. 2022) EDCs are highly 

heterogeneous and include compounds that are often distantly 

related to endogenous ligands in terms of size or chemical 

structure. (Melanie, S. 2022) 

Endocrine disruptors act via nuclear receptors, non-nuclear 

steroid hormone receptors, nonsteroid receptors, orphan 

receptors, enzymatic pathways involved in steroid biosynthesis 

and/or metabolism, and numerous other mechanisms that 

converge upon endocrine and reproductive systems. An 

endocrine-disrupting substance is either natural or synthetic 

that becomes harmful.(Diamanti, E. 2022) 

 

B. Effects in plants 

Studies have shown that at high concentration of BPA (an 

EDC), as would be values like 1000 mg/kg of soil in Vigna 

radiata, rooth length and surface area decreased. (Dokyung, k. 

2018) It's been demonstrated that different crops can be 

affected also in their levels of chlorophyll and that is directly 

related to how BPA affects the machinery in photosynthesis. 

(Dokyung, k. 2018; Zhang, J. 2015). The number and size of 

leaves decreased in the presence of BPA and it also showed 

necrosis at the end of the experiment. Generally, the impact of 

EDCs in crops are copious and includes phototoxic effects, 

morphological changes and biochemical damages in plants that 

are either irrigated with contaminated water or grown in soil 

with accumulation of EDCs. (Laura, J. 2014). In Figure 1 are 

shown the illustrations of some of these effects, comparing the 

guard cells, vessels and leaves without the presence of EDCs 

(a, c, and e) and contaminated with the chemicals (b, d, and f). 
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FIGURE 1. Effects on guard cells, vessels and leaves.(Dokyung, k. 2018) 

 

C. Effects in some animals 

It has been proven that EDCs have estrogenic, androgenic, 

anti-androgenic and antithyroid effects in animals; all of which 

disrupt their reproduction and development. Animals in contact 

with EDCs undergo subtle and permanent alterations such as 

abnormalities in organs, physiology and behavior (changes in 

sexual behavior, alterded immune function and disturbed sex 

differentiation with feminized or masculinized sex organs). 

Alligators are another example since exposure to EDCs causes 

the following: significantly reduced plasma testosterone 

concentration, aberrant testicular morphology, small penis size 

and ovarian abnormality associated with reduced fertility and 

embryonic mortality. (Street, M. 2018). 

D. Effects in humans 

EDCs may interfere with the synthesis, action and metabolism 

of steroid hormones, triggering development and fertility 

problems, from reduced semen quality to polycystic ovarian 

syndrome, as well as hormone-based cancers in both men and 

women. They also interfere with the hypothalamic pituitary-

thyroid and adrenal systems. (Yilmaz, B. 2020). These 

compounds have also been associated with child and adult 

obesity, diabetes, childbirth prematurity, endometriosis, 

reduced birth weight, amongst many others.(Kahn, L. 2020). 

 

E. Detections protocols 

As previously mentioned, the effects of EDC’s highlight the 

urgency of an effective and reliable method to detect these 

chemicals, even at low concentrations. According to La Spina, 

they developed a SPR biosensor capable of detecting EDC’s-

ligands, through their binding to a rationally designed 

ER𝛼, enabling the detection of these chemicals even at low 
levels of ppb. (La Spina, R. 2017) The method was used in 

spiked real water, demonstrating a promising assessment for 
EDC’s presenting estrogenic activity, monitored by a SPR 
sensor. In this study, conformation-sensitive peptides were 

used as amplification agents. Additionally mutants of ER𝛼 
were produced to enhance and favor a strong binding affinity 

towards the EDC’s. After testing with SPR the peptide-specific 

recognition of the complex wt-ER𝛼 (and mutants) with its 
agonists, the change of SPR signal was determined with a ratio 
(R) (1): 

platform and adapting to a portable SPR equipment. (La Spina, 

R. 2017). 

 

F. Degrading or eliminations protocols 

In the literature, it is possible to find several protocols that 

report the use of the enzyme laccase for endocrine disruptors 

degradation. According to Singh et. al. research has started 

exploring and exploiting the potential for laccase enzymes 

because it can catalyze the oxidation of a wide range of 

substrates, structurally comparable to EDCs, by a radical-

catalyzed reaction mechanism, with corresponding reduction 

of oxygen to water in an electron transfer process. Further, in 

the presence of certain mediators, the substrate range of 

laccases can be further enhanced to non-aromatic substrates. 

So the removal of EDCs using this enzyme has been proven 

worthy in water purification. (Singh, J. 2018). 

 

Likewise, it is worth mentioning that there are certain 

limitations in the elimination of EDCs from water when 

conventional treatment methods are used, so alternatives based 

on the use of laccase have been developed and studied, which 

have proven to be effective and low polluting. (Ramírez, L. 

2014). 

 

IV. DISCUSSION 

The different effects that EDCs cause to living beings have 

been reported, as well as the different ways to detect, quantify 

and even eliminate them. However, it is a problem that lacks 

attention worldwide, which increases its harmful effects on 

society. With all these tools, it is time to start acting and apply 

all this knowledge to not only continue to innovate in the study 

of these EDCs but also put them into practice, reducing risks 

for everyone. 

 

That is why a project is currently being developed based on the 

implementation of a biosensor for the detection and 

quantification of EDCs in liquid samples and, in turn, on a 

filter for their elimination. Which would help countless people. 

Mainly to farmers in the prevention of these contaminants in 

their crops, which would eliminate the risk of being consumed 

through food. It would also help chemical industries in quality 

control and even households for their health care. 

 

V. CONCLUSION 

Among this work we have seen the different effects of the 

EDC´s on the living beings, and the ways in which these 

prevent the full development of endless environmental factors. 

Likewise, some methods of detection and degradation of the 

compounds have been put forward in order to highlight this 

area of opportunity. However, we also shed light on the fact 

that it is a problem with little attention worldwide. This is why 

it is up to us as a scientific community to start acting in this 

situation and contribute from our knowledge to caring for the 
𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 

 
 

𝐿𝐵𝐷 − 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 
 
 

𝐿𝐵𝐷 environment. Through projects like the one mentioned during 
𝑅 = 𝐸𝑅α   −𝑙𝑖𝑔𝑎𝑛𝑑 𝑓𝑟𝑒𝑒−𝐸𝑅α  (1) the discussion. 

𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦  
𝐿𝐵𝐷 

𝑓𝑟𝑒𝑒−𝐸𝑅α 
 

 

This ratio represents the differential amount of ER𝛼 as an 

active complex, normalized to free ER𝛼. This assay is able to 

detect different compounds at the same time by using ER𝛼 
mutants and various channels. Furthermore, this method 

promises the screening of EDC’s in field by regenerating the 
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Abstract - Phage Therapy, which uses bacteriophages to 

combat a bacterial infection, has been around since the 

1920s but was overshadowed by the success of antibiotics. 

The rise in antibiotic resistance has regenerated curiosity 

into the potential of this practice. Phage Therapy involves 

the introduction of lytic phages which will attach to the 

pathogenic bacterial cell, inject their genome and produce 

their progeny. The progeny are released by lysis of the 

bacterium, resulting in the death of the pathogen. This 

review highlights the current progress of the therapy along 

with listing the challenges lying ahead. 

Index Terms- Antibiotic Resistance, Bacteriophages, Phage 

Therapy, Phage Safety 

I. INTRODUCTION 

Soon after discovering the first antibiotic, Penicillin, Alexander 

Fleming had warned about the rise of antibiotic resistance. 

Today, it is seen as one of the greatest threats to public health, 

with 700,000 people dying every year due to antimicrobial 

resistance(World Bank, 2021). The world has entered the post-

antibiotic era(CDC, 2019) and this has increased the interest in 

alternatives. Phage Therapy has been the main focus of this 

piqued interest. 

Phage Therapy has existed before the emergence of 

antibiotics(D’Hérelle F, 1931) but was pushed aside by the 

golden age of antibiotics. Though it was still practiced in some 

Eastern European countries like Georgia, the West has only 

recently rediscovered it, with most of the research coming in the 

last decade. 

This review takes an overview of the topic with the main focus 

being on the current situation and the obstacles needed to be 

crossed. It also dwells into the science behind this theory and 

goes onto listing the advantages of bacteriophages as a theory. 

The search engines used for this article are Google Scholar and 

Pubmed(NCBI). The keywords used for the search were Phage 

Therapy, Bacteriophages, Clinical Trials and Antibiotic 

Resistance. The articles were then filtered by the time of 

publication : anything older than the 1980s were discarded. This 

is due to the fact that Phage Therapy is a rapidly evolving and 

recent  research hotspot. 

II. OVERVIEW OF THE THERAPY 

 A. Biology of Bacteriophages and the Therapy 

There are two types of Bacteriophages: lytic and lysogenic. 

Only lytic phages are used in phage therapy. Lytic phages are 

used to attack bacteria. These phages will attach their receptors 

to the cell surface of the bacterium. On attaching, it will insert 

its genomic material into the bacterium. The viral particles 

undergo replication using the bacterium’s resources and 

enzymes. On the formation of phage particles, they are released 

by the lysis of the bacterium. This process is then repeated by 

the new phage particles until no more bacteria are left(Kortright 

et al., 2019) 

 

FIGURE 1. 
Lytic Phage Cycle 

.There are two approaches to phage therapy(Pirnay et al., 2010) 

: 

1) Prêt-à-porter : fixed cocktails of several phages so that 

at least one that will be effective on the patient 

2) Sur-mesure : phages that are actually active on the 

strain are selected in the hospital and are administered. 

The patient is monitored and when the patient becomes 

resistant to the phages : either training of a stored phage 

occurs or a new phage is isolated. 

 B. Advantages of Phage Therapy 

1. Auto-dosing 

Phages can increase their number significantly at the site of 

infection.This reduces the number of doses needed to be given. 

The timing of these doses, however, is critical to the treatment. 
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2. Low toxicity 

Phages, mostly consisting of proteins and nucleic acid, are 

inherently non-toxic. Phages can interact with the immune 

system, which can potentially be harmful, but there is little 

evidence it is a concern during the treatment(T. Abedon et al., 

2011;Liu et al., 2021) 

3. High Specificity 

Phages are very specific with the range of infecting only a few 

strains of a species to relatively close bacterial genus(Hyman et 

al., 2010). Due to the high specificity, phages only minimally 

impact the microbiome in contrast to broad-spectrum 

antibiotics. This high specificity also avoids generating 

resistance to a particular phage in a large number of 

species(Loc-Carrillo et al.,2011). 

4. Less time and money in development 

Phages can be discovered easily, especially from regions with 

high bacterial concentrations. Programs have been developed 

like the SEA-PHAGES program, which has led to an ease in the 

discovery of phages with very low cost. This is in contrast to 

antibiotics, whose cost estimate for development at US$1.5 

billion over 10-15 years(Towse, A. et al., 2017). 

5. Biofilm Clearance 

Phages can penetrate into biofilms, which shows high resistance 

to antibiotics. It is possible by lysing one layer at one time or 

due to biofilm exopolymer-degrading depolymerases(Abedon 

et al., 2011). 

III. PRESENT SITUATION 

This section provides a glimpse into the current usage of the 

therapy. It lists the animal studies performed along with their 

results. This is followed by a brief description of human case 

studies and clinical trials. 

 A. Animal Studies 

Animal studies can bridge the gap between in-vitro studies and 

actual clinical phage therapy. These studies have been done in 

different types of infection : 

1. Systemic Infections 

Several studies have investigated the usage of phages against 

Systemic infections. Capparelli et al., 2007 observed that 

successful protection of mice with a systemic Staphylococcus 

aureus infection depended on phage dose. Biswas et al., 2002 

observed similar results of dose-dependent success in a mouse 

model of vancomycin-resistant Enterococcus faecium 

bacteremia. In a systemic disease model of Vibrio vulnificus, 

successful control of disease was only achieved when bacterial 

infection and phage treatment were administered 

simultaneously (Cerveny et al., 2002). Thus the success of the 

therapy in systemic infections depends on many factors, and 

these factors must be thoroughly examined. 

2. Local Infections 

Phage therapy for localized infections (e.g., otitis, urinary tract 

infections, infected burns) is recognised for its potential to 

replace chemical antibiotics. It is also important to note that the 

use of chemical antibiotics for surgical and hospital-acquired 

infections is limited, as these often constitute the strains with the 

greatest antibiotic resistance, making phage therapy a valuable 

tool(Kortright et al., 2019). 

Watanabe et al., 2007 observed 92% survival of mice with an 

intraperitoneal P. aeruginosa infection treated simultaneously 

with phage. A similar study of S. aureus abscesses in mice by 

Capparelli et al., 2007 observed the reduction in bacterial load 

resulting from phage therapy. In a mouse model of P. 

aeruginosa infection of burn wounds, phage treatment 

improved survival rate from 6% in the untreated controls to 88% 

when phages were administered via an intraperitoneal injection 

after 72 h post-infection (McVay et al., 2007). It has also been 

observed that the intraperitoneal mode of delivery of phages has 

shown better results than subcutaneously or 

intramuscularly(McVay et al., 2007). 

3. Gastrointestinal Infections 

Using phages for gastrointestinal infections can reduce the 

colonies of the virulent bacteria without affecting the gut 

microbiome. 

Galtier et al. (2017) observed that a preventative treatment of 

phage, four days after an E. coli challenge, was able to reduce 

bacterial colonization in the gut of dextran sodium sulfate-

treated mice and prevented the progression of colitis symptoms. 

Nale et al., 2016, Yen et al., 2017 have used prophylactic 

treatment of phages which has shown favorable results. While 

prophylactic studies have shown favorable results, more studies 

that provide treatment after bacterial challenge, such as Galtier 

et al., 2017, are needed. 

4. Lung Infections 

Phage therapy for the treatment of lung infections, particularly 

chronic lung infections, which are common in those with cystic 

fibrosis (CF), has seen renewed interest recently with the 

increase in MDR bacteria associated with the lung. Waters et 

al., 2017 , Morello et al., 2011 observed that phage treatment 

significantly improved the survival rate of mice when 

administered intranasally. 

A 100-fold decrease in bacterial load was observed by Semler 

et al., 2014 when phage was administered via nebulisation, 

while no decrease was observed when administered via 

intraperitoneal injection. 

Phage-loaded polymeric microparticles deposited throughout 

the lung via dry powder inhalation effectively reduced P. 

aeruginosa infections in wild-type and cystic fibrosis trans-

membrane-conductance-regulator knockout mice(Agarwal, R et 

al., 2018). 
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 B. Human Case Studies 

Thirty-five case reports/series of phage therapy were published 

between 2008–2021. Most involved the combined use of phages 

with antibiotics, targeting a variety of pathogens. The conditions 

treated included cystic fibrosis exacerbation, bone/joint 

infection, pneumonia, bacteremia, urinary tract infection (UTI), 

endocarditis, cardiothoracic surgery-related infections, aorto-

cutaneous fistula, necrotising pancreatitis, skin infection, brain 

infection, diabetic foot ulcers, corneal abscess, lung transplant-

related infection, an intestinal infection.. Very few cases 

reported any adverse effects(Liu et al., 2021). 

 C. Clinical Trials 

The first investigation into the bioavailability of oral E. coli 

phage T4 in 2005 involving fifteen healthy humans did not 

identify any adverse events(Britain at al., 2005). Since 2008 

there have been 14 clinical trials of phage therapy investigating 

a multitude of bacterial infections, including endocarditis, 

sepsis, rhinosinusitis, UTI, venous leg ulcers, chronic otitis 

media, acute bacterial diarrhea, and burn wounds. Very few 

adverse events were observed, none of which were linked to the 

Phage treatment(Liu et al., 2021). 

IV. CHALLENGES AND POSSIBLE OPPORTUNITIES 

 A. Regulatory Framework 

There is no specific regulation around phages. Since 2011, 

phages have been considered as a drug in the United States 

(Fauconnier, 2019) or a medicinal product in the European 

Union (Directive 2001/83/EC European Parliament). This 

qualification of phages as a medicinal product for human use 

was endorsed on 8 June 2015 at an EMA workshop, even though 

those present at the event who were all working on phage 

development warned that such categorisation was inadequate. 

Following this meeting, they expressed their opposition in a 

short two-page letter, mentioning two aspects in particular: (i) 

the need to create a new regulatory framework, which would (ii) 

counterbalance the lack of public and private investment in 

phages (Debarbieux et al., 2015). 

However, in Georgia, phage therapy is embedded in the 

healthcare system as a standard medical application 

(Kutateladze, 2015). Specifically, the Eliava Institute of 

Bacteriophages, Microbiology and Virology has several phage 

preparations readily available (over-the-counter) and a broader 

range of products, specifically supplied to medical practitioners 

(Kutter et al., 2010; Kutateladze, 2015). Similarly, Poland has 

the Hirszfeld Institute of Immunology and Experimental 

Therapy, although this center supplies personalized phage 

products directly to physicians using a more tailored approach 

(Kutter et al., 2010). 

In the United States, patients can be treated by phages following 

the emergency investigational new drug (eIND) pathway of the 

FDA (expanded access program). 

These regulations make clinical applications tough and time-

consuming.IPATH got 785 requests from 1 June 2018, to 30 

April 2020, out of which phage therapy was administered to 17 

of 119 patients in whom it was recommended(Saima et al., 

2020) 

We need a new framework regarding phage therapy. Calls for 

two regulatory pathways were proposed in Verbeken et al., 

2014, including product-market placement of natural phage-

based products and hospital exemption pathways for tailored 

phage therapy. The consensus among surveyed stakeholders in 

Furfaro et al., 2018 was the need for a dedicated new regulatory 

framework for phage therapy and one which acknowledges the 

specific properties of phages and their interactions, in addition 

to the role of hospitals as providers of phage therapy. 

 B. Clinical Trials 

Clinical trials done to date have multiple safety factors missing. 

Only 14 of the 66 studies in Liu et al.,2021 reported the level of 

endotoxin contamination. The bacterial host DNA was reported 

in only four of the evaluated studies. Other toxins and 

contaminants such as lipoteichoic acid, superantigens, or 

cesium chloride were rarely considered in most studies. 

Additional quality controls regarding shelf life, pH, visual 

appearance were sporadically mentioned. More research is 

needed on these factors. 

Clinical Trials of Phage Therapy in itself has many obstacles. 

Several articles published by proponents of phage therapy in 

Europe during the last few years focus on two main elements: 

(i) the inadequacy of clinical trials to demonstrate the efficacy 

of phages because of their specificity and, therefore, the 

personalized nature of the treatment (Pirnay et al., 2019); and 

(ii) the major difference between what is evaluated in trials and 

what occurs in real life (Patay et al., 2019). 

 C. Endotoxin Release 

The release of endotoxin during treatment places limits on the 

phage treatment of gram-negative systemic infections(Kutter, 

2008).Slopek et al. , though otherwise observing few side 

effects, did report that some patients experienced several hours 

of pain in the liver area 3 to 5 days into treatments. This might 

conceivably reflect phage-mediated liberation of endotoxins 

and other bacterial pathogenicity factors in the course of 

bacterial lysis. Lysates from Gram-positive organisms, when 

injected, also can lead to “side effects ranging from mild to 

severe”, as discussed by Sulakvelidze and Kutter, 2005,.It is 

also possible to modify phages to prevent lysis, so that toxin 

release is less of a concern, but that removes one of the basic 

advantages of phage therapy—the ability to move throughout 
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the organism and multiply where needed(Goodridge et al., 

2010). 

 D. Harmful Genes 

Phages may carry virulence factors or toxin genes. The in vivo 

phage-associated conversion of Tox Streptococcus pyogenes 

into Tox+ bacteria (Broudy and Fischetti, 2003) is an example 

of the phage-related dangers encountered in nature, and it can 

serve as a warning of the possible side effects of bacteriophage 

therapy. A full knowledge of phage genome sequences would 

be helpful to evaluate possible complications during phage 

therapy(Skurnik et al., 2006). 

 E. Neutralization by Immune Response 

Dedrick et al., 2021 observed that on treating an 81-year old 

immunocompetent patient with Mycobacterium abscessus, the 

M. abscessus decreased initially but after two months increased 

as the patient mounted a robust IgM- and IgG-mediated 

neutralizing antibody response to the phages. This raises 

questions on clinical applications on chronic infections in 

immunocompetent patients. 

 F. Transduction of Antibiotic Genes 

Leclerc et al.,2021 estimated that in a co-culture of two strains 

of Methicillin-resistant Staphylococcus aureus, each harboring 

a different antibiotic resistance gene : one in every 108 new 

phages released was a transfusing phage carrying an 

Antimicrobial gene. Though this number is low and often 

ignored, it presents an obstacle which needs to be studied more. 

V. CONCLUSION 

Antibiotic Resistance is arguably the biggest threat to public 

health. Phage therapy is well suited to be part of the 

multidimensional strategies to fight against it. Phage therapy 

itself has cycled between being the subject of optimism, 

skepticism, disinterest, and now renewed curiosity(Barr et al., 

2019).There is a plethora of research activity in this field with 

many animal models and case studies showing positive results. 

This has resulted in the therapy being seen as a future 

alternative to chemotherapy. 

However significant challenges remain, which will require 

coordinated, multidisciplinary efforts to overcome(Hesse et al., 

2019). The regulatory framework remains the largest hurdle to 

cross and would require efforts from both scientists and policy-

makers. The other challenges listed above are active research 

topics and we are making great strides towards resolving these 

challenges. Hopefully, this century-old idea will finally be part 

of the tools against microbial invaders. 
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Abstract- In our society, there is a huge demand for 

phosphorus, an essential nutrient that – in phosphate bonds 

– is necessary for the physiological function and growth of 

all living organisms. However, it is also a finite resource. For 

this reason, the recycling of phosphate is becoming more and 

more important. The phosphate must be recovered from the 

wastewater, otherwise it can lead to eutrophication of lakes. 

Most of the phosphate is currently removed from 

wastewater through chemical precipitation and cannot be 

recycled. For this purpose, we want to modify a phosphate 

binding protein in such a way that after it has bound the 

phosphate, it releases it again through certain stimuli (light 

and pH) and can be used reversibly. To determine the 

effectiveness of the modified proteins we add a phosphate 

solution (simulating wastewater) to the immobilized and 

modified proteins. To recover the bound phosphate, the 

proteins are then exposed to the different stimuli. Then, a 

colour assay is used to determine the amount of phosphate 

recovered. Because polyphosphate is worth ten times more 

than simple phosphate, we have decided to convert the 

extracted phosphate into polyphosphate. To this end, we use 

Saccharomyces cerevisiae which fermentatively converts 

phosphate into polyphosphate. Hereafter we will obtain 

polyphosphate in powder form, which could be used directly 

in agriculture. 

 

Index Terms- Phosphate recovery, Protein engineering, 

QuickChange, Recycling economy 

 

I. INTRODUCTION 

 

Phosphor is an essential element of life, as it is a part of both 

DNA and the biological “energy currency” ATP. Thus, 

phosphate is an important and irreplaceable component of 

fertilizers in agriculture. With a growing population and hence 

growing demands for food and fertilizers the demand for 

phosphate is also increasing. However, phosphate is a finite 

resource, and its extraction mainly occurs through surface 

mining in a limited number of countries. Significant quantities 

of phosphate can be found in wastewater. In the event of 

excessive concentration of phosphate in water bodies, 

eutrophication might occur, and this must be prevented. Thus, 

phosphate must be removed from wastewater. According to the 

Water Framework Directive in Europe, the maximum allowable 

concentration of phosphate in effluent should decrease to 0.1 

mg*P/L in municipal wastewater treatment. 

Current techniques used in wastewater treatment aim to remove 

phosphate rather than to recover it. One widely used technology 

removing phosphate from the liquid phase of municipal 

wastewater is chemical precipitation with Mg/Ca materials. This 

technical method is highly stable and efficient. 

An effective method to recover phosphate from wastewater 

rather than removing it would both avert eutrophication and 

produce fertilizers. Therefore, iGEM Team Aachen 2022 aims 

to develop a sustainable method for the recovery of phosphate 

from wastewater. To this end, a cyclic process is set up. In the 

first phase of this process, phosphate is removed from 

wastewater through binding to immobilized phosphate binding 

proteins (PBPs). In the second phase of the process, the 

phosphate is released from the PBPs through external stimuli 

and into an extraction solution. The immobilized PBPs are to be 

reused in further iterations of the cyclic process. The extraction 

solution enriched with phosphate is to be used to produce 

fertilizers. Specifically, polyphosphate shall be produced using 

Saccharomyces cerevisiae, creating a much more valuable 

resource for industrial usage. 

PBPs are modified in different approaches all aiming to a single 

goal: making the binding of phosphate through these proteins 

reversible and controllable. In total, three approaches are 

pursued, all using protein-engineering to modify natural PBPs 

to make their binding of phosphate to reach both mentioned 

goals. The first two are light-driven approaches using the VVD- 

domain and the SOPP3-protein respectively. The third aims to 

release phosphate from the binding protein through mild 

alternations in pH-conditions, based on the principle used by 

Venkiteshwaran et al., 2018. Hoping to achieve phosphate 

release in milder pH values than the ones used by 

Venkiteshwaran et al. (pH 11.4 and 12.5), the QuikChange 

method is used to exchange amino acids in the binding pocket 

of the protein by histidines. 

 

II. MATERIALS AND METHODS 

 

a. CHOICE OF GENES 

 

For our experiments, we wanted to use different PBPs, so we 

could compare the results the different approaches provide. We 

chose the PstS protein originated from Escherichia coli and the 

PfluDING originated from Pseudomonas fluorescens for our 

pH-driven approach. For the light-driven approach, we chose the 

SOPP3-protein as the photosensitizer and fused it to the PstS. 

To perform a reversible light driven approach, we created a 

fusion construct of VVD and the colicilin M immunity protein 

(CMI), because the CMI is a dimeric protein. This should allow 

the VVD domain to induce the dimerization upon stimuli. We 

purchased the PstS gene from Invitrogen, the PfluDING and the 

fusion constructs of SOPP3-PstS and VVD-CMI were 

purchased from BioCat. 
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FIGURE 1: 2ABH – Phosphate-Binding Protein (Re-Refined) 

 
 

 

 

 
FIGURE 2: 4F1V – Subatomic resolution structure of a high affinity 

periplasmic phosphate-binding protein (PfluDING) bound with 

phosphate at pH 8.5 

 

b. PROTEIN EXPRESSION AND 

IMMOBILIZATION 

 

The pet-28a (+)-vector was used for cloning and for protein 

expression E. coli BL 21 DE3 gold were used. eziG beads®, 

sponsored by EnginZyme, and Sepharose beads, purchased from 

SigmaAldrich were used for protein immobilization. Steps were 

carried out as given in the respective manuals. 

 

c. BINDING AND ELUTION OF PHOSPHATE 

 

After immobilization, the beads are washed with phosphate 

containing solutions with different phosphate concentrations. At 

first, a phosphate solution with a concentration of around 1500 

mM is used. After binding of phosphate to the beads out of that 

solution had been observed, the phosphate concentration in the 

stock solution is reduced to around 900 mM and a second time 

to around 120 mM. After the wash cycles with the phosphate- 

containing solutions the beads are transferred into an extraction 

solution (ddH20) and the stimulus is activated. 

 

pH-driven approach 
 

Following the methods used by Venkiteshwaran et al., the 

phosphate is bound from the phosphate-containing solution at 

pH 7. Subsequently, the beads are transferred to the extraction 

solution. To release the phosphate from the proteins, the pH is 

then increased. This process of binding phosphate from 

wastewater and releasing it into the extraction solution is 

repeated several times. 

 

SOPP3-driven approach 

 

For the light driven approach using the SOPP3-PstS construct, 

blue light emitting LEDs are used, providing blue light with a 

wavelength of λ=400 nm. This leads to the production of 

reactive oxygen species (ROS). The ROS destroy the structure 

of the PBP, and the Phosphate is no longer bound. 

 

VVD-driven approach 

 

For the light driven approach using the VVD-domain, the LED 

stripes are used to induce the dimerization of the PBP. After the 

phosphate is bound to the PBP while the proteins are 

illuminated, the LED are turned off. As soon as the illumination 

is stopped, the PBP loses its dimeric form, and the phosphate 

binding ability is no longer maintained. The phosphate is set 

free. The light driven approaches are both been performed under 

light exclusion. 

To measure the phosphate concentration in the solution before 

and after triggering the integrated switch, samples of the 

solutions are taken and analyzed using the Phosfinity® assay 

(Aminoverse), provided by the Schwaneberg group at ABBt. 

 
 

d. PRODUCTION OF POLYPHOSPHATE 

 

To create a valuable industrial resource out of the recycled 

phosphate, we used Saccharomyces cerevisiae. This process is 

called polyphosphate hyperaccumulation (Christ and Blank 

2019). Saccharomyces cerevisiae can be used to produce 

naturally polyphosphate-rich yeast extract. To increase the 

polyphosphate yield in S. cerevisiae, the cells are first incubated 

in phosphate-free medium and then in medium containing 

phosphate. As a result, the uptake of phosphate is increased, as 

well as the synthesis of polyphosphate. 

For measuring the amount of polyphosphate created, the 

Phosfinity® assay (Aminoverse) was used. 

 

III. DISCUSSION 

 

The MetaPhos project aims to achieve a proof of concept 

regarding the extraction of phosphate from wastewater using 

immobilized PBPs. Since no specific experiments regarding the 

properties of the PBPs and their ability to recover phosphate 

have been completed at this point in the project, there are no 

results to discuss the viability of the methods yet. 

In total, there are three different approaches being pursued. The 

SOPP3-approach only allows for every PBP to be used once, 

due to the destruction of the protein structure caused by the 

release of ROS. This is problematic for the profitability of the 

method, considering the costs of synthesizing one protein and 

the value of a single phosphate molecule. Nevertheless, it could 

be an important step to prove that PBPs can in fact be made 

switchable via light and present other research groups to pursue 

such a path. 
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To overcome the limitations of the SOPP3 approach, two 

reversible approaches (pH- and VVD-approach) are being tested 

additionally. The reusability of the proteins in these two 

approaches is a key factor to increase the number of phosphate 

molecules recovered for every protein used and thus increasing 

both the profitability and the sustainability of the recovery 

method. 

 

IV. CONCLUSION 

 

As it is discussed at length above, phosphate is essential for life, 

which makes it greatly desirable to recycle. The goal is to push 

the boundaries of phosphate recovery a little further and show 

the direction in which the phosphate economy eventually needs 

to go. 

The possibilities of these methods are great and provide a 

possible solution to a problem that will otherwise only grow in 

the next decades. Ultimately, there needs to be a recycling 

economy for phosphate. This would allow a much more 

sustainable, ecological use of phosphate in the various ways it 

can be used. The core concept of engineering binding proteins 

to be switchable through external stimuli could be a key method 

for the sustainable management of natural resources in the 

future. 

To keep up with the development of MetaPhos, feel free to look 

at igem.rwth-aachen.de! 
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Abstract- Lung cancer is one of the most common types of 

cancer, with more than 2.2 million cases recorded in 2020 

(Cancer Today, 2020a). Furthermore, it is the deadliest cancer 

type, with approximately 1.8 million deaths worldwide and a 

mortality rate of 81.4% (Cancer Today, 2020b). This high 

percentage is due to the late diagnosis of the disease since the 

current diagnostic techniques lack the potential to be used as 

effective screening methods. Lately, liquid biopsies have been 

successfully applied to cancer screening and diagnosis, 

targeting specific biomarkers such as circRNAs. In the context 

of liquid biopsies, we propose an innovative diagnostic tool 

based on Synthetic Biology, combining Rolling Circle 

Amplification and molecular beacons. We aim to create a 

Linear DNA nanostructure to detect a panel of over-expressed 

circular RNAs secreted in lung cancer patients' circulation. 

Our tool offers a simple and cost-effective way to diagnose 

lung cancer in just 70 minutes using standard lab equipment. 

Therefore, the early diagnosis provided by this technique can 

increase a patient's survivability by 80-90%. 

 

Index Terms- Circular RNAs, Linear DNA Nanostructure, 

Liquid Biopsies, Lung Cancer Diagnosis, Hairpin Probes. 

 

I. INTRODUCTION 

 

Lung cancer is a type of cancer that originates in the pulmonary 

parenchyma and is divided into two main categories and some 

less frequent subtypes. Non-small cell lung cancer (NSCLC) is 

the most common subtype, applying for more than 80% of all 

cases, whereas small cell lung cancer (SCLC) accounts for 

approximately 10% of all cases but is the deadliest. According 

to the World Health Organization, lung cancer causes 

approximately 1.8 million deaths annually, amounting to a 

mortality rate of 81.4% (Nasim et al., 2019), (Siegel et al., 

2022). 

 

Late diagnosis is considered the number one factor for 

exceptionally high mortality. Tissue biopsy has been the 

established lung cancer diagnostic method, in which lung cells 

are surgically removed and examined for the identification of 

tumors. Additionally, imaging tests have also been developed 

and approved for detecting the disease at the early stages, when 

it is still curable. Among these, the most commonly used 

procedures are Chest X-ray, CT scan, and Positron emission 

tomography (PET) scan (Nooreldeen & Bach, 2021). However, 

none of the previously mentioned processes can be effectively 

used as a screening test due to a lack of accuracy and specificity 

(Pinsky, 2014). 

On the other hand, liquid biopsy is an upcoming technique based 

on the intake of body fluids that has excellent prospects of 

functioning as a screening test. Multiple biomarkers, including 

circulating tumor cells and nucleic acids, can be targeted, and 

examined via liquid biopsies. In addition, this technique is less 

invasive, rapid, and easily performed, providing early diagnosis, 

and consequently increasing survival rates (Li et al., 2022). 

 

Circular RNAs (circRNAs) are a large class of non-coding 

RNAs (ncRNAs) produced by an event named back splicing. 

Backsplicing is a non-canonical splicing event in which a 

downstream splice-donor site is covalently linked to an 

upstream splice-acceptor site. They are single-stranded RNA 

molecules that lack a 3'-poly-A tail and a 5'-prime cap. Due to 

the biogenesis of circRNAs, they possess a characteristic 

domain called back splice junction. The Backsplice junction 

(BSJ) site is where the canonical 5' splice site sequence is joined 

to the upstream 3' splice site sequence. BSJ is the only region 

distinct for circRNAs and does not appear in their linear RNA 

counterparts (Kristensen et al., 2019). 

 

Circular RNAs may have the following functions: 

 

They can act as miRNA sponges protecting target mRNAs from 

miRNA-dependent degradation. Some circRNAs contain RNA 

binding protein (RBP) motifs and can act as sponges for these 

proteins and indirectly regulate their functions. They can 

interact and enhance the function of specific proteins, e.g., the 

RNA polymerase II (Pol II) complex containing the small 

nuclear ribonucleoprotein U1 (snRNP) and other proteins. Some 

circRNAs have been shown to function as protein scaffolds, 

facilitating the localization of enzymes (phosphatases, 

acetylases, and ubiquitin ligases) and their substrates to 

influence reaction kinetics. circRNAs can also recruit specific 

proteins or even be translated under certain conditions. 

 

When it comes to cancer, circRNAs, play an oncogenic or 

suppressive role and affect cellular functions. An abnormal 

increase or decrease in their expression in cancer cells makes 

them regulators of cell proliferation, immigration, apoptosis, the 

induction of multidrug resistance, regulating the tumor 

microenvironment, and immunoevasion. 

 

Because of these actions, they can be used as potential 

diagnostic, prognostic, or therapeutic biomarkers. Although the 

detection of circRNAs has been mainly conducted in tissues and 

cell lines, many studies have focused on detecting circRNAs 

using less invasive and more accessible methods, such as liquid 

biopsy. circRNAs are ideal candidates as liquid biopsy 
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biomarkers as their expression is often tissue and 

developmental-stage related. They are found in large amounts 

not only in tissues and cells but also in body fluids. Due to the 

high stability of their covalently closed ring structure, circRNAs 

cannot be cleaved by most ribonucleases compared to linear 

RNAs. Combining circRNAs with traditional cancer biomarkers 

can confer higher diagnostic accuracy than single traditional 

biomarkers (Wang et al., 2020). 

 

II. RESEARCH ELABORATIONS 

 
Materials and Methods 

 

All DNA sequences were synthesized by Eurofins Scientific and 

are listed in Appendix Supplementary Information S1. T4 DNA 

ligase, Exonuclease I, Exonuclease III, and Phi29 DNA 

polymerase were purchased from New England Biolabs. DEPC 

water was obtained from Sigma Aldrich. The PCR purification 

kit was obtained from Macherey-Nagel. dNTPs were purchased 

from Promega. The sequences for the probes were tested for 

their thermodynamic properties using the NUPACK 

(http://www.nupack.org/) and ViennaRNA 

(https://www.tbi.univie.ac.at/RNA/) (Zadeh et al., 2010) 

(Lorenz et al., 2011) softwares. Their secondary structures were 

obtained and visualized using NUPACK and mfold web services 

(http://www.unafold.org/) (Zuker, 2003). The thermodynamic 

properties and secondary structures can be found in Appendix 

Supplementary Information S2. The sequence of the target 

circRNA, upon which the hairpin probes H1 and H2 probes were 

created, was obtained from circBase (http://www.circbase.org/) 

(Glažar et al., 2014), an online database with gene coordinates 

and the mature sequences for circRNAs. 
 

Circular DNA template formation: 

 

First, 10 μL of the phosphorylated template (10 pmol/μL), 10 μL 

of DNA ligation buffer (10×), and 50 μL of primer (10 pmol/μL) 

were mixed in a PCR tube. RNase-free water was added until 

the volume of 100 μL. The mixture was heated to 95 °C for 5 

minutes and left at 25 °C for 30 minutes. Then, 5 μL of T4 DNA 

ligase (400.000 U/mL) was added, and the mixture was 

incubated at 16 °C overnight. To purify the circular product, 

Exonuclease I and Exonuclease III were used for the removal of 

single-stranded and double-stranded linear by-products, 

respectively, according to the corresponding NEB protocols. 

PCR product purification kit was used to obtain the circular 

product. 

 

Rolling Circle Amplification: 

 

First, 50 μL of circular DNA template, 10 μL of primer (10 

pmol/μL), and 2.5 μL of Phi29 DNA polymerase buffer (10×) 

were mixed in a PCR tube. The tube was heated to 95 °C for 5 

minutes and immediately placed on ice. After 5 min, 7.5 μL of 

Phi29 DNA polymerase buffer (10×), 20 μL dNTPs (10 

pmol/μL), 10 μL Recombinant Albumin (10%) and 2.5 μL of 

Phi29 DNA polymerase (10.000U/mL) were added to the 

mixture. The mixture was incubated at 37 °C for 45 minutes, 

followed by enzyme deactivation at 65 °C for 10 minutes. To 

obtain the RCA product, we used the PCR product purification 

kit. 

Long DNA Nanostructure Assembly: 

 

The RCA product, H1, and H2, were first heated to 95 °C for 5 

minutes, left at 25 °C for 30 minutes, and placed in the 

refrigerator (4 °C) for 10 minutes. 25 μL of H1 (10 μM), 25 μL 

of H2 (10 μM), and 125 μL of Tris-MgCl2 buffer (500 mM, pH 

8.0) were mixed to create the H1-H2 pool mixture. Next, 25 μL 

of the RCA product was added to the mixture. Following that, 

the mixture was incubated for 2 hours at 37 °C. 

 

Detection testing: 

 

Samples were prepared as follows: 3 μL LDN, 12 μL of 

synthetic BSJ (100 nM), and 15 μL of Tris-MgCl2 buffer (500 

mM, pH 8.0) as the positive sample, and 3 μL LDN, 12 μL 

RNase-free water and 15 μL of Tris-MgCl2 buffer (500 mM, pH 

8.0) as the negative control. Mixtures were incubated at 37 °C 

for 100 min and then transferred to a black 384-well microtiter 

plate to collect fluorescence emission at 576 nm by excitation at 

554 nm. In addition, fluorescence emission spectra between 568 

and 700 nm were also collected by excitation at 554 nm. 

 

III. RESULTS AND FINDINGS 

 

The main principle for the designed assay is divided into four 

steps, which are illustrated in Scheme 1. Firstly, the cyclization 

of the phosphorylated DNA template takes place. The 

corresponding circular DNA template is synthesized using T4 

DNA ligase and a primer specific for the start and end domains 

of the DNA template (Step 1). 

 

Setting that as a starting point and by using phi29 DNA 

polymerase that possesses great strand displacement activity and 

a corresponding primer, a long linear DNA molecule is created 

through Rolling Circle Amplification (RCA). That molecule 

possesses multiple repeats of the phosphorylated DNA template 

sequence (Step 2). The circular DNA template carries two 

hairpin probe installation sites for the H1 and H2 hairpin probes. 

The long linear DNA scaffold carries multiple hairpin probe 

installation sites. The hairpin probes H1 and H2 are installed to 

the DNA scaffold because one of their two "hanging tails" is 

complementary to the installation site. This way, multiple pairs 

of H1 and H2 probes are installed in the DNA scaffold, thus 

creating the Linear DNA Nanostructure (LDN) (Step 3). 

 

The detection of the circRNA targets is carried through by a 

group of hairpin probes, previously mentioned H1 and H2. H1 

probe "recognizes" the back-splice junction (BSJ) site of the 

circular RNA biomarker to distinguish the linear isoforms RNA 

in the sample and initiates a cascade reaction. On the other hand, 

the H2 hairpin probe is responsible for signal generation, as it 

contains a fluorophore and a quencher molecule. In the absence 

of the circRNA target, the quencher absorbs the signal emitted 

by the fluorophore due to its close distance, and the cross- 

reactivity between H1 and H2 is not optimal due to the 

protection of complementary regions within the hairpin stems. 

When the target molecule is present, it hybridizes to an H1 probe 

(installed in the LDN) through a toehold-mediated strand 

displacement reaction. The transformation of the two probes is 

initiated, with H2 hybridizing to H1. This way, the fluorophore 

is distanced from the quencher leading to fluorescent signal 

restoration that can be detected and quantified (Step 4). 
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The released circRNA target can hybridize with adjacent H1/H2 

groups leading to an isothermal. Nonenzymatic signal 

amplification reaction along the LDN. Also, one circRNA 

molecule can catalyze the luminescence of multiple LDNs, 

causing a second signal amplification, showing a strong signal, 

and simultaneously lowering the detection limit. 

 

 
FIGURE 1. 

Schematic representation of the four steps surrounding the assembly and the 

Linear DNA Nanostructure (LDN) function. 

 

Testing the feasibility of the proposed assay: 

 

To prove the feasibility of our design, we must test each step 

separately. As shown in Figure 1A, the preparation of the 

circular DNA template and the long DNA scaffold can be 

verified by agarose gel electrophoresis experiments. The long 

DNA scaffold remains at the top of the electrophoresis gel due 

to the low electrophoretic ability caused by its high molecular 

weight. The successful synthesis of LDN can also be verified by 

agarose gel electrophoresis. As shown in Figure 2Β, after adding 

the long DNA scaffold, two bands appear, one accounting for 

the LDN synthesis and one accounting for the H1 and H2 

uninstalled probes. 
 

FIGURE 2. 

(A) Agarose gel electrophoresis analysis of successfully synthesized RCA 

products. (B) Agarose gel electrophoresis analysis of successfully assembled 
LDNs and their corresponding probes. 

 

At the time of writing this paper, not all our experiments are 

carried through, and we have not been able to test the LDN's 

ability to identify target circRNA molecules. However, we have 

carried out experiments targeting a synthetic BSJ site. We used 

the BSJ site for hsa_circ_0102533, a circRNA with the potential 

to be used as an early-stage Non-Small Cell Lung Carcinoma 

biomarker (Huang et al., 2022). We tested the LDN's ability to 

successfully identify the target molecule by fluorescent 

spectroscopy. Thermo Scientific VarioSkan LUX was used for 

the detection of the signal. As can be observed in Figure 3, there 

was a significant increase in fluorescent intensity when the BSJ 

site was present compared to the absence of the target, indicating 

a low background signal. This result confirms that the target 

successfully triggered a cascade strand displacement reaction in 

LDN (Jiao et al., 2020). 
 

FIGURE 3. 

The fluorescence emission spectrum of the LDN system in the presence or the 

absence of the target BSJ site (100 nM). 

 

IV. DISCUSSION 

 

This innovative lung cancer diagnostic tool provides early 

detection of malignancy based on liquid biopsy, using circRNAs 

as specific biomarkers. The main feature of liquid biopsies, apart 

from offering rapid results, is the ease of sampling compared to 

traditional histological biopsies, which mainly require surgery, 

which reasonably explains the ever-increasing research interest 

of the medical community regarding this method. Regarding the 

detection of circRNAs, Linear DNA Nanostructure, based on 

Rolling Circle Amplification, proves to be a promising and 

superior target technique compared to others. First of all, there 

is a detection limit at 1 pM, thus increasing the method's 

accuracy since the biomarker can be distinguished even in 

minimal quantities. Quantitative detection is also enabled; hence 

just a single circRNA molecule can catalyze multiple LDNs, 

leading to signal amplification. Despite the low throughput of 

the technique and the time-consuming creation of the probes 

needed -in order to reach the appropriate distance between them 

so that the binding sequence is not obstructed, LDN seems to be 

preferable related to hybridization-based methods (e.g., 

Northern blotting, RNA sequencing) because of their low 

sensitivity and the usually high amount of RNA necessary, as 

well as the time needed for the results. 

 

Furthermore, PCR types that can be used for circRNAs 

detection, such as qRT-PCR and RT-ddPCR, are way costlier 

than LDN, and ligation-based PCR has the disadvantage of one 

circRNA molecule detected at a time. As for the Stem-loop 

primer-induced double exponential amplification-based 

circRNA detection, where Loop-mediated isothermal 

amplification (LAMP) is included, an elaborated and costly 

design of primers is required. Finally, enzyme-based methods 

provide lower amplification efficiency than RCA and PCR. 

Although it has many advantages over other techniques, Linear 

DNA Nanostructure has still not been excessively applied in the 
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diagnosis of cancer due to the limited research conducted on it 

(Mi et al., 2022), (Zhang et al., 2020) 
 

V. CONCLUSION 

 

Overall, combining the examination of blood samples, also 

known as liquid biopsy, and the detection and quantification of 

certain overexpressed circular RNAs as specific biomarkers 

using Linear DNA Nanostructure as the target method can lead 

to the production of a new screening test for lung cancer. It is 

important to highlight the need for more research to be done so 

that this diagnostic tool is approved as a regular and safe 

examination. However, such an easily and quickly performed 

technique that does not require specialized equipment can 

evolve into a widely used method in the future, aiming to 

successfully diagnose lung cancer and other types of cancer at 

early stages, where the disease is still curable. 

 

APPENDIX 

 

Supplementary Information S1: 

https://docs.google.com/document/d/1bxK8p6EoGrHzu2PJiBd 

NH7FCvMPQRxgFhdJxnP-z1ws/edit?usp=sharing 

 

Supplementary Information S2: 

https://docs.google.com/document/d/168s3RfsqdBMwfxp6rqL 

InnSIVCvtomaSRVDBlXRRmiU/edit?usp=sharing 
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Abstract- The interactions between the various soil 

microorganisms are challenging to study, and thus remain 

unknown. A major drawback in the field of Agriculture is 

the inability to collect significant data, regarding soil 

quality for cultivation purposes, in large and isolated areas. 

Precision Agriculture is an innovative farming 

management concept, aiming to revolutionize agriculture 

and soil improvement, both by increasing crops yields and 

at the same time preserving natural resources. Hence, Data 

Analysis and Machine Learning models are considered the 

future of Agriculture, providing advice to farmers about 

the best possible cultivation practices. The goal of the 

project, named Precision AGriculture using Genomics, 

Artificial Intelligence and Aero-transportable equipment 

or in short PAGGAIA, is to create a protocol that includes 

molecular, physicochemical, and agronomical 

characteristics and analyzes them through Artificial 

Intelligence and more specifically Machine Learning, in 

order to propose tailor-made interventions to farmers and 

specialists. Since the project is underway there are no 

available results and the following research paper describes 

the procedures followed. 

 

Index Terms- Drone, Machine learning, Next-generation 

sequencing, Precision agriculture, Portable equipment 

 

I. INTRODUCTION 

 

Tomato (Solanum lycopersicum L.) was selected for our 

project since it is considered as one of the most significant 

vegetables worldwide, ranked second in production as well as 

in consumption (Migliori et al., 2017). 

A determining factor in agriculture is the lack of important 

data regarding soil physical and chemical properties in large 

and isolated areas. Moreover, the increasing demand of crops 

due to the increasing population has made it mandatory for 

farmers to increase the yield as well as improving the quality 

of the crops. Precision agriculture is an innovative farming 

management concept aiming to revolutionize agriculture, by 

increasing crops yields while preserving natural resources. In 

recent years, precision agriculture has been enabled by the 

advent of the Global Positioning System (GPS) that facilitates 

the farmers’ ability to locate their precise position in the field. 

This system allows the mapping of soil attributes, such as crop 

yield, topography features, soil organic matter, electrical 

conductivity, moisture levels, nitrogen levels, pH, and minerals 

(Stafford, 2000). 

Precision agriculture has also been enabled by unmanned aerial 

vehicles that can be easily operated. These drones can be 

equipped with cameras and other equipment and can provide 

additional features and geographic data, also known as 

geodata. Recently, the field of Genomics has emerged in order 

to determine the soil’s microflora. This has been made possible 

by performing Metagenomic analysis, in order to identify 

bacterial species with Next-Generation Sequencing (Brown et 

al., 2017). Therefore, this information can be taken into 

consideration when making recommendations for soil 

improvement, using integrated artificial intelligence-based 

decision support tools. 

Machine Learning (ML) is a field of computer science that 

uses computers to learn from data. Past studies have pointed 

out the need for such data-driven methods in Precision 

Agriculture. In a past experiment, data being gathered from 

tomato crops do not seem to have linear connection, using both 

environmental conditions and current and previous crop yields 

(Qaddoum et al., 2013). In another research, the Total Soluble 

Solids of tomato (◦Brix) were predicted using raw data, 

including weather data, soil analysis, and previous quality 

features. In this model, 12 different algorithms were used, in 

order to find the best one. The Decision Support System (DSS) 



IGEM Proceedings Journal 2022 https://mspvector.wordpress.com/ 
 

37  

that was created, predicted scoring less than 0.085 (Kasimatis 

et al., 2022). The optimal amount of irrigation was predicted 

using a Bayesian-Ridge based DSS in cotton cultivation 

without affecting the expected yield. The results increased the 

yield by reducing the times of irrigation (Leonidakis et al., 

2021). 

In this project, at the experimental field area where tomato 

plants were cultivated, the soil was impregnated with bacteria, 

which belong to the species B. subtilis, B.amyloliquefaciens 

and B.thuringiensis. Therefore, these bacteria are used in this 

case as Plant Growth Promoting Bacteria (PGPB). More 

specifically, they are used as biostimulants, to help promote the 

growth, yield and quality of crops (Glick, 2012). Such effects 

of bacteria have been proven to increase the yield of sweet 

corn in Greece, when used to impregnate the soil before 

cultivation. The results showed that B. mojavensis increased 

yield by 16% and B. subtilis by 13.8% (Katsenios et al., 2022). 

Moreover, in a study conducted in the same area, the 

application of bacteria increased the yield, the dry weight as 

well as total soluble solids in the tomato fruits (Katsenios et al., 

2021). 

The goal of the project is to create a protocol that includes 

molecular, physicochemical, and agronomical characteristics 

and analyzes them through Artificial Intelligence and more 

specifically Machine Learning, in order to propose tailor-made 

interventions in terms of field improvement to farmers and 

specialists. 

 
 

II. MATERIALS AND METHODS 

SAMPLING 

 

Sampling was performed at different locations of an 

experimental field area that has been cultivated with tomatoes 

and where selected bacterial strains were added to the soil near 

the transplanted tomato plants. Since only soil samples were 

analyzed, the field size does not have any importance. Strict 

protocol was followed, as the sample collectors changed gloves 

for each sample, in order to avoid cross contamination of the 

samples. This process can also be automated by using 

aerotransportable equipment, such as specially designed soil-

sampling drones. For this purpose a custom-made soil 

sampling mechanism, attachable to a DJI Phantom 3 Drone, 

was designed according to the report of Blake Rolfing et al.. 

The soil sampling mechanism is based around a single-acting, 

spring-return pneumatic piston. Further research needs to be 

done in order to meet all of the design metrics, especially the 

weight metric, so as to achieve the desired weight value. 

 

NGS 

 

Metagenomic analysis will be performed for these samples, 

specifically through Next Generation Sequencing (NGS), 

which allows rapid, real-time sequencing of nucleic acids. 

With the use of NGS techniques, it is possible to characterize 

microbes that are found in low abundance or that cannot be 

grown with the use of traditional culturing methods. In 

addition to this advantage, NGS does not require special 

sample preparation and contamination is reduced to the 

minimum. Furthermore, with NGS it is also possible to 

perform parallel sequencing of different samples. Therefore, 

with the application of this technology, the bacterial 

composition of the soil will be identified (Wooley et al., 2010). 

This metagenomic analysis can also be performed by using a 

portable sequencing device, which can operate anywhere, even 

at the sample source, which in this case is the crop field 

(Brown et al., 2017). Due to its simple workflow, it can 

provide immediate data streaming for rapid, actionable results. 

Furthermore, this type of device can generate short to ultra-

long reads for ultimate experimental flexibility and also has 

low equipment cost. Additionally, the real time data streaming 

that this type of device provides, allows to stop sequencing, 

when the wanted data is obtained, while the on-site analysis 

approach also minimizes the possibility of sample degradation. 

Data derived from the metagenomic analysis will be utilized in 

the development of an innovative protocol, in combination 

with physicochemical, and agronomical data and with the use 

of a Machine Learning model. High quantity of reliable data is 

often a requirement for many machine learning models in order 

to provide accurate predictions. 

 

WEATHER DATA 

 

The weather data that was used came from weather stations 

from the National Observatory of Athens which gather data, 

which includes temperature and rain and wind measurements, 

every 10 minutes (Lagouvardos et al., 2017). Weather data 

consists of Average, Minimum, Maximum Temperatures and 

the total rainfall (in mm) for each month from April to 

September. The reason for not using weather data of the whole 

year is that tomatoes are cultivated in April and gathered in 

September, so having more data would be redundant and 

would only complicate our model. These data are used to find 

the correlation between quality features and weather 

conditions. 

 

SOIL TEXTURE 

 

The soil texture of the fields was measured using the method of 

Bouyoucos (1962) and the soil taxonomy of USDA (1999). 

The Field Sensors that were used in the field were the SMT 12 

and ECH2O EC-5 (MeterGroup, Pessl Instruments), measuring 

temperature and moisture of soil at 27 cm inside the ground. 

 

MACHINE LEARNING MODEL 

 

In order to test the predictive value of the dataset, multiple 

regressors are evaluated using K-fold cross validation. The first 

part of the algorithm is model selection, in which the best 

regressor both in terms of time and accuracy is selected. Then, 

the correlation between the available variables is extracted and 

the results are compared with the coefficients derived from 

purely statistical methods. This ensures that the model has 

found the important variables and is trained accordingly. 

Moreover, feature elimination methods are applied to improve 

the score and make the model faster. After the selection of the 

best model using the default parameters, hyperparameter 

tuning is applied iteratively and leads to the repetition of the 

design and build phase of the model. This part of the algorithm 

aims at finding the combination of hyperparameters that 

maximizes the model's performance during the test phase while 

preventing overfitting. 
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The best model is used to predict ways to improve the 

conditions of the soil in a given field. That enables farmers to 

access valuable information such as better in season yield 

understanding, rigorous data collection related to soil testing, 

plot measurement, weather pattern and crop analysis. Initial 

advice is based on natural ways. In case no such ways can 

improve it, microorganisms are proposed. That bio-sustainable 

approach has a positive environmental impact, since it leads to 

reduction in the use of fertilizers, the best possible yield, and 

the consumers' protection. 

The development of a Machine Learning model regarding the 

prediction of quality features and yield, was based on weather 

data, soil data from the fields, quality characteristics and 

historical yield data. Table1 contains the variables that will be 

included in the model. 

TABLE 1: Variables contained in the dataset 

 

Electrical_Conductivity Float 

Microorganisms String 

Ratio Float 

 
 

III. RESULTS AND FINDINGS 

 

Results will be published after the completion of the project. 

 

IV. DISCUSSION 

 

PAGGAIA combines the knowledge and state-of-the-art tools 

of Precision Agriculture, Synthetic Biology, Metagenomics and 

Machine Learning in order to provide critical information and 

advice to farmers. More specifically, they will be able to access 

valuable information such as better in season yield 

understanding, rigorous data collection related to soil testing, 

plot measurement, weather pattern and crop analysis. As an 

extension to the dataset, satellite data from the experimental 

areas can be collected from existing APIs. Therefore, based on 

the physicochemical data of the soil and using the Machine 

Learning algorithm, analysis for each crop can be performed. 

Yield prediction using DSSs is extensively used nowadays 

(Bhakta et al., 2019, Kasimatis et al., 2022). Based on previous 

experience, the model which will be created will be similar to a 

model used for yield prediction, but it will be soil oriented 

instead of plant oriented. In addition GIS technology has been 

widely used for the assessment of soil (Shit et al., 2016, , 

Denton et al., 2017). The combination of the above mentioned 

technologies, that are already developed, will be able to 

provide the DSS that will use the data to create the prediction. 

 

Data derived from the metagenomic analysis on the soil 

samples, will lead to conclusions regarding which of the 

bacterial species that were used to impregnate the soil, 

survived, multiplied and potentially helped with the plant 

growth. Consequently, these results in combination with the 

physicochemical and agronomical data mentioned before, will 

help advise farmers on which additives should be used in the 

soil and help reduce the use of fertilizers. 

 
 

V. CONCLUSION 

 

The aim of this project is soil optimization and increase of 

agricultural yield, accessibility of agricultural data even in 

remote areas and thus to ensure profitability, sustainability and 

environmental protection. These goals will be achieved 

through an algorithm that predicts the biodiversity of the soil 

and provides information on which crops should be planted in 

each case. This innovative protocol is expected to be a business 

changing tool for the farmers, resulting in the enhancement of 

soil quality and crop yield. This approach also enables 

sustainability and has a positive environmental impact, as it 

leads to the reduction of fertilizers and consequently to the 

protection of consumers' health. Therefore, it can be 

considered as a useful tool for scientists and professionals in 
 the field of Agriculture. 

Variable Type 

Average temperature (4 months) Float 

Minimum temperature (4 months) Float 

Maximum temperature (4 months) Float 

Precipitation (4 months) Float 

Ph Float 

Clay_Perc Float 

Silt_Perc Float 

Sand_Perc Float 

Ca2+ Float 

Mg2+ Float 

K+ Float 

Zn2+ Float 

Mn2+ Float 

Cu+ Float 

Fe3+ Float 

B Float 

Nitrogen Float 

Organic_Matter Float 

Phosphorus Float 

Soil_Texture String 

Salts_Perc Float 
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Future work aims at expanding the described protocol and 

implementing a DSS which will propose to the farmer the ideal 

crop type for the field that data provided, as well as propose 

ways of improving the field using natural ways where possible 

in order to reduce the environmental impact. Limitations only 

include obtaining data from farmers and following the advice 

from the DSS as they are afraid of following advice from a 

computer. 
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Abstract - Loop-mediated isothermal amplification (LAMP) 

is a highly sensitive and specific method for point of care 

(POC) DNA amplification (Burbulis et al., 2015). Research 

has found Bst DNA polymerase useful in LAMP testing for 

various waterborne pathogens (Jin et al., 2021) due to its 

strand displacement (SD) and reverse transcriptase (RT) 

activities. However, its lack of 5’ 3’ exonuclease activity 

(New England Biolabs) leaves room for error in DNA 

amplification. As such, we predicted mutations to the 

thumb domain of Bst 2.0 DNA polymerase, a homologue of 

Bacillus stearothermophilus DNA polymerase I large 

fragment (New England Biolabs), with alternate residues 

would increase thermostability. Further improvement can 

be made via fusion with Sac7e, a double-stranded DNA-

binding protein (dsDNA-BP) isolated from Sulfolobus 

acidocaldarius for greater SD activity and processivity 

(Kalichuk et al., 2016). Improved processivity, 

thermostability, and enzymatic stability of the DNA 

polymerase used in the LAMP reaction will increase the 

efficacy of POC DNA amplification. Results indicate 

alterations made upon Bst via mutagenesis and protein 

fusion produced significant enhancements to the LAMP 

reaction. 

 

Index Terms - Bst DNA polymerase, fusion, LAMP, 

mutagenesis, Sac7e 

 

I. INTRODUCTION 

 

Thermostable DNA polymerases have become more readily 

available in recent years and play an important part in DNA 

amplification (Pavlov et al., 2004). Such polymerases are 

flexible enough to allow alterations to suit their target 

environment. The first known DNA polymerase was Taq 

polymerase, isolated from Thermus aquaticus, but several 

others have since been discovered (Pavlov et al., 2004). Bst 

DNA polymerase, a homologue of Bacillus stearothermophilus 

DNA polymerase I large fragment (New England Biolabs), is 

structurally homologous to Taq polymerase with the principal 

difference being Bst’s lack of N-terminal domain containing 5’ 

3’ exonuclease activity (Ignatov et al., 2018). 

 

DNA binding protein Sac7e is a mutant of Sso7d (Kalichuk et. 

al 2016), from the hyperthermophilic archaeon Sulfolobus 

solfataricus (Gera et. al, 2011). Members of this protein family 

have proven to maintain high thermostability, denaturation 

resistance, and secondary structure conservation (Gera et al., 

2011). Therefore, this experiment fused Sac7e to a modified 

version of Bst polymerase with a (GGGGS)4 linker for use in 

LAMP reactions of waterborne pathogens: E. coli, Salmonella, 

Shigella, and Campylobacter. LAMP for bacterial cell testing 

is well understood (Ahmad et al., 2017), however methods for 

improving the function of its primary polymerase are limited in 

previous research. Advances to the LAMP reaction make room 

for applications in on-site diagnostic testing in environmental, 

biochemical, and biotechnological fields. Through our research 

we aimed to answer if a re-engineered Bst DNA polymerase 

could enhance the overall reaction. We predicted greater 

thermostability in Bst through three single-point mutations at 

K549W, K582L, and Q584L and improved enzyme 

processivity with the addition of a dsDNA-BP such as Sac7e. 

 

II. MATERIALS AND METHODS 

 
Materials 

WarmStart® LAMP Kit (DNA & RNA) including Bst 2.0 

DNA polymerase was purchased from New England Biolabs to 

perform all LAMP reactions. Heat killed samples of 

waterborne pathogens E. coli, Salmonella, Shigella, and 

Campylobacter were used for all PCR and LAMP reactions. 

Fully modified Bst DNA polymerase and six LAMP primers 

designed to target conserved 16s rRNA regions between all 

listed pathogens from Integrated DNA Technologies (IDT) 

were used in LAMP amplification. Hydroxy naphthol blue 

(HNB) from New England Biolabs was added to LAMP trials 

for colorimetric detection and SpectraMax® QuickDropTM 

Micro-Volume Spectrophotometer for DNA quantification. 

 

PCR of E. coli K-12 genomic DNA 

Genomic DNA was extracted from non-pathogenic E. coli K-

12 and amplified using PCR, according to the standard 

amplification cycles shown in Table 1. Specific primers 

designed for the 16s rRNA region of E. coli K-12 were used 

for PCR. Products of PCR were run on an electrophoretic gel 

containing 0.5 g agarose, 50 mL TBE buffer solution, and 2.5 

µL Red Safe DNA stain. 

TABLE 1: PCR amplification cycles for E. coli genomic DNA 

Cycle Step Temperature 

(°C) 

Time Number of 

Cycles 

Initial 
Denaturation 

98 5 min 1 

Denaturation 98 10 sec 30 

Annealing 63 30 sec 30 

Extension 72 2 min 30 

Final Extension 72 5 min 1 
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Termination 4 Indefinite 1 

LAMP amplification using standard Bst DNA polymerase 

Primers were prepared using New England Biolabs’ 

WarmSmart® LAMP Kit 10X Primer Mix protocol, and the 

reaction setup was according to WarmSmart® LAMP Kit 

Reaction Setup (New England Biolabs), using HNB as the 

detection component and standard Bst DNA polymerase from 

the kit as the strand-displacing enzyme. LAMP was carried out 

at 65°C for 40 minutes using the primers displayed in Table 2. 

TABLE 2: Optimized LAMP primer sequences 

Primer DNA Sequence 

F3 TCTCGTAGAGGGGGGTAGA 

B3 CGTTAGCTCCGGAAGCCA 

FIP TCAGTCTTCGTCCAGGGGGCCAGGTGTAGC 
GGTGAAATGC 

BIP CTCAGGTGCGAAAGCGTGGGACCTCCAAGT 
CGACATCGTT 

LF ACCGGTATTCCTCCAGATCTCT 

LB TAGATACCCTGGTAGTCCACGC 

 

LAMP amplification using modified Bst DNA polymerase 

Primers, reaction setup, and detection component were 

prepared and used as described above. Upon expression of 

fully modified Bst DNA polymerase, including point mutations 

at K549W, K582L, and Q584L and fusion of Sac7e through a 

(GGGGS)4 linker, LAMP trials will be carried out using the 

modified Bst as the strand-displacing enzyme. The reaction 

will be carried out at 68°C for 40 minutes. 

 

III. RESULTS AND FINDINGS 

 

To test the efficacy of the forward and reverse primers, and 

evaluate the effectiveness of modified Bst polymerase in future 

stages. 
 

 
FIGURE 2. 

LAMP for E. coli using standard Bst DNA polymerase. Negative control 
displayed on the left and positive sample of E. coli K-12 on the right. HNB 

used as the detection component and positive sample showed a colour change 

from violet to navy blue. 

 

Quantifiable improvements made upon Bst are outlined in 

Table 3. YASARA protein modelling software (Version 

22.8.22, 2022) with the FoldX extension were used to calculate 

Gibbs free energy (∆∆G) of residues K549W, K582L, and 

Q584L before and after mutations. Greater thermostability will 

be further confirmed in the second phase of LAMP reactions 

using our modified Bst polymerase in the place of standard Bst 

in the first phase. 

TABLE 3: In silico proof of thermostability improvement with K549W, K582L, 
and Q584L mutations 

Residue ∆∆G Prior to 

Mutation (kcal/mol) 

∆∆G Post Mutation 

(kcal/mol) 

K549W 0 -0.126 

K582L 0 -1.630 

Q584L 0 -2.039 

Overall 

Structure 

-150.13 -151.81 

 

DNA concentration of amplified E. coli using the standard 
provide a control to which we can compare all trials of LAMP, 

standard PCR was carried out for genomic DNA of E. coli K-

12. Samples were amplified on an annealing temperature 

gradient from 58°C - 66°C. PCR products were run on an 

agarose gel for 40 minutes against a DNA ladder to quantify 

the products’ molecular weight, confirming successful 

template amplification. 

 
FIGURE 1. 
Products of PCR for genomic DNA of E. coli K-12 displayed on agarose gel 

against DNA ladder. Samples 1 - 5 heated on a temperature gradient at 58°C, 

60°C, 62°C, 64°C, and 66°C and amplified DNA shown at 175 bp. 

 

All six LAMP primers were assessed in the first phase of 

LAMP reactions, including a trial on E. coli. Success of this 

reaction proved LAMP to be a superior method to PCR for 

waterborne pathogen on-site testing and served as a base to 

polymerase was measured at 3084.0 ng/µL. Specificity of 

testing for bacterial cells still needs to be reduced by several 

orders of magnitude, but we aim to improve the reaction by at 

least one order of magnitude with our research. Biohazard 

precautions limited our testing of original versus modified Bst 

for Salmonella, Shigella, and Campylobacter samples. 

 

IV. DISCUSSION 

 

PCR for DNA amplification 

PCR is well-developed and has been the most broadly used 

method for DNA amplification (Kai et al., 2000). This process 

involves repeated cycles of heating at varying temperatures to 

denature, anneal, and extend the template DNA for 

amplification (Liu et al., 2019). Two key components of the 

reaction include a set of forward and reverse primers for the 

addition of nucleotides, and Taq DNA polymerase to 

synthesize an amplified DNA strand (National Library of 

Medicine). PCR was used in the preliminary stages of this 

research to evaluate the annealing temperature of the primers 

and feasibility of amplifying E. coli, one of the four major 

pathogens being studied. The forward and reverse primers used 

in PCR of E. coli targeted a segment of 16s rRNA 175 bp long 

which matches the molecular weight observed by running PCR 
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products on an agarose gel against a DNA ladder (Figure 1). 

This confirms successful amplification of E. coli K-12 

genomic DNA, and therefore effective PCR primers. 

Limitations of PCR 

While PCR can be advantageous due to its high sensitivity, a 

plateau of amplified product can be observed as pyrophosphate 

accumulates through each amplification cycle (National 

Library of Medicine). PCR is further limited as it takes several 

hours and cannot be carried out in a POC setting (Liu et al., 

2019) as it requires an expensive thermocycler. PCR was 

helpful for proof-of-concept in this research but cannot always 

be applied practically in the field. 

 

LAMP for DNA amplification 

Conversely, a LAMP assay can accommodate for limitations in 

PCR, as it can be used in POC settings because the reaction 

can be carried out isothermally. LAMP involves six primers 

(Table 2): forward inner primer (FIP), backward inner primer 

(BIP), F3, B3, loop forward (LF), and loop backward (LB) for 

auto-cycling strand displacing DNA synthesis (Notomi et al., 

2000). The first round of LAMP reactions (Figure 2) 

confirmed effective primers and provided a base concentration 

of 3084.0 ng/µL of amplified DNA using the WarmSmart® 

LAMP Kit including Bst 2.0 DNA polymerase (New England 

Biolabs) on E. coli. 

 

The upcoming rounds of LAMP reactions on the same 

pathogenic strains as trial 1 are predicted to increase amplified 

DNA concentration by at least one order of magnitude using 

our fully modified Bst DNA polymerase. Such developments 

of DNA synthesis will suggest greater processivity via fusion 

with Sac7e and thermostability via K549W, K582L, and 

Q584L mutations to Bst. Our research shows potential to 

further improve the thermostability of Bst DNA polymerase 

via point mutations, as well as processivity and SD activity 

through DNA-BP fusion. 

 

Mutagenesis of Bst Polymerase Using YASARA 

In silico experimentation used YASARA (Version 22.8.22, 

2022) protein modelling software to predict improvement of 

Bst’s thermostability before and after mutations were made 

(Table 3). Gibb’s free energy indicated significant 

improvement from 0 to -0.126 kcal/mol, -1.63 kcal/mol, and 

-2.039 kcal/mol at K549W, K582L, and Q584L, respectively 

(Table 3). These specific residues were selected based on their 

positional similarity to residues in Taq polymerase that proved 

to increase thermostability in a 2009 patent study (Xi, 2009). 

We compared Bst’s structure to Taq and found high similarity, 

thus leading to the prediction that equivalent residues may 

exist in our protein of interest. From this, we found K549, 

K582, and Q584 located in Bst’s thumb domain, which further 

supported our hypothesis, as the thumb domain is understood 

to bend around and directly contact the template DNA (Ma et 

al., 2016). Overall, our chosen mutations led to an overall 

increase in stability of the enzyme from -150.13 kcal/mol 

before mutations to -151.81 kcal/mol (Table 3) and -152.05 

kcal/mol with the fusion of Sac7e. 

 

Detection of pathogens in LAMP reactions 

HNB was used as the detection component in both phases of 

LAMP trials. HNB is a colorimetric indicator for alkaline earth 

metals (Goto et al., 2009). Addition of this reagent did not 

influence DNA amplification concentrations (Goto et al., 

2009). Pyrophosphate ions (PPi) were released as a by-product 

of successful LAMP reactions that reacted with magnesium 

ions (Mg2+) to form insoluble magnesium pyrophosphate (Goto 

et al., 2009). This reaction caused a depletion of free Mg2+ that 

could be detected by HNB to cause a colour change from violet 

to blue (Goto et al., 2009) as seen in Figure 2. This suggests a 

positive test for at least one of the listed pathogens. 

 

V. CONCLUSION 

 

The function of Bst DNA polymerase in DNA amplification is 

enhanced through mutations in its thumb domain and fusion 

with Sac7e to its N-terminus through a (GGGGS)4 linker. We 

observed an improvement of thermostability from -150.13 

kcal/mol to -152.05 kcal/mol and hope to see increase in 

amplified DNA as a result of K549W, K582L, and Q584L 

mutations and augmented SD activity via Sac7e. Our study 

was limited by potential biohazards, so future research may 

focus on validation of primers for Salmonella, Shigella, 

Campylobacter, and other waterborne bacteria. However, 

similar polymerase modifications allow for greater variety of 

LAMP applications in POC diagnostic settings (Burbulis et al., 

2015). For example, modified Bst was designed with the 

intention of enhancing the LAMP reaction in a drinking water 

test and filter device for Indigenous communities in Canada. 

Greater thermostability allows for oscillation in temperature of 

LAMP to account for fluctuation seen in POC heaters, and 

better processivity or strand displacement activity leads to 

more accurate positive LAMP test results. Future research may 

explore other possible alterations that can be made in key 

enzymes like Bst to make them more suited for their target 

environment. 
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Reviews 
 
Bst DNA polymerase mutagenesis and fusion with DNA-binding proteins for improved 

thermostability, processivity, and strand displacement activity.  

 

by Nicoletta de Maat, Victor Di Donato, Avery Mooring, James Petropoulos, Kody Klupt, and 

JohnAllingham.  (Queens_Canada, Queen’s University) 

 

“This is an important enzyme for a variety of amplification applications including LAMP. It is unclear 

why the abstract mentions 5' to 3' exonuclease even though the rest of the paper seems to not cover 

anything on this.  Also, the phrase "leaves room for error in DNA amplification" usually refers to  3' to 

5' exo, so this should be clarified too.  

"We predicted greater thermostability in Bst through three single-point mutations at K549W, K582L, 

and Q584L".  How many other amino acid substitutions were considered to arrive at these three specific 

substitutions?   Please give more details on what process was used in the prediction (exactly how was 

Taq polymerase information used and prioritization of options from that?).  How was YASARA chosen 

(Please give a peer-reviewed reference, e.g. onlinelibrary.wiley.com/doi/10.1002/prot.10104  and list 

at least one alternative method).  In figure 1 (the key test) "amplified DNA shown at 175 bp."  but where 

is 175bp on this gel (what ladder was used)?  What are the other bands (and their significance)?  Isn't 

the LAMP reaction quantitated by absorbance at 650 nm?  Perhaps you could clarify that especially 

since the color change is a bit subtle in figure 2.  "primers designed for the 16s rRNA region of E. coli":  

Are these listed explicitly?  If so, make that clearer.  If not, then include these explicitly.  "Specificity 

of testing for bacterial cells still needs to be reduced by several orders of magnitude, but we aim to 

improve the reaction by at least one order of magnitude with our research". Why "reduced" rather than 

increased?  How many is "several" and how did you arrive at those goals of "several orders" and "one 

order"?” 

 

Dr. George Church 

 

“de Maat et al. studied a thermostable DNA polymerase with the goal of finding variants with improved 

activity and stability for use in point-of-care DNA amplification reactions. This concise paper has a 

clear focus and reasonable goals. It is well drafted with good structure and attention to detail. This 

project has potential to spin off many more experimental results and the authors are in a good position 

to try new techniques to gain more insight into protein stability and activity. I have a few constructive 

comments below that I hope are helpful. 

In the introduction, it is unclear what is the rationale or precedent for the specific manipulations 

planned—any prior work should be discussed and cited. Materials and methods are very brief and 

should be expanded to ensure reproducibility; specifically, how were samples heat killed? where did 

the bacterial samples come from? method for genomic DNA isolation should be noted; it would be 

useful to explain how the LAMP primers were chosen and to use meaningful names. 

In Fig. 1, the ladder and bands need to be labeled and there need to be controls for authentic product 

and either inactivated polymerase or no polymerase. 

Fig 2 needs to be discussed in the results. A better way to display the color change (it seems to be an 

intensity change more than hue) would be to measure spectra before and after amplification. If this 

assay is intended to produce binary results then it would be useful to run a DNA dilution series to 

establish a limit of detection. 

For Table 3, as noted above, it is important to explain why these residues and specific mutations were 

chosen. If there is a molecular structure, a figure showing these residues might help explain to readers 

how these mutations would influence enzyme activity. A word of caution though: both computation and 

figure gazing can be misleading and significant work is necessary to establish true effects of mutations. 

Table 3 caption should not say "proof"—these values are outputs of a calculation (a methods section 

should be provided for these results) which may have overwhelming systematic or random errors. It 
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may be useful for hypothesis generation, but does not prove the mutant proteins are more or less stable. 

Experimental validation of protein thermostability by circular dichroism or a similar technique would 

provide further support. The authors should also comment on why thermostability is the appropriate 

goal for this project. Many enzymes exhibit unpredictable changes in temperature dependency and 

increasing thermostability might paradoxically result in a less active polymerase.” 

 

Dr. Michael Funk 

 

“de Maat et al. set out to improve LAMP assays for waterborne pathogens by modifying the polymerase 

used for this process, fusing the enzymes from two different microorganisms and making targeted 

mutations to improve their stability and processivity. The authors used protein modeling software to 

predict the effects of specific targeted mutations, then prepared to analyze their modified enzyme using 

LAMP with primers tested by PCR, though they only tested the standard enzyme so far. The use of 

multiple independent approaches and the validation of in silico findings using lab experiments are 

strengths of this work, and improving these assays is important for public health. This work is still in 

its early stages, however. For one thing, it would be important to compare the effectiveness of different 

versions of the polymerase, not just in silico but experimentally. In the ideal world, it would be good to 

do stepwise comparisons on different versions of the enzyme (with and without the enzyme fusion and 

each mutation). In the real world, that might be cost-prohibitive, but at minimum it would be important 

to show that the mutant version is better than the current standard and that the enzyme fusion is 

beneficial. It will also be critical to show that the approach works on clinically-relevant bacterial 

samples, as the authors plan to do, preferably starting not only in water or buffer but in biological fluids, 

i.e. testing it the way that one would analyze a sample obtained from a patient.” 

 

Dr. Yevgeniya Nusinovich 
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Redefining lung cancer diagnosis with the use of DNA nanostructures.   

 

by Bochalis Eleftherios, Konidi Garifalia, Dereki Irene. (Patras Medicine, University of Patras.) 

 

“Overall, this seems like a promising method with some experiments clearly described.  It could be 

clearer whether this is limited to lung cancer and/or limited to circRNAs.  If more broadly applicable, 

that topic should be explored.  Also, what are the closest previous methods and their relative pros and 

cons.  The term "molecular beacons" is used as a key point in the abstract, but never again in the main 

text or figures. The quencher is mentioned but not directly connected to the term "beacon".  The key 

role of circRNAs is not clearly connected to the steps in Figure one (or even mentioned in it). There is 

no "Figure 1A". Figure 1 is barely explained (e.g. steps i, ii, ii).   The authors might consider this paper 

as well: Dionis Minev,  Christopher M. Wintersinger, Anastasia Ershova, William M. Shih (2021) 

Robust nucleation control via crisscross polymerization of highly coordinated DNA slats.   Nat 

Commun. 2021; 12: 1741. PMCID: PMC7979912” 

 

Dr. George Church 

 

“Eleftherios et al. develop a preliminary technique for detection of circular RNA with the ultimate goal 

of use as a diagnostic for lung cancer in liquid biopsies. This paper has been carefully prepared and is 

clear and compelling in methods, results, and discussion. Although this work is still at a very early 

stage, the trajectory is clear, and the background helps explain the need and prior work leading up to 

this point. Whether this approach can be successful for circular RNA detection in real or simulated 

biopsy samples is an exciting question the authors are poised to answer in future work. There are just a 

few points I could make that might help presentation. 

 Fig 2 should ideally include a ladder for both gels. Fig 3, for "negative control", it might be more 

appropriate to specify the precise nature of the control (buffer) as in methods. A better control for these 

reactions might be target missing the primer sites. There is so far no work on specificity or tolerance to 

interference by non-target RNAs, which is an obvious direction for future work. The methods are 

generally clear and adequate, but additional detail for the protocols and equipment/kits would be 

appreciated to ensure reproducibility.” 

 

Dr. Michael Funk 

 

“Eleftherios et al. designed a liquid biopsy method for lung cancer screening based on the detection of 

circular RNA in the blood. It’s not clear how this approach would compare to other liquid biopsy 

methods that are gradually coming into clinical use, such as circulating tumor DNA detection, but as 

the authors make clear, circulating RNA has its benefits such as its stability as well as direct biological 

relevance. Another strength of the approach is pairing the detection of particular circular RNA 

(recognized by its back-splice junction site, which should be specific to this form of RNA) with 

emission of a fluorescent signal to facilitate convenient and accurate detection. Thus far, the authors 

have not been able to detect fully formed circular RNA, only a back-splice junction site associated with 

non-small cell lung cancer presented on linear RNA molecules. This raises the concern that there is 

something about the methodology that may not be compatible with detection of the circular RNA 

structure. Assuming that can be addressed, though, the approach sounds logical and potentially useful 

in the clinic if it proves to be at least as good as the analysis of circulating tumor DNA and hopefully 

also applicable to more than the one cancer type mentioned here.” 

 

Dr. Yevgeniya Nusinovich 
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Review on Phage Therapy.   

 

by Ruchir Sahni (IISER-Pune-India, IISER Pune) 

 

“Overall this is an exciting and well-researched topic, very clearly organized and described.  A few 

small potential  improvements below.    "... ease in discovery of phages with very low cost ... in contrast 

to antibiotics, whose cost estimate for development at US$1.5 billion"  This seems to be an unfair 

comparison of "discovery" vs "development".  The latter typically includes human clinical trials for 

FDA approval. (but no phage therapy has achieved the efficacy of antibiotics (see: 

bacteriophage.news/fda-phage-therapy-for-covid19-patients  -- highlighting Adaptive Phage 

Therapeutics (APT) a clinical-stage company)   In the final paragraph, a few other examples on phage 

"harmful genes" would help, for example, botulism toxin, diphtheria toxin, cholera toxin, and Shiga 

toxin.  Antibiotic resistance of bacteria is mentioned 10 times, but phage resistance is not mentioned 

once (nor is restriction enzymes, CRISPR, etc.)  Also the prospects for engineering phages (which 

seems especially relevant to iGEM)  is not mentioned (See for 

example,  Sniprbiome.com/technology.  The section on endotoxin release is a good start, but do 

antibiotics produce exactly the same release (given the same bacteria load)? and if not, why not? The 

conclusion is that "the regulatory framework remains the largest hurdle" , but it is not clear that this step 

has been  (or should be) much different from regulation of antibiotics.  Perhaps the biggest hurdles (and 

opportunities) have to do with engineering phage to thwart bacterial resistance and mammalian 

immunity.” 

 

Dr. George Church 

 

“Sahni reviews developments in phage therapy as an approach to treating bacterial infections. This 

article provides a competent summary of history and recent work in this area and is written clearly and 

with appropriate structure. Although I am open and sympathetic to the author's perspective, there are 

some issues that detract from the argument. An early, unreferenced statement is that phage history has 

been ignored in "the West" until recently. There is no evidence or discussion provided here either as to 

the lack of useful research in the mid-late 1900s or the geographic isolation, but it seems to follow many 

similar assertions in the literature. A critical examination of this paradigm might provide a more 

compelling introduction and rationale for the review. The summary of work in animals is competent 

and compelling, but there are only single paragraphs without specific references for case studies and 

clinical trials in humans, which leaves the reader unsure as to the efficacy of the treatments; only 

absence of adverse effects is noted in these sections. It could be the case that all of these trials were 

inconclusive or negative. The discussion of regulation is nuanced and interesting, although parts of this 

work would be better placed above when discussing trials. Ultimately, this article makes a compelling 

case that phage therapy is an active area of research currently but that more resources, attention, and 

positive results in state-of-the-art clinical trials are necessary to understand if/where it can be an 

effective part of antimicrobial therapy. The paper at times seems to pit phage therapy and chemical 

antimicrobial agents (and their proponents) against each other, which seems unnecessary and 

distracting. Despite these issues, the paper does provide a useful starting place for readers interested in 

the history and current state of research.” 

 

Dr. Michael Funk 

 

 

“This article by Ruchir Sahni is a review of the background knowledge and recent advances in the field 

of phage therapy, which is becoming increasingly important as antibiotic-resistant bacteria become 

more of a public health threat. The author thoughtfully sets the scene and touches on a lot of key topics 

with regard to both the underlying biology and the practical barriers interfering with the implementation 

of phage therapy. The background information and the overview sections are easy to follow and 

organized, but when it gets to the present situation and the challenges and opportunities, the article 

begins to feel more fragmented, with many short subsections. There are different possible ways to 
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address this, but what I might suggest is to group them by biology, so for example have a section talking 

about phages for respiratory infections all the way from animals to humans, including biological 

findings as well as benefits and drawbacks, another similar one for GI infections, etc., or whatever 

groupings make sense based on the types of infection and the advantages and disadvantages the phages 

present in a particular disease type. I would then reserve the last section for anything that may apply 

across different types of phage therapy, including the regulatory hurdles and lessons from other 

countries.” 

 

Dr. Yevgeniya Nusinovich 
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Afterword 

 
We are now at the end of the third edition of the MSP-Vector, therefore we would like to conclude by 

extending our gratitude to everyone who allowed us to keep this tradition alive.  

Running a journal is not an easy feat, and it would not have been possible if it were not for all those 

who supported us during this journey. 
 
To the teams, we thank you for the dedication that you put into this project. For many teams, this was 

the first time participating in the MSP-Vector. We understand that writing an article adds a serious 

amount of work to the already extensive workload of running an iGEM project. Thank you for sticking 

with us throughout these last months, and for keeping up with all the deadlines. Your cooperation was 

essential in the making of the MSP-Vector. In the context of iGEM, teamwork and collaboration are 

essential skills. This is especially the case in a project like this, which groups parties from all over the 

world. These skills were evident not only in each team in the making of the article, but in the willingness 

you showed to work alongside other groups as well. A final thank you to all of you and congratulations 

on your work. 
 
To our reviewers, Dr. George Church, Dr. Michael Funk and Dr. Yevgeniya Nusinovich. Your expertise 

added great value to the learning experience of the teams participating. Furthermore, your participation 

increased the journal’s reputation, and will surely help future MSP iGEM teams to build a project bigger 

and better than this. We would like to thank you for accepting to help in this project, and hope that we 

will have the opportunity to work with you again. 
 
Our personal thanks go to Dr. Roy Erkens and Dr. Kyle Jazwa, who were fundamental in improving 

our peer review process.  
 
To Tim Davalan and Lotte Deneer, thank you for your mentoring and guidance, and for laying the 

blueprint for us. 
 
Finally, to Dr. Erik Steen Redeker, thank you for bringing iGEM to Maastricht University and giving 

us the opportunity to embark on this journey. 
  

 

 

 


