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Abstract
Hydraulic fracturing, a popular mining technique, generates heavy metal contamination in nearby freshwater aquifers. This
poses a threat to both the surrounding ecosystems and human health if exposed. Existing methods of heavy metal removal
can produce additional hazardous byproducts. This proposal presents the use of a hybrid biofilm filter containing graphene
and curli fibres with metal binding sites. Curli fibres are amyloid fibrils found on the extracellular biofilm of Escherichia coli
(E. coli). Through the use of plasmid vectors, E. coli will be engineered to produce secreted curli fibres with metal-binding
residues. The stability and cohesive properties of the curli fibres augments the adherence to the graphene scaffolding, thus
allowing for generation of a hybrid biofilm. With the filtration design and various experimental controls proposed, this model

is ready for empirical proof of concept and subsequent quantitative optimization.
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Introduction

Among leading global concerns, water pollution is per-
haps the most pertinent to ecological survival. Industrial
developments such as natural gas extraction can present
detrimental consequences to the environment. Hydraulic
fracturing, also known as fracking, extracts natural gas by
pumping fracturing fluid into unconventional reservoirs
such as shale formations, thus forming a hydraulic fracture
[1]. Although fracking has reinvigorated the oil industry,
this technique raises several environmental concerns. With
the large production of flowback water containing fractur-
ing fluid, freshwater aquifers overlying shale formations
may be contaminated [2]. In a study conducted by Mchugh
et al., freshwater samples were screened near fracking sites
and various heavy metals such as arsenic and barium were
discovered, warranting further investigation [2].

Heavy metals can negatively impact human health by
binding to enzymes, thus displacing the original metal co-
factors and reducing or blocking enzymatic activity. The
resulting cell malfunction and toxicity can severely impact
neurological function and promote pathogenesis [3]. A
study investigating heavy metal contamination near large
industrial complexes in Bangladesh found excessive arsenic
accumulation in water and vegetation. Environmental expo-
sures to this heavy metal has been related to increased car-
diovascular mortality in these regions [4]. In another in-
stance, gold mining practices in China have resulted in an
augmented chromium contamination of nearby soil
[5]. Chromium toxicity can result in increased onset of
pulmonary diseases such as asthma and lung cancer [6].
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While measures can be taken to remove heavy metal
contaminants from freshwater reservoirs, these methods
may adversely impact the environment and are limited in
their effectiveness. For instance, chemical precipitation, the
current gold standard for metal filtration, results in the pro-
duction of toxic fume and poses harmful threats to wildlife
and human health [7]. Novel methods of water decontami-
nation are necessary to regulate heavy metal concentration
in freshwater.

Synthetic biology provides a novel avenue through
which contaminated water can be safely purified. The natu-
ral ability of Escherichia coli (E. coli) to produce curli fi-
bres, a type of amyloid fibril, can be utilized to target metal
contaminants in freshwater aquifers [8]. Curli fibres are a
major protein component of E. coli extracellular pellicle
biofilms and are produced naturally. Thus, their production
is reliable and relatively inexpensive compared to analo-
gous synthetic biomaterials [8]. Curli fibres are non-
selectively adhesive, thereby highlighting the effectiveness
of this method in treating contaminated water. Curli fibre
aggregates can generate a biofilm, a thin layer of microor-
ganisms whereby cells can adhere to each other or to a sur-
face [8].

While effectiveness of a curli fibre biofilm has been
demonstrated in external literature due to their highly adhe-
sive properties, additional use of a scaffolding material can
enhance the filtration design [8]. With an established capac-
ity to clear heavy metals, activated carbon can be added to
genetically engineered curli fibres to strengthen and support
the filter model. A specific methodology for this process
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will be detailed in the sections below. This hybrid biofilm
has demonstrated an increased capacity to filter heavy met-
als in laboratory research studies [9].

E. coli can be genetically engineered to secrete curli fi-
bres with increased affinity to heavy metals contaminants.
Specific metal binding residues can be incorporated into
curli fiber proteins through plasmid transformation. If a
subsequent generation of a biofilm with an activated carbon
scaffolded filtration system is introduced to contaminated
freshwater, heavy metal concentrations can be reduced.

Methods

A three-part methodology, discussed extensively be-
low, will be utilized to examine the capacity of curli fibres
in decontaminating freshwater resources. E. coli will be
genetically engineered to produce curli fibres with in-
creased affinity to heavy metal pollutants. Curli fibre secre-
tions will then be isolated from the bacteria, and a hybrid
biofilm containing activated carbon and curli fibres will be
generated and used in conjunction with a novel filtration
system which will be outlined in Part 3 of this methodolo-
gy. The aforementioned techniques will be monitored using
various tests at each stage of the experimental procedure.

1. Engineering E. coli

To create the proposed biofilm, specific bacterial com-
ponents must be genetically engineered (see Figure 1). The
strain E. Coli K12 will host the engineered plasmid and
produce the curli fibres [10, 11]. Curli fibres, which will
form the biofilm, are produced due to the presence of the
operons CsgBA and CsgDEFG. These sequences will be
isolated from the E. Coli K12 genome then transformed
into the selected E. coli plasmid strain, pBbEla [10]. The
plasmid will accommodate the insertion of a metal-binding
protein gene sequences to increase affinity to heavy metals
found in water aquifers. A His-tag is required to incorporate
metal binding residues on the fibres; the tag will be adja-
cent to operon sequences [12]. Copies of the recombinant
plasmid will be generated using PCR and inserted using
various techniques involved in DNA transformation.

In order to select for transfected bacteria, an antibiotic
cassette will be cloned into the plasmid [13]. Antibiotic
cassettes code for a mobile site-specific recombination sys-
tem and can be integrated within a genome or transferred
between organisms [13]. To incorporate cassettes within a
plasmid, site-specific recombination systems known as in-
tegrons are required to mobilize and insert gene sequences
[13]. The proposed experimental design will utilize in-
tegron fragment In4, which contains the cassettes aacCl-
orfE-aadA2 [13]. The genes aacCl and aadA2 code for
antibiotic-resistant against gentamicin and streptomycin,
respectively [13]. Cloning will be performed using DNA
transformation techniques and successful incorporation will
be confirmed using DNA sequence analysis [10]. Success-
fully transfected bacteria will be collected using YESCA-
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CR plates supplemented with growth media and streptomy-
cin (10, 13).

2. Isolating Curli fibres from E. coli

In order to avoid the introduction of potentially harmful
bacteria to freshwater sources, the curli fibres must be sepa-
rated from the E. Coli. The isolation of curli fibres from E.
Coli cell membranes is required to create the filter and will
be achieved using a sodium chloride solution (NaCl) [14].
E. coli colonies will be cultivated on YESCA agar plates
for 72 hours, after which they will be suspended in 1.5 M of
NaCl for 10 minutes [14]. The plate media will be supple-
mented with streptomycin to only select for curli fibers
from the engineered bacteria [13]. Following the centrifu-
gation of the solution, the curli fibres can be harvested [14].

3. Hybrid Biofilm Generation and Filtration System

The extracted curli fibre solution will be mixed with
activated carbon and vacuum filtered using a cellulose filter
[15]. A hybrid composition adsorption membrane can con-
sequently be formed due to the extreme adhesiveness and
stiffness of curli fibres [15]. As activated carbon can act as
a scaffold for the hybrid biofilm, the overall structural sup-
port for the system is enhanced, thus strengthening the filter
model [16]. Several hybrid biofilms will be organized or-
thogonal to water flow within the body of the filter in order
to maximize rate of filtration. The proposed filtration sys-
tem is shaped into a curving spiral to increase path traveled
by water within a specific length, thus augmenting the sur-
face area of the filter that a given unit of water is exposed to
(see Figure 2). This curving filter model additionally intro-
duces turbulence to water flow, amplifying metal filtration
quality. Gravity is sufficient to direct the flow of water.

Several positive and negative controls will be imple-
mented at the various stages of the methodology to ensure
reliability and validity of collected results during experi-
mentation.

Results

There currently lacks empirical data regarding the bind-
ing rate of His-tag for different heavy metal concentrations
and biomass of curli fibres. However, existing studies under
analogous experimental conditions provide gross parame-
ters for what to expect as saturation rates are investigated in
future steps, beyond the scope of this methodology. Labora-
tory experiments can be conducted to determine vital in-
formation regarding curli fibre behaviour. Previous studies
have demonstrated that unaltered curli fibres on E. Coli
have higher absorption thresholds for heavy metal Hg than
the negative control: curli-deficient derivative - PHL628
csgA [17]. While there will be higher concentrations and a
variety of heavy metals found in fracking water compared
to laboratory heavy metal conditions, we expect quasi-
steady-state concentrations of heavy metals within the filter
to approximate the steady concentration seen in this study,
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Figure 2. Displaying Flow of Water through the Proposed Filter
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Table 1. Controls and Expected Results for Experimental Phases

Phase Dependent Variable Test and expected results +/ - Control and expected result
Part 1 - Curli His-Residues in altered Colony PCR +: gel electrophoresis will show
Production curli on E.coli His-Tag fusion protein bands

-2 No protein bands will be present
Part 2 - Curli Curli presence in isolated | Congo Red Dye: Significant signal + : Amyloid produced from milk:
Isolation curli mass Significant signal

-: E.coli growth medium; insuffi-
cient signal

E. coli in isolated curli
mass

E. Coli Assay:
No presence

+: E.coli in growth medium: pres-
ence detected

- E.coli growth medium with curli
presence: no presence

Part 3 - Filtration

Heavy Metal Concentra-
tion in wastewater

ICP- Mass Spectrometry: Decreased
detected concentration after filtration

+: Water with known Heavy metal
concentration: decrease in signal

-: Tap water: insufficient change in
signal

Curli presence in filtered
water

Congo Red Dye: No presence

+: Amyloid produced from milk:
Significant signal

-: E.coli growth medium: insuffi-
cient signal

Absorbed Hg (nM/OD)

0.8

0.25 M Hg PHL628

00 . 0.25M Hg PHL628
0.75 M Hg PHL628 csgA

W().75 M Hg PHL628

0.4

10 15 20

Time (hours)

Figure 3. Graph Displaying Hypothesized Absorption Thresholds of Heavy Metals in the Proposed Filter Based on External

Literature Conducted [17]
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with absorption characteristics following a similar model to
reach equilibrium.

Saturation was reached in 10-15 hours, faster for ab-
sorbents of higher affinity given the same Hg concentration,
and faster overall for lower Hg concentrations (see Figure
3) [17]. As wastewater has significantly higher heavy metal
concentrations than the conducted study we expect longer
wait-times to reach full saturation before the filter needs to
be replaced [17]. Ultimately, wastewater concentration of
heavy metals would require constant monitoring to deter-
mine saturation of filter, as per protocol of current water
filtration systems used today [17].

Discussion

It is estimated that several million people are exposed
to heavy metals chronically throughout the world, and hy-
draulic fracturing is augmenting this number [4]. Heavy
metal contamination poses a plethora of threats to human
health, including a lower birth weight, onset of childhood
cancer, cardiovascular disease and overall increased mortal-
ity rates.

This filtration system proposed in this article may miti-
gate health consequences by eradicating heavy metal con-
taminants in freshwater supplies. The generation of curli
fibres is reliable and relatively inexpensive compared to
other synthetic biomaterials [8]. In addition, this technique
is environmentally friendly and does not pose any harmful
effects to other organisms. To control of E. coli and curli
fiber contamination, several controls and environmental
precautions will be put in place, as discussed in Table 2. As
a further precautionary measure, E. coli contamination will
be detected using standard methods and the water will be
treated with 1.5 mg/L of chlorine, a potent disinfectant [18].

While the experimental design is rigorously tested and
controlled, there are several confounding variables which
may influence the quality of the results. For instance, the
presence of other bacteria and organic compounds in the
contaminated water may influence interaction between curli
fibre and heavy metals. Additionally, in the graphene-based
filtration system, there is a potential for the escape of curli
fibres. Further experimentation will determine how these
factors may impact study results and quality of filtration.

Conclusions

The scope of this particular methodology was limited to
whether genetically modified curli fibres can significantly
reduce heavy metal contamination. As a result, further la-
boratory experiments can identify valuable and specific
information regarding saturation points of curli fibres and
curli lifespan. A fracking-based filtration design can also be
implemented to investigate methods of flowback water fil-
tration prior to freshwater contamination. Although this
study was restricted to consequences arising from hydraulic
fracturing specifically, ideas from this methodology can be
globally applied in other populated areas with polluted wa-
ter source concerns.
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While profitable in natural gas extraction, fracking poses a
plethora of detrimental effects to the environment. As a
solution, the introduction of the proposed hybrid graphene-
curli biofilm can significantly reduce heavy metal concen-
trations in freshwater reservoirs. This hybrid biofilm system
aims to transform current methods of heavy metal filtration
by providing an environmentally-friendly alternative. The
suggested system’s contributions to bioremediation pro-
motes the sustenance of water systems and local ecology.

List of Abbreviations
E. Coli: Escherichia coli
PCR: Polymerase Chain Reaction

Conflicts of Interest
All authors declare that they have no conflict of interest

Ethics Approval and/or Participant Consent

This study did not require ethics approval or participant
consent as it was a proposal and no human participants
were used.

Authors’ Contributions

KP: made contributions to the design of the study, created
all figures and graphic artwork, drafted the manuscript, and
gave final approval of the version to be published

HR: contributed to study design, investigated controls for
methodology, drafted the manuscript, and gave final ap-
proval of the version to be published

MH: made contributions to study design, proposed and ex-
trapolated study results based current literature, and gave
final approval of the version to be published

JL: contributed to design of the study, discussed implica-
tions of study idea, and gave final approval of the version to
be published

Acknowledgements

This research proposal was supported by SciNapse Under-
graduate Science Case Competition (USCC). We would
like to thank this organization for providing us with an op-
portunity to tackle current global health concerns from a
multidisciplinary perspective and foster innovation. We
would also like to show our gratitude to SciNapse at
McMaster for sharing their wisdom with us during the
course of the competition and for providing meaningful
assistance with our study methodology and approach.

Funding
This study was not funded

References

[1] LiR, Dusseault M. Shale Gas Geomechanics and In-
sights into Hydraulic Fracturing Stimulation. In 2016.
https://doi.org/10.3997/2214-4609.201600416.

[2] Mchugh T, Molofsky L, Daus A, Connor J. Comment
on “An Evaluation of Water Quality in Private Drink-

Page 5 of 7


https://www.urncst.com/
https://doi.org/10.26685/urncst.66
https://doi.org/10.3997/2214-4609.201600416.

UNDERGRADUATE RESEARCH IN NATURAL AND CLINICAL SCIENCE AND TECHNOLOGY (URNCST) JOURNAL
Read more URNCST Journal articles and submit your own today at: https://www.urncst.com

ing Water Wells Near Natural Gas Extraction Sites in
the Barnett Shale Formation”. Environmental Science
& Technology. 2014;48[6]:3595-3596.
https://doi.org/10.1021/es405772d

[3] Jaishankar M, Tseten T, Anbalagan N, Mathew B,
Beeregowda K. Toxicity, mechanism and health ef-
fects of some heavy metals. Interdisciplinary Toxicol-
ogy. 2014;7(2). https://doi.org/10.2478/intox-2014-
0009.

[4] Ahmad J, Goni G. Heavy Metal Contamination in Wa-
ter, Soil, and Vegetables of the Industrial Areas in
Dhaka, Bangladesh. Environmental Monitoring and
Assessment. 2010;166:347-57.
https://doi.org/10.1007/s10661-009-1006-6.

[5] NingL, LiyuanY, Jirui D, Xugui P. Heavy Metal Pol-
lution in Surface Water of Linglong Gold Mining Ar-
ea, China. Procedia Environmental Sciences.
2011;10:914-917.
https://doi.org/10.1016/j.proenv.2011.09.146.

[6] Achmad R, Budiawan, Auerkari E. Effects of Chromi-
um on Human Body. Annual Research & Review in
Biology. 2017;13(2):1-8.
https://doi.org/10.9734/ARRB/2017/33462.

[7] Barakat M. New trends in removing heavy metals
from industrial wastewater. Arabian Journal of Chem-
istry. 2011;4(4):361-377.
https://doi.org/10.1016/j.arabjc.2010.07.019

[8] Taylor D, Zhou Y, Salgado S, Patwardhan A,
McGuffie M, Pape T, Lee C. Atomic resolution in-
sights into curli fibre biogenesis. Structure.
2011;19(9):1307-1316.
https://doi.org/10.1016/j.str.2011.05.015

[9] Bergkessel M, Guthrie C. Colony PCR. Methods En-
zymol. 2013;529:299-3009.
https://doi.org/10.1016/B978-0-12-418687-3.00025-2.

[10] Nguyen, Q, Botyanszki Z, Tay R, Joshi S. Program-
mable biofilm-based materials from engineered curli
nanofibres. Nature Communications. 2014;5.

[11] Reisner A, Haagensen J, Schembri A, Zechner L,
Molin S. Development and maturation of Escherichia
coli K-12 biofilms. Molecular Microbiology.
2003;48(4):933-946. https://doi.org/10.1046/].1365-
2958.2003.03490.x

[12] Jalajakumari B, Thomas J, Halter R, Manning, A.
Genes for biosynthesis and assembly of CS3 pili of
CFAVJII enterotoxigenic Escherichia coli: novel regula-
tion of pilus production by bypassing an amber codon.
Molecular Microbiology. 1989;3(12):1685-1695.
https://doi.org/10.1111/j.1365-2958.1989.tb00154.x

[13] Collis CM, Hall RM. Expression of antibiotic re-
sistance genes in the integrated cassettes of integrons.
Antimicrob Agents Chemother. 1995 Jan 1;39(1):155—
62.

[14] Smith R, Price E, Burby E, Blanco P, Chamberlain J,
Chapman R. The Production of Curli Amyloid Fibers
Is Deeply Integrated into the Biology of Escherichia
coli. Biomolecules. 2017;7(4).
https://doi.org/10.3390/biom7040075.

[15] Mezzenga R, Bolisetty S. Amyloid—carbon hybrid
membranes for universal water purification. Nature
Nanotechnology. 2016;11(4):365.
https://doi.org/10.1038/nnano.2015.310.

[16] Li C, Adamcik J, Mezzenga, R. Biodegradable nano-
composites of amyloid fibrils and graphene with
shape-memory and enzyme-sensing properties. Nature
Nanotechnology. 2012;7(7): 421-427.
https://doi.org/10.1038/nnano.2012.62.

[17] Hidalgo G, Chen X, Hay G, Lion W. Curli produced
by Escherichia coli PHL628 provide protection from
Hg (I1). Applied and Environmental Microbiology.
2010;76(20):6939-6941.
https//doi.org/10.1128/AEM.01254-10.

[18] Owoseni MC, Olaniran AO, Okoh Al. Chlorine Toler-
ance and Inactivation of Escherichia coli recovered
from Wastewater Treatment Plants in the Eastern
Cape, South Africa. Applied Science. 2017 Aug
8;7(8):810. https://doi.org/10.3390/app7080810.

Avrticle Information
Managing Editor: Jae Hyun Byun, Jeremy Y. Ng
Peer Reviewers: Paul Lebeau, Umair Majid

Avrticle Dates: Received Jun 18 18; Accepted Aug 07 18; Published Oct 01 18

Citation
Please cite this article as follows:

Pasumarthi K, Ramesh H, Hou M, Lee J. Bioremediation of fracking: novel hybrid biofilm
system using synthetically engineered curli fibres. URNCST Journal. 2018 Oct 01: 2(10).

https://urncst.com/index.php/urncst/article/view/66
DOI Link: https://doi.org/10.26685/urncst.66

Copyright

© Keerthana Pasumarthi, Harshini Ramesh, Maggie Hou, Jennifer Lee. (2018). Published first in the Undergraduate Research
in Natural and Clinical Science and Technology (URNCST) Journal. This is an open access article distributed under the

Pasumarthi et al. | URNCST Journal (2018): Volume 2, Issue 10

DOI Link: https://doi.org/10.26685/urncst.66

Page 6 of 7


https://www.urncst.com/
https://doi.org/10.26685/urncst.66
https://doi.org/10.1021/es405772d
https://doi.org/10.2478/intox-2014-0009
https://doi.org/10.2478/intox-2014-0009
https://doi.org/10.1007/s10661-009-1006-6.
https://doi.org/10.1016/j.proenv.2011.09.146
https://doi.org/10.9734/ARRB/2017/33462
https://doi.org/10.1016/j.arabjc.2010.07.019
https://doi.org/10.1016/j.str.2011.05.015
https://doi.org/10.1016/B978-0-12-418687-3.00025-2.
https://doi.org/10.1046/j.1365-2958.2003.03490.x
https://doi.org/10.1046/j.1365-2958.2003.03490.x
https://doi.org/10.1111/j.1365-2958.1989.tb00154.x
https://doi.org/10.3390/biom7040075.
https://doi.org/10.1038/nnano.2015.310.
https://doi.org/10.1038/nnano.2012.62.
http://https/doi.org/10.1128/AEM.01254-10
https://doi.org/10.3390/app7080810
https://urncst.com/index.php/urncst/article/view/66
https://doi.org/10.26685/urncst.66

UNDERGRADUATE RESEARCH IN NATURAL AND CLINICAL SCIENCE AND TECHNOLOGY (URNCST) JOURNAL
Read more URNCST Journal articles and submit your own today at: https://www.urncst.com

terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestrict-
ed use, distribution, and reproduction in any medium, provided the original work, first published in the Undergraduate Re-
search in Natural and Clinical Science and Technology (URNCST) Journal, is properly cited. The complete bibliographic
information, a link to the original publication on https://www.urncst.com, as well as this copyright and license information
must be included.

URNCST Journal ~ "'Goeg oY 1he C dm
“Research in Earnest” Of Canada ana a

Do you research in earnest? Submit your next undergraduate research article to the URNCST Journal!
| Open Access | Peer-Reviewed | Rapid Turnaround Time | International |
| Broad and Multidisciplinary | Indexed | Innovative | Social Media Promoted |
Pre-submission inquiries? Send us an email at info@urncst.com | Facebook, Twitter and LinkedIin: @URNCST
Submit YOUR manuscript today at https://www.urncst.com!

Pasumarthi et al. | URNCST Journal (2018): Volume 2, Issue 10 Page 7 of 7
DOI Link: https://doi.org/10.26685/urncst.66



https://www.urncst.com/
https://doi.org/10.26685/urncst.66
https://creativecommons.org/licenses/by/4.0/
https://www.urncst.com/
mailto:info@urncst.com
https://www.facebook.com/urncst
https://twitter.com/urncst
https://www.linkedin.com/company/urncst
https://www.urncst.com/

