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Battery-free and biodegradable sensors can detect biological elements in remote areas. The triboelectric
nanogenerator (TENG) can potentially eliminate the need for a battery by simply converting the
abundant vibrations from nature or human motion into electricity. A biodegradable sensor system
integrated with TENG to detect commonly found disease-causing bacteria (E. coli) in the environment is
showcased herein. In this system, p-mannose functionalized 3D printed polylactic acid (PLA) with the
brush-painted silver electrode was used to detect E. coli by a simple carbohydrate—protein interaction
mechanism. The adsorption capacity of b-mannose is generally altered by varying the concentration of
E. coli resulting in changes in resistance. Thus, the presented biosensor can detect bacterial
concentrations by monitoring the output current. The PLA TENG generates an output of 70 V, 800 nA,
and 22 nC, respectively. In addition, tap water and unpasteurized milk samples are tested for detecting
bacteria, and the output is measured at 6 pA and 5 pA, respectively. Further, the biosensor was tested
for biodegradability in soil compost by maintaining constant temperature and humidity. This study not
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only proposes an efficient and fast method for screening E. coli but also gives important insights into
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1. Introduction

Escherichia coli (E. coli) is a bacteria, frequently found in human
and animal intestinal tracts."”* While most E. coli strains are
not harmful, a few of them can result in serious sickness, such
as diarrhea and kidney failure.’® The bacteria that cause E. coli
infections produce a Shiga toxin as part of their infection
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the ability to degrade and long-term reliability of TENG-based sensor platforms.

process. This toxin can harm the lining of the intestines,
causing symptoms like vomiting, diarrhea, and stomach
pain.®” The toxin can also enter the bloodstream and harm
the kidneys, resulting in hemolytic uremic syndrome (HUS),
a potentially fatal illness.*° Consumption of contaminated
food or water, particularly undercooked or raw meat, unpas-
teurized dairy products, or fruits and vegetables infected with
animal feces, is the most typical way to contract the disease.'*"*
Fecal-oral transfer from one person to another is also possible,
particularly in unhygienic environments."” Proper food hand-
ling and hygiene procedures are necessary to prevent E. coli
infection. These procedures include washing hands before
handling or eating food, properly cooking meat, avoiding
unpasteurized dairy products, cleaning fruits and vegetables
before consumption, and detecting bacteria.

Early detection and treatment of symptoms are essential to
preventing infection and subsequent complications. Quickly
identifying potentially hazardous strains in food, water, and
other surroundings makes rapid detection of E. coli crucial,****
providing quicker reaction times to limit the spread of the
bacteria and aid in preventing disease outbreaks. Several
studies have been performed to eradicate the disease. Liu et al.
have proposed a highly sensitive immunosensor for quick IgE
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detection, with potential applications in clinical diagnostics,
allergy monitoring, and possibly early cancer detection, providing
varied healthcare solutions.> Wang et al. treat drug-resistant
bacterial infections using multifunctional nano-assembly consist-
ing of a conjugated oligomer with ferrous ions. The nano-assembly
efficiently converts light to heat, catalyzes H,0O, into hydroxyl
radicals, and uses low H,0, dosages to remove Staphylococcus
aureus in vitro and in vivo.'®

In this context triboelectric nanogenerators (TENGs) are
emerging technologies for detecting pathogenic bacteria due to
their high sensitivity and rapid response time without additional
power sources.'”'® TENGs are nanogenerators that convert
mechanical energy into electrical energy and power low-power
electronics.”*! In the case of pathogenic bacteria detection, a
TENG-based sensor is designed to generate a voltage signal when
bacteria come into contact with the surface of the sensor.>** This
voltage signal can then be measured and used to detect the
presence of pathogenic bacteria. One of the advantages of TENG-
based sensors is their high sensitivity.>* They can detect even small
amounts of bacteria, making them useful for early detection of
infections.”® Additionally, TENG-based sensors are inexpensive
and easy to fabricate, making them accessible for widespread
use.”*?® There are also challenges in using TENGs for pathogenic
bacteria detection, such as the need to optimize the design of the
sensor and the need to ensure specificity toward pathogenic
bacteria.>**° However, ongoing research is focused on addressing
these challenges and improving the performance of TENG-based
sensors for pathogenic bacteria detection.***> Overall, using
TENGs for pathogenic bacteria detection has significant potential
for advancing healthcare by providing a rapid, sensitive, and
affordable method for detecting bacterial infections.

This work presents a sensor system that uses p-mannose
functionalized 3D printed polylactic acid (PLA) and brush-
painted silver electrodes platform to capture E. coli bacteria
through a simple carbohydrate-protein interaction mechanism.
Changes in E. coli concentration alter the adsorption capacity of
p-mannose, leading to variations in resistances and allowing for
effective detection of bacterial concentrations through monitoring
of output current. The biosensor was also validated for its perfor-
mance in detecting S. aureus, a Gram-positive bacterium without
pili. Real-time tap water samples and unpasteurized milk samples
were also tested for bacterial detection. The linear relation between
peak current and bacteria concentration in the detection range
2 x 1078 to 2 x 10°* ml™* was established. Furthermore, the
biosensor’s biodegradability was tested in soil compost under
constant temperature and humidity, demonstrating potential envir-
onmental sustainability. This research offers a promising strategy
for the rapid and effective detection of E. coli and sheds light on the
progress of biodegradable and self-powered sensor systems.

2. Materials and method

2.1. Chemicals and materials

Polylactic acid (PLA), polydimethylsiloxane (PDMS), silver (Ag) paint,
aluminum (Al), hydrogen peroxide (H,0,), distilled water (DI),
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0.1 mM 3-mercaptonic acid (MPA), p-mannose, concanavalin-A
(Con-A), phosphate buffer saline (PBS), 2% v/v glutaraldehyde,
and gelatin were obtained from Sigma Aldrich, Korea. The pure
culture of E. coli strain W1485 (ATCC 12435) in broth media and
Luria Bertani (LB) broth was purchased from Biozoa, Korea.

2.2. Bacteria strain, sample preparation

Desired concentrations of bacteria were made in PBS buffer
using the stock solution by conventional serial dilution method.
The various concentration of the bacterial solutions was incu-
bated for further use. Con A lectin was added to the bacterial
solution and incubated for 30 min at 37 °C.

2.3. Biosensor preparation

PLA substrate and IDT patterned masking of PLA were made by
3D printing. Ag paint was used as the electrode by the brush
painting method and stored for 1 hour at room temperature for
drying. The conductivity of the silver electrode was tested after
drying. The silver electrode surface was thoroughly cleaned to
remove contaminants and dirt and dried using a stream of N,
gas. p-Mannose was dissolved in PBS buffer at 1 mg ml™",
creating a solution of p-mannose molecules in the buffer, ready
for immobilization. A suitable linker molecule, 0.1 mM
3-mercaptonic acid solution with PBS buffer layer, was applied
to facilitate p-mannose binding to the silver electrode surface,
where the thiol group (-SH) of 3-MPA plays a key role. The
sensor was incubated for a few hours to allow the p-mannose to
bind to the linker molecules on the surface. 2% V/V glutar-
aldehyde solution was also applied to the sensor and incubated
for 1 hour at room temperature. The glutaraldehyde helps to
activate the p-mannose and provides reactive functional groups
for subsequent attachment to the linker molecules on the Ag
electrode surface. The electrode was rinsed with DI water to
remove excessive p-mannose and dried using a stream of N,
gas. Gelatin solution was used to block unreacted sites on the
silver electrode surface to prevent the non-specific binding
of bacteria or other unwanted molecules to the immobilized
p-mannose surface. The surface with the blocking agent was
incubated for 1-2 hours, and the electrode was dried and stored
for further use.

2.4. Fabrication of TENG device

The operating mode of TENG was selected as vertical contact
separation mode. The active area of the TENG was 2 cm x 2 cm,
and the structure was 3D printed like an eye shape. The
substrate layer of the TENG is PLA, which is prepared using
the 3D printing technique. The opposite triboelectric layer
comprises PET, PDMS, or porous PDMS. Adhesive aluminum
(Al) tape was used as the electrode pasted upon the inner side of
the eye shaped TENG. Kapton tape was used to paste the copper
wires drawn from both sides of the electrode. The PLA and
opposite layer were uniformly fixed onto the Al tape. Finally, the
vertical contact separate mode based TENG with PLA and the
opposite triboelectric layer was designed. The plain PDMS was
processed using the monomer to hardener at 10:1 ratio, while
for porous PDMS (pPDMS abbreviation further), an additional

This journal is © The Royal Society of Chemistry 2023
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5 ml of DI water was mixed with the solution of clear PDMS and
blended properly. The plain and pPDMS underwent curing for
4 hours at 70 °C. In the case of the pPDMS, the water molecules
evaporated, leaving non-uniform pores in the PDMS matrix.

2.5 Experimental techniques

An electrometer (M/S Keithley 6514) and a homemade LabVIEW
program help trace TENG’s output. The contact and separation
motion of the TENG was done with the aid of a linear motor
(M/S LINMOT, USA). The surface morphology of the sensors
employed was taken employing a scanning electron microscope
(M/S Hitachi, SU-8020) and elemental mapping using OXFORD
EDS. The Raman band was traced using a Raman imaging
system bearing a laser module of 532 nm (M/S Thermo
Scientific, Nicolet Almega XR). The Fast Fourier Infrared spectra
(FT-IR) were captured using Thermo Scientific Nicolet Conti-
nuum from a wavelength 500 cm™" to 3000 cm™'. The UV-vis
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spectrum was measured with a UV-Vis spectrophotometer (M/S
Edinburgh Instruments, UK). The X-ray spectra were traced
using an Xray diffractometer (M/S Bruker, Germany) with
Cu-Ka radiation. The substrate was 3D printed using an FFT-
based 3D printer (M/S Ultimaker, Netherlands).

3. Results and discussions

Fig. 1(a) shows the overall schematic of self-powered bacteria
detection using TENG. The system implements the carbo-
hydrate-protein interaction mechanism for bacteria detection.
The TENG electrical output depends on the bacteria concen-
tration, so the output can be monitored to identify the bacteria
growth, which could be a very effective approach to eradicate
diseases or infections. Fig. 1(b) shows the E. coli infection
mechanism step by step. When contaminated food, such as
undercooked meat, raw vegetables, or unpasteurized milk, is
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Al-electrode ' Porous PDMS PLA

Working mechanism of TENG
(i) Applied Pressure
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Fig. 1 Bacterial infection mechanism, working mechanism of TENG, and schematic of TENG and biosensor (a) schematic diagram of TENG-based
self-powered bacteria detection. (b) Schematic drawing of bacterial infection for intaking contaminated foods, colonization in the large intestine,
attachment to the epithelial cell, transport into the bloodstream and followed by harmful diseases (illustrated using biorender). (c) PLA substrate and IDT
type 3D printed mask and brush painted Ag electrodes for biosensor. (d) Layer-by-layer arrangement of the TENG device. (e) Working mechanism of
TENG (i) initial state, (ii) pressed TENG, (iii) partially released, (iv) fully released, (v) pressed again.
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consumed, E. coli can enter the body Fig. 1(b1). E. coli can
colonize the large intestine by utilizing adhesion, allowing the
bacteria to attach to the epithelial cells lining the intestinal
wall, as shown in Fig. 1(b2). Adhesion is facilitated by specia-
lized structures called pili or fimbriae present on the surface of
E. coli. Pili are filamentous appendages composed of proteins
that extend from the bacterial surface. They had an important
role in the initial attachment of E. coli to the epithelial cells. Pili
have specific adhesin proteins at their tips that recognize and
bind to receptors on the surface of the intestinal epithelial cells.
This interaction promotes the tight attachment of E. coli to the
cell surface Fig. 1(b3). Once attached, E. coli can release toxins,
such as Shiga toxins, responsible for the severe symptoms
observed in certain E. coli strains. These toxins damage the cells
lining the intestines, leading to inflammation and the break-
down of blood vessels, resulting in bloody diarrhea. The
damaged intestinal cells release inflammatory chemicals that
attract immune cells, exacerbating the inflammation. In some
cases, these toxins can also enter the bloodstream, causing
systemic effects Fig. 1(b4). The toxins primarily target the
kidneys, leading to a condition known as hemolytic uremic
syndrome (HUS), which can result in kidney failure Fig. 1(b5).
So, it is crucial to detect E. coli by a rapid and cost-effective
method.

Fig. 1(c) shows the 3D-printed biosensor substrate and
mask, and the brush-painted method was used to prepare the
Ag-electrode. Fig. 1(d) shows the layer-by-layer arrangement
of the TENG with its photo. Fig. 1(e) illustrates the working

(a) (b)
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mechanism of the TENG device. At the initial state, the two
layers of the TENG are fully separated, and there is no genera-
tion of charges. When the two layers are fully in contact,
positive and negative charges are generated on the triboelectric
layer as per the polarity (i). While releasing (ii), the electrical
charges flow from the top electrode to the bottom electrode.
When the two layers of TENG are fully released (iii), the device
is at an equilibrium state, and no electrical charges flow. Again,
when pressing the two layers (iv), the electrons flow from the
bottom to the top electrode. This periodic contact separation
leads to the generation of the TENG output.

Fig. S1(a) (ESIt) shows the room-temperature XRD analysis
of PLA, pPDMS, and aluminum. XRD pattern of PLA shows a
wide diffraction peak centered at 20 = 16°. The absence of a
distinctive peak in the PLA shows the structure is amorphous.*?
In the case of PDMS, a smaller and broader at 20 = 22.6° is
depicted. These findings show that the material is amor-
phous.*® The peak at (20 = 38.54, 44.78, 65.12°)corresponds to
the aluminum peaks.”®> The morphological properties of
pPDMS, aluminum, and 3D printed PLA substrate are shown
in Fig. S1(b)~(d) (ESIt). The EDS spectra and at% of Si, C, and
O in pPDMS reveal the homogeneous distribution of elements
on the PDMS surface, as shown in Fig. S1(e) (ESIt). The EDS
spectra of Al is shown in Fig. S1(f) (ESIt).

As previously discussed, the biosensor was fabricated by a
cost-effective method and characterized for bacteria sensing.
Fig. 2(a) shows the SEM image of a brush-painted Ag electrode
upon a PLA substrate. The elemental color mapping and EDS
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Fig. 2 Structural and Morphological Analysis of PLA, PLA/Ag, PLA/Ag/p-mannose (a) SEM image of brush-painted Ag electrode. (b) EDS spectra and
elemental color mapping of PLA-Ag electrode. (c) Absorbance spectra, (d) transmission %, (e) Raman spectra, and (f) FTIR spectra of neat PLA, PLA/Ag,
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spectra in Fig. 2(b) reveal the distribution of Ag, C, and O in the
system, and no evidence of additional impurities can be seen.
Fig. S2(a) (ESIt) shows the digital image of the biosensor. The
conductivity of the IDT patterned electrodes is shown in
Fig. S2(b) and (c) (ESIT).

Fig. 2(c) shows the UV-visible absorption spectra of the PLA,
PLA/Ag, and PLA/Ag/p-mannose between 390 nM to 530 nM.
The 3D-printed PLA polymer matrix did not show any notice-
able absorption bands. However, after connecting the electrode
to the neat PLA with conducting Ag-paint, for the PLA/Ag
system, the absorption increases above 400 nm. The well-
known surface plasmon resonance (SPR) band due to silver
nanoparticles was detected around 400 nm for both PLA/Ag and
the p-mannose modified PLA/Ag samples.® However, the
observed Ag-SPR band around 400 nm is weak for both PLA/
Ag and the modified PLA/Ag/p-mannose. The intensity of such
an Ag-SPR band depends on the size of Ag-nanoparticles. The
present study uses silver paste instead of synthesizing the
Ag-nanoparticles on the PLA polymer.*® The intensity of
the Ag-SPR band is highest for the PLA/Ag/p-mannose, it is
because, during the fabrication of the sensor with MPA solution
and p-mannose probable, the Ag-paste degrades to release
greater Ag-particles as compared to plain PLA/Ag sample. Also,
between 400 and 490 nm, the absorbance for the PLA/Ag
increases with wavelength, whereas for the p-mannose mod-
ified PLA/Ag, it decreases with the increase in wavelength.
This behavior can also be attributed to the interaction of the
thiol group (S-H) of Ag particles and -COOH of MPA with
p-mannose.

Fig. 2(d) shows the transmission % of PLA, PLA-Ag, and PLA-
Ag-functionalized, where the transmission % of neat PLA
is 100%, and the % decreases with electrode painting and
functionalizing. Raman spectroscopy was performed to study
the PLA, PLA/Ag, and PLA/Ag/p-mannose systems, focusing on
specific intensity shifts in different spectrum regions. Fig. 2(e)
shows the Raman spectra for neat PLA. PLA spectrum shows
the characteristic Raman-bands at 3001 cm ™%, 2946 cm™*, and
2880 cm™ ', related to asymmetric and symmetrical stretching
vibrations of the C-H (vas/sCH;) bond of the PLA chain;
1769 cm™ ', corresponds to the stretching vibration of the
C=O0 (vC=0) bond; 1453 cm ', corresponds to the asymmetric
deformation vibration of the CH; bound (5asCH,); 872 cm ™,
corresponding to the stretching vibration of the C-COO
(vC-CO0) bond.”” Raman spectra of PLA/Ag do not contain
any specific peaks corresponding to Ag-NPs due to the formation
of some s Ag-O bonds*® arising from the interface between
AgNPs with the carboxylate groups (n Ag-OCO-) of PLA.*® Also,
the spectra show the characteristic signature Raman peaks of
PLA at 549 cm ™' (C-O-C vibration), 674 cm™ ' (C=O stretching
vibration), 935 em ™" (C-COO vibration), 1277 and 1382 cm ™"
(CH deformation vibration), 1598 cm ' (asymmetric C—=O0
stretching vibrations of carboxylate groups of PLA), and 2923 cm™*
(CH; symmetric and asymmetric stretching vibration).>®

The stretching vibrations (v) of the CH, groups of the
monosaccharides were analyzed in the 2800-3000 cm ™" region.
Additionally, the bending vibrations () of the CH, and C-OH

This journal is © The Royal Society of Chemistry 2023
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groups were observed in the 1200 to 1500 cm™' region.*®
This study found that p-mannose exhibited similar vibrational
behavior to the monosaccharide in the aforementioned
regions, indicating the presence of these functional groups in
the PLA/Ag/p-mannose system. The fingerprint region, span-
ning approximately 950-1200 cm™ ', provided characteristic
bands that represented the conformation of the rings and the
relative orientation of several substituents.”® The vibrations
observed in this region were associated with the deformation
vibration (9) of C-OH, C-CH, and O-CH groups. The interval
between 600 and 950 cm ™" allowed for specifying the B and o
anomers for p-mannose and the characterization of pyranose
and furanose rings. Specifically, the intensities of the peaks at
~960 and ~974 cm™* were analyzed to determine the anome-
ric proportions of o and B forms.*® In the PLA/Ag/p-mannose
system studied, the intensity of the peak at ~974 cm™ ' was
higher compared to the ~960 cm™" peak, which exhibited a
weaker signal. Based on this observation, it can be concluded
that the PLA/Ag/p-mannose electrode contained a higher pro-
portion of the B anomeric form. This Raman study provides
valuable information about the vibrational behavior and com-
position of the PLA/Ag/p-mannose system, shedding light on its
molecular structure and characteristics.

FT-IR spectroscopy was employed to analyze the Ag-NP
interaction with PLA. Fig. 2(f) displays the FT-IR peaks corres-
ponding to PLA, PLA/Ag, and PLA/Ag/p-mannose. Specifically,
the peaks observed at 1179 (1074), 2994 (2945), and 3522 cm ™"
were attributed to the stretching of C-O, C-H (double), and
O-H groups, respectively, present in the -CH (CH;3)-OH end
group of PLA. The band at 1744 cm ', representing C—0O
carbonyl stretching, likely indicated the presence of the -CH-
CO-O- group. Furthermore, the 1445 and 1350 cm ' peaks
were associated with -CH; and -CH- bending, encompassing
both symmetric and asymmetric bending.*® The interaction
between PLA chain molecules and Ag-NPs was linked to the
peak at 3489 cm ™ '.>® The slight broadening of this peak can be
attributed to van der Waals interactions between the -O-H
group of PLA and the partially positive charge on the surface of
the Ag-NPs.*® Additionally, the interaction of Ag-NPs with the
carbonyl group in PLA is evident from the shift of the carbonyl
peak from 1744 cm ' in PLA to 1748 cm ' in the PLA/Ag
system.

The FTIR spectra of PLA/Ag/p-mannose provide insight into
the modified material’s molecular composition and structural
characteristics. One notable feature observed is the presence of
free hydroxyl groups associated with the terminal ends of the
structure, which exhibit a peak at 3343 cm™'. These hydroxyl
groups are likely derived from p-mannose, indicating the
successful incorporation of the sugar moiety into the PLA/Ag
composite. The spectra also reveal distinct stretching vibrations
related to different functional groups in the modified material.
The C-H stretching groups originating from the aromatic
protective group within the sugar skeleton are observed in the
3000 to 3100 cm ™' range. This region signifies the presence of
these aromatic C-H bonds within the PLA/Ag/p-mannose struc-
ture. Additionally, signals corresponding to the CH, groups

J. Mater. Chem. B, 2023, 11,10147-10157 | 10151
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Fig. 3 Electrical response analysis of the fabricated TENG device (a)—(c) voltage, current, and charge output of TENG with different opposite layers, such
as PET, PDMS, and pPDMS, respectively. (d) Voltage output across different resistance loads. (e) Power output across different resistance loads. (f) Stability

of the device shown until 30 days. (g) Different capacitor charging for 100 s.

biomechanical energy harvesting using finger and palm.

within the overall structure can be observed at approximately
2900 to 3000 cm ™ '. Furthermore, the intense vibration asso-
ciated with the C=O0O group in the ester bond is evident at
around 1753 cm™ ', This peak confirms the presence of ester
linkages within the PLA/Ag/p-mannose material. The frequen-
cies related to the C-O bonds fall within the range of 1363 to
1076 cm ™', indicating the characteristic stretching vibrations of
these bonds in the composite.**

The electrical output (voltage, current, and charge) of a PLA-
based TENG with several opposite layers is shown in Fig. 3(a-c).
As PLA shows positive triboelectric polarity, the negative tribo-
electric layers were considered PET, plain PDMS, and pPDMS.
The results vary depending on the position in the triboelectric
series and the roughness; the pPDMS-PLA-based TENG pro-
duces the best results. The pPDMS-PLA TENG’s output voltage,
current, and charge are 70 V, 800 nA, and 22 nC, respectively.

The porosity in the PDMS can produce a high surface area,
which enhances charge transfer and promotes efficient energy
conversion. Porosity improves air circulation and contact
between surfaces, enhancing TENG performance. For further

10152 | J Mater. Chem. B, 2023, 11, 10147-10157

(h) Charging discharging curve of 1 uF capacitor. (i) Voltage output shown for

experiments, PLA-pPDMS-based TENG is selected for further
studies. Fig. 3(d) shows the voltage output of PLA-pPDMS TENG
at different load resistance. It follows the trend of Ohm’s law:
the resistance value increases, and the voltage rises. By varying
the load resistances, the corresponding power output of the
TENG was presented in Fig. 3(e). The highest power of 12 yW
across a resistance of 10° Q. The long-term stability of the
device was tested for over 30 days, and the constant output was
obtained for a constant frequency of 1 Hz and 5 N, presented in
Fig. 3(f). Fig. 3(g) shows the charging of different capacitors
(1, 2.2, 4.7, 10 pF) for 100 s using the TENG and bridge rectifier
circuit. The stable electrical output can also be confirmed in
Fig. 3(h), elucidating the charge and discharge plot of a 1 pF
capacitor. TENG device was used to harvest energy from body
motions such as finger and palm pressing, shown in Fig. 3(i).
The performance of the TENG demonstrates its usability and
stability for effective energy harvesting.

Fig. 4 illustrates the sensing mechanism of bacteria based
on a carbohydrate-protein bond. Self-assembled monolayer
(SAM) formation is a technique that can be used to immobilize

This journal is © The Royal Society of Chemistry 2023
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p-mannose on the surface of a silver electrode, as shown in
Fig. 4(i) and (ii). One of the most widely investigated types of
SAMs is based on the attachment of alkanethiols (in the present
case 3-MPA) to gold, silver, copper, palladium, platinum, and
mercury surfaces. The strong attraction of thiols to these metals
allows the creation of well-defined organic surfaces with versa-
tile and easily modifiable chemical functions displayed at the
exposed interface.*” Using SAMs to functionalize noble metal
surfaces provides a simple route to functionalize electrode
surfaces by organic molecules (both aliphatic and aromatic)
containing free anchor groups such as thiols, disulfides,
amines, acids or silanes for improved stability of bio-
molecules.*® Due to the high affinity of SH groups to metals,
thiol-terminated SAMs have attracted tremendous attention for
construction of biomolecular electronic devices.** The thiol
group (-SH) of 3-MPA has a lone pair of electrons on sulfur.
When the 3-MPA solution is applied to the silver electrode
surface, the thiol groups bind covalently to the silver surface,
forming a covalent bond between the sulfur atom of 3-MPA and
the silver atoms on the surface. This step is called chemi-
sorption. The sensor is incubated for a few hours to allow
p-mannose to bind to the linker molecules (3-MPA) on the
surface. A 2% v/v glutaraldehyde solution is applied to the
sensor and incubated for 1 hour at room temperature. Glutar-
aldehyde serves as a cross-linker and activates p-mannose on
the surface. Gelatin solution blocks unreacted sites on the
silver electrode surface, preventing the non-specific binding
of bacteria or other unwanted molecules to the immobilized
p-mannose surface. The surface with the blocking agent is

This journal is © The Royal Society of Chemistry 2023

incubated for 1-2 hours. The immobilized p-mannose on the
surface of the Ag electrode selectively binds to lectins that
recognize mannose on the surface of bacteria and recognize
the bacterium. The sample containing the bacteria was supple-
mented with Concanavalin-A (Con A), a lectin, a class of
proteins that recognizes certain carbohydrates through a pro-
cess known as carbohydrate-protein binding.*> Con A is an
effective material for sensing bacteria because it has a strong
affinity for mannose and glucose residues found on the surface
of several microorganisms, including bacteria such as E. coli.*®
Con A could be involved in identifying and reacting with
carbohydrates found on bacterial surfaces.”” Like several other
organisms, bacteria have carbohydrates on the surface of their
cells. These carbohydrates can perform various tasks, such as
signaling, cell recognition, and adhesion.*®

Fig. 4(iv) and (v) depicts several stages during Con A inter-
actions with bacteria. First, Con A recognizes the carbohydrate
recognition domain (CRD) and binds to mannose residues on
the surface of E. coli pili. van der Waals forces, electrostatic
interactions, hydrogen bonds, and other non-covalent inter-
actions play a role in this bonding. The lectin then undergoes a
conformational change in response to Con A binding to E. coli
pili, forming a hydrophobic pocket that contacts hydrophobic
molecules on the bacterial surface. The relationship between
Con A and E. coli pili is further stabilized by this interaction.
Now that p-mannose has been immobilized on the Ag electrode
surface, it can be used to identify bacteria that selectively bind
to p-mannose. As shown in Fig. 4(vi), the surface of the
biosensor was exposed to the bacterial suspension containing

J. Mater. Chem. B, 2023, 11,10147-10157 | 10153
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Con A in the PBS buffer solution, and the impedance change
of the Ag electrode surface can be seen. Bacteria binding
p-mannose can affect the electrical properties of the surface,
which can be monitored and used for bacterial detection.
Fig. S3(a) and (b) (ESIt) shows the molecular diagram of the
reaction which occurs at (ii) and (iii) of Fig. 4.

Fig. 5(a) shows the shift in resistance of the sensor at
control, functionalized, and different bacterial concentrations.
The biosensor was further connected with the impedance
analyzer, and 100 pl of bacterial suspension with PBS buffer was
added drop by drop with different concentrations ranging from 2 x
10"%to 2 x 107> ml™". Fig. 5(b) and (c) shows an instant resistance
drop, where the control and functionalized samples have higher
resistances at lower frequency regions. The resistance decreases to
the concentrations as per the frequency-dependent impedance
measurement. The biosensor is now connected with PLA-pPDMS-
based TENG in parallel connection to detect the output changes to
the concentration of bacteria.

As shown in Fig. 5(d), the current output of the PLA-
TENG increases when the bacteria suspension of 2 x 10 to

View Article Online
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2 x 107> ml™" is added. The biosensor response could be
directly related to the current output of TENG. In simple terms,
as the concentration of bacteria on the biosensor increases, the
resistance of the biosensor reduces, causing the current of PLA
TENG to grow following Ohm’s law (V = IR). The self-powered
biosensing device offered an outstanding linear response to
E. coli concentration, as shown in Fig. 5(e). The corresponding
regression coefficient (R?) is R* =0.962. As can be observed in
Fig. 5(f), Staphylococcus aureus (S. aureus) detection was used as
a negative control to test the selectivity of the self-powered
biosensing system. Changes in S. aureus concentrations do not
result in any detectable changes in the current output. Only
bacteria with pili containing the lectin protein, which is lacking
in the case of S. aureus, can be detected by the synthesized
biosensor with the mechanism of carbohydrate-protein inter-
action. This outcome indicates the specific sensing mechanism
of the designed biosensor.

Finally, Fig. 5(g) shows a digital photo of real-time bacteria
sensing using materials including tap water and unpasteurized
milk. The current suddenly increases with E. coli in both the

( 250
(@), — (D) 5 — (c) e
£ —e— Functionalized —e—2x107crumi
1804 Toto.) 200 —e—2x10%crUmI
§160- 2 3 = ——zxecrum
3 = —e—2x10crum!
;140. §§ \ EBDO- 5o —s—zno:cruml
8 120 § 3 s o o2 xta%crumi
c < s § . © 600
« 100 9 b & £ c
3 Ao @ 8
v 80 \5 s oS e » 400 1004
» R N
o 604 d—o_ o+ o & § § 4]
s O ~ 4
& 40 o F » S E | X 50+
204 \3 s FF 0
o] \0\3_3 ! i 0 :
~ ey T 100 > 1000 (H2) 10000 012)0 1000 oy
oncentration ml requency (Hz
(d)1200 (e) (f) Frequency (Hz)
i 1200 4 600
4054 E.coli S.aureus
1100+ : : 400
Z 1 \ 1000+ : ¢ 2 | =
c < g 2 T e | < 200
£ 300 | £ 900 2 < 2 2« £ |
- - o 4 z o
[ ", x £ - b
g " WMM i § 8004 g - : e £ o, b
5 300 ‘H 5 E ~ T h c }
L 1 700 4 2 =
(3] e O g ° % 3200
2 E d ] E E E E E E z
o § b o5 5 5 5 6 ~ 4004 S £ 5 6 o 6 & & 8
-900- T e 22 e L % 500 e %% %
E & & & & & & & ® 2~ & & & X233
12001 — T r T v r T 400 T T T T T T 600 1— - v v v T r
0 20 40 60 80 100 120 140 10° 107 10° 10° 10* 10° 10% 10" 0 20 40 60 80 100 120 140
) Concentration of bacteria (CFU/ml) . Time (s)
(9) (i)
wio E.coli WItE.coli wioE.coll WItE.coli 54 44
44 3l
Tapwater ~Milk sample — ' & 3- <
b, = =21
~ -
\l €2 c
[ o 14
- S
= 14 =
T 3 I 80 l
T (&] 04 i
‘. |,
I A - 3 . 14 Functionalized Tap water wio Ecoli  Tap water wit E.coli FuRciohaNsd Mk who E.call Mk wi Ecol
- T T T T T T T T T T T T T T T T T T
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40

Time (s)

Time (s)

Fig. 5 Detailed study and response of bacterial sensing by carbohydrate protein interaction (a) change in resistance of control, functionalized, various
concentrations using a multimeter. (b) and (c) Resistance changes at various frequencies. (d) Changes of the current output of the TENG device using
control, functionalized, and various concentrations of E. coli solutions. (e) The response curve of the sensor detecting E. coli. (f) Current output of the
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sample and the output current, reaching up to 6 pA and 5 A,
respectively. However, the output current from the control
sample and the tap water and milk samples without E. coli
are practically identical. In conclusion, the self-powered bio-
sensing system can quickly and efficiently detect specific Gram-
negative bacteria (E. coli), aiding in timely medical interven-
tions and disease control.

Biodegradable sensors are essential to solve environmental
problems and advance sustainable technologies.”*' The sponta-
neous biodegradability of these sensors after use minimizes the
accumulation of waste and has no adverse effects on the
environment.”>>* Due to their bio-friendly nature, they can also
be used for biomedical applications as implanted devices. Biode-
gradable sensors offer an attractive option for eco-friendly and
healthcare purposes.>* Therefore, the biodegradability test of the
PLA-based biosensor was demonstrated using soil compost. The
3D-printed PLA was placed in the soil compost, as shown in
Fig. 6(a), and the temperature and moisture content were main-
tained at 40 °C and 50%, respectively, for 42 days. Fig. 6(b) illustrates
the estimated degradation percentage and a graph showing the
decreasing weight of PLA with increasing time. Fig. 6(c) shows a
digital image of PLA degradation with a 7 day interval. The result
indicates that the fabricated sensor is naturally biodegradable and
supports sustainable device engineering options.

4. Conclusions

In conclusion, a self-powered TENG-based biosensor has been
developed for the rapid detection of bacteria, implementing

This journal is © The Royal Society of Chemistry 2023

p-mannose as a sensing layer and a simple carbohydrate—
protein binding mechanism. E. coli, a Gram-negative bacterium
with pill-like structural characteristics, was used as a prototype
to demonstrate the viability of self-powered bio-sensing.
The biosensor can accurately detect E. coli concentrations by
monitoring the output current because changes in E. coli
concentration cause changes in resistance. In addition, real-
time samples such as tap water and unpasteurized milk were
used to detect E. coli. S. aureus, a Gram-positive bacterium
without pili, was chosen as a negative control to demonstrate
the selectivity of the self-powered biosensor. Further, the bio-
sensor was tested for biodegradability in soil compost by
maintaining a consistent temperature and humidity. This study
presents a fast and efficient method for detecting E. coli and
offers valuable information for advancing TENG-based self-
powered sensor systems.
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