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ABSTRACT: Infectious diseases by multidrug-resistant superbugs, which cannot be
cured using commercially available antibiotics, are the biggest threat for our society.
Due to the lack of discovery of effective antibiotics in the last two decades, there is an
urgent need for the design of new broad-spectrum antisuperbug biomaterials. Herein,
we report the development of antisuperbug nanocomposites using human host
defense antimicrobial peptide-conjugated biochar. To develop an economically viable
technology, biochar, a carbon-rich material from naturally abundant resource, has
been used. For combating broad-spectrum superbugs, a nanocomposite has been
designed by combining biochar with a-defensin human neutrophil peptide-1 (HNP-
1), human p-defensin-1 (hBD-1), and human cathelicidin LL-37 antimicrobial
peptide. The designed three-dimensional (3D) nanocomposites with pore size
between 200 and 400 nm have been used as channels for water passage and captured
superbugs. The reported data demonstrated that antimicrobial nanocomposite can be

used for efficient capture and eradication of Gram-negative carbapenem-resistant Enterobacteriaceae (CRE) Escherichia coli (E. coli)
and Klebsiella pneumoniae (KPN) superbugs, as well as Gram-positive methicillin-resistant Staphylococcus aureus (MRSA) and
vancomycin-resistant enterococci (VRE) superbugs. Possible mechanisms for broad-spectrum antisuperbug activities using hydrogel

have been discussed.

KEYWORDS: biochar-based nanocomposite, human host defense antimicrobial peptides, Gram-positive bacteria,

Gram-negative pathogens, combating broad-spectrum superbugs

1. INTRODUCTION

From 1945, after the availability of antibiotic penicillin in the
market, antibiotics became a medical miracle for our society to
save millions of lives every year from infectious disease.'>
However, in the last few decades, microorganisms developed
very smart defense strategies against market available anti-
biotics.”™'" As a result, infection diseases due to the drug-
resistant microorganism cannot be cured using market
available antibiotics.'' > Since multidrug-resistant organisms
are emerging too fast against a new antibiotic even before it
reaches the market, new classes of antibiotics have not been
discovered since the 1990s.”' " In the last few years, we and
other groups have demonstrated that gold, silver, carbon,
graphene oxide, MoS,, WS,, metal oxide, and other nanoma-
terial-based different approaches, including antimicrobial
peptide-attached nanoarchitecture, can be highly promising
antimicrobial materials to combat superbugs.””'"'%7** Most
of the reported nanomaterial-based approaches show that
single-type antimicrobial peptide-attached nanocomposites can
be used for combating either Gram-positive or Gram-negative
bacteria.””!"'¥733 In this manuscript, we have reported the
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development of three different types human host defense
antimicrobial peptide-attached naturally abundant biochar-
based novel broad-spectrum antimicrobial nanocomposites.

Experimentally measured data show that antimicrobial
nanocomposite can be used for 100% of capture and total
eradication of Gram-negative carbapenem-resistant Enter-
obacteriaceae (CRE) Escherichia coli (E. coli) and Klebsiella
pneumoniae (KPN) superbugs, as well as for Gram-positive
methicillin-resistant Staphylococcus aureus (MRSA) vancomy-
cin-resistant enterococci (VRE) superbugs. A 100% capturing
and killing efficiency was obtained by attaching biochar with a-
defensin human neutrophil peptide-1 (HNP-1), human /-
defensin-1 (hBD-1), and human cathelicidin LL-37 antimicro-
bial peptide simultaneously.
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Scheme 1. Schematic Representation Showing the Synthetic Pathway Used to Develop Human Antimicrobial a-Defensin
HNP-1, f-Defensin hBD-1, and Cathelicidin LL-37 Peptide-Attached Biochar Nanocomposites”
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Figure 1. (A) SEM image showing the morphology of chemically degraded biochar through acidic oxidation. (B) SEM image showing the
morphology of antimicrobial HNP-1, hBD-1, and LL-37 peptide-attached biochar nanocomposites. (C) EDX mapping showing the presence of C,
N, and O on the HNP-1, hBD-1, and LL-37 peptide-attached biochar nanocomposites. The inserted high-resolution image indicates that peptides
are attached with biochar. (D) FTIR spectra of human antimicrobial a-defensin HNP-1, -defensin hBD-1, and cathelicidin LL-37 peptide-attached
biochar nanocomposites, which shows the presence of —C=C stretch, —OH stretch, amide-A, amide-I, amide-II, and amide-III vibrational bands.
(E) XRD spectra of chemically degraded biochar and biochar nanocomposites, which show the presence of the (002) reflection of graphite. (F)
Pore size distributions from antimicrobial HNP-1, hBD-1, and LL-37 peptide-attached biochar nanocomposites, which shows pore size ranging

from 200 to 400 nm and highest density at around 310 nm.

Biochar, a carbon-rich, sustainable, and naturally abundant
resource-based green material, has been used to design
nanocomposites for environmental applications.”*™*’ Due to
the possibility of large-scale production at low cost, biochar-
based nanocomposites will have a great potential for the
development of the economically viable medical technol-
ogy.”*™ Like graphene oxide (GO), acid-modified biochar
contains abundant oxygen-containing surface functional groups
such as C=0, COOH, and —OH, which have been used to
anchor with a-defensin HNP-1, -defensin hBD-1, and LL-37
antimicrobial peptide via a covalent bond.'”~** In our design,
biochar-based three-dimensional (3D) nanocomposites with
pore size between 200 and 400 nm have been used as channels
for water passage and to capture drug-resistant pathogens.

Human host defense antimicrobial peptides are very
important components of our immunity system to protect
from bacterial infections.*’™*® Defensin antimicrobial peptides
are cysteine-rich, cationic peptides, which can be classified into
two subtypes: a- and p-defensins.*”* @-Defensin human
neutrophil a-defensin-1 is produced by neutrophils, and it has
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the ability to kill pathogens via inhibition of cell-wall synthesis
by binding to lipid II and also by membrane lysis."*** p-
Defensin-1 peptides are produced in the epithelium and it has
the ability to kill pathogens via blocking of epithelial invasion
as well as via membrane lysis.***> On the other hand,
cathelicidin family antimicrobial peptides are produced in the
epithelium and in neutrophils.”®*” Cathelicidin LL-37
antimicrobial peptide has the ability to kill pathogens via
pore formation in bacterial membranes.**™** In our design, we
have used a-defensin (ACYCRIPACIAGERRYGTCIYQGRL-
WAFCC), f-defensin (GNFLTGLGHRSDHYCVSSGGQ-
CLYSACPIFTKIQGTCYRGKAKCCK), and cathelicidin LL-
37 (LLGDFFRKSKEKRIVQRIKDFLRNLVPRTES) antimi-
crobial peptide-attached nanocomposite. Human antimicrobial
agents such as a-defensin HNP-1, f-defensin hBD-1, and LL-
37 contain amine groups that have been exploited for
functionalization by amide bond formation with carboxyl
groups of biochar, as shown in Scheme 1. Reported data show
that nanocomposite can exhibit 100% killing efficiency for
Gram-negative and Gram-positive superbugs; on the other

https://dx.doi.org/10.1021/acsabm.0c00880
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hand, the killing efficiency is >50% when a mixture of HNP-1,
HBD-1, and LL-37 peptides is used without nanocomposites.

2. RESULTS AND DISCUSSION

2.1. Development and Characterization of Chemi-
cally Degraded Biochar. Initially, we have performed
chemical oxidation of the biochar surface to increase the
oxygen-containing functional groups such as —OH, —COOH,
etc., as shown in Scheme 1A. For this purpose, biochar powder
purchased from Thermo Fisher Scientific (catalog number
NC1713201) was used for chemical oxidation without further
purification, followed by an acid treatment using a modified
literature procedure.”’ *° For chemical oxidation of the
biochar surface, biochar powder was immersed in sulfuric
acid and nitric acid.”> Experimental details are given in the
Supporting Information. After that, chemical oxidation was
conducted by agitation of the mixture at 160 rpm for 1 h at
room temperature.23 After that, to remove the residual acid,
the mixture was washed with water several times to reach an
approximate pH of 7.0. In the next step, drying of the chemical
oxidation was conducted through lyophilization. Finally, we
have used high-resolution scanning electron microscopy
(SEM) to determine the morphology of chemically degraded
biochar, as shown in Figure 1A, which shows a two-
dimensional (2D) structure. Figure S1B in the Supporting
Information shows a high-resolution transmission electron
microscopy (HRTEM) image of chemically degraded biochar,
which also indicates the 2D structure. The HRTEM image data
indicate the stripe distance of ~0.23 nm, which is due to the
graphite structure.”*”> Figure 1E shows the powder X-ray
diffraction (XRD) spectrum from chemically degraded biochar,
where we have observed the peak at 26.5°, which can be
assigned to be the (002) refection of graphite.g""35 We have
also measured the {-potential ({) using a ZetaSizer Nano ZS,
Malvern Instruments. {-Potential measurement indicates that
after functionalization, the {-potential for biochar increases
from —16 £+ 1 to —34 + 1 mV, which indicates the
functionalization of negative charge for oxygen-containing
functional groups on surface. The energy-dispersive X-ray
(EDX) data reported in Figure S1 in the Supporting
Information show the presence of C and O on the chemically
oxidized biochar. The Fourier transform infrared (FTIR)
spectrum in Figure S2 in the Supporting Information shows
—C=0 and —OH stretching bands, which indicate carboxylic
acidic groups attached on biochar.

2.2. Development and Characterization of HNP-1,
hBD-1, and LL-37 Peptide-Attached Biochar Nano-
composites. For the development of broad-spectrum
antimicrobial nanocomposites, we have attached chemically
degraded biochar with HNP-1, hBD-1, and LL-37 antimicro-
bial peptide. Since acid-modified biochar contains abundant
oxygen-containing surface functional COOH groups and all
human host defense antimicrobial agents contain amine
groups, we have used carbodiimide coupling chemistry for
the development of nanocomposites. As shown in Scheme 1B,
for this purpose, initially, carboxyl groups from biochar were
activated using 1-ethyl-3(3-(dimethylamino)-propyl)-
carbodiimide-HCI (EDC) and N-hydroxysuccinimide (NHS)
coupling agents for 30 min.'®'”*® After that, different
antimicrobial agents, such as HNP-1, hBD-1, and LL-37,
were added at different weight ratios under stirring. In the next
step, we have continued the process for 24 h. After that, we
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have performed centrifugation at 10000 rpm for 30 min,
followed by decantation.

Finally, the nanocomposites were resuspended in phosphate-
buffered saline (PBS) and stored in a refrigerator for further
use. After that, SEM and HRTEM were used to determine the
morphology of nanocomposites, as shown in Figures 1B and
S1C in the Supporting Information. The SEM image clearly
shows three-dimensional (3D) porous architecture. The TEM
image also indicates the 3D structure. The inserted HRTEM
image in Figure S1C indicates the graphite structure, with a
stripe distance of ~0.25 nm.”*** Figure 1E shows the powder
X-ray diffraction (XRD) spectrum from antimicrobial peptide-
attached nanocomposite, where the main peak at 26.5° is
assigned to the (002) refection for graphite.*%’35 As shown in
Figure 1F, the Barrett—Joyner—Halenda (BJH) analysis data of
antimicrobial peptide-attached nanocomposite indicate that
the pore size ranges from 200 to 400 nm. The energy-
dispersive X-ray (EDX) data as reported in Figure 1C show the
presence of C, O, and N. The EDX data from chemically
degraded biochar, as shown in Figure S1A, indicate no
nitrogen content on chemically oxidized biochar. EDX
measurement after functionalization with a-defensin human
neutrophil peptide-1 (HNP-1), human f-defensin-1 (hBD-1),
and human cathelicidin LL-37 antimicrobial peptide indicates
around 10 atomic % nitrogen, which indicates the successful
immobilization of antimicrobial peptides by EDC/NHS
coupling chemistry. Similarly, the attachment of the anti-
microbial peptide on the biochar surface was also confirmed by
X-ray photoelectron spectroscopy (XPS), as shown in Figure
S3 and Table S1 in the Supporting Information. We have not
observed any nitrogen peak ~400 eV from biochar; on the
other hand, we have observed ca. 8—10 atomic % nitrogen
from the nanocomposite. Deconvolution of the nitrogen peaks
indicates the presence of NHC=O0 and —C—NH, peaks. The
surface chemistry of the nanocomposites was also studied
using Fourier transform infrared (FTIR) spectroscopy. As
shown in Figure 1D, the FTIR spectra from the antimicrobial
peptide-attached biochar-based nanocomposite show the
presence of —amide-A, —OH, —amide-I, —C=C—, amide-II,
and amide-TIL'%"***7*%%3 The experimentally observed differ-
ent amide bands in the XPS data and FTIR spectra indicate
that biochar is attached with different peptides in nano-
composites.

To determine the amounts of peptides attached with
biochar, we have used dye-labeled peptides. For this purpose,
we have used Alexa Fluor 405 dye-labeled human neutrophil
peptide-1 (HNP-1) whose fluorescence maximum is at 421
nm. Similarly, we have a Cy3 dye-labeled human f-defensin-1
(hBD-1) peptide, whose fluorescence maximum is at 568 nm.
We have also used a CyS dye-labeled human cathelicidin LL-
37 antimicrobial peptide, whose fluorescence maximum is at
666 nm. After finishing the coupling between peptides and
biochar, we have removed the excess unreacted dye-labeled
peptides by washing with deionized water. By measuring the
fluorescence from supernatant, we were able to measure the
amount of excess peptides that were not coupled. We have also
measured the fluorescence from peptide-attached nano-
composites, and from both measurement data, we have
estimated ~85% coupling efficiency for a-defensin human
neutrophil peptide-1 (HNP-1), ~81% coupling efficiency for
human f-defensin-1 (hBD-1), and ~87% coupling efficiency
for human cathelicidin LL-37 antimicrobial peptide.

https://dx.doi.org/10.1021/acsabm.0c00880
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Figure 2. (A) Top-view SEM image after filtration of MRSA-contaminated water using a-defensin human neutrophil peptide-1, human f-defensin-
1, and human cathelicidin LL-37 antimicrobial peptide-attached nanocomposites. The image shows that MRSA superbugs are captured by
nanocomposites. (B) Top-view SEM image after filtration of CRE E. coli-contaminated water using antimicrobial conjugate nanocomposites. The
image shows that CRE E. coli superbugs are captured by nanocomposites. (C) Plot showing the percentage of VRE superbugs removed from water
using a-defensin human neutrophil peptide-1, human f-defensin-1, and human cathelicidin LL-37 antimicrobial peptide-attached nanocomposite,
when the VRE concentration was 6.4 X 10° CFU/mL. (D) Superbug removal efficiency for the mixture of MRSA, CRE E. coli, KPN, and VRE in
water (1.6 X 10° CFU/mL concentration for each superbug) using HNP-1, hBD-1, and human cathelicidin LL-37 antimicrobial peptide-attached
nanocomposite. (E) Plot showing how the source of water influences the MRSA superbug removal efficiency using HNP-1, hBD-1, and human
cathelicidin LL-37 antimicrobial peptide-attached nanocomposite, when MRSA concentration was 6.4 X 10° CFU/mL. (F) Plot showing how pH
of water influences the removal efficiency for KPN superbugs from drinking water using @ antimicrobial peptide-attached nanocomposite., when
KPN concentration was 6.4 X 10° CFU/mL.

We have also determined the specific surface area for and VRE superbug. For the mixture of MRSA, CRE E. coli,

antimicrobial peptide-attached nanocomposite using N, KPN, and VRE superbugs experiment, we have used a 1.6 X
adsorption/desorption data and a Tristar II 3020 surface 10° CFU/mL concentration for each superbug. In the next
area analyzer.'®'”*? From the N, adsorption/desorption data, step, we have performed filtration of superbug-infected water
we found out that the specific surface area for our antimicrobial sample using a-defensin human neutrophil peptide-1, human
peptide-attached nanocomposite is 386 m?/g, with a pore P-defensin-1, and human cathelicidin LL-37-attached biochar-
volume of 0.872 cm®/g. We have also measured the water flux based nanocomposites. After separation of MRSA, CRE E. coli,
for antimicrobial peptide-attached nanocomposite, and we KPN, and VRE superbugs via filtration, we have used the
have estimated the water flux for nanocomposites to be 308.6 colony plating technique on lysogeny broth (LB) agar'®'***as
L/(m* h bar). We have also measured the {-potential, which well as reverse transcription polymerase chain reaction (RT-
indicates that after functionalization with antimicrobial PCR) techniques'®'”*’ for finding the removal efficiency of
peptides, the {-potential for biochar decreases from to —34 different drug-resistant bacteria using a-defensin human
+ 1 to —4.5 + 1 mV, which indicates the functionalization of neutrophil peptide-1, human p-defensin-1, and human
positive-charge antimicrobial peptides on biochar surface. cathelicidin LL-37-attached biochar-based nanocomposites.
2.3. Use of Antimicrobial HNP-1, hBD-1, and LL-37 Experimental details are discussed in the Supporting
Peptide-Conjugated Biochar-Based Nanocomposites Information. As reported in Figure 2C,D, the percentage of
for Separation of Superbugs from Water Sample. superbugs removal data clearly shows that 100% of VRE,
Next, we have tested whether HNP-1, hBD-1, and LL-37 MRSA, CRE E. coli, and KPN superbugs can be captured
peptide-attached biochar-based nanocomposite can be used for selectively or simultaneously, using a-defensin human
capturing and removing superbugs from the environmental neutrophil peptide-1, human p-defensin-1, and human
water sample. The experimental details for the superbugs cathelicidin LL-37-attached biochar-based nanocomposites.
sample preparation are reported in the Supporting Informa- The experimentally observed very high superbug capturing
tion. For this purpose, first, we have infected the drinking water efficiency for VRE, MRSA, CRE E. coli, and KPN using the
sample with Gram-negative CRE E. coli, and KPN superbugs, as antimicrobial peptide-attached biochar-based nanocomposite
well as Gram-positive MRSA and VRE superbugs, selectively is due to the fact that the size of VRE, MRSA, CRE E. coli, and
and simultaneously. KPN superbugs is between 500 and 2000 nm, which is much
For the selective captured experiment, we have used a 6.4 X higher than the pore size of antimicrobial peptide-attached

10° CFU/mL concentration of each MRSA, CRE E. coli, KPN, biochar-based nanocomposite (200—400 nm).
7699 https://dx.doi.org/10.1021/acsabm.0c00880
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Figure 3. (A) Viability of CRE E. coli after exposure with biochar. Live/Dead kit was used to stain bacteria. Green fluorescence indicates live
bacteria. (B) Viability of CRE E. coli after exposure to human cathelicidin LL-37 antimicrobial peptide (18 sg/mL)-attached biochar. Live/Dead kit
was used to stain bacteria. Green fluorescence indicates live bacteria, and red fluorescence indicates dead bacteria. The observed yellow
fluorescence is due to the overlap of green and red fluorescence. (C) Viability of CRE E. coli after exposure to a-defensin human neutrophil
peptide-1 (6 ug/mL), human f-defensin-1 (6 pg/mL), and human cathelicidin LL-37 (6 pg/mL)-attached biochar-based nanocomposite. Live/
Dead kit was used to stain bacteria. Red fluorescence indicates dead bacteria. (D) Comparison of the superbug-killing efficiency for VRE, MRSA,
CRE E. coli, and KPN drug-resistant bacteria, when these superbugs were exposed to only biochar. (E) Comparison of the superbug-killing
efficiency for VRE, MRSA, CRE E. coli, and KPN drug-resistant bacteria, when these superbugs were exposed to a-defensin human neutrophil
peptide-1 (18 ug/mL)-attached biochar. (F) Comparison of the superbug-killing efficiency for VRE, MRSA, CRE E. coli, and KPN drug-resistant
bacteria, when these superbugs were exposed to human f-defensin-1 (18 ug/mL)-attached biochar. (G) Comparison of the superbug-killing
efficiency for VRE, MRSA, CRE E. coli, and KPN drug-resistant bacteria, when these superbugs were exposed to human cathelicidin LL-37 peptide-
1 (18 pg/mL)-attached biochar. (H) Comparison of the superbug-killing efficiency for VRE, MRSA, CRE E. coli, and KPN drug-resistant bacteria,
when these superbugs were exposed to @-defensin human neutrophil peptide-1 (6 ug/mL), human f-defensin-1 (6 ug/mL), and human
cathelicidin LL-37 (6 pg/mL)-attached biochar-based nanocomposite. (I) Plot showing relative cellular ATP leakage percentage for CRE E. coli
when bacteria were treated with biochar, a-defensin human neutrophil peptide-1 (18 yg/mL), human cathelicidin LL-37 peptide-1 (18 ug/mL), a-
defensin human neutrophil peptide-1 (6 pg/mL), human f-defensin-1 (6 ug/mL), and human cathelicidin LL-37 (6 pug/mL)-attached biochar-
based nanocomposite. (J) Comparison of the superbug-killing efficiencies for VRE, MRSA, CRE E. coli, and KPN drug-resistant bacteria, when
these superbugs were exposed to a-defensin human neutrophil peptide-1 (6 ug/mL), human f-defensin-1 (6 ug/mL), and human cathelicidin LL-
37 (6 pug/mL) simultaneously without biochar. (K) SEM image clearly showing membrane damage on KPN bacteria surface when they are exposed
to biochar-based nanocomposite. (L) SEM image clearly showing membrane damage on MRSA bacteria surface when they are exposed to biochar-
based nanocomposite.

7700 https://dx.doi.org/10.1021/acsabm.0c00880
ACS Appl. Bio Mater. 2020, 3, 7696—7705



ACS Applied Bio Materials

www.acsabm.org

Since the size of water is much less than the size of the
antimicrobial peptide-attached biochar-based nanocomposite,
water can pass through it very easily. On the other hand, due to
the much bigger size of VRE, MRSA, CRE E. coli, and KPN
superbugs, these drug-resistant bacteria will not be able to pass
through the a-defensin human neutrophil peptide-1, human f-
defensin-1, and human cathelicidin LL-37-attached biochar-
based nanocomposite, and as a result, they will be captured. To
characterize captured drug-resistant bacteria during filtration
by antimicrobial peptide-attached biochar-based nanocompo-
site, we have performed a high-resolution SEM experiment.
The SEM images in Figure 2A,B clearly show that MRSA and
CRE E. coli superbugs are captured on the surface of biochar-
based nanocomposites.

Since the pH of water from different sources can be
different, before testing whether a-defensin human neutrophil
peptide-1, human f-defensin-1, and human cathelicidin LL-37-
attached biochar-based nanocomposite can be used for
capturing and removing superbugs from the environmental
water sample, we have done experimental determination on
how the pH of the water can influence the removal efficiency
for superbugs. Figure 2F reports the experimental data, which
indicate that the removal efficiency for KPN superbugs is
almost independent of pH of water within the range of acidic
pH 4 to alkaline pH 11. The experimentally observed pH-
independent KPN superbugs capture efficiency, as reported in
Figure 2F, is due to the fact that the KPN superbugs are larger
than 1000 nm and are captured by antibacterial peptide-
attached biochar-based nanocomposite whose pore size is
below 400 nm. It is now well documented that pH change can
only change the protonation or deprotonation character for the
functional groups attached with the biochar-based nano-
composite. Since the change of pH does not affect the pore
size of antibacterial peptide-attached biochar-based nano-
composite abruptly, we have observed no significant change
for KPN superbugs capturing efficiency as we vary the pH of
water from 4 to 11. Figure 2E shows the variation of MRSA
superbug removal efficiency for environmental water sample
collected from tap water, lake water, and Mississippi River
water, and MRSA superbugs were infected at 1.6 X 10° CFU/
mL concentration. The experimental data reported in Figure
2E clearly show that the a-defensin human neutrophil peptide-
1, human f-defensin-1, and human cathelicidin LL-37-attached
biochar-based nanocomposite can be used for capturing and
removing 100% of MRSA superbugs from environmental water
sample.

2.4. Use of Antimicrobial Peptide-Conjugated Bio-
char-Based Nanocomposites for Eradication of Gram-
Negative CRE E. coli and KPN Superbugs, as well as
Gram-Positive MRSA and VRE Superbugs Captured by
Nanocomposites. Here, we will show that VRE, MRSA, CRE
E. coli, and KPN superbugs can be transmitted through
contaminated water.' '° For real-life applications, it is
extremely important that the antimicrobial peptide-attached
biochar-based nanocomposite has the capability to kill
superbugs after capturing.”'" To determine the amounts of
superbugs killed after capturing by antibacterial peptide-
attached biochar-based nanocomposite, we have performed
colony 2g)lating and Live/Dead BacLight molecular probes’
assays.''”?® Experimental details are reported in the
Supporting Information. Figure 3A—C shows the microscopic
images of Live/Dead molecular probes’ assays for the viability
of carbapenem-resistant Enterobacteriaceae (CRE) E. coli after
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exposure with biochar, human cathelicidin LL-37, and
antimicrobial peptide (18 ug/mL)-attached biochar and a-
defensin human neutrophil peptide-1 (6 yg/mL), human /-
defensin-1 (6 pg/mL), and human cathelicidin LL-37 (6 ug/
mL)-attached biochar-based nanocomposite. Live/Dead assay
is a two-color fluorescence assay, which utilizes mixtures of our
SYTO 9 green-fluorescent nucleic acid stain and propidium
iodide red-fluorescent nucleic acid stain."®'*** Since SYTO 9
green-fluorescent nucleic acid stain binds with the live bacteria,
in the microscopy image, the green-color image indicates live
bacteria.'®'*** As shown in Figure 3A, 100% of CRE E. coli are
alive after exposure with biochar. On the other hand,
propidium iodide red-fluorescent nucleic acid stain only
binds with dead bacteria, and in the microscopy image, the
red-color image indicates dead bacteria.'®'”** As shown in
Figure 3C, 100% of CRE E. coli are killed after exposure with
a-defensin human neutrophil peptide-1 (6 pg/mL), human f-
defensin-1 (6 pg/mL), and human cathelicidin LL-37 (6 ug/
mL)-attached biochar-based nanocomposite. Similarly, when
some bacteria are dead and some are alive, it will be a mixture
of red and green. When red and green combine, the result is
yellow, and we have also observed yellow fluorescence due to
the overlap of fluorescence from live and dead bacteria. As
reported in Figure 3B, we have observed a mixture of red,
green, and yellow fluorescent images when CRE E. coli is
exposed to human cathelicidin LL-37 antimicrobial peptide
(18 pug/mL)-attached biochar, which indicates that CRE E. coli
is partially killed.

To understand why the human cathelicidin LL-37
antimicrobial peptide (18 ug/mL)-attached biochar kills CRE
E. coli partially and a-defensin human neutrophil peptide-1 (6
ug/mL), human p-defensin-1 (6 pg/mL), and human
cathelicidin LL-37 (6 pug/mL)-attached biochar-based nano-
composite kill CRE E. coli totally, we have explored the
superbug-killing mechanism. For this purpose, we have also
developed a-defensin human neutrophil peptide-1 (18 ug/
mL), human f-defensin-1 (18 pg/mL), and human cath-
elicidin LL-37 (18 ug/mL)-attached biochar. After that, we
have performed superbug-killing activity for each biochar using
Gram-negative carbapenem-resistant CRE E. coli and KPN
superbugs, as well as Gram-positive MRSA and VRE
superbugs, separately. As shown in Figure 2D, the superbug-
killing efficiency is about 0% when only biochar was used. On
the other hand, as shown in Figure 3E, a-defensin human
neutrophil peptide-1 (18 pg/mL)-attached biochar can kill
around 30% for Gram-negative CRE E. coli and KPN superbugs
and around 15% for Gram-positive MRSA and VRE superbugs.
The above data clearly indicate that HPN-1 antimicrobial
peptide is necessary to kill superbugs that are captured by
biochar-based nanocomposites.

Human neutrophil peptide-1 (HNP-1) is known to kill
bacteria through membrane pore formation, which results in
leakage of intracellular contents and cell lysis.*”~* It also has
the ability to bind to cell-wall precursor lipid II, which helps
the inhibition of cell-wall synthesis."””~* To understand the
lower killing efficiency of HPN-1 antimicrobial peptide for
Gram-positive superbugs than Gram-negative superbugs, as
reported in Figure 3E, we have determined the minimum
inhibitory concentrations (MICs) for HPN-1 antimicrobial
peptide-attached biochar against CRE E. coli and MRSA, using
the National Committee for Clinical Laboratory Standards
(NCCLS), as we have reported before."®'**** From the
experimental data, we have determined the MICs of HPN-1
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antimicrobial peptide, which is 52 uM for CRE E. coli and 95
UM for VRE. Since we have used only 18% antimicrobial
peptide-attached biochar, we have observed around 30% killing
efficiency for Gram-negative CRE E. coli and 15% killing
efficiency for Gram-positive VRE superbug.

Similarly, human pJ-defensin-1 has the ability to kill
pathogens via blocking of epithelial invasion as well as via
membrane lysis.””~** As shown in Figure 3F, human pg-
defensin-1-attached biochar can kill around 25% for Gram-
negative CRE E. coli and KPN superbugs and around 10% for
Gram-positive MRSA and VRE superbugs. We have
determined the MICs of human f-defensin-1 antimicrobial
peptide, which is 60 uM for CRE E. coli and 112 uM for VRE.
Since we have used only 18% antimicrobial peptide-attached
biochar, we have observed around 25% killing efficiency for
Gram-negative CRE E. coli and 10% killing efficiency for Gram-
positive VRE superbug.

On the other hand, human cathelicidin family LL-37
antimicrobial peptide has the ability to kill pathogens via
pore formation in bacterial membranes, via interfering DNA
transcription.”~** As shown in Figure 3G, human cathelicidin
family LL-37 antimicrobial peptide-attached biochar can kill
around 55% Gram-negative CRE E. coli and KPN superbugs
and around 45% Gram-positive MRSA and VRE superbugs.
We have determined the MICs of human cathelicidin family
LL-37 antimicrobial peptide, which is 34 uM for CRE E. coli
and 41 uM for VRE. Since we have used only 18%
antimicrobial peptide-attached biochar, we have observed
around 55% Kkilling efficiency for Gram-negative CRE E. coli
and 45% killing efficiency for Gram-positive VRE superbug.

As shown in Figure 3H, we have observed 100% killing
efficiency for a-defensin human neutrophil peptide-1 (6 pg/
mL), human f-defensin-1 (6 yg/mL), and human cathelicidin
LL-37 (6 pg/mL)-attached biochar-based nanocomposite.
Although we have used the same amount of antimicrobial
peptide (total 18 pug/mL), the nanocomposite can kill 100%
Gram-negative CRE E. coli and KPN superbugs as well as
Gram-positive MRSA and VRE superbugs. The above data
clearly indicate that our nanocomposites can be used for
combating broad-spectrum superbugs.

The observed 100% killing efficiency of superbugs using
three different peptide-attached biochar-based nanocomposites
can be due to the fact that when superbugs are captured by
nanocomposites, it causes high membrane stress. It becomes a
very good condition for all three a-defensin human neutrophil
peptide-1, human f-defensin-1, and human cathelicidin LL-37
peptides to bind to the surface of bacteria by electrostatic
interaction. In this situation, three different antimicrobial
peptides will kill 100% of bacteria via several pathways
synergistically. HNP-1 will kill bacteria through membrane
pore formation, which results in leakage of intracellular
contents and cell lysis."””** On the other hand, human f-
defensin-1 will kill pathogens via blockin§ of epithelial invasion
as well as via membrane lysis."”"" Similarly, human
cathelicidin family LL-37 antimicrobial peptide will kill
pathogens via pore formation in bacterial membranes as well
as via interfering DNA transcription.‘m_48 Since in this case,
different mechanisms of action have been used simultaneously,
nanocomposites have the ability to kill 100% Gram-positive
and Gram-negative superbugs via synergistic killing effects. To
understand whether capturing of superbugs by nanocompo-
sites, which causes high membrane stress, is an important
factor for killing Gram-positive and Gram-negative superbugs
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simultaneously, we have also performed experiment with the
mixture of a-defensin human neutrophil peptide-1 (6 ug/mL),
human f-defensin-1 (6 yg/mL), and human cathelicidin LL-37
(6 pg/mL) without biochar. As reported in Figure 3], we
found that the killing efficiency is >50% for Gram-positive and
Gram-negative superbugs. Similarly, we have also performed
experiment with biochar flakes (ca. 20—40 nm size; TEM
image is shown in Figure S4 in the Supporting Information)-
attached peptide. As reported in Table S2 in the Supporting
Information, the killing efficiency was ~55%. To compare the
killing efficiencies with gold nanoparticle-attached peptides, we
have performed experiment with spherical gold nanoparticles
(~25 nm size; TEM image is shown in Figure SS in the
Supporting Information) attached with a@-defensin human
neutrophil peptide-1 (6 ug/mL), human f-defensin-1 (6 pug/
mL), and human cathelicidin LL-37 (6 pg/mL). As reported in
Table S2 in the Supporting Information, the killing efficiency
was ~62%. All of the reported experimental data clearly
indicate that capturing of superbugs by nanocomposites and
imposing high membrane stress on bacteria surface are very
important for all three peptides to bind to the surface of
bacteria and to obtain 100% killing efficiency. When one end
of the peptide is conjugated with biochar surface, the cationic
side chains of the peptide will interact with negatively charged
phospholipids of the bacterial membrane. As a result,
disruption of the membrane will take place. The SEM image
in Figure 3K,L shows membrane damage on KPN and MRSA
bacteria surface, when they are exposed to biochar-based
nanocomposites. The above process will cause increased
permeability, which will lead to leakage of cell organelles.

To understand better, we have performed bacterial ATP
leakage experiment using molecular probes ATP determination
kit, as we have reported before.'®'””® The experimental details
are reported in the Supporting Information. Since poly-
(ethylene glycol) (PEG)-coated gold nanoparticle is known to
be nontoxic for superbugs, we have used PEG-coated gold
nanoparticles as reference.™'”*® Figure 3I shows the ATP
leakage experimental data, which indicate that a-defensin
human neutrophil peptide-1, human f-defensin-1, and human
cathelicidin LL-37-attached biochar-based nanocomposites can
lead to high leakage of cellular ATP for CRE E. coli. The
reported data indicate that a-defensin human neutrophil
peptide-1 and human cathelicidin LL-37 also promote leakage
of cellular ATP, but the amount is much lower than that of the
nanocomposite.

In this study, it is clear that integrating antimicrobial
peptides into a self-assembling system offers better antimicro-
bial activity.'””'~** To understand whether peptides formed
nanoassembly inside nanocomposite, we have performed
nanocomposite formation using different concentrations of
peptides. Then, we have recorded a high-resolution SEM
image. As shown in Figure S6A in the Supporting Information,
we have not noted assembly formation for peptides when we
used a-defensin human neutrophil peptide-1 (6 ug/mL),
human f-defensin-1 (6 yg/mL), and human cathelicidin LL-37
(6 pg/mL)-attached nanocomposites. On the other hand, as
shown in Figure S6B, we have noted small-assembly formation
for peptides when we used a-defensin human neutrophil
peptide-1 (60 pg/mL), human f-defensin-1 (60 pg/mL), and
human cathelicidin LL-37 (60 pg/mL)-attached nanocompo-
sites. As shown in Figure S6C, huge-assembly formation for
peptides is observed when we used a-defensin human
neutrophil peptide-1 (200 pg/mL), human f-defensin-1 (200
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ug/mL), and human cathelicidin LL-37 (200 pg/mL)-attached
nanocomposite. We have also examined nanoassembly
formation for peptides in solution phase using dynamic light
scattering and SEM/TEM imaging. Our experimental ob-
servation indicates that assembly formation for peptides started
when we used a-defensin human neutrophil peptide-1 (55 ug/
mL), human p-defensin-1 (55 pg/mL), and human cath-
elicidin LL-37 (58S pg/mL)-attached nanocomposite.

3. CONCLUSIONS

We have developed novel antisuperbug nanocomposites via
conjugation of naturally abundant biochar with human host a-
defensin neutrophil peptide-1, human p-defensin-1, and
cathelicidin LL-37 antimicrobial peptides. Current findings
demonstrated that a-defensin human neutrophil peptide-1,
human f-defensin-1, and human cathelicidin LL-37-attached
biochar-based nanocomposites can be used for capturing and
removing broad-spectrum superbugs. The reported exper-
imental data show that since the pore size of the nancomposite
is much smaller than the size of superbugs, 100% of superbugs
can be removed and captured from the environmental water
sample via filtration. Remarkably, superbug-killing data show
that HNP-1, HBD-1, and LL-37-attached nanocomposite can
exhibit 100% killing efficiency for Gram-negative CRE E. coli
and KPN superbugs as well as for Gram-positive MRSA and
VRE superbugs. We found that the killing efficiency is >50%
for Gram-positive and Gram-negative superbugs, when a
mixture of HNP-1, HBD-1, and LL-37 peptides is used
without nanocomposites. Our experimental observation
indicates that capturing of superbugs by nanocomposites and
imposing high membrane stress on bacteria surface are
necessary for all three peptides to bind to the surface of
bacteria and to obtain 100% killing efficiency. This study opens
a new avenue for using bioinspired human host defense
peptide-attached naturally abundant biochar-based nano-
composites against superbugs.
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