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Biochar filtration of drug-resistant
bacteria and active pharmaceutical
ingredients to combat
antimicrobial resistance
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Antimicrobial resistance (AMR) is a major cause of death worldwide, with 1.27 M direct deaths from
bacterial drug-resistant infections as of 2019. Dissemination of multidrug-resistant (MDR) bacteria in
the environment, in conjunction with pharmapollution by active pharmaceutical ingredients (APIs),
create and foster an environmental reservoir of AMR. Creative solutions are required to mitigate
environmental AMR, while taking into consideration other aspects of the planetary “Triple Crisis” of
pollution, biodiversity loss, and climate change. Waste lignocellulosic biomass (LCB), a byproduct of
agriculture and forestry, is the largest stream of non-edible biomass globally. Through pyrolysis, waste
LCB can be converted into biochars, which have excellent attributes for adsorption of pollutants—
though no studies have yet reliably correlated production conditions with efficacy, nor considered
adsorption of human pathogens. By leveraging a bespoke pyrolysis reactor with precisely controlled
parameters, we show that production conditions substantially affect sequestration of clinical
bacterial isolates, removing up to 94% of Pseudomonas aeruginosa RP73 and 85% of Staphylococcus
aureus EMRSA-15. In addition, we show that chars produced at higher peak pyrolysis temperatures
(450 °C) can remove up to 88% of the antibiotic clarithromycin from wastewater, as well as significant
proportions of many other APIs with varied physicochemical characteristics. These findings provide

a first-in-kind insight into how production conditions affect the ability of biochars to mitigate
environmental AMR.
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Antimicrobial resistance (AMR) is a naturally-arising evolutionary phenomenon whereby micro-organisms
develop the ability to tolerate compounds which would usually kill them or inhibit their growth!. Infections
by bacteria resistant to clinical antibiotics were directly responsible for 1.27 million deaths per year globally as
of 2019, and associated with 4.95 million deaths®. According to the projections of a report commissioned by the
UK Government, up to 10,000,000 people annually could die from resistant infections globally by 2050, with a
cumulative economic loss of 100 trillion USD if nothing is done to curb AMR*. The World Health Organisation
considers preventative measures of controlling AMR, such as hygiene, vaccination, and sanitation (wastewater
and sewage treatment) equally as important as antibiotic drug development-if not more so°. Therefore, creative,
non-therapeutic solutions upstream of the clinic are urgently needed®.
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The work herein demonstrates the development of non-pharmaceutical AMR mitigation solutions in a
sustainable manner through the pyrolysis of waste lignocellulosic biomass (LCB). This is the first study to both
use extremely precise pyrolysis conditions for agricultural waste biomass and show that these yield appropriate
materials for effective in-line filters that sequester multi-drug-resistant (MDR) bacteria, as well as active
pharmaceutical ingredients (APIs). The strains used in this work are clinical isolates of high priority human
pathogens (per the World Health Organization), improving the real-world relevance of this work relative to
previous studies in this field. This work is also unique in that it shows that a reduction in both resistant organisms
and the concentration of selective and co-selective pharmapollutants in a real wastewater matrix is possible. No
studies to date have brought together clinical isolates of human pathogens, tandem mass spectrometry of APIs,
electron microscopy, and precise production conditions of well-characterised feedstocks. This will allow further
development of upstream solutions which are critical to curtailing the prevalence of AMR in the environment
and reducing the number of resistant infections globally.

The emergence of AMR in the environment poses the most substantial AMR-related health and safety risk
for humans’, aside from the overuse and misuse of clinical antimicrobials, which are actively being addressed
through a number of antimicrobial stewardship efforts®-1°. Wastewater plays a major role in environmental AMR
development. According to the World Water Assessment Programme (United Nations)!!, 80% of wastewater
is discharged into the environment untreated each year. In England, there are approximately 15,000 sewage
overflow (SO) points across the country, of which 89% directly discharge into freshwater bodies!?. During 2023,
there were 464,056 spill events from all monitored SOs in England and Wales, amounting to 3,606,170 h of
discharge in a single calendar year!'®. This has resulted in measurable concentrations of several antibiotics in
British rivers for many years'*.

Hospital and pharmaceutical manufacturing plant effluents are a major source of antimicrobial pollution (with
the former also releasing resistant pathogens) which contributes to selective pressures in the environment and
further develops AMR!®~20. Proper treatment of wastewater (particularly from hospitals and the pharmaceutical
industry) has been identified as a key strategy to helping prevent the spread of AMR?!-%,

Current wastewater treatment plant (WW'TP) technologies alone are inadequate for reducing environmental
AMR, even during optimal operation and when not engaging in “bypass” (the release of untreated sewage into
the environment)?. WWTPs are known contributors to environmental AMR, as they allow flows from various
sources to mix, creating a “hotspot” for horizontal gene transfer between resistant and non-resistant bacteria?”-5.
Even when they are successful in reducing absolute bacterial loads, WWTPs can select for the most resistant
bacteria'®. Likewise, WWTPs do not effectively remove antimicrobial compounds from the waste stream?>-3!.
In the River Wandle, located in the southeast of London, the antibiotics azithromycin, clarithromycin,
sulfamethoxazole, and sulphapyridine have been detected at concentrations ranging from 132 ng/L to 476 ng/L
directly downstream of the outfall from the local WWTP32,

A potential solution to this problem is the filtration of clinical and pharmaceutical wastewater prior to its
arrival at WWTPs. Such in-line filters would remove bacteria and antimicrobials upstream of WWTPs. This
would have two benefits: preventing horizontal AMR gene transfer at WWTPs, which act as key interfaces
between non-resistant and resistant bacteria;** and reducing total prevalence of ARGs and ARBs in WWTPs, so
that fewer are released into the environment during a CSO or bypass event. To minimise environmental impact
from manufacture and promote sustainable practices, these filters should be produced from waste materials
using mild process conditions, as is the case for waste lignocellulosic biochars. Filters installed in e.g. sink traps,
shower drains, or batch-production waste lines additionally benefit from repeated wet-dry cycles, which have
been shown to augment the bacterial-retention capacity of biochars*!. However, it is important to consider the
possibility of developing resistance within such filters. While the mechanisms of resistance to adsorption itself
would not be expected to drive cross-resistance to clinical antimicrobials, exposure to APIs in close proximity
might. Therefore, it is critical to consider how spent filters, bearing a substantial load of hazardous substances,
might be safely be treated to enable safe disposal and/or reuse. One possibility is re-pyrolysis, i.e. renewed
exposure of the filter to heat without addition of an oxidising atmosphere. During this process, the elevated
temperature would be expected to kill adsorbed microorganisms and degrade adsorbed APIs. This would also
increase the surface area available for adsorption, which may have diminished as a result of extended use.

Biochars are the thermal or thermochemical decomposition products of LCB. LCB is the largest stream of
non-edible biomass globally, the primary sources of which are agricultural and forestry waste streams®. This
work focuses on walnut shells, a food systems by-product with a high surface area cell structure®®. While LCB
is naturally porous, pyrolysis and gasification have been shown to vastly increase its porosity>” !, and therefore
the surface area available for adsorption. Biochars are widely used for a variety of adsorption-dependent
environmental remediation applications including air, water, and soil treatment*?.

With respect to bacteria, biochars are most commonly used for soil bioremediation using bacteria-
impregnated*?-6, or virgin biochars*>%7->3 There is therefore a knowledge gap around the ability of biochars
to sequester bacteria or APIs for the treatment of wastewater, which this work seeks to address. Previous
studies on the sequestration of bacteria by biochars (herein referred to as bacterial adsorption) have largely
used biochars as additives to conventional wastewater filters,>*°*°> or to soil*’”%°! A few have tested bacterial
adsorption directly in liquid medium using a batch process*®>¢, but none have tested the ability of biochars
alone to adsorb and retain bacteria in-line, as would be the case in sink trap/shower drain filters. The primary
shortcoming of previous studies of bacterial adsorption has been the lack of control over pyrolysis conditions.
Existing studies of bacterial adsorption using biochars either do not specify key pyrolysis process conditions,
such as atmosphere, peak temperature, heating rate, or residence time at peak temperature,-°%>4>* or specify
broad ranges of these values, implying highly heterogeneous samples**>*>1:55 In addition, none of these studies
specify more sophisticated process conditions, such as gas flowrate, detailed reactor design, or sample size &
configuration. Reactor design and process parameters in biomass pyrolysis experiments have been shown to
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dramatically affect pyrolysis outcomes®’. There have been some attempts to link pyrolysis peak temperature to
bacterial adsorption properties®®>1:*, but without reactor and experimental design allowing for the repeatable
production of homogeneous biochar samples, the reliability of these results is inconclusive. There is therefore
a clear knowledge gap around how these conditions affect adsorption efficacy, which this work further seeks to
address.

Another shortcoming of existing studies is the use of non-clinically-relevant strains of bacteria. Only one
of the aforementioned studies (Naka et al.*®) tested adsorption of human pathogens (E. coli O157:H7). This
study used “commercially-obtained activated charcoal” for which no production conditions were specified. No
existing publications report testing those species most often associated with antibiotic resistance (“ESKAPE
pathogens”)®8, or any species on the WHO?’s “bacterial priority pathogens list” such as drug-resistant Pseudomonas
aeruginosa or Staphylococcus aureus™. There is therefore a clear knowledge gap around the efficacy of biochars
to sequester the types of bacteria most relevant to human health and disease, which this works seeks to address.

The removal of APIs from waste streams using biochar adsorbents is an attractive strategy due to the cost-
effective and sustainable nature of the product compared to existing solutions®®®! Antibiotic removal using
biochar in particular has been extensively characterised in the literature, with some studies reporting almost
100% removal of compounds using a variety of biochar feedstocks.5*! However, most studies have characterised
the adsorption of APIs from synthetic wastewater or other aqueous matrices® at concentrations over 20-fold
greater than what is typically observed in influent wastewater (less than 700 ng/L)®°. This is not necessarily
representative of the complexity of a true wastewater matrix and the concentrations of APIs present in real-world
samples that may affect adsorption. There is therefore a knowledge gap around the API adsorption efficacy of
biochars when these compounds are in true wastewater matrices, which this work seeks to address.

This study presents an optimised workflow for accurately testing the effects of pyrolysis conditions and
resulting biochar morphologies on bacterial and API adsorption performance (measured as the percentage
of a particular contaminant sequestered upon filtration through a bed of biochar). The primary objective of
this work was to determine the optimal biochar production conditions for the removal of Gram-negative and
Gram-positive critical and high-priority ESKAPE pathogens and APIs from a wastewater matrix. Biochar
morphologies were characterised using a synchrotron X-ray microtomography and in-situ radiography, as
described in previous work®. This work demonstrates that the in-line sequestration of APIs and clinical strains
of resistant pathogens using biochars produced from walnut shells is feasible, and that morphology & adsorption
performance of these biochars may be tailored by choice of production conditions.

Materials and methods
A visual representation of the entire experimental procedure, from adsorbent and adsorbate preparation to
filtrate analysis, is presented in Fig. 1.

Feedstock preparation

Walnut shells sourced from Italy were milled using a 2 mm grate in a Retsch ZM 200 Ultra Centrifugal Mill. A
particle size of 1-2 mm was then obtained using a 1 mm sieve at an amplitude of 1.7 mm for 6 min in a Retsch
AS 200 Vibratory Sieve Shaker. Shells were then dried for 48 h at 105 °C. Some shells then underwent further
pre-pyrolysis treatment: treated shells were soaked at a concentration of 50 g/L in 200 mM NaOH for 68 h at
room temperature, then washed with deionised (DI) water until neutral filtrate pH was achieved. Treated shells
were then dried for 48 h at 105 °C.

Pretreatment of biomass with NaOH prior to pyrolysis is known to decrease the lignin content of biomass
to decrease the degree of cellulose polymerisation®®®’, , to remove acetyl and uronic acid substitutions from
hemicellulose®®, and to solubilise and remove some hemicellulose®®®® Furthermore, alkaline pretreatment is
known to increase the porosity of biomass®’~.

In previous work, the authors have shown that (1) biomass pretreated with alkali will shrink at lower
temperatures and gain less porosity upon pyrolysis than those not pretreated in this manner;*” and (2) that
alkaline pretreatment of walnut shells increases pore surface hydrophilicity of derived biochars.

66-69
>

Pyrolysis

Biochars were produced using a pyrolysis reactor developed in house for in-situ imaging (see Fig. 2). 6 mm-tall
beds of biomass were fixed between two stainless steel meshes in 3 mm inner diameter, 1.5 mm thick quartz
tubes. Beds were convectively heated by a 3 L/min stream of resistively preheated argon at a rate of 6 °C/min to
peak temperatures of 250, 350 and 450 °C. Beds were held at peak temperature for 30 min before cooling under
the same gas flowrate. When the bed temperature reached 70 °C, the quartz tube was removed, and the bed
compacted to 3 mm using a sterilised needle. This was not observed to cause particle fracturing. The tube was
then sealed at both ends using Parafilm’ M (Bemis Company, Inc.), and stored in a desiccator until needed for
filtration experiments.

Reagent and media preparation

Sterile saline was made by dissolving 9 g/L NaCl in ultra-pure water (Milli-Q). The solution was autoclaved and
stored at room temperature until needed. Prior to experiments, an appropriate aliquot was obtained and sterile-
filtered through a 0.22 um syringe filter.

The bacterial growth media used were tryptone soy broth (TSB) and tryptone soy agar (TSA). TSB powder
was obtained from Thermo Fisher Scientific (Oxoid, product code CM0129); agar powder was purchased
from Sigma Aldrich (CAS number 9002-18-0). Manufacturer instructions were observed in determining the
following quantities: a concentration of 30 g/L of TSB in ultra-pure water (Milli-Q) was used for all bacterial
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Fig. 2. Schematic of the pyrolysis reactor used to produce biochars. Reprinted from Barr et al.”® with
permission from Elsevier.

growth in liquid TSB culture; the same concentration was used for solid TSA plates, with the addition of 15 g/L
agar powder. All media were autoclaved within 1 h of manufacture.

Bacterial strains

One Gram-positive and one Gram-negative organism were selected for this study, to determine whether the
adsorption performance of the biochars was affected by bacterial surface chemistry. The Gram-positive organism
was a clinical isolate of epidemic multidrug-resistant Staphylococcus aureus (EMRSA-15);”! the Gram-negative,
a clinical strain of multidrug-resistant Pseudomonas aeruginosa (RP73) isolated from the lungs of a chronically-
infected cystic fibrosis patient’>. The EMRSA-15 isolate was acquired from the UK National Collection of
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Type Cultures (NCTC), with accession number NCTC 13,616. The RP-73 strain was generously donated by Dr
Richard Amison, Institute of Pharmaceutical Science, King’s College London.

Bacterial preparation

All microbiological work was carried out with sterile reagents and tools in a biological safety cabinet, following
proper aseptic technique. Bacteria were streaked onto TSA plates from 30% glycerol stocks stored at -80 °C.
These plates were incubated for 24 h at 37 °C and subsequently stored at 4 °C until needed for at most 2 weeks.

On the day prior to a filtration experiment, 10 mL of TSB in a 50 mL polypropylene centrifuge tube (Thermo
Fisher Scientific, Greiner Bio-One Cellstar’ Catalogue Number 210 261) was inoculated with a single colony
picked from the relevant plate. The liquid culture was incubated overnight (=20 h) at 37 °C, shaking at 180 rpm.
A “blank” culture, consisting only of TSB, was grown alongside the two bacterial strains to ensure that growth
was not due to media contamination.

On the day of the filtration experiment, the bacteria were spun down in a Labofuge 400R centrifuge at
4500 rpm (3939 x g) for 20 min. The supernatant was removed and the pellet resuspended in 10 mL sterile
saline. A tenfold dilution was performed in the same sterile saline, and the optical density at 600 nm (ODy)
was obtained using a Jenway 6300 spectrophotometer. The appropriate dilution was then made to adjust the
ODy,, to a known optical density (0.015 for RP73, 0.076 for EMRSA-15), such that the concentration of the final
suspension was 107 CFU/mL (colony forming units per millilitre). This concentration of bacteria was selected
for both practical reasons (as the OD,, was easily monitored in the spectrophotometer with no dilution) and
to represent heavily contaminated wastewater. Previous studies in India have shown concentrations of bacteria
in wastewater up to 8.3 x 10° CFU/mL”3, which is the same order of magnitude as detected in studies from
Slovakia”,

Wastewater preparation

Raw wastewater influent was obtained from a major sewage treatment works in the UK, encompassing
municipal and hospital sewage. Daily samples were collected over an eight-day period (22nd to 29th October
2021) and pooled to create a composite sample which was used for all subsequent wastewater experiments. A
mix of 22 deuterated standards (purity >97%, see Supplementary Tables 1-2) encompassing a wide range of
physicochemical properties were added to the composite wastewater (final concentration of 500 ng/L).

Filtration experiments

Quartz tubes containing samples (either biochars or raw feedstock) were placed into sterile 1.5 mL microcentrifuge
tubes (Starlab TubeOne’, Catalogue Number S1615-5500). For all filtration experiments (bacterial and
wastewater), the samples were “wetted” by loading 100 pL of sterile saline in the upper compartment of the
tube, i.e. above the samples, and subsequently centrifuging them for 5 min at 1000 rpm (equivalent to 73 X g).
This initial filtrate (< 100 uL) was discarded, and (in the case of bacterial filtration experiments) the procedure
repeated. The subsequent filtrate (exactly 100 uL) was then recovered using a micropipette, and 50 uL were plated
on TSA plates as a sterility control (i.e. to ensure that there was no existing contamination in the biochars prior to
the experiment). Following this, an adequate volume of bacterial suspension (100 uL) or spiked wastewater (125
uL) was loaded and spun through in the same manner. This was repeated two to ten times (using a new sterile
microcentrifuge tube each time).

Filtrate analysis: bacteria

To investigate adsorption capacity, each of ten bacterial filtrates per biochar sample, as well as the unfiltered
bacterial suspension, was serially diluted in sterile saline by factors of 104, 10°, and 10°. 50 uL of each dilution was
plated on TSA using approximately 25 sterile glass beads, and incubated at 37 °C overnight. After 24 h, colonies
were counted, and CFU/mL concentrations of the undiluted filtrates were calculated.

Based on the viability counts from this experiment, a dilution factor of 10° and a total of two filtrations per
biochar sample were selected to reduce labour and material costs. A modified Miles and Misra technique was
employed to determine viability count in subsequent experiments. The stock of bacterial suspension, made up
to the OD,,; specified above, was diluted by 10° and three separate 10 pL drops were pipetted onto the surface
of a TSA plate. An aliquot of the suspension was then filtered through the relevant sample, and three separate
10 pL drops of the filtrate placed onto a separate part of the same TSA plate. This process was repeated for the
second filtration, with drops of the second filtrate placed onto yet another part of the same TSA plate. Each
plate was incubated at 37 °C overnight. After 24 h, colonies were counted, and CFU/mL concentrations of the
undiluted filtrates were calculated. Bacterial adsorption was subsequently calculated by dividing the CFU/mL
concentrations of the filtrate by that of the original bacterial suspension.

Filtrate analysis: wastewater

The organic solvents methanol (MeOH) and acetonitrile (MeCN) were purchased from Sigma Aldrich
(Gillingham, Dorset, UK). LC-MS grade formic acid was obtained from Millipore (Bedford, USA). All chemical
reagents used were of analytical grade or higher.

Filtrate was passed through a 0.2 pm PTFE nano filter vial (Thompson Instrument Company, Oceanside, CA,
USA) before being subdivided into two aliquots of equal volume. To account for matrix effects, one aliquot was
spiked (compounds added) to 500 ng/L using the same deuterated standards mix as above and the same volume
of MeOH was added to the other to maintain the dilution factor between the two samples.

All samples were analysed using a rapid, highly sensitive LC-MS/MS method®>”* performed using a LCMS-
8060 (Shimadzu Corporation, Kyoto, Japan) with a Raptor 5.0 X 3.0 mm, 2.7 um biphenyl guard column (Restek,
Pennsylvania, USA). Separations were performed using a binary gradient program consisting of an initial hold at
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10% mobile phase B (MPB, 0.1% v/v formic acid in 50:50 MeOH: MeCN) for 0.2 min, followed by a linear ramp
to 60% MPB over 2.8 min, and a hold at 100% MPB for 1 min, before returning to initial conditions for 1.5 min.
The total method run time was 5.5 min, including the re-equilibration period, and mobile phase A consisted
of 0.1% v/v formic acid (aq). The injection volume was 10 uL with a flow rate of 0.5 pL/min. Compounds were
identified using multiple reaction monitoring (MRM) using at least two transitions (where possible) and a
matching retention time to reference standards.

Scanning electron microscopy

Samples were mounted on aluminium stubs using EM-Tec CT6 high purity conductive double sided adhesive
carbon tabs (Labtech International Limited, Product No. 15-000406) and gold coated at a current of 20 mA
under a 0.08 mbar vacuum for a minimum of 3 min using an Agar Scientific Automatic Sputter Coater in manual
mode. Samples were then imaged in an FEI Inspect F scanning electron microscope using a field emission source
with an accelerating voltage of 5 kV and an objective lens aperture of 30 um. Images were acquired at working
distances between 9 mm and 12 mm with a dwell time of 3 ps per pixel using four image integrations and the
in-built “Drift Correction” function.

Scanning electron microscopy (SEM) was used to examine the micrometre- and nanometre-scale
morphology of walnut shell and derived biochar surfaces and features (such as pit membranes and cell walls). In
previous work®’, the morphological evolution of these biochars during the pyrolysis process was characterised
using X-ray computed tomography (XCT). This type of morphological analysis captures a key metric that more
common analyses like Brunauer-Emmett-Teller (BET) gas adsorption analysis can not: surface accessibility.
BET theory can be used to calculate a pore size distribution, but does not indicate where that porosity is located
within a particle. Conversely, Barr et al.”. describe where porosity is located with respect to particle surfaces,
finding that it tends to concentrate towards particle centres with increasing peak pyrolysis temperature.

Statistics

All statistical analyses were performed in MATLAB, Microsoft Excel, and RStudio. Paired 2-tailed t-tests were
performed to compare filtration numbers for each condition (1n=2). Independent two-sample equal variance
t-tests were performed to compare each pair of temperatures within each combination of biomass treatment and
bacterium (n=4). Independent two-sample equal variance t-tests were also performed to compare untreated and
pretreated biochars within each bacterium (n=16) and overall (n=32), and to compare between bacteria for
all biochars (n=32). One-way Analysis of Variance (ANOVA) with a Tukey post-hoc test was used to compare
removal between biomass treatments (n=16) and temperatures (n=8) for each API and between APIs (n=32).
The same technique was used to compare removal of all APIs between treatments for each temperature (n=_88)
and between temperatures for both treatments (n=176). All significant differences between means identified are
indicated in figures and/or supplementary information by the symbol *, signifying 0.005 < p < 0.05, **, signifying
0.0005 < p <0.005, or ***, signifying p<0.0005.

Results and discussion

Bacterial filtration

Adsorption capacity

To investigate the bacterial adsorption capacity of biochars, a serial filtration experiment was carried out
(Fig. 3). Each bacterium was tested with one sample of alkali-pretreated biochar pyrolysed at a peak temperature
of 450 °C. The difference in slope observed between the two bacteria (see Fig. 3) is primarily due to a slight
difference in the concentration of the unfiltered suspension. As adsorption efficacy was not found to decrease
over a period of 10 filtrations, tests comparing adsorption performance across production conditions were
limited to two filtrations for practicality.
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Fig. 3. Cumulative removal of bacteria from a saline suspension (1.62 x 10 CFU/mL RP73 or 5.44 x 10’ CFU/
mL EMRSA-15) by filtration through a bed of pretreated walnut shell biochars pyrolysed at 450 °C by volume
filtered. CFU: colony forming units.
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Effects of biochar production conditions

On average, walnut shell biochars removed between 71% and 94% of saline-suspended bacteria over the course
of two filtrations (Fig. 4). Removal efficacy was affected by peak pyrolysis temperature and alkaline pretreatment
of biochars, as well as bacterial species filtered.

All biochars, except those pyrolysed at a peak temperature of 350 °C and pretreated with alkali solution,
removed a greater proportion of the Gram-negative strain (P. aeruginosa RP73) than the Gram-positive strain
(S. aureus EMRSA-15) tested. Untreated walnut shell biochars sequestered on average 88% of RP73, vs. 69% of
EMRSA-15. Alkali-pretreated biochars sequestered on average 82% of RP73, vs. 76% of EMRSA-15. Across all
biochar samples, the Gram-negative RP73 was sequestered more (mean =85%; SD=9%) than was the Gram-
positive EMRSA-15 (mean =73%; SD=14%) in a statistically significant manner (p=20.0001).

The burden of multidrug-resistant bacterial disease arises predominantly from Gram-negative bacteria,
which are more difficult to treat in the clinic’, and represent a majority of both the “ESKAPE pathogens” (those
species most often associated with antibiotic resistance), and the species on the WHO’s “Priority pathogens list
for R&D of new antibiotics™®>°. The significantly superior adsorption of P. aeruginosa RP73 by the majority of
tested biochars is therefore a beneficial feature.

No substantial deterioration in adsorption capacity was observed between the first and second filtrations
performed, with certain samples adsorbing a greater proportion of bacteria during the second filtration than the
first. For instance, untreated walnut shells pyrolysed at a lower peak temperature (250 °C) increased sequestration
of EMRSA-15 from 66 to 77% and of RP73 from 74 to 79%. This suggests that maximum adsorption capacity was
not the limiting factor with respect to adsorption performance, despite the high concentration of bacteria used
in this laboratory-scale (rather than industrial-scale) experiment. Trends in adsorption performance differed
according to the adsorbate being tested: sequestration of EMRSA-15 tended to increase with peak pyrolysis
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temperature, whereas RP73 was removed least effectively by biochars pyrolysed at a peak temperature of 250 °C
when untreated, and 350 °C when pretreated with an alkaline solution (Fig. 4).

Overall, adsorption performance increased as peak pyrolysis temperature increased. Most of the statistically
significant differences in adsorption efficacy were attributable to peak pyrolysis temperature. For EMRSA-15,
there was a statistically significant difference in adsorption between untreated biochars with peak pyrolysis
temperatures of 450 °C compared to all other temperatures (0.005<p <0.05), and between pretreated biochars
pyrolysed at 450 °C compared to those pyrolysed at 250 °C or left raw (0.005 <p <0.05). For RP73, there was
a statistically significant difference in adsorption between untreated biochars pyrolysed at 450 °C compared to
those pyrolysed at 250 °C or left raw (0.005 <p <0.05) and untreated biochars pyrolysed at 350 °C compared to
those pyrolysed at 250 °C or left raw (0.005 < p < 0.05). Pretreated biochars with peak pyrolysis temperatures of
450 °C also removed significantly more RP73 than those pyrolysed at all other temperatures (0.0005 <p < 0.005).
This may be attributed to the greater surface area of biochars produced at higher temperatures, resulting from
production conditions that have been shown to increase porosity and, particularly as regards walnut shells
pretreated with alkali, increase surface roughness®””°

A deviation from the overall trend of peak pyrolysis temperature being associated with higher adsorption
efficacy can be seen when considering RP73. For this bacterium, raw, untreated walnut shells had higher
adsorption efficacy compared to those pyrolysed at a peak temperature of 250 °C, though this difference was
not statistically significant. Pretreated shells pyrolysed at a peak temperature of 250 °C had higher adsorption
efficacies than those pyrolysed at a peak temperature of 350 °C (0.005 < p < 0.05). This deviation may be attributed
to decreasing biochar hydrophilicity. These ranges correspond directly to those over which the most substantial
declines in biochar hydrophilicity were observed, as described in a previous publication”’.

While decreased hydrophilicity sometimes outweighed increased surface area with respect to RP73 adsorption,
this was not the case for EMRSA-15 adsorption. This is counter-intuitive as Gram-positive bacteria generally
have a greater net surface charge than do Gram-negative bacteria’®. This derives in part from the lipid membrane
composition of these bacteria. Gram-positive bacterial membranes comprise only phosphatidylglycerol (PG),
which is anionic at neutral pH. In contrast, Gram-negative bacteria have two membranes: an inner membrane
rich in PG, and an outer membrane composed of a mixture of PG and phosphatidylethanolamine, which is
zwitterionic at neutral pH. Further research leveraging multiple species of each type (Gram-negative and Gram-
positive) with well-defined surface chemistries would help elucidate the specific physicochemical properties
governing the interaction between the bacterium and the biochar. This would also help to differentiate between
effects of bacterial morphology and surface chemistry.

In all cases, peak bacterial adsorption capacity was observed for the biochars pyrolysed at the highest peak
temperature tested (450 °C). In the case of untreated walnut shells sequestering RP73, there was little difference in
adsorption between this top temperature and 350 °C. At these higher temperatures (350 °C to 450 °C), pretreated
biochars were able to remove more EMRSA-15 than were untreated biochars, while untreated biochars were
able to remove more RP73 than were pretreated biochars, suggesting that a blend of untreated and pretreated
biochars may be optimal for adsorption of a variety of bacteria. This may also be linked to the surface chemistry
of bacteria and biochars, as pretreatment was found to markedly increase the interaction strength of walnut shell
biochars with polar solvents in previous work. 7° Greater surface polarity could explain the stronger interaction
of more charged Gram-positive bacteria with pretreated biochars, while more neutral Gram-negative bacteria
favour less polar untreated biochars.

Wastewater filtration

Two sequential filtrations of wastewater were performed to quantify API adsorption performance of biochars.
In the raw influent wastewater, 27 native compounds were detected using LC-MS/MS analysis with logP values
ranging from — 1.3 to 6.1. Of these, three compounds (clarithromycin, sulphapyridine, and trimethoprim) are
antibiotics which drive the development of AMR’>77-7°. The remaining native API composition consisted of
anaesthetics, anticonvulsants, antidepressants, antihistamines, cardiovascular medication, diabetes medication,
illicit drugs, metabolites, nervous system stimulants, and painkillers including prescription opioids. The
concentration of these compounds was not determined in this work, but the average concentration of
these compounds in London influent wastewater quantified in other studies were up to 2784+148 ng/L
(benzoylecgonine, the major urinary metabolite of the illicit drug cocaine)®>%. The percentage removal of non-
deuterated (native) APIs was not quantified due to matrix effects.

Selected compounds in their deuterated form (which does not occur naturally in the environment) were
added to the influent wastewater before filtration for quality control purposes and used to quantify the removal
of compounds by the biochar. On average, across all biochar production conditions, both filtration events, and
all compounds, 58% + 10% of deuterated APIs were removed from the treated effluent wastewater. Between
the two filtration events across all biochar manufacturing conditions, there was no significant difference in
the percentage removal across all compounds, 58% =+ 13% and 58% + 12% for the first filtration and second
filtration, respectively. This suggests that the after two filtration events, the biochar had not become saturated
and had the capacity to continue to remove deuterated APIs from wastewater. Similarly, there was no significant
difference in deuterated API removal between pretreated and untreated biochars across all pyrolysis conditions
(59% =+ 10% and 58% =+ 10%, p> 0.05). There were, however, significant differences in API removal driven by
pyrolysis temperature (see Fig. 5).

The greatest removal of deuterated APIs was observed at peak temperatures of 450 °C and 350 °C (see Fig. 5).
The average removal of all deuterated APIs by untreated biochars followed the same trend as that observed for
removal of RP73 (minimised at 250 °C), while removal by pretreated biochars followed the same trend observed
for EMRSA15 (broadly increasing with peak temperature). This suggests that API adsorption to untreated
biochars was more affected by changes in biochar hydrophilicity than was that to pretreated biochars.
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Fig. 5. Average percentages of deuterated active pharmaceutical ingredients removed from wastewater by
filtration through a bed of walnut shells or derived biochars by peak pyrolysis temperature and alkaline
pretreatment. Error bars represent standard error (n=88). *: 0.005 < p < 0.05; **: 0.0005 < p < 0.005; ***:
£<0.0005.
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Fig. 6. Average percentages of deuterated active pharmaceutical ingredients removed from wastewater by
filtration through a bed of walnut shells or derived biochars by compound, alkaline pretreatment, and peak
pyrolysis temperature. UT: untreated; PT: pretreated. Refer to Supplementary Tables 3 and Supplementary
Fig. 1 for statistical significance.

Overall, the stimulant methylphenidate was highly removed by the biochars, with an average removal of
87% =+ 10% across all filtrations, treatments, and peak pyrolysis temperatures. Biochars pyrolysed to a peak
temperature > 350 °C removed >90% of methylphenidate, regardless of pre-treatment conditions (see Fig. 6).
Other compounds that were well removed by the biochar (>70% removal) include the macrolide antibiotic
clarithromycin (75% =+ 10%), the illicit stimulant cocaine (75% + 10%), and the antipsychotic risperidone (73%
+ 10%) (see Fig. 6).

Of particular interest to this work is the ability of biochars to remove antibiotics from wastewater to combat the
spread of AMR in the environment. Of the three deuterated antibiotics tested (clarithromycin, sulfamethazine,
and trimethoprim), biochars removed between 35% and 88% from WWTP influent (see Fig. 7). Untreated
biochars performed slightly better than pretreated biochars at reducing concentrations of all antibiotics (63% =+
10% compared to 61% = 10%), though this difference was not statistically significant. Removal of clarithromycin,
sulfamethazine, and trimethoprim was maximised at 88%, 69%, and 55% using pretreated biochars pyrolysed at
350 °C, 250 °C and untreated biochars pyrolysed at 350 °C, respectively (see Supplementary Table 1).

Clarithromycin was the most effectively removed of the deuterated antibiotics measured. Of these three
compounds, clarithromycin is the largest with a molecular weight of 750 Da compared to 290 Da and 278 Da
for trimethoprim and sulfamethazine, respectively. Therefore, in addition to adsorption through chemical
mechanisms such as hydrophobic interactions, hydrogen bonding, and other electron donor-acceptor
interactions®!, clarithromycin could be removed from the wastewater matrix by becoming trapped in the
micropores of the biochar. Trimethoprim exhibited very low removal rates across all pre-treatment and pyrolysis
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Fig. 7. Average percentages of active pharmaceutical ingredients removed from wastewater by filtration
through a bed of walnut shells or derived biochars by compound, alkaline pretreatment, and peak pyrolysis
temperature for antibiotics. Refer to Supplementary Tables 3 and Supplementary Fig. 1 for statistical
information.

conditions (50% + 6%) when compared to other studies that reported a high affinity (>80% removal) using other
biochar feedstocks, including pistachio shells®2, wood chips®?, and rice husks®* across a range of pre-treatment
and pyrolysis conditions. These differences could be partially attributed to the experimental design, where in
previous studies the biochar was exposed to the antibiotic for at least 24 h before analysis while in this work
the antibiotic was only briefly exposed to the biochar during centrifugation. Alternatively, the adsorption of
trimethoprim onto the biochar substrate may have been inhibited by other constituents in the wastewater matrix
that were not observed in previous work using an artificial aqueous solution. Further research is needed to
determine what impact matrix effects from wastewater can have on the adsorption of APIs to biochar substrates.

In comparison to UK wastewater treatment plants employing activated sludge and trickle filter technologies
as of 2019, biochars pyrolysed at 350 °C and 450 °C had greater removal rates for clarithromycin®. However,
higher removal rates were observed at two urban wastewater treatment plants in the Republic of Ireland for all
the antibiotic APIs than those observed in the biochar®®. It is important to note that the wastewater treatment
process contains multiple steps, unlike the simple filtration tested here, and the efficiency of API removal using
current wastewater treatment technologies is highly variable depending on the type of treatment deployed®”.
On the whole, walnut shell biochars compare well to existing sludge-based technologies®, while providing an
alternative waste valorisation pathway for LCB. These results demonstrate that biochar-based filters, designed
with rationally selected production conditions, could be effectively employed in sequestering not only MDR
organisms but also the antimicrobial pharmapollutants which most directly drive their selection in the
environment. Recent studies have demonstrated the co-selective effects of all pharmapollutants on AMR, as
opposed to just antimicrobials®®. Thus, the ability of walnut shell biochars to reduce the overall concentration of
pharmapollutants-removing no less than 50% of all compounds across all conditions—may reduce development
of AMR in the environment, and thereby drug-resistant infections by MDR organisms.

Biochar morphology

Surface accessibility

Scanning electron microscopy revealed that the surface accessibility of alkali-pretreated and untreated walnut
shell biochars evolved during pyrolysis via rupture of pit membranes, expansion of extracellular space, and
separation & fusion of cell wall layers.

The sclereid cells that compose walnut shells are connected by pits running from the lumen through secondary
cell walls to a finely perforated pit membrane in the primary cell wall. These perforations average around 5 nm in
diameter in homogeneous angiosperm pit membranes, with maximum diameters typically less than 100 nm®.
Pit membranes are often paired across cells such that matter can move directly from one cell lumen to another.
This mode of transport in plant tissue is called symplastic transport.
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Fig. 8. Scanning electron micrographs of (a-b) pit membranes in (a) raw pretreated walnut shells and (b)
untreated walnut shell biochars pyrolysed at 450 °C; (c-d) the apoplast in untreated walnut shell biochars
pyrolysed at (c) 350 °C and (d) 450 °C; and (e-f) cell walls in (e) raw untreated walnut shells and (f) pretreated
walnut shell biochars pyrolysed at 250 °C.

Micrographs of walnut shells and derived biochars (Fig. 8a-b and Supplementary Fig. 2) show that pit
membranes ruptured as a result of pyrolysis. This may be explained by a build-up of internal pressure caused by
volatilisation of organic compounds inside cells during pyrolysis. While small molecules can theoretically pass
through porous pit membranes, larger adsorbates (like bacteria) cannot access internal cell surfaces this way.
However, in the absence of pit membranes, the pit canals connecting adjacent sclereid cells share approximately
the same length scale as the bacteria considered (0.5 um to 3 um).

However, micrographs (Fig. 8b and Supplementary Fig. 2h) also show that some pit membranes do persist
at peak temperatures as high as 450 °C. Moreover, micrographs of raw nutshells (Fig. 8a and Supplementary
Fig. 2a) show that pits on the exposed surfaces of samples may sometimes be ruptured prior to pyrolysis by the
mechanical stress of milling alone. Nonetheless, the rupture of pit membranes as pyrolysis proceeds offers an
explanation for the observed increasing trends in bacterial adsorption efficacy with peak pyrolysis temperature.

The other main mode of transport in plant tissue is via the extracellular space, known as apoplastic transport.
This relies on the porous middle lamella connecting adjacent cells as well as empty air gaps within nutshells (the
apoplast). Micrographs (Fig. 8c and Supplementary Fig. 3) show that both smooth air gaps and web-like middle
lamella structures persist even at the highest peak temperatures tested. In pretreated samples, finer strands in
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External cell texture

Internal cell texture

Fig. 9. Scanning electron micrographs of (a-b) external cell texture in (a) untreated walnut shell biochars
pyrolysed at 450 °C and (b) pretreated walnut shell biochars pyrolysed at 350 °C; and (c-d) internal cell texture
in (c) untreated walnut shell biochars pyrolysed at 250 °C and (d) raw pretreated walnut shells.

these structures are less prevalent (compare Supplementary Fig. 2b and f) and some fusion of the structure
appears to occur as a result of the pretreatment (see Supplementary Fig. 3e).

At higher peak pyrolysis temperatures, there is some evidence of cells pulling apart, widening the apoplast.
Figure 8d shows thin strands, thinnest at their centres and anchored to a cell at either end, as if they had been
stretched as the cells pulled apart. This behaviour would increase extracellular porosity as well as the surface
area accessible to large adsorbates. The secondary cell walls themselves also have some very fine porosity which
may be accessible to small molecule adsorbates. The cell walls are composed of cellulose microfibrils in an
incrementing helicoidal arrangement, which can be seen quite clearly in Fig. 8e. Here, the finely porous mass of
lignin and hemicellulose between these layers of microfibrils may also be observed.

As discussed in a previous publication’’, when walnut shells are pretreated with an alkaline solution, this
mass between layers appears to recede (compare Supplementary Fig. 4a and e). Around 250 °C, biochars show
more individual pores between layers (see Fig. 8f), rather than either a fine porous mass or empty space. This
could be due to lignin beginning to volatilise below this temperature while cellulose is still relatively stable®.
At peak temperatures > 350 °C, cell wall layers appear to fuse (see Supplementary Fig. 4c-d and g-h). For this
reason, peak pyrolysis temperatures around 250 °C may represent a maximum in surface area accessible to small
molecule adsorbates within cell walls. Small pores, like those present between cell wall layers, increase the static
diffusion time of small molecules, thereby increasing adsorption efficiency by slowing efflux.

Surface texture
Surface texture affects the surface area to volume ratio of particles, and thus their adsorption capacity, as well
as fluid mechanics in and around particles. The complex evolution of surface texture during pyrolysis of walnut
shells was found to depend on pretreatment, position of the surface within the biological tissue, and native
surface texture.

External surfaces of sclereid cells comprise the primary cell wall, which, like secondary cell walls, is supported
by a scaffold of cellulose microfibrils (causing it to appear striated), but contains more pectin and less lignin
than do secondary walls. The native striation of the primary cell wall tended to appear smoother after alkaline
pretreatment (compare Supplementary Fig. 5a and e) and as pyrolysis proceeds (see Supplementary Fig. 5a-f).

As discussed in a previous publication’’, untreated walnut shells develop mild pitting on external cell surfaces
at a peak temperature of 450 °C, particularly in the vicinity of what appear to be popped pit membranes (see
Fig. 9a and Supplementary Fig. 5d). This implies that this pitting is the result of the release of reactive gases
formed within cells during pyrolysis via the symplastic transport route.
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Conversely, in pretreated biochars, a velvety texture was seen to develop by 350 °C (see Fig. 9b and
Supplementary Fig. 5g), which further develops into a complex texture (wherein smaller deposits coat larger
deposits), by 450 °C (see Supplementary Fig. 5h). It is important to note that this severe surface texture was not
universal in these particles; some surfaces remained far smoother, or simply velvety in texture.

The internal surface of sclereid cells comprises the innermost secondary cell wall, sometimes thickened
(depending on maturity) by a deposit of lignin and hemicellulose, as well as any remnants of the contents of
the cytoplasm. This means that internal cell texture in raw walnut shells varies greatly. Where present, a rough
internal texture appears able to withstand pyrolysis (see Fig. 9c and Supplementary Fig. 6¢), but not alkaline
pretreatment (see Fig. 9d). In cells with a smoother internal texture (either natively or due to pretreatment), this
tends to evolve similarly to external surface texture (see Supplementary Fig. 6d-h).

The surface texture observed is too fine to increase the surface area available to large adsorbates like bacteria,
but could contribute to increasing adsorption capacity for small molecules like APIs. This suggests that API
adsorption performance would be maximised under high temperature and alkaline pretreatment conditions.
While peak temperature did have the expected effect, the same was not observed for alkaline pretreatment,
suggesting that the increase in surface area driving improved adsorption performance (of both APIs and
bacteria) may be driven principally by increased surface accessibility.

Conclusions

Waste lignocellulosic biochars showed excellent adsorption efficacy for both APIs that exert selective pressures
and the MDR bacteria that are subject to these pressures. Walnut shell biochars removed up to 97% of MDR
clinical bacterial isolates from a saline suspension. Adsorption performance was generally maintained during a
second filtration of fresh suspension, and the best performance achieved at the highest peak pyrolysis temperature
tested (450 °C). For the most part, walnut shells and derived biochars were able to remove a greater percentage
of P. aeruginosa RP73 than S. aureus EMRSA-15. Moreover, at peak pyrolysis temperatures > 350 °C, alkaline
pretreated biochars were able to remove more of the Gram-positive bacterial strain (S. aureus EMRSA-15) than
were untreated biochars and vice versa. Biochars produced at higher peak pyrolysis temperatures (350 °C and
450 °C) were most effective at removing APIs from wastewater, including up to 97% of methylphenidate, and
88% of the antibiotic clarithromycin. This shows that production conditions alone can modulate the ability
of biochar to sequester bacteria in a species-dependent manner, and APIs as a function of physicochemical
properties. These results will inform the rational design of blended biochar wastewater filters for sequestration
of diverse pollutant adsorbates.

Suggestions of the morphological mechanisms underlying these findings are provided by SEM. Micrographs
showed that internal surfaces in biochars became more accessible as pyrolysis proceeded due to the popping
of pit membranes between cells and the spreading of cells apart from one another. However, area between
cell wall layers was most accessible at low pyrolysis temperatures (250 °C). Surface texture was also found
to roughen considerably as pyrolysis proceeded, most drastically in the case of pretreated shells pyrolysed at
450 °C. As pretreatment was not found to significantly increase the average API adsorption efficacy of biochars,
surface accessibility is likely the primary morphological factor driving improved adsorption performance with
increasing peak pyrolysis temperature. While APIs could theoretically fit through perforations in pit membranes
and in pores between cell wall layers, bulk flow of the aqueous matrix is likely to take a less restricted path.
Therefore, the popping of pit membranes and spreading of cells as pyrolysis proceeds are the most likely factors
to be driving a substantial increase in the surface area available for adsorption of both bacteria and APIs as
pyrolysis proceeds.

Having shown successful sequestration of pollutants that drive the spread of environmental AMR, future
work must consider the life cycle of biochar wastewater filters. Being derived from a resource that would
otherwise have been a waste stream, they are undoubtedly sustainable, but to determine whether they are
also circular, sterilisation methods such as re-pyrolysis to enable reuse (or at least safe disposal) need to be
tested. Nonetheless, these results represent a promising development towards waste valorisation for pollution
prevention in the context of AMR mitigation and One Health. They should be considered a jumping off point
for further exploration of effects of biochar production conditions on in-line wastewater filtration performance.
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upon reasonable request.

Received: 4 October 2024; Accepted: 17 December 2024
Published online: 08 January 2025

References

1. European Centre for Disease Prevention and Control; European Medicines Agency. The Bacterial Challenge: Time to React. ISSN:
0027-8424 Publication Title: Technical Report. European Centre for Disease Prevention and Control, (2009).

2. D’Costa, V. M. et al. Antibiotic resistance is ancient. Nature 477, 457-461 (2011).

3. Murray, C. J. Antimicrobial Resistance Collaborators Global burden of bacterial antimicrobial resistance in 2019: a systematic
analysis. Lancet 399, 629-655 (2022).

4. O'Neill, J. Tackling Drug-Resistant Infections Globally: Final Report and Recommendations. ISSN: 00351334 (2016).

5. World Health Organization. Global Action Plan on Antimicrobial Resistance. ISBN: 9789241509763. (2015).

6. Vikesland, P. J. et al. Toward a comprehensive strategy to mitigate dissemination of environmental sources of antibiotic resistance.
Environ. Sci. Technol. 51, 13061-13069 (2017).

Scientific Reports |

(2025) 15:1256 | https://doi.org/10.1038/s41598-024-83825-2 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.
28.

29.

30.

31.
32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

50.

. Chereau, E, Opatowski, L., Tourdjman, M. & Vong, S. Risk assessment for antibiotic resistance in South East Asia. BM] 358, 2-8

(2017).

. UK Government. Tackling antimicrobial resistance 2019 to 2024: the UK’s 5-year national action plan. (2019).
. World Health Organization. Antimicrobial stewardship programmes in health-care facilities in low- and middle-income countries.

ISBN: 978-92-4-151548-1. (2019).

National Institute for Clinical Excellence (NICE). Antimicrobial stewardship: systems and processes for effective antimicrobial
medicine use NICE guideline. ISBN: 978-1-4731-1319-0. (2015).

World Water Assessment Programme (United Nations). Wastewater: the untapped resource (the United Nations world water
development report 2017). (2017).

Gill, E., Horton, B., Gilbert, J., Riisnaes, S. & Partridge, E. Storm Overflow Evidence Project Final Report Prepared for: Water UK
(2021).

Environment Agency Event Duration Monitoring. - Storm Overflows - Annual Returns. (2024). https://environment.data.gov.uk/
dataset/21e15f12-0df8-4bfc-b763-45226c16a8ac

Egli, M. et al. A one-health environmental risk assessment of contaminants of emerging concern in London’s waterways throughout
the SARS-CoV-2 pandemic. Environ. Int. 180, 108210 (2023).

Rodriguez-Mozaz, S. et al. Occurrence of antibiotics and antibiotic resistance genes in hospital and urban wastewaters and their
impact on the receiving river. Water Res. 69, 234-242 (2015).

Ng, C., Chen, H., Tran, N. H., Haller, L. & Gin, K. Y.-H. The Handbook of Environmental Chemistry. 1-24. (Springer, 2020).
Larsson, D. G. J. Pollution from drug manufacturing: review and perspectives. Philosophical Trans. Royal Soc. B: Biol. Sci. 369,
20130571 (2014).

Czekalski, N, Berthold, T., Caucci, S., Egli, A. & Biirgmann, H. Increased levels of multiresistant bacteria and resistance genes after
wastewater treatment and their dissemination into Lake Geneva, Switzerland. Front. Microbiol. 3, 106 (2012).

Czekalski, N., Gascén Diez, E. & Biirgmann, H. Wastewater as a point source of antibiotic-resistance genes in the sediment of a
freshwater lake. ISME J. 8, 1381-1390 (2014).

Le Page, G., Gunnarsson, L., Snape, J. & Tyler, C. R. Integrating human and environmental health in antibiotic risk assessment: a
critical analysis of protection goals, species sensitivity and antimicrobial resistance. Environ. Int. 109, 155-169 (2017).

Harris, S., Morris, C., Morris, D., Cormican, M. & Cummins, E. Antimicrobial resistant Escherichia coli in the municipal
wastewater system: Effect of hospital effluent and environmental fate. Sci. Total Environ. 468-469, 1078-1085 (2014).

Bush, K. et al. Tackling antibiotic resistance. Nat. Rev. Microbiol. 9, 894-896 (2011).

Pruden, A. et al. Management options for reducing the release of antibiotics and antibiotic resistance genes to the environment.
Environ. Health Perspect. 121, 878-885 (2013).

Biirgmann, H. et al. Water and sanitation: an essential battlefront in the war on antimicrobial resistance. FEMS Microbiol. Ecol. 94,
101 (2018).

Alejandre, J. C., Stevenson, E. M., Fady, P. E. & Bennett, N. Eco-directed and Sustainable Pharmaceutical Prescribing in the United
Kingdom (2023).

Singer, A. C., Shaw, H., Rhodes, V. & Hart, A. Review of antimicrobial resistance in the environment and its relevance to
environmental regulators. Front. Microbiol. 7 (2016).

Burmeister, A. R. Horizontal gene transfer: Fig. 1. Evol. Med. Public Health. 2015, 193-194. (2015).

Ju, E et al. Wastewater treatment plant resistomes are shaped by bacterial composition, genetic exchange, and upregulated
expression in the effluent microbiomes. ISME J. 13, 346-360 (2019).

Xu, W. et al. Occurrence and elimination of antibiotics at four sewage treatment plants in the Pearl River Delta (PRD), South
China. Water Res. 41, 4526-4534 (2007).

Yu, J. T, Bouwer, E. J. & Coelhan, M. Occurrence and biodegradability studies of selected pharmaceuticals and personal care
products in sewage effluent. Agric. Water Manage. 86, 72—-80 (2006).

Fady, P. E. & Bennett, N. Antibiotic underdosing and disposal in NHS organisations across Great Britain (2023).

Richardson, A. K. et al. A miniaturized passive sampling-based workflow for monitoring chemicals of emerging concern in water.
Sci. Total Environ. 839, 156260 (2022).

Schliiter, A., Szczepanowski, R., Piihler, A. & Top, E. M. Genomics of IncP-1 antibiotic resistance plasmids isolated from wastewater
treatment plants provides evidence for a widely accessible drug resistance gene pool. FEMS Microbiol. Rev. 31, 449-477 (2007).
Mobhanty, S. K. & Boehm, A. B. Effect of weathering on mobilization of biochar particles and bacterial removal in a stormwater
biofilter. Water Res. 85, 208-215 (2015).

Wang, S., Dai, G., Yang, H. & Luo, Z. Lignocellulosic biomass pyrolysis mechanism: a state-of-the-art review. Prog. Energy Combust.
Sci. 62, 33-86 (2017).

Antreich, S. J. et al. The puzzle of the walnut shell: a novel cell type with interlocked packing. Adv. Sci. 6, 1900644 (2019).

Barr, M. R. et al. Towards a mechanistic understanding of particle shrinkage during biomass pyrolysis via synchrotron X-ray
microtomography and in-situ radiography. Sci. Rep. 11, 2656 (2021).

Jones, K., Ramakrishnan, G., Uchimiya, M. & Orlov, A. New applications of X-ray tomography in pyrolysis of biomass: biochar
imaging. Energy Fuels. 29, 1628-1634 (2015).

Downie, A., Crosky, A. & Munroe, P. In Biochar for Environmental Management: Science and Technology (eds Lehmann, J. &
Joseph, S.), 13-29, Section: Chap. 2 (Earthscan, 2009).

Bird, M. L, Ascough, P. L., Young, I. M., Wood, C. V. & Scott, A. C. X-ray microtomographic imaging of charcoal. J. Archaeol. Sci.
35, 2698-2706 (2008).

Khalil, L. B. Porosity characteristics of chars derived from different lignocellulosic materials. Adsorpt. Sci. Technol. 17, 729-739
(1999).

Titirici, M. M. et al. Sustainable carbon materials. Chem. Soc. Rev. 44, 250-290 (2015).

Tu, C. et al. Biochar and bacteria inoculated biochar enhanced cd and cu immobilization and enzymatic activity in a polluted soil.
Environ. Int. 137, 105576 (2020).

Egamberdieva, D., Hua, M., Reckling, M., Wirth, S. & Bellingrath-Kimura, S. Potential effects of biochar-based microbial
inoculants in agriculture. Environ. Sustain. 1, 19-24 (2018).

Hale, L., Luth, M., Kenney, R. & Crowley, D. Evaluation of pinewood biochar as a carrier of bacterial strain Enterobacter cloacae
UWS5 for soil inoculation. Appl. Soil. Ecol. 84, 192-199 (2014).

Chen, B., Yuan, M. & Qian, L. Enhanced bioremediation of PAH-contaminated soil by immobilized bacteria with plant residue and
biochar as carriers. . Soils Sediments. 12, 1350-1359 (2012).

Phandanouvong-Lozano, V., Sun, W,, Sanders, J. M. & Hay, A. G. Biochar does not attenuate triclosan’s impact on soil bacterial
communities. Chemosphere 213, 215-225 (2018).

Gu, Y. et al. Application of biochar reduces Ralstonia solanacearum infection via effects on pathogen chemotaxis, swarming
motility, and root exudate adsorption. Plant. Soil. 415, 269-281 (2017).

Wang, Z. et al. Characterization and influence of biochars on nitrous oxide emission from agricultural soil. Environ. Pollut. 174,
289-296 (2013).

Abit, S. M., Bolster, C. H., Cai, P. & Walker, S. L. Influence of feedstock and pyrolysis temperature of biochar amendments on
transport of Escherichia coli in saturated and unsaturated soil. Environ. Sci. Technol. 46, 8097-8105 (2012).

Scientific Reports |

(2025) 15:1256

| https://doi.org/10.1038/s41598-024-83825-2 nature portfolio


https://environment.data.gov.uk/dataset/21e15f12-0df8-4bfc-b763-45226c16a8ac
https://environment.data.gov.uk/dataset/21e15f12-0df8-4bfc-b763-45226c16a8ac
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

51.

52.

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.
67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Bolster, C. H. & Abit, S. M. Biochar pyrolyzed at two temperatures affects Escherichia coli transport through a sandy soil. J. Environ.
Qual. 41, 124-133 (2012).

Yao, Y. et al. Adsorption of sulfamethoxazole on biochar and its impact on reclaimed water irrigation. J. Hazard. Mater. 209-210,
408-413 (2012).

Anderson, C. R. et al. Biochar induced soil microbial community change: implications for biogeochemical cycling of carbon,
nitrogen and phosphorus. Pedobiologia 54, 309-320 (2011).

Mobhanty, S. K., Cantrell, K. B., Nelson, K. L. & Boehm, A. B. Efficacy of biochar to remove Escherichia coli from stormwater under
steady and intermittent flow. Water Res. 61, 288-296 (2014).

Mobhanty, S. K. & Boehm, A. B. Escherichia coli removal in biochar-augmented biofilter: effect of infiltration rate, initial bacterial
concentration, biochar particle size, and presence of compost. Environ. Sci. Technol. 48, 11535-11542 (2014).

Naka, K. et al. Adsorption effect of activated charcoal on enterohemorrhagic Escherichia coli. J. Vet. Med. Sci. 63, 281-285 (2001).
Barr, M. R,, Volpe, R. & Kandiyoti, R. Influence of reactor design on product distributions from biomass pyrolysis. ACS Sustainable
Chem. Eng. 7, 13734-13745 (2019).

Rice, L. B. Federal funding for the study of antimicrobial resistance in nosocomial pathogens: no ESKAPE. J. Infect. Dis. 197,
1079-1081 (2008).

World Health Organization. WHO bacterial priority pathogens list, 202, 72, ISBN: 978-92-4-009346-1. Bacterial pathogens of
public health importance to guide research, development and strategies to prevent and control antimicrobial resistance. (2024).
Krasucka, P. et al. Engineered biochar—A sustainable solution for the removal of antibiotics from water. Chem. Eng. . 405, 126926
(2021).

Zhang, X., Bhattacharya, T., Wang, C., Kumar, A. & Nidheesh, P. V. Straw-derived biochar for the removal of antibiotics from
water: adsorption and degradation mechanisms, recent advancements and challenges. Environ. Res. 237, 116998 (2023).

Mitchell, S. M., Subbiah, M., Ullman, J. L., Frear, C. & Call, D. R. Evaluation of 27 different biochars for potential sequestration of
antibiotic residues in food animal production environments. J. Environ. Chem. Eng. 3, 162-169 (2015).

Stylianou, M. et al. Adsorption and removal of seven antibiotic compounds present in water with the use of biochar derived from
the pyrolysis of organic waste feedstocks. J. Environ. Chem. Eng. 9, 105868 (2021).

Kim, D. G. et al. Addition of biochar into activated sludge improves removal of antibiotic ciprofloxacin. J. Water Process. Eng. 33,
101019 (2020).

Ng, K. T. et al. High-throughput multi-residue quantification of contaminants of emerging concern in wastewaters enabled using
direct injection liquid chromatography-tandem mass spectrometry. J. Hazard. Mater. 398, 122933 (2020).

Brodeur, G. et al. Chemical and physicochemical pretreatment of lignocellulosic biomass: a review. Enzyme Res. 1-17 (2011).
Misson, M., Haron, R., Kamaroddin, M. F. A. & Amin, N. A. Pretreatment of empty palm fruit bunch for production of chemicals
via catalytic pyrolysis. Bioresour. Technol. 100, 2867-2873 (2009).

Mosier, N. et al. Features of promising technologies for pretreatment of lignocellulosic biomass. Bioresour. Technol. 96, 673-686
(2005).

Sharma, S. K., Kalra, K. L. & Grewal, H. S. Enzymatic saccharification of pretreated sunflower stalks. Biomass Bioenerg. 23, 237-243
(2002).

Barr, M. R,, Forster, L., D'’Agostino, C. & Volpe, R. Alkaline pretreatment of walnut shells increases pore surface hydrophilicity of
derived biochars. Appl. Surf. Sci. 571, 151253 (2022).

Ellington, M. J. et al. Decline of EMRSA-16 amongst methicillin-resistant Staphylococcus aureus causing bacteraemias in the UK
between 2001 and 2007. J. Antimicrob. Chemother. 65, 446-448 (2010).

Jeukens, J. et al. Complete genome sequence of persistent cystic fibrosis isolate Pseudomonas aeruginosa strain RP73. Genome
Announc. 1 (2013).

Periasamy, D. & Sundaram, A. A novel approach for pathogen reduction in wastewater treatment. J. Environ. Health Sci. Eng. 11,
12 (2013).

Papajova, L. et al. Effect of wastewater treatment on bacterial community, antibiotic-resistant bacteria and endoparasites. Int. J.
Environ. Res. Public Health. 19, 2750 (2022).

Richardson, A. K. et al. Rapid direct analysis of river water and machine learning assisted suspect screening of emerging
contaminants in passive sampler extracts. Anal. Methods. 13, 595-606 (2021).

Maher, C. & Hassan, K. A. The Gram-negative permeability barrier: tipping the balance of the in and the out. mBio 14, e01205-
€01223 (2023).

Abadi, A. T. B. Resistance to clarithromycin and gastroenterologist’s persistence roles in nomination for Helicobacter pylori as high
priority pathogen by World Health Organization. World J. Gastroenterol. 23, 6379-6384 (2017).

Lu, Z., Tadi, D. A,, Fu, J., Azizian, K. & Kouhsari, E. Global status of azithromycin and erythromycin resistance rates in Neisseria
gonorrhoeae: a systematic review and meta-analysis. Yale. J. Biol. Med. 95, 465-478 (2022).

Gleckman, R., Blagg, N. & Joubert, D. W. Trimethoprim: mechanisms of action, antimicrobial activity, bacterial resistance,
pharmacokinetics, adverse reactions, and therapeutic indications. Pharmacotherapy: J. Hum. Pharmacol. Drug Therapy. 1, 14-19.
https://doi.org/10.1002/j.1875-9114.1981.tb03548.x (1981).

Munro, K. et al. Evaluation of combined sewer overflow impacts on short-term pharmaceutical and illicit drug occurrence in a
heavily urbanised tidal river catchment (London, UK). Sci. Total Environ. 657, 1099-1111 (2019).

Katiyar, R. et al. Efficient remediation of antibiotic pollutants from the environment by innovative biochar: current updates and
prospects. Bioengineered 13, 14730-14748 (2022).

Schmidt, M. P, Ashworth, D. J., Celis, N. & Ibekwe, A. M. Optimizing date palm leaf and pistachio shell biochar properties for
antibiotic adsorption by varying pyrolysis temperature. Bioresource Technol. Rep. 21, 101325 (2023).

Muter, O., Pérkons, I. & Bartkevi¢s, V. Removal of pharmaceutical residues from wastewater by woodchip-derived biochar.
Desalination Water Treat. 13-16. (2018).

Ashworth, D. J., Schmidt, M. P. & Ibekwe, A. M. Performance of acid- and base-modified biochars for the removal of antibiotics
from water under dynamic conditions. J. Environ. Chem. Eng. 11, 111616 (2023).

Comber, S., Gardner, M., Sérme, P. & Ellor, B. The removal of pharmaceuticals during wastewater treatment: can it be predicted
accurately? Sci. Total Environ. 676, 222-230 (2019).

Rapp-Wright, H., Regan, F, White, B. & Barron, L. P. A year-long study of the occurrence and risk of over 140 contaminants of
emerging concern in wastewater influent, effluent and receiving waters in the Republic of Ireland. Sci. Total Environ. 860, 160379
(2023).

Li, Y., Niu, X,, Yao, C., Yang, W. & Lu, G. Distribution, removal, and risk assessment of pharmaceuticals and their metabolites in
five sewage plants. Int. J. Environ. Res. Public Health. 16, 4729 (2019).

Murray, L., Boxall, A, Snape, J., Gaze, W. & Murray, A. The selection and co-selection of antimicrobial resistance by non-antibiotic
drugs and plant protection products. Access. Microbiol. 2 (2020).

Choat, B., Cobb, A. R. & Jansen, S. Structure and function of bordered pits: new discoveries and impacts on whole-plant hydraulic
function. New Phytol. 177, 608-626 (2008).

Barr, M. R., Volpe, R. & Kandiyoti, R. Identifying synergistic effects between biomass components during pyrolysis and pointers
concerning experiment design. ACS Sustainable Chem. Eng. 9, 5603-5612 (2021).

Scientific Reports |

(2025) 15:1256

| https://doi.org/10.1038/s41598-024-83825-2 nature portfolio


https://doi.org/10.1002/j.1875-9114.1981.tb03548.x
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Acknowledgements

The authors thank Dr Richard Amison for providing the clinical isolate Pseudomonas aeruginosa RP-73 and
UKHSA’s Open Innovation in AMR project for providing the clinical isolate Staphylococcus aureus EMRSA-15.
This work was supported by Queen Mary University of London, the Biotechnology and Biological Sciences Re-
search Council [grant number BB/M009513/1], and the Imperial College London Department of Aeronautics
New Opportunities Fund. L.P.B. and A.K.R. thank the National Institute for Health and Care Research (NIHR)
for part funding this commentary under the Health Protection Research Units in Environmental Exposures and
Health and Chemical and Radiation Threats and Hazards, both partnerships between the UK Health Security
Agency and Imperial College London. The views expressed are those of the authors and not necessarily those of
the NIHR, UK Health Security Agency, or the Department of Health and Social Care.

Author contributions

M.R.B. and P-E.F. conceptualised the study, with input from A.K.R. and L.P.B. Material preparation, data collec-
tion, and analysis were performed by M.R.B., P-E.E, and A.K.R. Materials, facilities, and supervision were con-
tributed by L.P.B, R.V,, and A.].M. The first draft of the manuscript was written by M.R.B., P-E.E,, and A.K.R. and
L.PB. commented on a previous version of the manuscript. All authors read and approved the final manuscript.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/s41598-024-83825-2.

Correspondence and requests for materials should be addressed to M.R.B.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2025) 15:1256 | https://doi.org/10.1038/s41598-024-83825-2 nature portfolio


https://doi.org/10.1038/s41598-024-83825-2
https://doi.org/10.1038/s41598-024-83825-2
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Biochar filtration of drug-resistant bacteria and active pharmaceutical ingredients to combat antimicrobial resistance
	﻿Materials and methods
	﻿Feedstock preparation
	﻿Pyrolysis
	﻿Reagent and media preparation
	﻿Bacterial strains
	﻿Bacterial preparation
	﻿Wastewater preparation
	﻿Filtration experiments
	﻿Filtrate analysis: bacteria
	﻿Filtrate analysis: wastewater
	﻿Scanning electron microscopy
	﻿Statistics

	﻿Results and discussion
	﻿Bacterial filtration
	﻿Adsorption capacity
	﻿Effects of biochar production conditions


	﻿Wastewater filtration
	﻿Biochar morphology
	﻿Surface accessibility
	﻿Surface texture

	﻿Conclusions
	﻿References


