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Biodegradable polyesters offer eco-friendly alternatives to traditional fossil-based plastics, but their nat-
ural biodegradation requires long periods and produce CO,. Biosynthesis provides a sustainable approach
to utilizing waste polyesters for low-carbon development, yet the bioconversion capability of plastics
remains extremely low. Herein, we demonstrate the piezo-driven biosynthesis of CH,4 fuel from polyester
waste hydrolysates and CO, by harvesting hydraulic mechanical energy from flowing water to promote
microbial metabolism and energy cycling. Polarized BaTiOs; (BTO) generates piezo-holes to oxidize poly-
lactic acid (PLA) plastic hydrolysates into small organic molecules, while the piezo-electrons are accepted
by Methanosarcina barkeri as bioavailable reducing equivalents for CO, reduction and intermediates oxi-
dation into CH,4. This results in 100% utilization of PLA waste hydrolysates for CH, production with an
ultrahigh selectivity of >98% and an impressive reaction turnover frequency (TOF) of 1.24 x 10° s~!.cell .
Moreover, the biotic-abiotic platform successfully utilizes CO, to convert real-world postconsumer plas-
tic products (straws, cups, knives, and forks) and various polyester-based plastics, such as polyglycolic
acid (PGA) and polycaprolactone (PCL) into CH4 fuels. Critically, this piezo-driven strategy can be readily
extended to other microbial cell factories, significantly enhancing the efficiency of the production of valu-
able chemicals such as acetate and polyhydroxybutyrate (PHB). This work establishes a mechanical
energy-driven, carbon-negative platform for sustainable waste upgrading, paving a low-carbon and

resource-circular avenue for plastic waste management and renewable energy production.
© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

carbonaceous resources (Fig. 1(a)) [7]; thus, these processes are not
in line with the requirements of low-carbon and sustainable devel-

The serious “white pollution” problem caused by the extensive
use of traditional fossil-based plastics has made biodegradable
plastics increasingly popular [1-3]. Among biodegradable plastics,
aliphatic polyesters (including polylactic acid (PLA), polyglycolic
acid (PGA), and polycaprolactone (PCL)) constitute the largest mar-
ket share (above 40%) and are widely used in various fields, such as
food packaging and biomedicine [4,5]. Degrading these plastics
with microbes is usually a slow process that takes months or even
years, making it difficult for the natural environment to sustain the
growing generation of waste plastics [6]. Furthermore, CO, and
H,O0 are the eventual products of the conventional biodegradation
of waste plastics in nature, leading to the waste of these potential

* Corresponding author.
E-mail address: jhqu@tsinghua.edu.cn (J. Qu).

https://doi.org/10.1016/j.eng.2025.11.027

opment. The upgrading and utilization of waste plastics have
become critical for achieving a global circular economy [8,9], and
various chemical reactions have been conducted to recover mono-
mers and valuable chemicals from waste plastics such as PLA
(Fig. 1(b)) [10-12]. However, the environmental benefits of these
recycling methods are restricted by harsh reaction conditions
(such as high temperatures of >180 °C and high pressures of
>2 MPa), intensive energy consumption, and massive CO, emission
[13-15]. A green and sustainable platform for the efficient upgrad-
ing of waste plastics with low-carbon and even negative carbon
emissions is highly desirable [16].

Biosynthetic technologies are capable of highly specific reac-
tions under mild conditions and are rapidly becoming a production
paradigm in multiple domains [17-20], which may also provide a
new opportunity for the increased utilization of waste plastics
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Fig. 1. (a) Schematic illustration of the natural biodegradation, (b) chemical
recycling, and (c) mechanical energy-driven bioreforming of PLA hydrolysates to
CHg.

[21-23]. However, the reaction process of microorganisms in nat-
ural environments is extremely slow because of poor intracellular
mass transport and extracellular transmembrane restriction to
large substrates [24,25], severely limiting the application of this
approach for the high-valued utilization of waste plastics [26].

Recently, photo- or electrically-driven biocatalytic processes
have attracted increasing attention worldwide [27-29]. These
external energies can not only transform robust plastics into
bioavailable small molecular intermediates but also provide
enough reduction equivalents for cell factories through transcellu-
lar charge transfer [28]. As one of the most widely occurring forms
of energy in nature, mechanical energy is extensively used to facil-
itate mass transfer for chemical reactions in the liquid phase
[30,31]. Harvesting this ubiquitous energy source, particularly
from readily available hydraulic flows, to drive complex biocat-
alytic reactions can avoid the dependence of semiartificial systems
on external energy sources, thereby offering an energy-sustainable
paradigm for addressing the bottleneck of microorganisms for the
bioconversion of waste plastics. Nevertheless, on the basis of tradi-
tional viewpoints, mechanical energy tends to cause physical
microbial rupture and is detrimental to biocatalytic systems [32].
Constructing a mechanical energy-driven biocatalytic system that
overcomes this limitation for efficient waste polyester upgrading
remains a significant challenge, with successful examples being
rare.

Herein, we demonstrate a mechanical energy-driven piezobio-
catalyst platform for the production of biofuel from biodegradable
PLA waste hydrolysates (Fig. 1(c)). In well-designed Methanosar-
cina barkeri@BaTiOs (M. barkeri@BTO) hybrids, BaTiO3 (BTO) can
harvest hydraulic mechanical energy via the piezoelectric effect
to generate polarons. The piezoelectric holes (piezoholes) oxidize
PLA plastic hydrolysates (lactate) into small organic molecules
(ethanol, acetaldehyde, acetic acid, pyruvate, and its derivatives;
oxidation rate: >99%), whereas the piezoelectrons are accepted
by M. barkeri to catalyze the conversion of the oxidation
intermediates of PLA and CO, into CH4 The self-assembled
piezo-biocatalytic system results in a striking reaction turnover
frequency (TOF) of 1.24 x 10° s~!-.cell™!, with a high CH, selectivity
of > 98%. More importantly, several polyester-based plastics and
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many postconsumer plastic products have been used as substrates
for CH,4 fuel and the production of valuable chemicals, expanding
the application potential of our piezo-biocatalytic system for
low-carbon environments. This work provides a sustainable strat-
egy for the efficient upgrading of waste plastics into valuable bio-
fuels and chemicals under mild conditions.

2. Experimental methods
2.1. Nanoparticle synthesis

BaTiO; (BTO) nanoparticles were synthesized through
solvothermal processing [33]. In a typical protocol, 50 mmol tetra-
butyl titanate was dissolved in 20 mL ethanol, followed by the
introduction of 7 mL ammonium hydroxide. This solution was sub-
sequently combined with an aqueous phase containing 75 mmol
Ba(OH),-H,0 dissolved in 25 mL deionized water. The resulting
mixture underwent hydrothermal treatment in a 100 mL Teflon-
lined reactor maintained at 200 °C for 48 h. BTO was obtained by
repeated washing with acetic acid and ethanol, oven drying at
80 °C for 24 h, and final calcination at 800 °C for 10 h.

2.2. Hybrid system construction

M. barkeri (DSM 800) obtained from DSMZ (Braunschweig, Ger-
many) was propagated in heterotrophic medium (50 mL, 1:10 ratio
at 37 °C; Table S1 in Appendix A). BTO (20 mg) was introduced into
the solution when M. barkeri had grown to the logarithmic stage
(ODggo = ~0.4). After 24 h of incubation at 180 r-min~", the M. bark-
eri@BTO composite underwent triple saline washing (0.9% NacCl)
prior to resuspension. Additionally, Sporomusa ovata (S.ovata) and
Rhodopseudomonas palustris (R. palustris) were obtained from the
Global Bioresource Center ATCC and inoculated into 50 mL of het-
erotrophic medium at 30 and 35 °C (1:5 ratio; Tables S2 and S3 in
Appendix A). Thus, S. ovata@BTO and R. palustris@BTO were pre-
pared by the same protocols, except that M. barkeri was replaced
with S.ovata and R. palustris, respectively.

2.3. Characterizations

The sample morphology was investigated through FE-SEM
(GEMINISEM 500, Germany) and HR-TEM (JEM-2100F, 200 kV,
Japan). Biological specimens were fixed in 2.5% glutaraldehyde
(12 h) followed by dehydration in graded ethanol (25%-100%)
before observation. The elemental composition and distribution
were studied through energy dispersive X-ray spectroscopy
(EDS). Crystalline phase identification utilized X-ray diffraction
(XRD; MiniFlex600, Cu Ko, 1487 eV, MiniFlex600). The surface
chemical compositions were analyzed by Fourier transform infra-
red spectroscopy (FT-IR; Nicolet iS50, USA) and X-ray photoelec-
tron spectroscopy (XPS; Thermo ESCALA 250Xi, USA). Optical
properties were assessed through Ultraviolet-visible (UV-Vis, U-
3900/3900H, Japan) spectroscopy and Tauc plots. Isothermal titra-
tion calorimetry (ITC) measurements were carried out by a Model
TAM 2277-201 microcalorimetric system (Thermometric AB, Swe-
den) to study the binding parameters of M. barkeri and BTO. Piezo-
electric behavior was evaluated via an atomic force microscopy
(AFM) instrument in piezoresponse force microscopy (PFM) mode
(Bruker Dimension Icon, Germany). The distributions of the flow
field, pressure, and potential distribution of BTO and Na* distribu-
tions were simulated using the laminar flow module and electro-
static module in COMSOL finite element simulation software. To
evaluate the PLA oxidation intermediates in M. barkeri@BTO, the
ultrasonically disrupted solution was analyzed by obtaining
heteronuclear multiple bond correlation (HMBC) spectra with a
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Varian INOVA 600-MHz nuclear magnetic resonance (NMR) spec-
troscopy (Varian, USA). Electron paramagnetic resonance (EPR)
spectroscopy (JEOL-FA200, Japan) was used to detect radical spe-
cies formation. Three-dimensional excitation-emission matrix
(3D-EEM) spectroscopy (Hitachi F-2700, Japan) was used to mon-
itor extracellular polymeric substances (EPSs).

A three-electrode system with an electrochemical workstation
(Gamry Interface 1000, USA) was used to investigate the electro-
chemical properties of the samples. The GC working electrode,
Ag/AgCl reference electrode, Pt counter electrode, and M9 buffer
electrolyte (Table S4 in Appendix A) were used during the mea-
surements. The working electrode was coated with self-
precipitated samples. For the piezoelectric discharge measure-
ments, current signals of M. barkeri@BTO under water flow were
recorded in a single-chamber cell connected to an electrochemical
workstation. Periodic mechanical stimulation was provided by a
programmable magnetic stirrer, which created controlled fluid
flow at specified velocities (e.g., 1 m-s~!). Cyclic voltammetry
(CV) curves of samples were recorded between —1 and 1 V vs Ag/
AgCl with 50 mV-s~! rates. Electrochemical impedance spec-
troscopy (EIS) was performed at an open-circuit potential in the
frequency range of 0.01 Hz-1000 kHz.

2.4. Mechanical energy-driven biocatalytic experiments

PLA reforming to CH, experiments were carried out in a 100 mL
anaerobic serum vial with a Teflon rubber and aluminum gland.
Before use, the bottles were deoxygenated by a filter-sterilized
gas mixture of N,/CO, (4:1) for 1 h. 50 mL of the sterilized
autotrophic medium was supplemented with 5 mL of suspensions
containing the M. barkeri@BTO hybrids (without acetate and L-
cysteine), and NaHCOs3 served as the additional CO, source. 1 mL
of 50 mg-mL~! PLA solution pretreated with 2 mol-L~! KOH at
70 °C for 4 h was added into the above medium, and the anaerobic
serum vials were kept on a magnetic stirrer for the piezo-
biocatalytic reactions at 37 °C. Cycling experiments were per-
formed by collecting the suspended biohybrids under strictly
anaerobic conditions and starting a new cycle after reintroducing
freshly sterilized autotrophic medium and pretreated PLA solution.
To determine the CH, generation source, NaH'3CO5 was used in the
medium instead of NaH!2CO; to carry out the isotope labeling
experiments, and the top space of the anaerobic serum vial was
inflated with filtered sterilized N, gas for 20 min. In addition, rote-
none, antimycin, and KCN were added as sacrificial reagents to
study the electron transfer chain in organisms. Moreover, the prac-
tical applicability potential of the M. barkeri@BTO hybrids was
assessed using consumed PLA plastic products (straws, cups, forks,
and spoons) and polyesters (PGAs and PCLs) as raw materials. For
comparison, control experiments were also conducted under the
same conditions except for the replacement of PLA with cysteine
and the replacement of M. barkeri@BTO with M. barkeri. The exper-
iments for acetate and polyhydroxybutyrate (PHB) production
were conducted with the same steps at 30 and 35 °C.

2.5. Product analysis methods

CH4, CO, and H, production was determined by an Agilent 7890
A gas chromatograph (GC) equipped with a flame ionization detec-
tor (FID). The headspace gas phase product of the M. barkeri@BTO
biohybrid system during the isotope labeling experiments was pre-
pared using a Shimadzu GC-2010 equipped with a Shimadzu AOC-
20i autosampler system interfaced with a Shimadzu QP 2010S
mass spectrometer (Shimadzu, Japan; DB-5 capillary column,
30 m x 0.25 mm x 0.25 pm), with helium (99.999%) as the carrier
gas and a flow rate of 1.2 mL-min~!. The acetate and PHB yields
were measured by high-performance liquid chromatography.
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2.6. Bioactivity characterization

M. barkeri and M. barkeri@BTO were collected after 6 days of
reaction to analyze the growth metabolism of the organisms dur-
ing methanogenesis. Cell-active proteins were measured using a
Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, USA).
Organisms were stained using fluorescein isothiocyanate (FITC)
and 4',6-diamidino-2-phenylindole (DAPI) and placed under a con-
focal laser scanning microscope (CLSM; Carl Zeiss LSM880, Ger-
many) to examine cell activity. Cellular adenosine triphosphate
(ATP) and Adenosine Triphosphate * concentrations were deter-
mined using an ATP assay kit (Beyotime Biotechnology, China)
and a NADH/NAD quantification kit (MAK 037; Sigma Aldrich,
USA), respectively. For the transcriptome analysis, RNA sequencing
(RNA-seq) was employed to assess the variations in the gene tran-
scription of M. barkeri during methanogenesis.

All procedures were conducted under anaerobic conditions
(Bugbox glovebox) with triplicate trials. Significance testing was
performed with Student’s t-test (p < 0.05).

3. Results and discussion
3.1. Construction of the M. barkeri@BTO hybrid system

The M. barkeri@BTO hybrid system was constructed via a two-
step synthesis method. First, BTO nanoparticles were synthesized
by a solvothermal reaction [33]. XRD analysis reveals the formation
of BTO nanoparticles with a typical tetragonal phase (JCPDS#05-
0626) (Fig. S1 in Appendix A). The SEM image suggests that BTO
are nanocubes with an average lateral length of approximately
90 nm (Fig. S2 in Appendix A). These BTO nanocubes were then
assembled with M. barkeri via self-precipitation (Fig. 2(a), Fig. S3
in Appendix A). Observations of the morphology of the M. bark-
eri@BTO hybrid prove the tight coupling of BTO nanocubes with
the surface of M. barkeri cells (Figs. 2(b) and (c), and Fig. S4 in
Appendix A), which can be further confirmed by the EDS mapping
(Figs. 2(d)-(h), Figs. S5-S6 in Appendix A) and FT-IR (Fig. S7 in
Appendix A) results. ITC curves indicate that the binding of M.
barkeri and BTO is a spontaneous process with high Gibbs free
energy (AG = —3.51 k] mol™') and a high binding constant (K, = 3
.1 x 10* mol~'-L; Fig. 2(i)). This can be ascribed to the electrostatic
interactions between the negatively charged phospholipids in the
outer membrane of M. barkeri and the metal sites of BTO [34], lead-
ing to blueshifts of 0.1 and 0.2 eV for the Ba 3d and Ti 2p XPS peaks,
respectively (Fig. S8 in Appendix A). This indicates electron dona-
tion from BTO to the cell surface or a change in the local chemical
environment upon binding. According to the XRD pattern and
CLSM images in Figs. S9 and S10 in Appendix A, the formation of
M. barkeri@BTO hybrids has little effect on the crystal structure
of BTO or the biological activity of M. barkeri. This can be further
confirmed by the selected area electron diffraction (SAED) pattern
(Fig. S11 in Appendix A), which clearly shows polycrystalline
diffraction rings indexed to the (101) and (111) planes of tetrago-
nal phase BTO (JCPDS#05-0626).

The piezoresponse properties of the M. barkeri@BTO biohybrids
were evaluated by PFM. M. barkeri@BTO presents a typical phase
transition and butterfly amplitude curve, demonstrating the spon-
taneous polarization and piezoelectric response in the BTO
nanoparticles after hybrid formation (Fig. 2(j)) [35,36]. The piezo-
electric current of the biohybrid was thereafter measured under
different intensities of mechanical energy. The intensity of the
piezoelectric current was linearly correlated with the flow velocity,
demonstrating that the mechanical energy from water flow can
effectively drive the generation of piezoelectric charges (Fig. 2(k)
and Fig. S12 in Appendix A).
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Fig. 2. Construction of the M. barkeri@BTO hybrid system. (a) Schematic illustration of the synthesis of M. barkeri@BTO hybrids. (b) SEM image of M. barkeri@BTO (the inset is
an image of M. barkeri). (c) TEM image and (d-h) the corresponding EDS mapping results of M. barkeri@BTO. (i) ITC curves of M. barkeri@BTO. (j) Piezoresponse phase and
amplitude curves of M. barkeri@BTO. (k) Electric signals generated by M. barkeri@BTO under different water flow rates.

3.2. Methanogenic performance of the piezo-biocatalytic system

Methanogenic experiments were conducted under different
water flows to evaluate the potential of M. barkeri@BTO for the
biosynthesis of CH4 from waste PLA plastics and CO,. Typically, the
PLA plastics were pretreated with 2 mol-L~' KOH and then used as
the substrate for methanogenesis. In the absence of water flow, both
the microorganisms and biohybrids exhibit a negligible ability to
produce CH,4. However, compared with the single microbes, the M.
barkeri@BTO hybrid generates (637.25 + 15.36) umol-g;}wlyst CH4
after the 6 days reaction under a water flow of 1 m-s~!, which is a
5.46-fold increase in methanogenic activity (Fig. 3(a)). CH4 produc-
tion is not observed when the organisms in the M. barkeri@BTO

hybrid are inactivated (Fig. S13 in Appendix A). This reveals a signif-
icant contribution of the mechanical energy harvested from water
flow to the bioproduction of methane. The corresponding efficiency
of the bionano hybrids for hydraulic mechanical harvesting is deter-
mined to be 1.75%, resulting in a high TOF of 1.24 x 10° s !.cell"! and
a high turnover number (TON) of 7.04 x 10'° cell!. This perfor-
mance exceeds those of bio-electrocatalytic and bio-photocatalytic
systems reported in the literature (Table S5 in Appendix A). The M.
barkeri@BTO biohybrids demonstrate exceptional stability and high
methanogenic activity over five consecutive 6 days cycles (30 days
total, Fig. 3(b)), suggesting the long-term durability of the cells. This
stability stemmed from the preserved vitality of the microbial com-
ponent. CLSM imaging after 30 days of operation revealed that the
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Fig. 3. CH,4 production from PLA plastics by the mechanical energy-driven M. barkeri@BTO hybrid system. (a) CHy yield of M. barkeri and M. barkeri@BTO with or without

water flow. (b) Cyclic performance of the M. barkeri@BTO hybrid for CH,4 production.

flow rates. R represents the degree of linear correlation between two variables. (e)
spectrum). (f) Pathways of oxidation products of PLA for utilization by organisms in

(c) CH, yield and selectivity in cycling reactions. (d) PLA plastic concentrations, BTO, and

TH NMR spectra of PLA during the 6-day reaction (insert shows an enlarged view of the

the M. barkeri@BTO hybrid system. (g) Mass spectrometry of headspace gases in the CH,

production of M. barkeri@BTO. The data are presented as the mean + Standard Deviation (SD, n = 3).

majority of cells remained viable (Fig. S14 in Appendix A), indicating
that mechanical stimulation and close interaction with BTO did not
induce chronic cell damage or death. Therefore, they can retain high
CH,4 selectivity (>98%, Fig. 3(c)) and a high carbon balance (90%). The
CH,4 production efficiency of the M. barkeri@BTO hybrid is linearly
correlated with the PLA concentration, BTO dosage, and water flow
rate (Fig. 3(d)), indicating the importance of both the carbon
resource and the mechanical energy-induced piezo-electrons. How-
ever, further increases in the water flow rate (>1.2 m-s™') or BTO con-
centration (>0.6 g-L™!') don’t increase the CH, yield (Fig. S15 in
Appendix A). This plateau is attributed to the inhibitory effects of
excessive hydraulic shear stress on cell integrity and potential phys-
ical hindrance or toxicity from high BTO loading on microbial activ-
ity (Fig. S16 in Appendix A). More interestingly, sustained CH,4
generation is observed even during periods of intermittent flow ces-
sation (Fig. S17 in Appendix A). This phenomenon correlated with a
significant accumulation of intracellular ATP and NADH in the
hybrids under flow conditions compared with the static controls
(Fig. S18 in Appendix A), indicating that the harvested mechanical

energy can be converted and stored as biochemical energy carriers
to drive continuous methanogenesis.

The pathway of PLA plastic utilization by M. barkeri@BTO for
CH,4 production was investigated. H nuclear magnetic resonance
(NMR) spectra show that the plastic is hydrolyzed into monomeric
lactate after the pretreatment procedure (Fig. S19 in Appendix A).
As the reaction progressed, the characteristic lactate peaks (6 = 1.3
and 4.1 ppm) diminished and disappeared after 6 days (Fig. 3(e)),
indicating near-quantitative (>99%) utilization efficiency. Concur-
rently, a series of organic oxidation intermediates, such as ethanol,
acetaldehyde, acetic acid, pyruvate, and its derivatives, are gener-
ated (Figs. 3(e) and (f)).

In situ EPR spectroscopy was carried out to detect the piezo-
induced reactive oxygen species (ROS) of M. barkeri@BTO for the
conversion of lactate to key oxidation intermediates. Characteristic
peaks corresponding to DMPO--OH and DMPO--O3 are observed in
Fig. S20 in Appendix A, indicating the generation of -OH and -O3
from water oxidation by piezoholes (Fig. S21 in Appendix A). These
reactive species play a significant role in the oxidation of hydro-
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lyzed PLA into small organic molecules, which include -OH-
mediated C-C bond cleavage, -O3-driven oxidation cascades, and
pyruvate formation via dehydrogenation (Fig. 3(f)). In detail, lac-
tate undergoes -OH attack at the o-carbon, leading to decarboxyla-
tion and the formation of ethanol and acetaldehyde as the primary
intermediates (Figs. 3(f), Path i) [37-39]. Acetaldehyde is subse-
quently further oxidized to acetate by -O3, which is consistent with
the accumulation of acetic acid observed in the 'H NMR spectra
(Fig. 3(e)). In parallel, the piezoholes directly abstract electrons
from the hydroxyl group of lactates, dehydrogenating them to form
pyruvate (Fig. 2(f), Path ii) [40], detected at 6 = 2.4 and 1.6 ppm
(Fig. 3(e)). These intermediates (ethanol, acetaldehyde, acetate,
and pyruvate) are ideal bioavailable substrates for M. barkeri,
which subsequently assimilates them primarily through the acety-
lation pathway for methanogenesis (Fig. S22 in Appendix A)
[41,42]. Isotopic labeling experiments using NaH!'>CO; quantita-
tively reveals that 19.2% of the produced CH, originates from the
reduction of '3CO,, whereas 80.8% is derived from the oxidation
of PLA-derived lactate (Fig. 3(g)). This unequivocally demonstrates
dual carbon source utilization (organic waste and CO,) and estab-
lishes CO, as a significant electron sink within the system.

3.3. Mechanisms of the mechanical energy-driven methanogenic
reaction

To understand the contribution of mechanical energy-induced
piezoelectricity to methanogenic reactions, the finite element anal-
ysis (FEA) module of COMSOL software was used to simulate the
flow rate and pressure distribution of the fluid. As shown in
Figs. 4(a) and (b), the liquid flow generates a significant difference
in pressure across the BaTiOs nanoparticles, which is the funda-
mental mechanical stimulus driving the piezoelectric effect. The
resulting piezoelectric potential distribution reached a maximum
of ~0.6 V under fluid pressure (Fig. 4(c)). This potential exceeds
the redox potentials of key membrane-bound electron carriers in
M. barkeri, such as c-type cytochromes (c-Cyt c; 0.1-0.3 V vs stan-
dard hydrogen electrode (SHE); Figs. 4(d) and (e)) [43], providing a
sufficient thermodynamic driving force for efficient direct electron
transfer (DET) to microbial respiratory chains and significantly
impacting methanogenic biometabolism. Piezoelectric stimulation
leads to the secretion of more redox mediators, such as humic
acids, by the outer cell membrane of the microorganisms (Fig. 4
(f)). This can decrease the charge transfer resistance (Fig. S23 in
Appendix A) and increase the capacitance area (Fig. S24 in Appen-
dix A) of M. barkeri@BTO for piezo-electron transfer, offering an
effective reducing equivalent for the methanogenesis of the
microbes according to the mediator-involved indirect electron
transfer (IET) pathway. In addition, the piezoelectric field can pro-
mote the formation of ionic current on the cell surface (Fig. 4(g)),
leading to a stronger attraction to Na*, the main cation in solution
(Fig. 4(h)). The increased intercellular/extracellular concentration
of Na* (Fig. 4(i), Figs. S25 and S26 in Appendix A) can promote
the synthesis of ATPase for the methanogenic metabolism of
microorganisms [44]. Notably, no significant increase in biomass
or CH,4 production is observed for M. barkeri under different flow
rates (Fig. S27 in Appendix A). Therefore, we can conclude that
the excellent methanogenesis performance of the M. barkeri@BTO
hybrids is mainly ascribed to the biological utilization of piezoelec-
tric electrons generated from hydraulic mechanical energy rather
than the increase in mass transfer. The mechanical energy, piezo-
electricity, and reducing equivalent cascade constitute the engine
of the system.

Transcriptome analysis was performed to elucidate the molec-
ular response mechanisms of M. barkeri during methanogenesis
driven by hydraulic mechanical energy. Principal component
analysis (PCA) plots reveal two distinct groups (Fig. 5(a)), indicat-
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ing that the introduction of mechanical energy significantly
affects the physiological state of the microorganisms. Further
investigation revealed that the expression of genes encoding pro-
teins related to various biological processes, cellular components,
and molecular functions were significantly upregulated (fold
change > 2 and p < 0.05) (Fig. 5(b), Table S6 in Appendix A). Sur-
prisingly, the changes in indicators related to environmental
stress, such as the DnaK (hsp70) gene [45], are insignificant in
the M. barkeri@BTO hybrids, suggesting that the cells are not
under chronic stress and are well-adapted to the piezo-driven
environment for growth and metabolism, further corroborating
long-term compatibility. This feature can be attributed to the
increased generation of membrane-bound proteins on the cell
surface (Fig. S28 in Appendix A), which can act as a protective
barrier against cellular damage (Fig. S29 in Appendix A). More-
over, the redox properties of these outer membrane proteins
are beneficial for the transfer of extracellular piezo-electrons to
microorganisms for cell growth and metabolism. The results of
the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis further confirmed this finding. According to
Fig. 5(c) and Table S7 in Appendix A, the genes whose expression
significantly changed in the microorganisms were associated
mainly with energy metabolism and substance cycling-related
processes such as pyruvate metabolism, carbon fixation, and
methane metabolism.

Changes in the expression of genes associated with electron
transfer and energy metabolism were subsequently investigated.
As shown in Fig. 5(d) and Table S8 in Appendix A, the expression
of genes related to the acetate metabolic pathway (EC: 2.7.2.1,
2.3.1.8, and 2.3.1.169), such as dehydrogenase/acetyl-CoA syn-
thase and acetyl-CoA decarbonylase (cdh and acs), is upregulated
in the M. barkeri@BTO hybrids, demonstrating the bio-utilization
of acetic acid, an oxidative intermediate of PLA. Moreover, the
activity of enzymes related to the pyruvate metabolic pathway
(EC: 1.2.7.1, 2.7.9.2, and 3.1.3.3), such as phosphoenolpyruvate
synthase (pps) and phosphoserine phosphatase (ser), also
increased in the M. barkeri@BTO hybrids (Fig. 5(d), Table S8 in
Appendix A). These results suggest that M. barkeri@BTO is capable
of producing acetyl-CoA via both the acetate and pyruvate oxida-
tion pathways, leading to methanogenesis through the acetylation
pathway. Owing to the enhanced transfer of piezo-electrons from
BTO to membrane-bound receptors, the expression of genes
related to electron transfer, such as cytochrome c and Hsases,
the major electron transporters and acceptors of microbes
[46,47], is also significantly upregulated because of the favorable
kinetic transfer of piezoelectric electrons (Table S9 in Appendix
A). This biological response strongly suggests that M. barkeri
actively employs both DET and IET processes to accept extracellu-
lar piezo-electrons. Accordingly, the expression of genes associ-
ated with the electron transfer chain in microorganisms,
including those involved in energy metabolism processes of the
ubiquinone cycle, NADH and ATP production, is significantly
upregulated (Table S9). These active sites of the electron transfer
chain can receive high-energy reducing equivalents through syn-
ergistic DET-IET pathways, ensuring the cycling of substances and
methanogenesis via CO, reduction pathways (EC: 1.2.7.12,
2.3.1.101, and 1.5.98.1), which is consistent with the results of
the inhibition experiments (Fig. S30 in Appendix A). Therefore,
both the organic oxidation and CO, reduction pathways can pro-
vide carbon sources for biological metabolism, ensuring the excel-
lent CH4 production performance of M. barkeri (EC: 2.1.1.86 and
2.8.4.1). As a result, methanogenic genes in the microorganisms,
such as formylmethane furan dehydrogenase (fmd), heterodisul-
fide reductase (hdr), membrane-bound F420 dehydrogenase, and
methyltransferase subunit (mtr), are abundantly expressed
(Fig. 5(d) and Table S8).
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Fig. 4. Contribution of piezoelectricity to electron transfer for methanogenesis. COMSOL simulations of the (a) flow velocity and (b) pressure distribution in medium with and
without water flow. (c) Distribution of the piezoelectric potential in BaTiO3 with respect to water flow. 3D-EEM of the M. barkeri@BTO hybrids (d) without and (e) with water
flow. I: tryptophan; II: tyrosine; III: fulvic acid; IV: soluble microbial products; V: humic acid. (f) Fluorescence intensity of the M. barkeri@BTO hybrids with and without water
flow. COMSOL simulations of (g) Na*-migrated electric current densities and (h) concentration fields around BaTiO3 with and without water flow. (i) High-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM, JEM-2100F, 200 kV, Japan) and EDS mapping images of Na on the surface of M. barkeri@BTO with or without

water flow.

3.4. Evaluation of the application potential of the mechanical energy-
driven piezo-biocatalyst platform for polyester upgrading

To assess practical feasibility, post-consumer PLA products
(straws, cups, spoons, and forks) were subjected to piezo-
driven methanogenesis with or without alkaline hydrolysis
(Fig. S31 in Appendix A). Without hydrolysis, the PLA products
yielded low but detectable amounts of CH, (<35 umolg;;mlyst;
Fig. 6(a)), potentially arising from slow microbial surface attack
or minimal direct piezocatalysis. In stark contrast, the M. bark-
eri@BTO hybrids show excellent capability for converting these
PLA plastic hydrolysates into CH4, with a high methane yield
of 351.6~555.3 p,tmol-gga’té,lySt and a selectivity of >92% after 6
days of reaction. The platform’s scope was further extended to

polyglycolic acid (PGA) and polycaprolactone (PCL), two other
important types of plastics, which were also used as substrates
for CH4 biosynthesis. As shown in Fig. 6(b), untreated PGA and
PCL generate negligible CH, yields, whereas their hydrolyzed
counterparts achieve high utilization efficiency of these waste
polyesters and high CH,4 yields, demonstrating the potential of
the M. barkeri@BTO hybrids for upgrading real plastics into bio-
fuels. Critically, the piezo-driven strategy is readily adaptable to
other microbial cell factories. Harvesting hydraulic energy dra-
matically enhanced the biocatalytic performance of S. ovata@BTO
for acetate production, yielding 1.02 mmol-L™' acetate—a 1.08-
fold increase over that of the static controls after 5 days
(Fig. 6(c)). Similarly, PHB production by R. palustris@BTO
increased by 1.32% under a mechanical energy driving force
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Fig. 6. Application potential and life cycle assessment of the piezo-biocatalyst platform. Methanogenesis performance of PLA waste products (a) and other biodegradable
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paired two-tailed t tests: *p < 0.05, **p < 0.01.
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(Fig. 6(c)). This versatility underscores the platform’s potential
for the customized production of diverse valuable chemicals
beyond methane.

To verify the global warming potential (GWP) of our piezo-
biocatalyst for upgrading polyester products for methane produc-
tion, a relative analysis of the conversion process was performed.
Energy flow analysis considering 1 tonne of PLA feedstock reveals
high total energy efficiency (85.4%), with the majority recovered
from methane fuel and residual biomass (Fig. 6(d)). Most signifi-
cantly, GWP analysis suggests that the mechanical energy-driven
biocatalytic platform has a carbon emission of —38.6 kg-kg™' CH,4
production (Table S10 in Appendix A). This carbon-negative out-
come stems from the effective utilization of both waste plastic car-
bon and CO, as feedstocks, offsetting operational emissions.
Therefore, compared with the latest technologies reported thus
far, our study provides a more promising pathway in terms of fuel-
ing carbon neutrality and sustainable upgrading of waste plastics
(Fig. 6(e)) [48-50].

Finally, we elucidated the advantages of our platform compared
with the other approaches that have been used for plastic upgrad-
ing. First, the mechanical energy can be harvested to generate
piezoelectrons and piezoholes simultaneously. Piezoholes are able
to oxidize plastic hydrolysates into small-molecule intermediates,
addressing the difficulty of methanogens in the direct utilization of
plastics. Moreover, piezoelectrons are accepted by microbes to cat-
alyze the conversion of the oxidation intermediates of PLA and CO,
into CH4, overcoming the kinetic barrier of CO, reduction while
accelerating acetate activation (the major CH4 precursor from
PLA). As a result, efficient methanogenesis with 100% utilization
of waste plastics is realized. Second, the ability to harvest ubiqui-
tous hydraulic mechanical energy circumvents the inherent inter-
mittency limitation of sunlight-dependent (photoreforming)
systems [51], enabling continuous operation compatible with nat-
ural or engineered water flows. Moreover, our system obviates the
physical separation of electrodes and complex circuitry, minimiz-
ing mass transfer limitations and overpotentials associated with
large-scale electrodes. Finally, the platform achieves near-
complete conversion of plastic hydrolysates to the desired product
(CH4 selectivity >98%) under mild conditions. The absence of com-
peting side reactions greatly reduces the cost of product separa-
tion, which is difficult to achieve for other reported approaches
such as photo- or electro-catalysis [52]. The synergistic interplay
between piezoelectric nanomaterials and microbial metabolism
thus establishes an efficient, carbon-negative platform for the sus-
tainable valorization of waste polyesters and CO, into renewable
fuels and chemicals.

4. Conclusions

In summary, we demonstrate a mechanical energy-driven
piezo-biohybrid platform that efficiently converts waste polyesters
and CO, into methane fuel with high selectivity. The piezoelectric
BTO nanoarchitecture harvests hydraulic mechanical energy from
water flow to generate piezoelectrons and piezoholes. The holes
oxidize the polyester hydrolysates into key bioavailable intermedi-
ates (such as acetate and pyruvate) that can be used by M. barkeri
as a carbon source for methane production. Moreover, microbes
use piezoelectrons as reducing equivalents for the conversion of
these intermediates and CO, into CH, via direct (e.g., cytochrome)
and indirect (e.g., Hoase) electron transfer pathways. The synergy
between piezoelectric nanomaterials and microorganisms results
in the sustainable production of CH,4 fuels from waste polyester
plastics and CO,, with high product selectivity (>98%) and a high
TOF (1.24 x 10° s~ !.cell™"). Further investigations verify the exten-
sibility of our piezo-driven strategy to various cell factories for
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enhancing the production efficiency of value-added chemicals
(such as acetate and PHB). This work establishes an innovative
and sustainable approach, powered by ubiquitous mechanical
energy, for the carbon-negative valorization of waste plastics and
CO, into renewable fuels and chemicals, offering significant poten-
tial for advancing circular economy goals.
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