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Figure 1 (Color online) Assembly of bacteria in the perspective of
materials science
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Figure 2 (Color online) Bacterial assembly induced by (a) light-magnetic field"?! and (b) photothermal convection

2

s]



(555 TRl B, AR5 T A WA I 5 . o
TE R, JRHE SRR TR AR, TERAEIK
PN S TR B A L P A, T R el T2
PERIF 2 T 5. %R R AR L 75 4 v ]
REFIE WSy, AT AR U AT A 25 T4 A
AR .

ST A T AR R R R, BhAs
ARSI AU, —Fh A 2O RR L A (e ik B B A
T 5 20 SR SR e I, — B R B S A
G, ISR B4 YA 5 M43 F (VA I AT, %
S T ol TR AR M (1B13(0)) 22, B A A
BANEIRE, AR TR R [ SR AR, 52
T AR SN 0 SR B AR ER Y. Oy TR T I
PR B A AT MR, A E R R 2 40
AEIRTFRE T BB AR, X — AN 412 W5 1] Fi) T4
BT AL AR, b e e LR S
Fa A 500 R, JF A 7E TR F R, B
TEACHH S WL h B R 1 A Ak 9K, 3
AL XTI B MU, pH B AR 1 AR ALY AT
RESZ ML Fom R Ra e M, B — i, R
AR/ BAEER 1] R S LTI 55 . DR BEUR s A
TR, FESZBRIIT b, APyt — 25 EA i 7 0 . 0
PR A5 i B TARROR A T e .

1.3 JETRm it an g

RSN FHARR I REARIRE, R
WA B T S B R R 5 L v 0 ) 40 o 1
5455, GlassS5 AL PR B 2 1 73 31 s et
(A)FGI KT (ND) 201, Tl FHIHU AR 5 45 K s A

(a) \erSy, (b)
M

AN /\°f
i

Aggregation . [3 IS IS TS S

S. oneidensis PMNT/S. oneidensis

TE R SR (Kl4(a)).  SpyTag/SpyCatcherfA 2 M HAL T
LM EREIEE ). SpyTaghi ik 5 SpyCatcher s 17
KIS R, SIS RT3 ) 4 )5 TN, iR A
ENFRAL T S AP 5 AT . Gasse 5 A% kg%
M EEE TRM R, Wt EANT I 5] T
KT (F4(0)7). Kong5 ANtt—40 8 T i 5ems i)
VG, i AR RN K A T VA e 40 T 2 1
BHELIBEDNA, 8 T3, -7t M i 2P R 4E
A, JFReil I AMNESE AT R e/ N Tl & R AT N
RIS REROL B T AR FIRIBAH AR, &R
ST L BN R 2H2%. Sankaran®s AR —FEE TR A1
HA PR/ N R A B R AN P AR, BRI
P TIRCB81Ji 4 B &1 12 (K4 ).
EVFZ N s, XRERENNA . TR
RGeS A N EE. Fln, 78 Tk Z s R
o, B AR S HERR AR F PR R) A0 £ ) 28 U
P 2 1107 N3 R AT BUIE - W N e O VST SR Lk |
B, W REFE TR ORI B0 M LA R T R e i
G, TSR AR AE BB < B - LAY IO A
JER A S S R R (AR G A T AR
T H. Wegner[#] BAF] FinMag/pMag GRS 8 114 £ 5231
TG A AN P TR, DTRG0 4 A RO
BP. AT —4F & T nMagHigh/pMagHigh R 4t, 5%
BT O IR BN R AR L B v SR T 3 4 B 4
$03 - Quispe HaroZ5 NBHZ IR R HE [0 RS 0 3 112
W2, 2 PR oG B8 H A2 0 IR A5 21 10 20 7 SR 4R
RTS8 4 B G S AR fE T A REST
NP R S 23R L T by T A 24 2 i
SERIIRBER Z A H AR REAM S AT RAEH. B R IR

Biofilm

PMNT-Living material

Phenylboronic acid (PBA) &
Spore surface glycan <000
Enzymes @

Engineered Synthetic

Substrate O
spores polymers

Product W

L XS
£
~5e

Bl 3 (MZMEE) @) HETRAYMNFIMEALED, (b) SARMERIEA 1 RS YA T 10 2 g1

Figure 3 (Color online) (a) Bacterial assembly mediated by cationic polymers®”; (b) assembly of bacterial spores mediated by polymers containing

phenylboronic acid groups®!
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Figure 4 (Color online) Bacterial assembly strategies based on bacterial surface modification. (a) Protein-protein interactions on bacterial surfaces;

(b) nucleic acid hybridization®”’; (c) host-guest chemistry!*!)
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Figure 5 (Color online) Bacterial assemblies exhibit changed
biological properties. (a) Reconstruction of microenvironment; (b)
enhancement of stress resistance; (c) initiation of quorum sensing; (d)
division of labor and cooperation
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Figure 6 (Color online) (a) Bacterial assemblies for electrosynthesis of methane®®; (b) synergistic pollutant removal by dual-strain assembly; (c)

bacterial assemblies for the construction of bioelectronic devices>”
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Bacterial assembly: construction of active biological systems
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Bacterial assembly represents a transformative frontier where synthetic biology, materials science, and microbiology
converge to transition bacteria from discrete, planktonic individuals into spatially organized and functionalized
communities. While natural biofilms serve as a biological blueprint for self-organization, their slow formation and limited
controllability often fail to meet the rigorous demands of engineering, necessitating the development of artificial assembly
strategies. This paper systematically reviews the field through the “preparation-structure-property-performance” paradigm
of materials science to provide a comprehensive framework for designing active biological systems.

At the preparation level, researchers have developed multi-tier methodologies encompassing external field induction,
polymer mediation, and surface modification to achieve precise control over bacterial spatial distribution. External physical
fields, including light, magnetism, acoustics, and electricity, offer non-invasive and reversible control with high
spatiotemporal resolution, such as using standing acoustic waves to increase aggregation rates sixfold. Alternatively,
chemical tools like cationic polymers utilize electrostatic interactions or dynamic covalent bonds to bridge bacteria,
facilitating the creation of stable aggregates or metabolic-driven “aggregation-dissociation” cycles. Surface modification
strategies provide the highest degree of specificity by utilizing molecular recognition pairs such as antigen-nanobody
systems, SpyTag/SpyCatcher covalent links, or programmable DNA hybridization to guide the formation of complex
multicellular architectures.

The structural transition from solitary cells to structured aggregates triggers a profound reshaping of biological properties
through microenvironment reconstruction and signaling enhancement. The establishment of oxygen and nutrient gradients
within these assemblies drives metabolic niche partitioning, where peripheral cells maintain aerobic activity while the core
shifts to anaerobic or dormant states. This spatial heterogeneity confers remarkable environmental resilience, often
increasing antibiotic tolerance by up to 100 times compared to planktonic counterparts. Furthermore, the close physical
proximity of cells within an assembly drastically enhances quorum sensing, allowing signal molecules to reach activation
thresholds more efficiently and accelerating collective behaviors like toxin secretion and biofilm maturation.

These emergent properties enable bacterial assemblies to perform complex, multi-step tasks that surpass the capabilities
of individual strains, manifesting in diverse applications such as biomanufacturing, environmental governance, and
bioelectronics. In biomanufacturing, core-shell assembly structures protect oxygen-sensitive enzymes, allowing for the
efficient synthesis of chemicals like 1-butanol and hydrogen in aerobic environments. Environmental applications leverage
synchronized metabolic division of labor for the simultaneous removal of heavy metals and antibiotics, as well as the rapid
development of aerobic granules for wastewater treatment. Additionally, the integration of bacteria with conductive
polymers has led to the development of flexible, self-healing bioelectronic devices capable of real-time sensing of
physiological signals like lactate and electromyographic activity.

Despite these breakthroughs, the field faces critical challenges including the long-term stability of surface modifications,
the metabolic burden of engineered traits, and the complexities of maintaining stable multi-strain consortia. Future progress
will likely rely on the integration of artificial intelligence for system design and the development of more robust
extracellular matrices to improve mechanical strength. Ultimately, the evolution of bacterial assembly from simple
structural construction to sophisticated system design promises to redefine the boundaries of living materials and provide
innovative solutions for global health, energy, and environmental sustainability.

bacterial assembly, living materials, surface modification, quorum sensing, division of labor
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