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Figure 1 (a) The roles and positions of chemical synthesis and molecular assembly in matter science, respectively. (b) The brief history of chemical
synthesis and molecular assembly, which is integrated with each other and developed synergistically (color online).
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Figure 2 (a) Classification of molecular assembly research in the three dimensions of matter, energy and information. Novel characters and laws may
emerge from the molecular assembly systems with the increasing complexity, which could exhibit the more powerful functions. (b) In the simple
dimension of matter: multiple components can form complex artificial molecular knots through the equilibrium assembly processes [31]. (¢) In the
dimension of energy beyond the matter: driven by the energy, the motor proteins travel in a certain direction along the microtubules in the cell[65]. (d)
In the dimension of the information beyond the matter and energy: in the transcription process in the cell, the information stored in the mRNA is

transferred to the protein sequence driven by GTP via the ribosome [66] (color online).
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Figure 3 (a) The difference between the chemical reaction and molecular assembly. (b) The potential energy landscapes of equilibrium and non-
equilibrium pathways of amphiphilic polypeptides [74]. (¢) Schematic representation of synergetic assembly processes of host molecules with three
binding sites[76]. (d) The increase in Hill coefficients will increase the steepness of binding curves of a cooperative receptor with two binding sites and
narrow its dynamic range. (e) A cooperative receptor with three binding sites (red line) can achieve a higher Hill coefficient than a two-site receptor
(blue line). Alternatively, it can achieve the same cooperativity (same ny) as a two-site receptor while maintain much higher affinity (color online).
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Figure 4 Complex molecular assembly systems at multiple temporal and spatial scales. (a) The simulation methods for the molecular assembly in the
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different characters in each period of molecular assemblies (color online).
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Figure 6 Molecular assembly and mass transfer processes in the complex crowded environment. (a) The dynamic composition of cellular
environment. (b) In the crowded cellular environment, proteins should travel in a long distance to assemble. (c) Three kinds of mass transfer processes
in the cell. (d) Three kinds of passive diffusions [96], including conventional diffusion and two kinds of anomalous diffusions (superdiffusion and

subdiffusion) (color online).
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Figure 7 (a) Comparison of the free energy landscapes of equilibrium and non-equilibrium assembly [115]. In the equilibrium assembly, the
assembly resides in the global minimum (left). Kinetically trapped assemblies reside in a local minimum. By contrast, metastable assemblies can
escape from the minimum and thus have a finite lifetime (middle). In dissipative assembly (right), the assemblies reside highly in the energy landscape
and can only be sustained by the continuous input of external energy or matter. (b) General scheme for the non-equilibrium assembly [131]. (c)
Reaction scheme for the GTP-driven assembly of tubulin dimers. GDP—tubulin dimers are not prone to assembly [131]. However, the substitution of
GDP with GTP leads to the formation of GTP—tubulin dimers and microtubules. The continual hydrolysis of GTP results in the collapse of
microtubules (color online).
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Figure 8 (a) The molecular structure of DPPC. (b) 2-D free energy landscape spanned on SASA and RMSD for the self-assembly process of DPPC
[125]. (c) Decomposition of the free energy profile against SASA into the enthalpy and entropy terms. (d) Schematic diagram of self-assembly process
of f-amyloid. (¢) The contribution of Gibbs energy (G), enthalpy (/) and entropy (S) in the self-assembly process of f-amyloid [128] (color online).
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Figure 10 (a) Illustration of the Liesegang patterns consisting of quasi-periodic precipitation rings [159]. Electrolyte E diffuses into the matrix and
interacts with electrolyte B to trigger the self-assembly of meso-structures of the Liesegang patterns. Structure size increases as a function of the radial
position. (b) Illustration of potential energy landscape of mesoscopic non-equilibrium thermodynamic models [148]. In the initial state, the building
blocks are already activated but disordered. The final state corresponds to the self-assembled structure. (c) Illustration of magneto-hydrodynamic
assembly systems: an external magnet drives the rotations of small magnetic particles immersed in a viscous liquid at a liquid—air interface [144].
Repulsive forces are indicated by red arrows; the confining magnetic forces are indicated by blue arrows. (d) 10 or 12 small magnetic particles exhibit
two kinds of arrangement modes in their steady states (color online).
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VR LB BOR F AlphaFold [ ARARAH R, — FR 51185 2% ]
R B FL A B R R T g PO i A T R
BB TR RAEF AR SLEG 1922 AR A A 3 55
THEBEMBE R, HRIR TSR,

TEY) RN RE R YE R, 1T Ae o5 2258 B AR S B AR A
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HFER E RS, JEEEIE I SN AL BRI 2 37 %1 ) H
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RS 7 T RIS R IR Fe——IUIR B L&

TFB, HETIAER <smlf BN s e R, HE T
KEA R BRI 5r T AR ) ) 2
W, AR SCAUBORE B AL /N 40 AP B B DR
S, H AT AR o A S I v 2 Bk, 4
et SRR AR R, I B RR R
PHATH AR R A RER . FERES R T
PESF B SRR O R, WA R ST IE MR R Sil AL
FIHE, a7 RENIIRKAT RN 2 7 i S
MR, (RAEARFERLEHELE <RI (chaos)fF)
FEAES TR T A R R A AR BN BT FLSE
I A i A T ) A AT 2H e i R P4

EVI . REEINE B4ERE, HARTRA KB 71
ML TR 5E B i & Z R AR PR, (X R
EEAX A B R A PR B AR T A% A1, AT T g A IR
JERHIYEE NSRS A RIRERR. Bl sy
RS AR T E BRI E BT B
5 S WA E 7 B R AR K P B GBS Bl R, IR R A
(M) A BRI R A B 4 5 7 2 A
55 R RS, AR, A5 SR 2 R o1 Bk
MHT > THERGN N —E83. flin . A RS
il s et ISR, SEIUE BN B,
HETIMIL (emergence) BLE AL (evolution) H “F&fE”; £
AR B 2 2H 3545 SS9 2% G e 3 R = AR SR AL 3
RN v R I TR [P B G ey P AR A o g
WHLHI RN TAYE RS, BUE B RAEYE R
GEANBTFERRS. FEBREK, EBIRESIRE
IR AT HE R, HACNPTREAAAE —FHERTE ) < 77>
IRAE 5 77 % R 408 R AT IR ZIRES A R AR
AR, T THET AR A fr RS AT RER <k
57 ML VT RO BEAR A a0 R K 4R A

Rl R EFRH, P, REEAE B =4 R
GYLIN, BT 2 2 ) 43 1 A AT 0Bk 75 225 )
i ReEAME B EEE. WrfEAdn iR, BT
Vo el S Rl IE, EREEIKENT, SR E )
BHNTTY RS /57 TR, A5 S+ 2 4 A fixi
AR R A . fE I R, S EE R RS
AT ME B8UA: B @ 5 eI BRI 671
A AT e AR (e . ), AT ok
VI TE R TR BA TS, MR A TR — Bk
(RPIRAS TT BE 20 06T 7 T2 A AR IR s sk 7. 5
ARG Re =AU 2 W WHOW ) BRI HL
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il b TF 2 AR AN, BV AT RE RN AR R A i T
FIVE BT O, A0 A Ay R G Ao ] e o R AR Y B =V
FE, S AU R B R AV B AR R

FOREME, o TAHRBRHREFREENE
FoN e B E SRR, S AR RR R, W
TETR R RZE D, 7T B Arrhenius 77 72 H 13610 B8
YRR BA 73 4 ek R 8 ) S M i )RR 7. 2
Yo T HBAE R KB R Z DRIV HA R FER, %07
PRI DL AT AR IR B )%, R 52 ) S A0
TR E A, 1M T LML (Transition State)
HG I Eyring 7 FE I LLVEAL B BHBE T KSR 10 06
TERIIRTE, it — P 5o A2 RO 3N 71 5 ML,
AN 2 T Arrhenius 77 FEFE R 7 THI AR, BIRZ B
eI AR TE IR SR R A 1 0 R e i, (eT
ReXt —Le oGt A ZPIR, BRI E
FHBFEIAEH. B ZAMKRE 22 18 3R 18] 5 17
EAEERSR, BIME—FIud 2B r, Ka ]
e — KMz s, RECEZ MR RER 2%
IR FAEETT, IX 1] B S B Eyring /7 B2 A 8 K 2. A
I, Eyring /7 R ANE & A e B A\ S JE- il F2.
I, MERE LA BV AR RS D EZ R, &
AT REA % ZRITRA AR, MRS TR A
(VZGAE X TR B, 2t AN w3 4 g 2% DU = AR AR g o
IRRE: B4R R0 A N, HIE RGi b TR
e P BRI, 4k RALT S R A AR T AR
PEDX R, H AT e E HAER e /AR, H T8
INFERREE I A R . A A — 2 LA
Y. BeEAVE B E ) m R R, A G BE
WHERIES VIR R =, DRk, T 1122 22 3R
FUN TR RO RL, 25 R 22 A7 i S5 BRI P 8] S I
MZELPER, HRERYE . GeEFME SR
ERIMLE], FHAEH AR gt B e S B34
FEFE, WS WA, 23R AE O I 4 H R A
IR R R, HFEEFE— EH N AR JZ R R S
G EINLE], FHREKEER (KEEEET] )
Mg EH 7155 5RFEEH AR &R B R 1T,
AT J A 48 7 A2 2% 43 1 2 2 ok R R A 2 R 1 1 o e
2 1.

R TR, A A e A Y S v AR T R AT 2
“HZ$ (self-assembly)” MEEH “H>” PIR4. BAH
MR TR R, JTHREHE 7 RRERANEE
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Abstract: Molecular assembly (MA) is an essential approach to create novel substances and new functional materials
beyond molecules. Improving the controllability of MA processes and the functionality of assemblies is the core target
in this field. However, due to the limitation of methods and theories for complex MA systems, most of current
researches are based on the “black box” paradigm, which can mostly focus on the initial and final state of MA. Such a
paradigm has become a bottleneck that restricts the development of MA. Here, we review the current theoretical
methods and models of MA systems from the molecular to subcellcular level. We try to measure the complexity of MA
research from the dimension of matter, energy and information, and gradually explore the current status, opportunities
and breakthrough of the theoretical research of MA: in the dimension of matter, we illuminate that the pathways of MA
processes are multi-step, multi-pathway and multi-scale; in the integrated dimension of energy and matter, we
demonstrate that MA systems are usually accompanied by the entropy-driven phenomena or the complementation of
entropy and enthalpy. We further discuss how the MA systems far from the equilibrium can form an order
spatiotemporal dissipated structure; in the integrated dimension of information, energy and matter, we demonstrate how
the synergetic processes of positive or negative feedback facilitates the emergence of complex physiological functions of
MA systems. To address these challenges in the development of MA theoretical researches, we probably need to
establish a larger theoretical framework and synergistically develop the research methods of MA from the three
dimensions of matter, energy and information. It seems to help us to explore its fundamental laws of MA
comprehensively, then establish the new theory and promote the development of assisting methods with high efficiency,
and finally elevate the complexity and functionality of MA system, which may provide new perspectives and methods
for life science and soft matter science.

Keywords: molecular assembly, controllable assembly, cooperativity, feedback, non-equilibrium state, information
theory
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