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Review 

Advances in designed bionanomolecular assemblies for 
biotechnological and biomedical applications 
Jaka Snoj1,*, Weijun Zhou1,*, Ajasja Ljubetič1,2 and  
Roman Jerala1,2   

Recent advances in protein engineering have revolutionized the 
design of bionanomolecular assemblies for functional 
therapeutic and biotechnological applications. This review 
highlights the progress in creating complex protein 
architectures, encompassing both finite and extended 
assemblies. AI tools, including AlphaFold, RFDiffusion, and 
ProteinMPNN, have significantly enhanced the scalability and 
success of de novo designs. Finite assemblies, like nanocages 
and coiled-coil-based structures, enable precise molecular 
encapsulation or functional protein domain presentation. 
Extended assemblies, including filaments and 2D/3D lattices, 
offer unparalleled structural versatility for applications such as 
vaccine development, responsive biomaterials, and engineered 
cellular scaffolds. The convergence of artificial 
intelligence–driven design and experimental validation 
promises strong acceleration of the development of tailored 
protein assemblies, offering new opportunities in synthetic 
biology, materials science, biotechnology, and biomedicine. 
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Introduction 
Protein engineering has been established as a crucial field 
in biotechnology and synthetic biology, aiming to create 
novel proteins with desired structures and functions. 

Protein design and assembly into complex structures have 
been inspired by the intricate molecular machines found 
in nature, which perform a wide range of biological 
functions defined at the nanoscale. Most protein-based 
molecular machines are assembled from several compo
nents, which facilitates their versatility through combi
nations and evolution of modules. Through recent 
advances in computational design, experimental techni
ques, and a deeper understanding of protein interactions, 
scientists can tailor proteins for specific tasks, such as drug 
development, materials science, and biomedical and 
bioengineering applications [1,2]. 

Designed protein assembly into functional molecular 
scaffolds and machines can be achieved through various 
strategies, including computational modeling of new 
interfaces and fusion of existing oligomers [3]. Recent 
advances in protein design have focused on creating 
both finite and extended assemblies, such as protein 
cages or two-dimensional arrays that have applications in 
drug delivery and as structural scaffolds in synthetic 
biology [4]. Computational tools have been integral in 
designing protein interfaces and predicting how proteins 
can self-assemble. These tools have been particularly 
effective in designing protein complexes with precise 
geometries and binding properties using principles de
rived from the structural data of naturally occurring 
proteins. The combination of computational approaches 
and experimental validation is valuable for creating new 
materials with tailored properties. 

Scope of the review 
In this review, we focus on designed protein assemblies 
that have the potential for biomedical applications. We 
will discuss the role of computational design, modular 
protein design, and the integration of these techniques 
to create robust protein assemblies with potential for 
biotechnological innovation. For a general introduction 
to protein design, see Refs. [1,5,6], and for recent opi
nions on the benefits of computational protein design, 
see Woolfson et al. [7]. 

Recent advancement in single-chain design 
Since 2021, deep neural network–based computational 
methodologies, such as AlphaFold2 [8,9], AlphaFold 3  
[10], RosettaFold2 [11], and large language models like 
ESM2 [12], significantly advanced protein design by 
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enabling accurate protein structure prediction from 
amino acid sequences. The first artificial intelligence 
(AI) de novo single-chain proteins were less than 150 
amino acid residues [13], and the size limit was increased 
to 300 residues by using RFDiffusion [14]. Recently, the 
limit of single-chain design was further raised by back
propagation through AF2 with relaxed sequence opti
mization enabling to reach impressive 1000 residues of 
length that have been also experimentally validated [15]. 

Protein assemblies 
Creating larger structures typically involves assembling 
multiple components while ensuring specific interac
tions often combined with symmetry to align the 
building blocks as designed. The connections can be 
made through rigid or flexible genetic fusion, novel 
protein–protein interactions (PPIs), or metal/small mo
lecule–mediated interfaces [16,17]. 

Protein assemblies are generally classified as finite or 
extended [2]. Finite assemblies are oligomeric structures 
of a defined stoichiometry and size that perform diverse 
biochemical functions, such as scaffolding, encapsula
tion, signaling, and catalysis, often relying on their as
sembly for stability and activity. In contrast, extended 
assemblies are open, polymeric structures with less de
fined oligomerization state, often with crystalline-like 
order, serving as cellular scaffolding, transport, and are 
characterized by their dimensionality (1D, 2D, or 3D). 

Finite assemblies 
The design of finite protein assemblies enables the 
creation of structures with applications, such as mole
cular encapsulation or spatially controlled antigen pre
sentation. The design of such structures is most 
efficiently done computationally using strategies such as 
genetic fusion, interface design, or modular (coiled-coil) 
assembly and using more recent de novo design methods 
based on AI. 

An approach of computational design of genetic fusion of 
self-oligomerizing domains into higher order assemblies 
uses a rapid and systematic check if overlaps of building 
blocks have low root mean square deviation (RMSD) 
and if they fulfill the required geometric criteria. The 
method (named WORMS) avoids the design of new PPI 
and enabled the development of novel architectures 
with helical bundle-repeat protein fusions [18]. Rigid 
fusion to create bivalent connectors was explored also to 
design complex asymmetric assemblies [19]. 

De novo–designed assemblies offer tunability of several 
parameters, such as stability, symmetry, and respon
siveness, enabling the construction of diverse geometries 
and scales. Huddy et al. introduced a toolkit of twistless 
helix repeat (THR) blocks that facilitates modular 

protein assemblies with linear, curved, or angled con
figurations [20]. The assembly size is controlled by ad
justing the number of THR repeats without altering 
interblock interfaces. This approach allows for pre
dictable, scalable designs spanning finite nanocages to 
1D, 2D, and 3D expandable nanostructures. 

An alternative, a modular approach that uses orthogonal 
CC pairs to assemble chains forming coiled-coil protein 
origami (CCPO) structures has advanced since the first 
self-assembling tetrahedral protein cage [21]. Sub
sequent studies validated CCPO structures using SAXS  
[22–24] and high-resolution X-ray diffraction [25] and 
explored designed folding pathways [26], enabling the 
design of more complex multichain assemblies. Advan
cing modular designs from single-chain to larger CCPO 
assemblies required refining design principles, particu
larly topology and terminal CC segment positioning, to 
prevent fraying by less stable peptide pairs [24]. The 
precise building block arrangements are crucial for oli
gomeric CC-based nanostructures to achieve desired 
conformations, such as, for example, bipyramids formed 
by a pair of pseudo-symmetric chains [23]. Efforts to 
extend beyond two-chain assemblies to three-chain 
structures have highlighted the critical importance of 
structural constraints for regulating linker length and 
flexibility. Without these constraints, heterogeneous 
tertiary or quaternary structures may arise [27]. The 
modular designed three-chain CC-based assembly, an 
irregular concave octahedron, utilized a split intein for 
chain cyclization via spontaneous self-splicing, providing 
preorganization of building blocks as structural con
straints to facilitate the correct assembly (Figure 1a) [28]. 
This strategy enables the construction of well-defined 
nanostructures with individually addressable vertices or 
edges, facilitating applications such as antigen pre
sentation, receptor activation, catalytic center posi
tioning, or binding site arrangement. 

Precise control over geometry of de novo nanocages can be 
used to prepare structure-based vaccines, where the per
iodic presentation of antigens increases the immune re
sponse. Protein cages that present antigen Receptor- 
Binding Domain (RBD) in controllable configurations 
demonstrated that appropriate spacing of antigens im
proves the immune response and neutralization titers 
(Figure 1b) [29]. Additionally, designed cages can also be 
functionalized to house chlorophyll dimers in a precise 
geometry that enable reproduction of reaction centers of 
photoactive organisms [30]. Such assembled nanocages 
represent the first steps toward de novo design of photo
synthetic compartments analogous to chromatophores. 

Dawson et al. have shown how a library of designed self- 
assembling α-helical barrels (αHBs) can be used for 
sensing small molecules. Different members of αHBs 
libraries have lumens with diverse properties. When 
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loaded with a fluorescent hydrophobic dye, the analytes 
caused differential fluorophore displacement. The ob
served patterns of the response to different oligomeric 
peptide barrels can be connected to specific small mo
lecules using machine learning, enabling the analysis of 
complex mixtures [31]. 

The interface design can be accomplished by modeling 
of elements crucial for the assembly, which can imple
ment the desired geometry. The first step involves 
protein–protein docking using computational tools, such 
as nanohedra, which integrates symmetry-based geo
metric constraints with a fragment-based approach that 
leverages empirical patterns from known protein–protein 
interfaces to generate native-like docking poses [32]. 
The latest physics-based method for docking is 
RPXDock [33], which uses a hierarchical search 

algorithm and a sequence-independent scoring function 
to efficiently search through large conformational spaces. 
In the second interface design stage, amino acid se
quences are engineered to stabilize the specified pro
tein–protein interface. The deep learning–based tool 
ProteinMPNN [34] is now integral to the final stages of 
many protein assembly design workflows. Its utility has 
been demonstrated in recent studies, including the 
successful assembly of two-component cages in 13 of 27 
tested configurations [35] and the design of new tetra
hedral cages using a fragment-based approach combined 
with ProteinMPNN to enhance the experimental suc
cess [36]. 

Besides being able to accurately design the geometry 
of finite assemblies, to control the assembly with dif
ferent chemical stimuli is an important step toward 

Figure 1  

Current Opinion in Biotechnology

Functional finite assemblies that are responsive to pH or Zn(II), can have tunable spacing, or can be assembled from many preorganized parts. (a) 
Heterotrimeric octahedral structure where the necessary structural constraints for the desired geometry were achieved by cyclization of the 
connecting (orange) subunit via spontaneous intein-mediated self-splicing. A rough structure was determined by SAXS (SASBDB ID: SASDUS2) [28]. 
(b) De novo cages for presenting antigen RBD at a tunable distance. Precise control over the spacing of the antigens was achieved by varying the 
number of heptades of the tethering helical bundles to maximize the immunity against influenza: 6 heptades (left, PDB ID: 8UR7) or 1 heptade (right, 
PDB ID: 8UR5) [29]. (c) Designed heterodimeric bipyramidal cage with zinc-dependent self-assembly. The rough structure of the dimeric assembly 
was determined by SAXS [22]. (d) Trimeric plugs (blue) designed to initiate cargo release from an octahedral cage (gray) in environments with low pH. A 
schematic representation is based on a cryo-EM density map (EMD-29602) and refined models [37].   
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functionalization of such structures. pH-dependent 
CC pairs allowed a controlled assembly of pseudo- 
symmetric chains into a bipyramid (Figure 1c) [22]. 
Reliable, reversible control of CC-based cage struc
tures has potential for applications, such as cargo de
livery and release in the cellular environments with 
low Zn(II) concentrations or low pH, for example, in 
the nucleus or endosomes. A recent example of a 
controllable disassembly are trimeric plugs that allow 
opening or closing of porous protein cages in different 
environments (Figure 1d). The pH of disassembly can 
be tuned from 5.1 to 6.7, making the cages useful for 
the endosomal delivery [37]. 

AI methods have been used to design higher order as
semblies. Watson et al. demonstrated that cyclic oligo
mers and icosahedral cages can be designed using 
RFDiffusion [14]. Wicky et al. have shown that AF2 
hallucination can be used to make large cyclic homo
oligomers [38]. The methods are currently limited by 
the large graphics processing unit (GPU) memory 
needed for the design since all units are explicitly 
modeled. 

Larger assemblies can be created using pseudosymmetry 
(same backbone different sequence). An approach to 
protein assembly utilizing hetero-oligomers [39,40] has 
enabled the construction of T=4 nanocages with four 
components and dimensions up to 75 nm. Even larger 
cages can be created by combining pseudo- and quasi- 
symmetry (same sequence in different symmetry roles), 
where cages with sizes up to 96 nm have been designed  
[41]. A downside of this approach is that a distribution of 
cage sizes is obtained. The distribution can be partially 
controlled by the stoichiometric ratio of monomers. 

With higher protein design success rates, oligomeric as
semblies can be used as the components of complex 
protein machines. For example, oligomers have been 
designed to function as axles and rotors [42] and cryo- 
EM structures of various rotation states have been con
firmed. 

Extended assemblies 
While extended assemblies enable larger and more versa
tile architectures with significant functional potential, they 
also pose challenges in stability, design complexity, and 
computational demands. The algorithms must handle in
creased degrees of freedom while maintaining structural 
fidelity across extensive assemblies. One solution is 
RPXDock, a sequence-independent docking method that 
aligns protein subunits into symmetric architectures using a 
residue-pair transform scoring system. This system 
streamlines rigid-body docking of cyclic oligomers, en
abling the efficient exploration of configurations without 
prior sequence design [33]. 

One-dimensional assemblies 
In 1D structures such as filaments or nanorods, control
ling subunit flexibility is crucial for maintaining in
tegrity. Different CC-mediated fibrils have been 
designed [43,44]. Mezgec et al. utilized engineered 
natural spectrin repeats fused to CC dimers to create 
rigid nanorods extending to several micrometers long 
(Figure 2a). These structures retained α-helix continuity 
and were validated using atomic force microscopy and 
electron microscopy [45]. Decorated with functional 
domains, the rods demonstrated precise and tunable 
protein spatial presentation along filament chains, en
abling nanometer-scale spacing ideal for applications 
such as B-cell receptor stimulation in vaccine design. 

Biological systems often leverage environmental cues for 
the dynamic assembly, inspiring biomaterial engineering 
innovations. For example, Hao et al. designed helical 
protein filaments that respond to pH changes by em
bedding histidine residues into the subunit interface 
(Figure 2b). These filaments exhibit reversible assembly 
and disassembly within narrow pH ranges [46]. Similarly, 
Neville et al. used computational modeling and machine 
learning to create patterned nanofibers from designed 
repeat proteins. Their approach enables the formation of 
tunable, extendable fibers with controlled mechanical 
properties [47]. 

Two-dimensional assemblies 
Designing 2D protein assemblies is challenging, as it 
requires the precise interface design to introduce sym
metry to achieve ordered and functional assemblies. 
Zhang et al. made a significant breakthrough in con
trolling protein self-assembly by engineering patchy 
proteins capable of forming diverse, precisely patterned 
2D crystalline-like structures [48]. Similarly, Ben-Sasson 
et al. developed a computational approach to design two- 
component arrays by creating rigid, noncovalent inter
faces between dihedral protein-building blocks. This 
method enables the construction of arrays with a p6m 
symmetry, assembling into nearly crystalline micro
meter-scale lattices both in vitro and within living cells  
[49]. The introduced dihedral symmetry was essential, 
as it could compensate the errors in the design of 
trimers. 

The innovative use of 2D protein arrays marks a sig
nificant advancement in the study of cellular polarity and 
cytoskeletal asymmetry. Cell polarity is integral to pro
cesses like cell division, differentiation, and tissue or
ganization. Watson et al. explored how engineered Par 
protein complexes mimic and manipulate polarity, un
covering mechanisms by which Par complexes induce 
cytoskeletal asymmetry. This work revealed critical in
sights into the spindle orientation and symmetry 
breaking during mitosis, offering a high-resolution 
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framework for studying polarity and its effects on 
asymmetric cell division in mammals [50]. 

Three-dimensional assemblies 
A significant milestone in de novo protein design has 
been achieved by the creation of synthetic crystals [51]. 
Designing crystals has been a longstanding challenge 
due to the risk of off-target states during the assembly. 
Li et al. addressed this by adopting a hierarchical 
strategy: first, they designed protein cages using 
RPXDock and subsequently docked these cages into 
crystal lattices (Figure 2c) [51]. This approach effec
tively reduced the degrees of freedom, streamlining the 
design process. The resulting crystal structures were 
experimentally validated, and their lattices were shown 
to be tunable. Remarkably, two-component crystals 
were found in cell lysates, highlighting the robustness of 
the method. 

In addition to ordered assemblies, less precisely defined 
3D arrangements such as protein hydrogels offer ex
citing potentials. For instance, Mout et al. engineered 
protein hydrogels with programmable elastic properties 
(Figure 2d) [52]. They combined de novo protein dimers 
and oligomers linked by either covalent or noncovalent 
interactions. By systematically varying the linker 
lengths, they achieved a precise control over the elastic 
properties of the protein networks, showcasing a pow
erful platform for designing functional biomaterials. 
Disordered assemblies are also engineered liquid protein 
condensates, inspired by liquid–liquid phase separation  
[53], which play roles in various natural processes and 
have been constructed de novo from designed oligomer
izing building blocks. These building blocks feature 
defined stoichiometry and tunable affinity, enabling the 
formation of protein compartments within bacterial or 
eukaryotic cells. Such compartments can be used to 

Figure 2  
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Examples of extended protein assemblies. (a) Extended head-to-tail polymerization into single-chain filaments facilitated by orthogonal CC-linking 
motifs [45]. (b) Reversible assembly and disassembly of pH-dependent protein filaments (PDB ID: 8UAO) [46]. (c) Cyclic protein-building blocks 
docked into a two-component cage, which is then arrayed in a 3D lattice (PDB ID: 8CWY) [51]. (d) Protein fusions consisting of self-assembling 
oligomeric cores fused to crosslinking units (Spycatcher and Spytag, respectively) and form a tunable hydrogel network [52].   
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sequester specific components and regulate their as
sembly or disassembly in response to chemical or bio
logical signals [54]. 

Challenges 
Despite the remarkable success of deep neural net
work–based methods in protein structure prediction and 
design, several challenges and opportunities remain in 
the design of assemblies. One problem is that AF 2/3 
cannot predict entire assemblies due to size limitations. 
There have been many attempts at improving the al
gorithms [55–57], but all these methods work by first 
predicting the structure of dimers and trimers and then 
trying to assemble the full assembly from the compo
nents. This cannot consider the cooperative effects and 
is not predictive of de novo–designed fibers and cages. 
AF 2/3 has problems predicting even some single-chain 
de novo designs such as CCPO that have complex folding 
topology and are not homologous to any natural assem
blies. The likely reason for this limitation is the absence 
of CCPO structures in the training data sets used by 
these algorithms as well as difficulties in capturing folds 
that differ from natural proteins. Those limitations may 
be overcome by the expansion of the experimentally 
determined data set. 

De novo–designed assemblies can supersede many 
properties of natural assemblies and may be able to 
function as orthogonal to some natural systems, such as 
cytoskeleton or cellular compartments or even replace 
some of the components. It is however challenging to 
incorporate weak numerous interactions that may play a 
role in biological systems. Despite some limitations, the 
tunability and modularity of designed assemblies offer 
adaptability to align with emerging biological insights. 
One of the most important challenges for biomedical 
applications of synthetic systems is the risk of im
munogenicity both via antibodies as well as T cell–me
diated immunity. For monomeric therapeutics like 
minibinders, this can be mitigated through computa
tionally optimized sequences that enhance fold stability 
and solubility, reducing major histocompatibility com
plex (MHC) class II presentation [58]. While so far im
mune response to minibinders has been reported as 
rather weak, as the solvent exposed is highly charged, 
this remains to be investigated in more detail and for 
long-term in vivo exposure. 

Outlook 
The spectacular advances in AI-based methods have 
significantly enhanced the success rates of experimental 
single-chain protein designs and pushed the boundary of 
reliably predicted monomers and assemblies toward 
larger sizes. Techniques such as AlphaFold2 [9], 

ProteinMPNN [34], and RPXDock [33] have made it 
easier to design de novo protein assemblies. The devel
opment of AI systems with an inherent understanding of 
symmetry — potentially reducing memory demands — 
is likely to be solved in the short- to mid-term. These 
innovations are poised to drive higher success rates, 
enabling the design of assemblies tailored to precise 
specifications without the need for extensive experi
mental optimization and accelerating the creation of 
functional protein architectures in the years to come. 
The design of functional protein assemblies is likely to 
transform biotechnology and biomedicine, with the de 
novo design of new molecular machines. While the op
timization of catalytic efficiency still requires large-scale 
screening and directed evolution due to the insensitivity 
to point mutations, large language models can be used to 
significantly accelerate the iterative cycle of functional 
optimization [59]. 

The design of tunable, modular, and controllable as
semblies enables not only the creation of versatile geo
metries but, more importantly, the development of 
programmable functions [60] with significant potential 
for biomedical and biotechnological applications. De
signed nanocages enhance immune responses in vac
cines through precise antigen presentation [29] and 
mimic photosynthetic systems by housing chlorophyll 
dimers [30]. pH-dependent CC assemblies offer possi
bilities for targeted cargo delivery [22], while pH-con
trolled disassembly of trimeric plugs to enable 
endosomal release [37]. Tunable nanorods could support 
protein presentation with tunable spacing, which may be 
beneficial for vaccine development [45]. Programmable 
protein hydrogels hold promise for designing extra
cellular matrices and synthetic organelles [52] while 
some de novo helical proteins can controllably assemble 
in cells forming compartments that improve enzymatic 
activity [61]. The most exciting applications are however 
likely to arise from the open access and user-friendly 
modeling platforms, such as Colab, AlphaFold3 and 
others, that will democratize protein design and make its 
use accessible to specialists in diverse areas of bio
technology. 
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