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Abstract 

Nature has endowed extraordinary beauty and functional significance in the form of biological 

morphology. Inspired by nature, biomorphic superstructures have been designed and synthesized 

from organic precursors in a laboratory. While the complexity of synthetic superstructures is dim 

compared to natural forms, from an engineering point of view they possess competitive 

advantages such as low cost, ease of fabrication, and, occasionally, unexpected characteristics. 

Thus, there are still plenty of exciting biomorphic superstructures awaiting to be discovered. 
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1. Introduction 

The term “biomorphic abstraction” is popularized in the book “Cubism and Abstract Art”, written 

by Alfred H. Barr in 1936.[1] The “biomorphic” in art has been connected to forms or shapes of 

living creatures, where the possible “biomorphs” are flowers, plant shapes, and protozoans.[2] 

Therefore, the design process inspired by the biomorphic shapes and patterns refers, to some 

extent, the term “biomorphism”. Figure 1a shows images of the elaborately mineral exoskeleton 

of marine microfossils, exemplifying delicate and intricate natural biomorphs.[3] In materials design 

and technology, the emerging biomorphic structures not only mimic the organic morphology but 

also capture the functions of a biological model. The materials with the biomorphic structures on 

micro and meso scales, namely biomorphic superstructures, are the focus of interest in this 

minireview. 

 

 

Figure 1. Biological superstructures: scanning electron microscopy (SEM) images of (a) the 

marine microfossils: (from left-to-right then top-to-bottom) diatom, ostracod, radiolaria I, sponge 

spicule, radiolaria II, planktonic foraminifera (Photo credit: Hannes Grobe) and (b) the 
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deoxyribonucleic acid (DNA) supercoils released when chromosomes from Escherichia coli are 

in the hypophases containing 0.4 M salt (Reproduced with permission from [4]); (c) A cryo-electron 

micrograph of the cross section of a Mycobacterium smegmatis cell deformed by the cutting 

process.[5] 

 

 Since the natural biomorphs are the direct inspiration for this review, it is worth recalling 

the mechanism, the self-assembly in particular, behind the evolution of biomorphs.[6] In this 

process, all the information required to assemble the biomolecules is encoded into their sequence 

in the form of amino acids, nucleobases, etc. so that they are ready to perform intermolecular 

interactions. Readers are therefore encouraged to gain preliminary knowledge in molecular and 

supramolecular interactions involved in the self-assembly, which can be found in other literature.[7] 

From a thermodynamic point of view, the correct self-assembly represents the optimized structure 

of the biomorphic assemblies of the lowest Gibb’s free energy. However, some self-assembled 

chiral materials has been found to possess two or more ground states (two or more local minima), 

and a slight bias, i.e. one state is favored than the other, is observed.[8]  

There is a plethora of examples in the self-assembly of natural biomorphs ranging from 

short biomolecules like phospholipids and peptides to hundred nm-size viruses. In the scope of 

introducing the biological superstructures, examples of typical µm-scale biomaterials are 

presented. Deoxyribonucleic acid (DNA), mentioned in any biology textbook, forms a double-helix 

structure from the self-assembly of two polynucleotide chains. The process is driven by the 

stacking of the amine bases and the multiple hydrogen bonds formed between pairs of 

nucleobases, i.e. the adenine-thymine and guanine-cytosine.[9] While the length of this helical 

structure is in the nm-scale, the DNA is able to form highly organized tertiary structures – the 

supercoils.[4, 10] The length of the supercoils is up to mm but able to fit inside the cell. Upon being 

triggered, the supercoils of hundred µm (Figure 1b) released from the cell. The tertiary structures 

are also assembled from other biological matters such as proteins, e.g. the human insulin[11] and 
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the bovine pancreatic ribonuclease[12]. Different from the bovine pancreatic ribonuclease, the 

individual polypeptide chains of insulin do not contain the information for self-assembly, i.e. insulin 

is synthesized from a larger precursor, namely preproinsulin, instead. The process is therefore 

categorized as “self-assembly with post-modification”.[6b, 13] Additionally, the self-assembly of 

proteins is a key to superstructure formation of viruses such as tobacco mosaic virus, M13 

bacteriophage, and rotavirus.[14] The assembled superstructure of the M13 bacteriophages is of 

interest as it has been used as template for several biomorphic superstructures presented in this 

review.[15] Their general superstructures consist of a circular, single-stranded DNA genome 

encased in a tube-like self-assembled proteins. Not only did the DNAs and proteins use in the 

self-assembly of natural biomorphs but also the phospholipids. For instance, the cell membrane 

of M. smegmatis up to micrometer scale in diameter as shown in Figure 1c,[5] is self-assembled 

from phospholipid bilayers. In the environment of biological fluids, the hydrophilic heads turn 

outward to the surrounding medium (e.g. via hydrogen bonding and dipolar interactions) while the 

hydrophobic tails repelled water molecules and interact with each other through vdW force.[16] The 

organization of the phospholipids using multiple weak bonding motifs keeps the membrane intact. 

Self-assembly of biomolecules into hierarchical superstructures can be also found in daily-

life bio-based products, given the silk and carrageenan gel.[17] The former one is constituted from 

fibroin – a protein found in the storage sac of the female Nephila clavata. The morphological 

evolution continues with the self-assembly of fibroin into the granule-based microfibrils. 

Subsequently, the microfibrils an hierarchical structure of dragline fibers up to µm-scale long.[17a] 

The gelation of carrageenan, on the other hand, hypothetically includes two steps: (i) formation 

of double-helix domains and (ii) domain crosslinking by cations through ion-ion interactions.[17b] 

Many more examples of natural biomorphs that can be found in other reports.[18] It is worth 

mentioning that due to the structure-oriented feature of the biomorphs, their applications are 

extensively exploited, especially in biomineralization.[19] This includes the development of hybrid 
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materials using a template approach, or in other words, modification of ubiquitously biological 

templates with synthetic materials.[20]  

This minireview offers an alternative approach for biomorphism. Herein we will discuss in-

depth principles used to design and synthesize biomorphic superstructures in a non-templated 

self-assembly from organic molecules or macromolecules precursors. These principles open the 

door for the creation of novel biomorphic superstructures with exciting morphologies, properties, 

and functionalities. Thus, the minireviews aim is to provide the reader with current reports on 

synthetic superstructures and associate them with the aforementioned biological forms.  

 

2. Organic design of biomorphic superstructures 

This section is highlighting a minor group of nature-mimicked or biomorphic superstructures 

synthesized from organic (macro)molecules, namely the organic design of the biomorphic 

superstructures. The synthetic process is primarily non-templated self-assembly of the molecules 

(section 2.1) and macromolecules (section 2.2) as two main sources from which the biomorphic 

superstructures are evolved. 

 

2.1 Molecular approach 

Crystallization process, where the molecules are packed into highly organized structures, has 

been used to produce mm-size organic crystals.[21] Notably, crystallization of the biomorphic 

superstructures from organic molecules is remarkable and happens either inside a solution[22] or 

at a water-air interface[23]. For example, crystallization of DL-alanine in a particular condition 

creates partly hollow tubes of mm in length and µm in width.[22] The morphology of the tube is 

highly pH-dependent, e.g. shorter and thinner tubes are obtained at basic conditions (pH between 

8 and 10). These square-shaped tubes resemble hollow structure of the kapok fiber[24], even 

though the interior of the tube still accommodates partly disordered nanoparticulate building 

blocks. The microtube-like superstructure was also reported by Pampalakis et al.[25], in which a 
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complex of oleic acid with iron has also been used. This superstructure is named an organic 

Fe(III) oleate garden since it is inspired by the concept of a chemical garden (or chemobrionic)[26]. 

Instead of growing upwards from a crystal seed like traditional gardens, this tube is grown 

inversely from isopropanol solution. This process includes two steps which the cm-sized Fe(III) 

oleate precipitates (i) dislodging to the surface of the solution and (ii) growing downwardly by 

gravity. However, the growth was unsuccessful in non-polar solvent like toluene since the FeCl3 

crystal was unable to be solvated.  

To obtain hierarchical superstructures with higher complexity, molecular design must be 

considered. For instance, a designed fullerene (C60) derivative (Figure 2a) can be self-organized 

into an hierarchical superstructure of a flower shape (Figure 2b, 2e-h, and 2i).[27] These flower-

like biomorphs are self-assembled from the disk-shaped pedals engaging in the π-π and vdW 

interactions of C60 moieties and aliphatic chains, respectively. These supramolecular interactions 

were confirmed by using fast Fourier transform (FFT) analysis, i.e. revealing the distance of the 

lamellar bilayers at the edge of the flower which matches the molecular length of the bearing alkyl 

chains of the C60 derivative. In addition, the self-assembly of the C60 derivative in the chiral 

butanol solvents generates left- and right-handed spiral superstructures (Figure 2c and 2d).  
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Figure 2. (a) Structural formula of the C60 derivative; SEM images of (b) the disk-shaped 

assemblies formed in 1,4-dioxane at 20 °C, (c) right-handed and (d) left-handed spiral assemblies 

obtained in 2-(R)-butanol and 2-(S)-butanol, respectively, (e) the square-shaped objects loosely 

rolled up in every corner formed by rapid cooling of the solution from 60 °C to 5 °C, (f and g) the 

further rolled-up objects of crumpled structures at the four corners, (h) the final flower-shaped 

objects formed by slow aging at 58 °C. (i) Schematic illustration explains the formation of the 

flower-like superstructure. (Reproduced with permission from [27]) 

  

Resuming our discussion on the flower-like superstructures, the work of Martin et al.[28] 

with porphyrin, a macrocycles known to form H- and J-aggregates[28-29], must be described. Figure 

3a show molecular formulas of anionic and cationic porphyrins which have been used to assemble 

the four-leaf clover-shaped superstructures (Figure 3b). The metal centers of the porphyrin are 

either electron donors or electron acceptors depending on the complexed metals, e.g. Zn or Sn, 
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respectively. Nevertheless, the intermolecular interactions arising from the metals in the porphyrin 

play only a minor role in self-assembly, i.e. the clover-like superstructures are produced even with 

free-base porphyrins. This conclusion is further supported by the work of During et al.[29c] on the 

biomorphic microneedles grown from ionic free-base porphyrins. While the clover morphology 

transforms as the ionic strength and temperature of the self-assembly reaction vary, the structures 

still maintain a 4-fold symmetry. The temperature exhibited more pronounced influence on 

morphology of the self-assemblies (Figure 3b) than the that of ionic strength. The study also 

pointed out the potential to tune functionality (such as the electronic and photophysical properties) 

of these materials by altering the metals in the porphyrins and/or varying the cooperative 

interactions between the porphyrin subunits. The tunable properties raise the possibility of 

fabricating, for example, semiconducting materials. This viewpoint is demonstrated in the work of 

Liu et al.[30], i.e. modification of the side chains of the (porphinato)Zn(II) building blocks lead to 

diverse redox potentials of the biomorphic superstructures. Not only did the authors tune the 

electrochemical potentials, but also they generate different biomorphic shapes including 2-D 

nanosheets, nanowires, fibers and amorphous solids. 
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Figure 3. (a) Chemical formulas of the anionic (left) and cationic (right) porphyrins of different 

metal centers; (b) SEM images of the clover-like superstructures grown at 10 (blue), 23 (green), 

60 (gold), and 80 °C (pink). (Reproduced with permission from [28]) (c1) The molecular structure of 

the amphiphilic aminoresorcinarene, transmission electron microscopy (TEM) images of the (c2) 
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profile section with a magnified inset and (c3) cross section of the microtube. The nanoparticle 

(NP) aggregates are encapsulated inside the tube. The microtubes were prepared by incubating 

the aminoresorcinarene solution of 150 µM at room temperature for 1 month. (Reproduced with 

permission from [31]) 

 

 Solvent polarity (or dipole moment) also causes dramatic changes in resulting biomorphic 

superstructures; therefore, the solvent effect in self-assembly of the macrocycles was 

investigated.[32] Interference of solvent molecules with the supramolecular assemblies was 

observed in study of 2,3,9,10,16,17,24,25-octakis(phenoxy)phthalocyaninato zinc (Zn[Pc(OPh)8]) 

molecules. On the one hand, the self-assembled Zn[Pc(OPh)8] superstructures possess the 

nanobelts in n-hexane, but soft nano-sticks or microscale needle mushrooms as well as pine 

leaves (depending on aggregation time) in methanol on the other hand. Additionally, other 

macrocycles like the aminoresorcinarenes (Figure 3c1) are able to form microtubes using a 

straightforward mixing process. The mechanism lies on the amphiphilicity of the protonated 

aminoresorcinarenes in water that drives the system to the formation of aggregated microtubes.[33] 

Furthermore, the microtubes can be decorated externally or internally with various metal NPs 

through coordination or electrostatic interaction of protonated amine of the aminoresorcinarenes 

and metal NPs (Figure 3c2 and 3c3).[31] These hybrid materials possess new interesting properties 

such as uptake and release of given NPs. 

 

2.2 Macromolecular approach 

In a similar way of molecular approaches (discussed in section 2.1), macromolecules undergo 

self-assembly and result biomorphic superstructures. Besides, solutions of macromolecules, e.g. 

in water, possesses high viscosity so that they are printable. Next paragraph demonstrates a 

process of printing biomorphic superstructures from solutions of macromolecules.  
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2.2.1 Approach from biopolymers and biohybrid materials 

The superstructures can be derived from single- or multi-component self-assembly of 

biomolecules such as peptide amphiphiles[34]. Two macroscopic superstructures, namely sacs 

and torus, have been reported. In both cases, the self-assembly is simply driven by the 

electrostatic interactions between positively charged peptides and negatively charged 

biomacromolecules at a liquid/liquid interface (Figure 4a). This leads the formation of a diffusion 

barrier, which helps to prevent chaotic mixing, upon contact between the two liquids. Owning 

shorter diffusion path and a higher surface area/volume ratio compared to the sacs, the toroidal 

gel (Figure 4b-d) fabricated by Hedegaard et al.[34b] is of great interest. The torus is a product of 

co-assembly of the peptide amphiphiles with a range of extracellular matrix proteins and 

biomolecules including fibronectin, collagen, keratin, elastin-like proteins, and hyaluronic acid. 

The gel has been printed under cell diluent environment (Figure 4) where the size and ring-shape 

of the microgels has been guided by the nozzle diameter and shear forces during the bioprinting 

process, respectively.  

 

 

Figure 4. (a) Formation of the toroidal gel when a droplet of peptide amphiphiles of 10 mg mL-1 

is injected into the keratin solution of 20 mg mL-1 using 500-μm nozzle; SEM images of (b) a 
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toroidal gel of ~500 μm in diameter, (c) surface and (d) cross-section of a toroidal gel  

(Reproduced with permission from [34b]). 

 

Self-assembly into chiral supramolecules includes, but not limited to, superstructures 

derived from the insulin[35], organo-soluble peptide-poly(n-butyl acrylate)[36], colloidal particles of 

the M13 bacteriophage[37], (bacterial nanocellulose)-alginate macro-fiber[38]. These helical 

superstructures have been employed in many interesting applications including effective 

substrate for surface-enhanced Raman spectroscopy (SERS),[35] chiral reflector/filters,[37] 

electrical generator,[39] and materials of high strength and toughness[38]. In all cases, the chirality 

of the hybrid materials is guided either by the biomaterials, e.g. M13 bacteriophage, or by 

switching macromolecules to chiral forms using pH[36]. Figure 5 illustrates the self-templating 

process of M13 phages of which the superstructures are affected by two critical factors, i.e. the 

local induction of chiral liquid-crystal phase transitions and the interfacial forces at the meniscus. 

Depending on arrangement of the M13 phages, three superstructures including nematic 

orthogonal twist, cholesteric helical ribbon, and smectic helicoidal nanofilament, have been 

grown. Among these superstructures, the smectic nanofilaments exhibited capability of 

generating piezoelectric energy. Their power performance is structure-dependent, i.e. the device 

power fabricated from the micro-patterns of 2D-phage-dot is ~40 times higher than that from the 

continuous phage thin-film.[39] 
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Figure 5. Schematic diagram of the phage-based self-templating process. (a) Schematic 

illustrations of the phage structure with a helical angle (𝜙) of 41° with periodic subunit spacing of 

3.3 nm and (b) of the helical self-templating assembly of phage particles controlled by competing 

interfacial forces at the meniscus where liquid crystal phase transitions occur. The polarized 

optical microscopy image shows iridescent colors originating from liquid crystal phase formation 

at the air–liquid–solid interface. (Reproduced with permission from[37]) 

 

Section 2.1 has briefly mentioned the biomorphic tubes synthesized from the Fe(III) oleate 

chemical gardens. In the effort of providing a closer look into the link of chemical gardens with the 

origins of life, the gel/liquid interface approach has been utilized in sprouting calcium 

phosphates[40] – the minerals found many living organisms. A profound work is from Punia et al.[41] 

which demonstrated the growth of a sponge-like gelatin-intercalated calcium phosphate tubules. 

By varying the percentages (0−15 w/v%) of the gelatin, the tube diameters can be tuned from 200 

μm to 2 mm. These superstructures greatly serve as life-supporting scaffolds, evidenced by the 

attachment and healthy growth of individual cells (marine (Pyrocystis lunula) and mammalian 
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(HeLa and H9C2) cell lines) to form multicellular entities. Similar organic-inorganic intercalation 

has been also observed in the nacre architecture, which often illustrated as a “brick-and-mortar” 

arrangement.[42] The “brick” herein is highly aligned inorganic aragonite platelets that is 

surrounded by the “mortar” – a protein matrix. Inspired by this, a nacre-mimicked superstructures 

is synthesized by vacuum filtration or water evaporation of the chitosan-montmorillonite hybrid 

building blocks.[43] The architecture of the nano-laminar organization is self-assembly induced 

which results fire-retardant property. Thus, the superstructure exhibits the potential application as 

heat-resistant and gas-barrier materials. Not only biopolymers but also synthetic polymers are 

used to synthesize lamellar superstructures that are presented in the next section.  

 

2.2.2 Approach from synthetic polymers 

In the end of section 2.2.1, laminated superstructures have mimicked structures of chemical 

gardens and nacre. This section will continue with lamellar superstructures assembled from 

synthetic polymers such as polyimide, (ether ketone)-based polymers, and poly(acrylic acid).[44] 

A group of (ether ketone)-based polymers has generated spindle- and platelet-like 

superstructures through crystallization.[44a, 44d] Their morphologies vary with the synthetic 

conditions such as types of solvents, temperature and time. The first example is the hierarchically 

lamellar platelet-like superstructure was assembled from poly(ether ether ketone) (PEEK) when 

the gelation of PEEK (following with freeze-drying) carried out in 4-chlorophenol instead of 

dichloroacetic acid.[44d] This is attributed to the π-π interactions between PEEK and 4-

chlorophenol facilitating slower growth, thus developing more ordered crystalline lamella. Under 

a particular condition such as mixture of water and tetrahydrofuran (THF), the lamellae of 

amphiphilic diblock copolymers can reorganize to the onion-like vesicles of which ~13 nm is the 

distance between layers.[44c] The self-assembly is attributed to the aggregation of the polymers 

since the hydrophobic blocks became insoluble when water was added. With more than one 

superstructures found, the reversible transformation between superstructures could be observed 
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for the diblock copolymers in the solvent mixtures, i.e. poly(ferrocenyldimethylsilane)-block-

polyisoprene in THF/decane[45] and polystyrene-block-poly(D-lactide acid) in THF/water[46]. Both 

copolymers form fiber-like structures at high ration of THF but transform to caterpillar-like[45] and 

torus-like[46] superstructures when the ratio of THF is lower. Figure 6 shows the caterpillar-like 

superstructure (also observed in amphiphilic triblock co-micelles[47]) formed upon the addition of 

THF solution of the polymers into THF/decane mixture, but reversed to fiber-like structure when 

THF is evaporated. It is worth mentioning that the caterpillar-like superstructure (Figure 6, left 

image), which is scarce, is successfully grown under low nucleation in the presence of large 

amounts of polar solvent (here is THF).  

 

 

Figure 6. TEM images demonstrate transformation of the caterpillar-like superstructure formed 

from diblock copolymers in a THF/decane mixture to the fiber-like structure upon the removal of 

THF by mild rotary evaporation. (Reproduced with permission from [45]) 

 

The effect of polar solvent was also utilized for engineering other biomorphic 

superstructures. For instance, self-assembly of biodegradable poly(ethylene glycol)-block-

poly(D,L-lactide) polymers to the (red blood cell – RBC)-like stomatocytes requires up to 50 v% 

water at a rate of 1 mL h−1 under vigorous stirring condition.[48] Since RBCs are highly important 

in medical treatment of the circulation system as well as low oxygen-level diseases, the 

biomorphic stomatocytes are potentially used as alternatives if oxygen-releasing function is 
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provided. Indeed, hemoglobin and the photosensitizer chlorin e6 are encapsulated inside the 

stomatocytes.[48a] Furthermore, stomatocytes are covered with an erythrocyte-derived cell 

membrane so that the physicochemical properties of the superstructures matched those of RBCs. 

However, the stomatocytes (~0.5 µm) have not yet mimicked the size of RBCs (~30 µm), i.e. two 

order-of-magnitude lower. The effect of water is also seen in development of spiral 

superstructures.[49] Here water-oil emulsion droplets are used as soft templates to create a 

controllable microenvironment for preparation of chiral superstructures. The chirality of the 

superstructures can be induced by doping polyaniline (PANI) with enantiomeric r- or s-

camphorsulfonic acids.[49a] On the other example, chiral particles (Figure 7) synthesized by direct 

emulsification of polypeptides including α-helical homo- and copolypeptides of γ-benzyl glutamate 

and allylglycine, produce spiral superstructures (Figure 7a).[49b] The chirality of the spirals was 

controlled by the chirality of the α-helices. The mechanism of the sprial superstructures is not yet 

fully been understood, but it is hypothesized that the spirals observed in the present study are the 

result of folded fibril bundles of coiled helical polypeptides (Figure 7b).  

 

 

Figure 7. (a) Schematic illustrations of the right-handed α-helical polypeptides (rich in L residues) 

produced clockwise spirals, whereas left-handed α-helical polypeptides (rich in D residues) 

produced the enantiomorphs, i.e., counterclockwise spirals. SEM images are of the (a) spiral 

superstructures and (b) particle with fiberous features, prepared from polypeptide-toluene solution 

in water emulsions. (Reproduced with permission from [49b]) 
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The term “self-assembly with post-modification” has been introduced, “precursor 

modification followed by self-assembly”, in contrast, implys that the starting materials undergo a 

chemical transformation prior to self-assembly. Several approaches have been used to trigger the 

precursor modification, an interesting one is redox modification. At the molecular level, redox 

coordinates the water-soluble perylene diimide molecules to engage in π-π stacking interaction 

and thus promotes self-assembly into superstructures.[50] At macromolecular level, the 

modification is achieved via a controlled chemical oxidation process, for example, the o-

phenylenediamine was oxidized by ferric sulfate to form the poly(o-phenylenediamine)/Fe2O3 

composites.[51] The process then resulted rose-like hierarchical microstructures which are self-

assembled from several tens of thin petals with a thickness of tens of nm.  

 

Conclusion 

Having read the main text of this minireview, the readers may ask “Why do we need to study 

organic design of the biomorphic superstructures?”. There are several answers to this question: 

First, the biomorphic superstructures are developed from low-cost and ease-of-scale-up synthetic 

precursors compared to biomolecules. Second, the study introduces new superstructures which 

have not yet appeared in the life forms; thus, new knowledge emerges. This knowledge gain is 

not only interesting on its own, but may also benefit modern technology, i.e. engineers equip with 

biomorphic materials as alternatives when extraction or synthesis of the natural biomorphs is out 

of the reach. Last but not least, the author has suggested that design of the hybrid structures 

helps to impart or tune material’s properties including chiral optics, surface enhanced Raman 

scattering, piezoelectric enhancement, control and release of active materials. However, these 

opportunities also come with challenges. While there are likely many high-end products or devices 

to be designed which may benefit from biomorphic superstructures, only few applications of these 

materials have been reported. The author believes that synthetic superstructures still remain 
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unexplored in their early stage of low interdisciplinarity research and merits further research. A 

solution that came into the author’s mind is exploiting the information from the use of biological 

templates in different fields. 
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Biomorphic rendition: Nature has endowed extraordinary beauty and functional significance in 

the form of biological morphology. Aiming for expressing the nature in a synthetic manner, 

materials scientists and engineers have designed varieties of biomorphic superstructures from 

organic precursors. 

 


