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Amino acid-based biohybrids have been developed to self-

assemble on desulfurizing bacteria surface to form nanothin 

and nanoporous shells. The shells not only endow the 

encapsulated cells with reusability, but also offer platforms to 10 

incorporate titania and magnetic nanoparticles to improve 

the desulfurizing activity and the separation efficiency.  

Cell surface functionalization without complicated genetic 

manipulations, offering the cells with new structural and 

functional properties, has been received particular interest in 15 

research area of bio-nanotechnology.1-3 Cell surface shellization 

as one of the most efficient approaches have been developed to 

enhance the cell stability and engineer non-biogenic cell surface.4 

The benefit of having durable nanostructured shells on cell 

surfaces lays in maintenance of cells integrity without 20 

perturbance by the encapsulation methods. This is because the 

nanostructured shell materials with tunable physico-chemical 

properties, such as hydrophilic silica, electrically conductive 

carbon materials, smart stimulus-responsive polymers, and other 

targeted functional materials, offer surface functionalities to cells 25 

both in vitro and in vivo.5-14 However, the biocompatibility of  

interface between living cell surface and abiotic shell engineering 

materials is still a big challenge. Good understanding in the 

interaction of cell surface and nanostructured materials is 

essential for the shellization with desired structures and properties. 30 

For example, very careful control of the synthetic condition has 

been used to cover the problems of poor interactions, such as lack 

of active groups in inorganic materials and excessive electric 

charges in polymer-based material, which occurs in the interface 

of the living cells and nanomaterials. Biological molecules and/or 35 

aggregations, as perfect interfacing materials, have been therefore 

utilized to cell surface shellization due to their natural 

biocompatibility and biodegradability,15-16 although the 

nanostructures are not well-defined compared to the traditional 

abiotic nanomaterials.  40 

Amino acid molecules as one of typical small biological 

molecules not only present similar physico-chemical properties of 

small organic molecules to fabricate well-defined nanostructures 

via self-assembly with nanomaterials, due to their abundant 

functional groups, but also have very good biocompatibility for 45 

cells surface functionalization. However, instability of amino acid 

layer is the main drawback that restricts further development in 

cell-surface-functionalization. Gold nanoparticles are therefore 

used to bind with the groups of amino acids to form nanoporous 

and stable biohybrids nano-aggregations. L-lysine (one of α-50 

amino acid molecules) possesses amino groups/carboxyl groups, 

which avails to bind with gold nanoparticles to form nano-

aggregations and also interact with cell surface for shellization. 

Herein, nano-structured amino acid-based biohybrids, composed 

of gold nanoparticles and L-lysine molecules have been 55 

developed for cell surface shellization. The self-assembled 

biohybrid shell exhibits nanoporous and nanothin structure which 

facilitates mass communications and molecules diffusion. Most 

importantly, the biohybrid shell can provide a platform to 

incorporate with various inorganic materials to expand 60 

applicability of cells. For example, titania nanoparticles can be 

introduced to enhance the desulfurizing activity, and the magnetic 

iron oxide nanoparticles on the cells surface can endow the 

encapsulated cells with the magnetic separation behaviour.  

Biodesulfurization (BDS), a biocatalytic process performed 65 

by microorganisms to specially remove sulfur from fossil fuels, 

has always been considered as a “green” way and extensively 

used.17,18 Gordonia sp. WQ-01A, as an example of desulfurizing 

 

Fig. 1 Schematic representation of amino acid-based cell surface 70 

shellization and post-functionalization of the nanoshells. The formation 

of biohybrid shell and nanoparticles shell is achieved by hydrogen-

bonding or electrostatic interaction. 
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Fig. 2 Characterization of the cell@biohyrbid shell: a) SEM image of a 

native cell; b) EDX line profiles of encapsulated cell for Au element; c) 

and d) TEM images of cell encapsulated by biohybrid shell and the 

magnified nanoporous structure of the shell; e) and f) TEM and 5 

magnified images of microtome-sliced encapsulated cell.    

bacterium, is here harnessed as our model cell for the 

investigation of amino acid-based surface nano-shellization. In a 

typical synthesis (Fig. 1), the self-assembled Au@L-lysine 

biohybrids are chosen as the precursors for shellization on 10 

surfaces of desulfurizing bacteria. Subsequently, the cell surface 

is gradually covered with the biohybrids formed by the self-

assembled Au@L-lysine biohybrids. Biohybrids possess 

functional groups (amino groups and carboxyl groups, supported 

by L-lysine molecules), which enables the hydrogen bonding or 15 

electrostatic interaction with abundant hydroxyl groups, amino 

and carboxyl moieties of cell surface (magnified image in Fig.1). 

More importantly, these functional groups of biohybrid shell can 

also be used to interact with hydroxyl groups of nanoparticles 

during the hydrolysis and condensation. Post-functionalization 20 

could therefore be achieved by the formation of secondary shell 

constructed by nanoparticles.   

Transmission electron microscopy (TEM) image in Fig. 2a 

shows that size of the mono-dispersed gold nanoparticles is 3-5 

nm (inset in Fig. S1a). After the addition of the L-lysine solution, 25 

the Au@lysine biohybrids form. TEM image (Fig. S1b) further 

shows that the biohybrids are uniformly dispersed in solution and 

formed a wormlike nanoporous structure (3-6 nm of pore size). 

Scanning Electron Microscopy (SEM) in Fig. 2a clearly presents 

that biohybrids have been successfully self-assembled onto cell 30 

surface without affecting cell original integrity (Fig. S2). The 

presence of Au in biohybrid shell is characterized by the line-scan 

analysis of energy-dispersive X-ray (EDX) spectroscopy (Fig. 

2b). According to TEM images in Fig. 2c and 2d, the cell is 

encapsulated by biohybrid shell with worm-like nanoporous 35 

structure. These mesopores around whole cell surface are very 

 

Fig 3 A) Post-functionalization with TiO2 nanoparticles: a) SEM image and 

EDX line profile for element Ti (inset in a) in cell@biohybrid shell@TiO2 

shell; b) degradation rate of cell@biohybrid shell@TiO2 shell, 40 

cell@biohybrid shell and native cells; B) Post-functionalization with 

Fe3O4/SiO2 nanocomposites: a) SEM image and EDX line profile for 

elements Fe (inset in a) in cell@biohybrid shell@Fe3O4/SiO2 shell, and b) 

magnetic behavior of cell@biohybrid shell@Fe3O4/SiO2 shell.  

uniform, suggesting that the shells have molecules selectivity 45 

which could enable the permeability to reaction molecules 

diffusion and retard toxic macromolecules into cells.19 The 

ultrathin section TEM images of the encapsulated cell confirm 

that cytoplasm maintains its inherent integrity, and the artificial 

shell densely covers the whole cell (Fig. 2e and f). In addition, 50 

the higher magnified image shows that the average thickness of 

the biohybrid shell is 100 nm (Fig. 2f). These evidences imply 

that the biohybrids have been successfully self-assembled on cell 

surface to form artificial nanoshells. Furthermore, long-term 

experiment has also proven that the artificial shell does not affect 55 

cell viability, indicating the biohybrids is cyto-compatible to cells 

(Fig. S3).  

The formation of the biohybrid shell is possibly attributed to 

weak interaction of self-assembly, such as surface charge and 

hydrogen bonding. Surface charges are positive proportional to 60 

zeta potentials (Table S1).20 The cationic ions in solution might 

absorb or assemble to the negatively charged cell surfaces.15 The 

negatively charged biohybrids would then assemble onto cell 

surface. After this process, the biohybrids are thought to actively 

interact with cell surface for shellization. Furthermore, cell 65 

surface often contains abundant hydroxyl groups and a little 

amino and carboxyl moieties. Such a surface hardly induces 

inorganic nanomaterials deposition due to its relatively low 

density of active groups which are essential to interact with 

functional materials for shellization. Interestingly, cells after 70 

encapsulation are stable in solution, due to its improvement of 

surface zeta potential (Table S1).21 Furthermore, different amino 

acid molecules (such as L-cysteine) can also be easily introduced 

to biohybrids for cell surface shellization without loss of activity 

(Fig. S4). This not only suggests the extension of our method, but 75 

also further confirms that the hydrogen bonding plays an 

important role to the interaction between amino acid and the cell 

surface after surface charge effect. 

The Gordonia sp. WQ-01A can effectively remove sulfur 
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from DBT (dibenzothiophene, a typical sulfur compound in fossil 

fuels) by the sulfur-specific pathway.17 Desulfurizing activities of 

encapsulated cells and native cells are investigated by measuring 

residues concentration of DBT. It has been proven that biohybrids 

do not affect DBT concentration in solution (Fig. S5) and also 5 

maintain metabolically activities of cells (Fig. S6a). The result 

also illustrates that the DBT molecules are accessible to cell 

surface through the nanopores, which ensures the normal process 

of desulfurization after shellization. Moreover, the encapsulated 

cells show good recycling stability (Fig. S6b) and the biohybrid 10 

shell is stable on cell surface after desulfurizing process (Fig. S7), 

which are crucial factors in BDS.  

More importantly, the amino acids-based biohybrid shell with 

amine and carboxyl functionalities enables an active platform to 

bind with nanoparticles. TiO2 nanoparticles have been reported to 15 

absorb UV light for efficient DBT desulfurization.22 In this regard, 

it can be thought that the enhanced desulfurizing efficiency could 

be achieved by incorporating encapsulated cells with TiO2 

nanoparticles. The SEM image clearly shows that the cell is 

encapsulated by TiO2 nanoparticles and the presence of Ti 20 

element is confirmed by the line-scan analysis of EDX 

spectroscopy (Fig. 3A (a)). The desulfurizing activity of post-

functionalized cells is carried out under ultraviolet-visible light, 

cell@biohybrid shell and native cells are also used as 

comparisons. The post-functionalized desulfurizing bacteria show 25 

a higher desulfurizing activity in DBT degradation in the 

comparison with cells@biohybrid shells and native cells. After 6 

hours degradation, the degradation rate of 

cells@biohybrid@TiO2 (63%) is higher than cells@biohybrid 

(48%) and native cells (39%). Obviously, the extra degradation 30 

rate of post-functionalized cells is mainly ascribed to the 

protective and photocatalytic effect of TiO2 layer. These results 

suggest that the cell shellization process can more simply and 

directly improve the cell desulfurizing capacity, comparing with 

complex genetic process. Furthermore, magnetic nanoparticles 35 

possess magnetic properties which can be easily handled by 

external magnetic field.23 Incorporating cells with magnetic 

nanoparticles are unquestionably useful for re-collection and 

orientation. Herein, we post-functionalize the encapsulated cell 

with a magnetic layer by the introduction of biocompatible 40 

Fe3O4/SiO2 nanocomposites in which elements Fe have been 

proven by line-scan analysis of EDX spectroscopy (inset in Fig. 

3B). The magnetic behaviour of functionalized cells is observed 

without any assistance of a microscope (Fig. 3B (b)). The 

encapsulated cells can be easily and quickly separated from 45 

solution by an external magnetic force in 5 seconds. On the basis 

of their magnetic properties, these encapsulated cells can be 

easily separated from the reaction mixture and beneficial for 

orientation in biosensors and microchips. It should be pointed out 

that the pure iron oxide nanoparticles are difficult to be directly 50 

post-functionalized around the cells surface due to the lack of the 

hydroxyl groups (Fig. S8B). The additional of silica nanoparticles 

is necessary in this synthesis. These results further indicate that 

the hydrogen bond might be the main interaction between the 

amino acid-based biohybrid shell and the hydroxyl of 55 

nanoparticles. This is also in good agreement with the formation 

process our proposed (Fig.1).  

The successful encapsulation of secondary nanoshell should 

be directly attributed to the present of biohybrid shell. The 

comparison experiments in absence of the biohybrids show that 60 

TiO2 nanoparticles are deposited around cell, but a small amount 

of nanoparticles can be found on cell surface (Fig. S8A). 

Similarly, very few magnetic nanoparticles are coated on cell 

surface (Fig. S8B). It can also be found that magnetic 

nanoparticles have been easily separated from the solution, while 65 

the solution is still light brown and turbid, indicating that cells are 

still dispersed in the solution (inset of Fig. S8B). The result 

further proves that most of cells are not encapsulated by magnetic 

nanoparticles. 

In summary, the amino acid-based biohybrids have been 70 

successfully used to encapsulate individual desulfurizing bacteria 

surfaces by shellization process. The shells present the nanothin 

and nanoporous structure and endow the encapsulated cells with 

reusability. More importantly, the biohybrid shell provides a 

platform for cell post-functionalization to expand cell 75 

applicability in enhancement of desulfurizing activity and 

behaviour of easy separation. It is believed that our strategy 

developed here would increase the number of tools available for 

more functionalization in cell-based nanobiotechnology. 
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