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Modern scanning electron microscopy (SEM) opens new 
possibilities for visualizing the processes of adsorption and 
supramolecular aggregation of various biological nano-objects, 
such as proteins, enzymes, antibodies and bacteria.1 This technique 
provides a new insight into the distribution of enzymatically active 
molecules on the surface of solid supports used for immobilization, 
and the forms of their existence (monomer or aggregated into 
oligomers). This information has both fundamental scientific 
importance and applied significance for practical implementation, 
particularly in heterogeneous biocatalysis, as well as in analytical 
sensorics for specific, reliable and accurate determination of the 
metabolite concentration in multicomponent biological fluids. 
Commercial biosensors are of great demand in medical diagnostics 
(for example, glucose control in blood), production of beverages 
(mainly beer) and pharmaceutical industry at the stages of the 
technological process control. 

Biocatalysis is an interdisciplinary area of research and 
implementation of the green one-stage processes of highly 
selective single-enzyme conversion of target reagents (substrates) 
into valuable products demanded in markets.2–6 Biocatalytic 
processes having all the unique features of enzymatic catalysis 
(chemo-, regio- and stereospecificity) are energy-saving and 
environmentally friendly ones. The world market for industrially 
relevant enzymes for biocatalysis was expected to reach $7.0 
billion by 2023 at a remarkable compound annual growth rate of 
4.9% for the period of 2018–2023.7 Among the most used 
enzymes, lipases (triacylglycerol hydrolase, E.C. 3.1.1.3) clearly 
predominate, especially due to their unique ability to catalyze 
reactions (esterification, interesterification) in non-aqueous 
reaction media, including organic solvents. Reviews7–11 describe 
in detail the biocatalytic properties of both soluble and 
immobilized microbial lipases, their kinetics parameters and 
latest trends in lipase-catalyzed synthesis of highly valuable 
commercial products, particularly esters of carbohydrate 

(glucose, fructose, galactose) with fatty acids.11 The possibilities 
and prospects for industrial application of various lipase-active 
biocatalysts are also assessed.7–10 

Since 2007, the practical direction of ‘biocatalytic 
engineering’12 has been intensively developing, aimed at finding 
approaches to modulating the functional (catalytic) properties of 
enzymes by immobilizing them on solid supports. For the 
effectiveness of such ‘engineering’, it is of great importance to 
know the distribution of immobilized enzymes over the surface 
of supports and whether aggregation processes occur. These 
processes undoubtedly determine the properties, such as 
enzymatic activity and substrate specificity, of the prepared 
heterogeneous biocatalysts. Some examples from the literature 
can be given. When immobilized on hydrophobic supports, 
hyperactivation of lipase was observed;13–16 its mechanism was 
suggested to be the correct orientation of a lipase molecule on 
the surface in an ‘open’ conformation of the active site, accessible 
for the formation of a productive enzyme–substrate complex. 
Biocatalyst engineering was carried out by modulation of 
catalytic properties by means of careful variation of the chemical 
composition of the multi-walled carbon nanotubes (MWCNT)–
silica adsorbents for recombinant T. lanuginosus lipase (TLL) 
catalyzing the esterification reaction in organic solvents.17 
Undoubtedly, research of the distribution, aggregation and 
orientation of enzymes on different solid supports helps 
formulate practical approaches to preparing commercially 
attractive highly active and stable biocatalysts.

The advanced materials, cellular carbon foams (CCFs), have 
attracted much attention due to their high ability to adsorb (on 
surface) or absorb (in volume) various pollutants, in particular 
petroleum contaminants, and effectively purify waste waters.18  
A unique method for the synthesis of CCFs by high-temperature 
pyrolysis of C3–C4 alkanes was developed, and a mechanism for 
the formation of an openwork 3D macrostructure was 
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proposed.19,20 The CCFs seem to be the excellent supports for 
enzyme immobilization in order to prepare attractive 
heterogeneous biocatalysts. Due to the cellular 3D macrostructure, 
open porosity (up to 98%) and the presence of super-macropores, 
diffusion restrictions on the mass transfer of high-molecular 
reagents (enzymes and substrates) are completely overcome. 
High mechanical strength and low hydrodynamic resistance of 
CCFs allow one to use the prepared biocatalysts in continuous 
biocatalytic processes using packed bed reactors. 

Previously, Kovalenko and co-workers comprehensively 
explored the properties of heterogeneous biocatalysts prepared by 
adsorptive immobilization of recombinant T. lanuginosus lipase 
on supports based on nanostructured carbon, in particular, 
MWCNT in the form of macroporous carbon aerogel21,22 and 
MWCNT–silica composites,17 in the reaction of esterification of 
fatty C4–C18 acids with aliphatic C2–C16 alcohols. 

In this communication, the results of SEM visualization of 
supramolecular aggregation of adsorbed recombinant TLL on 
the surface of a unique CCF are presented. The confidence that 
the obtained data on the distribution and aggregation of enzymes 
on solid supports will help find correlations with their functional 
properties and formulate practical approaches to the preparation 
of highly active and stable, commercially attractive biocatalysts 
is expressed. 

Immobilization of recombinant TLL, specially designed 
using genetic engineering manipulations, was carried out by the 
two methods of adsorption: spontaneous and forced 
(impregnation–drying) as described in Online Supplementary 
Materials. It has been shown that the high mechanical strength, 
openwork three-dimensional macrostructure and surface 
morphology did not change during the prolonged contact of CCF 
with aqueous protein solutions (Figure S1, Online Supplementary 
Materials). The surface was uniformly covered by round-shaped 
pyro-carbon deposits more than 5 µm in size [Figures S1(c),(d)]. 
In the case of spontaneous adsorption of lipase, a monodisperse 
distribution of nanoparticles 3–5 nm in size over the surface of 
pyro-carbon deposits was observed (Figure 1). This size is quite 
consistent with the size of the protein globule (monomer) of TLL 
[Protein Data Base (PDB) ID: 4ZGB], whose crystallographic 
size is 3.5 ´ 4.5 ´ 5.0 nm3.7–9 An overview analysis of numerous 
SEM images allowed us to estimate that half of the entire CCF 
surface was occupied by monomers and/or dimers of lipase. It is 
well known that TLL molecules can easily form dimers especially 
in the region of hydrophobic lids over the catalytically active 
center.9,11 The formation of larger aggregates was possible due to 
the hydrophobic interactions between enzyme globules. Really, 
the branched fibril-like aggregates of different sizes and shapes 
were formed among and over the pyro-carbon deposits (Figure 2). 
The additional evidence was obtained by SEM regarding the 
supramolecular aggregation of immobilized lipase globules on a 
flat surface of polished aluminum (Figure S2, Online 
Supplementary Materials). As can be seen, molecules of lipase 
associated into the large aggregates up to 1 μm in size, sometimes 
looking like a ‘butterfly’ or a ‘rice grain’, evenly covering the 
aluminum surface. At high magnification, one can examine the 
fine structure of the aggregates, consisting of smaller 
nanoparticles of apparently protein origin, possibly monomers 
or dimers of TLL [Figures S2(b)–(d)]. Surely, as mentioned 
above, this information is of great importance for heterogeneous 
biocatalysis and analytical sensorics.

Immobilization of recombinant TLL was carried out by 
forced adsorption as described in Online Supplementary 
Materials. This method was developed in our group for enzymes 
that practically do not adsorb spontaneously on a solid surface, 
for example, lipase on mesoporous metal oxides (Al2O3, TiO2). 
Impregnation of the support with enzyme solutions according to 

its moisture capacity (0.8 ± 0.2 cm3 g−1) and its subsequent 
drying made it possible to increase the amount (mg g−1) of 
immobilized enzyme by orders of magnitude, possibly due to the 
formation of protein films, which in turn increased the activity of 
the prepared biocatalysts. Really, the entire surface of CCF was 
covered with protein films [Figure S3(a), Online Supplementary 
Materials]. The round-shaped pyro-carbon deposits protruded 
beyond the TLL films [Figures 3(a),(b)]. The ‘bubbles-like’ 
structures were observed between and around the pyrolytic 
carbon deposits [Figure S3(d)]. Apparently, the electron beam in 
vacuum heated up the carbon surface, leading to ‘boiling’ water 
associated with the immobilized hydrated lipase molecules. 
Visible imaginary ‘bubbles’ in protein films of bovine serum 
albumin were observed on carbon supports earlier.23 

The SAXS data confirmed the occurrence of TLL aggregation 
on the surface of the adsorbent formed by pyro-carbon 
nanoparticles similar in nature to CCF. The SAXS curves 
obtained using the subtraction technique demonstrated that the 
radius of the gyration RG value was 9.0 ± 0.9 nm [Figure 4(a)]. 
The weakly pronounced structural peak at 0.05 Å−1 appeared 
probably due to the structuring (orientation) of lipase molecules 
on the carbon surface. In terms of interplanar distances, the 
magnitude of this peak was 11 nm. Analysis of the distance 
distribution Dv(r) curves presented in Figure 4(b) showed that 
the distribution of TLL nanoparticles was trimodal with fractions 
having average sizes equal to 5.0, 9.5 and 22.0 nm. The 
proportional relative content of these fractions was 0.13, 0.65 
and 0.22, respectively. Thus, it can be concluded that only 13% 
of the adsorbed lipase was present in the non-aggregated state in 
the form of nanoparticles close in size to the lipase molecule in 
the aqueous solution. The main fraction of nanoparticles of 

Figure  1  SEM images of (a) TLL nanoparticles immobilized on the pyro-
carbon surface by spontaneous adsorption. Rectangle and arrow indicate  
(b) the area with higher magnification.

Figure  2  SEM images of (a) single nanoparticles and complex aggregates 
of TLL immobilized by spontaneous adsorption. Rectangle and arrow 
indicate (b) the area with higher magnification.

Figure  3  SEM images of (a) protein films formed by TLL immobilized by 
forced adsorption on the pyro-carbon surface of CCF. Rectangle and arrow 
indicate (b) the area with higher magnification. 
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adsorbed lipase (65%) had an average size of 9.5 nm. Considering 
the cubic relationship between the size of one spherical 
nanoparticle and its quantity in one aggregate, it can be concluded 
that the corresponding aggregate consisted of 8–10 molecules of 
spherical nanoparticles, i.e., it was an octamer or decamer. 
Reasoning in a similar way, the third fraction with an average 
size of 22 nm corresponded to much larger aggregates consisting 
of more than a hundred TLL molecules. However, as can be seen 
from Figure 2, aggregates of lipase globules had a complex 
branched, rather than spherical, shape. Future research will be 
aimed at finding a correlation between the type of adsorbed 
enzyme molecules (single, oligomers, fibrillar, complex shaped 
aggregates) and the catalytic properties of immobilized enzymes.

In summary, the pioneering research on adsorption and 
supramolecular aggregation of immobilized enzymes on the 
surface of solid supports was carried out using advanced SEM. 
Recombinant TLL was immobilized by spontaneous and forced 
(impregnation–drying) adsorption onto peculiar CCF with an 
openwork three-dimensional macrostructure, and round-shaped 
pyro-carbon deposits uniformly covered the CCF surface. After 
spontaneous TLL adsorption, more than half of the CCF surface 
was covered by nanoparticles 2–5 nm in size, which corresponded 
to the size of the lipase monomer and/or dimer; a monodisperse 
distribution of such nanoparticles over the surface of pyro-carbon 
deposits was observed. The TLL aggregates with a complex 
branched structure were also visualized by SEM. After forced 
TLL adsorption, the dense protein films covered the entire surface 
of CCF, pyro-carbon deposits protruded beyond these films and 
imaginary ‘bubbles’ were observed between and around deposits 
under the action of a beam of high-energy electrons. The SAXS 
data confirmed the presence of TLL monomers and formation of 
large aggregates on the pyro-carbon surface. Trimodal distribution 
of TLL nanoparticles was observed with fractions having an 
average size equal to 5.0 (TLL monomer), 9.5 (TLL octamers) and 
22.0 nm (aggregates of hundreds TLL globules); the relative 
fraction content was 13, 65 and 22%, respectively.

Undoubtedly, investigation of the distribution, aggregation and 
orientation of enzymes on different solid supports has both 
fundamental scientific importance and practical significance for 
the development of heterogeneous biocatalysis and analytical 
biosensorics. Such valuable and useful information will help 
relevant specialists to optimize the preparation of highly active 
and stable heterogeneous biocatalysts and sensitive element of 
biosensors.
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Figure  4  (a) Difference SAXS curve of adsorbed lipase; (b) calculated 
distributions of nanoparticle size for (1) TLL immobilized by spontaneous 
adsorption on pyro-carbon surface and (2) lipase in aqueous solution.
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