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Abstract— In 1994 a new class of prokaryotic compartments was discovered, collectively called “encapsulins” or “nanocom-
partments”. Encapsulin shell protomer proteins self-assemble to form icosahedral structures of various diameters (24-42 nm). 
Inside of nanocompartments shells, one or several cargo proteins, diverse in their functions, can be encapsulated. In ad-
dition, non-native cargo proteins can be loaded into nanocompartments, and shell surfaces can be modified via various 
compounds, which makes it possible to create targeted drug delivery systems, labels for optical and MRI imaging, and to 
use encapsulins as bioreactors. This review describes a number of strategies of encapsulins application in various fields of 
science, including biomedicine and nanobiotechnologies. 
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 REVIEW 

INTRODUCTION

It is known that homeostasis in mammals is main-
tained via different mechanisms: for example, iron trans-
port in cells is performed by transferrins, and its accumu-
lation including defense against oxidative stress occurs 
with the help of ferritins; Na/K-ATPase controls amount 
of sodium and potassium ions in the cell. Practically all 
reactions in live organisms occur with participation of 
various enzymes, which could have metal ions in their 
structure such as Fe, Zn, Cu, and others, however, con-
tent of these metals in organism is rather low, and their 
large excess or deficiency under changing external factors 
could lead to serious, often irreversible consequences. 
The main depot for the excess of salts are blood and liver. 
Prokaryotic cells usually lack membrane compartments 
typical for eukaryotes, but instead contain numerous pro-
tein compartments that are capable of accumulating large 
number of molecules. For the first time protein nano-
compartments, later named encapsulins, were found in 

1994 in the supernatant f luid of the Brevibacterium lin-
ens culture, which exhibited bacteriostatic activity against 
different strains of Arthrobacter, Bacillus, Brevibacterium, 
Corynebacterium, and Listeria [1]. Later such protein 
complexes were detected in supernatants of Mycobacte-
rium tuberculosis (Myc.  tuberculosis) [2] and Thermotoga 
maritima [3] cultures; moreover, it was found that these 
structures contain proteolytic enzymes. In a number of 
studies encapsulins were found in bacteria Mycobacte-
rium leprae, Streptomyces, and later  –  in Quasibacillus 
thermotolerans [4-9]. However, proteolytic activity was 
not detected in the later studies, and, at present, it is gen-
erally recognized that encapsulins play mainly structur-
al function [10]. It was established in mid-2000s that the 
observed structures with high molecular mass comprise 
capsid-like protein complexes [10-12].

Over time, studies of nanocompartments have been 
continued. Part of the studies were devoted to the search 
of new protein nanocompartments and their properties, as 
well as to elucidation of physiological role of encapsulins 
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and their protein cargo in the natural bacterial context. 
Another group of the studies were devoted to application 
of such structures as bioreactors, drug-delivery systems, 
as well as endogenous labels [13-20]. Bioinformatic anal-
ysis of the sequenced genomes allowed identifying thou-
sands of nanocompartment structures both in bacteria 
and in archaea, which are loaded with a large variety of 
cargo proteins [19, 21-24]. Later, based on the conducted 
studies the database of bacterial nanocompartments was 
constructed that included also description and various 
characteristics of encapsulins [25].

STRUCTURE AND PROPERTIES 
OF THE NANOCOMPARTMENT SHELLS

Encapsulin shells comprise icosahedral complexes 
(12 vertices, 20 faces, 30 edges) formed as a result of 
self-assembly of protomers, which are proteins struc-
turally homologous to gp5 – major capsid protein of the 
HK97 bacteriophage [26]. Similar to the case of viral 
capsids, proteins of the encapsulin shells assemble into 
icosahedra of different size. At present, three different 
types of encapsulins are known, which are characterized 
with the help of triangulation number  (T) defined as a 
quotient obtained as a result of division of the number 
of protomers in the encapsulin shell by 60 [27]. For ex-
ample, encapsulins with T  =  1 are T.  maritima [10], 
Myc. tuberculosis [22], and Rhodococcus jostii [21] encap-
sulins (shell diameter is 20-24  nm, it contains 60 iden-
tical protomer subunits). Nanocompartments from the 

bacteria Pyrococcus furiosus [12], Kuenenia stuttgartiensis 
[28, 29], and Myxococcus xanthus (Myx. xanthus) [23] are 
examples of encapsulins with T = 3 (shell diameter is 30-
32 nm containing 180 protomers). And finally, the larg-
est encapsulins found so far are encapsulins from bacte-
ria Q. thermotolerans with T = 4 (shell diameter is 42 nm 
containing 240 protomers) [30].

There are three conserved domains in the struc-
ture of encapsulin shell protomer, similar to the cap-
somere gp5 of the HK97 bacteriophage. The first one 
is a peripheral domain  (P) containing several α-helices 
and β-pleated sheets, the second one  –  an axial do-
main  (A), which also contains several α-helices and 
β-pleated sheets and forms a 5-fold symmetry axis, and, 
finally, the third one – an elongated loop (E), which is 
important for encapsulin assembly and defines symmetry 
of the entire complex [4, 10, 13, 27, 30]. Structural ho-
mology between the capsomere of HK97 bacteriophage 
(Fig.  1a) and protomer of the T.  maritima encapsulin 
shell (Fig. 1b) can be clearly seen in Fig. 1.

Despite high structural homology between the en-
capsulin protomers and capsomers of the HK97 bacte-
riophage, amino acid homology between these proteins 
is low. Hence, according to classification of the Pfam 
protein families database, encapsulins and HK97 are 
the members of the same clan (CL0373), but belong 
to different individual families (encapsulins belong to 
the PF04454 family, and bacteriophage HK97 –  to the 
PF05065 family) [31].

Multiple pores with diameter 3-7 Å exist at the junc-
tions of the shell protomers [10, 12]. These pores are likely 

Fig. 1. a)  Structure of the major capsid protein of HK97 bacteriophage. Capsid has diameter of 65  nm and consists of 420 capsomer proteins 
(PDB-ID 2FT1). Below the structure of a single capsomere is presented (gp5). b) Structure of the encapsulin shell form the T. maritima bacteria. 
T. maritima encapsulin is formed by 60 identical protomer proteins, diameter of the encapsulin shell is 24 nm (PDB-ID 3DKT). Below the struc-
ture of protomer protein of the T. maritima encapsulin is presented. Three conserved domains are present both in the structure of the encapsulin 
protomer protein and in the structure of gp5 capsomer: peripheral domain (P), axial domain (A), and elongated loop (E).
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serve as a permeability barrier for larger molecules al-
lowing transport of only small molecules and ions. 
For example, low molecular weight substrates of encap-
sulated enzymes, such as hydrogen peroxide and two-va-
lent iron, are capable of penetration through the shell, 
while proteins or other large molecules – cannot [16, 17, 
21, 24]. Cargo proteins with catalytic activity are present 
in encapsulins, which could indicate selectivity of the 
substrate transport through the shell [10], moreover, the 
transport selectivity would depend on the type of encap-
sulated enzyme [32]. It is assumed that the most proba-
ble transport channels are located along the pores formed 
at the sites where five protomers are connected (5-fold 
pores), because these pores are the largest [10, 30].

It was shown recently that the pores could dif-
fer in electrostatic properties. For example, the 5-fold 
pores in the T.  maritima encapsulins contain five his-
tidine residues and carry positive charge, and the pores 
at the sites of connection of three protomers contain 
three phenylalanine residues and do not carry any 
charge [33]. And  all pores in the Q.  thermotolerans en-
capsulins carry negative charge, which allows transport 
of the positively charged substrates [30]. Moreover, it 
is known that there are many negatively charged amino 
acid residues on the inner surface of encapsulin shells, 
which indicates existence of a certain pathway of iron 
ions to the ferritin-like protein (FLP) after they enter 
encapsulin [34].

Pores of the Synechococcus elongatus (Syn. elongatus) 
encapsulin differ from the pores in the T. maritima encap-
sulin, they have positively charged amino acid residues 
outside [32]. This, likely, represents certain adaptation 
allowing transport of the negatively charged deproton-
ated substrate (L-cysteine). Pores of the Mycobacterium 

smegmatis encapsulins also have positively charged histi-
dines, which facilitates selective transport of the negative-
ly charged substrates of the cargo protein  –  peroxidase 
enzyme [34].

Pores in the encapsulin shells could have not only 
different charges, but also different conformations. It was 
shown in an interesting study that the pores in the Halian-
gium ochraceum encapsulin could exist in two different 
conformations: open and closed [35]. This allows suggest-
ing that pores could respond to external stimuli.

It is also known that the pore size could be increased 
artificially. In particular, the probability of increasing 
pore size in the shell of the T. maritima encapsulin from 3 
to 11  Å, i.e., 3.7-fold, was reported in one of the stud-
ies [36]. The authors of the study investigated effects of 
amino acid substitutions and deletions in the pore-form-
ing loop at the site of connection of five protomer pro-
teins on the structural integrity of the encapsulin shell. 
This loop in the T. maritima encapsulin consists of 13 aa. 
The authors constructed several mutant strains of T. ma-
ritima with different substitutions/deletions of amino ac-
ids in this loop. According to the obtained data the mu-
tant with deletion of 7 aa in the loop was the optimal one. 
Pore diameter in the shell of this encapsulin increased 
to 11 Å, while integrity of the shell was not affected.

CARGO PROTEINS IN ENCAPSULINS

For the first time the mechanism of encapsulation 
of a cargo protein was suggested during investigation of 
the crystal structure of T.  maritima encapsulin. It was 
established using X-ray diffraction method that there is 
a small additional electron density in the hydrophobic 

Fig. 2. Cargo protein can be encapsulated into a nanocompartment shell via a cargo-loading peptide (a). In some cases, the gene encoding cargo 
protein and the gene encoding encapsulin shell are fused, which nullifies the need for loading peptide (b).
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Load of native cargo proteins into different encapsulin systems

Encapsulin 
(number of protomers)

Cargo protein 
(number 

of subunits)

Number 
of loaded 
subunits

Ratio of loaded 
protein to number 

of protomers*

Experimental 
technique References

Rhodococcu jostii (60) DypB (6) 6 1 : 8.6** visible 
spectroscopy [21]

Brevibacterium linens (60) DyP (6)
6 1 : 10 native MS [37]

6 1 : 10 cryo-EM [38]

Mycobacterium smegmatis (60) DyP (6)
6 1 : 10 EM [39]

6 and 12 1 : 10 and 1 : 5 cryo-EM [40]

Mycobacterium tuberculosis (60)

DyP (6) 6 1 : 10

EM [22]FolB (4 or 8) 4 or 8 1 : 15 or 1 : 7.5

BfrB (24) 24 1 : 2

Pyrococcus furiosus (180) FLP (10) 180 1 : 1 – [12]

Thermotog maritima (60) FLP (10) 30, 40, and 50 1 : 2, 1 : 1.5, and 1 : 1.2 cryo-EM [41]

Haliangium ochraceum (60) FLP (10) 40 1 : 1.2 cryo-EM [35]

Myxococcus xanthus (180)
EncB
EncC
EncD

36 EncB
92 EncC
47 EncD

1 : 1

SDS-PAGE

[23]

86 ± 3 EncB
93 ± 9 EncC

50 ± 15 EncD
1 : 1 [42]

Quasibacillus thermotolerans (240) IMEF (2)
240 1 : 1 SDS-PAGE

84 1 : 2.9 cryo-EM [30]

Bacillaceae bacterium (180)
IMEF (2) 150 1 : 1.2

SDS-PAGE [4]
Fd (1) 10 1 : 18

Synechococcus elongatus (60) CyD (2) 1 or 2 1 : 30 or 1 : 15 cryo-EM [32]

Notes. Fd, ferredoxin; CyD, cysteine desulfurase, EM, electron microscopy, MS, mass spectrometry.
* Load determined as a ratio between the number of monomeric units of the cargo protein and number of protomers in the encapsulin shell.
** Cargo load determined by disassembly and assembly of encapsulin shell under acidic conditions.

pocket on the luminal surface of the encapsulin shell, 
which corresponds to the short (around 10  aa) C-ter-
minal sequence of FLP, found close to the gene of the 
encapsulin gene in the T.  maritima genome [10]. It was 
shown using bioinformatics approaches that this C-ter-
minal sequence is conserved in different species of bacte-
ria, in which the genes of cargo proteins and the genes of 
encapsulin shell are located close together in a particu-
lar operon. Examples of such “predicted” cargo proteins 
include: FLP, dye-decolorizing peroxidase (DyP), hem-
erythrin, and rubrerythrin [10, 19].

It was demonstrated that this C-terminal sequence, 
later termed cargo loading peptide  (CLP), is sufficient 
for encapsulation of the cargo protein into the shell of a 
nanocompartment (Fig. 2a). The sequence encoding CLP 
could be located both at the 3′-end and at the 5′-end of 
the gene encoding cargo protein. Deletion of the CLP se-
quence disrupt encapsulation of the cargo protein, while 
fusion of CLP with the C-end of heterologous proteins 
such as green f luorescent protein or luciferase results in 
their loading [10, 14, 16, 17, 19, 22]. However, there are al-
ternative models describing interaction between the cargo 
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proteins and encapsulin shell proteins. In some cases, as in 
the case of P. furiosus encapsulin, CLP is absent, but the 
gene encoding shell protein is fused with the gene encod-
ing cargo protein resulting in production of one polypep-
tide chain (Fig. 2b) [12]. Encapsulins found in Firmicute 
bacteria exhibit one particular feature: loading of cargo 
proteins can occur either through C-terminus or N-termi-
nus of CLP. Such nanocompartment contains two cargo 
proteins: C-terminus of CLP is linked to the iron-miner-
alizing encapsulin-associated Firmicute (IMEF) protein 
participating in iron mineralization, and at the N-termi-
nus of CLP there is an iron-sequestering ferredoxin [19].

It is known that several cargo proteins could be en-
capsulated into one shell of a nanocompartment. For ex-
ample, it was shown that the Myx.  xanthus encapsulins 
contain three different cargo proteins: EncB, EncC, and 
EncD [23], and the Myc.  tuberculosis encapsulins con-
tain Mt-DyP, Mt-BfrB (bacterioferritin), and Mt-FolB 
(enzyme of folic acid synthesis) [22].

Another important issue associated with loading is 
the volume occupied by the cargo protein in the nano-
compartment. Each protomer protein of the shell in en-
capsulin has the CLP binding site, but obviously, the car-
go amount is limited by the shell volume. It is important 
to take into account that stoichiometry depends not only 
of the size of the encapsulin shell, but also on the state 
of oligomerization of the cargo protein(s). The modeling 
studies demonstrated that it is impossible to reach the ra-
tio of cargo protein to protomer protein higher than 1 : 1 
due to the steric hindrance [10]. The B. linens nanocom-
partment could be presented as such example that con-
tains the previously mentioned DyP enzyme as a cargo, 
which is assembled into a hexamer (trimer of dimers) 
with diameter 89  Å. It was predicted that steric hin-
drance should limit load to one hexamer per nanocom-
partment [10], and measurements with the help of native 
mass spectrometry confirmed the presence of 6 DyP in 
the nanocompartment with T = 1, which corresponds to 
the ratio of cargo protein to protomer protein 1 : 10 [37]. 
The data on the load size of various cargo proteins in 
nanocompartments are presented in the table.

PHYSIOLOGICAL FUNCTIONS 
OF NANOCOMPARTMENTS

Role of encapsulins in bacteria and archaea metabo-
lism is poorly understood. At present the most informa-
tive results were obtained in investigation of encapsulins 
containing FLP. The available data allow suggesting that 
nanocompartments could accumulate iron, thus de-
creasing oxidative stress, which was demonstrated using 
Q.  thermotolerans bacteria that do not have ferritins in 
their genome [27]. It was found in another study investi-
gating Myx. xanthus cells under conditions of amino acid 
starvation that the expression of genes of the encapsulin 

shell protomers (EncA) and its three cargo FLP proteins 
(EncB, EncC, and EncD) was significantly upregulat-
ed [23]. The authors hypothesized that encapsulin could 
play a role of the secondary ferritin-like system with 
large capacity that is capable of accumulating iron under 
stress initiated by starvation or sequestering iron during 
oxidative stress. When bivalent iron (Fe2+) is subjected 
to the action of reactive oxygen species, Fenton reaction 
occurs and Fe2+ is oxidized to Fe3+ with formation of the 
side product – hydroxyl radical [43, 44]; ferritins protect 
cells against the toxic effects of this product. For exam-
ple, it was demonstrated in the study by McHugh et al. 
[23] that the mutant strain of Myx.  xanthus with dele-
tion in the gene sequence encoding encapsulin shells was 
more sensitive to addition of hydrogen peroxide than the 
wild type Myx. xanthus. Viability of the mutant strain of 
Myx. xanthus under conditions of oxidative stress caused 
by incubation of bacteria with 0.5  mM solution of hy-
drogen peroxide was significantly lower than viability of 
the wild type Myx. xanthus (25% and 75% of viable bac-
teria, respectively). The same feature was observed in 
Myc.  tuberculosis [22]: each of the three cargo proteins 
in Myc. tuberculosis encapsulins mentioned above (BfrB, 
FolB, and DyP) exhibit antioxidant activity [45-48].

In addition to their potential role in decreasing ox-
idative stress, DyP-containing encapsulins also partici-
pate in catabolism [21]. For example, the mutant strain 
of R.  jostii RHA1 bacteria with deletion of the gene en-
coding DyP, is not capable of lignin degradation [49], 
while the wild type bacteria catabolize lignin very ac-
tively. It was also shown in the studies that activity of the 
encapsulin–DypB complex in degradation of nitrated 
lignin is 8-fold higher in comparison with the non-en-
capsulated DypB enzyme [21]. Increase of enzymatic 
activity upon encapsulation allows suggesting that nano-
compartment could produce this effect either via stabi-
lization of the cargo protein, or via increase of the local 
concentration of the enzyme substrate, which results in 
the increase of enzymatic activity [50].

For example, it has been assumed that encapsulation 
of such cargo protein as DyP is not required for perform-
ing its functions [10]. However, observations support the 
hypothesis that encapsulation allows enhancing stability 
and/or lifetime of cargo proteins through, for example, 
increasing their resistance to proteases. It was shown, for 
example, that T.  maritima encapsulins are extremely re-
sistant to the effects of high temperature and denaturing 
agents [10,  17], and B.  linens encapsulins are stable in a 
wide range of pH [38]. Similar to the capsids of virus par-
ticles, nanocompartment shells demonstrate minimal deg-
radation following treatment with non-specific proteases 
[16, 17]. Resistance to proteases also applies to cargo pro-
teins, for example, firef ly luciferase packed into Rhodococ-
cus erythropolis N771 encapsulins was not degraded after 
exposure to trypsin, while the non-encapsulated luciferase 
was completely degraded [16].
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Encapsulins are often found in supernatants of bac-
terial cultures [1, 2, 21], which led to suggestion that 
nanocompartments are products of bacterial secretion. 
This was partially confirmed while observing localiza-
tion of encapsulins on the cell membranes [2], but such 
localization has not been observed in all prokaryotes, 
in particular, Streptomyces griseus nanocompartments 
are located in cytoplasm [9]. Moreover, no mechanism 
is known for secretion of intact 24-42-nm protein com-
plex [51]. Considering extremely high chemical stability 
and resistance of encapsulins to proteases, it seems more 
logical to suggest that encapsulins are accumulated in su-
pernatants of bacterial cultures after the cell lysis [52].

APPLICATIONS OF NANOCOMPARTMENTS 
IN BIOTECHNOLOGY

Summarizing all the above, it can be stated that 
encapsulins are special protein particles with two major 
advantageous features. Firstly, similar to all nanopar-
ticles, encapsulins have very developed surface area 
(Ssp >> Vsp) and, most importantly, have two surfaces of 
their shell –  inner and outer. Secondly, encapsulins are 
encoded in genome (i.e.,  they are produced via biosyn-
thesis) and, hence, can be produced in biological sys-
tems with 100% repeatability, which is not achievable 
with any physical or chemical methods of synthesis of 
nanoparticles of any composition. Contrary to the chem-
ical of physical synthesis, biosynthesis is more economi-
cal and, which no less important, is safe for environment 
as no toxic side products are formed during biosynthesis, 
which must be utilized with special procedures.

Encapsulins as a platform for drug delivery. It is 
known that during last decades numerous nanosize sys-
tems have been developed for targeted drug delivery based 
on micelles [53, 54], liposomes [55], inorganic [56] and 
polymeric [57] nanoparticles, as well as protein compart-
ments [58, 59]. All these particles loaded with medicinal 
preparations are used to enhance efficiency of delivery, 
increase level of accumulation of preparations in com-
parison with non-encapsulated therapeutics, increase 
drug circulation time in blood, and decrease the number 
of side effects [60]. In addition, targeted delivery prepa-
rations could play a role in disease diagnostics through 
interaction with specific molecular targets expressed in 
one or another pathology. As has been mentioned above, 
encapsulins are very stable and sturdy structures, which 
facilitates their use as a platform for solving various tasks 
of biomedicine.

In particular, in one of the studies [13] the T. mari-
tima encsapsulins were used for targeted delivery of f luo-
rophore labels and therapeutics. The shells of nanocom-
partments were modified by addition of the SP94-peptide 
to it, which specifically binds to the 78-kDa glucose-reg-
ulated protein (GRP78) overexpressed in different tumor 

cells including the cells of HepG2 cell line [61, 62]. Shell 
protein of the T.  maritima encapsulin (Encap) contains 
two cysteine residues (C123 and C197) with C123 located 
at the outer surface of Encap, which allows conjugation of 
the SP94 peptide and f luorescent probe (f luorescein) on 
the surface of the encapsulin shell. Hence, the produced 
“nanodevice” was able to specifically bind to HepG2 cells 
facilitating their visualization due to the presence of f lu-
orophore (Fig. 3a). It was shown later that aldoxorubicin 
(6-maleimidocaproyl), which is pro-drug releasing doxo-
rubicin at acidic pH inside tumor cells, can be loaded into 
this construct. Dose-dependent cytotoxic effect of this 
preparation on HepG2 cells was demonstrated.

It was shown in the study by Putri et  al. [38] that 
B.  linens encapsulins loaded with TFP (teal f luorescent 
protein,) were successfully captured by the mouse mac-
rophages J774 in in  vitro culture, which resulted in the 
cell f luorescence. In the process, encapsulins remained 
in the macrophage cytoplasm and were not found in the 
nucleus. The authors of the study note that the selected 
model cargo protein with f luorescent phenotype can be 
replaced with a therapeutic agent and encapsulin-based 
technology could be used for its delivery.

In one study [63] a biological photosensitizer min-
iSOG (mini singlet oxygen generator) was loaded into the 
T. maritima encapsulins by fusing CLP with the C-termi-
nus of the miniSOG protein. The produced photosen-
sitive nanoreactor was called Enc-mSOG. The authors 
tested formation of reactive oxygen species in the lung 
cancer cells A549 after illumination with blue light. Pri-
or to that the cells were incubated with free miniSOG or 
Enc-mSOG for 7 h. Cells without added photosensitizer 
were used as a control. The study showed that the high-
est level of reactive oxygen species, release of which was 
induced by illumination with blue light, was observed 
in the cells incubated with Enc-mSOG [63]. The  sim-
ilar systems were produced for the targeted therapy of 
HER2-positive breast carcinoma [64]. In this study the 
authors also used the genetically encoded T.  maritima 
encapsulin shell as a platform that contained inside it 
a miniSOG photosensitizer produced by fusion of the 
C-terminus of the protein with CLP. The encapsulin 
surface was saturated with the DARPin9.29 (Designed 
Ankyrin repeat protein) capable of selective binding to 
the receptor of epidermal growth factor overexpressed 
on the surface of breast carcinoma cells. DARPin9.29 
was cloned into the reading frame of the T.  maritima 
encapsulin gene in order to produce the fusion protein 
TmEnc-DARPin-STII. The obtained system demon-
strated high activity towards the selected cancer model 
and low selectivity towards the control cells not express-
ing HER2n protein on the surface. The authors of this 
study showed that the modified encapsulins are capa-
ble of selective binding to the cells of SK-BR-3 cell line 
(human breast adenocarcinoma), be internalized and, 
hence, deliver the encapsulated form of miniSOG into 
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Fig. 3. Use of encapsulins for different biotechnological tasks: a)  nanocontainer systems for targeted drug delivery; b)  new types of vaccines; 
c) photoswitchable labels for optical visualization; d) genetically encoded labels for MRI visualization; e) biosynthesis with the help of encap-
sulated enzymes.

the cells. Illumination of the SK-BR-3 with blue light 
resulted in the significant decrease of the cell viability 
(up to 48%) due to the action of miniSOG. Interesting-
ly enough, the human mesenchymal stem cells used as 
a control in this study were not affected and retain their 
viability. The main advantage of this system is the possi-
bility to construct effective encapsulin-based preparation 
using only one plasmid encoding all three components: 
carrier (encapsulin shell), delivery vector (DARPin9.29), 
and active ingredient (miniSOG).

The encapsulin-based delivery systems also have 
found application in the immunotherapy of cancer. For ex-
ample, the T. maritima encapsulins were used in one of 
studies [18] as nanocontainers for the delivery of antigen 
(OT-1-peptide, epitope of ovalbumin protein, OVA) to 
the dendrite cells. Presentation of the OT-1-peptide by 
dendrite cells results in activation of the T-cell-mediat-
ed immune response leading to generation OT-1-specif-
ic cytotoxic CD8 T-lymphocytes. It was demonstrated 
using the in  vivo mouse model of subcutaneous tumors 

produced by transplantation of transgenic mouse mela-
noma cells B16 expressing OT-1 (B16-OVA) that vacci-
nation of mice with encapsulins containing OT-1 signifi-
cantly hampered tumor development. Moreover, it was 
shown that the tumors were infiltrated significantly with 
the CD8 T-cells.

It was also demonstrated that the T.  maritima en-
capsulins could be genetically modified in such a way to 
be able to express the IgG Fc domain-binding peptide 
(FcBP) [65] that exhibits high affinity to the Fc-fragment 
of rabbit Immunoglobulin  G [66]. Using real-time sur-
face plasmon resonance technique and piezoelectric mi-
croweighing it was shown that FcBP was indeed present 
on the outer surface of encapsulin and was accessible for 
binding to the rabbit IgG Fc fragment. The constructed 
vector was able to selectively bind to the cells of SCC-7 
cell line (mouse squamous cells carcinoma). Moon et al. 
[65] suggested that the obtained construct could be used 
as a nanoplatform for the development of multifunctional 
system for theranostic of squamous cells carcinoma.
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It was also shown that the surface of encapsulin 
from the R. erythropolis N771 bacteria, mentioned above, 
could be successfully coated with polyethylene glycol 
(PEG). It is well-known that PEG is a biocompatible 
modifier of drug carriers. Its presence hinders recogni-
tion of the carriers by the cells of monocyte-macrophage 
system, as well as decreases aggregation. Moreover, the 
authors of this study demonstrated that PEGylation did 
not prevent self-assembly of the nanocompartment [20].

Encapsulins as a platform for development of vac-
cines. It is not a secret that the development of novel 
safe vaccines is one of the most important tasks of hu-
mankind. Encapsulins could be used as a platform for 
vaccine development due to possibilities of simultane-
ous synthesis of the encapsulin protomers and other 
proteins. For example, one interesting study has been 
devoted to the use of T. maritima encapsulins as carriers 
of the ectodomain of the M2 protein of the inf luenza A 
virus (M2e-epitope) [67] (Fig. 3b). M2 protein forms ion 
channels on the virion surface required for transporting 
viral ribonucleoproteins into cytoplasm of the host cell. 
Its amino acid sequence is highly conserved, and immu-
nogenicity in the process of natural infection is rather 
low [68]. These features make M2e good candidate for 
the development of vaccine with broad activity spectrum. 
In this study, presence of antibodies specific against the 
M2e-epitope was demonstrated in the serum of mice im-
munized using produced constructs.

Encapsulation of f luorophores. Photoswitchable f lu-
orescence labels such as spiropyrans represent an import-
ant tool used in super-resolution microscopy. The  pro-
cess of probe switching itself is necessary for mapping 
of f luorescent points, which is achieved through sto-
chastic activation of a certain number of f luorophores at 
the certain time point, while all other f luorophores are 
“switched off”. Next the super-resolution images can 
be reconstructed from the multiple f luorescent images 
produced. In addition, the possibility of switching f lu-
orescence on and off could be used to avoid overlapping 
of the f luorescent signals in the presence of different la-
beled structures. Encapsulins can be modified with the 
help of photoswitchable f luorophores [69], in particular, 
the B. linens encapsulin was modified using carbodiimide 
technique with the spiropyran-based f luorophores – or-
ganic compounds with photochromic properties. When 
illuminated with visible and ultraviolet light spiropyrans 
are able to switch reversibly between the f luorescent pho-
toisomer and non-radiative isomer, which allows switch-
ing f luorescence on and off [70] (Fig. 3c). It is important 
to mention that encapsulins preserved their structural in-
tegrity for at least five cycles of photoswitching.

Accumulation of inorganic nanoparticles in encapsu-
lins. The possibility of controlled disassembly of encap-
sulins into protein subunits by treatment with acid and 
addition of the targeted cargo protein with affinity to 
some shell protein sequences followed by reconstruction 

of the nanocompartment structure on restoring pH to 
neutral levels must mentioned. Using this approach mol-
ecules/particles with size larger than the pore size could 
be loaded into the encapsulin shell. The study by Künzle 
et  al. [71] is worth mentioning, in which authors used 
gold nanoparticles with 13 ± 1-nm diameter coated with 
(11-mercaptoundecyl)-N,N,N-trimethylammonium 
bromide as a cargo. These particles were loaded into the 
shell of T.  maritima encapsulins via partial replacement 
of the stabilizing ligand of the nanoparticle with the 
mentioned above CLP. This approach could be poten-
tially used for photothermal cancer therapy that requires 
introduction of stable and biocompatible gold nanopar-
ticles to the specified area followed by irradiation with 
predetermined wavelength causing death of tumor cells, 
which are more sensitive to higher temperature than the 
healthy ones.

Encapsulin systems capable of biomineralization 
of iron could be used in the therapy based on magnetic 
hyperthermia (MH). In the study by Zhang et  al. [72] 
encapsulins from the Myx.  xanthus bacteria were used 
for synthesis of magnetic nanoparticles that were called 
encapsulin-produced magnetic iron oxide nanoparticles 
(eMIONs). It was shown that the particles are mono-
disperse, resistant to extreme pH levels and proteolytic 
cleavage. When exposed to alternating magnetic field 
eMIONs effectively absorbed magnetic energy, which re-
sulted in the significant increase of temperature in vitro 
and in  vivo. Moreover, eMIONs are capable of decom-
position of H2O2 with formation of O2, causing specif-
ic death of tumor cells due to increased level of H2O2 in 
them. Considering high permeability of magnetic fields, 
eMIONs seems very promising therapeutic agents for 
treatment of solid tumors.

In addition to iron oxide nanoparticles, nanocom-
partments are capable of synthesizing silver nanopar-
ticles. For example, the T.  maritima encapsulins were 
used as a platform for production of monodisperse silver 
nanoparticles with average diameter 13.5 nm [19].

It is worth mentioning that the ability of encapsulins 
of sequestering metal ions in them could be used for wa-
ter purification. It is known that, for example, in many 
cases industrial waste contains significant amounts of 
Zn2+, which could be harmful to the environment. Wang 
et  al. [73] suggested a system consisting of modified 
Escherichia coli bacteria carrying a gene of encapsulin 
cEnc from Candidatus Brocadia fulgida, which could se-
quester and reduce extracellular concentration of zinc 
ions. The obtained results provide effective strategy for 
the increase of bacteria tolerance to toxic metals and re-
duction of Zn2+ in the medium, which could be poten-
tially used for remediation of the environment.

Encapsulins as genetically coded labels. In addi-
tion to the studies devoted to accumulation of inorganic 
nanoparticles for the purpose of reducing concentration 
of metals outside of encapsulin shells, the studies devoted 
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to cell monitoring with the help of magnetic resonance 
imaging (MRI) due to accumulation of iron-containing 
encapsulins in eukaryotic cells should be mentioned. 
The first such approach involves direct labeling in which 
exogenous labels are added to the growth medium of the 
cultured cells. In this case magnetic nanoparticles, radio-
isotopes, as well as low-molecular-weight f luorophores 
could be used as labels [74, 75]. The second approach is 
based on introduction of genetic sequences into the cell 
genome that encode endogenous labels such as luciferase 
and f luorescent proteins [76]. For optical monitoring in 
the first approach the most popular labels are quantum 
dots and f luorophores [77, 78], for monitoring based on 
single-photon emission computed tomography (SPECT) 
and positron emission tomography (PET) radionuclides 
are used as labels, and superparamagnetic iron oxide 
nanoparticles (SPIONPs) are used as labels in MRI-
based monitoring [79-84]. The important drawback of 
these approaches is that accumulation of the probe in the 
cell decreases with cell division resulting in the decrease 
of the signal intensity, that is why labeling with exoge-
nous agents is not appropriate for long-term monitoring 
of the cells.

Indirect specific labelling technique using reporter 
genes is commonly used in the studies requiring long-
term monitoring of the cells. Most often the genes en-
coding f luorescent proteins [85-93] or firef ly luciferase 
[94] are used. There are also specific genetic labels used 
in such methods as SPECT and PET; these include mag-
netic resonance imaging reporter genes encoding intra-
cellularly produced metalloproteins such as transferrin, 
ferritin, tyrosinase [95]. As has been mentioned above, 
some encapsulin systems are capable of sequestering 
iron. This property allows using nanocompartments as 
genetically encoded labels for MRI-based visualization 
of cells. Several studies have been published on heterol-
ogous expression of the genes encoding encapsulin sys-
tems in mammalian cells. In particular, expression of 
the Q. thermotolerans and Myx. xanthus encapsulin genes 
in the HEK293T cells was demonstrated in the study 
by Sigmund et  al. [42] using the method of transient 
cotransfection. Cells were transfected with a plasmid 
DNA encoding proteins of encapsulin shells, its cargo 
protein (enzyme ferroxidase), as well as iron transporter 
required for more effective iron transport into the cell. 
Iron ammonium sulfate was added to the cells 24  h af-
ter transfection, which served as a source of two-valent 
iron that was oxidized under the action of ferroxidase 
with formation of magnetic nanoparticles inside encap-
sulins (Fig.  3d). It was shown using cryogenic electron 
microscopy that in the case of Q. hermotolerans encapsu-
lins the shells are self-assembled into nanocompartments 
with icosahedral symmetry with T = 4 diameter ~42 nm. 
Furthermore, it was established that the native cargo 
protein preserved its ferroxidase activity, which facil-
itated efficient iron biomineralization. In particular, 

it was shown that the ferritin-like protein of Myx.  xan-
thus was able to mineralize up to 30,000 iron atoms per 
nanocompartment, which was one order of magnitude 
higher than the amount of iron that could be sequestered 
by ferritins.

In another study [96] it was demonstrated that two 
cargo proteins could be simultaneously loaded into the 
Myx. xanthus encapsulins: f luorescent protein PAmCherry 
and ferritin-like protein B. The authors also showed that 
the HEK293T expressing encapsulins accumulate iron so 
efficiently that could be sorted with the help of commer-
cial magnetic cell separators (around 5% of the initial 
cell population) and even could be detected in vivo with 
MRI upon administration into the rat brain. It should 
be mentioned that in contrast to exogenous labels based 
on iron oxide nanoparticles, the nanoparticles formed 
in encapsulins are not released by the cells and, hence, 
are not phagocytized by the neighboring cells such as 
microglia cells. This represents a significant benefit al-
lowing to avoid MRI signal distortion with time, as well 
as the errors in the result interpretation. Heterologous 
transient expression of encapsulin genes could be real-
ized not only in the HEK293T cells, but also in other cell 
lines, such as, for example, cells of hepatocellular carci-
noma HepG2 [97].

Moreover, there are studies demonstrating the possi-
bility of constructing stable cells lines containing encap-
sulin systems sequestering iron. It was shown, for exam-
ple, that the human mesenchymal stem cells are capable 
of stable expression of encapsulin genes of Myx. xanthus 
[98], and the cells of mouse breast carcinoma 4T1 can 
express the Q.  thermotolerans genes [99]. It was shown 
both in the first and the second case that the presence 
of such genetic probe did not affect viability of the cells 
and their ability for proliferation, and T2 relaxation time 
for the genetically modified cells containing encapsulin 
was lower than for the control cells, which allowed de-
tection of cells with MRI. This represents a very import-
ant advantage of encapsulins in comparison with other 
labels, which are often toxic and, hence, could affect cell 
proliferation. In addition, it was shown in the mentioned 
publications that formation of nanoparticles in encapsu-
lins proceeded very fast and it took around 24 h in con-
trast to production of nanoparticles using chemical syn-
thesis that could take several days considering isolation, 
purification, and surface functionalization, after which 
the particles should be characterized, and their toxicity 
tested using a cell line in order to ensure safety of their 
application [100].

Encapsulins as bioreactors. Another method of ap-
plication of encapsulins involves their use as bioreactors. 
It is known than fine chemical synthesis could be per-
formed with the help of various enzymes, which allows 
significant simplification of the reaction conditions. 
Large number of reactions in chemistry and chemical 
industry are conducted in the presence of catalysts, and 
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catalysts for heterophase reactions themselves are com-
posed of different fine particles or are applied to a porous 
support with developed surface to increase efficiency of 
the process. In one of the studies the T. maritima encap-
sulins were used as such support, and the required en-
zymes were attached to the surface (inner and outer) of 
the protein compartment. The T.  maritima encapsulins 
were modified as follows: C-terminus of the protomer 
on the outer side was conjugated with the FbaB58 fi-
bronectin with the help of the SpyCatcher/SpyTag tech-
nology and then sequentially was attached to the N-ter-
minus of the E.  coli dihydrofolate reductase (DHFR), 
and a tetrahydrofolate-dependent enzyme (demethylase 
LigM) was loaded into the encapsulin. It was possible 
to attach around 60 copies of DHFR to the encapsulin 
shell (Fig. 3e).

Tetrahydrofolate produced on the outer side of the 
shell with the help of DHFR was capable of mediating 
demethylation of the aryl substrate produced from lig-
nin by the encapsulated demethylases. It was shown that 
the introduction of the deletion causing increase of the 
pore size in the encapsulin shell gene enhances metab-
olite exchange. Hence, such encapsulin-based construct 
catalyzes the reaction with the same rate as two enzymes 
freely dispersed in the solution [101].

Due their inner size, these protein compartments 
perfectly mimic closed intracellular environment and al-
low investigating enzyme kinetics under conditions clos-
er to natural ones [102, 103]. It was shown that the shell 
of the R.  erythropolis encapsulin could be loaded with 
such proteins as GFP and firef ly luciferase (Luc), which 
are not native for this bacterial strain [16]. In the pro-
cess, GFP retained its ability to f luoresce and luciferase 
exhibited enzymatic activity with its substrate luciferin. 
The similar study was conducted with the B.  linens en-
capsulins. C-terminal sequence of the native cargo pro-
tein DyP was fused with the C-terminus of TFP [104]. 
Following confirmation of the structural integrity of the 
isolated nanocompartments, it was determined that on 
average, each encapsulin contains 12 TFP molecules.

CONCLUSION

Without doubts, encapsulins currently are relative-
ly new research objects, not all their properties and their 
physiological functions in prokaryotes have been iden-
tified and investigated. However, practical applications 
of encapsulins in biotechnology seems very promising. 
Such properties of nanocompartments as small size and 
possibility of functionalization of the surface for selective 
interaction with specific proteins allows creating vari-
ous systems of targeted delivery of drugs or labels. En-
capsulins could serve as nanoreactors, which facilitate 
production of very uniform nanoparticles or to use this 
effect for removing metal ions from the environment. 

Also, encapsulins could serve as a platform for conju-
gation with various enzymes, which allows investigating 
their kinetics under natural conditions. Encapsulin-based 
systems capable of iron biomineralization with forma-
tion of magnetic nanoparticles could be used as con-
trast agents in MRI for monitoring spread of the cells 
in an organism.

In comparison with other nanoparticles used in 
biotechnology, encapsulins have, in our opinion, an 
important advantage  –  high repeatability of encapsulin 
biosynthesis in cells. Both in prokaryotic and eukaryotic 
cells synthesis of encapsulins has genetic nature, while 
chemical synthesis is a multifactorial process, success of 
which depends on purity and quality of reagents, select-
ed procedures, etc. Considering magnetic nanoparticles 
used as contrast agent in MRI in more detail, it should 
be noted that the nanoparticles formed in encapsulins 
are outcompeted by the exogenous nanoparticles in the 
intensity of generated MR signal. However, the exog-
enous magnetic nanoparticles have a significant draw-
back. The matter is that the iron nanoparticles captured 
by the cells during cultivation could be released from the 
cells later on and be next captured by other cells, such as 
macrophages, which could result in the distortion of the 
MR signal and hinder localization of introduced cells. 
Another important drawback of nanoparticles produced 
by chemical synthesis is their toxicity towards different 
cell cultures, especially primary stem cell cultures. In ad-
dition to magnetic nanoparticles, there are also geneti-
cally encoded labels for MRI such as, for example, fer-
ritin-based labels. But these labels are less efficient than 
the iron-sequestering encapsulins in their capacity (fer-
ritin is capable of sequestering around 3000 iron atoms, 
while the Q. thermotolerans encapsulin – by one order of 
magnitude more). Another issue related to application 
of different encapsulin-based nanocontainer systems is 
associated with their potential in  vivo immunogenicity. 
It  has been suggested that this problem could be alle-
viated by coating encapsulins with PEG. At present no 
evaluation of in vivo immunogenicity of encapsulins iso-
lated from bacteria or eukaryotic cells has been conduct-
ed. However, it has been shown that the abovementioned 
malignant mouse breast carcinoma cells 4T1 stably ex-
pressing the genes of Q.  thermotolerans encapsulin sys-
tem successfully formed subcutaneous tumors following 
implantation into immunocompetent mice, and tumor 
growth dynamics was the same as growth dynamics of 
the tumors produced from 4T1 cells not containing any 
transgenes.

Despite the limitations described above, encapsu-
lins already demonstrated high potential as an alterna-
tive to conventional nanoplatforms. Each year new types 
of encapsulins are being discovered in different strains 
of bacteria and archaea. Further investigation of these 
structures and their properties seems very promising for a 
wide range of biotechnological applications.
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