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Abstract: Application of nanotechnology is making huge
progress in the biomedical and environmental fields.
The design and production of nanoreactors based on
the combination of catalytic properties of enzymes and
the unique characteristics of nano-sized materials is,
certainly, an opportunity to solve different challenges in
biomedical and environmental fields. Most of the research
efforts to combine enzymes and nanostructured materials
have been made using ceramic, metallic, or carbon-based
materials. Nevertheless, biomaterials, or materials from
biological origin, have two main advantages for biomedi-
cal and environmental applications when compared with
non-biological nanomaterials; they are biocompatible and
biodegradable materials. In this work, a critical review of
the literature information on nanostructured biomaterials
for enzyme delivery is shown.

Keywords: biopolymers; liposomes; nanomedicine; thera-
peutic enzymes; virus-like particles.

‘The goal of life is to live in agreement with nature’
Zeno (335-264 BC)

1 Introduction

Nanobiotechnology, or Bionanotechnology, is the combi-
nation of the sophisticated mechanisms from biological
systems with the exceptional properties of nanomateri-
als. This new scientific and technological field appeared
just 15 years ago opening new approaches to solving old
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technological problems in the medical, environmental,
and industrial areas. In less than two decades, nanobio-
technology has obtained spectacular advances, and the
number of institutions worldwide carrying out research in
this field is rapidly increasing [1].

Nature has developed molecular machines much
more accurate and efficient than any of the manufacture
processes developed by men. A single bacterial cell of
Escherichia coli with 1 um diameter stores approximately
10 Mbit of information in its genome [2], one ribosome is
able to ensemble more than 50 different proteins, eukary-
otic cells synthesize DNA molecules with an error rate of
less than 10 - per nucleotide added, and plants convert
more energy and synthesize more amount of fine chemi-
cals than all chemical industries [3]. On the other hand,
biomolecular analogs to conventional devices such as
structural components, tubes, motors, wires, pumps,
synthesis processes, sensors, and programmable control
systems, always exist in nature without exception. Among
the main technological challenges, there is the mimicry
of biological systems at nanometric scale to convert and
transport energy, synthesize fine chemicals and macro-
molecules, store information, recognize, sense, move,
auto-assembly, and produce smart materials. This is the
main task of nanobiotechnology.

Enzymes are widely used in several applications in
the food, feed, agriculture, paper, leather, textiles, phar-
maceutical, and chemical industries, resulting in sig-
nificant cost reductions and more energetically efficient
processes. Enzymes catalyze chemical reactions with
great specificity and very high transformation rate, which
are orders of magnitude better than chemical catalysts.
Enzymes are remarkable catalysts showing an exquisite
selectivity, catalyzing reactions with insuperable chiral
(enantio-) and positional (regio-) selectivity. This high
selectivity also provides efficient reactions with minimal
by-products, making enzymes an environment-friendly
and low-energy alternative to conventional chemical
catalysts. These reactions are the basis of the metabolism
of all living organisms and, thus, provide tremendous
opportunities for industries to carry out elegant, effi-
cient, and economic biocatalytic conversions [4-6].
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It is expected that there will be an accelerated growth
of biocatalytic processes in industries that already have
developed some expertise in this area, and many other
industries will incorporate enzymatic transformations in
their processes [7-9].

Humanity faces two important challenges when
dealing with energy and the environmental issues that
are intimately connected: (1) How can all the goods that
society needs, and will need in the future, be produced
using energetically efficient and environment-friendly
processes? (2) How can the dependence on fossil energy
sources be reduced and the environmental impact of
human activities be minimized?

Green chemistry gains importance, opening new
opportunities for research and development, to improve
the efficiency of chemical processes while simultaneously
reducing the materials and energy intensity and minimize
or eliminate the dispersion of harmful chemicals in the
environment. Among the challenges for green chemists,
there is the discovery and development of new efficient
catalysts, performing under mild reaction conditions with
environment-friendly solvents and showing high selectiv-
ity for energy minimization, less toxic and inherently safer
chemicals.

On the other hand, the field of Nanomedicine, which
is the medical use of nanotechnology, is also emerging
rapidly. The medical applications of nanotechnology
include nanoelectronic biosensors, drug delivery, medical
imaging, and molecular nanotechnology to prevent, treat,
and cure major diseases [10]. The main goal of nanomedi-
cine is to design, produce, and supply research tools and
products clinically useful for the near future [11]. There
are several research groups worldwide that are focused on
the use of nanoparticles for drug delivery. However, the
use of nanoparticles as carriers for enzymatic activity has
less attention, even if the potential medical applications
are evident [12, 13]. The improvement of chemotherapy by
delivering cytochrome P450 activity into tumor cells has
been achieved by targeted virus-like nanoparticles loaded
with CYP [14, 15]. Most of the drugs used in chemotherapy
are administered as pro-drugs, and they have to be acti-
vated into the active anticarcinogenic compound by the
cytochrome P450 superfamily [16]. Unfortunately, the CYP
expression varies significantly in the different tissues [17],
and even more, in some cases, the healthy cells near the
tumor cells express higher CYP activity [18], preferentially
activating the cytotoxic agent, and affecting these healthy
cells. Thus, the increase in CYP activity in the tumor tissue
will improve the treatment efficiency and will reduce
the doses, and importantly, a significant decrease in the
side effects are expected [15]. The potential applications
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for the enzyme delivery are not limited to cancer. There
are numerous illnesses originated by the lack of enzy-
matic activity. Among them, galactosemia and illnesses
related to the lack of enzymes are involved in the amino
acid metabolism such as albinism, alkaptonury, arginine-
mia, argininosuccinic aciduria, deficit of carbamoyl
phosphate synthetase I, homocystinuria, methylmalonic
acidemia, phenylketonuria, and finally, the congenital
adrenal hyperplasia (CAH), which encompasses a group
of autosomal recessive disorders, each of which involves
a deficiency 21-hydroxylase, resulting from mutations or
deletions of CYP21A involved in the synthesis of corti-
sol, aldosterone, or both. This disorder affects between
1/10,000 and 1/15,000 of the population.

The use of therapeutic enzymes is not new. Duve [19]
in the 1960s described the use of enzymes with the aim
of treating disorders originated by enzymatic activity defi-
ciencies. The therapeutic enzymes could be employed
independently or in combination with specific drugs for
the treatment of different disorders in a safe way [20].
Recently, the use of nanoparticles for transport therapeu-
tic enzymes has been reviewed [21]. Nevertheless, the work
is focused in cross-linked enzymatic aggregates (CLEA),
metal-, silica-, and carbon-based nanoparticles, including
synthetic polymers. In this work, biomaterials (materials
from a biological origin) are reviewed, discussed, and pro-
posed as better materials for the design and production of
nanoparticle delivery of enzymes with medical and also
with environmental interest.

On the other hand, nanoreactors are potential plat-
forms to mimic the special organization of metabolic
enzymes. In contrast to the enzymatic reactions with
diluted enzymes, cells contain a high concentration of
macromolecules resulting in crowding conditions that
affect the structure and function of enzymes [22]. The
encapsulation of a chain of metabolic enzymes in a
nanoreactor could increase the catalytic efficiency. In a
multi-enzymatic nanoreactor, enzyme active sites for con-
secutive reactions are placed in close proximity, which
reduces the intermediate diffusion distance and, there-
fore, increases the probability that a metabolic intermedi-
ate undergoes a sequential reaction step before diffusing
away [22].

2 Biopolymer nanoparticles

Nanotechnology, soon after its emergence, has been suc-
cessfully applied to many engineering and technical
fields where a number of metals, ceramics, and synthetic
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organic/inorganic polymers were utilized for the purpose.
Among the potential applications, nanomedicine pro-
cured the use of biopolymers for nanoparticle manufac-
turing with enhanced possibilities of their successful uses
for diagnostics, medical supplies, therapeutic treatments,
and emerging regenerative medicine such as tissue-engi-
neered tissues. Biopolymers, being organic, also offer a
versatility that is unmatched by metals and ceramics. The
wide spectrum of physical, mechanical, and chemical
properties provided by biopolymers has fueled the exten-
sive research, development, and applications of poly-
meric biomaterials [23]. Moreover, utilizing biodegradable
polymers over synthetic non-degradable materials paved
the alternative way to overcome degradation issues and
environmental concerns. Conversely, the potential toxico-
logical effect of some biomaterials, in addition to unease
structuration at nano-size scale, limits their utilization.
Nevertheless, extensive research and bioengineering
advances certainly would help to solve these challenges.

The current overarching concept of engineering of
biopolymeric nanoparticles has established a new vision
for their utilization over synthetic materials in a range of
medical applications. A major emphasis has been made on
the use of biodegradable polymers like liposomes, proteins,
polysaccharides, and virus-like particles (VLPs) for nano-
particle preparation. The focus for these biomaterials has
turned toward tissue engineering, sophisticated cell, drug
and gene delivery systems, and other applications in bio-
technology, where the need for specific and direct interac-
tions between biomaterials and tissue components become
a priority [24]. With the potential use of biopolymers for
medical purposes, a new paradigm for biocompatibility
has emerged, and continuous efforts for understanding the
biocompatibility mechanisms are being made.

During the last decade, several protocols for the fabri-
cation of biopolymer-based nanoparticles have been well
established (Table 1) and have shown notable advantages
including easy preparation, biodegradability, and high sta-
bility. Theincreasing interest for biopolymeric nanoparticles
(BNPs) is originated by its implication in medical science
(drug delivery), with advantages including enhanced bio-
availability, high drug loading, reduced side effects, and
controlled and targeted drug release. Delivery of a variety of
chemicals, nutraceuticals, flavors, antimicrobials, dietary
fibers, and minerals through BNP encapsulation is becom-
ing progressively significant [67]. Moreover, applications of
BNPs in gene therapy and tissue engineering are another
important aspect potential for their medical applications.
Bioactive compound encapsulation in biomaterials also
allows the modification of their stability, texture, mechani-
cal, and optical properties [68]. The incorporation of BNPs
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Table 1: Biopolymers for engineered nanoparticles — recent reports.

Biopolymers References
Animal-derived proteins
Albumin [25, 26]
Gelatine [27]
Caseins [28]
Fibroin [29, 30]
Sericin [31,32]
Keratin [33]
Whey protein [34, 35]
Collagen [36]
Elastin [37,38]
Plant-derived Proteins
Gliadin [39, 40]
Zein [41, 42]
Pea legumin [43]
Soy protein isolate [44]
Polysaccharides
Agar [45]
Alginate [46, 47]
Chitosan [48-50]
Dextran [51, 52]
Carrageenan [53, 54]
Cellulose [55, 56]
Gellan gum [57]
Inulin [58]
Pectin [59, 60]
Pullulan [61, 62]
Heparin [63, 64]
Starch and its hydrolysates [65, 66]

as co-catalysts enhances the photocatalytic water oxidation
process when compared with commercially available non-
stabilized cobalt nanoparticles [69].

Enzymes, used as catalysts for several biochemical
processes, are also known for their extensive applications
through nanoencapsulation in biopolymeric materials as
a possible solution of some limiting factors like stabil-
ity and reusability (Figure 1). Immobilization of lignino-
lytic enzymes such as laccases and peroxidases on BNPs
improves their performances for bioremediation processes
[48], whereas encapsulated glucose oxidases in BNP can
be used to build biosensors. An interesting approach of
enzyme encapsulation technology with biopolymeric
matrix also provides self-regulated degradation mecha-
nism, which is mandatory for the applications such as
hard tissue replacement and some drug delivery systems
[70]. Enzyme immobilization on biopolymeric materials
has also been proven to prevent bacterial biofilm forma-
tion on implanted medical devices such as endotracheal
tubes [71]. The most recent-emerged DNA nanotechnol-
ogy involves the use of DNA hydrogels for enzyme entrap-
ment. This technique was applied to enzymatic biobattery
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Figure 1: Biopolymer-based biocatalytic nanoparticle and their possible applications.

that holds a great promise to improve bioelectrocatalysis-
based devices [72], and DNases can degrade it. Converting
natural sensitive biocatalysts to stable and environmen-
tally adaptive catalysts through their encapsulation or
immobilization on BNPs open novel strategies and uses
for industrial processes.

Biosynthesis of macromolecules through enzymatic
polymerizations of specific molecular structures consti-
tutes a critical step in the evolution of living organisms.
Tailored fabrication of BNPs seems to be the next step and
could hold particular promise for their potential applica-
tions, but this technology is still in its infancy. BNPs are
being investigated for their prospective in many areas at
laboratory scale. Thus, it is still important to take up the
challenge for economically achievable large-scale com-
mercial production of BNPs with desired and uncompro-
mised properties or functional attributes.

Several methodologies have been developed and opti-
mized for BNP preparation, but still, their sensitivity to the
operational conditions needs to be addressed. Associative
interaction of proteins and polysaccharides can also be one
of the intrinsic sources for BNP fabrication with a variety
of appropriate combinations. However, such particles are
under threat of dissociation due to changes in environ-
mental conditions that may induce protein unfolding or
aggregation and limit the use of multiple methodological
combinations [67]. Novel sources of biopolymers, differ-
ent combinations, innovative and simple new preparation
methods with high protein loading efficiency, and ensur-
ing biological safety should also certainly be emphasized.
The toolbox offered by BNPs opens research opportunities
to all fascinating interdisciplinary fields for innovation,
which is truly imperative for the application of nanotech-
nology in medicine and green technology.

3 Liposomes

Early investigations on bimolecular-based nanoparticles
emerged with the formation of “liposomes” defined as

the spherical vesicles composed of lipid bilayers. These
liposome bilayers can be formed from different phos-
pholipids wherein its constituent characteristics reflect
in resultant particles [73]. The unique, and appreci-
ated, nature of liposomes that shows a hydrophilic core
and hydrophobic bilayer favors both encapsulation and
entrapment of hydrophilic as well as hydrophobic com-
pounds simultaneously. Liposomes have been employed
as a “safe platform” for carrying antibodies, antigens,
proteins, peptides, enzymes, hormones, vaccines, and
photosensitizers to be able to reach the target tissue.
Investigations developed toward enzyme-containing
liposomes, where lipid vesicles are carrying water-solu-
ble enzymes, had appeared as one of the most practically
favorable technique. Enzyme-containing liposomes are
mainly known for their two main potential applications,
i.e. enzyme-replacement therapy in biomedical sciences
and food processing, where liposomes chiefly play the
role of carriers [74]. The role of liposome-encapsulated
enzymes in accelerating cheese ripening process and
flavor development [75], and in the treatment of lactose
intolerance [76], provided good examples for their real
industrial applications.

Targeting and on-time release of enzymes are essen-
tial factors to be controlled in order to obtain effective
outcomes and to avoid unwanted catalytic reactions,
and they can be certainly achievable by using liposomes.
Their application is not restricted to cancer therapy,
and their use as carriers for infectious and autoimmune
diseases, their application for drug delivery, treatment
of myocardial diseases, or any kind of enzyme-replace-
ment therapy could be envisaged. Liposomes containing
butyrylcholinesterase as toxin scavengers [77] and phos-
photriesterase for the destruction of toxic organophos-
phates [78] are other examples of biocatalytic liposomes.
On the other hand, highly sensitive chemiluminescence
immunosensor has also been developed with horserad-
ish peroxidase encapsulation in liposomes for prostate-
specific antigen (PSA) detection [79]. Furthermore,
utilization for environmental processes has also been
considered, and the decontamination of metal-laden
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industrial wastes through phosphatase containing lipid
vesicles has been explored [80].

The demonstration of liposome capacity for drug
delivery has been stimulated by their biocompatibil-
ity and biodegradability, but has been restricted due to
their physical stability and degradation prior to targeted
therapeutical application. However, major breakthroughs
through intensive research for years began to elucidate
the understanding of lipid compositions for produc-
ing liposomes with added-value properties, i.e. stabil-
ity, enhanced drug bioavailability, protection against
drug hydrolysis or oxidation, increased drug lifetime,
better pharmacokinetic properties, and improvement of
therapeutic index [81]. The manipulation of liposomal
structures by the addition of different molecules in the
liposome bilayer, with both active and passive targeting
strategies, achieved a liposomal formulation contain-
ing the anthracycline drug for the treatment of cancer
and AIDS-related Kaposi sarcoma, and multiple myelo-
mas [73, 82]. Modified liposomes have been proposed as
potential vaccine preparations against a number of path-
ogens such as tuberculosis [83]. An important recent con-
tribution has been reported, in which liposomes display
viral proteins (named by the authors as “virosome”).
These preparations have been proposed for prophylactic
applications of hepatitis B vaccines and to improve the
vaccine-based preparation against influenza [83-85].
These modification strategies certainly could be applied
to other biocatalytic liposomes.

Since their invention 50 years ago, liposomes were
proposed first as vehicles for drug delivery, and they have
significantly achieved much attention due to their fascinat-
ing contribution to the medical sciences. However, there is
still a huge potential of this technology that has not been
entirely exploited. The design of tailored liposomes with
multifunctional properties is an important opportunity
niche for research. Stability, toxicity, controlled release,
immunity-promoted delivery, selective tissue targeting,
and many more issues should be explored to establish
a robust technology that can be rapidly taken up by the
medical and pharmaceutical industries. Regardless of sig-
nificant research and development in liposomal techno-
logy, inadequate commercialization and low-quality
control have limited its application; thus, it is imperative
to establish regulation rules for the production and use of
liposomes.

Like liposomes, “polymersomes” are also composed
of lipid bilayers with aggregated amphiphilic macromol-
ecules, but they are less dynamic than liposomes due
to lower critical aggregation concentration and larger
dimensions of the amphiphilic block copolymers, and
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moreover, their low permeability to water limits its utiliza-
tion as nanoreactors [86]. This limitation could be solved
by the inclusion of channel proteins [87] or proton pumps
[88] in the polymeric bilayer. However, the porous nature
of the polymersomes allows the enzyme encapsulation
and positioning of different enzymes to specific separate
domains and is possible as well, which is demonstrated
by Vriezema et al. [89] and van Dongen et al. [90]. Thus,
polymersomes have a potential for constructing nanoreac-
tors with multiple enzymes.

4 Virus-like particles (VLPs) as
nanovehicles for enzymes

VLPs are nanoparticles similar to the original virus but
lacking the viral genome. The VLPs are dynamic structures
forming many different shapes and sizes according to the
medium pH and ionic strength. They are monodisperse,
chemically stable, and they maintain some properties of
the original virus. In addition, the basic structure of the
VLPs can be programmed in different ways to place inside
various types of molecules. VLPs can also be conjugated
with other molecules to form more complex nanoparti-
cles [91-93]. The use of the VLPs as nanocarriers confers
several advantages:(i) prevents premature degradation of
the cargo and avoid the cargo interaction with the envi-
ronment, (ii) improves the absorption and/or delivery of
its cargo, and (iii) provides better-controlled distribution
of the carried substances [92].

VLPs show an enormous potential, especially for
medical applications because of their versatility, struc-
ture, safety, and capacity to protect their cargo. VLPs are
(i) highly ordered and self-assembled structures. (ii) They
show high surface area to bind ligands. (iii) They contain a
diversity of reactive groups for ligand anchorage. (iv) They
contain empty cavities for cargo encapsulation. (v) Impor-
tantly for reactors, they are porous structures for substrate
intake and product release. Finally, some of the VLPs may
perform cell internalization.

The capacity of virus capsids or VLPs as enzyme con-
tainers to form nanoreactors and as enzyme platforms has
been demonstrated (Table 2) [101-106]. Enzymatic nano-
reactors or enzyme nanocarriers are not unbound to some
limitations and necessity of improvements. VLPs could be
coated with enzyme molecules [107], but without a doubt,
the chemical characteristics of the empty capsids should
be considered for the design of different strategies for
creating functional enzymatic VLPs (Figure 2). The outer
and inner charge, size, nucleation, optimal temperature,



410 — R.Koyani et al.: Biomaterial-based nanoreactors for enzyme delivery DE GRUYTER

__________ Substrate

L
g |22832333:=2 Virus capsid
2
s Virus-like nanoparticle
L:: carrying enzymatic
3 activity
S a
S @
N a
< [
s =
o ©
2 g,
=% o _
© S E ~=~~9 ~
o S © Q99 .é [<)
2 S £ E E E : § Enzyme molecules
o ST sssS8
© T EeTTSTnT Product
= EgE£££50c
o o v MT . . . . .
% ’§ ’§ £ g 558585 Figure 2: Virus-like particles (VLPs) as nano-vehicles for enzyme
2asSsSg o222 delivery. The enzyme molecules are encapsulated inside the virus
T S PoT8TT ST
ESS3R T SeLER capsid. The capsid is porous allowing the substrate internalization,
- f= . .
° 2 S25E5589¢E and the product can diffuse outside the nanoreactor.
_g S xx v o v n £ 0
5 |ESESEEHEEEEE
E TEEESsE=ETEEE
o .
s S35 os5S °® and pH for self-assembly and the formation of secondary
] gggegEeeexe i Ve i
= g2 2828w 8 structures at different ionic strengths, degradation, and
2 aocoaayaaca®Pa
[=] —_ o1 o . oy e .
= 5655555585 stability in non-optimal conditions should be considered
o [ BT T - T BT, BT, BT . . .
S B R R B R [107-110]. Considering these properties, the encapsula-
3 tion of different enzymes such as alcohol dehydrogenase
T 5
5E|z X X 2 [111], glycosidase [100], and cytochrome P450 (CYP) [14,
o N 3 o O . . .
Se|lZxox 9 3o 2 15, 112] has been achieved (Figure 3). The design of syn-
T IR N — O S ’ g : g y
1 ~ — o
;g» E § § _E:’D g § o § § N thetic “metabolomes” or multi-enzyme systems has also
L2833 x8338334|¢% been proposed [113].
o =z VLPs from different viruses have been synthesized
- U0 . . . . .
3 T 3 = including the non-enveloped icosahedral MVM (Minute virus
a - EE 3
] g E ° 2 of mice), PaV (Pariacoto virus), CCMV (Cowpea chlorotic
o £ . . .
g E " EE = mottle virus), NV (Norwalk virus), and bacteriophages U29,
7o) k1d . .
P 2T w3 3 k, HK97, and P22. Likewise, they have also been produced
g © T ESTT 5
S 2T P2 Lo« 3|2 from icosahedral capsids of enveloped viruses such as HBV
w Z N & M N0 T d . . . .
= (hepatitis B virus), HSV-1 (herpes simplex virus type 1), MLV
% = (murine leukemia virus), HIV-1 (human immunodeficiency
v . . .
.= = virus type 1), and influenza virus [114].
m i | o NS oo f S
o = ZZZ O NANCHI M [
= =
s ~ 35
2 n N N N o~ —
o g5 =888 ¢
= [T 0 UV LV O () =
© on bn bn bn bn bn bn 5
o © © T @© @© @© © -
<5} < < L £ C C = E
~ o o Qo o o o (=X -
= g2 c28e 2=
v [T TR TR TR TR T] o
2 |a Stocs=cocogo=sso| 8
=S = > ©® © U © © © © U © o
- > Vo mouUonoMmonoomoMm :
5 . £
— [
= 0 S
Z s bt
(=N —_ [5]) o
3 Suesw g
S 2 €35 Y 5
o © S® ey 8OO £
g £ ££g£3s529|%
> £ © 7T 3 Zaa o
P S w QO ZF L o ol o
E = — S
w Seoo S50 0ESEE|S
. [T I T 5 o909l ©
& g csEfozsgSc=|E
h = @ = o . .. . . .
2 = SEE 3T Em99 8 E Figure 3: Transmission electronic microscopy of P22 capsids con-
s | & S g3 g258|_F
[ ] Oa daoa<<<oan ool = taining cytochrome P450 [112].




DE GRUYTER

In addition to the protection and delivery of enzymes
with a specific catalytic activity, VLPs can be directed to
specific target tissues or cells, which is a major issue of
interest in nanomedicine. Because of its protein nature
and the presence of reactive groups on the capsid surface
(i.e. free amino and carboxylic groups), they could be
easily functionalized with specific ligand molecules to
be recognized for receptors in the target cell surface and
then internalized [115]. Antibodies have been used to
functionalize some types of nanoparticles; however, the
size (~160 kDa) could hinder the penetration of nano-
particles into the target tissues. Another drawback of
antibodies is that they may have a high affinity for other
structures, and they are subjected to degradation [116,
117]. To solve such problems, antibody fragments, or con-
struct from small antibodies, have been used [118]. On
the other hand, smaller molecules such as peptides or
micropeptides seem to be an attractive and efficient alter-
native for VLP functionalization [119]. These molecules
are small, easily synthesized, chemically stable, able to
be conjugated with radionuclides, and they can adhere to
viral capsids and different types of micelles. In addition,
the use of artificial small peptides from D-amino acids,
which are more stable to proteolysis, could be envisaged
[116, 120-122]. Cytosine deamidase, which transforms
the prodrug 5-fluorocytosine to the active drug 5-fluoro-
uracyl, has been encapsulated into the SV40 capsid as a
carrier to deliver the enzymatic activity to CV-1 cells with
the aim to increase the drug sensitivity and to induce
apoptosis [94]. Recently, a multienzymatic VLP-based
nanoparticle has been produced. Three enzymes: CelB
glucosidase, ATP-galactosidase, and ADP-glucokinase,
involved in the carbohydrate metabolism, were encap-
sulated into VLPs from bacteriophage P22 [113]. Unex-
pectedly, no increase in the efficiency of the cascade
reaction was found, concluding that it is important to
consider the right balance of kinetic parameters of each
of the involved enzymes in the design of efficient cata-
lytic systems. Nevertheless, the production of synthetic
metabolome based on the enzyme encapsulation in VLPs
could generate complex catalytic systems with various
potential applications.

The enzyme concentration inside the virus capsids
could reach the mM order. Thus, it is possible to study
catalysis in crowded environments, simulating those
found at the cellular level, to better understand the enzy-
matic catalysis inside cells. Despite that the catalytic
activity of many encapsulated enzymes is lower than
these found with free enzyme, nanoreactors with new
properties are generated with biocatalytic VLPs, such as
thermostability, proteolysis resistance, protection during
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lyophilization process [120-122], reduction of substrate
inhibition [111], and improvement of performance under
certain operational conditions [101].

Without a doubt, the development of VLPs as enzy-
matic nano-vehicles is still in their infancy. However, so
far, the capacity to carry biocatalytic cargos has been
clearly demonstrated, and their functionalization and
targeting to specific tissues should also be considered.
In addition, the use multi-enzymatic nanoparticles that
mimic metabolomes is still scarce. Without a doubt, multi-
enzymatic VLPs are an open opportunity to find new and
innovative applications.

Finally, functionalized VLPs loaded with active
enzymes are an attractive alternative for the treatment
of several illnesses that are originated by an enzyme
deficiency. The application of VLP-nanoreactors is not
limited to medical issues, but they could be envisaged
for environmental applications as well. However, further
research is needed to improve the stability, functionali-
zation, degradation, and biocompatibility of VLPs, and
still a research effort should be focused to optimize the
transformation of different substrates, as suggested by
Comellas-Aragones et al. [101], Cardinale et al. [99], and
Patterson et al. [113].

5 DNA nanostructures as enzyme
carriers

The postulate proposed by Seeman in 1982 [123] point-
ing out the use of DNA as a building biomaterial for the
creation of predesigned nanostructures through molecular
self-assembly has started the emergent field of DNA nano-
technology. The real impulse in the field was observed
with the invention of the DNA origami technique, which
allowed DNA strands to be molded according to the nano-
structure requirement [124]. The enormous potential
of DNA-based enzyme nanoreactors has been recently
reviewed [125] in which the diversity of DNA-based nano-
structures as single or multi-enzymatic systems and their
potential applications are discussed. Moreover, the non-
toxic and biocompatible nature of DNA, together with
the possibility to design a desired architecture allowed to
explore their implementation in many fields, especially in
biomedical applications. DNA nanostructures can be site-
specifically engineered and can be the base of structures
like autonomous walkers [126], nanotweezers [127], and
nanocages [128]. So far, numerous applications of DNA-
based nanostructures have been demonstrated in both
biological and non-biological areas such as plasmonic and
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nanoelectronics/nanophotonics device fabrication [129,
130], scale rulers for optical imaging [131], DNA computing
[132] targeted drug delivery [128, 133], gene therapy [134],
and development of biosensors for cancer diagnosis [135].

Furthermore, DNA nanoarchitecture also serves as a
powerful platform for appropriate activation of enzyme
cascades to improve their biological efficiency (Figure 4).
Control of relative distance and orientation of enzymatic
components or facilitation of interface between enzymes/
cofactors and electrode surfaces enables protein-DNA
assemblies to organize cascades of enzymatic reactions
[136, 137]. The multi-enzymatic DNA nanoreactors have
been studied and demonstrated [138]. However, the reg-
ulation of the enzymatic activities in these systems is
still a critical issue. The manipulation of key parameters
like position, stoichiometry, and inter-enzyme distance
for optimal activity as well the use of programmed DNA
nanostructures increases the potential for the design of
multi-enzymatic nanoreactors [139]. Fu et al. [140] have
systematically studied the effect of inter-enzyme distance,
in which the activity of a GOx/HRP cascade spatially organ-
ized on a DNA nanostructure increased when the inter-
enzyme distance is reduced. The DNA tweezer-actuated
enzymatic nanoreactor has been successfully developed
controlling the inhibition and activation of dehydrogenase
and NAD* cofactor [141]. The introduction of feedback or
feed-forward control loops and the concept of responsive
enzymatic nanodevices [142] could be applied for diag-
nostic and production of high-value chemicals. Rational
control and regulation of DNA-based nanodevices con-
taining multi-enzyme systems also expand the uses of
DNA nanotechnology for enzyme-induced drug delivery
and enzyme-triggered nanostructure assembly [143]. Many

Figure 4: Scheme of an enzymatic reactor build from DNA and
enzyme molecules. Enzyme molecules are attached with precision
on the highly modulated DNA nanostructures. Glucose oxidase
(GOx, purple) and horseradish peroxidase (HRP, green) have been
assembled into two tubular DNA origami nanostructures (orange
and yellow cages). The reaction cascade starts with the production
of hydrogen peroxide from glucose oxidase, which is the substrate
for peroxidase-mediated oxidation. This figure was taken from Linko
et al. [125].
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expected biomedical applications of bicatalytic nanoreac-
tors include the intracellular delivery of enzymes or their
efficient cellular uptake. The cell internalization could be
enhanced by noncovalent modification of origami struc-
tures [144, 145). A significant enhancement of cell uptake
has been obtained by coating the DNA origami nano-
structures with virus capsid proteins [146]. This strategy
utilizes purified capsid proteins that can bind and self-
assemble on the origami surface through electrostatic
interactions and further pack the origami nanostructures.
Though several approaches have been developed and
attempted to reach this goal, it is always hampered with
transport-limiting factors like size, charge, and stability
of enzymes. However, utilization of designed DNA nano-
structures as a carrier for the enzymatic cargo was intro-
duced as an important strategy [125]. Efficiently designed
DNA containers developed by Kuzuya and Komiyama
[147], Zhao et al. [148], and Kiviaho et al. [149] protect the
enzymes from biological degradation, enhance the cata-
lytic activity, and may tune the enzymatic reaction rates.
The strategy of delivering 3-galactosidase into cells can be
improved by coating it with a dense shell of oligonucleo-
tides [150], which is also an innovative attribute of DNA
nanotechnology.

Without a doubt, the rapid development of DNA
nanotechnology offers a huge potential for enzyme-based
nanoreactors. Nevertheless, additional research efforts
should be performed to reach the goal of establishing an
easy, efficient, scalable, and economic strategy for the
production of DNA-based nanostructures with desirable
characteristics. The number of studies on DNA nanostruc-
ture loaded with enzymes is still scarce, but an increasing
interest on DNA-nanostructures as the carrier of engi-
neered enzymes with multiple functions and new poten-
tial applications is expected.

6 Physical chemistry
of nanoreactors

Physicochemical properties of nanoreactors are influenced
or modulated by external parameters such as temperature,
pH, or ionic strength. Alterations in these environmental
parameters allow the control of both nanoparticle stabil-
ity and catalytic activity, which is possible by control-
ling the diffusion of substrate and products through the
nanoreactor surface, adjusting the optimal concentration
of catalytic molecules and reactants, and by the suitable
nano-environment inside the nanoreactor. The enzymatic
activity of a nanoreactor can be affected by several factors
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such as mass transfer limitations, the obstruction of the
catalytic site of enzymes, and the decrease in the diffu-
sion rate of substrates, due to the high concentration of
enzymes. Therefore, in order to produce an efficient nano-
reactor, it is very important to consider an optimal number
of enzyme molecules and avoid enzyme crowding.

The efficiency of the nanoreactors has been measured
through their physicochemical properties where different
techniques are being used to qualify their performance.
The diffusion-controlled reactions in nanoreactors have
been experimentally studied by means of lumines-
cence quenching [151], by a theoretical diffusion model
of spherical cavity [152], or different hollow geometries
[153]. Another model has been developed considering
the diffusion coefficients of the reacting molecules and
critical distance for the reaction with the Stokes-Einstein
equation, in which the diffusion coefficient of a species
is correlated to its radius and the solvent viscosity. From
this approach, a Smoluchowski reaction expression is
obtained, that consider a steric factor, which character-
izes the diffusion rate into the porous cavity by absorp-
tion [154]. However, the Smoluchowski reaction rate
constant does not consider the nanoreactor geometry and
the crowding effects.

On the other hand, the “C” potential describes the
surface charge of nanoparticles [155] and can be used to
study the stability of a nanoreactor in suspension or in
the environments where it is being used. The { potential
of nanoparticles can be determined through dynamic
light scattering (DLS) or by measuring their electropho-
retic mobility. It is well known that nanoparticles with
potential values greater than +25 mV or less than —25 mV
typically have high degrees of stability [156]. Moreover, dis-
persions with a low { potential value will eventually aggre-
gate due to van der Waals interparticle attractions [145,
157]. DLS is a versatile characterization technique that can
be used for particle size measurements and polydispersity
determination together with other structural parameters
such as weight molar mass, the radius of gyration, and
hydrodynamic radius [155]. The critical aggregation con-
centration, the particle morphology, and the change in size
or shape with the variation in pH, temperature, and ionic
strength could also be determined by DLS [158].

The dynamic properties of fluorescent molecules can
be studied using the fluorescence correlation spectroscopy
(FCS). By monitoring fluctuations of fluorescence inten-
sity in a confocal volume and by performing the correla-
tion analysis of the fluctuations, it is possible to estimate
the size, diffusion coefficients, and concentrations of nan-
oparticles [159, 160]. The number of fluorescent molecules
in the nanocontainers was determined by this technique
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[161]. The FCS is a promising technique that can also be
used to study the diffusion through the porous surface,
stability, and the enzymatic activity of nanoreactors. To
the best our knowledge, the DLS and CFS techniques have
not been fully exploited to study the physiochemical prop-
erties of nanoreactors.

Electron microscopy techniques, such as transmis-
sion electron microscopy (TEM) and cryo-TEM, are useful
techniques to characterize and study the shape, size,
thickness, and structure of self-assembled viral capsids
and nanoreactors [162, 163]. In addition, atomic force
microscopy (AFM) is a powerful tool to investigate the
mechanical properties of viral capsids [164, 165].

The concept of “smart nanoreactor” could be fulfilled
only with the theoretical and experimental studies of all
the physicochemical properties of different components
at any possible environment in which the nanoreactor
could be exposed.

7 Concluding remarks

Without a doubt, biomaterial-based nanoparticles have
huge potential for enzyme delivery. There are numerous
illnesses originated by the lack of enzymatic activity. Bio-
material nanoparticles seem to be a better alternative for
biomedical applications than inorganic preparations due
to its biocompatibility, biodegradability, available func-
tional groups, and adjustable structural characteristics.
Still, basic research efforts should be performed in order
to solve challenges such as immunogenic response, par-
ticle stability in physiological fluids, and catalytic perfor-
mance, among others. Nevertheless, it is clear, from the
information available, that enzyme delivery by biomate-
rial-based nanoparticles is an important alternative in the
new field of nanomedicine.
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