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Abstract Nanotechnology-inspired biocatalysts have
aroused much interest recently because nanomaterials can
provide the upper limits on enzyme-efficiency-determining
factors. Non-specific immobilization approaches often face
problems of enzyme leaching, 3D structure change and
mass transfer resistance. Here, we focus on the review of
specific enzyme immobilization approaches and have sep-
arated them into non-covalent and covalent categories.
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1 Introduction

With the development of nanotechnology in the past few
decades, nanotechnology-inspired biocatalysts have
aroused much interest because the supporting nanomateri-
als can provide high surface area/volume ratio, low mass-
transfer limitation, and excellent particle mobility during
reaction [1]. In general, enzyme immobilization with
nanostructures can be divided into two categories: non-
specific and specific [2]. Non-specific immobilization
methods generally include adsorption [3], non-specific
covalent binding [4, 5], entrapment [6], and encapsulation
[7]. In spite of their wide application in bioconversions,
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non-specific immobilization approaches often encounter
problems such as enzyme leaching [8], enzyme 3D struc-
ture loss [9], and strong diffusion resistance [10].

Here in this review, we focus on specific enzyme
immobilization strategies with nanostructures as the sup-
porting materials. We have divided these approaches into
two categories: (i) the non-covalent immobilization meth-
ods that take advantage of the specific interaction between
avidin/streptavidin and biotin or between polyhistidine and
metal ions Co”"/Ni**; (i) the covalent ligation approa-
ches—immobilization through Cys residue, “click” reac-
tion, Staudinger ligation, and enzyme-catalyzed ligation.

2 Non-covalent Immobilization

Non-covalent specific enzyme immobilization approaches
usually exploits the specific interaction between biotin and
avidine/streptavidin [11] or between polyhistidine and
biovalent metal ions Co>"/Ni>" [12]. The benefits of using
non-covalent immobilization methods are: (i) the interac-
tion between enzymes and supporting materials is specific
and stable [13]; (ii) the immobilization process is revers-
ible, i.e., supporting materials can be recycled when
attached enzymes lose activity. Meanwhile, the disadvan-
tage is that the non-covalently bounded enzymes could be
easily dissociated under complex catalytic conditions.

2.1 Avidin/Streptavidin—Biotin

Biotin is a water-soluble B-complex vitamin, which is vital
for cell growth [14], fatty acid synthesis [15], and amino
acid catabolism [16]. Biotin has a fused ring structure
containing an ureido (tetrahydroimidizalone) ring with a
tetrahydrothiophene ring attached by valeric acid. Avidin, a
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homotetramer protein with My, of 69 kDa, is produced
from the white of bird’s egg [17]. One avidin subunit can
bind to one biotin molecule with a tight and specific non-
covalent bond (dissociation constant Kp ~ 107'° M)
(Fig. 1) [18], which is one of the strongest known protein—
ligand interactions, approaching the covalent bond in
strength [19]. In addition to their exceptional ligand-bind-
ing properties, they also have good stability against heat,
extreme pHs, denaturants, and proteolysis. In general, there
are two ways to prepare proteins for immobilization: (i) the
biotinylation of target protein; (ii) the fusion of target
protein with an affinity tag that binds to avidin or
streptavidin.

Either enzyme-catalyzed or chemical biotinylation has
been reported before. E. coli biotin ligase (BirA) can
transfer endogenous biotin to the specific Lys side chain of
a fifteen-residue acceptor peptide in an ATP-dependent
manner, which has been developed for biological sensing
or cellular labeling [20-22]. Another biotinylation enzyme
is phosphopantetheinyl transferase (PPTase), which trans-
fers phosphopantetheinyl of biotin-CoA to peptidyl or acyl
carrier proteins (PCP, ACP) [23]. Yin et al. [24] immobi-
lized PCP-tagged protein microarrays onto an avidin-
coated glass slide through this method. This enzyme-cat-
alyzed biotinylation has yet been applied to nanomaterials
for biocatalysis purposes.

Other groups have used chemical biotinylation methods.
Chirra et al. [25] made catalase biotinylation via succini-
mide chemistry. Au nanoparticles were first coated with
biotin, and streptavidin was added as mediator for the
conjugation of biotinylated catalase and biotin-coated Au
nanoparticles, which can be used as delivery systems for
therapeutic purpose. The same method was also employed
for the immobilization of glucose oxidase (GOx) on apo-
ferritin nanoparticles [26]. The activity of the immobilized
GOx was well preserved while its stability was greatly
improved compared to the free biotinylated GOx. About
eight biotinylated GOx molecules were found attached to
one apoferritin nanoparticle, and the immobilized enzyme
could keep ~ 100 % activity of free GOx. The Ky, value
for the immobilized GOx and free biotinylated GOx was
found similar to each other, which suggested little mass
transfer resistance. As for stability, the immobilized GOx
demonstrated ~50 % residual activity after incubation at
50 °C for 3 h, while that of free GOx was only ~20 %

under the same conditions. Garcia and colleagues [27] also
prepared a biotinylated horseradish peroxidase (HRP-bio-
tin), an avidin-linked HRP (HRP-Av) and a biotinylated
GOx (GOx-biotin) to immobilize a multilayer of HRP-
Av—(HRP-biotin-HRP-Av),,,_ GOx-biotin to magnetic
nanoparticles. The immobilized enzymes showed excellent
stability—the immobilized enzymes could be reused for
ten cycles and stored for 14 weeks at 4 °C without
apparent reduction of catalytic activity.

Strep-tag [28] and AviD-tag (Avidin-Di-tag) [29] have
also been developed to bind to streptavidin and avidin/
NeutrAvidin, respectively. Gaj et al. [29] have used the
AviD-tag to immobilize green fluorescent protein (GFP) to
NeutrAvidin resins.

The avidine/streptavidin—biotin mediated enzyme
immobilization endows tighter binding of target enzyme to
nanomaterials than other non-covalent immobilization
methods. Moreover, a wide range of supports are com-
mercially available for this method. The disadvantages of
applying this method could be: (i) the immobilization
process is relatively complicated as compared to other non-
covalent immobilization methods; (ii) avidine (69 kDa)
and streptavidin (60 kDa) are large proteins (tetramers)
that may have detrimental effect to target enzyme [30].

2.2 Polyhistidine-Co**/Ni*"

The chelation between polyhistidine-tag (6 x His-tag) and
bivalent metal (C02+, Ni?*, Cu®*, Fe** or Zn”) is another
popular specific non-covalent method employed in enzyme
immobilization. The imidazole ring of the histidine residue
is able to coordinate with the metal ion to form stable
conjugate [31, 32]. Due to its high specificity and affinity,
this interaction has been widely used in protein purifica-
tion, known as the immobilized metal affinity chromatog-
raphy. In order to immobilize successfully, the
recombinant enzyme must have a 6 x His-tag at either N-
or C-terminus, which mainly depends on the location of the
enzyme active site. To capture the bivalent metal ions,
supporting materials must be activated first by either
nitrilotriacetic acid (NTA) or iminodiacetic acid.

This specific non-covalent interaction has been mostly
used in preparing biosensors by immobilizing GFP or its
derivatives on functionalized nanomaterials (Table 1). It
was reported that NTA-Ni*" modified Fe/Pt and Co/Fe,O5
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Table 1 Protein

immobilization examples via
His-tag

Protein Supporting material Ligand References
Horseradish peroxidase Au nanoparticle Nitrilotriacetic-Co (II) [12]
Green fluorescence protein Au/FePt/Fe,O5 nanoparticle Nitrilotriacetic-Ni (II) [89]
Green fluorescence protein SmCos »/Fe,O5; nanoparticle Nitrilotriacetic-Ni (II) [33]
D-amino acid oxidase Magnetic bead Nitrilotriacetic-Ni (II) [90]
Photsynthetic reaction center SWCNTs Nitrilotriacetic-Ni (II) [13]
MS?2 coat protein Si0,/Fe;0, core/shell Nitrilotriacetic-Co (II) [91]
nanoparticle
NADH oxidase Nanospheres Nitrilotriacetic-Co (II) [43]
NADH oxidase MWCNTs Nitrilotriacetic-Co (II) [44]
Glycerol dehydrogenase SWCNTs Nitrilotriacetic-Co (II) [42]
Phosphopeptides Fe;0,4 nanoparticle Nitrilotriacetic-Ni (II) [35]
Green fluorescence protein PPL-g-PEG Nitrilotriacetic-Ni (II) [92]
Green fluorescence protein Gold nanoparticle Nitrilotriacetic-Ni (II) [93]
Peptide (AB-G5HG2) CdSe/ZnS core/shell quantum dot  Nitrilotriacetic-Ni (II) [94]
T4 DNA ligase y-Fe,O5 nanoparticle Iminodiacetic-Cu (II) [95]
Maltose binding protein Multivalent chelator head Tri-Nitrilotriacetic-Ni [96]
an
Green fluorescence protein Agarose bead Nitrilotriacetic-Ni (II) [31]
Human estrogen receptor Si0,-TMR-NTA nanoparticle Nitrilotriacetic-Ni (II) [36]

alpha

core/shell magnetic nanoparticles had high specificity with
His-tagged GFP and the conjugates exhibited outstanding
fluorescence [33, 34]. In addition to fluorescent proteins,
NTA-modified nanoparticles can also be used as probes to
directly detect certain proteins. For instance, super para-
magnetic Fe;0,4 nanoparticles were synthesized and coated
with NTA to detect streptopain [35]. The NTA-Ni*"
modified silica nanoparticles demonstrated high specific
binding with estrogen receptor « ligand [36].

Only a handful of enzymes have been immobilized via
His-tag for biocatalysis investigation. Horseradish peroxi-
dase (HRP) was immobilized on NTA-Co*"-functionalized
Au nanoparticle with favorable orientation through 6 x His-
tag [12]. The immobilized HRP exhibited the same activity
compared to free HRP when using 2,2’-azino-bis(3-ethyl-
benzothiazoline-6-sulphonic acid) as substrate. Other
oxidoreductases, such as NADH oxidase (NOX) and glyc-
erol dehydrogenase [37—41], were also attached to NTA-
Co** modified single-walled carbon nanotubes (SWCNTSs)
(Fig. 2), multi-walled carbon nanotubes (MWCNTSs), nan-
ospheres, and showed more than 80 % activity retention and
notable stability improvement ([42—-45]). In these cases,
nanostructures were first treated with acid mixture (HNO5/
H,SOy4: 1:3) to have -COOH groups on their surface, and
added to NHS/ECS to form nanomaterial-NHS ester com-
plex. This complex was then mixed with ANTA-Co*" to
produce nanomaterial-ANTA-Co>" complex, which was
used for enzyme immobilization. The NOX loading capacity
on the modified SWCNTSs (0.47 mg enzyme/mg SWCNTs)
was found much higher than that of using commercially
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available Sepharose beads (0.01 mg enzyme/mg Sepharose
beads). When the immobilized NOX and glycerol dehydro-
genase were both employed in a cofactor regeneration sys-
tem to produce 4-hydroxy-2-butanone (4H2B), the 4H2B
yield increased to 37 % as compared 17 % of free enzyme
system, which was mainly due to the enhanced enzyme
stability at the reaction temperature [42].

There are several advantages of using this specific non-
covalent method to immobilize enzymes on nanostructures:
(i) it is not necessary to purify target enzyme before immo-
bilization, i.e., the crude cell lysate containing His-tagged
protein can be used directly for immobilization; (ii) the
specific interaction between His-tag and the metal ions is
strong enough to prevent protein leakage; (iii) enzymes can
often preserve their native 3D structures after immobiliza-
tion and hence have high activity retention; (iv) since the
immobilized enzymes can be eluted off easily with imidaz-
ole, the modified nanostructures can be recycled (Table 2).

2.3 Other Affinity Tags

In addition to biotin-tag and His-tag, other affinity tags,
such as gold binding peptide, iron oxide-affinity peptide,
and silica-affinity peptide, have also been studied for
enzyme immobilization with nanomaterials. However,
these affinity tags have yet been used for biocatalysis
purpose, which may be attributed to the low affinity
between the affinity tags and nanomaterials [46]. However,
this can be overcome by using multiple repeat tags [46] or
surface-coated polymers [47].
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Fig. 2 Scheme of the reversible
immobilization of His-tagged
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functionalized SWCNTs. Figure
adapted with permission from
Ref. [44]. Copyright 2010
Elsevier OH
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Gold binding peptide (GBP), obtained from a cell surface
display library [48], was one of the first examples of engi-
neered inorganic-binding peptides [46]. It was found that three
repeats of GBP were required for high-affinity binding [46].
Kacar et al. [49] fused multiple tandem repeats of GBP tags to
alkaline phosphatase for directed enzyme self-immobilization
on the gold surface. Staphylococcal protein A [50] and orga-
nophosphorus hydrolase [51] were also immobilized to Au
nanoparticles for biosensing applications.

Iron oxide-affinity peptide (FeAP) and silica-affinity
peptide (SiAP) were also used for the immobilization of
proteins to magnetic nanoparticles. Haloalkane dehalo-
genase was fused with one FeAP or two repeats of SiAP for
the immobilization to iron oxide surface and silica mag-
netic nanoparticles. The loose attachment of peptides to
these nanomaterials was enhanced by surface-coated
hydrophilic polyethylene glycol or 3-glycidoxypropyl-
trimethoxysilane molecules [47].

3 Covalent Ligation
3.1 Immobilization via Cys

Although most of the covalent immobilization methods are
non-specific, some new covalent strategies, appending
covalent adducts to enzymes, have overcome this problem
by forming covalent bonds between the enzymes and the
supporting materials specifically. One way is to use specific
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site-directed protein mutants—a unique amino acid residue
with a special side-chain functional group could be intro-
duced to the target enzyme via site-directed mutagenesis.
The mutated enzymes can attach to the supporting mate-
rials through the side-chain functional group of this amino
acid mutation, which actually forms the covalent bond with
controlled enzyme orientation [52]. Among all twenty
common amino acids, Cys has been widely chosen as the
substitution amino acid owing to its thiol group that can be
easily covalently coupled.

Cys can be introduced into any non-Cys positions via
site-directed mutagenesis method for selective immobili-
zation. For example, in order to immobilize subtilisin, a Ser
residue far from the active centre was mutated to Cys,
whose —SH group was attached to the membranes activated
with aldehyde via cross linkers such as 4-(4-N-maleimi-
domethyl) cyclohexane I-carboxyl hydrazide and 3-(2-
pyridyldithio) propionyl hydrazide. When immobilized to
PVC (polyvinyl chloride)-silica membranes, the recovered
enzyme activity increased to 83 % as compared to 48 % of
using random immobilization method via Schiff-base
chemistry [53]. However, there are several factors that may
limit the application of this method: (i) the 3D structure of
target protein may be altered during mutagenesis; (ii) the
immobilization cannot be specific if the enzyme has mul-
tiple Cys residues at different locations. Under certain
circumstance, the immobilized enzyme could be totally
inactive if the Cys is at the active site of the proteins, such
as cytochrome P450 and NADH oxidase [39-41, 54]. In
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Table 2 Advantages and disadvantages of various specific immobilization methods

Specific Examples Advantage Disadvantage
immobilization
methods
Non-covalent
Polyhistidine- See Table 1 High activity retention (>80 %); no need Non-covalent bond may dissociate under
Co™™/Ni*" to purify enzyme before complex conditions; polyhistidine may
immobilization; specific interaction to affect certain enzyme activity
prevent enzyme leakage; reversible
immobilization process
Avidine/ Catalase-Au nanoparticles [25]; Strong protein-ligand interaction Complicated preparation process; large
streptavidin— glucose oxidase-apoferritin (dissociate constant Kp ~ 10715 M); avidine/streptavidin tetramers (69/
Biotin nanoparticles [26]; Horseradish good stability (T, pH, denaturants, 60 kDa) may be detrimental to certain
peroxidise-magnetic nanoparticles proteolysis); good activity retention enzymes
[27]
Covalent
via Cys Subtilisin-PVC-silica membranes [53] Cys thiol group can be easily covalently ~Alteration of enzyme 3D structure during
coupled mutagenesis; multiple Cys residues
may cause non-specific
immobilization; Cys at active site may
lead to enzyme inactivation
Native Guanosine triphosphate hydrolyse-Au Ligation under neutral aqueous Complicated preparation process (protein
chemical nanoparticles [57]; eGFP or CMP- conditions; no protection of amino acid  must have Cys at its terminal and

ligation via
Cys

sialic acid synthetase-magnetic
nanoparticles [60]

residues is required
Mild reaction conditions; irreversible
reaction with high chemoselectivity;

Mild reaction conditions; stable linkage;

Specific catalysis; mild reaction
conditions; no need for extra reaction

“Click” Luciferase-Au nanoparticles [69];

reaction lipase-Au nanoparticles [64];
trypsin-Au nanorod/mesoporous stable linkage
silica [66, 68]

Staudinger RGD peptide-polyamidoamine-DNA

ligation nanoparticles [76] no toxic additives

Enzyme- Arylmalonate decarboxylase/

catalyzed glutamate racemase-polystyrene

conjugation nanoparticles [82]

step to introduce ligands; high activity
retention in general

nanomaterials must be coated with
thioester groups, vice versa)

Instability and toxicity of copper catalyst
OR reduced chemoselectivity without
copper catalyst; extra reaction step to
introduce azido or alkyne groups

Slower than “click” reaction; incomplete
reaction; extra step to introduce azido
groups

Requires pure enzyme; no full
conversion and relatively low
selectivity for certain enzymes; low
activity retention for certain enzymes

order to overcome these limitations, researchers manage to
use native chemical ligation (NCL) strategy instead.
Native chemical ligation NCL [55, 56] involves a
peptide with an N-terminal Cys reacting with the C-ter-
minal thioester of another peptide to form an amide bond.
This ligation can be performed under neutral aqueous
conditions, and does not require protection of any other
amino acid residues including the Cys residues. For
immobilization by NCL, the target protein is added with
Cys residues at its N-terminal [57] or introduced with
thioester groups at its C-terminal [58, 59], while the
nanomaterials are coated with either thioester or Cys
groups accordingly. Guanosine triphosphate hydrolase
(small GTPase) [57] with the N-terminal Cys residue was
immobilized onto Au-nanoparticles via a chemical linker
containing a thioester group at one end and a thiol group at
another. Some other simple methods have also been
reported before. For instance, enhanced green fluorescent
protein (eGFP) or CMP-sialic acid synthetase (CSS) [60]
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were fused to inteins, which could excise themselves from
the fusion proteins. In the presence of mercaptoethane-
sulfonic acid (MESNA), a thioester could be formed at the
C-terminal of eGFP or CSS, which could then be immo-
bilized to the Cys modified magnetic nanoparticles (MNP)
(Fig. 3). The loading capacity of the non-purified enzyme
and the purified enzyme was found to be 94.3 and 67.2 pg/
mg MNP-CSS complex, respectively, as compared to
61.9 pg by random cross-linking immobilization approach.
The site-specifically immobilized CSS could keep 76.8 %
of the free CSS activity, whereas that of the randomly
immobilized enzyme was only 33.2 %. MNP-CSS dis-
played no activity drop even after repeated use of ten
cycles and it could also preserve ~ 100 % activity even
after 7 month storage at 4 °C. The shortcoming of this
method is the high metabolic burden during target protein
expression and folding since certain inteins could be very
large in size (up to ~200 kDa, “Inbase”). Furthermore,
the cleavage of inteins would be significantly affected by
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Fig. 3 Combination of the intein expression system and native
chemical ligation for site-specific and covalent immobilization of
target proteins. eGFP: enhanced green fluorescent protein; CSS:
CMP-sialic acid synthetase; MNP: magnetic nanoparticle. Figure
adapted with permission from Ref. [60]. Copyright 2008 Royal
Society of Chemistry

target proteins. In some cases, the cleavage could hardly be
observed [61].

3.2 “Click” Chemistry

The Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition of
azides with an alkyne, a well-known as the flagship reac-
tion of the “click” chemistry family [62], has been used
extensively in modern chemistry from drug discovery to
materials science[63], especially for immobilizing azido-
or alkyne- containing proteins onto alkyne- or azido-coated
surfaces, respectively[64—69]. Azido and alkyne ligands
are first attached to the target enzyme and the supporting
materials, respectively, and then the reactions are carried
out between azido and alkyne to form the covalent bond.
This reaction has several advantages during immobiliza-
tion: (i) it can be performed under mild conditions such as
in water, buffered media or mixtures of aqueous/organic
solvents, at room temperature; (ii) the reaction is irre-
versible with high chemoselectivity and the resulting
linkage is stable. Despite the positive press about this
reaction, it also has some shortcomings: (i) the instability
and toxicity of the copper catalyst. Although new strategies
have been developed to overcome this drawback, such as
the “copper-free click chemistry” method reported by the
Bertozzi and co-workers [70], new constraints like reduced
chemoselectivity start to appear consequently; (ii) since the

azido and alkyne functional groups are not present in nat-
ural proteins, it is indispensable to add an extra step to
introduce the azido or alkyne groups to the target protein
before immobilization. Various attempts have been carried
out to achieve this goal and are listed as follows.

a) Kim et al. [71] introduced the azido group by
engineering methionyl-tRNA synthetases. Other sites
of the protein can also be introduced with the azido
groups as long as the protein contains more than one
Met residue, which makes this method non-site-
specific.

b) Protein farnesyltransferase (PFTase) can transfer the
farnesyl moiety of farnesyl pyrophosphate containing
the azido or alkyne group to the Cys residue of CaaX
peptides (a is any aliphatic residues, and X can be Ser,
Met, Glu, Ala, or Thr). For instance, GFP, eGFP and
glutathione S-transferase (GST) could be modified
with an azido or alkyne group by a C-terminal-fused
CaaX motif and then immobilized to glass slides or
agarose beads [72, 73]. The immobilized eGFP
showed almost the same fluorescence level as the free
eGFP. The flexibility of CaaX peptide can minimize
harmful effects on target enzyme, but it may also
result in non-specific immobilization of other proteins
that also have CaaX sequence. As such, a purification
step of target enzymes may be needed before immo-
bilization [30].

c¢) Lin et al. [65] fused an intein at the C-terminal of
maltose binding protein (MBP) and eGFP, and an
azido group was introduced into MBP and eGFP by
Cys alkyne. Similar method was also used to introduce
alkyne groups into eGFP. The labeled proteins were
then immobilized on an alkynated or azidated glass
slide. The same strategy was also used for immobili-
zation of the Renilla reniformis luciferase mutant to
the surface of Au nanoparticles as bioluminescent
nanosensors [69].

d) Brennan et al. [64] modified the surface Lys residue of
the mutated lipase (Thermomyces lanuginosus) by
standard carbodiimide coupling chemistry to yield
acetylene-functionalized lipase, which was immobi-
lized to Au nanoparticles via “click” chemistry. It was
reported that approximately seven fully active lipase
molecules were attached to each nanoparticle. Similar
method was employed for the immobilization of trypsin
to Au nanorods and mesoporous silica [66, 68]. The
amount and biocatalytic activity of trypsin attached to
Au nanorods were found to be much higher than using
non-selective immobilization approaches. Around
11,000 £ 1,900 trypsin molecules/nanorod was
achieved via this selective technique, whereas only
6,500 & 400 or 7,100 £ 700 trypsin molecules/
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nanorod was obtained in case of electrostatic adsorption
or covalent binding catalyzed by 1-ethyl-3-[3-dimeth-
ylaminopropyl] carbodiimide hydrochloride. The activ-
ity retention of the immobilized trypsin via these three
means was 57, 13, and 19 %, respectively. The disad-
vantages of this method are: (i) the modification of Lys
residue may affect target enzyme; (ii) target enzyme
must be purified before immobilization because other
proteins may also have Lys residues. Moreover,
enzymes with multiple Lys residues on their surface
could cause non-site-specific immobilization.

3.3 Staudinger Ligation

Staudinger ligation yields an amide bond between an a-
rylphosphine moiety and an azide group, which was first
reported in 2000 [74]. Although it has been used widely for
different bio-conjunction applications including immobili-
zation [75], there are very few reports related with
nanomaterials. Only RGD peptides with azido groups were
immobilized to polyamidoamine-DNA nanoparticles for
improving their cellular uptake [76]. Compared with
“click” chemistry, staudinger ligation requires no toxic
additives such as copper catalyst, but its drawbacks are as
follows: (i) the reaction is slower an “click” chemistry and
often does not run to full conversion; (ii) requires an extra
step to introduce azido groups to target protein before
immobilization [77].

3.4 Enzyme-Catalyzed Conjugation

Compared with the aforementioned covalent immobiliza-
tion reactions catalyzed by chemical catalysts, enzyme-
catalyzed covalent conjugation is more specific and milder.

Fig. 4 Sortase A-based site-
specific immobilization of
glycosyltransferase. Figure
adapted with permission from
Ref. [79]. Copyright 2010
American Chemical Society
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On top of that, no extra step is required to add ligands to
target proteins. Enzymes such as sortase A [78, 79],
transglutaminase [80, 81], and PPTase [82, 83] have been
investigated but only a few immobilization applications
with nanomaterials have been reported so far.

Sortase A from Staphylococcus aureus is a transpepti-
dase that attaches surface protein to cell walls: it cleaves
between the Gly and Thr within a conserved LPXTG motif
near the C-terminus and catalyzes the formation of an
amide bond between the carboxyl-group of Thr and the
amino-group of polyglycine as well as aliphatic amines.
The fibronectin-binding protein and glycosyltransferase
with LPXTG tag have been immobilized on biosensor
chips and Sepharose beads previously (Fig. 4) [78, 79].
The immobilized glycosyltransferases retained 90 %
activity as compared to its soluble form. It was reported
before that the sortase-catalyzed reaction was reversible
and might result in low ligation efficiency. This could be
overcome by addition of fS-hairpin structures around the
LPXTG tag [84], but the f-hairpin structures influence on
enzyme activity was not mentioned in the report.

Transglutaminase catalyzes the formation of a covalent
bond between a free amine group and the y-carboxamide
group of protein- or peptide-bound glutamine. Bonds
formed by transglutaminase exhibit high resistance to
proteolytic degradation. This enzyme can recognize spe-
cific amino acid sequences such as LLQG and MLAQGS.
Many proteins have been immobilized via transglutamin-
ase to different supporting materials (Fig. 5). For example,
Sugimura and colleagues [80] immobilized GST and sin-
gle-chain fragment antibody to chemically amine-termi-
nated gels catalyzed by transglutaminase. Moriyama et al.
[81] also have reported immobilizing bacterial alkaline
phosphatase to magnetic particles via transglutaminase.
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Nevertheless, since transglutaminase has broad substrate
specificity, it may catalyze the aggregation of target pro-
teins or lead to immobilization at more than one location.

Sfp is a relatively promiscuous PPTase from Bacillus
circulans. The Sfp-catalyzed immobilization attaches tar-
get protein through a Ser residue of the fused ybbR-tag to
phosphopantetheine moiety of CoA attached to supporting
materials. The very first example was the immobilization
of luciferase and glutathione-S-transferase on resin and the
activity retention of luciferase was found to be around

??00@@

x ) _
NH A30% 7 7 e
2 ' fo={ '\
NH, 2 N ONHJ
- A\t ~,

chemically modified
magnetic particle

MXUA@ES)

+NH,

site-specific and covalent
immobilization

Fig. 5 Schematic illustration of site-specific and covalent immobi-
lization of a recombinant protein tagged with a Gln-containing

90 % [2]. Wong et al. [82] immobilized the ybbR-tagged
arylmalonate decarboxylase (AMDase) and a glutamate
racemase (GluR) to polystyrene nanoparticles catalyzed by
Stp (Fig. 6). The k., of the immobilized AMDase and
GluR was 1.70 and 0.01 s~ ' respectively, as compared to
358 and 44.51 s~ for free ybbR-tagged enzymes, implying
both enzymes lost most of their activities after immobili-
zation, which probably was due to, as stated by the authors,
“the electrostatic repulsion of the negatively charged sub-
strate attempting to approach the nanoparticles that were
also negatively charged due to the unreacted surface car-
boxylates”. It was suggested that the surface group of
supporting materials was important to Sfp-catalyzed
immobilization. The shortcomings of this method could be:
(i) the immobilization of CoA to supports is unstable; (ii)
When target enzyme is directly harvested from cell lysate,
endogenous CoA may interfere with immobilization [30].

All of the above mentioned covalent immobilization
methods share one advantage in common-the covalent
attachment of proteins to nanomaterials can prevent
enzyme leakage, which is crucial for the application under
interfering conditions. However, some covalently immo-
bilized enzymes may experience significant activity drop
during covalent bonding. It’s difficult to find one immo-
bilization method to fit all applications, hence different

mediated by

substrate peptide on chemically modified magnetic particles. Figure strategies  should be selected based on different
adapted with permission from Ref. [81]. Copyright 2011 Elsevier applications.

Fig. 6 Strategy for the | - Coenzyme A -
immobilization of ybbR-protein polystyrene !

fusion on to CoA-functionalised nanoparticle |

polystyrene nanoparticles ;-1— phosphopantetheine —_— NH,

phosphopantetheinyl transferase
(Sfp). Figure adapted with """1..
permission from Ref. [82].
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4 Other Specific Immobilization Methods

There are other specific immobilization approaches that do
not fall into the two categories we have listed here. For
example, Chu et al. [85] fused eGFP with the N-terminal
segment of DnaE intein, and associated the C-terminal
segment of DnaE intein, to the liposomes or lipid-coated
silica nanoparticles. DnaE intein, is a special intein—the C-
and N-intein fragments of DnaE intein, are able to self-
assemble spontaneously [86] (Fig. 7). Excision of DnaE
intein, resulted in the immobilization of eGFP to the lip-
osomes or lipid-coated nanoparticles. Additionally, sub-
strate analogues have also been explored for enzyme
immobilization purpose. Phosphonate is the substrate
analogue of esterase cutinase, which can be attacked by the
catalytic serine residue, resulting in the formation of a
stable covalent adduct resistant to hydrolysis. Hodneland
et al. [87] constructed a cutinase-calmodulin fusion protein,
which was immobilized to self-assembled monolayers
(SAM) on the gold surface via the reaction of cutinase and
SAM-attached phosphonate. GST can bind to Au nano-
particles coated with a mixed surface of thiol-terminated
tri(ethylene glycol) and glutathione in a similar way with
high specificity [88].

Fig. 7 Site-specific
immobilization of protein onto a
solid support through split-
intein-mediated protein trans-
splicing

- ¢
= ‘\..{:-

.

5 Conclusions

Enzymes are often evaluated for their activity retention
and stability enhancement after immobilization. Com-
pared with free enzymes, immobilized enzymes usually
have improved stability during operation and can be
easily recovered, which applies to not only nanoscale but
also macroscale supporting materials. If enzymes are
immobilized via affinity tags such as His-tag, even sup-
porting materials can be recycled. As for activity reten-
tion, enzymes immobilized via specific covalent binding
(Cys mutagenesis and “click” chemistry) are likely to
preserve much better activity than using non-selective
covalent approaches. If enzyme immobilization is based
on specific non-covalent interactions, the enzyme-nano-
material conjugate can achieve even higher activity
retention (>80 %). Enzyme loadings with nanomaterials
were also found higher than that of macro-scale sup-
porting materials, probably owing to their high surface
area. Some specific immobilization methods mentioned
here have never been applied to nanomaterials for bio-
catalysis purposes, such as enzyme-catalyzed biotinylation
and Staudinger ligation, which leaves space for further
explorations in this area.
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