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Functional nanomaterials have found wide applications in diverse areas because of their intrinsically
different properties compared to their bulk counterparts. To achieve the goal of preparing functional
nanomaterials, various strategies have been successfully developed. Among them, the biomolecule-
directed approach has been extensively explored to synthesize many functional nanomaterials owing to
their programmability, self-assembly and recognition capabilities. This Feature Article highlights the use
of lysozyme as a model protein to the direct synthesis of nanomaterials. Future advances in rational de
novo design and synthesis of functional nanomaterials with proteins will depend on a deep
understanding of the synthetic strategies and the formation mechanisms. This Feature Article discusses
the synthesis of nanomaterials with lysozyme in both the solution phase and crystal form. The synthetic
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1. Introduction

Functional nanomaterials have found wide applications in
various areas, from catalysis, energy conversion and storage,
information science, to environmental and biomedical science
because of their intrinsically unique properties compared to
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personalized functional nanomaterials will be possible in the future (366 references).

their bulk counterparts.™ To achieve the goal of synthesizing
functional nanomaterials, numerous innovative approaches
have been developed. Among them, biomolecule-directed
approaches have been extensively explored to prepare a variety
of functional nanomaterials owing to their programmability,
self-assembly and recognition capabilities.”**>* In particular,
proteins provide several distinct characteristics for nano-
material fabrication, including their nanoscaled sizes, distinc-
tive molecular structures, diverse functionality, highly-specific
biorecognition, and various self-assembly abilities. In addition,
proteins with the designed structures and functions can be
obtained through protein engineering. Moreover, atomic reso-
lution structural information can be provided via protein
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crystallography, allowing for mechanism studies. Proteins, in
the form of monomers, assemblies, and even single crystals,
can direct the formation of many functional materials, such as
metal nanoclusters, metal nanoparticles, metal oxides, silica,
semiconductor quantum dots, conducting polymers and
reduced graphene oxide.'*®***'%*1% Degpite the significant
advances, the rational design and preparation of functional
nanomaterials with intentionally desired properties remain a
great challenge in the field due to the incomplete under-
standing of the nanomaterial formation mechanism and
protein-nanomaterials interactions.**®

To address these challenges and highlight the significant
progress in the field, this feature article discusses the uses of
lysozyme as a model protein to prepare various nanomaterials,
to elucidate the growth mechanism and protein-nanomaterials
interactions, and to demonstrate the key applications (note:
lysozyme used throughout this paper is from chicken egg white
unless otherwise specified) (Fig. 1). Unlike other model
proteins, such as bovine serum albumin, ferritin and caged
virus proteins, lysozyme is a relatively small protein with 129
amino acid residues and a calculated molecular weight of
14 307 Da,*” which allows easier access for characterization and
manipulation. Lysozyme has 8 cysteine residues, forming 4
disulfide bonds, and 1 surface-exposed histidine residue
(Fig. S11). Lysozyme is also relatively easy to crystallize, allowing
for atomic resolution examinations of the structure.'***>'%® In
addition, lysozyme is an enzyme that enables studies of its
biological activity after forming nanomaterials and the prepa-
ration of multifunctional materials (Fig. S2t). In addition,
lysozyme is stable over wide temperature and pH ranges,
making it suitable for a variety of synthetic approaches. This
article summarizes both lysozyme in the solution phase-
directed approach and lysozyme crystal-directed approach to
functional nanomaterials. First, the synthesis and careful
characterization of metal nanoclusters (such as gold, silver,
copper, platinum, and bimetallic nanoclusters) in the solution
phase are discussed. The possible growth mechanisms are also
explored with the aid of detailed kinetic and mass spectroscopic
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studies. In addition to applications in sensing and tumour cell
detection, a biological activity study of lysozyme after forming
nanoclusters is also covered. Studies of large metal nano-
particles and other materials in solution phase are then
summarized. Their formation mechanism, antimicrobial
activity, assembly and numerous applications are investigated.
In Section 3, the use of lysozyme crystals (both cross-linked
crystals and intact single crystals) to direct the synthesis of
different kinds of hybrid nanomaterials, from plasmonic metal
nanomaterials and fluorescent quantum dots to magnetic
nanoparticles and conducting polymers, is discussed. The
growth mechanisms and structure evolution are elucidated
using a combination of electron microscopy with tomography,
X-ray crystallography, and other techniques. The development
of effective methods to tune the nanomaterial properties, such
as the optical and magnetic properties, is presented. Several
interesting applications, including plasmonic and catalytic
applications, are also described. Finally, the current challenges,
opportunities and perspectives in rational materials design
using lysozyme and other proteins are discussed.

The readers are referred to numerous excellent reviews for
more comprehensive information regarding the synthesis of
functional nanomaterials with other proteins and biomolecules
rather than lysozyme (note: due to the limited space, only a
small number of reviews are cited in the references).'”**** Under
certain conditions, lysozyme itself can also form innovative
functional materials and be engineered for diverse exciting
applications.'>*¢ Using target proteins (such as lysozyme) as a
template, molecularly imprinted polymers have been success-
fully in situ coated onto supporting nanoparticles (e.g., magnetic
or silica nanoparticles) to construct core-shell structured
functional materials for the selective recognition and enrich-
ment of target proteins.'*”>** These topics, however, are beyond
the scope of the current review and will not be covered.

2. Lysozyme in solution phase

In this section, the use of lysozyme to direct formation of
functional nanomaterials in solution phase is discussed.

2.1 Metal nanoclusters

Metal nanoclusters, consisting of a few to several hundred
metal atoms with sizes smaller than 2 nm, have received
considerable attention because of their ultrasmall and atomi-
cally precise size, nontoxicity, and unique physical, electrical,
electrochemical, catalytic, and optical properties.!>%*8429528
They have already found wide applications in many areas, such
as bioconjugation, catalysis, nanodevices, bioimaging, bio-
sensing, and cancer therapy. Researchers have established that
proteins, including lysozyme, can direct the formation of metal
nanocluSters.113,116,117,120,146,154,155,234,2907304 Compared tO Other
methods developed to date, the protein-directed approach can
produce metal nanoclusters with good water solubility, high
stability, strong fluorescence, biocompatibility and bio-
functionality. The method is also environmentally friendly and
the nanoclusters formed are ready for further bioconjugation.
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Fig.1 Lysozyme-directed approaches to functional nanomaterials. (left) Solution phase-directed approach, (right) cross-linked crystal-directed
approach, and (bottom) intact single crystal-directed approach to functional nanomaterials. From the upper right to upper left (clockwise):
reprinted with permission from ref. 114, copyright (2010) John Wiley and Sons; ref. 169, copyright (2012) John Wiley and Sons; ref. 164, copyright
(2012) Royal Society of Chemistry; ref. 162, copyright (2013) Tsinghua University Press and Springer; ref. 159, copyright (2011) Nature Publishing
Group; ref. 170, copyright (2013) American Chemical Society; ref. 171, copyright (2007) American Chemical Society; ref. 172, copyright (2012)
Royal Society of Chemistry; ref. 155, copyright (2010) Royal Society of Chemistry.

Several kinds of metal nanoclusters, including Au, Ag, Cu, Pt,
and bimetallic nanoclusters, have been synthesized via lyso-
zyme-directed approaches.?13%172,299,305-313

211 Au

Synthetic protocols. Previous work has shown that fluorescent
Au nanoclusters can be formed under basic conditions using
bovine serum albumin (BSA) as both the reducing agent and
capping ligand.™* It is suggested that metal ions can be reduced
by tyrosine (and/or tryptophan) residues through the phenolic
groups. Inspired by this interesting discovery, Wei and co-
workers demonstrated for the first time that highly fluorescent
Au nanoclusters could be synthesized in basic aqueous solu-
tions using lysozyme as the reducing and stabilizing agent
(Fig. 2A).*° The Au nanoclusters were formed after incubation
of a mixture of HAuCl, and lysozyme at 37 °C under basic
conditions due to the reduction of HAuCl, by tyrosine (and/or
tryptophan) residues of lysozyme. The optimal synthetic
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Fig. 2 Synthetic protocols for metal nanoclusters with lysozyme in
aqueous solutions. (A) Au nanoclusters,**>3° (B) Ag nanoclusters,*”? (C)
Cu nanoclusters,?®® (D) Pt nanoclusters,®* and (E) Au/Ag bimetallic
alloy nanoclusters.3*® r.t. = room temperature.
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approach could be obtained by optimizing the molar ratios of
lysozyme to HAuCl,, the concentrations of lysozyme, HAuCl,
and NaOH, the reaction time and incubation temperature.
Molar ratios of 0.17 : 1 and 0.18 : 1 of lysozyme to HAuCl, were
used by Wei et al. and Xu et al., respectively.'*>*'* Higher molar
ratios were also employed by others.*****® Most reports adopted
Wei et al.'s approach to prepare lysozyme stabilized Au nano-
clusters.'?3%3%312 Chen's group showed that the reaction time
could be significantly shortened from several hours to less than
1 hour by microwave heating instead of 37 °C incubation
(Fig. 2A).2*>*** It should be noted that microwave irradiation was
applied intermittently to prevent overheating. Lin and Tseng
showed that lysozyme from different vendors produced Au
nanoclusters with different quantum yields, suggesting that salt
and other small molecular contaminants may affect the
synthesis.?*

Characterization and mechanism. The formation of Au nano-
clusters can be indicated and easily monitored by the appear-
ance of a yellow-brown colour. Unlike monolayer protected Au
nanoclusters, the lysozyme stabilized Au nanoclusters usually
do not exhibit well-defined spectroscopic features (i.e., step-like
fine structures) in the UV-visible absorption spectra, even
though an absorption band centred at 400 nm was observed.**
The band of 400 nm was assigned to Au 5d'° to 6sp inter-band
transitions and/or ligand-metal charge-transfer transitions.**

The formation of Au nanoclusters can be further confirmed
and their sizes can be characterized by transmission electron
microscopy (TEM), dynamic light scattering (DLS) and mass
spectroscopy (MS).'?%36:309310312 Owing to the ultrasmall sizes of
the Au nanoclusters, high resolution TEM was usually
employed.'>>?*31%31> The size of the Au nanoclusters was

s [gc)  1.012nm | |
o o

5500

5300

5100

0.0 1.0 20 3.0

Fig. 3 Typical TEM image of lysozyme stabilized Au nanoclusters (A)
and (B) higher magnification image of panel (A) and (C) corresponding
size of the particle line-crossed in panel (B). Reprinted with permission
from ref. 155, copyright (2010) Royal Society of Chemistry.
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around 1 nm under TEM (Fig. 3)."** Nanoparticles as large as 4
nm were also observed, which probably originated from the by-
products (i.e., Au nanoparticles) rather than the Au nano-
clusters.** The larger sizes measured by TEM might be also due
to the electron beam-induced in situ aggregation of Au nano-
clusters (or TEM sample preparation-induced aggregation).

The hydrodynamic sizes were measured by DLS.**® Hydro-
dynamic sizes of 5, 7, 8, and 28 nm were reported, which was
strongly dependent on the molar ratio of lysozyme to HAuCl,.**®
Only Au nanoclusters with a hydrodynamic size of 8 nm were
discussed, which were prepared with a 0.17 : 1 molar ratio of
lysozyme to HAuCl,. Based on the dimensions of lysozyme from
the crystal structure (i.e., 4.5 nm x 3.0 nm x 3.0 nm), it was
suggested that a lysozyme monolayer was formed on the Au
nanocluster core.** This explanation, however, was inconsis-
tent with the experimental results, which showed that the
hydrodynamic sizes decreased from 28, 8, 7 to 5 nm when the
molar ratios of lysozyme to HAuCl, were increased from 0.14 : 1,
0.17:1, 0.21: 1 to 0.28 : 1.>*° The explanation was also incon-
sistent with recent studies, which suggested that the Au nano-
cluster core was encapsulated within a lysozyme.**** If a
monolayer of lysozyme proteins was formed onto the Au
nanocluster core, the hydrodynamic size would increase with
increasing lysozyme to HAuCl, molar ratio. Here, we propose
that each Au nanocluster was probably encapsulated within a
lysozyme based on the previous studies.******'° This is in
agreement with the measured hydrodynamic size of 5 nm for
the Au nanoclusters from the 0.28 : 1 molar ratio of lysozyme to
HAuCl,. For Au nanoclusters with large hydrodynamic sizes, the
increased sizes might have originated from the aggregation of
the Au nanoclusters encapsulated lysozyme due to salt or metal
ions bridging.?*

MS is one of the most suitable and powerful tools to eluci-
date the “actual molecular formulae” of ultrasmall nano-
clusters.?*® Previous studies have demonstrated that various
ionization modes can be used for nanoclusters MS analysis,
such as electrospray ionization (ESI), laser desorption ioniza-
tion (LDI), and matrix-assisted laser desorption ionization
(MALDI).>** Among them, ESI-MS is the mildest mode with
lowest fragmentation. Despite this, the presence of metal
nanoclusters makes the ESI-MS analysis of proteins quite
challenging. Therefore, MALDI mode, combined with time-of-
flight (TOF), is frequently employed in analyzing protein stabi-
lized nanoclusters, including lysozyme stabilized metal nano-
clusters.'?1,306399311,316 Baged on the MALDI data, Tseng and
co-workers assigned a Au,s formula to the Au nanocluster
stabilized by lysozyme, which emitted red fluorescence centered
at ~657 nm (Fig. 4)."** As shown in the time-dependent
fluorescent evolution profile in Fig. 4, another emission peak
centered at ~445 nm was observed, which was assigned to Aug
by Tseng et al.*** Because multiple MALDI peaks with a spacing
of m/z 197 were detected for both the fluorescent species at 445
nm and 657 nm (referred as “blue fluorescent species” and “red
fluorescent species”, respectively), the two species were
assigned to Aug and Au,s based on the Jellium model, respec-
tively."”* According to the model, the most stable metal clusters
should have a magic number of atoms.”" Later, Pradeep et al.
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Fig.4 Time-dependent fluorescent spectra of lysozyme-stabilized Au
fluorescent cluster. The excitation wavelength was 360 nm. Reprinted
with permission from ref. 155, copyright (2010) Royal Society of
Chemistry.

performed a more detailed MALDI-MS analysis of the lysozyme
stabilized Au nanoclusters.** For the “red fluorescent species”,
an m/z shift of 1970 from lysozyme alone was observed, sug-
gesting the presence of 10 Au atoms within a single lysozyme
(Fig. 5). Therefore, it was claimed that a cluster of the Au,, core
was formed within a lysozyme protein. Careful analysis of the
MALDI MS spectra in the entire mass range suggested that each
Au nanocluster was confined within a lysozyme protein rather
than grown between a few proteins.*” For “blue fluorescent
species” made by incubating lysozyme and HAuCl, before
exposure to basic conditions, Pradeep and co-workers detected
a maximum of 3 Au atoms bound to a lysozyme using ESI MS.>*
The discrepancy of the MS results between the above studies
should be due to the typical fragmentation by MALDI, which
complicates the assignments.”™® Thus, more convincing data

2

b) Augc@Lyz*

Intensity (a.u.)

20k 40k 60k 80k 100k

m/z

Fig. 5 MALDI MS spectra of lysozyme (blue curves) and lysozyme-
stabilized Au fluorescent nanocluster (red curves). Reprinted with
permission from ref. 309, copyright (2013) Royal Society of Chemistry.
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from other methods, such as crystallography, is needed to
clarify the exact formulae of metal nanoclusters.

Nevertheless, as proposed by Wei et al. and echoed by
Tseng's and Pradeep's groups, the following growth mechanism
can be proposed: the mixing of lysozyme and HAuCl, at acid pH
forms intermediate species with blue fluorescence; it then
converts to the final red fluorescence species when incubated at
basic pH (Fig. 2A and 6)."2%1%%3%%3% More specifically, when
lysozyme and HAuCl, are mixed at low pH, Au®*" binds to lyso-
zyme by coordinating with the O and N atoms of the amino
acids. The lysozyme—(Au®*),, complexes are then reduced to
lysozyme-(Au*),, probably by the carboxyl groups of acidic
amino acids, as revealed by X-ray photoelectron spectroscopy
(XPS) (vide infra), which would emit blue fluorescence. For
lysozyme—(Au"),,, Au" may assemble together due to aurophilic
attraction. At high pH, Au’ in lysozyme-(Au"),, is reduced to
Au®, which would further assemble into lysozyme-
(A1), 4. 121155396399 [nter-protein metal ion transfer was sug-
gested because the regeneration of free lysozyme was detected
during time-dependent MS analysis.** Circular dichroism (CD)
indicated that lysozyme at high pH had a more partially
unfolded structure (i.e., less a-helical structure content) than
lysozyme at low pH. The further unfolding of lysozyme would
provide larger internal space for encapsulating an enlarged Au
nanocluster (Fig. 6)."** It was suggested that amine groups and
the thiol groups of cysteine were involved in stabilizing the
formed Au nanocluster within lysozyme.*****

The photoluminescence quantum yields of the “red fluo-
rescent species” were reported by several groups, ranging from
5.2% to 15.6%.'%%306:309310.312 The variations might be due to the
different measurement conditions as well as the quality of the
nanoclusters synthesized. Lifetime measurements were also

Aurophilic
attraction
—_—

2

More Aug @ 2 pH induced change in |

clusters g protein conformation_ ..\ 3
e

Lys VI Aug Auys
at high pH

Au* Lys VI
at low pH

Fig. 6 Proposed growth mechanism of lysozyme-stabilized Au fluo-
rescent nanocluster. Adapted with permission from ref. 121, copyright
(2012) John Wiley and Sons.

This journal is © The Royal Society of Chemistry 2014
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carried out in previous studies, showing the characteristic two
lifetime components.?*%3°%31°

As discussed above, the XPS data showed that the “blue
fluorescent species” should be lysozyme—(Au‘),,. For the “red
fluorescent species”, the collected XPS spectra could be
deconvoluted into two distinct components, ie., Au’ and
Au’.’>3% This indicated that the Au nanoclusters had a Au® core
and Au’ shell. For Au,s with a Au,; core and 12Au’, the theo-
retical value of Au® should be 48%. However, most of the
measured values were lower, probably due to the X-ray induced
in situ reduction of Au* during the XPS measurements.

In addition to CD spectroscopy (vide supra), infrared spec-
troscopy was also employed to investigate the potential struc-
tural changes of lysozyme  after forming Au
nanoclusters.?*?%31%312 - Although the over spectrum of the
lysozyme stabilized Au nanocluster was similar to that of lyso-
zyme alone, a few changes were observed, indicating the
increased disordered structures as well as fewer helical
Components‘305,309,310,312

It should be noted that the as-prepared Au nanoclusters were
stable in NaCl solutions with concentrations as high as 500 mM
NaCl and at high pH.*>*

Applications. Owing to the unique fluorescent properties, the
Au nanoclusters have been used to develop several sensing
systems. As revealed by XPS, Au" was present on the outside of the
Au nanocluster. Because of the specific Au*-Hg>" interactions,
the red fluorescence of the Au clusters was specifically quenched
by Hg>". Based on this interesting phenomenon, selective and
sensitive methods towards Hg>" detection were successfully
developed.’®*¢ The results showed that CH;Hg' could also be
determined with the Au nanoclusters.** It should be noted that
the red fluorescence of the Au nanoclusters remained unchanged
after exposure to glutathione (GSH), further suggesting the
formation of a highly stable cluster (i.e., Au,s)."*

Cyanide ions could etch the Au nanoclusters and quench the
fluorescence. Based on this, Lu et al. employed the nanoclusters
as new fluorescent probes to determine cyanide ions.***

Zhang's group found that the fluorescence of protein stabi-
lized Au nanoclusters could be enhanced significantly on plas-
monic substrates (such as nanostructured silver substrates).**”
The proteins used to direct the formation of Au nanoclusters
were BSA, human serum albumin (HSA), egg white albumin
(EA), lysozyme, and horseradish peroxidase (HRP). More inter-
estingly, when these five nanoclusters immobilized onto a silver
substrate were exposed to different target proteins, they
produced distinct fluorescent patterns (Fig. 7). Using this
sensing array strategy, as many as 10 proteins at concentrations
of 0.2 pM were successfully identified.*””

As the bioactivity of lysozyme was retained after forming the
Au nanoclusters, the lysozyme stabilized Au nanoclusters could
recognize and label bacteria, as demonstrated by Chen et al.>*
As shown in Fig. 8, the Au nanoclusters could bind to and thus
label pan-drug-resistant Acinetobacter baumannii (PDRAB) and
vancomycin-resistant Enterococcus faecalis (VRE), two typical
antibiotic-resistant bacteria. The Au nanoclusters also inter-
acted with Gram-negative bacteria and Gram-positive bacteria,
such as E. coli and S. aureus, showing their potential use as

This journal is © The Royal Society of Chemistry 2014
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Fig. 7 Combined with others protein stabilized clusters, lysozyme
stabilized Au nanoclusters were fabricated into a sensing array on a
plasmonic substrate for protein detection. Reprinted with permission
from ref. 307, copyright (2012) American Chemical Society.

305

broad-spectrum labeling probes for pathogenic bacteria.
Although the thiols of cysteines and amine groups may be
involved in stabilizing the Au nanoclusters, no cysteine is
located within the active sites of lysozyme at Glu-35 and Asp-
52.3% Therefore, the lysozyme's bioactivity of the Au nano-
clusters was retained, as demonstrated above. When the anti-
microbial activity against VRE and PDRAB was examined, it was
found that the Au nanoclusters showed better performance (i.e.,
more effective inhibition of bacteria cell growth) than the free
lysozyme.** This may have originated from the synergic effects.

Chen et al. later showed that lysozyme-stabilized Au nano-
clusters could be also used to concentrate the target bacteria.
The concentrated bacteria were then analysed and identified by
MALDI MS assisted with principal component analysis (PCA).
As low as ~10° cells per mL was successfully detected by the
proposed method.***

A) B)
Blank VRE PDRAB Blank VRE PDRAB

(=} L) > (=

Au-lysozyme NCs Au-ovalbumin NCs

Fig. 8 Lysozyme-stabilized Au nanoclusters for bacterial labeling. The
images were taken under illumination of a ~365 nm UV lamp. NC:
nanocluster; PDRAB: pan-drug-resistant Acinetobacter baumannii;
VRE: vancomycin-resistant Enterococcus faecalis. Adapted from ref.
305.
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Nanozymes are nanomaterials with enzyme-like activity.*
Recently, it was shown that lysozyme-stabilized Au nanoclusters
possessed peroxidase-like activity. When the Au nanoclusters
were conjugated onto folic acids functionalized graphene, the
conjugates could be used for cancer cell detection. With this
sensing platform, as few as 1000 MCF cells were detected.**®

2,12 Ag

Synthetic protocols. Compared to Au nanoclusters, the
synthesis of silver nanoclusters is more challenging owing to
their intrinsic chemical instability."*” As promising fluorescent
probes, considerable efforts have been devoted to silver
nanoclusters preparation recently.'*”?** Several protein-stabi-
lized silver nanoclusters have been synthesized.>"7*'7 As
shown in Fig. 2B, a facile approach to red-emitting silver
nanoclusters was developed.'”” The synthesis was carried out
by reducing silver nitrate with NaBH, in the presence of lyso-
zyme under basic conditions, which would partially unfold the
lysozyme protein and provide more space for encapsulating
the nanocluster formed. The alkaline reaction solution would
also help to cleave the disulfide bonds and liberate the free
cysteines. The freed cysteines could act as a polyvalent ligand
to stabilize the silver nanoclusters. As noted, the freshly
prepared silver nanoclusters were not stable at high pH.
Therefore, they were transferred to a neutral pH solution for
long-term storage.”

Characterization and applications. The synthesized silver
nanoclusters had a size of 1.5 nm under TEM and a hydrody-
namic size of 7 nm. No MS spectra have been obtained for the
nanoclusters. Owing to the high pI of lysozyme (pI = 11.3), the
nanoclusters had a zeta potential of about +30 mV at neutral
pH. Interestingly, the silver nanoclusters emitted red fluores-
cence at 605 nm. A quantum yield of 1.3% was reported.'”* XPS
revealed the co-existence of Ag® and Ag™. Because of the specific
Ag'-Hg”" metallophilic interaction, the silver nanoclusters were
used as sensitive and selective probes for Hg>" sensing.'”?

2.1.3 Others. Several other metal nanoclusters stabilized by
lysozyme were also reported, including copper, platinum and
alloy'299,313,315

Copper nanoclusters. Blue-emitting copper nanoclusters were
synthesized by reducing copper sulphate with hydrazine in the
presence of lysozyme under basic conditions (Fig. 2C).>** TEM
indicated that the ~0.96 nm small nanoclusters were aggre-
gated into ~2.3 nm assemblies. The CD and IR spectra again
showed disturbed lysozyme structures after forming the copper
nanoclusters.>**3%5399:310312 The fluorescent quantum yield of the
emission at 450 nm was measured to be 18% when the nano-
clusters were excited at 360 nm. Interestingly, the nanoclusters’
fluorescent emission wavelength was dependent on the excita-
tion wavelength (Fig. 9A), indicating that multiple species were
present.”*® MALDI MS analysis indeed showed the presence of
multiple species, such as Cu,, Cu, and Cug (Fig. 9B).>*° The
copper nanoclusters did not show significant cytotoxicity. When
co-incubated with cancer cells, such as HeLa cells, the copper
nanoclusters were taken up by the cells and could be used for
cell labelling and imaging.>*® The preliminary data showed that
the copper nanoclusters were stable in blood and did not cause
obvious hemolysis.””
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Fig. 9 (A) Fluorescent spectra and (B) MALDI-TOF MS of the lysozyme
stabilized copper nanoclusters. Reprinted with permission from ref.
299, copyright (2014) American Chemical Society.

Platinum nanoclusters. The above synthetic protocol was
recently extended to platinum nanoclusters.*® As shown in
Fig. 2D, the lysozyme stabilized ultrasmall platinum nano-
clusters with blue fluorescence could be formed by incubating
lysozyme and H,PtCls under basic conditions. The platinum
nanoclusters were too small to be imaged by TEM. When
MALDI TOF MS analysis was conducted, a Pt, formula was
revealed, confirming the ultrasmall size of the nanoclusters.
When excited at 370 nm, the nanoclusters emitted blue fluo-
rescence at 434 nm with a quantum yield of 0.08 and a fluo-
rescence lifetime of 3.0 ns. The fluorescence was excitation
wavelength dependent. Similar to the Au nanoclusters
mentioned above, the platinum nanoclusters were also
composed of 67% Pt" and 33% Pt° as identified by the XPS
measurements. The presence of Pt® was further testified by the
fact that the platinum nanoclusters’ fluorescence could be
quenched by Hg*".?**

Interestingly, the platinum nanoclusters exhibited intrinsic
oxidase-like activity. The platinum nanoclusters could catalyse
the oxidation of 2,2’-azino-bis(3-ethylbenzothiazoline-6-sul-
phonic acid) (ATBS), 3,3’,5,5"-tetramethylbenzidine (TMB), and
dopamine in the presence of O,. The platinum nanoclusters
had higher oxidase mimic activity compared to platinum
particles larger than 5 nm.*"* The degradation of methylene blue
in lake water by the platinum nanoclusters as an oxidase mimic
was explored. Methylene blue was indeed degraded in the
presence of the platinum nanoclusters, showing great promise
in future water treatment.*'®

Alloy nanoclusters. As discussed above, Tseng et al. suggested
the formation of intermediate Aug nanoclusters in the conver-
sion of lysozyme—(Au*),, to lysozyme-(Au®),.., (i.e., Au,s, as
proposed by them) (Fig. 2A).*** Later, they found that the pres-
ence of Ag" ions in the reaction solution slowed down the
conversion, and produced both small and large sized metal
nanoclusters simultaneously (Fig. 2E).*** The formation of
alloyed nanoclusters was indicated by the blue shift of the first
exciton absorption and fluorescence peaks and confirmed by
the MALDI MS analysis. By analyzing the MS spectra, the small
nanoclusters were assigned as Au,Ag and Aug while the large
ones were assigned as Au,,Ag. Because the small nanoclusters
were insensitive to Hg>" while the large ones were sensitive to
Hg®*, a ratiometric fluorescence assay towards Hg”* was
proposed (Fig. 10). Such a ratiometric sensing protocol would
overcome the potential interfering factors, such as
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Fig. 10 Ratiometric sensing of ng+ using two-sized nanoclusters.
Reprinted with permission from ref. 315, copyright (2013) Elsevier.

environmental variations and photo bleaching, etc. The Hg>*
concentration in tap water was evaluated using the proposed
assay.**

2.2 Metal nanoparticles

Protein-directed approach has also been extensively explored to
synthesize varieties of functional metal nanomaterials.'’>***
Nanostructured gold, silver, copper, nickel, cobalt, platinum,
and palladium, have been prepared with different proteins such
as BSA, bacteriophage T4 gene product 5 trimers with histidine
tags, cytochrome c, ferritin, heat shock protein, hemoglobin,
HSA, and mosaic virus proteins."’**'#3>* The as-prepared
nanomaterials are biocompatible and have been used widely,
such as in biosensing, bioimaging, cancer therapy, and catal-
ysis. Lysozyme has also been employed in the direct synthesis of
metal nanoparticles, including gold and silver nanoparticles in
the solution phase.*3?»324-327

2.2.1 Au

Synthetic protocols. As shown in Fig. 11, lysozyme protected
Au nanoparticles can be synthesized via wet chemistry
approaches. For example, Li's group developed a facile way to
synthesize lysozyme monolayer protected Au nanoparticles by
reducing HAuCl, with NaBH, in the presence of lysozyme
(Fig. 11A and 13A)."* The as-prepared Au nanoparticles had a
size of 2.4 nm. Hydrodynamic size measurements indicated
that a monolayer of lysozyme was assembled onto the Au
core.”* Around 15-20 nm Au nanoparticles could be obtained
simply by heating the mixture of HAuCl, and lysozyme
(Fig. 11B).**>*¢ Because no extra reducing agents were intro-
duced, the protein itself should act as a reducing agent. When a

N
HAuCI, }&,Au nanoparticles Lmbly) Hybrid tubes
Iysozyme [
e
(B) Iy}:ﬁ:)?nl:e }% Au nanoparticles
©) ly*;'ﬁ:}i'?e m';r:‘i’:ve Au nanoparticles

Fig. 11 Synthetic protocols for Au nanoparticles with lysozyme in
aqueous solutions.
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kitchen microwave oven was employed for synthesis (Fig. 11C),
the reaction time was shortened to 2 min. Larger Au nano-
particles with a size of 34.5 nm were obtained.**® Microwave
overheating may actually denature the lysozyme used and
liberate free cysteines to stabilize the Au nanoparticles.**

Mechanism. Understanding the interactions between lyso-
zyme and the Au nanoparticle core as well as the potential
conformational changes to lysozyme induced by nanoparticle
formation are critical to elucidating the mechanism. Surface-
enhanced Raman scattering (SERS) was used by Das et al. to
investigate the mechanism of lysozyme-capped Au nano-
particles (synthesized as shown in Fig. 11B at 40 °C).**® As the
lysozyme was in the proximity of the Au nanoparticles core,
enhanced Raman signals from lysozyme could be probed. The
characteristic peaks at 1484, 1545 and 1583 cm ™', correspond-
ing to phenylalanine, tyrosine, tryptophan, and histidine resi-
dues, were observed, suggesting the stabilizing roles of these
residues (Fig. 12). The presence of a peak at 1289 cm ™', which
was assigned to the amide III band, confirmed the assembly of
the lysozyme monolayer onto the Au nanoparticles.**® Note that
the IR spectra also showed the presence of amide I, amide IT and
amide III bonds. Interestingly, although the protein was
partially denatured, a peak for S-S bonds at 509 cm ' was
observed, indicating that the disulfide bonds remained
intact.?**

Self-assembly. Li and co-workers later serendipitously found
that the lysozyme stabilized Au nanoparticles self-assembled
into microtubes when they were aged for one week under
ambient conditions (Fig. 13B)."”**>* The tubes had a diameter of
1-2 pm with Au nanoparticles decorated onto them. They sug-
gested that hydrogen bonding originating from the amino acid
residues of lysozyme may mediate the assembly.***

Cellular study. At concentrations as high as 200 ug mL™", Au
nanoparticle capped by lysozyme showed no detectable

Lysozyme stabilized
Au (or Ag) nanoparticles

Fig. 12 SERS was adopted to elucidate the mechanism of lysozyme-
capped Au and Ag nanoparticles. Certain amino acids played critical
roles in stabilizing the nanoparticles. Reprinted with permission from
ref. 326, copyright (2009) American Chemical Society.
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Fig. 13 Lysozyme monolayer-stabilized Au nanoparticles (A) and their
self-assemblies into hybrid tubes (B). Reprinted with permission from
ref. 171, copyright (2007) American Chemical Society (A); and ref. 324,
copyright (2011) American Chemical Society (B).

cytotoxicity, which was evaluated by MTT assay, demonstrating
their excellent biocompatibility.®** After uptake by mouse
embryonic fibroblast NIH-3T3 cells, the nanoparticles were
accumulated in both cytoplasm and nucleus. The inhibition
studies revealed that the Au nanoparticles were taken up by
receptor-mediated endocytosis, specifically, the clathrin-
dependent endocytosis.?*

222 Ag

Synthetic protocols. As discussed above (Fig. 12), lysozyme
stabilized Ag nanoparticles were also synthesized via the wet
chemistry approach.*” SERS analysis showed that several key
amino acid residues, such as phenylalanine, tyrosine, trypto-
phan, and histidine residues, were involved in interacting with
the Ag nanoparticle core. In particular, the Ag-N bonding peak
at 236 cm™ ' was observed, suggesting the potential coordina-
tion with Ag nanoparticles via nitrogen atoms in the amino acid
residues.?”

An interesting lysozyme catalytic method to prepare Ag
nanoparticles was reported.*® When a mixture of lysozyme and
silver acetate in methanol was exposed to light, Ag nano-
particles were formed after about 1 hour exposure. Note, no
colloid stable Ag nanoparticles formed in the aqueous solu-
tions. By controlling the silver acetate to lysozyme molar ratios,
more monodispersed Ag nanoparticles, 8 nm in size, were
obtained. The as-prepared Ag nanoparticles in methanol were
transferred successfully into aqueous solution by solvent
exchange with dialysis. The Ag nanoparticles in the aqueous
solution exhibited as much as 6 months storage stability.>*® The
IR spectra indicated the presence of lysozyme in the Ag nano-
particles aqueous solution, even after dialysis, and DLS
confirmed the presence of a lysozyme monolayer on the Ag
nanoparticle core.***

Antimicrobial activity. The hydrolysis of a synthetic substrate
mimic indicated that the lysozyme after Ag nanoparticle
formation retained its activity as a hydrolase.*”® The antimi-
crobial activity of the lysozyme-stabilized Ag nanoparticles was
evaluated. Remarkably, they inhibited the growth of several
bacterial and fungal strains, such as E. coli, S. aureus, B.
anthracis, and C. albicans. More strikingly, they even exhibited
significant antimicrobial activity against P. mirabilis strains
(LST149 and LST 169A) and a recombinant E. coli strain (J53/
PMG101), which are usually antibiotic- and silver-resistant.**®
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The toxicity towards mammalian cells was also tested, showing
that the Ag nanoparticles were nontoxic at the antimicrobial
concentrations. The Ag nanoparticles may find wider applica-
tions as aseptic materials and therapeutics in the future.

2.3 Other nanomaterials

Many other nanomaterials, including calcium carbonate, metal
oxides, metal sulfides, metal tellurides, and composites, have
been synthesized using lysozyme,6%161:163,165,170,329-310

2.3.1 CaCO;. Calcium carbonate (CaCOj3), one of the major
biogenic minerals, is found widely in the exoskeletons and
tissues of biomineralizing organisms, providing them with
unique mechanical strength and well-defined shapes and
structures.®*>** Avian eggshells are excellent examples of
biogenic minerals with hierarchically assembled porous struc-
tures, consisting of CaCO; and biomacromolecules. In an
eggshell, CaCO; exists in the anhydrous form of crystalline
calcite, the most thermodynamically stable form.*** Despite the
extensive efforts devoted to understanding the formation
mechanism of eggshells, it still remains elusive due to the
complexity of the structure. Many studies suggested that lyso-
zyme, one of the key egg white proteins (~3.5%), plays a pivotal
role in the calcification of eggshell.***** Lysozyme-mediated
CaCO; in vitro biomineralization has been investigated by
several groups.

The kinetics and time-dependent morphologies were exam-
ined to understand the effects of lysozyme on the precipitation
of CaCO;. The results showed that lysozyme could promote the
nucleation of CaCO; while the waiting time for precipitation
was prolonged in the presence of lysozyme. Interestingly, the
presence of lysozyme affected the habit (i.e., the external shape)
of the calcite crystals formed. Without lysozyme, the calcite
crystals exhibited a rhombohedral morphology. At lower
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Fig. 14 Lysozyme-mediated calcium carbonate biomineralization.
SEM images of CaCOsz formed after 12 h in the absence (A) and
presence of 0.5 g L™ lysozyme (B) and 2 g L™ lysozyme (C). (D)
Corresponding X-ray powder diffraction patterns of the formed
CaCOs. Reprinted with permission from ref. 330, copyright (2009)
Elsevier.
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concentrations of lysozyme, the rhombohedra morphology was
still dominant. At intermediate and higher concentrations of
lysozyme, the rhombohedral morphology was converted to
calcite with {110}, {100}, and {104} facets, and finally to spher-
ical calcite aggregates, due to the sequentially inhibiting growth
of {110}, {100}, and {001} facets.**

Usually, the final crystalline calcite is transformed from an
intermediate form of CaCO; by dissolving and recrystallizing
the intermediate. Previous studies indicated that adsorbed
lysozyme may attract and concentrate calcium ions and provide
local nucleation sites. Such interactions between lysozyme and
CaCO; favoured nucleation and led to smaller but more inter-
connected amorphous CaCO; compared to the lysozyme-free
system.****3*33 TLu et al. investigated the lysozyme mediated
CaCO; biomineralization by diffusion growth of (NH,),COj3
vapour into CaCl, aqueous solution. Scanning electron
microscopy (SEM) and X-ray diffraction (XRD) clearly revealed
the transformation from hexagonal and spherical vaterite (the
most unstable form of CaCO;) into coexistent calcite and
vaterite, and finally into pure calcite, demonstrating the
directing role of lysozyme in the formation of biomineralized
CaCO; (Fig. 14).>*

2.3.2 Oxides

Silica. Silica (SiO,) nanoparticles can be prepared by the
hydrolysis of precursors, such as tetramethyloxysilane (TMOS),
tetraethyloxysilane (TEOS) and their analogues.**'** The
hydrolysis can be catalysed and tuned by acids, bases, and other
catalysts. Researchers have established that lysozyme could
assist the hydrolysis reactions for forming silica parti-
cles,161,165334314347 Tohnson et al. showed that lysozyme could
template and significantly accelerate the precipitation of silica
via a catalytic biomineralization approach (Fig. 15A).3*%** A
minimal concentration of lysozyme was needed for visible silica
formation. Moreover, the formation rate and yield of the silica
particles could be tuned by changing the amount of lysozyme
used. When a higher concentration of lysozyme was used, a
higher rate and yield were obtained.****** They also found that
the lysozyme still retained its antimicrobial activity (such as
lysis of the cell wall of M. lysodeikticus), even though it was
physically embedded within the silica matrix. The thermal
stability was enhanced compared to the free lysozyme.***
Interestingly, SEM and TEM suggested the silica particles had a
hierarchical architecture, i.e., spherical particles of 8-10 nm
self-assembled into large particles of 460 nm (Fig. 15A and B).
The large particles were mainly spherical in shape, even though
other shapes, such as ellipsoid and polyhedral structures, were
also observed. To further elucidate the precise interactions of
lysozyme and silica matrix, small angle neutron scattering
(SANS) with contrast matching technique was employed. As
shown in Fig. 15B, the SANS data revealed that the primary
building blocks of the final hierarchical architecture were the
assembled clusters (3.3 and 8.5 nm) from lysozyme (1.8 nm) and
silica nanoparticles (1.3 nm). The primary building blocks then
aggregated together to form final silica particles as large as 460
nm.334

Interestingly, the reaction conditions (such as stirring
versus sonication) played key roles in controlling the
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morphology of the silica in the presence of lysozyme.*¢>346:347
The hydrolysis reaction with stirring produced granular silica
particles. However, when sonication was applied, hollow
spherical particles of 0.5-15 pm with a shell thickness of 100
nm were formed.'*****%*” As proposed by Sakaguchi et al., the
hollow structures were formed via the following mechanism.
First, sonication would induce the formation of TEOS emul-
sion droplets, which was covered with lysozyme. The lyso-
zyme would then catalyze hydrolysis in situ and form
lysozyme-silica shell structures. The TEOS leaked from the
droplets would be catalytically hydrolyzed further by lyso-
zyme, which resulted in an increase in particle shell thick-
ness. When the lysozyme used is insufficient, sonication
would decrease the droplet size and thus the final silica size.
On the other hand, when excess lysozyme molecules are
present, the single particles would grow together and form
aggregates or sponge-like structures.'®® Further post-treat-
ment of the hollow silica structures by calcination would
produce either mesoporous silica (500 °C) or cage-like hollow
silica spheres (700 °C).**¢

Titania. The lysozyme-catalyzed hydrolysis of the corre-
sponding precursors, such as potassium hexafluorotitanate
(PHF-Ti) and titanium(iv) bis(ammonium lactato)dihydroxide
(Ti-BALDH), provides a rapid and facile method to fabricate
titania (TiO,) particles under ambient conditions.'** The lyso-
zyme molecules were entrapped simultaneously within the
titania matrix during the hydrolysis reaction. The entrapped
lysozymes retained their antimicrobial activities. Additional
enzymes could also be co-entrapped. For example, butyryl-
cholinesterase was encapsulated within the titania/lysozyme
hybrids during titania precipitation and retained its enzymatic
activity. Moreover, the encapsulated enzymes exhibited
enhanced thermal stability compared to the free ones. For both
titania particles from PHF-Ti and Ti-BALDH, selected area
electron diffraction (SAED) and XRD confirmed that they were
amorphous. Interestingly, different precursors would produce
titania with different sizes, compositions and morphologies.
For example, titania from PHF-Ti gave polydispersed particles
with a size of 100 nm to 1 pm, whereas titania from Ti-BALDH
produced fine particles, 10-50 nm in size. In addition, the latter
had a higher lysozyme content than the one from PHF-Ti. The
slightly lower activity of the entrapped lysozymes compared to
the free ones was attributed to physical steric hindrance after
entrapment.*®*

When examining the interactions of lysozyme and prepared
titania nanoparticles, 60 nm in size, Gao et al. found that the
titania nanoparticles affected the enzymatic activities of lyso-
zyme (Fig. 15C). Based on detailed studies, a two-step binding
mode was proposed to interpret the phenomenon. The nega-
tively-charged titania nanoparticles interacted with the posi-
tively-charged lysozymes electrostatically first. After the initial
binding, the proximity of lysozymes to the surface of the titania
nanoparticles would induce the formation of new hydrogen
bonds (such as N-H---O and O-H:--O) (Fig. 15D). Such bridges
between the titania nanoparticles and lysozyme monolayers
would induce local deformation of the absorbed lysozymes and
decrease the enzymatic activity, as observed.'®
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Fig. 15 Lysozyme-directed approaches to oxides. (A) SEM and TEM (inset) images of silica formed by the hydrolysis of TMOS; (B) schematic
diagram of the hierarchical assembly of the silica particles; (C) SEM image of titania-lysozyme nanoparticles; (D) proposed interactions of
lysozyme and the titania nanoparticles; (E) SEM image of zirconia formed by the hydrolysis of K,ZrFe; (F) proposed mechanism of lysozyme-
directed forming zirconia. Reprinted with permission from ref. 334, copyright (2010) John Wiley and Sons (A and B); ref. 160, copyright (2009)
Springer (C and D); and ref. 335, copyright (2008) American Chemical Society (E and F).

Zirconia. Zirconia (ZrO,) particles were prepared by the
catalytic hydrolysis of K,ZrFs in the presence of lysozyme at
room temperature.®® Irregular particles with a size of 1 pm
rather than small nanoparticles were obtained, probably due to
rapid hydrolysis catalyzed by lysozyme (Fig. 15E). Careful
characterization with energy-dispersive X-ray spectrometry
(EDX), thermogravimetric analysis (TGA), IR and XPS,
confirmed the formation of zirconia particles. Interestingly,
thermally denatured lysozyme could also catalyze hydrolysis,
indicating that some amino acid residues of the side chains
(rather than the residues of the active site) were responsible for
the lytic reaction (Fig. 15F). Moreover, when other enzymes,
such as yeast alcohol dehydrogenase (YADH), were introduced
to the reaction precursor solution of lysozyme and K,ZrFg, the
enzymes could be incorporated in the zirconia particles. The
incorporated enzymes exhibited enhanced thermal and pH
stability.>*®

2.3.3 Metal sulfides and tellurides. Several metal sulfides
stabilized by lysozyme were synthesized by Qin et al.>****® Cubic
zinc blende phase of ZnS nanoparticles with a spherical shape
were prepared using zinc acetate and thioacetamide as
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precursors in the presence of an aqueous lysozyme solution.
The ZnS particles had an average size of around 40 nm. The IR
spectra suggested that the -OH and -NH groups of lysozyme
may be involved in interacting with the ZnS nanoparticles.***
Using a similar approach, cubic PbS nanoparticles with a mean
size of 45 nm were also synthesized. Interestingly, the photo-
luminescence spectrum centred at 470 nm was obtained, which
probably originated from sulphur vacancy defects.*®” Photo-
luminescence tuneable HgS nanoparticles could also be
obtained by changing the ratio of lysozyme to the precursors
used. Smaller HgS nanoparticles with stronger photo-
luminescence were obtained at higher lysozyme concentrations
(i.e., HgS nanoparticles with an average size of 14, 19, and 27 nm
were obtained with 5, 3, and 1 mg mL ™" lysozyme, respec-
tively).>*® Gao and co-workers showed that single-crystalline
bismuth sulfide and bismuth oxide nanowires with lengths in
the micrometer range could be fabricated under mild condi-
tions by using a lysozyme-assisted approach. Bismuth sulfide
nanowires had diameters of 10-50 nm, whereas bismuth oxide
had an average diameter of 8 nm. Coordination between Bi**
and certain groups of lysozyme may play a key role in directing
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the formation of nanowires rather than other irregular
shapes.®*®

Using the evaporation-induced self-assembly method,
microscale dendrite structures were fabricated from a mixture
of thioglycolic acid capped CdTe quantum dots (~2.3 nm) and
different proteins (including lysozyme) on glass substrates. The
dendrite structures could be fine-tuned by controlling the pH of
the reaction solution and by introducing metal ions.'®

2.3.4 Composites. Nanocomposites are nanomaterials
with multiple components, which are usually effectively inte-
grated. Compared with mono-component nanomaterials,
nanocomposites may have enhanced properties due to syner-
gistic effects. Liu et al. showed that ternary TiO,-SiO,-Ag
nanocomposites indeed exhibited enhanced visible-light
photocatalytic activity towards Rhodamine B degradation.'”
The nanocomposites were prepared in a step-wise manner via
a facile lysozyme-directed approach (Fig. 16). Specifically, TiO,
nanoparticles of ~280 nm were first formed by the lysozyme-
induced hydrolysis of Ti-BALDH. It was suggested that the
positively charged arginine and lysine residues of lysozyme
interacted with Ti-BALDH electrostatically and induced
hydrolysis. The TiO,-SiO, composites were then obtained by
forming SiO, patch layers from sodium silicate onto the
surface of the as-prepared TiO, nanoparticles. Finally, Ag
nanoparticles of ~25 nm were produced in situ and deposited
on the Ti0,-Si0, composites by reduction of Ag" with the
reducing residues of lysozyme (such as tryptophan, tyrosine,
phenylalanine, and histidine residues). The formation of
TiO,-SiO,-Ag nanocomposites was confirmed by EDX
elemental mapping and TEM imaging as well as other char-
acterization techniques. Owing to the synergistic effects of the
enhanced light harvesting from plasmonic Ag nanoparticles
and increased adsorption capacity of dyes (Rhodamine B here)
from SiO,, the highest degradation rate of 0.841 h™' was
observed for the TiO,-Si0,-Ag nanocomposites. For compar-
ison, the rates for TiO,, TiO,-SiO,, and TiO,-Ag nanomaterials
were 0.098 h™', 0.448 h™", and 0.330 h™", respectively. The

z
T

Domain 2 TiO2

Na:SiOs
pH=7.0
-

Domain 2

Fig.16 Lysozyme was used to direct the synthesis of the TiO,—-SiO,—Ag
nanocomposites. Reprinted with permission from ref. 170, copyright
(2013) American Chemical Society.
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ternary nanocomposites could be recycled because of the
strong chemical stability.*”°

3. Lysozyme crystals

Although protein crystals, especially protein single crystals,
are traditionally grown to obtain structural information in
molecular biology, researchers have established that they
can be regarded as novel porous mate-
I.ials.1(),1()8,11(),114,157,159,152,164,159,189,19l],.’<l49—.’<355 Whel’l treated as emerging
materials, protein crystals have several unique features
compared to other materials and their assem-
blies‘10,108,114,157,159,162,164,169,189,190,349—354,356—360 FiI‘St, they have highly
ordered 3D structures assembled periodically from the corre-
sponding protein monomers. Second, they are porous materials
with precisely controlled pore sizes. The pores are usually filled
with solvents, such as aqueous buffer solutions. These solvent
channels can be used as templates to grow nanomaterials and
encapsulate guest molecules. Third, the amino acid residues
exposed to the solvent channels can interact with incoming
species (such as coordinating with the added metal ions), which
in turn may direct and tune the formation of designed mate-
rials. Fourth, the formed materials (or encapsulated guest
molecules) in the porous channels and the host protein crystals
have synergic effects, rendering hybrid materials with enhanced
or even new properties. Fifth, the single crystals of proteins may
provide atomic resolution structural information and help
understand the mechanisms involved. Although protein crys-
tals are inherently fragile and the growth of protein crystals is
normally quite challenging, the controllable manipulation of
protein crystals is now achievable thanks to the substantial
progress in the field of protein crystal engineering.'*®®%'°
Recently, rapid progress has been made in directing the
synthesis of functional nanomaterials with protein crystals.

In this section, the use of lysozyme crystals (in both cross-
linked and intact native forms) to direct the synthesis of
different kinds of hybrid nanomaterials is discussed.

3.1 Metal nanomaterials

3.1.1 Au. Mann et al. reported the synthesis of plasmonic
metal nanomaterials within cross-linked lysozyme crystals.'**
The cross-linked lysozyme crystals were obtained by soaking the
native lysozyme single crystals in the crystallization buffer
solution containing glutaraldehyde. Arrays of plasmonic Au
nanofilaments were then obtained by sequestrating HAuCl, into
the cross-linked lysozyme crystals, followed by in situ reduction
with NaBH,. The formation of plasmonic Au nanostructures
could be followed easily by a colour change of the crystals
(Fig. 17). Diffuse reflectance UV-visible spectroscopic measure-
ments revealed two absorbance peaks centred at around 583
and 684 nm, confirming the formation of plasmonic Au nano-
structures. The two peaks were assigned to the transverse and
longitudinal plasmon resonance bands, respectively. TEM
further confirmed the formation of Au nanofilaments infiltrated
within the porous channels of the cross-linked lysozyme crys-
tals. The IR spectra indicated that the presence of Au
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Fig. 17 Cross-linked lysozyme crystals were used to direct the
synthesis of plasmonic metal nanostructures. Optical and corre-
sponding TEM images of the Au nanostructures-doped cross-linked
lysozyme crystals (A and B) and Ag nanostructures-doped cross-linked
lysozyme crystals (C and D). Reprinted with permission from ref. 114,
copyright (2010) John Wiley and Sons.

nanostructures did not affect the protein structures signifi-
cantly. Although the tetragonal morphology of the crystals
remained effectively unchanged after the formation of Au
nanostructures, some crystals were cracked (Fig. 17). Single
crystal X-ray diffraction showed that the hybrid crystals only
exhibited low intensity reflections, which was probably associ-
ated with a disordered tetragonal phase.'™*

Later, they performed a more detailed study to investigate
the optical response of the infiltrated Au nanostructures within
the cross-linked lysozyme crystals. Using angle- and polariza-
tion-dependent spectroscopy, they showed that the encapsu-
lated Au nanostructures were isolated with spheroidal or
slightly anisotropic shapes.®® No continuous nanowires were
detected inside the crystal host. The plasmonic response was
attributed to the isolated Au nanostructures. Interestingly,
fluorescent measurements suggested the presence of ultrasmall
Au clusters, which emitted light at around 650-750 nm.*** The
simultaneous formation of both plasmonic and fluorescent Au
nanostructures with cross-linked lysozyme crystals may provide
a new approach to the synthesis of multi-functional materials.

As mentioned above, the cross-linking and the post-growth
of Au nanostructures may cause distortions or even damage to
the single crystal structure of lysozymes. In addition, the
formation of Au nanostructures via chemical reduction was
relatively fast, making it quite challenging to perform kinetic
studies. To address these issues, Wei et al. developed a novel
strategy for the in situ growth of Au nanoparticles within intact
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single crystals of lysozyme for the first time (Fig. 18)."* Starting
with ClAuS(CH,CH,OH), (referred to Au(r)) as the precursor,
they could controllably grow Au nanoparticles without using
any reducing reagents due to the disproportionation chemistry
of Au(). The formation of Au nanoparticles was slowed down
due to the semi-solid nature of the protein crystals, making the
system amenable to detailed kinetic and mechanism studies.
On the other hand, the remaining intact single crystals enabled
careful structural characterization by X-ray crystallography. The
time-dependent growth of Au nanoparticles within the lysozyme
single crystals was monitored by the colour change of the
crystals and further confirmed by quantitative analysis of the Au
nanoparticle sizes by TEM. This clearly showed the gradual
growth of Au nanoparticles within the crystals over time. In
addition, the 3D distribution of Au nanoparticles within lyso-
zyme crystals was determined by STEM with tomography, vali-
dating the encapsulation of Au nanoparticles inside the crystals.
More, atomic resolution X-ray crystal structures were obtained.
Careful analysis of the crystal structures indicated that certain
amino acid residues, such as histidine, played critical roles in
directing the growth of Au nanoparticles.'* This also suggested
that the growth of Au nanoparticles within lysozyme crystals
was a dynamic process that may involve metal ions transfer,
which was supported by later studies.’****® The developed
strategy was also applicable to other systems, such as the
thaumatin protein.™

Wei and co-workers also developed an effective way to fine
tune the growth of Au nanoparticles within the lysozyme single
crystals.™™ When using Hg>" ions as an additive, the growth rate
was accelerated significantly (Fig. 19). Surprisingly, many other
divalent metal ions tested did not show such an accelerating
effect. This was probably due to the highly specific Ag*-Hg>"
metallophilic interaction. When tris(2-carboxyethyl)phosphine
(TCEP) was added as an additive, the growth rate was inhibited.
The inhibitory effect of TCEP could have been caused by the
stronger interaction between Au(i) and TCEP. Other molecules,
such as histidine, could also be used as inhibitors.**®

Owing to the excellent catalytic properties of gold nano-
materials, the catalytic performance of the Au nanoparticles
within lysozyme single crystals was also evaluated by Wei et al.*
Using the reduction of p-nitrophenol to p-aminophenol by
NaBH, as a model reaction, they showed that the catalytic

Fig. 18 Protein-directed growth of gold nanoparticles within a single
crystal of lysozyme. Reprinted with permission from ref. 159, copyright
(2011) Nature Publishing Group.

This journal is © The Royal Society of Chemistry 2014
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Fig.19 Fine tuning growth of gold nanoparticles within a single crystal
of lysozyme. (A-C) accelerating the growth rate by using Hg?* as an
additive; (D and E) decelerating the rate of the growth by using TCEP as
an additive. Reprinted with permission from ref. 159, copyright (2011)
Nature Publishing Group.

activities of the Au nanoparticles could be tuned precisely by
controlling the growth (thus the size) of Au nanoparticles
(Fig. 20). The relationship between catalytic activity of the Au
nanoparticles and their size was elucidated. The catalytic
activity of the Au nanoparticles initially increased with the
increase of nanoparticle size until the size reached 7.4 nm, after
which the activity decreased with increasing nanoparticle size.*
In addition, additives, such as Hg2+ and TCEP, could be used to
fine tune the catalytic activities by controlling the growth of Au
nanoparticles. To efficiently recycle the catalysts, the Au nano-
particle-embedded crystals were post cross-linked with
glutaraldehyde.*

Liang et al. employed a slightly different approach to the
synthesis of Au nanoparticles within cross-linked lysozyme
crystals.** The cross-linked lysozyme crystals were also
obtained with glutaraldehyde. HAuCl, was then sequestrated
into the crystals by soaking the crystals in a HAuCl, solution.

\ %@ + .::, —

@ =Au(0) @=Au(l) @=Au(lll) r% = Lysozyme

(B) ©)
OH OH
o
NaBH, ©
NO, NH,

Fig. 20 Catalysis of gold nanoparticles within a lysozyme single
crystal. Reprinted with permission from ref. 10, copyright (2012) John
Wiley and Sons.
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Instead of adding NaBH, for reduction, NaOH was added to the
HAuCl,-soaked crystals at 37 °C for reduction. As discussed
above (Section 2.1.1), HAuCl, could be reduced to Au® by certain
amino acid residues of lysozyme under basic conditions. The as-
prepared Au nanoparticles had an average size of 2.2 nm. This
further showed that the Au nanoparticles exhibited high activity
towards the catalytic reduction of p-nitrophenol to p-amino-
phenol by NaBH,. Moreover, the Au nanoparticle-doped crystals
could be recycled and reused more than 20 times, showing great
potential for practical applications.**

3.1.2 Ag. The synthesis of Ag nanostructures within cross-
linked lysozyme crystals were also reported by Mann and co-
workers."™* Instead of using a chemical reducing reagent, UV
light was applied to reduce the sequestrated silver ions within
the cross-linked lysozyme crystals. The formation of Ag nano-
structures after in situ photoreduction was also followed by a
colour change in the crystals, which was further confirmed by
TEM (Fig. 17). The formed Ag nanostructures were also isolated
instead of forming continuous nanowires.*** The transverse and
longitudinal plasmonic peaks corresponding to the formed Ag
nanostructures were observed at around 412 and 505 nm,
respectively."* Although the Ag nanostructures-doped crystals
exhibited a more intact tetragonal morphology than the Au
nanostructures-doped ones, the X-ray diffraction patterns
deteriorated progressively with increasing UV irradiation time.
These results indicated that the proposed methods for the
synthesis of metal nanostructures could cause structural
distortion or even damage to the crystal host.

Adopting a similar approach, Ag nanoparticles within cross-
linked lysozyme crystals were prepared by Liang and co-
workers. The Ag nanoparticles were obtained by the reduction
of sequestrated AgNO; with NaBH,.*** The catalytic reduction of
p-nitrophenol to p-aminophenol by NaBH, was also
demonstrated.

3.2 Others

3.2.1 Quantum dots. Recently, fluorescent semiconductor
quantum dots were fabricated within intact single crystals of
lysozyme (Fig. 21)."°* CdS quantum dots with red fluorescence
were synthesized within single crystals of lysozyme using an in
situ growth approach. Interestingly, the CdS quantum dots
within the crystals emitted much stronger fluorescence
compared to those without protein crystals. These results
suggest that the protein crystals may provide a unique micro-
environment for encapsulated CdS quantum dots with
enhanced fluorescence. In addition, the fluorescence was
tuneable, and could be enhanced by the addition of Ag" and
quenched by Hg>".'®> The X-ray crystallographic data showed
that several amino acid residues, including histidine, partici-
pated in the direct formation of CdS quantum dots.

3.2.2 Magnetic nanoparticles. The protein crystalline
lattice and the sizes and morphologies of the pores in porous
protein crystals can be tuned by controlling the crystallization
conditions. By exploring this property, Abe et al. synthesized
CoPt nanoparticles with different sizes and compositions

within the cross-linked lysozyme crystals (Fig. 22).'%°
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Fig. 21 Red fluorescent CdS quantum dots were formed within
lysozyme single crystals and the fluorescent properties could be fine-
tuned by external chemical stimuli. Bright field (A-D), fluorescence
images (E—H), and emission spectra (I-L) of lysozyme single crystals.
Reprinted with permission from ref. 162, copyright (2013) Tsinghua
University Press and Springer.

Orthorhombic, tetragonal, and monoclinic lysozyme crystals
were grown with corresponding crystallization buffers. The
crystals were then cross-linked with glutaraldehyde to maintain
the lattice structures. After soaking the cross-linked crystals in
the buffer solutions containing CoCl, and K,PtCl,, the CoPt
nanoparticles were formed in situ by chemically reducing the as-
soaked Co®" and Pt>* with NaBH,. TEM clearly showed that the
sizes of the CoPt nanoparticles were dependent on the pore
sizes of the crystals, i.e., large pores could template the forma-
tion of large nanoparticles while small pores led to the forma-
tion of small nanoparticles (Fig. 22).> CoPt is among the
magnetic materials with high magnetocrystalline anisotropy.
Therefore, their magnetic properties were investigated using a
superconducting quantum interference device magnetometer.

Co:Pt 3.8: 96.26.
Coercivity/Oe 4600 1600

Orthorhombic crystal Tetragonal crystal

Monoclinic crystal

Fig. 22 Porous protein crystals as reaction vessels for controlling the
magnetic properties of CoPt nanoparticles. (A-C) crystal lattice
structures of different lysozyme crystals; (D and E) TEM images of CoPt
nanoparticles formed in the corresponding cross-linked lysozyme
crystals. The Co to Pt ratios and coercivity of the formed CoPt
nanoparticles are also listed. Reprinted with permission from ref. 169,
copyright (2012) John Wiley and Sons.

8282 | J. Mater. Chem. B, 2014, 2, 8268-8291

View Article Online

Feature Article

® 9
-~ |
%4’7 ,"\ .
[J ‘/If\&—' \/v;; \
K, @)
7 \ ‘
C ‘\.S )) ' Coo1
Yoo
(D) PtO4 7
. 3
PtO3 ’WT:\/S(QL X
())\l P‘t02‘f < ]‘
@ >~
POT =
PtO5

Fig. 23 Crystal lattice and molecular structures of a cross-linked
orthorhombic lysozyme crystal containing Co®* ions (A and B) and
Pt2* ions (C and D). Reprinted with permission from ref. 169, copyright
(2012) John Wiley and Sons.

The order of the CoPt nanoparticles' coercivity followed the
content of Co of the nanoparticles instead of the nanoparticle
size, which was consistent with a previous report.**

The X-ray crystallographic structures were also obtained to
further understand the mechanism (Fig. 23).**® Both Co®>* and
Pt** ions were accumulated within the solvent channels of the
crystals. For both orthorhombic and tetragonal lysozyme crys-
tals, the ratio of the observed Co to Pt was 1 : 5, suggesting that
additional Pt** ions may be bound randomly to the solvent
channels. The crystallographic data suggested that the sizes,
compositions, and magnetic properties of the CoPt nano-
particles were affected by the number and position of metal ions
accumulated.’® Metal ion translocation was also suggested,
which is consistent with previous results.*****

Interestingly, when the CoPt nanoparticles were synthesized
in a lysozyme solution, only aggregates were obtained. The
aggregates also showed much lower coercivity than CoPt
nanoparticles within the lysozyme ecrystals.'®® Such results
indicated that the microenvironments and unique structures of
lysozyme crystals play critical roles in directing the formation of
magnetic CoPt nanoparticles.

3.2.3 Polypyrrole nanostructures. Polypyrrole is a con-
ducting polymer with exceptional biocompatibility and
conductive properties, but is difficult to process because of its
intrinsic brittleness and insolubility. To improve the perfor-
mance of polypyrrole (such as mechanical and electrical prop-
erties), Mann and co-workers developed an interesting strategy
to template the synthesis and organization of polypyrrole within
the solvent channels of cross-linked lysozyme crystals.'**
Glutaraldehyde was used to cross-link the crystals, as reported
previously. The oxidant, ammonium persulfate, was introduced
into the channel by soaking. The ammonium persulfate-loaded
crystals were then dried and exposed to pyrrole vapour. The
partially oxidized polypyrrole was in situ formed within the
solvent channel after approximately 24 hours exposure. The as-
prepared polypyrrole-doped lysozyme crystals were black/brown
in colour. TEM imaging revealed the presence of continuous

This journal is © The Royal Society of Chemistry 2014
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Fig. 24 (A) High resolution TEM image of polypyrrole nanostructures
formed within the solvent channels of cross-linked lysozyme crystals.
(B) Histogram of the diameters of formed the polypyrrole nano-
structures. Reprinted with permission from ref. 164, copyright (2012)
Royal Society of Chemistry.

stripes, 1.8 nm in diameter, which was attributed to the formed
polypyrrole (Fig. 24). The thickness of the stripes matched well
with the width of the solvent channels of the lysozyme crystals,
suggesting the successful templating effect of the cross-linked
lysozyme crystals. Although the macroscopic tetragonal
morphology was preserved after forming polypyrrole, the crys-
talline lattice of lysozyme was disrupted significantly because
no Xray diffraction patterns were obtained. Compared to
undoped lysozyme crystals, the polypyrrole-doped -crystals
exhibited measurable conductivity (>10” Qm vs. 10" Qm). Note
that the conducting mechanism remains to be clarified. More-
over, force-displacement measurements by atomic force
microscopy revealed that the mechanical plasticity of lysozyme
crystals after forming polypyrrole inside was enhanced.®*%*3¢
The proposed method may be applicable to other conducting
materials, such as polyaniline.'®*

4. Conclusions and perspectives

This Feature Article demonstrates that lysozyme is a valuable
model protein to develop synthetic methodologies for various
functional nanomaterials, to elucidate the formation mecha-
nism and protein-nanomaterial interactions of the nano-
materials, and to explore potential applications (Table S1+).

Based on the above discussions, several key points can be
summarized. First, proteins and other biomolecules can be
used to rationally design and synthesize functional nano-
materials with the desired properties for wide applications.
Second, certain amino acid residues in a protein play critical
roles in directing the formation of nanomaterials. Third, the
unique microenvironments and structures of protein assem-
blies, such as protein crystals, also play important roles in
directing the synthesis of functional materials. Fourth, a
combination of advanced techniques, such as electron micros-
copy with tomography and X-ray crystallography from different
areas, provides a promising opportunity to fully characterize
complicated hybrid nanomaterials.

Although substantial progress has been made in the field of
protein-directed approaches to functional nanomaterials,
several challenges remain to be addressed.

This journal is © The Royal Society of Chemistry 2014
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First, great efforts should be focused on understanding the
formation mechanism of functional nanomaterials. For example,
even for the extensively studied gold nanoclusters, no exact
mechanism was proposed until now.?»*33%3% Tt g unclear that
how the bound gold ions translocate and form the final clusters
among the proteins.'”**>3%3% On one hand, the ultrasmall size
of gold nanoclusters and the presence of a protein matrix make it
very challenging to obtain structural information by TEM
imaging. On the other hand, the gold core also affects the MS
characterization.’” High-resolution STEM with tomography,
such as STEM with a subatomic resolution, may be an alternative
approach to obtain structural information. X-ray crystallography
should be another rewarding choice but it is usually very time-
consuming.’” Studies in the gas phase will also provide valuable
clues and insights to understanding the reaction mechanism in
the solution phase.***'® The theoretical simulation should not be
overlooked because it would be able to predict the structural
information when combined with the experimental results.

Second, the scopes of the nanomaterials fabricated should
be explored further. The majority of metal nanomaterials dis-
cussed above were noble metal materials. It will be interesting
to synthesize other metal materials, such as transition metal
and rare earth nanomaterials, with proteins. Most of the as-
prepared nanomaterials were spherical. Therefore, nano-
materials with other shapes and morphologies should be
another focus in future studies. The design and preparation of
multiple functional nanomaterials will be another promising
field to be investigated.

Third, most of the model proteins used were lysozyme, BSA,
ferritin, heat shock protein etc.'>»'74%%33%* Other proteins, espe-
cially those with biofunctionality, should be tested. For
example, when the peptide of a small variant of protein A and a
Au nanoparticle-directing peptide are placed together via
recombinant protein engineering, the protein chimera could
allow the template synthesis of biofunctionalized Au nano-
particles in a one-pot fashion.'®

The ultimate goal would be rational de novo design and
synthesis of personalized functional nanomaterials with the desired
structures and properties based on computation in the future.***%
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