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Time-dependent, protein-directed growth of gold
nanoparticles within a single crystal of lysozyme
Hui Wei1, Zidong Wang2, Jiong Zhang2, Stephen House2, Yi-Gui Gao3, Limin Yang1,4,
Howard Robinson5, Li Huey Tan1, Hang Xing1, Changjun Hou4, Ian M. Robertson2 *,
Jian-Min Zuo2 * and Yi Lu1,2 *
Gold nanoparticles are useful in biomedical applications due to
their distinct optical properties and high chemical stability1–5.
Reports of the biogenic formation of gold colloids from gold
complexes has also led to an increased level of interest in the biomineralization of gold6–13. However, the mechanism responsible
for biomolecule-directed gold nanoparticle formation remains
unclear due to the lack of structural information about biological
systems and the fast kinetics of biomimetic chemical systems in
solution. Here we show that intact single crystals of lysozyme
can be used to study the time-dependent, protein-directed
growth of gold nanoparticles. The protein crystals slow down
the growth of the gold nanoparticles, allowing detailed kinetic
studies to be carried out, and permit a three-dimensional structural characterization that would be difﬁcult to achieve in solution.
Furthermore, we show that additional chemical species can be
used to ﬁne-tune the growth rate of the gold nanoparticles.
Among the many biological components that could participate
in biomineralization and be incorporated into bio-nanomaterials,
proteins have been the subject of particular attention due to their
nanoscale dimensions, their various and distinctive molecular structures and functionalities, and their speciﬁcities and versatility in recognition and assembly. To date, most studies have focused on
proteins in solution as templates for nanomaterial growth; for
example, proteins have been used as cages for the synthesis of nanomaterials in solution14–20. Single crystals of proteins, on the other
hand, are highly ordered three-dimensional structures with a large
capacity to absorb water-based solutions. Thus, they can be regarded
as porous materials21–24. Using a single protein crystal to template
the in situ growth of gold nanoparticles slows down the fast kinetics
of gold nanoparticle formation, and makes the system amenable for
structural characterization and careful mechanistic studies.
Despite the promise of this approach, few studies have been
devoted to the synthesis and characterization of nanomaterials
within protein crystals, particularly in a time-dependent manner,
because of several challenges23,24. First, growing single crystals of
proteins is often difﬁcult, and such single crystals, if grown successfully, contain delicate three-dimensional periodic structures and
sophisticated interactions among the protein units, making it difﬁcult to encapsulate nanomaterials within protein crystals by co-crystallization. Second, the necessary reagents (such as metallic
precursors and strong reducing agents) and reactions (such as crosslinking of protein crystals and metallic salt reduction) often disrupt
the crystalline lattice. Finally, there are no well-established methodologies with which to reveal the structural information for these
bio-nano hybrids.

To explore the potential of protein-directed growth of nanomaterials in a single crystal, lysozyme was chosen for investigation,
because it can be crystallized readily and is widely available in
animals, plants, fungi, bacteriophages and bacteria25,26. Previously,
Mann and co-workers have used crosslinked lysozyme single crystals to grow silver and gold nanostructures24. However, crosslinking
has been shown to change the protein structure24. To provide deeper
insights into the biomineralization of gold and the mechanism of
biomolecule-directed gold nanoparticle formation, it is desirable
to use native protein crystals. More importantly, it is essential to
investigate the time-dependent, in situ growth of gold nanoparticles
to obtain mechanistic insights. Gold nanoparticles within lysozyme
single crystals were therefore synthesized from lysozyme and
ClAuS(CH2CH2OH)2 (referred to Au(I)) using an in situ approach.
This approach signiﬁcantly retards nanoparticle growth, allowing
the reaction to be monitored in a time-dependent manner and
also enabling the direct study of metal–protein interactions
through X-ray crystallography. It also allows the gold nanoparticle
structures to be monitored by transmission electron microscopy
(TEM) and for their three-dimensional distribution to be analysed
by electron tomography27,28.
The crystals of lysozyme–Au(I) could be observed after one day
of growth. Initially, the single crystals of lysozyme–Au(I) were
colourless (Fig. 1a). The crystals gradually changed from colourless
to pink, then to red as growth proceeded (Fig. 1a). We hypothesize
that this colour evolution of the protein crystals originates from the
characteristic surface plasmon resonance (SPR) absorption of
nanostructured gold1, thus indicating the growth of gold nanoparticles inside the protein crystals. The SPR absorption of the
gold nanoparticles was also conﬁrmed by an absorption spectrum,
which demonstrated an absorption peak centred at 580 nm
(Supplementary Fig. S1).
Gold nanoparticle growth within the protein crystals was conﬁrmed by a time-dependent TEM study (Fig. 1b,c). At an early
stage (for example, one day), no nanoparticles could be observed,
consistent with the lack of colour in the crystal (Fig. 1a). From 1.5
days, gold nanoparticles were observed to form. Statistical analysis
of the TEM images indicates that the gold nanoparticles grew gradually, beginning with a small average size of 2.9 nm after 1.5 days of
growth, and increasing to 16.9 nm after 10 days (Fig. 1d).
Interestingly, a bimodal size distribution was observed after 3 and
5 days, centring at 6.0 nm and 10.7 nm after 3 days of growth,
and at 5.6 nm and 16.4 nm after 5 days of growth. The bimodal distribution became a single peak distribution after 10 days
(Supplementary Fig. S3), with the growth rate being lower than in
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Figure 1 | Time-dependent, protein-directed growth of gold nanoparticles in single crystals. a, Optical images of single crystals of lysozyme grown in the
presence of Au(I) at different days of growth. b–d, Corresponding TEM images at low magniﬁcation (b) and high magniﬁcation (c), and plots of the size
distribution histograms (d) of the gold nanoparticles within the lysozyme crystals (s.d., standard deviation). e, X-ray crystal structures of the lysozymes from
single crystals in a at the ﬁrst, second, third and 90th days of growth. (Au(I), ochre; Au(III), green; carbon, cyan; nitrogen, blue; oxygen, red; chloride,
magenta.) f, Time-dependent size evolution of gold nanoparticles based on their TEM images. g, Time-dependent occupancy evolution of different gold ions
bound to the three-dimensional structure of lysozymes. The numbering scheme of gold ions is the same as in e.

the ﬁrst 10 days. The time-dependent size evolution of gold nanoparticles is summarized in Fig. 1f.
Gold nanoparticle growth could originate from the spontaneous
disproportionation of Au(I) to Au(III) and Au(0), followed by
accumulation of Au(0) into gold nanoparticles within the crystal.
To conﬁrm this hypothesis, Au(I) in aqueous solution without
protein was incubated at room temperature, and a gold ﬁlm
formed within 4 h of incubation, suggesting that Au(I) disproportionated (Supplementary Fig. S4). These results suggest that the growth
rate of the nanoparticles could be signiﬁcantly lowered within a
protein single crystal. This signiﬁcant decrease in growth rate
94

enabled us to carry out further studies on this time-dependent
chemical reaction (Au(I) disproportionation and gold nanoparticle
formation), as well as allowing us to assess the effects of the gold
nanoparticles on the protein crystal structure. Additionally, to
ﬁnd out whether the nanoparticles within the protein crystals
were formed due to co-crystallization of the lysozyme and
preformed gold nanoparticles, we carried out control experiments
using lysozyme solution and gold nanoparticles of different sizes
under the same conditions as previously reported29. No encapsulation of gold nanoparticles within the protein crystals was observed
for all three nanoparticles tested (Supplementary Fig. S5), suggesting
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Figure 2 | HAADF-STEM images of the three-dimensional distribution of gold nanoparticles within lysozyme single crystals. a, HAADF-STEM image of
gold nanoparticles within lysozyme single crystals at 08 tilt. b, Corresponding image of the three-dimensional tomographic reconstruction. c, As in b, but
without lysozyme. In a, white dots indicate gold nanoparticles incorporated within the lysozyme matrix, which is slightly darker. In b and c, gold nanoparticles
are in yellow and lysozyme crystals are in blue.

that in situ growth was critical to encapsulating nanoparticles within
lysozyme single crystals. This growth process provided a unique
approach
to
preparing
nanoparticle-in-crystal
hybrids
(Supplementary Fig. S6).
Inside the protein crystal, the gold nanoparticles evolved from
small single nanocrystals to larger multiple twinned particles
(Supplementary Figs S7 and S8). The crystalline nature of the nanoparticles grown in the lysozyme crystals was further conﬁrmed by
powder X-ray diffraction. Material supporting these observations,
including high-resolution TEM images of the nanoparticles at
different growth stages and the powder XRD pattern, are shown
in Supplementary Figs S7, S8 and S9.
To further conﬁrm the entrapment of gold nanoparticles within
protein crystals and to visualize their distribution, we performed
electron tomography, a technique used successfully in previous
studies28,30. High-angle annular dark-ﬁeld scanning transmission
electron microscopy (HAADF-STEM) was used to collect a series
of images at different tilt angles for tomographic reconstruction
through its effective suppression of coherent diffraction and Z-contrast imaging28,31. Because the gold nanoparticles and the lysozyme
crystal matrix have a large Z difference, the contrast is sufﬁcient for
tomographic reconstruction. Figure 2a shows a HAADF-STEM
image of gold nanoparticles within the lysozyme single crystals at
08 tilt. Figure 2b,c shows the corresponding tomograms of this tilt
series. The nanoparticles in Fig. 2a can be laid over those in
Fig. 2b,c well, suggesting a successful reconstruction. From a combination of the tomograms in Fig. 2b,c (and their corresponding
movies in the Supplementary Information), it is clear that the nanoparticles were three-dimensionally incorporated into the lysozyme
crystals with a relatively even distribution; this result further conﬁrms that their growth occurred within the lysozyme single crystals.
Despite the incorporation of hundreds of gold nanoparticles and
the fact that no crosslinking method was used, the lysozyme crystals
remained intact throughout this growth process (Supplementary
Fig. S6)24. As shown in Fig. 1a, the lysozyme crystals housing gold
nanoparticles maintained their single-crystal structure, indicating
that the in situ growth method did not disrupt the crystal structures.
This feature allowed us to study the binding sites for gold atoms in
the protein and to elucidate the mechanism of formation of the
nanoparticles by using high-resolution X-ray crystallography. As
shown in Fig. 1e, we successfully obtained time-dependent, highresolution X-ray crystallographic structures of the crystals grown
from lysozyme and Au(I), at different growth stages. From these
structures, Au(I) binding sites, its subsequent disproportionation

and further reactions (the formation of gold nanoparticles and
their rebinding to lysozyme as Au(III)) could be elucidated.
As shown in Fig. 1e, two gold atoms were observed in the crystal
structure on the ﬁrst day. One atom, named Au1, was coordinated by
the 1-N of His15 and a chloride atom in a linear geometry. The other
gold atom, Au2, interacted with Tyr23 (see Supplementary Fig. S10
for a detailed binding motif). As the crystal growth proceeded, an
increasing number of gold atoms were observed to bind to the
protein. Two additional gold atoms, Au3 and Au4, were found on
the second day, and a ﬁfth one, Au5, was found on the third day
(Fig. 1e). Interesting results were observed on the 90th day, as four
more gold atoms (Au6, Au7, Au8, Au9) were found, and the Au1
bound to His15 disappeared (Fig. 1e).
As the Au1 was in a linear geometry (1-N-Au-Cl) with an angle of
176.388, characteristic of þ1 valence gold complexes (Supplementary
Fig. S10)32, we assigned Au1 to the þ1 valence state. However, the
coordination geometries of the other gold atoms were not welldeﬁned in the X-ray crystal structures due to a lack of coordinating
ligands from the protein crystals, and it was difﬁcult to assign their
valence state from the structure alone. A crystal was therefore
grown from the lysozyme and Au(III) (as HAuCl4). As shown in
Supplementary Fig. S11a, seven gold atoms, Au2′ to Au8′ , were
observed in the crystal of lysozyme–HAuCl4. Because they overlaid
the Au2 to Au8 atoms in the crystals of lysozyme–Au(I) very well
(Supplementary Fig. S11b), we assigned Au2 to Au9 to the þ3
valence state.
By combining the X-ray crystallography results and the electron
microscopy observations, we propose the following mechanism to
explain the chemical reactions and nanoparticle growth within the
single crystal (Fig. 3). During protein crystal growth using lysozyme
and Au(I), Au(I) initially binds speciﬁcally to the 1-N of the His15
of the lysozyme. As the reaction proceeds, the Au(I) dissociates from
His15 and disproportionates into Au(0) and Au(III) within the crystals. Meanwhile, free Au(I) in the mother liquor diffuses continuously into the lysozyme crystals and then also disproportionates
into Au(0) and Au(III) within the crystals. Inside the crystals,
Au(0) is further assembled into gold nanoparticles as large as
20 nm, and Au(III) translocates and rebinds to the other sites in
the lysozyme (for example, Au2 to Au9), as shown in the crystallographic structures (Figs 1e, 3; Supplementary Fig. S13). A leastsquares reﬁnement of the crystallographic structures indicated that
as the reaction proceeds, the occupancy of Au1 decreases from
1 to 0, whereas that of the other gold atoms gradually increases
(Fig. 1g). For Au2, Au3, Au4, Au5, Au6, Au7 and Au9, the
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Figure 3 | Schematic of gold nanoparticle growth within a lysozyme single crystal. a, Lysozyme (blue) and Au(I) (ochre) are mixed to allow the protein
crystals to grow. b, Au(I) is initially bound speciﬁcally to the e-N of His15 of the lysozyme, and then dissociates from His15 and disproportionates into Au(0)
(yellow) and Au(III) (green). Meanwhile, Au(I) in the mother liquor diffuses continuously into the lysozyme crystals and then disproportionates into Au(0)
and Au(III). Au(0) then grows into small gold clusters (the gold clusters are too small to render the crystal red at this early stage) and the Au(III) translocates
and rebinds the lysozyme. c, As the process proceeds, more Au(I) disproportionates into Au(0), making the small gold clusters grow larger, into
nanoparticles, rendering the crystal red due to their characteristic SPR absorption. At the same time, more Au(III) are generated from the disproportionation
and translocate and rebind the lysozyme. d, Finally, Au(I) disappears and a large number of 20 nm gold nanoparticles form within the crystal, while eight
Au(III) rebind to the lysozyme. The enlarged pictures in b–d show experimentally determined crystallographic packing of lysozyme proteins with gold ions
inside. For clarity of the scheme, the lysozyme proteins are not drawn to scale in the three-dimensional protein crystals.

occupancies increase to 1 after 90 days of growth; for Au8, the occupancy increases to 0.5 after 90 days. In addition, the size evolution of
the gold nanoparticles within the crystals was well correlated with
the occupancy changes of the gold atoms, with a decrease in the
occupancy of Au1 being concomitant with the increase in the occupancies of Au2 to Au9 and the increase in size of the nanoparticles
(Fig. 1f,g). These results further conﬁrm the proposed reaction
mechanism (Fig. 3; Supplementary Fig. S13).
Having achieved the in situ growth of gold nanoparticles within a
the increase in lysozyme single crystal and gaining an understanding
of the mechanism, we also wished to ﬁne-tune the growth of the
nanoparticles. As shown in Fig. 1 and Supplementary Fig. S14,
the size of the gold nanoparticles could be tuned by controlling
the growth time. In addition, many other species (such as the
metal ions and small molecule ligands that are present in the gold
biomineralization reaction, in the biogenic formation of gold nanoparticles and in biomedical applications using these bionanomaterials) may inﬂuence the rate of nanoparticle growth, so we
investigated their effects on nanoparticle growth within the
crystal. Interestingly, we found that Hg2þ could signiﬁcantly accelerate nanoparticle growth rate (and thus nanoparticle size), and
tris(2-carboxyethyl)phosphine (TCEP) could decelerate nanoparticle growth rate (and thus nanoparticle size) (Supplementary
Figs S16,S17). Moreover, the growth rate could be ﬁne-tuned by
changing the concentration of the additives. The acceleration of
gold nanoparticle growth by Hg2þ could originate from speciﬁc
interactions between Hg2þ and Auþ ions33, while the deceleration
induced by TCEP could be due to a stronger interaction between
96

gold and TCEP than between gold and S(CH2CH2OH)2
(Supplementary Figs S18,S19)32,34. These results suggest that it is
possible to further control particle growth within a crystal by
using external chemical stimuli.
In summary, we have demonstrated time-dependent, in situ
growth of gold nanoparticles within single crystals of lysozyme,
without disturbing the protein crystalline lattice or the three-dimensional protein structure. The growth of the gold nanoparticles, their
three-dimensional distribution, and the interaction of gold atoms
with the lysozyme were revealed by TEM, as well as tomography
and X-ray crystallography. The results show that proteins can
direct gold nanoparticle formation through speciﬁc interactions
with histidine residues, and the presence of other chemicals such
as metal ions or metal-binding ligands can play important roles
in ﬁne-tuning the growth process. Preliminary investigations
have shown that other proteins, such as thaumatin from
Thaumatococcus daniellii, could also be used as the host matrix
for in situ growth of gold nanoparticles within protein single crystals
(Supplementary Fig. S20), suggesting that this method can be
general. This work could provide a new approach to studying
the interactions between biomolecules and nanomaterials, and the
mechanism of biomineralization6,7,13,35. Furthermore, it could
allow novel nanomaterial-in-protein crystal hybrids to be
synthesized with applications in catalysis, optical and plasmonic
devices, and sensing23,24.
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