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Time-dependent and protein-directed growth of gold nanoparticles 

within a single crystal of lysozyme

Hui Wei, Zidong Wang, Jiong Zhang, Stephen House, Yi-Gui Gao, Limin Yang, Howard Robinson, Li 

Huey Tan, Hang Xing, Changjun Hou, Ian M. Robertson, Jian-Min Zuo and Yi Lu

Materials and Methods 

Materials. Chloroauric acid, 2,2’-thiodiethanol, tris(2-carboxyethyl)phosphine, and lysozyme 

lyophilized powder (from chicken egg white) were purchased from Sigma-Aldrich Chemical Co. All 

other chemicals were obtained from Fisher Scientific Inc. The ClAuS(CH2CH2OH)2 (Au(I)) in 0.1 M 

sodium acetate (pH=4.5) was freshly prepared before use according to a literature methodS1. Au102(para-

mercaptobenzoic acid)44 was prepared according to a literature methodS2. 5 nm gold nanoparticles 

stabilized by citrate with a concentration of 82 nM were purchased from Ted Pella, Inc. 13 nm gold 

nanoparticles stabilized by citrate with a concentration of 17 nM were prepared according to a literature 

methodS3.The water used throughout all experiments was purified by a Milli-Q system (Millipore, 

Bedford, MA, USA). 

Crystal Growth and X-ray Crystallographic Studies. Crystals of the lysozyme-Au(I) complex were 

grown by hanging drop vapour diffusion at room temperature. Specifically, 5 µL 75 mg/mL lysozyme in 

0.1 M sodium acetate (pH=4.5) were mixed with 3 µL 35 mM Au(I) in 0.1 M sodium acetate (pH=4.5) 

at room temperature for 5 minutes. Then the crystal trays were set up by mixing 7 µL of the as-prepared 

lysozyme-Au(I) complex and 3 µL of the well solution. The well solution was 6.5% NaCl (w/v) in 0.1 

M sodium acetate (pH 4.5). The well of the crystal tray was filled with 800 mL of the same solution. 

Colourless crystals were observed after one day of growth. The crystals changed from colourless to 

pink, then to red as the growth time increased. Crystals at different stages of growth were collected and 

soaked in a cryoprotectant solution, then flash frozen in liquid N2 before data collection. 
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To fine-tune the growth rate of gold nanoparticles within the lysozyme crystals, ~0.2 µL of chemicals 

(Hg2+or TCEP) were added to the crystal drop solution after one day of growth. 

A crystal of lysozyme-HAuCl4 was grown by hanging drop vapour diffusion at room temperature. 

Specifically, 3 µL 75 mg/mL lysozyme in 0.1 M sodium acetate (pH 4.8) was mixed with 3 µL 2 mM 

HAuCl4 aqueous solution at room temperature for 5 min. Then the crystal trays were set up by mixing 6 

µL of the as-prepared lysozyme-HAuCl4 complex and 3 µL of the well solution. The well solution was 

6.5% NaCl (w/v) in 0.1 M sodium acetate (pH 4.8). The well of the crystal tray was filled with 800 mL 

of the same solution. A colourless crystal was obtained, collected, and soaked in a cryoprotectant 

solution, then flash frozen in liquid N2 before data collection. 

As control experiments, crystals of lysozyme were also grown from lysozyme and different as-

prepared gold nanoparticles by hanging drop vapour diffusion at room temperature. (i) For ~1 nm 

Au102(para-mercaptobenzoic acid)44, 7.5 µL 75 mg/mL lysozyme in 0.1 M sodium acetate (pH 4.5) was 

mixed with 5 µL ~1 nm Au102(para-mercaptobenzoic acid)44 (1 mM) at room temperature for 5 min. 

Then the crystal trays were set up by mixing 5 µL of the sample and 5 µL of the well solution. (ii) For 5 

nm gold nanoparticles stabilized by sodium citrate, 5 µL 120 mg/mL lysozyme in 0.1 M sodium acetate 

(pH 4.5) was mixed with 5 µL 5 nm gold nanoparticles stabilized by sodium citrate (82 nM) at room 

temperature for 5 min. Then the crystal trays were set up by mixing 5 µL of the sample and 5 µL of the 

well solution. (iii) For 13 nm gold nanoparticles stabilized by sodium citrate, 5 µL 75 mg/mL lysozyme 

in 0.1 M sodium acetate (pH 4.5) was mixed with 5 µL 13 nm gold nanoparticles stabilized by sodium 

citrate (17 nM) at room temperature for 5 min. Then the crystal trays were set up by mixing 5 µL of the 

sample and 5 µL of the well solution. For all the three samples, the well solution was 6.5% NaCl (w/v) 

in 0.1 M sodium acetate (pH 4.5). The well of the crystal tray was filled with 800 mL of the same 

solution.

X-ray diffraction data were collected at the National Synchrotron Light Source X12C beamline 

(Brookhaven National Laboratory, USA). All data were integrated using the program HKL2000S4.
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The crystal structures were solved by the molecular replacement method using MOLREP in the 

CCP4 PackageS5. The refinement was performed using X-plorS6 and SHELX’97S7. VMD and PyMol 

were used for visualization of  lysozyme protein S8,S9.

Electron Tomography. A tilt series of HAADF STEM images for three-dimensional electron 

tomography was obtained on a JEOL 2010F field-emission scanning transmission electron microscope 

with a camera length of 15 cm at an acceleration voltage of 200 kV. A tilt series of HAADF-STEM 

images of the relatively thin sample area were recorded from -51° to 51° at 3° intervals. The images 

were aligned and the tomography was reconstructed using EM3DS10. The reconstruction was visualized 

using ChimeraS11.

Instrumentation. Absorption spectra were obtained on a Cary 5000 spectrophotometer (Varian, USA). 

Powder X-ray diffraction (XRD) data were collected on a Siemens-Bruker D5000 XRD diffractometer. 

TEM images were obtained on a JEOL 2010 LaB6 (or JEOL 2100 LaB6) transmission electron 

microscope at an acceleration voltage of 200 kV. (S)TEM samples were prepared by grinding the 

crystals into a fine powder with mortar and pestle, then transferring the crystal powder onto copper 

TEM grids. Photographs of the crystals were taken with a Canon digital camera. 
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Figure S1. The red lysozyme-Au(I) crystal powder immobilized onto a Cary 5000 sample holder (a)

and the corresponding solid state absorption spectra (b). Inset of panel (b) is the zoomed-in spectra. A 

580-nm surface plasmon resonance absorption peak from the gold nanoparticles grown within the 

lysozyme single crystals was observed, which gave the crystal its red colour. The 280 nm peak from 

lysozyme could not be measured due to the limit of the powder-based absorption measurement method. 
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Figure S2. Cross-sectional TEM images (a and b) and the corresponding size histograms (c) of the gold 

nanoparticles within the lysozyme-Au(I) crystal after 10 days of growth. The crystal was stained with 

uranyl acetate and lead citrate and then sectioned by a Leica/Reichert Microtome. The sectioned crystal 

was placed on a TEM supporting grid and dried in air. The TEM images of the sectioned crystals were 

taken on a H600 Hitachi transmission electron microscopy at an acceleration voltage of 75 kV. Note:

the particle size obtained from the stained and sectioned TEM samples (18.87 nm) was consistent with 

that from powder TEM samples (16.87 nm) (Fig. 1b). This confirmed that the TEM sample preparation 

method used in this study was valid and correct. 
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Figure S3. The size distribution histograms of the gold nanoparticles within the crystals grown from 

lysozyme-Au(I) in the absence (a) and presence (b-d) of histidine after 3 days of growth. From b to d,

the molar ratios of histidine to Au(I) were 1:4, 1:1, 4:1, and 10:1. 

The possible mechanism of the transformation of the bimodal distribution of gold nanoparticles 

size into a single peak. We propose that the small gold nanoparticles were formed from the Au(I)

bound to His15 of lysozyme, as observed in the crystal structures shown in Fig. 1e. Because the Au(I) 

ions are bound to the protein and stabilized by the coordination, their transformation into gold 

nanoparticles is slower resulting in small gold nanoparticles; on the other hand, the large gold 

nanoparticles are proposed to be formed from the free Au(I) diffused into the lysozyme crystals, where 

their transformation into gold nanoparticles is faster. Therefore a bimodal size distribution of gold 

nanoparticles size would be observed in the intermediate stage of crystal growth. With increasing time, 

Au(I) bound to His15 of lysozyme would be consumed (see Figs. 1e and 1g) and thus no more small 

gold nanoparticles would be formed. Finally, further growth of the small and large gold nanoparticles 

into larger ones would result in the final single peak. To further support this proposed scheme and 

understand the transformation of the bimodal distribution of gold nanoparticles size into a single peak, 

we carried out the following experiment. We added free histidine as a competing agent for free Au(I)

diffused into the lysozyme crystals. As shown in Fig. S3, with the increase of the ratio between histidine 

over Au(I) and at the same time point, the bimodal distribution of gold nanoparticles size transformed 

into a single peak and shifted to the smaller size region. These results suggest the role of histidine ligand 

in slowing down the growth gold nanoparticles to smaller sizes and that external ligands such as 

histidine can help influence the kinetics of the free Au(I) diffused into the crystals and thus final size 

distributions.
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Figure S4. Time-dependent photos of the disproportionation of 35 mM Au(I) in aqueous solution as a 

control. As the disproportionation reaction proceeded, the solution changed from colourless to 

yellowish due to the formation of bulk gold. Compared with the Au(I) within lysozyme crystals, Au(I)

in aqueous solution disproportionated much faster. 
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Figure S5. Photos of the crystals grown from lysozyme and preformed gold nanoparticles of different 

sizes. (a) 13 nm gold nanoparticles stabilized by sodium citrate (17 nM), (b) 5 nm gold nanoparticles 

stabilized by sodium citrate (82 nM), and (c) ~ 1 nm Au102(para-mercaptobenzoic acid)44 (1 mM).
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Figure S6. The image of the crystals grown from 75mg/mL lysozyme, followed by 35 mM HAuCl4

soaking and 100 mM NaBH4 reduction.

The host crystals were usually quite stable at the described conditions we used to grow the nanoparticles 

(see Fig. 1a).  However, we did find that if strong reducing agents such as NaBH4 were used to reduce 

the gold salt fast, not only did the crystals lose the integrity, but also the crystals formed were not 

uniform (see Fig. S6). This negative control result supports the novel approach presented in the current 

work.
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Figure S7. High-resolution TEM images of the gold particles within the crystals grown from lysozyme 

and Au(I) at different growth stages (after 1 day, 1.5 days, 2  days, 3 days, 5 days, 10 days, 20 days, and 

90 days of growth; the scale bar is 5 nm). 

As shown in Fig. S7, at the early stages, gold single crystals were observed; while at the late stages, 

twinned structures of gold were observed. The appearance of the twinned structures was probably due to 

their more low energy facetsS12. This observation was also be further confirmed by the solution-based 

synthesis, where gold nanoparticles with twinned structures could also be observed (see Fig. S8). These 

results suggest that the gold crystallites structural properties were not changed dramatically by growing 

them within the protein crystals. 
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Figure S8. A TEM image of gold nanoparticles stabilized by lysozyme. The gold nanoparticles were 

prepared via a solution based reduction of 35 mM Au(I) in the presence of 75 mg/mL lysozyme using 

as the reducing agent NaBH4 as the reducing agent.
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Figure S9. The powder XRD patterns of the crystals grown from lysozyme-Au(I) after 10 days (a) and 

the crystals grown from lysozyme alone (b). (c) shows the background response of the quartz sample 

holder used. The broad peaks between 15  and 30  in panels (a) and (b) were assigned to lysozyme, 

which was consistent with previous reportS13.
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Figure S10. The binding motifs of the gold atoms and lysozyme. In all panels Au(I) is shown in ochre, 

Au(III) in green, carbon in cyan, nitrogen in blue, oxygen (or water in the ball) in red, and chloride in 

magenta. VMD was used for visualizationS8.
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Figure S11. X-ray crystallographic structure of the lysozyme single crystal grown from lysozyme and 

HAuCl4 (a) and its overlay with the ninetieth day lysozyme single crystal grown from lysozyme and 

Au(I) (b). In all panels Au(III) is shown in  green or silver, carbon in cyan, nitrogen in blue, oxygen in 

red, and chloride in magenta. The PDB code of a is 3P68. VMD was used for visualization S8.
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Figure S12. TEM images of the crystals grown from 2 mM HAuCl4 and 75 mg/mL lysozyme after 45 

days of growth. No gold nanoparticles could be observed under this condition.
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Figure S13. The reactions involved in this study.
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Figure S14. The images of the crystals grown from 75mg/mL lysozyme and 35 mM Au(I) at longer 

growth stages (210 and 274 days) (a), the corresponding TEM images (b) and the size distribution 

histograms of the gold nanoparticles within the crystals (c). 
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Figure S15. The images of the crystals grown from 75mg/mL lysozyme and different concentrations of 

Au(I) (a), the corresponding TEM images (b) and the size distribution histograms of the gold 

nanoparticles within the crystals (c). The plots of gold nanoparticles size vs. Au (I) concentration (d). 

The data were collected after 10 days of growth. 
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Figure S16. Fine-tuning the gold nanoparticles growth rates within the lysozyme crystals.

a-c, Accelerating the growth rate by using Hg(II) as an additive. d-f, Decelerating the rate of the growth 

by using TCEP as an additive. a-c were taken after ca. 1.5 days of growth, while d-f were taken after  ca. 

3 days of growth. 
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Figure S17. The plots of gold nanoparticles size within lysozyme crystals vs. growth time in the 

absence and presence of different additives. 
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Figure S18. Time dependent photos of the disproportionation of 35 mM Au(I) aqueous solution in the 

absence and presence of Hg2+ (or TCEP). 

The effects Hg2+ and TCEP of on the Au(I) disproportionation were further verified by a solution based 

study. As shown in Fig. S18, Hg2+ could accelerate the Au(I) disproportionation while TCEP could 

decelerate the reaction in aqueous solution. The specific interaction between Hg2+ and Au(I) was also 

demonstrated by a selectivity study as shown in Fig. S19. 
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Figure S19. Photos of the crystals grown from 75 mg/mL lysozyme and 35 mM Au(I) with and without 

1 mM metal ions as additives. The photos were taken after about 1.5 days of growth. 
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Figure S20. An image of the crystals grown from 50 mg/mL thaumatin (from Thaumatococcus

daniellii) and 35 mM Au(I) by using 1 mM Hg2+ as an additive (a), the corresponding TEM image (b)

and the size distribution histograms of the gold nanoparticles within the crystal (c).
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Movie files of tomography. 

S1-Aligned_Tilt_Series.avi: This movie shows the aligned results of the tilt series from -51º to + 51º 

with a step size of 3º. 

S1-Reconstruction.avi: The corresponding three-dimensional reconstructions of the previous movie.
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Table S1. Data collection and refinement data statistics of lysozyme with Au(I).

Crystal Data 1 Day 2 Days 3 Days 90 Days

Space Group P43212 P43212 P43212 P43212

Unit Cell 

a (Å)

b (Å)

c (Å)

(o)  

 (o) 

(o) 

78.584

78.584

37.121

90.00

90.00

90.00

78.567

78.567

36.794

90.00

90.00

90.00

78.641

78.641

37.130

90.00

90.00

90.00

78.543

78.543

37.154

90.00

90.00

90.00

Data collection statistics     

Wavelength (Å) 1.1 1.1 1.1 1.1 

Resolution (Å)  1.60 (1.66 – 1.60) 1.31 (1.36 – 1.31)  1.31(1.36 – 1.31) 1.31 (1.36 – 1.31) 

Total number of 
reflections

396,076 777,626 775,235 782.959 

Number of unique 
reflections

15,391 28,400 28,645 28,492 

R-merge  0.157(0.496) 0.079 (0.454) 0.043 (0.211) 0.162 (0.136) 

Redundancy 25.7(26.9) 27.4 (26.8) 27.1 (26.3) 27.5 (26.8) 

Completeness (%)  97.5(100.0)   99.8 (100.0) 99.8(99.6) 97.3 (81.6) 

I/SigmaI 29.1(11.8) 48.8(4.6) 65.5(16.7) 62.2(24.8) 

Refinement statistics 

Resolution (Å)  10.0 – 1.60 10.0 – 1.30 10 – 2.10 10.0 – 1.36 

R-all (%) 19.33 20.44 21.03 21.92 

R-work (%) 19.33 20.20 20.85 21.59 

R-free (%) 23.58 23.41 22.51 24.33 

RMS Bond lengths (Å) 0.007 0.011 0.010 0.010 

RMS Bond angles (°) 1.943 2.269 2.131 2.118 

Metal Ion  1 CL, 2 AU 1 CL, 4 AU 1 CL, 5 AU  8 AU                      

No. of water molecules 237 202                          161 210 
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Table S2. Data collection and refinement data statistics of lysozyme with Au3+.

Crystal Data Lyso-Au3+

Space Group P43212

Unit Cell 

a (Å)

b (Å)

c (Å)

(o)  

 (o) 

(o) 

78.400

78.400

37.224

90.00

90.00

90.00

Data collection statistics 

Wavelength (Å) 1.1 

Resolution (Å)  1.50 (1.55 – 1.50) 

Total number of reflections 493,833 

Number of unique reflections 19,283 

R-merge  0.110(0.476) 

Redundancy 25.6(23.3)

Completeness (%)  100.0(100.0)   

I/SigmaI 29.1(11.8) 

Refinement statistics 

Resolution (Å)  10.0 – 1.60 

R-all (%) 21.72 

R-work (%) 21.66 

R-free (%) 25.50 

RMS Bond lengths (Å) 0.008 

RMS Bond angles (°) 1.985 

Metal Ion  7 AU 

No. of water molecules 179 
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Table S3. The B-factors and occupancies of the gold atoms in the lysozyme crystals at different growth 

stages. The numbering of gold atoms was the same as Fig. 4.

1 Day 

Au1 Au2 Au3 Au4 Au5 Au6 Au7 Au8 Au9

B. F. 72.45 55.10        

Occ. 1.00 0.50        

A. A. H15 Y23        

2 Days 

Au1 Au2 Au3 Au4 Au5 Au6 Au7 Au8 Au9

B. F. 62.15 53.98 66.21 53.22      

Occ. 0.50 1.00 1.00 0.50      

A. A. H15 Y23 S24 R68      

3 Days 

Au1 Au2 Au3 Au4 Au5 Au6 Au7 Au8 Au9

B. F. 63.95 49.89 59.36 65.44 48.63     

Occ. 0.30 1.00 1.00 1.00 0.50     

A. A. H15 Y23 S24 R68 R73     

90 Days 

Au1 Au2 Au3 Au4 Au5 Au6 Au7 Au8 Au9

B. F.  48.48 57.10 48.98 50.95 63.92 75.96 55.59 59.31 

Occ.  1.00 1.00 1.00 1.00 1.00 1.00 0.50 1.00 

A. A.  Y23 S24 R68 R73 N65 N65 T51 T43 

B.F. : B-factor, 

Occ. : Occupancy, 

A. A. : Amino Acid residues that interacted with the corresponding gold atoms. 
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