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Abstract

Controlled patterning of nanoparticles on bioassemblies enables synthesis of complex materials 

for applications in optics, nanoelectronics, and sensing. Biomolecular self-assembly offers 

molecular control for engineering patterned nanomaterials, but current approaches have been 

limited in their ability to combine high nanoparticle coverage with generality that enables 

incorporation of multiple nanoparticle types. Here, we synthesize photonic materials on crystalline 

two-dimensional protein sheets using orthogonal bioconjugation reactions, organizing quantum 

dots (QDs), gold nanoparticles (AuNPs), and upconverting nanoparticles (UCNPs) along the 

surface-layer (S-layer) protein SbsB from the extremophile Geobacillus stearothermophilus. We 

use electron and optical microscopy to show that isopeptide bond-forming SpyCatcher and 

SnoopCatcher systems enable the simultaneous and controlled conjugation of multiple types of 

nanoparticles (NPs) at high densities along the SbsB sheets. These NP conjugation reactions are 

orthogonal to each other and to Au-thiol bond formation, allowing tailorable nanoparticle 

combinations at sufficient labeling efficiencies (up to 30%) to permit optical interactions between 

nanoparticles. Fluorescence lifetime imaging of SbsB sheets conjugated to QDs and AuNPs at 

distinct attachment sites shows spatially heterogeneous QD emission, with shorter radiative decays 

and brighter fluorescence arising from plasmonic enhancement at close interparticle distances. 
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This specific, stable, and efficient conjugation of NPs to 2D protein sheets enables the exploration 

of interactions between pairs of nanoparticles at defined distances for the engineering of protein-

based photonic nanomaterials.

Graphical Abstract
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S-layer; protein self-assembly; crystalline nanosheets; bioconjugation; quantum dots; upconverting 
nanoparticles; gold nanoparticles; plasmonics; lifetime imaging

INTRODUCTION

Cells produce protein- and nucleic acid-based assemblies with chemical complexity and 

structural precision far beyond what is possible with laboratory synthesis or fabrication 

techniques.1,2 Controlled patterning of nanoparticles (NPs) along these scaffolds enables the 

synthesis of complex hybrid materials with potential applications in nanoelectronics, optics, 

and biochemical sensing.3–7 Bottom-up approaches using self-assembling DNA- and 

protein-based scaffolds offer general routes to pattern nanoparticles with some control over 

spacing and density. For example, DNA origami has been used to scaffold Au into arrays or 

wires at interparticle distances to allow optical interactions between adjacent AuNPs,8–10 

and disulfides have been engineered into protein tetramers, enabling them to form extended 

crystalline 2D assemblies able to pattern AuNPs.11

While non-covalent self-assembly approaches allow for diverse structures and compositions, 

they rely on equilibria between assembled and unbound nanoparticles on the larger structure,
8, 9, 12, 13 limiting the efficiency of assembly at low concentrations and the stability of 

assemblies over longer timescales. For NPs in particular, inherent limits on their 

concentrations to avoid aggregation (at or below low μM range)14–16 present challenges for 

high-density patterning under equilibrium conditions. Appreciable dissociation between 

building blocks has often limited density of nanoparticle coverage over DNA- or protein-

based scaffolds.17–20 This becomes more limiting as the complexity of the material 

increases, as decreases in yield may be compounded with each additional building block. 

For example, engineering plasmonic enhancement of quantum dot (QD) emission with metal 

NPs requires specific spacing between NPs,21–23 and low-density labeling of either 

component creates interparticle distances too large to measure plasmonic effects. For these 

and other multi-component materials, high-density coverage requires novel and orthogonal 

methods for linking nanoparticles to scaffolds with no appreciable dissociation.
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Protein assemblies are promising scaffolds for the development of hierarchical 

nanomaterials as they can be engineered with angstrom precision and self-assemble into 

stable, complex architectures.1, 24–28 Covalent Au-thiol bonds have been successfully 

exploited to target AuNPs to Cys side chains,6, 11, 17, 29 but the intrinsic reactivity and 

structure encoded within protein assemblies should allow for varied and orthogonal targeting 

strategies.30, 31 This richness of protein biochemistry has yet to be exploited to create 

materials with close and well-defined interactions between different classes of nanoparticles.

Surface layer proteins (S-layers) are found as two-dimensional crystalline arrays on the outer 

membranes of most prokaryotes. S-layers may be expressed as monomers and will organize 

into crystalline 2D arrays with well-defined lattice dimensions upon addition of Ca2+.32, 33 

These nanosheets remain stable while floating freely in solution across wide pH and 

temperature ranges,34 and can adhere to either wet or dry surfaces,32 all of which makes 

them promising for engineering programmable materials. S-layers naturally form 2D rather 

than 3D crystals, limiting determination of atomic resolution structures by X-ray 

crystallography,35, 36 which has presented challenges for engineering many types of S-layer 

proteins. However, a high-resolution X-ray structure (Figure 1) has been reported for SbsB,
35 the S-layer from thermophile Geobacillus stearothermophilus,37 enabling rational design 

of SbsB sheets suitable for bioconjugation.38, 39

While certain S-layers have been engineered with single nanoparticle attachment sites,40–42 

they have not been explored for the simultaneous display of multiple nanoparticles. High-

density attachment of nanoparticles presents added challenges owing to their larger 

diameters (up to 16 nm in this study), including low dispersibility, limiting possible NP 

concentrations to orders of magnitude lower than the mM concentrations required for many 

bimolecular reactions, and potential steric clash between NP at the sheet surface, which 

should become increasingly problematic as binding sites become occupied and block free 

NP from accessing vacant sites.

Engineered split proteins SpyTag/Catcher44 and SnoopTag/Catcher45 have emerged as 

robust systems for specific conjugation of materials to proteins.38, 46, 47 Tag peptides and 

Catcher proteins bind to one another with nanomolar affinities and self-ligate to form 

isopeptide bonds (Figure 1C), making them useful for specific and irreversible labeling at 

low concentrations.48–50 Leveraging these bioconjugation reactions and Au-thiol binding, 

here we describe the synthesis of hybrid 2D materials comprising self-assembling S-layer 

proteins conjugated to pairs of interacting NPs. This approach allows the dense, 

simultaneous attachment of multiple NP types, with densities up to 30% for SnoopCatcher, 

about 6-fold higher than AuNPs bonding to Cys clusters. Fluorescence lifetime imaging of 

SbsB sheets conjugated to both QDs and AuNPs shows shortened radiative decays and 

brighter fluorescence characteristic of plasmonic enhancement of the QD fluorescence due 

to short-range interactions between the two species. This work demonstrates efficient 

conjugation of multiple NPs to specific positions in 2D protein assemblies, which can be 

generalized to diverse NP types for discovery of protein-based photonic nanomaterials.
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MATERIALS AND METHODS

Generation & purification of engineered SbsB proteins.

All plasmids and cell lines are outlined in Table S1. We used Gibson assembly51 to create a 

pET28a plasmid (Novagen) that encodes sbsB from G. stearothermophilus between NcoI 

and XhoI sites. The resulting construct contained a C-terminal TEV protease cleavage site 

followed by a hexa-His tag for purification. The recombinant SbsB variants that contained 

either SpyTag (AHIVMVDAYKPTK)44 or SnoopTag (KLGDIEFIKVNK)45 were preceded 

or flanked by GSG linkers. For dual labeled sheets, GSG-SpyTag-GSG was inserted either in 

the mid loop after Asn201 or in the pore loop after Val386, and GSG-SnoopTag was added 

at the C-terminus after Ser922 (Figure S1). To generate SpyTag, SnoopTag, and tetra-Cys 

(S662C, T679C, A682C, V698C) SbsB constructs, isolated starter plasmids were subjected 

to site-directed mutagenesis (Q5 Hot-Start High Fidelity mutagenesis kit, NEB), following 

the manufacturer’s instructions, and mutagenic primers (IDT) (Table S2). Positive clones 

were confirmed via DNA sequencing. Plasmids encoding SbsB variants were transformed 

into the E. coli expression cell line HMS174(DE3) (MilliporeSigma) for heterologous 

protein expression.

Single colonies from solid media were used to inoculate cultures of LB broth (5 mL) 

containing kanamycin (50 μg/mL), and grown at 37 °C overnight (250 rpm). This starter 

culture was then used to inoculate 500 mL LB broth containing kanamycin (50 μg/mL) and 

grown at 37 °C with shaking (250 rpm). Once cell density reached 0.4 – 0.6 (2 – 4 h post-

induction), protein expression was induced with 1 mM IPTG. Cultures were then grown 

overnight at 18 °C with shaking (250 rpm) to avoid the formation of inclusion bodies. Cells 

were harvested (6000 × g, 20 min, 4 °C) and the cell pellet was resuspended in 30 mL of 

lysis buffer (20 mM Tris, pH 8.0, 300 mM NaCl, 10 mM imidazole). Cell pellets were stored 

at − 80 °C. Recombinant His6-tagged protein was isolated as previously described by 

gravity-flow immobilized metal-affinity chromatography.52 Purified protein was then 

dialyzed against 20 mM Tris pH 8.0 to remove imidazole. All purification steps for the 

isolation of SbsB Cys cluster, also included 10 mM TCEP, to avoid the formation of 

disulfide linkages between monomers. A TEV protease cleavage step, to remove the C-

terminal His6-tag, was carried out as previously described39 and confirmed by SDS-PAGE 

and Western blot.

Nanosheet formation.

Crystallization of SbsB monomers into nanosheets was triggered by addition of 10 mM 

CaCl2 to purified SbsB (1–5 mg/mL; 10 – 50 μM) in 20 mM Tris, pH 8.0, with 10 mM 

TCEP for Cys-containing mutants. The solution was briefly mixed and allowed to sit 

overnight at room temperature. Protein crystallization was observed as a white solid settled 

to the bottom of the tube. Nanosheets were stored at 4 °C.

Modification and generation of protein-coupling systems.

Genes encoding for SpyCatcher and SnoopCatcher were encoded within the pDEST14 and 

pET28A plasmids, respectively (Addgene). Both plasmids also contained an N-terminal His6 

tag for purification purposes, followed by a TEV protease cleavage site. Cys residues were 
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incorporated into solvent exposed loops of SpyCatcher and SnoopCatcher proteins, 

specifically at positions S35C and N58C, respectively. Mutagenesis was carried out using a 

Q5 site-directed mutagenesis kit, per the manufacturer’s instructions, using primers shown 

in Table S2. Cys-containing variants were verified by DNA sequencing. These inserted Cys 

side chains were required for the attachment of SpyCatcher/SnoopCatcher to the surface of 

nanoparticles via thiol chemistry.

Plasmids containing our modified SpyCatcher/SnoopCatcher were transformed into 

BL21(DE3) pLysS E. coli cells. Cell growth and recombinant protein expression were 

carried out following protocols as previously described.44 Following overnight protein 

expression, cells were harvested via centrifugation (6000 × g for 20 min at 4 °C), The 

resulting cell pellet was resuspended in 30 mL lysis buffer (20 mM Tris pH 8.0, 300 mM 

NaCl, 10 mM imidazole) and stored at − 80 °C until further use.

Recombinant His6-tagged proteins were isolated using a prepacked 1 mL Ni2+ column (GE 

Healthcare). Protein binding was carried out at 10 mM imidazole, followed by wash with 40 

mM imidazole for 20 column volumes, and elution at 250 mM imidazole. An additional 

purification step of preparative SEC was also carried out wherein affinity-purified samples 

were injected onto Superdex 200 matrix (HiLoad 16/60 column, GE Healthcare) pre-

equilibrated with 20 mM Tris pH 8.0, 300 mM NaCl and 10 mM TCEP (for Cys-containing 

variants). All chromatography steps were conducted at 1 mL/min with an ÄKTA Explorer 

system (GE Healthcare). Gel filtration confirmed products were a single species with an 

apparent mass of ~15 kDa. SDS-PAGE analysis further confirmed the solution SEC results, 

with a single, distinct band for purified Catcher proteins at approximately 15 kDa. Yields for 

SpyCatcher/SnoopCatcher constructs were typically between 2 – 10 mg/mL.

Nanoparticle synthesis and aqueous passivation.

Yb3+/Er3+-doped NaYF4 and NaGdF4 UCNPs were synthesized following previous 

methods.53, 54 For NaY0.78Yb0.2Er0.02F4 UCNPs: to a dry 50-mL round bottom flask, YCl3 

hydrate (0.312 mmol, 95 mg), YbCl3 hexahydrate (0.08 mmol, 31 mg), and ErCl3 

hexahydrate (0.008 mmol, 3.1 mg) were added, followed by oleic acid (3.25 g, 10.4 mmol) 

and 1-octadecene (ODE, 4 mL). The mixture was placed under vacuum, and heated to 110 

°C for 1 h, causing the solution to clear. The flask was cooled and filled with N2, and sodium 

oleate (1.25 mmol, 381 mg), NH4F (2 mmol, 74 mg), and ODE (3 mL) were added. The 

flask was again placed under vacuum and stirred at room temperature for 30 min, and then 

flushed three times with N2 filled by vacuum. The reaction was heated to 315 °C, stirred for 

45 min under N2, and then cooled rapidly by a strong stream of air to the outside of the flask 

following removal of the heating mantle. When the reaction had cooled to 75 °C, ice-cold 

ethanol (25 mL) was added to precipitate the nanocrystals. The reaction was transferred to a 

centrifuge tube and centrifuged at 3000 × g for 5 min to precipitate the nanocrystals 

completely. The supernatant was discarded and the white solid precipitate was resuspended 

in minimal hexanes (5 mL) to break up the pellet. The nanocrystals were then precipitated 

again with the addition of ethanol (40 mL) and centrifuged at 3000 × g for 10 min. This 

resuspension and precipitation were repeated 2 more times. The nanocrystals were 

resuspended and stored in 10 mL of hexane with 0.1% (v/v) oleic acid to give a 10 μM 
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dispersion. NaGd0.78Yb0.2Er0.02F4 UCNPs were synthesized similarly with different 

proportions of the lanthanide chloride salts.

Hydrophobic UCNPs were transferred to water by encapsulation in poly(n-octylacrylamide)-

co-poly(2-aminoethylacrylamide) (POA, 2.9 kDa) amphiphilic random copolymer.55 For 

aqueous dispersion of UCNPs, POA (10 mg, 2.90 μmol) was dissolved in 1 mL of MeOH 

and 19 mL of CHCl3. UCNPs in hexane (100 μL of 10 μM QDs, 1.0 nmol) were added with 

stirring, and the solvents were removed under a gentle stream of N2 overnight. The dry 

UCNP/polymer residue was then resuspended in 15 mL of 10 mM MES, pH 6.0. This 

suspension was sonicated for 30 minutes, heated in an 80 °C water bath for 60 minutes, 

slowly cooled in the bath to room temperature, and then sonicated for 30 minutes. Excess 

polymer was removed by spin dialysis (Amicon Ultra-15, 50 kDa MWCO), washing with 3 

× 15 mL of 10 mM MES, pH 6. The retentate was diluted to 500 μL (2 μM) with MES 

buffer and centrifuged at 16100 × g for 5 min to remove residual polymer and insoluble 

aggregates. Aqueous UCNP dispersions were stored under ambient conditions.

Hydrophobic CdSe/ZnS QDs with emission maxima of 585 nm (Ocean Nanotech) were 

transferred to water by encapsulation in amphiphilic copolymer poly(acrylic acid)-co-

poly(n-octylacrylamide)-co-poly(2-aminoethylacrylamide) (PAOA, 3 kDa) according to 

previous studies.16, 56 For aqueous dispersion of QDs, PAOA (20 mg, 6.25 μmol, 3000-fold 

excess) was dissolved in 1 mL of MeOH and 19 mL of CHCl3. QDs in hexane (200 μL of 5 

μM QDs, 2.0 nmol) were added with stirring, and the solvents were removed under a gentle 

stream of N2 overnight. The dry QD/polymer residue was then resuspended in 15 mL of 200 

mM sodium bicarbonate buffer, pH 8.0. This suspension was sonicated for 30 minutes, 

heated in an 80 °C water bath for 60 minutes, slowly cooled in the bath to room temperature, 

and then sonicated for 30 minutes. Excess polymer was removed by spin dialysis (Amicon 

Ultra-15, 50 kDa MWCO), washing with 3 × 15 mL of 100 mM HEPES, pH 7.8. The 

retentate was diluted to 1 mL with HEPES buffer and centrifuged at 16100 × g for 5 min to 

remove residual polymer and insoluble aggregates. Aqueous QD dispersions were stored 

under ambient conditions.

Nanoparticle-SpyCatcher conjugation.

For QD-SpyCatcher conjugates, PAOA-encapsulated QDs (2 μM, 600 μL) in 100 mM 

HEPES, pH 7.8, were combined with the crosslinker succinimidyl ester-PEG2-maleimide 

(SM(PEG)2, (ThermoFisher, 100 mM, 100 μL) dissolved in DMSO, and mixed at room 

temperature for 30 min on a rotary mixer. The reaction mixture was diluted to 4 mL with 

100 mM HEPES, pH 7.0, and excess PEG reagent was removed by centrifugal dialysis 

(Amicon Ultra-4, 100 kDa MWCO), washing with 3 × 4 mL of buffer. The retentate was 

diluted to 500 μL in a 1.5-mL low protein-binding centrifuge tube (Eppendorf), the 

SpyCatcher Ser35Cys mutant (132 μM, 200 μL) was added, and the reaction was mixed 

overnight at 4°C on a rotary mixer. The reaction mixture was diluted to 4 mL with 100 mM 

HEPES, pH 7.0, and excess SpyCatcher protein was removed by centrifugal dialysis 

(Amicon Ultra-4, 100 kDa MWCO), washing with 4 × 4 mL of buffer. The retentate was 

diluted to 600 mL in HEPES buffer, and the QD-protein conjugate was stored under ambient 

conditions.

Mann et al. Page 6

Biochemistry. Author manuscript; available in PMC 2021 May 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To generate UCNP-SpyCatcher conjugates, POA-encapsulated UCNPs (10 μM, 200 μL) in 

200 mM MES, pH 5.0, were combined with 5,5’-dithiobis(2-nitrobenzoic acid) (Ellman’s 

reagent, 10 mM, 100 μL, Aldrich) and 2-iminothiolane HCl (Traut’s reagent, 1 mM, 10 μL, 

Sigma) dissolved in 100 mM MES, pH 6.0. Under vigorous stirring, 700 μL of 200 mM 

CAPS buffer, pH 10.0 was added dropwise, and the mixture was allowed to react for 20 

mins. The reaction mixture was diluted to 4 mL with 100 mM HEPES, pH 7.5, and excess 

reagents were removed by centrifugal dialysis (Amicon Ultra-4, 100 kDa MWCO), washing 

with 3 × 4 mL of HEPES buffer. An aliquot of SpyCatcher S35C protein (200 μM, 100 μL) 

was desalted on a Bio Spin-6 Column (Bio-rad) and further washed by centrifugal dialysis 

(Amicon Ultra-4, 3 kDa MWCO), washing with 3 × 4 mL of HEPES buffer to remove all 

TCEP storage buffer. The retentate was diluted to 100 μL in a 1.5-mL low protein-binding 

centrifuge tube, the UCNPs were added, and the reaction was mixed overnight at 4 °C on a 

rotary mixer. The reaction mixture was diluted to 4 mL with 100 mM HEPES, pH 7.5, and 

excess SpyCatcher protein was removed by centrifugal dialysis (Amicon Ultra-4, 100 kDa 

MWCO), washing with 4 × 4 mL of buffer. The retentate was diluted to 400 mL in HEPES 

buffer, and the UCNP-protein conjugate was stored under ambient conditions.

To synthesize AuNP-SpyCatcher conjugates, an aliquot of S35C SpyCatcher (50 μM, 100 

μL) was desalted on a Bio Spin-6 Column (Bio-Rad) and further washed by centrifugal 

dialysis (Amicon Ultra-4, 3 kDa MWCO), washing with 3 × 4 mL of HEPES buffer to 

remove all TCEP storage buffer. The retained protein was added to 5-nm citrate-coated 

AuNPs (100 nM, 200 μL, Sigma-Aldrich) in a 1.5-mL low protein-binding centrifuge tube 

(Eppendorf), and the reaction was gently mixed overnight at 4°C. The reaction mixture was 

desalted on two consecutive Micro Bio Spin P-30 desalting columns (Bio-Rad, 40 kDa 

MWCO) to remove any unbound SpyCatcher protein. The AuNPs were diluted to 400 μL in 

10 mM HEPES, pH 7.4, and the AuNP-protein conjugate was stored at 4°C.

Nanoparticle characterization.

To determine the size of as-synthesized UCNPs, a dilute dispersion of nanocrystals in 

hexane was drop cast onto an ultrathin carbon film on lacey carbon support, 400 mesh 

copper TEM grid (Ted Pella) and dried in a fume hood. Images were collected on a Gemini 

Ultra-55 Analytical Field Emission Scanning Electron Microscope (Zeiss) in dark-field 

transmission mode under 30 kV accelerating voltage. Diameters for 100 random particles 

were manually designated in ImageJ and a distribution was plotted.

To determine the size of aqueous UCNPs and QDs, dispersions were diluted to 20 nM in 100 

mM HEPES, pH 7.8 for PAOA-wrapped particles, in 100 mM MES, pH 6.0 for POA-

encapsulated NPs, and in 100 mM HEPES, pH 7.0 for SpyCatcher-functionalized 

nanoparticles. The dispersions were sonicated for 30 minutes prior to measurement. 

Diameters were measured by dynamic light scattering (DLS) using a Malvern Zetasizer with 

typical count rates of 150 kilocounts per second. Data were collected for 60 seconds each in 

5 separate runs and fit using Malvern Zetasizer software to a volume-weighted size 

distribution of hydrodynamic diameter. To confirm the stoichiometry of SpyCatcher on the 

nanoparticle surface, absorption spectra were taken prior to and after conjugation, showing a 

Trp absorption peak at 280 nm. The concentration of SpyCatcher was determined from this 
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absorbance and the extinction coefficient (10,810 M−1 cm−1), and a ratio with the 

nanoparticle concentration defined the number of proteins per nanoparticle.

Nanoparticle coupling reactions to SbsB nanosheets.

Crystallized SbsB nanosheets (~1 mg/mL) with the relevant SpyTags or SnoopTags, were 

incubated in an excess of nanoparticle (1 – 5 μM) functionalized with their relevant protein 

partner (SpyCatcher/SnoopCatcher). Similarly, AuNPs (5 nm or 100 nm, citrate capped, 

Sigma) were added in excess for thiol conjugation to Cys-containing SbsB sheets. We found 

that aggregates were more likely to form when both types of nanoparticles were incubated 

with nanosheets simultaneously; therefore, sheets were incubated with a single type of 

nanoparticle at a time. Incubations were carried out overnight at room temperature with 

gentle rocking. Prior to imaging and further analysis, unbound nanoparticles were removed 

via two centrifugation steps (16000 × g, 10 min). The supernatant containing excess 

nanoparticles, was removed and pelleted sheets were resuspended in 20 mM Tris, pH 8.0.

Confocal microscopy of NP-SbsB nanosheets.

Interference reflection microscopy (IRM) and fluorescence microscopy were carried out on 

a Zeiss LSM 710 confocal microscope with an Axio Observer.Z1 (Carl Zeiss Micro 

Imaging). A solution of SbsB nanosheets was mounted between a glass slide and glass 

coverslips (No. 1.5) using a Secure Seal spacer with a 13 mm diameter, 0.12 mm thickness 

(ThermoFisher Scientific) and imaged using a 100× oil immersion objective (Plan-

Apochromat, 1.40 NA). A 405 nm Ar ion laser was used to excite samples containing QDs 

and an Arroyo 980 nm continuous wave laser for samples with bound UCNP. To collect 

reflection images, a 514 nm laser was reflected into the sample using a mBST80/R20 plate. 

The reflected light was collected and imaged onto the detector. Images were analyzed and 

exported using Zen Black software.

Scanning transmission electron microscopy (STEM) of SbsB nanosheets.

Engineered SbsB sheets (1 mg/mL) were incubated overnight with 1 – 5 μM NPs. Samples 

were applied to copper grids with continuous lacey carbon and stained prior to STEM with a 

methylamine tungstate negative stain (Nano-W). STEM was carried out at 30 kV 

accelerating voltage. Image analysis and particle counting were carried out in Fiji V1.0.57 

Coverage analysis was performed manually, wherein boxes corresponding to 120 SbsB 

monomers (100 × 100 nm) were randomly dropped on the image and particles manually 

counted.

Fluorescence lifetime imaging.

The experimental investigation of lifetime enhancements of the QD- and AuNP-modified 

sheets were performed using a home-built scanning confocal microscope. Pulsed laser 

excitation (5 ps pulse width; 40 MHz repetition rate) was provided by a supercontinuum 

laser source (Leukos) that was filtered using an acousto-optical tunable filter (AOTF; Gooch 

and Housego) to an ~5 nm-wide band centered at 520 nm. The laser excitation was focused 

to a diffraction-limited spot (~320 nm in diameter) by a 100× objective with an NA of 0.95 

(Nikon). The CW equivalent power for all measurements reported here was ~10 nW. QD 
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emission from the diffraction-limited excitation spot was collected by the same objective, 

passed through two 532 nm long-pass filters (Semrock) and focused on a single-photon 

counting avalanche photodiode (SC-APD; MPD) for lifetime measurements or a 

spectrometer (Andor) connected to a cooled scientific charge coupled device (CCD; Andor 

iXon) for emission spectra measurements. For the lifetime measurements, time-correlated 

single photon counting (TCSPC) was performed using a PicoHarp device. All transients 

reported in this work are significantly longer than the instrument response which exhibited a 

nominal full-width-at-half-maximum of ~70 ps. To simplify lifetime comparisons, we 

calculated the effective lifetime of each trace, τeff, as calculated by:

τeff =
∑Aiτi
∑Ai

.

where Ai are weighting factors and τi are lifetimes obtained from decay curve fittings.

RESULTS

Conjugation of AuNP to S-layer nanosheets.

To conjugate different types of nanoparticles to S-layer nanosheets, we first leveraged the 

strength of Au-thiol bonds58 and introduced a cluster of Cys residues in the SbsB monomer 

to produce an AuNP binding domain (Figures 1 and S1). Targeted residues were identified 

from the SbsB structure (Figure 1A) and by identifying solvent-exposed side chains in the 

lattice.35, 59 Four residues (Ser662, Thr679, Ala682, Val698) that form a ~10 × 10 Å square 

(Figure 1B) on the outward facing surface of SbsB were substituted with Cys to form a 

solvent-exposed thiol cluster. Assembly of Cys-enriched SbsB nanosheets from monomers 

(Figure S2) was triggered by addition of Ca2+ (refs. 32, 33) and characterized by scanning 

transmission electron microscopy (STEM) and interference reflection microscopy (IRM), 

showing that Cys-modified sheets have lattice dimensions and sizing (typically rectangular, 

ranging from 1 – 10 μm in length) similar to wild-type sheets (Figures 2, S3). To probe 

metallic nanoparticle conjugation, we incubated unmodified sheets or tetra-Cys sheets with 

citrate-capped 5 nm AuNPs and analyzed the reaction by STEM. We chose 5-nm AuNPs 

because they fit within the SbsB nanosheet lattice spacing of 8 × 11 nm,35 but are large 

enough to be imaged and show measurable plasmonic effects (described below). SbsB 

nanosheets incorporating the tetra-Cys cluster, but not native SbsB nanosheets, show AuNP 

binding (Figure 2B), with an overall sheet coverage of ~5 %. Even with optimized 

conditions, we see that the Cys clusters are able bind metallic NPs at modest efficiency and 

poor uniformity across the nanosheet. All attempts to label SbsB monomers with AuNPs 

before nanosheet crystallization led to intractable aggregates, likely owing to the capacity of 

each AuNP to conjugate multiple SbsB monomers and the strong tendency of those 

monomers to crystallize.33, 38

Conjugation of diverse nanoparticles using self-ligating proteins.

To improve labeling efficiency of NPs to nanosheets, we examined whether the self-ligating 

split proteins SpyTag/SpyCatcher and SnoopTag/SnoopCatcher could selectively conjugate 

NPs to SbsB arrays more effectively than Cys clusters. While SpyTag 13mer peptides have 
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been shown to conjugate at both internal and terminal positions, we chose the unstructured 

C-terminal tail of SbsB for SpyTag insertion because of its apparent unimportance in SbsB 

folding and assembly.35 SbsB C-SpyTag constructs were expressed at similar levels as wild 

type SbsB (Figure S2), and STEM reveals highly ordered sheets similar to wild-type, 

indicating the 13-amino acid peptide does not hinder biosynthesis or assembly into 

crystalline arrays (Figure S2). In SbsB sheets, SpyTag peptides are accessible to SpyCatcher, 

as seen in a time series followed by SDS-PAGE, with the appearance of a 110 kDa band 

corresponding to the SpyCatcher-SbsB C-SpyTag conjugate (Figure S4). A significant 

fraction of sites in the sheet remain unconjugated after an 18 h exposure to excess 

SpyCatcher, consistent with kinetic studies showing these reactions do not go to completion.
44, 50 Previous work with other S-layer fusions39 has shown up to 5-fold changes 

SpyCatcher-SpyTag conjugation efficiency depending on where the SpyTag is incorporated 

in the S-layer.

We next probed whether the SpyTag/Catcher system could enable high-density attachment 

of inorganic nanocrystals, using either semiconductor quantum dots (QDs)16, 60 or 

lanthanide-doped NaYF4 upconverting nanoparticles (UCNPs)53, 55 doped with 20% Yb3+ 

and 2% Er3+. Hydrophobic inorganic nanocrystals were synthesized by colloidal methods 

and characterized by TEM and luminescence.16, 53 To impart colloidal stability and 

resistance to aggregation in aqueous media, both types of nanocrystals were encapsulated in 

amphiphilic copolymers bearing surface amines as bioconjugation handles.55, 56, 61 Aqueous 

NP sizes and dispersity were measured by dynamic light scattering (DLS), showing no 

aggregation and hydrodynamic diameters of 11, 13, and 16 nm for CdSe/ZnS QDs, NaGdF4 

UCNPs, and NaYF4 UCNPs, respectively (Figure S5). To functionalize these NPs for 

conjugation to SbsB-SpyTag sheets, a single Cys at Ser35 was introduced in a SpyCatcher 

loop, expressed, and purified. For Cys-mediated attachment, amines on the NP surface were 

converted to Cys-reactive groups either with amine-thiol heterobifunctional crosslinkers or 

by sequential treatment with Traut’s and Ellman’s reagents (Figure S6). Trp fluorescence 

shows a stoichiometry of 10–30 surface SpyCatcher proteins per NP, depending on NP size, 

and these conjugates remained dispersed in buffer with little apparent aggregation (Figure 

S5). Attempts to display SpyTag peptides on nanocrystal surfaces led to complete 

aggregation, even with sparse surface display, likely owing to peptide hydrophobicity.

The SpyCatcher-functionalized QDs were incubated with SbsB C-SpyTag sheets (Figure 

2C) for covalent attachment and then characterized by STEM and confocal microscopy. 

Nanoparticle-conjugated SpyCatcher maintained its reactivity with SpyTag, resulting in 

specific conjugation to tagged SbsB nanosheets. QDs were readily imaged bound to 

nanosheets via STEM (Figure 2C), with NPs occupying 18% of possible SpyTag attachment 

sites. Confocal images of QD-conjugated sheets show emission localized to sheets (Figure 

2G–I) with a characteristic emission peak at 585 nm.

A second self-ligating split protein, SnoopTag/Catcher,45 was investigated for NP-SbsB 

sheet conjugation and whether it can be used selectively in the presence of SpyTag/Catcher. 

The SnoopTag 12mer was engineered into the C-terminus of SbsB and incubated with 

SnoopCatcher-conjugated UCNPs (Figure 3A). Similar to SpyTag, STEM images show 

SnoopTag has no appreciable effect on the SbsB lattice dimensions or sheet size (Figure 3). 
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SnoopCatcher-conjugated UCNPs show significantly higher conjugation to nanosheets 

compared to their SpyCatcher counterparts, with 13-nm UCNPs coupling efficiency 

increasing from 10.7 ± 0.9% to 17.4 ± 0.9% and 16-nm UCNPs from 2.4 ± 0.4% to 30.6 ± 

2.0% (Figure 4). SpyCatcher-coated AuNPs also show a marginally improved labeling 

efficiency compared to citrate-coated AuNPs targeted to the Cys cluster. STEM images 

reveal uniform nanoparticle binding to sheets for both 16-nm NaYF4 UCNPs and 13-nm 

NaGdF4 UCNPs (Figure 3). When UCNP-conjugated sheets are excited at 980 nm, 

characteristic upconverted Er3+ emission peaks at 545 and 660 nm are localized to SbsB 

sheet region with no measurable off-sheet emission (Figure 3C–H). Taken together, these 

Spy- and Snoop-Catcher experiments demonstrate more efficient labeling than seen with 

multivalent Cys binding to AuNP.

Simultaneous attachment of different NP to SbsB nanosheets.

To introduce 2 distinct attachment sites in SbsB for simultaneous labeling, we targeted two 

loop regions in addition to the C-terminus (Figure S7). The mid loop (ML) lies between the 

sugar-binding domain and crystallization domain of full-length SbsB and the pore loop (PL) 

lies between domains III and IV and spans the inter-monomer pore. All modifications, 

including dual tagged constructs, result in crystalline nanosheets similar to wild type sheets 

upon the addition of Ca2+. Based on expression and assembly efficiency, 2 dual-modified 

SbsB variants were investigated to determine their ability to selectively conjugate distinct 

nanoparticles: SbsB mid loop (ML) with SpyTag C-terminal SnoopTag, and SbsB pore loop 

(PL) SpyTag with C-terminal SnoopTag. Dual-labeled

SbsB nanosheets display the capacity to conjugate both QDs and UCNPs sequentially 

through purified single-Cys SpyCatcher or SnoopCatcher conjugated to NP surfaces 

(Figures 1,5 and Methods). Ionic strength, added detergents, order of addition, and 

sonication were tested to optimize reactions for disperse, high-density coverage (Figure S8). 

Sequential addition of NPs proved essential, as did high salt (500 mM NaCl), which may 

reduce NP aggregation or increase effective concentration of NPs near the sheets by 

electrostatic screening. We note that SbsB sheets and NPs proved resistant to low 

concentrations of detergent (0.5 – 1% Tween or SDS), although sonication resulted in 

aggregation of NP, possibly due to irreversible denaturation of SpyCatcher or SnoopCatcher 

on the NP surface. To synthesize novel 2D materials with interacting NPs, we added both 

AuNPs and QD-SpyCatcher to SbsB sheets bearing both Cys clusters and C-SpyTag 

peptides (Figure 6A,B). Despite some clustering of NPs (Figure S8), we observe multiple 

regions of colocalization, with different NP types within 10 nm of one another.

Plasmonic interactions between NP on SbsB nanosheets.

To study colocalization of 2 different NPs on a 2D protein sheet, we measured the 

interactions between QDs and AuNP by fluorescence lifetime imaging. We sought to 

determine if conjugated NP are sufficiently close (ca. 2–20 nm)21, 23, 62 for the QD emission 

to show significant coupling to neighboring AuNPs, as STEM images show heterogeneous 

distributions in dual-labeled nanosheets (Figure S8A). First, we compared the excited state 

relaxation dynamics of the QDs acquired from 65×65 μm2 areas of QD-only and QD- and 

AuNP-conjugated protein sheets dispersed on a glass substrate (Figure 6A). The large area 
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measurements provide ensemble averages of many individual protein sheets, as well as of 

areas of NP heterogeneity within dual-labeled sheets (Figure 5A). Because the fluorescent 

transients cannot be fit to single exponential decays, we calculated effective lifetimes (τeff) 

from biexponential fittings to simplify comparisons (Methods and Table S3). Addition of 

AuNPs to QD-conjugated sheets reduces τeff values from 8.4 ns to 4.6 ns (Figure 6A), a 

significant decrease consistent with close interparticle spacing needed for plasmonic 

coupling between the AuNPs and QDs.

We also examined the spatial heterogeneity of QD fluorescence in both sets of NP-labeled 

protein sheets. While the QD-only protein sheets show no significant spatial heterogeneity in 

brightness or lifetimes, sheets with both QDs and AuNPs have regions of varying QD 

brightness (Figure 6). Steady-state emission peaks and lineshapes of the brighter regions are 

indistinguishable from those acquired from dimmer regions (Figure 6B). By contrast, the 

areas with brighter emission exhibit substantially faster decay dynamics (τeff = 1.5 ns; 

Figure 6C) than areas with dimmer emission (τeff = 6.4 ns; Figure 6D). The combined 

observation of brighter emission with decreased excited state lifetime indicates that in 

specific regions of the sample, AuNP enhance the fluorescence of the QDs, likely by 

increasing both the radiative and excitation rates. Localized regions of highest enhancement 

and fastest relaxation dynamics are typically 2-4-fold brighter than the corresponding 

regions with unperturbed lifetimes in the dual-modified sheets. The fastest measured τeff 

(Figure 6C) is >5-fold faster than in the protein sheets with QDs alone.

Nanosheets containing only Cys-conjugated AuNPs exhibit a weak, broad emission with a 

shorter lifetime than the QDs alone (Figure S9), characteristic of the weak fluorescence 

sometimes observed from AuNPs.63 Although this broad emission overlaps with the QD 

emission, it is at least an order of magnitude weaker than QD emission, so this background 

signal does not significantly alter analysis of either steady-state or lifetime data. Taken 

together, the AuNP-QD sheets exhibit shortened lifetimes and spatial heterogeneity in both 

brightness and lifetime, indicating some QDs are spaced close enough to neighboring 

AuNPs to be plasmonically coupled.

DISCUSSION

Cells synthesize materials of unrivaled order and complexity, including 2-dimensional 

materials that can serve as starting points for exploring hybrid materials with novel optical, 

electronic, and sensing properties. S-layer proteins form stable, micron-sized nanosheets that 

serve as protective layers around prokaryotes, archaea, and a few eukaryotes, and these 

precise periodic 2D structures may serve as scaffolds for ordered hybrid materials. 

Crystalline SbsB sheets have a consistent 3.5-nm thickness with less roughness and fewer 

defects compared to fabricated nanofilms,64 are robust across a range of solution conditions, 

and require just Ca2+ to trigger assembly of micron scale 2D structures in water. But 

significant challenges remain to realize the potential of these and other biomolecules as 

nanoparticle scaffolds, including: high-density attachment of NPs across polymeric 

structures, formation of irreversible bonds with NPs, generally applicable attachment of NPs 

with diverse chemistries, and simultaneous attachment of multiple types of NPs to a single 

structure. Compared to labeling protein complexes with small molecules, reactions between 
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nanoparticles and protein complexes are constrained by possible steric clash and by inherent 

limits on NP concentration that prohibit reactions from being driven to completion by 

simply increasing the concentration of a reactant.

NP labeling efficiency of SbsB sheets varies with conjugation method (thiol-Au versus 
isopeptide bond formation), coupling system, and NP size (Figure 4). We observe that Au-

thiol bond formation is the least efficient route for NP conjugation, even with structure-

guided design of a tetravalent Cys cluster (Figure 1B). This difference may arise from the 

energetics of bond formation and dissociation, as amide bonds (~200 kcal/mol) are stronger 

than Au-thiol bonds (20 – 60 kcal/mol).58 While 4 Cys are displayed in each SbsB subunit, 

it is unknown whether all thiols are presented in a geometry that would allow simultaneous 

contacts with the AuNP. We also observe that the SnoopTag/Catcher system is more efficient 

than SpyTag/Catcher for conjugation to SbsB for all nanoparticles tested, with 16-nm 

UCNPs showing the most significant differences (Figure 4). This observation is notable in 

that the split self-ligating proteins are engineered from paralogous genes,44, 45 suggesting 

that reaction differences are due to other factors such as accessibility of the peptidyl tags on 

the nanosheet surface. SnoopTag (KLGDIEFIKVNK) has 3 more charged sidechains around 

its isopeptide-forming Asn than SpyTag (AHIVMVDAYKPTK) has surrounding its reactive 

Asp, which may allow SnoopTag to extend away from the protein sheet into solution more 

readily. Recently optimized SpyTag/Catcher sequences also contain added charges in the 

peptide and have shown faster kinetics with more complete reactions at low concentrations,
50 and these may be useful for high-efficiency nanosheet labeling. Charged linkers around 

the Tag sequences may also improve their reactivity, although these could be constrained by 

protein folding and assembly requirements. Differences in labeling efficiency between 

UCNPs and QDs may arise from varying NP surface charge, as the surface polymers on 

UCNPs have much more positive zeta potentials than those passivating the QDs.55, 56

Interactions between NPs and between NPs and SbsB nanosheets are governed by a series of 

competing forces65, 66 that can be used to understand the heterogeneous conjugation patterns 

seen here (Figures 2,3,5). van der Waals interactions between large (>10 nm) colloidal NPs 

in water are strongly attractive at close range, while electrostatic double layer forces are 

repulsive and fall off at distances past the Debye length. Added electrolytes, such as the 500 

mM NaCl used in optimized SpyCatcher or SnoopCatcher reactions, screen these repulsive 

forces between charged NPs, so that attractive forces dominate. The observed NP clusters 

may arise from van der Waals forces between free NPs and NPs conjugated to sheets, so that 

an initial NP-nanosheet conjugation will seed conjugations at neighboring SbsB sites. 

Loosely held NP aggregates may also create high effective concentrations of NPs at the 

nanosheet surface, leading to the observed clustering. Both of these scenarios are likely to be 

enhanced by attractive van der Waals interactions between NPs and the nanosheets 

themselves. These attractive forces may be counterbalanced by steric clash between free NPs 

and NPs conjugated to nanosheets, which might impede access to free SpyTag or SnoopTag 

sites. In addition, because the NP are multivalent—each displaying between 10–30 surface 

SpyCatcher or SnoopCatcher proteins—a single NP may form bonds with multiple 

neighboring SbsB sites. This would lead to NP with fewer immediate neighbors, rather than 

the clustering that is observed, suggesting that NP and nanosheet geometries do not align to 

permit bonds from neighboring SbsB monomers to a single NP.
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Pairing either SpyTag with SnoopTag (Figure 5) or SpyTag with a Cys cluster allows for the 

conjugation of multiple NP types to single SbsB monomers within the 2D sheet. Combining 

a C-terminal SpyTag with an internal Cys cluster allows conjugation of AuNPs and QDs on 

opposite faces of the protein (Figure 1A). We observe shortened radiative decays and 

increased brightness for QDs on sheets also labeled with AuNPs (Figure 6 and Table S1), 

consistent with coupling of the QD with the electromagnetic environment of the AuNP.23 

This decrease of the QD excited state lifetime, which is accompanied by an increase in 

emission intensity, may be attributed to plasmonic enhancement via increased excitation 

rates and the Purcell effect.21–23 Measured spatial variation in QD radiative decays within a 

single nanosheet (Figure 6C, D) is evidence that electronic interactions between QDs and 

AuNPs are not homogeneous owing to variation in interparticle distances. STEM 

measurements (Figure S3) and X-ray structures of the SbsB monomer35 bear this out, as 

AuNPs and QDs conjugated to opposite faces of the same monomer are separated by ~7 nm 

edge-to-edge distance, as close as ~3 nm for neighboring monomers, to larger separations 

along the structure.

It is noteworthy that NPs with fundamentally different inorganic chemistries (semiconductor 

CdSe/ZnS versus lanthanide-doped metal fluorides) can be coupled to proteins with either 

Spy- or SnoopCatcher systems. This indifference to NP chemistry arises from the 

amphiphilic polymers that passivate hydrophobic NP without regard to their inorganic cores,
14, 16, 61 and are typically needed to preserve bright emission in aqueous media.56, 67, 68 This 

contrasts with metal-thiol bonds, which are specific to metal NP and do not appreciably 

change the optoelectronic properties of the NP. Amphiphilic polymer passivation and 

bioconjugation to protein sheet may be extended to other classes of NPs with interesting 

optical properties, such as nanodiamonds,14 perovskites,69 and photon avalanching NPs.70 

Further iterations of these materials could also extend into other protein-assembly 

geometries, such as 3D lamellar structures.39

CONCLUSIONS

We have demonstrated that SbsB nanosheets are versatile scaffolds for the high-density 

conjugation of AuNPs, QDs, and UCNPs to synthesize 2D materials incorporating multiple 

types of NPs. SbsB monomers are amenable to a range of mutations while maintaining their 

ability to crystallize into large, regular 2D nanomaterials, and Spy- and SnoopCatcher 

systems enable orthogonal stable conjugation of varying NPs. Combined with thiol-Au 

coupling, dual modification of protein sheets can colocalize NPs to produce plasmonic 

coupling between AuNP and QDs. This modular synthesis may be extended to a variety of 

inorganic nanocrystals for discovery of stable, hybrid 2D materials with interesting and 

unusual optoelectronic properties.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Modified SbsB 2D assemblies conjugate diverse nanoparticles.

A) Structure of SbsB monomer (adapted from ref. 35) with NP attachment sites highlighted. 

Spy- or Snoop-Catcher peptide insertion sites (highlighted orange) after middle pore loop 

Val386, and after C-terminal Ser922. B) Tetra-Cys cluster (red box on reverse face in A) 

residues highlighted in yellow with inter-residue distances. C) Simultaneous quantum dot 

and 5-nm AuNP conjugation to SbsB monomer. QD is core/shell CdSe/ZnS (yellow and 

dark gray) passivated with amphiphilic polymer (light gray) conjugated to SpyCatcher (teal). 

SpyCatcher is conjugated to C-terminal SpyTag (orange) at C-terminus of SbsB. (Inset) 
SpyCatcher-SpyTag conjugate structure, adapted from ref. 43.
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Figure 2. 
Specificity of conjugation of AuNPs and quantum dots to SbsB nanosheets.

STEM images of SbsB-Cys4 nanosheets before (A) and after (B) conjugation to 5-nm 

AuNPs. C) STEM image of QD-SpyCatcher conjugated to SbsB-SpyTag nanosheets. Insets 

in (A-C) show schematics of respective couplings, and scale bars are each 100 nm. 

Interference reflection microscopy images (D-F) and confocal microscopy images (G-I) of 

SbsB sheets incubated with CdSe/ZnS QDs. (D) and (G) are SbsB-SpyTag nanosheets 

incubated with QDs without surface SpyCatcher. (E) and (H) are QD-Spycatcher incubated 

with SbsB nanosheets without SpyTags. (F) and (I) are SbsB-SpyTag nanosheets incubated 

with QD-Spycatcher conjugates. QDs with 585-nm emission peaks were imaged with 405 

nm excitation. Scale bars in D-I are each 10 μm.
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Figure 3. 
Specific conjugation of UCNPs to SbsB nanosheets with SnoopTag/Catcher.

A) STEM image of SbsB-SnoopTag nanosheets coupled to SnoopCatcher-functionalized 16 

nm NaYF4 UCNPs doped with 20% Yb3+ and 2% Er3+. Scale bar is 100 nm. B) Detail from 

(A). Scale bar is 50 nm. Interference reflection microscopy images (C-E) and upconverted 

UCNP luminescence (F-H). (C) and (F) are SbsB-SnoopTag nanosheets incubated with 

UCNPs without surface SnoopCatcher. (D) and (G) are UCNP-Snoopcatcher incubated with 

SbsB nanosheets without SnoopTags. (E) and (H) are SbsB-SnoopTag nanosheets incubated 

with UCNP-Snoopcatcher conjugates. UCNPs were excited at 980 nm. Scale bars in C-H are 

each 10 μm.
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Figure 4. 
Efficiencies of nanoparticle conjugation to SbsB nanosheet scaffolds.

Fraction of conjugation sites occupied by NPs, calculated from STEM images based on 

SbsB dimensions. Error bars are one standard deviation from the mean (N = 9 sheets for 

each NP conjugation).
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Figure 5. 
Simultaneous conjugation of QDs and UCNPs to S-layer nanosheets.

A) STEM image of SpyTag- and SnoopTag-bearing SbsB sheets conjugated to both UCNP-

SnoopCatcher and QD-SpyCatcher. SpyTag is inserted in the pore loop after Val386 and 

SnoopTag at the C-terminus after Ser922. Scale bar is 100 nm. B-D) Confocal imaging of 

UCNP- and QD-labeled SbsB sheets, excited at 405 nm for CdSe/ZnS QDs (B) or 980 nm 

for Yb3+/Er3+ UCNPs (C). D) Merged image of (B) and (C). (E) Image spectrum of QD 

nanosheets in (B). (F) Image spectrum of UCNP nanosheets in (C). Scale bars in B-D are 10 

μm.
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Figure 6. 
Plasmonic interactions of colocalized QDs and AuNPs on S-layer nanosheets.

A) Fluorescence lifetime imaging of ensembles of SbsB nanosheets conjugated to QDs 

alone or to both QDs and AuNPs. Effective lifetimes τeff are 8.4 ns and 4.6 ns, respectively. 

(B) Image spectrum of 2 different regions of SbsB nanosheets conjugated to both QDs and 

AuNPs. (C) Radiative decay of QDs in region 1 of QD- and AuNP-conjugated nanosheets 

from (B), with biexponential lifetime components of 0.26 ns and 4.3 ns. (D) Radiative decay 

of QDs in region 2 from (B), with a single exponential fit of 6.4 ns.
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