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The controlled assembly of materials into functional two and three-dimensional structures 

and arrays has potential applications in areas as diverse as bio-sensing1, light harvesting, 

point of care diagnostics, regenerative medicine2, food science3, and drug delivery4. Natural 

proteins exhibit a wide array of structures and functions, which can be co-opted to fabricate 

user-specified functional materials. Here, we describe the use of a bacterial hydrophobin, in 

combination with a versatile protein-protein conjugation scheme, to manufacture robust and 

readily functionalizable microcapsules.

The bacterial hydrophobin, biofilm surface layer protein A (BslA), forms a stable, ordered 

monolayer at air-water or air-oil interfaces5–7. The amphiphilic nature of BslA, which 

underlies such behavior, is evident from its ‘bipartite’ structure7 - a hydrophilic, classical iG 

fold and a hydrophobic cap. (3 1a). Its potential as a surface coating and emulsifier is well 

documented8.

Here, we describe a general strategy to incorporate function into BslA monolayers. We took 

advantage of the SpyCatcher–SpyTag system9,10, which enables a spontaneous covalent 

isopeptide bond to be formed between a lysine side chain on the SpyCatcher protein and an 

aspartic acid side chain on the SpyTag peptide (Figure 1b). We genetically engineered 

constructs that fuse the 13-residue SpyTag peptide to either the N- or C- terminus of BslA 

(Figure 1c), separated by a flexible linker (GGSGGS). BslA modified with the SpyTag 

peptide may then be functionalized by reaction with any protein of interest expressed as a 

fusion protein with SpyCatcher.

BslA with SpyTag attached at either end is able to form monolayers at an air-water interface. 

Wild-type (WT) BslA forms a well-defined monolayer at an air-water interface, whose 

properties can be readily characterized using a Langmuir-Blodgett apparatus. We compared 

the behavior of BslA fused to SpyTag at either the N- or C-terminus with that of WT BslA, 

measuring surface pressure-area compression isotherms for each (Figure 2a). Monolayers 

formed by WT BslA or N- or C-terminally SpyTagged BslA all have collapsing surface 

pressures of ~65 mN/m, comparable to that of a typical phospholipid monolayer (55–65 

mN/m). The limiting area of each monolayer was determined by extrapolation of the 

isotherm in the solid phase to zero surface pressure, giving values of 720 ± 12, 790 ± 4, and 

900 ± 23 Å2 for WT BslA, C-terminally SpyTagged BslA, and N-terminally SpyTagged 

BslA, respectively. Thus C-terminally SpyTagged BslA occupies a comparable surface area 

per molecule to that of WT BslA, whereas N-terminally SpyTagged BslA occupies a larger 
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area, suggesting that the N-terminal tag causes a greater perturbation to the uniform 

monolayer structure than does the C-terminal tag. Moreover, the slopes of the compression 

isotherms of both SpyTagged BslA proteins are smaller than that of WT BslA, suggesting 

that the SpyTagged BslA films are more compressible than the WT BslA film (Figure 2a). 

We investigated the possible structural changes that underlie these changes in the 

macroscopic physical properties by molecular dynamics simulations (vide infra).

Characterization of the self-assembled monolayers using nonlinear surface-specific 

vibrational sum frequency generation (SFG) spectroscopy11–14 reveals the structural 

similarities and differences between the different BslA constructs. Using SFG to 

characterize protein structure in the monolayers, we observed that spectra in the amide I 

region for WT BslA, C-terminally SpyTagged BslA, and N-terminally SpyTagged BslA at 

an air-water interface show two peaks at ~1675 and ~1690 cm−1, assigned to β-turns and to 

the B1 mode of antiparallel β-sheets, respectively (Figure 2b)5, The peak at ~1690 cm−1, 

which is characteristically narrow in WT BslA5, is also narrow with a full-width-at-half-

maximum of less than 10cm−1 (Supplementary Table 1) in the spectra of both C- and N-

terminally SpyTagged BslA, indicating highly ordered structure; therefore this observation 

suggests that the presence of SpyTag at either end of BslA does not significantly perturb the 

ordered self-assembled structure at the interface. The SFG spectra in the C-H stretch region 

(Figure 2c) provide an indication of differences between the three proteins. Notably, the 

vibrational band of the symmetric methyl stretch for N-terminally SpyTagged BslA (~2884 

cm−1) was blue-shifted by ~10 cm−1 compared to that band in both WT BslA (~2876 cm−1) 

and C-terminally SpyTagged BslA (~2875 cm−1), see Supplementary Table 1.

To elucidate the potential origins of these differences we performed molecular dynamic 

(MD) simulations of WT BslA, N-terminally SpyTagged BslA, and C-terminally SpyTagged 

BslA. With N-terminally SpyTagged BslA, we observe that hydrophobic contacts are 

established between the side chains of SpyTag residues and side chains of the hydrophobic 

region of BslA (Supplementary Figure 1). By contrast, for C-terminally SpyTagged BslA we 

observe minimal interactions between residues in the SpyTag and BslA. The overall average 

fluctuations of BslA residues are increased as a result of adding the SpyTag at either the N- 

or C-terminus (Supplementary Table 2). However, when we examine the fluctuations in 

more detail, we find that fluctuations increase most in the hydrophobic region when BslA is 

SpyTagged at the N-terminus. Notably, methyl groups in the hydrophobic region are 

oriented along the principal axis of the protein (which we expect to be closely aligned to the 

surface normal) (Supplementary Figure 2), and methyl groups with this orientation 

contribute most strongly to the SFG signal under ssp polarization for the symmetric stretch. 

Thus, direct interactions between the N-terminal SpyTag and the methyl groups in the 

hydrophobic region of BslA (Figure 1c), evident in the MD simulations, may underlie the 

observed SFG spectral shifts.

The thin, uniform monolayer of BslA protein that is formed at an air-water or oil-water 

interface suggests that SpyTag peptides displayed by fusion to BslA will be readily 

accessible (Figure 1c). Having established that C-terminally SpyTagged BslA forms robust 

monolayers, we proceeded to use this protein to fabricate microcapsules. Using a 

microfluidic device (Figure 3a) (described in detail in Materials and Methods), we formed 
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oil-in-water microcapsules shown schematically in Figure 3b. Both WT BslA and a 3:1 

mixture of WT BslA and C-terminally SpyTagged BslA form monodisperse microcapsules 

(Figure 3c) with mean diameters of 108 ± 2.4µm and 106 ± 3.7µm, respectively. Capsules 

formed from either WT BslA or a 3:1 mixture of WT BslA and C-terminally SpyTagged 

BslA (hereafter referred to as WT BslA capsules and SpyTagged BslA capsules, 

respectively) remain monodisperse and stable at room temperature for weeks.

SpyTagged BslA capsules can form a covalent linkage with a SpyCatcher-green fluorescent 

protein (GFP) fusion protein (Figure 4a and b). To enable us to readily visualize the product, 

we reacted C-terminally Spy-Tagged BslA with SpyCatcher-GFP fusion protein. Figure 4b 

shows the results of incubating WT BslA capsules and N-terminally SpyTagged BslA 

capsules with SpyCatcher-GFP. Only the capsules SpyTagged BslA capsules react to form a 

linkage with SpyCatcher-GFP that is resistant to washing. The attraction of labeling in this 

fashion is that the C-terminal Spytag does not perturb BslA’s ability to self-associate at 

interfaces and to form robust capsules. Such capsules may then be covalently labeled with 

SpyCatcher fused to any protein of interest. For demonstration purposes we used 

SpyCatcher-GFP.

To directly confirm that C-terminally SpyTagged BslA forms a covalent bond with 

SpyCatcher, we fused Glutathione S transferase (GST) to C-terminally SpyTagged BslA 

(GST-BslA-SpyTag) and incubated it with SpyCatcher-GFP. The GST was fused to BslA to 

make the protein large enough to visualize on an SDS PAGE gel and also to prevent it from 

aggregating into inaccessible micelles. We analyzed the products of this reaction by boiling 

in SDS followed by SDS denaturing gel electrophoresis. The appearance of a new product, 

with a mobility consistent with a covalently linked GST-BslA-SpyTag and SpyCatcher-GFP, 

is clearly evident. GST-BslA alone does not form such a complex with SpyCatcher-GFP 

(Supplementary Figure 3).

In summary, we have demonstrated a simple strategy to prepare monolayers and 

microcapsules using C-terminally SpyTagged BslA. BslA modified in this fashion retains 

the structural and mechanical properties of WT BslA. Moreover, it can be functionalized by 

the covalent attachment of any desired protein fused to SpyCatcher. We demonstrate the 

methodology by functionalizing the SpyTagged BslA capsules with SpyCatcher-GFP, for 

ease of visualization. It is clear that this approach can be easily modified to attach a wide 

range of different proteins or peptides to the microspheres, such as ligands to important 

cellular biomarkers or receptors. One application we envision is the display of the 

extracellular domains of membrane proteins. This new class of functionalized surface arrays 

creates a novel platform for surface patterning, targeted drug delivery, and targeted imaging.

Methods

Cloning

The gene encoding BslA29–176 was purchased from GenScript and cloned into the 

pGEX-6P-1 vector using the BamHI and XhoI restriction sites, to give a GST-fusion protein. 

There is a PreScission protease cleavage site between GST and BslA, which allows for 

removal of the GST tag during protein purification. The sequence encoding the SpyTag 
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peptide (AHIVMVDAYKPTK) was cloned onto either the 5’ or 3’ end of the BslA gene, to 

create a fusion protein that includes a 6 amino acid linker (GGSGGS) between the peptide 

and BslA. The gene for SpyCatcher was obtained from Addgene (pDEST14-SpyCatcher, 

Plasmid #35044). The SpyCatcher gene was added to the 3’ end of a gene encoding GFP 

and both genes were cloned into pPROEX HTa with a 6 amino acid linker (GGSGGS) 

between GFP and SpyCatcher. All cloning was performed using circular polymerase 

extension cloning (CPEC) unless otherwise stated15.

Protein Expression and Purification

BslA proteins were expressed as fusion proteins with an N-terminal GST tag in BL21 (DE3) 

Gold cells. Five ml overnight cultures were added to 500 mL of Lysogeny-broth (LB) 

containing 100µg/mL ampicillin, grown at 37°C with shaking, and induced with 0.1mM 

isopropyl-β-thiogalactoside (IPTG) at OD600 of ~0.6–0.8. Cells were grown for a further 4 

hours, then harvested by centrifugation. The cells were resuspended in 20mL lysis buffer (50 

mM Tris, pH 7.4, 150 mM NaCl, 20 mg lysozyme) in the presence of EDTA-free Complete 

Protease Inhibitor (Roche), sonicated and cell debris was removed by centrifugation. Cell 

lysate was added to 3 mL of glutathione sepharose 4B resin (GE Healthcare Life Sciences) 

and allowed to bind for 1 hour at 4°C. The resin was washed with 10mL of lysis buffer, 

followed by 20mL wash buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, and 1 

mM dithiothreitol), and eluted with 5 mL wash buffer plus 50 mM reduced glutathione. The 

eluted protein was dialyzed overnight at 4°C in the presence of PreScission protease (GE 

Healthcare Life Sciences) into storage buffer (10 mM phosphate buffer, pH 7.4, and 100 mM 

NaCl). The solution was incubated with 1 mL glutathione sepharose 4B resin and allowed to 

bind at 4°C for 1 hour to purify away cleaved GST and GST-tagged PreScission protease. 

Purified BslA was collected as the eluant.

SpyCatcher-GFP proteins were expressed as fusion proteins with an N-terminal 

hexahistidine tag in BL21 (DE3) Gold cells. Five mL overnight cultures were added to 500 

mL of Lysogeny-broth (LB) containing 100µg/mL ampicillin, grown at 37°C with shaking, 

and induced with 1mM isopropyl-β-thiogalactoside (IPTG) at OD600 of ~0.6–0.8. Cells 

were shaken for a further 16 hours at 21°C, then harvested by centrifugation. Cells were then 

resuspended and incubated in lysis buffer on ice for 30 min in the presence of EDTA-free 

Complete Protease Inhibitor (Roche), and finally sonicated. Cell debris was removed by 

centrifugation and 5 mL of Nickel-NTA resin (Qiagen) equilibrated in buffer A (50 mM 

Tris, pH 7.4, 150 mM NaCl) containing 20 mM imidazole was added to the cell lysate and 

allowed to bind for 1 hour at 4°C. The resin was washed with approximately 20 mL of buffer 

A and then approximately 100 mL of buffer B (50mM Tris, pH 7.4, 300mM NaCl). The 

protein was eluted with buffer B containing 250 mM imidazole. Dialysis (into 50 mM Tris, 

pH 8.0, 150mM NaCl at 4°C) was used to remove imidazole.

Surface pressure-area isotherms

The surface pressure-area isotherms were obtained using a Langmuir trough (KN2002, KSV 

Instrument Ltd, Finland, illustrated in SI Scheme 1). Two symmetric Teflon barriers were 

controlled by the KSV Nima software. The surface pressure was measured using a 

Langmuir-Wilhelmy balance as a function of mean molecular area, which was calculated by 
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the software as the area between two barriers divided by the total numbers of molecules 

added to the system. The BslA solution was carefully spread onto the air-water interface and 

was allowed to equilibrate for 10 min, followed by compression using the barrier at a 

constant speed of 20 mm/min. For the surface pressure-area isotherms, the surface pressure 

was recorded as a function of mean molecular area until the collapse point is reached.

SFG spectrometer and spectral analyses

The SFG spectrometer used in this study was described in detail previously.16–17 Briefly, the 

instrument consists of two Ti:Sapphire lasers. One (Coherent, Palo Alto, CA) generated 40 

fs wide pulses at 800 nm with a frequency of 1 kHz and was used as the seed beam. The 

seed beam was then amplified and used to pump an OPERA-Solo optical parametric 

amplifier (OPA) to yield IR pulses at ~30 µJ/pulse at the C-H stretch region (2800–3000 cm
−1). The other laser (Coherent, Palo Alto, CA) generated visible 800 nm 100 ps wide pulses 

at 1 kHz and was amplified to yield a final energy of ~60 µJ/pulse. The two laser systems 

were electronically synchronized using Synchorlock-AP (Coherent, Palo Alto, CA) to an 

estimated jitter less than 200 fs. Both the IR and the visible beams overlapped temporally 

and spatially at the air-water interface to measure sample SFG response with the IR incident 

angle of 55° and the visible incident angle of 45° relative to the surface normal. Reflective 

SFG responses were spectrally dispersed using a monochrometer (Andor Technology, 

Belfast, NIR, Shamrock 750 mm, 1200 lines/mm grating) and measured using a CCD 

camera (Andor Technology, Newton 971P, back-illuminated). All reported SFG spectra were 

obtained using ssp polarization configuration, that is s-polarized SFG, s-polarized visible, 

and p-polarized infrared (Supplementary Figure 4). S-polarized means the lights were 

linearly polarized along the direction that is perpendicular to the plane of light propagation, 

while p-polarized means the lights were linearly polarized along the direction that is within 

the plane of light propagation.

The obtained SFG spectra were fitted using the equation 1.

χ(2) = χNR
(2) + ∑q χq

(2) = χNR
(2) + ∑q

Aq
ωIR − ωq + iΓq

. (eq. 1)

where χ(2) is the experimentally measured second-order susceptibility of an interface 

consisting of a non-resonant term, χ(2)
NR, and a sum of vibrationally resonant terms, χ(2)

q; 

and Aq is the amplitude, Γq is the damping factor, ωq is the resonant frequency of the qth 

vibrational mode, and ωIR is the frequency of the incident IR beam.

Microfluidic device fabrication

A patterned silicon master mold was fabricated using standard photolithography methods16. 

A polydimethylsiloxane (PDMS) pre-polymer and curing agent (Sylgard 184, Dow Corning) 

were mixed at a 10:1 ratio, by weight, and the mixture degassed to remove bubbles. Before 

the mixture was poured onto the master mold, the master mold was exposed to 

octadecyltrichlorosilane (Sigma-Aldrich) in a closed container for 4 hours to prevent 

sticking of the PDMS to the master and allow easier peeling of the PDMS from the master 
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after curing. Next the PDMS mixture was cured at 90°C for 2.5 hours. To form the 

microfluidic channels, the PDMS replica and a glass slide were exposed to oxygen plasma 

for 30 seconds and bonded together. The height of the microfluidic device is 90 µm and the 

width of injection lines for the outer and inner phases are 164 µm and 190 µm, respectively. 

The flow focusing junction is 51 µm wide.

Surface treatment

The microfluidic devices are rendered hydrophilic by thermal immobilization of polyvinyl 

alcohol (PVA) onto the PDMS surface. Briefly, the microfluidic device is filled with 1 

percent by weight PVA solution in water (87–90% hydrolysed, molecular weight 30,000–

70,000, Sigma-Aldrich) and incubated for 20 min at room temperature. Then, vacuum is 

applied to remove the PVA solution and the device is baked at 120°C for 2 hours to 

thermally immobilize the PVA onto the PDMS surface.

Molecular dynamics simulation

Molecular dynamics simulations were carried out using the AMBER-ffSB14 force field as 

implemented in the NAMD software package18. The starting structure of WT BslA was 

obtained from PDB entry 4BHU (chain C)19 and the starting structure of SpyTag was 

obtained from PDB entry 4MLS (chain B)20. These structures were further modified in order 

to agree with the form of the protein used in the experiments by replacing MLY (59, 130, 

158) with LYS and MSE (82, 99) with MET in BslA, and by adding the missing LYS13 to 

SpyTag, using the Maestro software package21. The N- and C-terminally SpyTagged BslA 

systems were generated by first attaching the SGGSGG linker to the C- or N-terminus of 

SpyTag, and then attaching the SpyTag+linker to the BslA protein using Maestro with 

zwitterionic N- and C-termini. These initial structures were optimized using the Protein 

Preparation Wizard in Maestro to obtain remove any initial clashes22. Hydrogens and 

approximately 8,300 and 11,500 TIP3P water molecules were added to the WT BslA and 

SpyTagged BslA, respectively, using the AmberTools15 software package23. This modeling 

strategy allows us to make the best estimate of the ‘pre-assembly’ structure. In the future, 

more complex modeling will be used to model the structure at the air-water interface.

Prior to production runs, the systems were equilibrated by first optimizing the positions of 

the hydrogen atoms and water molecules (while constraining the protein heavy atom 

positions), and then slowly heating the system to 298 K in the NVT ensemble using 

Langevin dynamics. Harmonic restraints were added to the protein heavy atoms during the 

initial heating steps, and these were gradually removed as the temperature was increased. 

The systems were then equilibrated in the NPT ensemble at 298 K and 1.0 atm using the 

Langevin piston. Long-range electrostatic interactions were taken into account using the 

Particle Mesh Ewald method, and van der Waals interactions were calculated using a 

switching distance of 10.0 Å and a cutoff of 12.0 Å. The integration time step was 1 fs. 

Production runs were 15 ns long, and the last 10 ns were used for analysis. Analysis of 

hydrophobic contacts and methyl orientations was carried out using the VMD software 

package in combination with in-house scripts24.
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The x-ray crystal structure of BslA has an asymmetric unit that contains 10 molecules of the 

protein. For the MD simulations, we used BslA chain C, which has the most complete 

structure. In the MD simulations of WT BslA, multiple configurations of the β-3 strand 

(within the hydrophobic region) are sampled, consistent with differences observed in the 

crystal.

Decoration of microcapsules with GFP

To decorate microcapsules, WT BslA and C-terminally SpyTagged BslA microcapsules 

were pipetted into separate solutions of 200µL of ~25 µM SpyCatcher-GFP protein and 

incubated for 10 min at room temperature. The SpyCatcher-GFP solution was removed by 

pipetting and the capsules were washed with 600 µL of deionized water. Microcapsules were 

imaged after incubation and each wash step using fluorescent confocal microscopy. The 

microscope is an inverted Nikon Eclipse Ti-S microscope and images were taken using a 

GFP filter cube set (49002-ET-EGFP (FITC/Cy2) (Chroma Technology Corp)), a Nikon E 

Plan 40X, 0.65 NA air objective, and an Andor Zyla 5.5 sCMOS camera.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Cartoon and ribbon representations of the protein building blocks. a) Ribbon representation 

and cartoon of the BslA protein. The orange coloring indicates the hydrophobic region, 

while the hydrophilic region is shown in blue. b) Ribbon and cartoon representation of 

SpyCatcher protein (purple) and SpyTag peptide (red). A lysine residue on the SpyCatcher 

protein and an aspartate residue on the SpyTag peptide spontaneously form a covalent 

isopeptide bond (residues contributing to the isopeptide bond colored in yellow), giving a 

covalently linked SpyTag-SpyCatcher complex. c) Representative snapshot from MD 

simulation for N-terminally SpyTagged BslA (left) and C-terminally SpyTagged BslA 

(right) with Connolly surfaces of the SpyTag (red) and the hydrophilic (blue) and 

hydrophobic (orange) regions of BslA.
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Figure 2. 
Surface characterization of WT BslA (blue triangles), C-terminally SpyTagged BslA (red 

squares) and N-terminally SpyTagged BslA (green circles) at the air-water interface. a) 
Surface pressure-area isotherms measured using a Langmuir-Blodgett apparatus. b) SFG 

spectra of BslA proteins, showing the Amide I region. To aid comparison, dashed lines 

indicate 1675 and 1690 cm−1. c) SFG spectra of BslA proteins showing the C-H stretch 

region. Dashed lines indicate 2875, 2884, and 2942 cm−1. All SFG spectra were acquired 

using ssp polarization (s-polarized SFG, s-polarized visible, and p-polarized infrared). 

Results of spectral fitting are shown in Supplementary Table 1.
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Figure 3. 
Schematic illustration of the BslA capsule fabrication. a) Schematic illustration of the key 

region of the microfluidics device (not to scale, see materials and methods for details). 

Aqueous phase (light blue) containing BslA protein (blue-orange) and an oil phase (yellow) 

are brought into contact to form an oil-core microcapsule with a protein shell. b) Schematic 

illustration of a cross-section of an oil-filled BslA capsule. The hydrophobic end of BslA 

(orange) faces inwards, interacting with the oil and the hydrophilic end (blue) faces 

outwards, interacting with the aqueous phase. c) Brightfield images of stable oil-in-water 

capsules formed with WT BslA. Scale bar is 100 µm.
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Figure 4. 
a) Cartoon illustration of the decoration of microcapsules formed from C-terminally 

SpyTagged BslA by reaction with SpyCatcher-GFP. b) Brightfield and fluorescent images of 

wild type BslA and C-terminally SpyTagged BslA after reaction with SpyCatcher-GFP. Top: 
Confocal microscope brightfield images of WT BslA (left) and C-terminally SpyTagged 

BslA (right) microcapsules. Bottom: Fluorescent images of the capsules after a 10 min 

incubation with SpyCatcher-GFP followed by washing with water, of WT BslA (left) and C-

terminally Spytagged BslA (right). GFP labeling of the capsules only occurs via the SpyTag-

SpyCatcher reaction.
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