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IntroDuctIon
Stable and durable linkage of antibodies to various entities, 
including imaging agents, drug-delivery vehicles and other 
nano- or microparticles, has the potential to create a multi-
tude of clinically and scientifically useful agents1. Nevertheless,  
existing antibody conjugation methods may compromise  
the active regions of antibodies, potentially impairing their 
functionality. For example, the targeting of endogenous  
amino acids, such as the amino group of lysine or the thiol 
group of cysteine, which are commonly distributed through-
out the antibody structure, may impair the specific function of 
antibodies after coupling2.

Site-specific bioconjugation is now widely recognized as a 
useful technique in modern biotechnology. The ability to label 
antibodies in a site-specific and selective manner can minimize 
impairment of an antibody’s function—in particular its capacity 
for specific target binding. A single covalent bond between the 
antibody scaffold (the overall structural framework of the anti-
body) and the conjugation partner are of crucial importance in 
achieving this aim. sortase A, an enzyme produced by the bacte-
ria Staphylococcus aureus, is an emerging bioconjugation tool3–5, 
yet its use for antibody and protein conjugation in the context  
of targeted diagnostic and therapeutic applications has only 
recently been investigated6–9. The procedure presented here 
focus particularly on the sortase-mediated conjugation of  
small recombinant antibodies to nonprotein partners such as 
micro- and nanoparticles10–12. The increasing use of targeted 
particles for molecular imaging and drug delivery makes this 
biotechnological technique highly relevant.

Sortase A bioconjugation
The sortase A transpeptidase enzyme consists of 206 aa (17.9 kDa;  
ref. 13). The enzyme’s physiological role is the anchorage of 
surface proteins to the bacterial cell wall of S. aureus14. The 
transpeptidase domain catalyzes the cleavage of a short 5-aa  
recognition sequence (LPXTG; X being any amino acid)  
with the concomitant formation of a peptide bond between 
an N-terminal (oligo)glycine peptide (as the nucleophile) and 
the target protein4. After recognition of the sortase A LPXTG  
motif, the catalytic cysteine residue in the enzymatic active 
site serves as a nucleophile to cleave the peptide bond between 
threonine and glycine. Cleavage occurs via a thioacyl interme-
diate, which is resolved by reacting with the N terminus of an 
(oligo)glycine nucleophile. This creates a new stable peptide 
bond linking the substrate and incoming nucleophile (sche-
matically shown in Fig. 1). Successful transpeptidation can 
be achieved with nucleophiles containing just one terminal 
glycine; however, maximum reaction rates and product yields 
are obtained when two or more glycines are present4,15. In  
the absence of incoming nucleophile, sortase A will hydrolyze 
the LPXTG motif, but in the presence of excess nucleophile the 
nucleophilic substitution with the poly-glycine substrate is the 
predominant reaction, with very little of the dead-end reaction 
being observed16.

Overview of the procedure
The PROCEDURE describes the sortase A–mediated bioconju-
gation of recombinant scFv to either particles of iron oxide for 

Particle generation, functionalization and  
sortase A–mediated modification with targeting 
of single-chain antibodies for diagnostic and 
therapeutic use
Christoph E Hagemeyer1,2,8, Karen Alt1,3,8, Angus P R Johnston4,8, Georgina K Such5, Hang T Ta3,6,  
Melissa K M Leung7, Sandeep Prabhu2,3, Xiaowei Wang2,3, Frank Caruso7,8 & Karlheinz Peter2,3,8

1Vascular Biotechnology Laboratory, Baker IDI Heart and Diabetes Institute, Melbourne, Victoria, Australia. 2Central Clinical School, Monash University,  
Melbourne, Victoria, Australia. 3Atherothrombosis and Vascular Biology Laboratory, Baker IDI Heart and Diabetes Institute, Melbourne, Victoria, Australia.  
4Department of Drug Delivery, Disposition and Dynamics, Monash Institute of Pharmaceutical Sciences, Monash University, Melbourne, Victoria, Australia.  
5Department of Chemistry, The University of Melbourne, Melbourne, Victoria, Australia. 6Australian Institute of Bioengineering and Nanotechnology, The University 
of Queensland, Brisbane, Queensland, Australia. 7Department of Chemical and Biomolecular Engineering, The University of Melbourne, Melbourne, Victoria, Australia. 
8These authors contributed equally to this work. Correspondence should be addressed to C.E.H. (christoph.hagemeyer@bakeridi.edu.au).

Published online 11 December 2014; doi:10.1038/nprot.2014.177

antibody fusion to nonprotein materials such as contrast agents or radio-tracers, nano- or microparticles or small-molecule  
drugs is attracting major interest for molecular imaging and drug delivery. nondirected bioconjugation techniques may impair 
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the fusion partners are functionalized with an n-terminal GGG nucleophilic group for sortase a conjugation. the lbl capsules are 
assembled through hydrogen bonding by depositing alkyne-modified poly(vinylpyrrolidone) and poly(methacrylic acid) layers on 
silica particles, followed by depositing alkyne-modified peG. the generation of the antibodies and lbl capsules takes ~1–2 weeks 
each. the conjugation and functional testing takes another 3–4 d.
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MRI10 or LbL capsules for drug delivery11.  
The conjugation method comprises  
three stages:

Expression and purification of the  
scFv-LPETG, which specifically binds to 
activated platelets, and a control scFvmut- 
LPETG, as well as the transpeptidase  
sortase A (Steps 1–46)
Functionalization of particles with 
a GGG nucleophile to facilitate the  
enzymatic reaction (Step 47A(i–xiii) and  
Step 47B(xi–xvii))
Incubation of GGG-tagged particles with 
sortase A and scFv-LPETG, and scFvmut-
LPETG, respectively (Step 47A(xiv–xvi) 
and Step 47B(xviii))

Experimental design
Single-chain antibodies (scFv). The scFv 
used for our studies targets the activated 
glycoprotein IIb/IIIa (αIIbβ3, CD41/CD61) 
receptor, the most abundant molecule  
on the platelet surface17. This integrin 
receptor undergoes a conformational 
change upon platelet activation, and it 
exposes epitopes that are unique to the activated state18. Platelets 
have a crucial role in atherogenesis, thrombosis, inflammation 
and immune responses19,20. As such, activated platelets are  
highly attractive target epitopes for molecular imaging and  
drug delivery.

scFv variants. In our research, we have used three scFv variants: 
a nonblocking anti–ligand-induced binding sides (LIBS) anti-
body21,22 for our imaging application, the function-blocking  
antibody SCE5 (refs. 23,24) for the drug-delivery applications, 
and a nonbinding antibody as a control for all experiments.  
If a diagnostic application is required, we recommend the use 
of the nonblocking anti-LIBS scFv. If a therapeutic application  
is desired (anticoagulation, antiinflammation or thrombolysis), 
we recommend the use of the function-blocking scFv.

We added a sortase A LPETG recognition sequence to the  
C-terminal end of the scFv, with an accompanying hexahistidine 
tag (His6-tag), to facilitate purification and detection. This results 
in a scFv-LPETGGGH6 entity, which is suitable as a substrate 
for sortase A. The last few amino acids of the C terminus are  
not engaged in antigen binding or part of the complementarity- 
determining regions. Hence, manipulations of this region  

•

•

•

typically retain antibody functionality. Furthermore, the  
positioning of the LPETG motif before the His6-tag ensures  
cleavage of the His6-tag during the enzymatic reaction. 
Conveniently, this facilitates the removal of the purification tag 
from the final product after the coupling reaction. It is advised 
that the LPETG be as close to the C terminus as possible to allow 
sufficient access for the sortase A enzyme.

Conjugation partners, e.g., iron oxide microparticles and LbL 
capsules. This protocol has been used successfully to conjugate 
scFv to GGG-modified commercial iron oxide microparticles 
(MPIOs) for MRI. MRI, a noninvasive and widely used imag-
ing modality, which is continuously evolving toward new clinical 
applications by virtue of its enhanced spatial resolution25,26, is 
capable of imaging vessels at a submillimeter level27–29. However, 
despite this, MRI still lacks the sensitivity to detect small focal 
areas of disease in the vascular setting, such as intravascular 
thrombi. This makes molecular imaging of cells or cellular recep-
tors challenging. Iron oxide particles, especially MPIOs, have a 
much stronger signal compared with small particles of iron oxide 
such as small, ultrasmall and very ultrasmall particles of iron 
oxide. Therefore, the use of MPIOs has the potential to overcome 
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Figure 1 | Illustration of the conjugation process 
between scFv-LPETG and the GGG-coupling 
partner (probe). Site-specific labeling of scFv-
LPETG by sortase A–mediated transpeptidase 
reaction. Sortase A recognizes the substrate 
with an LPXTG motif, cleaving the peptide 
bond between the threonine and glycine and 
resulting in a thioacyl intermediate. The modified 
(oligo)glycine partner (probe) links to the 
targeting scFv via peptide linkage.
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sensitivity limitation in MRI by providing a potent negative con-
trast in T2-star–weighted imaging30–33. These particles cause local 
magnetic field inhomogeneity and signal distortions within an 
area up to 50 times the size of the particle depending on the MRI 
method. We describe the detailed functionalization and biocon-
jugation of MPIOs to recombinant scFvs for molecular MRI.

We have also established a protocol for the development of 
scFv-functionalized low-fouling nano- and micro-sized cap-
sules, for use as therapeutic drug-delivery vehicles34,35. Polymeric 
capsules can protect healthy tissue from the side effects of toxic 
chemotherapy agents or protect a sensitive payload, such as 
nucleic acids or proteins, from physiological degradation36.  
A promising method for creating such delivery vehicles is LbL 
assembly37,38, which enables the generation of particles in varying 
type, shape and size, including variable intrinsic properties such 
as responsiveness to external conditions and degradability39–41. 
LbL assembly can be performed in aqueous solutions, which is 
important for sensitive biomolecules, and a range of polymers 
can be used to tune the composition, permeability, stability and 
surface functionality of the capsules. By using the described 
methods, many nano- and microparticles can be functional-
ized with scFvs as long as a reactive surface group is present for 
the attachment of the sortase peptide. To allow sufficient access  
to particle surface groups, a spacer (e.g., a polyethylene linker) 
is recommended.

Preparation of LbL delivery vehicles. As starting material for the 
LbL capsules described here, we use low-fouling biocompatible 
materials such as PEG and poly(N-vinylpyrrolidone) (PVPON), 
which have minimal immunogenicity and nonspecific cellular 
binding or uptake, making them ideal for biological applica-
tions42. Furthermore, these capsules may be directly cross-linked 
and hence covalently stabilized in one step by infiltration of a 
cross-linker rather than cross-linking individual layers upon dep-
osition. As a platform technology, the generation of the capsules 
described here is independent of the polymer type. As such, a 
variety of cross-linkers (including cleavable cross-linkers such 
as disulfide bonds or enzyme-specific peptide segments, as well 
as noncleavable cross-linkers) may be used to control capsule 
biodegradation. To control the size of the capsules as required, 
the amount of polymer, cross-linker, peptide and other reagents 
can be scaled in proportion to the surface area. For example, the 
total surface area of the 1-µm sample will have three times the 
surface area of the 3-µm samples. Therefore, the 1-µm sample 
will require three times the amount of polymer, cross-linker and 
peptide. To cross-link the individual polymer layers, as well as to 
functionalize the capsule surface with the sortase A substrate, we 
use click chemistry as introduced by Sharpless and co-workers43, 
which has already markedly influenced the modern synthesis of 
advanced materials, owing to ease and versatility. Click reactions 
are highly quantitative, with minimal or no by-products, and they 
are orthogonal to other functionalities. Owing to its many advan-
tages, including its high selectivity under mild conditions, we 
chose the copper (I)-catalyzed 1,3-dipolar cycloaddition between 
alkyne and azide44.

Advantages and limitations of the sortase A coupling approach
Other enzymatic conjugation techniques have been developed, 
with the most prominent being the biotin ligase-AviTag enzyme 

technology. This approach uses the stable binding between biotin 
and (strept)avidin, but it avoids possible inactivation of proteins 
of interest by random biotinylation associated with chemical labe-
ling. The AviTag sequence with only 15 aa (GLNDIFEAQKIEWHE) 
contains the optimal peptide sequence for biotinylation45. AviTag 
can be cloned into either the N terminus46 or the C terminus47 
of a fusion protein, or at other internal protein locations48, as 
long as the peptide domain forms an accessible surface-exposed 
loop. However, several disadvantages exist. Although the AviTag 
is not much larger than the sortase A tag, its conjugation partner 
(strept)avidin is considerably larger than the GGG motif used by 
sortase A. This large size (56–69 kDa) may affect protein func-
tion49. In addition, (strept)avidin is potentially immunogenic and 
may bind endogenous biotin. Although ketone-modified biotin 
molecules have recently been developed, allowing conjugation 
of ketone-tagged proteins with hydrazide- or hydroxylamine- 
functionalized molecules46, this approach lacks sensitivity because 
of the specific kinetics of hydrazide labeling.

Another enzymatic conjugation technique is the trans-
glutaminase-catalyzed formation of peptide bonds between the  
γ-carboxyamide group of an intact protein-bound glutamine  
with a variety of primary amines, particularly the ε-amino group 
of lysine50. Similarly to sortase A, the recognition sequences  
(Q-tags) such as PKPQQFM51 and GQQQLG52 are small and  
very specific, and they can be genetically introduced at the  
N terminus of target proteins. Microbial transglutaminase  
from Streptomyces mobaraensis has already been used for labeling 
of scFvs53 and for site-specific modification and PEGylation of 
different pharmaceutical proteins for clinical applications54. With 
its high selectivity, mild reaction conditions and highly stable 
covalent bond, transglutaminase conjugation has many features 
comparable to sortase A. However, in the absence of the canonical 
Q-tag, labeling of non-Q-tagged proteins may occur50, unlike the 
use of sortase A, which is specific for the LPXTG tag.

A key advantage of sortase A bioconjugation is the requirement 
of two short amino acid motifs (LPXTG and GGG) that are easily 
incorporated into substrates of interest by either chemical synthe-
sis or genetic engineering. This minimizes potential issues with 
protein expression and purification and avoids adverse immuno-
genic complications, which is a major hurdle for translation of 
the AviTag system. In contrast to the transglutaminase technology, 
the high specificity of sortase A allows coupling of relatively crude 
protein preparations, thus allowing shortening of protein purifi-
cation protocols and minimal ligation of contaminants55. Finally, 
sortase A is straightforward to produce in substantial quantities, 
thereby ensuring cost efficiency56.

A major drawback of the sortase A coupling approach is the 
relatively slow reaction kinetics, ranging from 1–3 h to (in some 
cases) overnight incubation periods to achieve a high conjugation 
yield56. However, the use of mutagenesis and maturation studies 
may improve the efficiency of the reaction up to 140-fold using 
a directed evolution strategy involving a yeast display57. Another 
drawback is the difficulty to push the reaction equilibrium toward 
the product side, as the product still displays the LPXTG sortase 
A recognition sequence58. This reverse reaction leads to constant 
turnover of formed product. In addition, owing to the nature 
of the sortase A reaction, introduction of LPXTG and GGG 
motifs to the target is largely restricted to the C terminus and the  
N terminus, respectively.



©
20

14
 N

at
u

re
 A

m
er

ic
a,

 In
c.

  A
ll 

ri
g

h
ts

 r
es

er
ve

d
.

protocol

nature protocols | VOL.10 NO.1 | 2015 | 93

MaterIals
! cautIon Always use personal protective equipment (gloves, eye protection, 
lab coat and closed shoes) in a laboratory environment. For all items marked 
with ‘! cautIon’, please take extra care and use these chemicals in a fume 
hood. More information can be found in the MSDS.
 crItIcal Depending on the measuring equipment available, unless  
otherwise specified, in any given section, we advise that you weigh the  
closest amount to the value specified in the protocol and dilute accordingly  
to reach the desired concentration. Molar concentrations are given as  
final concentrations.
 crItIcal Filter-sterilize all buffers by passing each through a 0.22-µm 
filter and store them at 4 °C unless stated otherwise. Buffers may be stored  
for several months unless stated otherwise.
REAGENTS

Trypsin-EDTA, 0.05% (wt/vol; 1×), phenol red (Invitrogen,  
cat. no. 25300-054)
DNA ladder, 1 kb (New England BioLabs, cat. no. N3232S)
1-Vinyl-2-pyrrolidinone (Sigma-Aldrich, cat. no. V3409)
1,4-Dioxane (Sigma-Aldrich, cat. no. 296309)  
! cautIon 1,4-dioxane is flammable and harmful.
1,8-Diazabicyclo(5.4.0)undec-7-ene (DBU; Fluka, cat. no. 33482)
2,2′-Bipyridine (99%, Sigma-Aldrich, cat. no. D216305)
Acetic acid (Sigma-Aldrich, cat. no. 320099)  
! cautIon Acetic acid is flammable and corrosive.
ACK (ammonium-chloride-potassium) lysis buffer (Gibco, Invitrogen,  
cat. no. A10492-01)
Acrylamide (acrylamide-bis (37.5:1), 30% (wt/vol) aqueous solution; VWR 
International, cat. no. 1.00639.1000) ! cautIon Acrylamide is carcinogenic.
Agarose (Sigma-Aldrich, cat. no. A9539)
Aluminum oxide (Sigma-Aldrich, cat. no. A1522)
Ammonium fluoride (NH4F; Sigma-Aldrich, cat. no. 338869)  
! cautIon Ammonium fluoride is very toxic.
Ammonium persulfate (APS; Sigma-Aldrich, cat. no. A3678)
Ammonium sulfate ((NH4)2SO4, Sigma-Aldrich, cat. no. A4418)
Ampicillin (Sigma-Aldrich, cat. no. A0166)
Anti-His6-tag horseradish peroxidase (Abcam, cat. no. Ab1187)
Argon (Corea Gas, cat. no. 262150)

•

•
•
•

•
•
•

•

•

•
•
•

•
•
•
•
•

Overall, this protocol demonstrates the use of sortase A for 
bioconjugation of recombinant single-chain variable fragments in 
a selective and site-specific manner, which allows the production 
of targeted imaging contrast particles and drug-delivery vehicles 

suitable for molecular imaging and targeted drug therapy. The 
sortase A reaction is universally applicable, and the addition of 
sortase A to the toolbox for recombinant antibody modification 
has the potential for substantial scientific and clinical impact.

Box 1 | Synthesis of N,N9-(dithiodiethane-2,1-diyl)bis(1-azido tertaethylene 
glycol acetamide (bisazide cross-linker) ● tIMInG: 3 d 
The bisazide cross-linker is required to conjugate the alkyne-functionalized co-polymers after layer deposition.

procedure
1. Add 200 mg (0.349 mol) of azido dPEG, 66.53 mg (0.349 mol) of tosyl chloride, 38.78 mg (0.384 mol) of triethylamine and 5 ml of 
DCM into a 10-ml round-bottom flask and stir overnight.
2. Wash the mixture three times with 0.5 M HCl and dry it over MgSO4.
3. Filter the product and concentrate it by rotary evaporation.
4. Purify the product using column chromatography with 2:4:4 (vol) methanol, ethyl acetate and DCM with 15 drops of acetic acid.
5. Place the purified product in a round-bottom flask with excess sodium azide (5 M equivalents) in 5 ml of methanol.
6. Stir the reaction overnight, and then concentrate it using rotary evaporation.
7. Purify the product again by column chromatography with 2:4:4 (vol) methanol, ethyl acetate and DCM with 15 drops of acetic acid.
8. 25 mg of yellowish-brown oil should be obtained.

analytical data
13C NMR (100 MHz, D2O): 176.7 (CdO), 69.7, 69.4, 66.9, 66.1, 50.3, 46.8, 38.2 (CONHCH2-), 36.8, 36,2, 25.3 (-S-CH2-), 14.2, 8.4.

Azido dPEG 12 (12 units, molecular weight (MW) 547 Da, Quanta Biodesign)
Azobisisobutyronitrile (Sigma-Aldrich, cat. no. 768375)
Benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate 
(PyBOP; Sigma-Aldrich, cat. no. 377848) ! cautIon PyBOP is an irritant, 
and it is harmful.
Bisazide cross-linker (prepared as described in Box 1)
BL21Star (DE3; Invitrogen, cat. no. C6020-03)
BOC-HN-GGGWW-COOH peptide, 734 Da (GL Biochem)
BOC-HN-linker-NH2 peptide (GL Biochem)
BSA (Sigma-Aldrich, cat. no. A7030)
BugBuster master mix (Merck, cat. no. 71456)
C2H3NaO2 (sodium acetate, Sigma-Aldrich, cat. no. S2889)
C6H5Na3O7·2H2O (sodium citrate tribasic dihydrate, Sigma-Aldrich,  
cat. no. C8532)
C6H7NaO6 (sodium ascorbate, Sigma-Aldrich, cat. no. A7631)
CaCl2 (calcium chloride, Sigma-Aldrich, 223506)
Chloro-trimethylsilane (98%; Sigma-Aldrich, cat. no. 92361)
Copper (I) chloride (Acros, cat. no. 208391000)
CuSO4 (copper sulfate, Sigma-Aldrich, cat. no. 451657)
Dichloromethane (DCM; Sigma-Aldrich, cat. no. 270997)  
! cautIon DCM is carcinogenic.
Diisopropylethylamine (DIPEA; Sigma-Aldrich, cat. no. 496219)  
! cautIon DIPEA is highly flammable and corrosive.
Dimethylformamide (DMF; Sigma-Aldrich, cat. no. 319937)
DMSO (Sigma-Aldrich, cat. no. D8418) ! cautIon DMSO is flammable.
Dynabeads M-270 Amine (Invitrogen, cat. no. 143-07D)
EDTA (Sigma-Aldrich, cat. no. 431788)
Ethanol (Merck, cat. no. 1.00983.6010) ! cautIon Ethanol is flammable.
Ethyl acetate (Sigma-Aldrich, cat. no. 270989) ! cautIon Ethyl acetate is 
flammable.
Gel loading dye, blue (New England BioLabs, cat. no. B7021)
Glycerol (Sigma-Aldrich, cat. no. G5516)
Host-optimized DNA from GeneArt (Invitrogen) encoding sortase  
A enzyme (recombinant variant with 59-aa N-terminal deletion)
Host-optimized DNA from GeneArt (Invitrogen) with C-terminal LPETG 
tag N-terminal of a His6-tag for the scFvs anti-LIBS21,22, SCE5 and 
mutMA2 (refs. 23,24). All constructs from GeneArt contained the required 

•
•
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restriction sites in a standard shuttle vector in which the DNA was shipped 
as lyophilized plasmid DNA
Hydrochloric acid (HCl 37% (wt/vol); Sigma-Aldrich, cat. no. 320331)  
! cautIon HCl is flammable, corrosive and toxic.
Hydrofluoric acid (HF; Sigma-Aldrich, cat. no. 339261) ! cautIon HF is 
very toxic.
Imidazole (Merck, cat. no. 8.14223.0250) ! cautIon Imidazole is corrosive.
Isopropyl-β-d-thiogalactopyranoside (IPTG; Astral, cat. no. ASTO487)
LB medium (Luria-Bertani medium; Sigma-Aldrich, cat. no. L3022)
Magnesium sulfate (MgSO4), anhydrous (Sigma-Aldrich, cat. no. M7506)
2-(2-Methoxyethoxy) ethyl methacrylate (MEO2MA; Sigma-Aldrich,  
cat. no. 409529)
Methacryloyl chloride (97%; Sigma-Aldrich, cat. no. 64120)
Methanol (Merck, cat. no. 1.06009.6010) ! cautIon Methanol is flammable 
and toxic.
Methyl-2-bromo-propionate (98%; Sigma-Aldrich, cat. no. 302392)
Na2B4O7 (sodium borate; Sigma-Aldrich, cat. no. S9640)
NEB Turbo Competent E. coli (New England BioLabs Inc., cat. no. C2948I)
NaCl (sodium chloride; Amresco, cat. no. 0241)
Non-essential amino acids (NEAA, 100×, liquid; Gibco/Invitrogen,  
cat. no. 11140-035)

•

•

•
•
•
•
•

•
•

•
•
•
•
•

NH2-GGGWWSSK-PEG4-N3 peptide (Mimotopes)
n-Hexane (Sigma-Aldrich, cat. no. 296090) ! cautIon n-Hexane is  
flammable and harmful.
Ni-nitrilotriacetic acid (NTA) Superflow columns (Qiagen, cat. no. 30622)
Nitrogen (Corea Gas, cat. no. 034G)
Nuclease-free water (New England BioLabs, cat. no. E7327)
Oligo(ethylene glycol) methacrylate (OEGMA; Sigma-Aldrich, cat. no. 447943)
pET-20b(+) vector (Novagen, cat. no. 69739)
PEGAlk (prepared as described in Box 2)
Phthalimidomethyl butyl trithiocarbonate (Sigma-Aldrich, cat. no. 777072)
Poly(methacrylic acid) (PMA; 30 wt%, Mw=15 kDa, Polysciences,  
cat. no. 21170-100)
Poly(N-vinyl pyrrolidone) (PVPON, Mw = 55 kDa; Sigma-Aldrich,  
cat. no. PVP40)
PVPONAlk (prepared as described in Box 3)
Propargyl bromide (80% (vol/vol) in toluene; Sigma-Aldrich, cat. no. 81831)
p-Toluenesulfonyl chloride (Sigma-Aldrich, cat. no. 240877)
Qiagen miniprep kit (Qiagen, cat. no. 27106)
QIAquick gel-extraction kit (Qiagen, cat. no. 28706)
Restriction enzyme NotI (New England BioLabs, cat. no. R109)
Restriction enzyme XhoI (New England BioLabs, cat. no. R146)

•
•

•
•
•
•
•
•
•
•

•

•
•
•
•
•
•
•

Box 2 | Synthesis of alkyne-functionalized co-polymers poly(MEO2MA-co- 
OEGMA-co-PgTEGMA) PEGAlk ● tIMInG 14 d 
The alkyne-functionalized co-polymers poly(MEO2MA-co-OEGMA-co-PgTEGMA) PEGAlk is required as one of the building blocks of the  
LbL capsules. First, the individual monomers need to be synthesized. Next, the polymer is generated from the monomer building blocks, 
and it is used to make the final LbL capsules.

procedure
synthesis of 2-(2-(2-(prop-2-ynyloxy)ethoxy)ethoxy)ethanol
1. Prepare a THF (50 ml) solution of triethylene glycol (11.6 g, 76 mmol) in a 100-ml round-bottom flask and cool it to 0 °C using  
an ice/water bath.
2. Slowly add sodium hydride (2.0 g, 50 mmol, 60% (wt/vol) dispersion in mineral oil).
3. Stir the mixture for 20 min.
4. Add a dropping funnel to the flask containing propargyl bromide (4.2 ml, 38 mmol).
5. Add the propargyl bromide dropwise to the reaction over 15 min.
6. Stir the reaction mixture at room temperature for 20 h.
7. Concentrate the final product using rotary evaporation.
8. Dissolve the concentrated product in ~20 ml of DCM, and then wash it successively with saturated sodium hydrogen carbonate 
(NaHCO3; 2 × 50 ml) and water (50 ml).
9. Dry the organic phase over MgSO4 (~1 g) and then remove the solid residue by filtration.
10. Concentrate the crude product using rotary evaporation.
11. Purify the crude product by column chromatography, eluting with a 2:3 mixture of n-hexane and ethyl acetate to give  
2-(2-(2-(prop-2-ynyloxy)ethoxy)ethoxy)ethanol as a light yellow oil.
 pause poInt This product can be stored in the refrigerator for several months if it is kept in a sealed container. Integrity can be 
assessed by NMR.

synthesis of 2-(2-(2-(3-(trimethylsilyl)-prop-2-ynyloxy)ethoxy)ethoxy)ethanol
12. Add triethylene glycol alkyne (3.39 g, 18 mmol, made above) to a 50-ml round-bottom flask along with silver chloride  
(0.24 g, 1.8 mmol) suspended in 25 ml of anhydrous DCM (dried by distillation).
13. Add 1,8-diazabicyclo(5.4.0)undec-7-ene (3.5 g, 23 mmol).
14. Attach a sealed 10-ml dropping funnel to the round-bottom flask containing chlorotrimethylsilane (2.8 g, 26 mmol).
15. Stir this mixture at 40 °C in a constant-temperature oil bath while adding chlorotrimethylsilane dropwise.
16. Stir the reaction mixture for 24 h at 40 °C.
17. Cool the mixture to room temperature and dilute it with 200 ml of n-hexane. Wash the organic phase successively with NaHCO3  
(2 × 50 ml), 0.1 M HCl (2 × 50 ml) and water (50 ml) using a 100-ml dropping funnel.
18. Dry the organic phase using MgSO4 and remove the solid residue by filtration.
19. Concentrate the crude product by rotary evaporation.
20. Purify the crude product by column chromatography, by eluting with an 8:1 mixture of n-hexane and ethyl acetate to obtain  
2-(2-(2-(3-(trimethylsilyl)-prop-2-ynyloxy)ethoxy)ethoxy)ethanol as a light yellow liquid.
 pause poInt This product can be stored in the refrigerator for several months if it is kept in a sealed container. Integrity can be 
assessed by NMR.

(continued)
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Box 2 | (continued)

synthesis of 2-(2-(2-(3-(trimethylsilyl)prop-2-ynyloxy)ethoxy)-ethoxy)ethyl methacrylate (tMspgteGMa)
21. Measure out TMS-alkyne triethylene glycol (2.0 g, 7.7 mmol, as made in the previous section) and triethylamine (0.81 g, 8 mmol) 
in small glass vials and add them to a two-necked round-bottom flask containing 50 ml of DCM.
22. Dissolve methacryloyl chloride (0.78 ml, 8 mmol) in 10 ml of DCM and add it into a 50-ml equilibrating dropping funnel.  
Place the funnel in one neck with a septum at the top containing an outlet needle. The second neck should also contain a septum  
with a needle that is slowly bubbling nitrogen gas into the solution.
23. Cool the mixture to 0 °C using an ice/water bath.
24. Add the methacryloyl chloride solution very slowly over 1 h with constant stirring.
 crItIcal step Care must be taken to add this slowly, as excess reactants can cause polymerization to occur.
25. Stir the reaction mixture at room temperature for 18 h, and then filter to remove triethylamine hydrochloride.
26. Wash the filtrate with saturated NaHCO3 (2 × 50 ml) and water (50 ml) using a 200-ml separating funnel.
27. Dry the organic phase using MgSO4 (1 g), and then filter it to form a yellowish brown solution.
28. Concentrate this solution by rotary evaporation.
29. Purify the crude brown oil by column chromatography, eluting with DCM to obtain TMSPgTEGMA as a light yellow liquid.
 pause poInt This product can be stored in a sealed container in the refrigerator for several months. Integrity can be assessed  
by NMR.

synthesis of alkyne-functionalized co-polymers poly(Meo2Ma-co-oeGMa-co-pgteGMa) peGalk
30. Measure out copper(I) chloride (6.5 mg, 0.071 mmol) and 2,2′-bipyridine (20.3 mg, 0.14 mmol) precisely, and add them to a  
10-ml round-bottom flask.
31. Add methyl 2-bromo propionate (10.1 mg, 0.071 mmol), OEGMA (271 mg, 0.57 mmol), MEO2MA (1,089 mg, 6.2 mmol) and 
TMSPgTEGMA (108 mg, 0.36 mmol, as made above) to small glass vials and then transfer them to the 10-ml round-bottom flask  
using 1.4 ml of ethanol.
32. Dissolve the mixture by gentle stirring. Maintain stirring throughout the reaction.
33. Seal the round bottom with a septum with a 150-mm Luer-lock needle inserted into the solution and a smaller needle providing  
an outlet for the gas. Gently bubble argon through the solution for 30 min.
 crItIcal step Bubbling should not be too aggressive or partial evaporation of the solution will occur.
34. Remove the needles and heat the mixture to 60 °C using a constant-temperature oil bath with constant stirring.
35. Polymerize the solution for 16 h.
36. Add 20 ml of Milli-Q water to the mixture, and then place it in a dialysis tube with a 10-kDa molecular-weight cutoff.
37. Place the tube in a 200-ml beaker containing Milli-Q water for 9 d. Exchange the water daily leaving the product as a pale  
green solution.
38. Dry this solution using rotary evaporation under increased pressure (5 mbar) and slowly increased temperature until the  
solution starts bubbling. Avoid aggressive bubbling or bumping.
 pause poInt This product is highly stable for several months if it is kept in a sealed container and not subject to  
excess heat.

analytical data
2-(2-(2-(prop-2-ynyloxy)ethoxy)ethoxy)ethanol: 1H NMR (400 MHz, CDCl3, tetramethylsilane (TMS)): δH 4.13 (s, 2H, OCH2C;CH), 
3.61–3.58 (m, 10H, CH2O), 3.50 (t, 2H, HOCH2), 2.75 (br, 1H, HO), 2.38 (s 1H, CH;C) p.p.m.; 13C NMR (100 MHz, CDCl3, TMS) δC 77.2 
(C;CH), 75.6 (C;CH), 70.4 (CH2O), 70.3 (CH2O), 70.1 (CH2O), 69.6 (CH2O), 69.2 (CH2O), 61.5 (HOCH2), 60.1 (OCH2C;CH) p.p.m.

2-(2-(2-(3-(trimethylsilyl)-prop-2-ynyloxy)ethoxy)ethoxy)ethanol: 1H NMR (400 MHz, CDCl3, TMS): δH 4.13 (s, 2H, OCH2C;CH), 
3.61–3.58 (m, 10H, CH2O), 3.50 (t, 2H, HOCH2), 2.15 (br, 1H, HO), 0.21 (s, 9H, Si(CH3)3) p.p.m.; 13C NMR (100 MHz, CDCl3, TMS)  
δC 105.5 (CH2C;C), 91.2 (C;CSi), 70.8 (CH2O), 70.7 (CH2O), 70.3 (CH2O), 69.1 (CH2O), 69.0 (CH2O), 61.1 (HOCH2), 60.0 (OCH2C;CH),  
5.2 (SiCH3) p.p.m.

tMspgteGMa: 1H NMR (400 MHz, CDCl3, TMS): δH 6.15 (s 1H, CH2 = C(CH3)), 5.51 (s 2H, CH2 = C(CH3)), 4.13 (s, 2H, OCH2C;CH), 
3.61–3.58 (m, 10H, CH2O), 3.50 (t, 2H, HOCH2), 2.0 (s, 3H, CH2 = C(CH3)), 0.21 (s, 9H, Si(CH3)3) p.p.m.; 13C NMR (100 MHz,  
CDCl3, TMS) δC 168.3 (CO), 133.8 (= CCH3), 131.5 (= CH2), 106.1 (CH2C;C), 91.6 (C;CSi), 70.3 (CH2O), 70.2 (CH2O), 70.0 (CH2O),  
69.4 (CH2O), 69.2 (CH2O), 61.8 (HOCH2), 60.2 (OCH2C;CH), 18.8 (= CCH3), 4.1 (SiCH3) p.p.m.

poly(Meo2Ma-co-oeGMa-co-pgteGMa) peGalk
Characterize the polymer by NMR and GPC. The GPC analysis (THF eluent) should show a polymer with number average  
molecular weight (Mn) = 25 kDa and MW/Mn = 1.5. The slightly higher polydispersity is due to the loss of the protecting  
group during polymerization. The alkyne percentage should be ~5%, as determined by NMR (ratio of peak at 4.1 p.p.m. (2H) to  
2.5 p.p.m. (1H)).
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Scalpel blade no. 10 (Pacific Laboratory Products, cat. no. SB10)
Silver chloride (Sigma-Aldrich, cat. no. 204382)
SiO2 particles (~3-µm diameter, MicroParticles, cat. no. SiO2-F-2.5)
SnakeSkin dialysis tubing, 10 MWCO (Thermo Scientific, cat. no. 88245)
SOC medium (Invitrogen, cat. no. 15544-034)
Sodium azide (Sigma-Aldrich, cat. no. S2002) ! cautIon Sodium azide  
is very toxic.
Sodium hydride (60% dispersion in mineral oil; Sigma-Aldrich,  
cat. no. 452912)
Sodium hydrogen carbonate (Sigma-Aldrich, cat. no. S6014)
SYBR-safe DNA gel (Invitrogen, cat. no. S33102)
T4 buffer and T4 DNA ligase (New England BioLabs, cat. no. M0202S)
Triethanolamine (TEA; Sigma-Aldrich, cat. no. T1377)
N,N,N′,N′-Tetramethylethylenediamine (TEMED; Sigma-Aldrich,  
cat. no. T9281)
Tetrahydrofuran (THF; Sigma-Aldrich, cat. no. 401757)  
! cautIon THF is highly flammable and harmful.
Trifluoroacetic acid (TFA; Sigma-Aldrich, cat. no. T6508)  
! cautIon TFA is strongly corrosive and toxic.
Triethylamine (Sigma-Aldrich, cat. no. T0886)
Triethylene glycol (Sigma-Aldrich, cat. no. T59455)
Tris-HCl (Tris(hydroxymethyl)aminomethane hydrochloride,  
Sigma-Aldrich, cat. no. T6066)
Trizma base (Sigma-Aldrich, cat. no. T1503)
Tween 20 (Polysorbate 20; Sigma-Aldrich, cat. no. P2287)

EQUIPMENT
Amicon Ultra concentrators, 10-kDa cutoff (Millipore or equivalent)
Bacterial shaker
Bunsen burner
Centrifuge (Eppendorf 5424 Series or equivalent)
Centrifuge for spinning 250-ml bacterial cultures at 5,000g and spinning 
50-ml tubes at 20,000g (Beckman or equivalent)
Centrifuge tubes, 1.5 ml (Eppendorf or equivalent)
Dropping funnel
Equilibrating dropping funnel
Erlenmeyer flasks
Fast protein liquid chromatography (FPLC) instrument (DuoFlow system 
or similar; Bio-Rad)

•
•
•
•
•
•

•

•
•
•
•
•

•

•

•
•
•

•
•

•
•
•
•
•

•
•
•
•
•

Filter, 0.22 µm (Corning or equivalent)
Fixed-height comb (Bio-Rad, cat. no. 170-4447)
Freeze dryer
Refrigerator
Glass pipettes and Pasteur pipettes
Gel permeation chromatography (GPC)–size-exclusion chromatography  
(SEC) was run at 50 °C in DMF (flow rate 1 ml/min) using a Spectra 
Physics Instruments apparatus equipped with a UV-detector SEC-3010 
and a refractive index detector (SEC 3010) from WGE Dr. Bures. Columns: 
guard (7.5 × 75 mm), PolarGel-M (7.5 × 300 mm), calibration with linear 
polystyrene standards
Direct Detect (Merck Millipore)
Graduate cylinders
Magnetic particle concentrator (Life Technologies, cat. no. 12002D or 
equivalent)
Micropipettes (0.5–1,000 µl) and suitable tips
Mini-PROTEAN tetra cell casting module (Bio-Rad, cat. no. 165-8021)
Module (Bio-Rad, cat. no. 166-0827)
NanoDrop 2000c UV-vis spectrophotometer (Thermo Scientific)
Needle (21 gauge, 150 mm)
NMR spectrometer (Varian Unity 400 or equivalent)
Oil bath
Parafilm
Petri dishes, 100 × 20 mm (Sigma-Aldrich, cat. no. CLS430591  
or equivalent)
Pipette boy with serological pipette (5, 10 and 25 ml)
Polypropylene conical tubes, 50 and 15 ml with graduation  
(Corning or equivalent)
Rotary evaporator (Büchi or equivalent)
Rotary mixer (RSM7, Ratek or equivalent)
Schlenk line
Separating funnel
Septum
Sub-cell GT UV-transparent wide mini-gel tray (cat. no. 170-4426)
Syringes
Test tube racks
Vacuum line
Water bath, 37 °C

•
•
•
•
•
•

•
•
•

•
•
•
•
•
•
•
•
•

•
•

•
•
•
•
•
•
•
•
•
•

Box 3 | Synthesis of poly(N-vinyl pyrrolidone-ran-propargyl-acrylate)  
PVPONAlk ● tIMInG 7 d 
The alkyne-functionalized co-polymers poly(N-vinyl pyrrolidone-ran-propargyl-acrylate) PVPONAlk is required as one of the building 
blocks of the LbL capsules.

procedure
1. Run propargyl acrylate and 1-vinyl-2-pyrrolidone down a 5-cm basic alumina column to completely remove the inhibitor.  
Collect the purified monomer at the bottom of the column.
2. Measure out propargyl acrylate (7.5 mg, 6.8 × 10−2 mmol) and 1-vinyl-2-pyrrolidone (0.99 g, 9.0 mmol) exactly using a five-figure 
balance, and place it in a 5-ml glass vial.
3. Measure out the phthalimidomethyl xanthate reversible addition-fragmentation chain transfer agent (6.32 mg, 2.2 × 10−2 mmol)  
and azobisisobutyronitrile (0.18 mg, 1.1 × 10−3 mmol) exactly and place them in another glass vial.
4. Add 2 ml of dioxane to each vial, dissolve the contents and then transfer them into a Schlenk tube.
5. To purge the mixture of oxygen, four freeze-thaw cycles are required on a Schlenk line, which involves freezing the sample in liquid 
nitrogen and opening the system up to vacuum for 5 min. After evacuation, close the taps and warm the sample to release all of the 
gas trapped in the solution. The process is repeated three times, thereby increasing the evacuation time to 10, 20 and then 45 min. 
For the last cycle, heating is not removed, the sample is closed and removed from the Schlenk line. This step should completely remove 
the oxygen from the reaction, which is important as this will affect the polymerization reaction.
6. Place the polymerization reaction in a constant oil bath at 60 °C for 80 min.
7. After polymerization, the reaction is dialyzed in Milli-Q water for 6 d using a 10-kDa membrane. The water is exchanged daily during 
this period.
8. Freeze-dry the final product to form a fluffy yellowish powder.

analytical data
Use gel permeation chromatography for characterization. The polymer should show an average molar mass of ~16.5 kDa with a  
polydispersity of 1.3.
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REAGENT SETUP
Glycerol, 50% (vol/vol) Dilute 100% glycerol with the same volume of 
nuclease-free water. The solution can be stored for at least 6 months at room 
temperature (21 °C).
TAE buffer, 50× TAE buffer (50×) is 2 M Tris, 5 mM EDTA (pH 8) and 5.5% 
(vol/vol) acetic acid. The buffer is stable for at least 1 year at room temperature.
Agarose gel, 1% (wt/vol) Mix 100 ml of 1× TAE buffer and 1 g of  
agarose. Heat the mixture in the microwave until the agarose is  
completely dissolved, and then add 1 µl of SYBR-safe DNA gel stain  
per 20 ml of gel. The gel can be stored for 48 h at 4 °C.
PBS Dissolve 137 mM NaCl (8 g), 2.7 mM KCl (0.2 g), 10 mM Na2HPO4 
(1.44 g) and 2 mM KH2PO4 (0.24 g) in 800 ml of distilled water. Adjust the 
pH to 7.4. Adjust the volume to 1 liter with additional distilled water. PBS is 
stable for at least 6 months at room temperature.
Sortase A reaction buffer For 250 ml, dissolve 50 mM Tris-HCl (1.5 g),  
150 mM NaCl (2.19 g) and adjust the pH to 8.0. The sortase reaction buffer 
can be stored for 9 months at 4 °C.
Binding/wash buffer Binding/wash buffer contains 50 mM Tris-HCl  
(pH 7.5) and 150 mM NaCl. The buffer is stable for at least 9 months at 4 °C.
Elution buffer Elution buffer contains 50 mM Tris-HCl (pH 7.5), 150 mM 
NaCl and 250 mM imidazole.
Ampicillin-supplemented LB medium Autoclave the medium, allow it to 
cool down and then add ampicillin to a concentration of 100 µg/ml.  
This medium is stable for a week at 4 °C.
Ampicillin-supplemented LB agar To LB medium, add 1.5% (wt/vol)  
agarose before autoclaving. Before use, add ampicillin to a concentration  
of 100 µg/ml. The Petri dish plates should be poured in advance and dried 
for ~1 h in a sterile cabinet to reduce condensation. LB agar plates can be 
stored for a week at 4 °C. Before use, remove the prepared plates from cold 
and incubate them at 37 °C to avoid both condensation and shock to the 
cells.  crItIcal step The resistance marker can vary among different  
vector systems; therefore, carefully check before adding suitable antibiotics.
Ampicillin stock solution Prepare the stock solution at a concentration  
of 100 mg/ml in water (1,000× stock). The stock solution can be stored  
for 4–6 months at −80 °C.
IPTG stock solution Prepare the stock solution at a concentration of 0.5 M in 
water (1,000× stock). The stock solution can be stored for 9 months at −80 °C.

Coomassie blue stain Dissolve 1.25 g of brilliant blue R in a mixture  
of methanol (200 ml), water (250 ml) and acetic acid (50 ml). The stain is 
stable at room temperature for up to 1 year.
Destaining solution Mix water, ethanol and acetic acid at a ratio of 6:3:1. 
The solution is stable at room temperature for up to 1 year.
Buffered hydrofluoric acid (HF) solution Prepare a solution of pH 5.0–
buffered HF by mixing 100 µl of 8 M ammonium fluoride (29.63 mg/100 µl) 
and 50 µl of 2 M HF (2 mg/50 µl). ! cautIon HF and ammonium fluoride 
are very toxic. HF should be stored below 25 °C in a dry place, separate from 
other chemicals; ammonium fluoride can be stored at room temperature.
Wash buffer Add Tween 20 to PBS (pH 7.4), to a final concentration of  
0.1% (vol/vol). The buffer can be stored for 6 months at room temperature.
Storage buffer Add Tween 20 to PBS (pH 7.4), to a final concentration 
of 0.01% (vol/vol). The buffer can be stored for at least 9 months at room 
temperature.
Acetate buffer Prepare 50 mM pH 4.0 acetate buffer and 150 mM (pH 5.0) 
acetate buffer. The buffer can be stored for up to 3 years at room temperature.
Solution of PMA, 1 mg/ml Dissolve 2 mg of PMA in 2 ml of 50 mM  
(pH 4.0) acetate buffer. Freshly prepare the solution before capsule assembly.
PVPON Dissolve 0.5 mg of PVPON in 0.5 ml of 50 mM (pH 4.0) acetate 
buffer. Freshly prepare PVPON before capsule assembly.
PVPONAlk Dissolve 2 mg of PVPONAlk in 2 ml of 50 mM (pH 4.0) acetate 
buffer. Freshly prepare the solution before capsule assembly.
PEGAlk Dissolve 0.5 mg of PEGAlk in 0.5 ml of 150 mM (pH 5.0) acetate 
buffer. Freshly prepare the solution before capsule assembly.
Bisazide cross-linker Dissolve 0.5 mg of Bisazide cross-linker in 500 µl of 
150 mM (pH 5.0) acetate buffer. Freshly prepare the solution immediately 
before use.
Sodium ascorbate Dissolve 1.3 mg of sodium ascorbate in 300 µl of  
150 mM (pH 5.0) acetate buffer. Freshly prepare the solution immediately 
before use.
Copper sulfate Dissolve 1.75 mg of copper sulfate in 1 ml of 150 mM  
(pH 5.0) acetate buffer. Freshly prepare the solution immediately  
before use.
Azide-functionalized sortase A peptide substrate Dissolve 0.1 mg of  
GGG-PEG-Az in 500 µl of 150 mM (pH 5.0) acetate buffer. Freshly prepare 
the solution immediately before use.

proceDure
transformation of scFv-lpetG and sortase a into Escherichia coli ● tIMInG 2–3 h + overnight incubation
1| Centrifuge the microcentrifuge tubes at 9,000g on a benchtop centrifuge (Eppendorf 5424) for 30 s at room temperature.

2| Add nuclease-free water to the lyophilized plasmid DNA to obtain a final concentration of 100 ng/µl.

3| Thaw NEB Turbo competent E. coli cells on wet ice for 10 min.
 crItIcal step Temperature and timing of thawing are important for the outcome of the transformation efficacy.  
Do not leave the cells standing for more than 30 min before use.

4| Add 100 ng of plasmid DNA onto thawed cells, and then carefully flick the tube five times.
 crItIcal step Do not vortex, as this will greatly reduce the transformation efficiency and damage the bacteria.

5| Place the cell mixture on wet ice for 30 min.
 crItIcal step Do not mix.

6| Heat-shock the cells for exactly 30 s at 42 °C.
 crItIcal step Do not mix.
 crItIcal step The temperature and timing of the heat-shock step are crucial and specific to the transformation volume 
and vessel.

7| Return the cells to ice for 4 min.
 crItIcal step Do not mix.
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8| Add 950 µl of SOC medium at room temperature onto the cells.

9| Place the cells at 37 °C for 60 min, shaking vigorously at 250 r.p.m. in a bacterial incubator.

10| Warm the ampicillin-supplemented LB agar plates to 37 °C.

11| Plate 100 µl of cells onto an LB agar plate and allow them to grow overnight at 37 °C in a bacterial incubator.
 crItIcal step Keep your laboratory bench area sterile by working near a flame from a Bunsen burner.
? trouBlesHootInG
 pause poInt After overnight incubation, the plates should be sealed with Parafilm, and they may be stored for up to  
4 weeks in a cold room or a refrigerator.

Growing of transformed E. coli in cultures and Dna extraction ● tIMInG 1 h + overnight culture + 1 d
12| Pipette 5.5 ml of ampicillin-supplemented LB medium into 50-ml clear plastic centrifuge tubes.

13| From the ampicillin-supplemented LB agar plate, which has been growing overnight at 37 °C, inoculate the  
ampicillin-supplemented LB medium with single bacterial colonies using a plastic pipette tip.
 crItIcal step Be careful when picking the bacterial colony to avoid contamination with other colonies.

14| Place the plastic centrifuge tubes at 37 °C overnight (12 to 18 h) in a bacterial incubator, shaking vigorously at a  
30° angle. After incubation, check for growth, which is characterized by a cloudy haze in the medium.

15| For long-term storage of bacteria, create a glycerol stock of cells. Add 500 µl of the overnight culture to 500 µl of  
50% (vol/vol) glycerol in a 2-ml screw-top tube or cryovial and gently mix. Shake the glycerol stock before freezing (five or  
six times), making sure that it is one uniform solution with no layers present.
 crItIcal step Snap-top tubes are not recommended, as they can open unexpectedly at −80 °C.

16| Freeze the glycerol stock tube at −80 °C.
 crItIcal step Make sure that the glycerol stocks tubes are stored at −80 °C. The stock is stable for years; however,  
repetitive freeze and thaw cycles may reduce the shelf life.

17| To recover bacteria from your glycerol stock, scrape some of the frozen bacteria from the top using a sterile pipette tip 
and add to the 37 °C ampicillin-supplemented LB medium.
 crItIcal step Do not allow the glycerol stock to fully thaw.

18| Pellet the cells by centrifuging the remaining 5 ml of bacterial culture at 3,700g for 10 min at 4 °C. Remove the  
clear supernatant.
 pause poInt Bacterial pellets may be frozen at −80 °C for several weeks.

19| Purify the plasmid DNA using the commercially available kit (Qiagen miniprep or equivalent), according to the  
manufacturer’s instructions.
 pause poInt Elutions of the plasmid DNA may be stored at −20 °C for several months.

20| Measure the amount of DNA obtained from the preparations using a UV-vis spectrophotometer (NanoDrop 2000c or equivalent).

Molecular cloning of constructs into pet20(+) vector ● tIMInG 3 d
21| Prepare a 20-µl restriction digest reaction for each DNA preparation (resulting from Step 20) comprising 10 µl of DNA,  
2 µl of 10× buffer and 1 µl of NotI and 1 µl of XhoI. Incubate the mixture at 37 °C for a minimum of 2 h.

22| Add 4 µl of 6× gel loading dye to the samples and load them on a 1% (wt/vol) agarose gel along with a 1-kb DNA  
ladder. Size separation is performed using an electrophoresis tank at 100 V for 30 min.

23| Place the gel on an electrophoresis imager (Bio-Rad or equivalent) and photograph it.

24| Determine the size of the digested construct (scFv-LPETG inserts are imaged near the 1-kb marker, the sortase A insert is 
imaged at the 1-kb mark and the digested vector pET20b(+) is imaged just above the 3-kb marker).

25| Use a clean scalpel blade and carefully cut around the area of the targeted size. Place the cut gel portion into labeled 
1.5-ml microcentrifuge tubes.
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26| Extract DNA using a gel extraction kit (QIAquick or equivalent), according to the manufacturer’s instructions.
 pause poInt Eluted plasmid DNA can be stored at −20 °C for several months.

27| Measure the amount of DNA obtained from the preparations using a UV-vis spectrophotometer (NanoDrop 2000c or equivalent).

28| To ligate the digested DNA, prepare a 10-µl ligation reaction using 1 µl of T4 buffer and 1 µl of T4 DNA ligase.  
Add the DNA of the insert and the vector at a 1:3 (mol:mol) ratio and ligate at 16 °C for 1 h, and then at 4 °C overnight.

29| Transform the ligation reaction to NEB Turbo competent E. coli cells, as described in Step 3.

30| To confirm the correct sequence, isolate DNA as described before and send it to a commercial DNA sequencing  
company to determine the success of cloning (primers used: T7 promoter, 5′-TAATACGACTCACTATAGGG-3′ and T7 terminator, 
5′-GCTAGTTATTGCTCAGCGG-3′).

31| Transform DNA of the confirmed clones in BL21Star (DE3) for optimal protein production. Transformation to BL21Star 
(DE3) E. coli is the same as NEB Turbo competent E. coli.
? trouBlesHootInG

production and purification of scFv-lpetG and sortase a ● tIMInG 3 d
32| Start a preculture by inoculating 10 ml of ampicillin-supplemented LB medium with a single clone of the BL21Star (DE3) 
E. coli cells, containing the scFv-LPETG or sortase A. Grow the cells overnight at 37 °C with shaking at 250 r.p.m.

33| Add 5 ml of the preculture to 1 liter of ampicillin-supplemented LB medium in an Erlenmeyer flask. Grow the scFv-LPETG 
at room temperature for 8 h. The addition of IPTG is not required. For sortase A, grow the culture at 37 °C, while shaking 
at 250 r.p.m., until it reaches an optical density at 600 nm (OD600) of 0.8. Induce the cells with 1 mM IPTG for 6 h at 37 °C 
while shaking at 250 r.p.m.

34| Centrifuge the cells in 250-ml centrifuge bottles at 6,000g for 15 min at 4 °C.
 pause poInt Bacterial pellets may be frozen at −80 °C for several weeks.

35| Discard the supernatant and weigh the cell pellet. Per gram of pellet, resuspend with 3 ml of BugBuster master mix.

36| Incubate the mixture for 15 min at room temperature while rocking gently.

37| Centrifuge the mixture at 15,000g for 30 min at 4 °C.

38| Collect the supernatant for purification over Ni-NTA Superflow columns on the FPLC system. Set the detector to 280 nm 
and the flow rate to 1 ml/min. All constructs contain the His6-tag, which enables purification using the Ni-NTA columns.

39| Equilibrate the Ni-NTA column with 10 ml of binding/wash buffer.

40| Apply the clear supernatant. UV absorption will increase.

41| Wash the column with binding/wash buffer (0% imidazole) until protein UV absorption returns to baseline.

42| Increase the proportion of imidazole solution (250 mM) to 8% (vol/vol). A wash peak with unspecific protein will  
appear, and this material can be discarded. Wash until protein UV absorption returns back to baseline.

43| Elute the proteins from the column by increasing the proportion of imidazole solution from 20–250 mM (100%).  
Collect the peak fractions.

44| Place the fractions of purified proteins into a SnakeSkin dialysis tubing and dialyze them against PBS for 4 h at 4 °C. 
Change the buffer and dialyze overnight at 4 °C.
 crItIcal step Avoid freeze-thaw cycles, as sortase A and scFvs are negatively affected and lose activity.
 pause poInt The protein may be stored at −80 °C for several months.
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45| To assess the protein expression level, analyze the concentration of the purified protein using Direct Detect  
(Merck Millipore). Add 2 µl of protein on the Direct Detect spotting tray and use according to the manufacturer’s protocol. 
Any other technique to determine the protein concentration can be used as well. From 1 liter of scFv culture, ~1–2 mg can 
be obtained. From 1 liter of sortase A culture, ~20 mg can be obtained.

46| Analyze the purified protein using a 12% (vol/vol) SDS-PAGE. A minimal purity of 95% is recommended.

preparation of scFv-functionalized particles ● tIMInG 6 d 
47| We provide procedures for the preparation and functionalization of iron oxide particles and LbL capsules. Depending on 
what particle type you want to use and conjugate, follow option A or option B.
(a) preparation of scFv-functionalized iron oxide particles ● tIMInG 1 d
 (i)  Place 2 × 108 particles in a 1.5-ml microcentrifuge tube into the magnetic particle concentrator and wait for 2 min  

until all the particles are pelleted. Discard the supernatant while the microcentrifuge tube is still in the magnetic 
particle concentrator (Fig. 2)10.

 (ii) Add 500 µl of water, take the tube out and resuspend the particles.
 (iii)  Place the microcentrifuge tube back in the magnetic particle concentrator. Wait for 2 min until all the particles are  

pelleted. Discard the supernatant.
 (iv) Repeat Step 47A(ii,iii) twice with 500 µl of DMSO.
 (v) Resuspend the particle pellet in 120 µl of DMSO.
 (vi)  Add 40 µl of 15 mg/ml BOC-HN-GGGWW-COOH peptide to the above particle suspension to a final concentration  

of 3.8 mmol per liter (600 µg of peptide).
 (vii)  Dissolve 2 mg of PyBOP and 1 mg of DIPEA in 100 µl of DMSO. 

 crItIcal step Freshly prepare the solution.
 (viii)  Add 40 µl of the above PyBOP/DIPEA/DMSO mixture to the particle/peptide suspension in Step 47A(vi) and  

incubate the mixture for 2 h at room temperature while shaking. Please note that the PyBOP activation of the  
GGGWW peptide will lead to a racemization of the tryptophan.

 (ix) Wash the particles three times with deionized water.
 (x)  Resuspend the particles in 60 µl of 50% (vol/vol) TFA in DCM and incubate for 30 min at room temperature  

while shaking. 
! cautIon TFA and DCM are toxic. Use appropriate gloves and a fume hood.

 (xi) Wash the particles three times with DCM using a magnetic rack (Step 47A(ii,iii)).
 (xii) Incubate the particles with 10% (vol/vol) TEA in DCM at room temperature for 20 min.
 (xiii) Wash the particles twice with water and twice with sortase A coupling buffer.
 (xiv)  Resuspend the particles in 200 µl of sortase A coupling buffer containing scFv-LPETG (10 µmol per liter),  

sortase A enzyme (30 µmol per liter) and CaCl2 (0.5 mmol per liter).
 (xv) Incubate the reaction mixture for 3 h at 37 °C while shaking.
 (xvi)  Remove excess scFv and sortase A by washing the particles three times with PBS. 

 crItIcal step During all incubation steps, place the microcentrifuge tubes in the shaker at 20–45° to the horizontal 
axis, and set the shaking speed at 200–230 r.p.m. Otherwise, particles cannot be suspended well during the reaction. 
 pause poInt Conjugated iron oxide particles are stable for up to 4 weeks at 4 °C.

Fe3O4 –NH2

PyBOP/DIPEA/DMSO
HOOCWWGGG-BOC

Fe3O4 –HOOCWWGGG-BOC

Fe3O4

De-BOC
TFA/DCM

Sortase A

a

b c

d e
–GGG

Fe3O4

Figure 2 | Generation and specific binding evaluation of scFv-coupled  
iron oxide particles to platelet aggregates in a flow chamber system.  
(a) MPIO beads with amine surface groups are modified with  
tert-butyloxycarbonyl-protected GGGWW peptides via carboxyl activation  
and deprotected. Subsequently, the particles are site-specifically labeled  
with scFv-LPETG by sortase A–mediated transpeptidase reaction. De-BOC,  
removal of protected groups. (b) Particle binding under shear conditions is  
evaluated in a flow chamber system. (b,c) Differential interference contrast  
(DIC) (b) and fluorescence (c) images show the lack of binding of the  
control particles (DIC image: black; fluorescence image: orange or yellow  
autofluorescence). Platelet aggregates (DIC: white or gray; fluorescence:  
green indicates platelet membrane) formed by aggregation of activated  
platelets on collagen-1 fibers were coated on the flow chamber surface.  
Platelet membranes were specifically stained with PAC-1-FITC specific  
for the activated GPIIb/IIIa receptors and appear as green fluorescence.  
(d,e) DIC (d) and fluorescence (e) images show the strong binding of the  
scFv-coupled particles. One orange bead is 1 µm. 
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(B) preparation of scFv-functionalized lbl capsules ● tIMInG 5 d
 (i)  Prepare the polymer reagents for LbL assembly, as described in Boxes 1–3 (Fig. 3)11.
 (ii)  Place 50 µl of a 5 wt% suspension of 3-µm-diameter SiO2 particles in a 1.7-ml Eppendorf centrifuge tube and  

centrifuge at 1,000g for 1 min at room temperature. Remove the supernatant and replace it with 250 µl of 50 mM  
(pH 4.0) acetate buffer. Ensure that the pellet is well agitated before repeating the centrifugation/re-dispersion wash 
cycle twice. Resuspend the particles in 50 µl of 50 mM (pH 4.0) acetate buffer. 
 crItIcal step The particles must be well suspended before each polymer layer is added. Failure to do this will 
result in aggregated particles.

 (iii)  Add 200 µl of PVPON solution to the resuspended particles. Allow the polymer to adhere to the surface of the  
particles for 15 min with constant agitation. Centrifuge the particles at 1,000g for 1 min at room temperature, and 
remove the supernatant and replace it with 250 µl of 50 mM (pH 4.0) acetate buffer. Ensure that the pellet is well 
agitated, and repeat the centrifugation/re-dispersion wash cycle twice before resuspending the particles in 50 µl of  
50 mM (pH 4.0) acetate buffer.

 (iv)  Add 200 µl of PMA solution to the resuspended particles. Allow the polymer to adsorb to the surface of the  
particles for 15 min with constant agitation. Centrifuge the particles at 1,000g for 1 min at room temperature, and 
remove the supernatant and replace it with 250 µl of 50 mM (pH 4.0) acetate buffer. Ensure that the pellet is well  
agitated before repeating the centrifugation/re-dispersion wash cycle twice. Resuspend the particles in 50 µl of  
50 mM (pH 4.0) acetate buffer.

 (v)  Add 200 µl of PVPONAlk solution to the resuspended particles. Allow the polymer to adsorb to the surface of the  
particles for 15 min with constant agitation. Centrifuge the particles at 1,000g for 1 min at room temperature and 
remove the supernatant and replace it with 250 µl of 50 mM (pH 4.0) acetate buffer. Repeat the centrifugation/ 
re-dispersion wash cycle twice before resuspending the particles in 50 µl of 50 mM (pH 4.0) acetate buffer.

 (vi)  Repeat Step 47B(iii,iv) until six layers of PMA and five layers of PVPONAlk have been deposited (so PMA is the  
last layer deposited). Resuspend the particles in 50 µl of 150 mM (pH 5.0) acetate buffer.

 (vii)  Add 200 µl of PEGAlk solution to the resuspended particles. Allow the polymer to adsorb to the surface of the  
particles for 15 min with constant agitation. Centrifuge the particles at 1,000g for 1 min at room temperature, and 
remove the supernatant and replace it with 250 µl of 150 mM (pH 5.0) acetate buffer. Repeat the centrifugation/ 
re-dispersion wash cycle twice before resuspending the particles in 50 µl of 150 mM (pH 5.0) acetate buffer.

 (viii)  Add a mixture of 150 µl of the bisazide cross-linker, 50 µl of sodium ascorbate and 50 µl of copper sulfate to  
the resuspended particles. Incubate the particles overnight with constant agitation.

 (ix)  Centrifuge the particles at 1,000g for 1 min at room temperature, and remove the supernatant and replace it with  
250 µl of 150 mM (pH 5.0) acetate buffer. 
 crItIcal step When centrifuging both capsules and particles, the ‘soft’ mode of the centrifuge must be enabled. 
This slows the acceleration and deceleration during the centrifugation step, and it avoids or minimizes aggregation.

 (x)  Ensure that the pellet is well agitated before repeating the centrifugation/re-dispersion wash cycle twice.  
Resuspend the particles in 50 µl of 150 mM (pH 5.0) acetate buffer.

 (xi)  Add a mixture of 150 µl of the sortase A peptide (GGG-PEG-Az), 50 µl of sodium ascorbate and 50 µl of copper  
sulfate to the resuspended particles. Incubate the particles for 30 min with constant agitation. 
 crItIcal step Prepare fresh solutions of sodium ascorbate and copper sulfate, as they can show reduced  
activity when stored overnight.

 (xii)  Centrifuge the particles at 1,000g for 1 min at room temperature, and remove the supernatant and replace it with  
250 µl of 150 mM (pH 5.0) acetate buffer. Resuspend the particles in 200 µl of 150 mM (pH 5.0) acetate buffer.  
Repeat the centrifugation/re-dispersion wash cycle twice before resuspending the particles in 50 µl of 50 mM  
(pH 4.0) acetate buffer. 
 crItIcal step Peptide-functionalized particles can aggregate during dissolution of the silica core; therefore,  
protective capping layers are required to maintain colloidal stability.

 (xiii)  Add 200 µl of PMA solution to the resuspended particles. Allow the polymer to adsorb to the surface of the  
particles for 15 min with constant agitation. Centrifuge the particles at 1,000g for 1 min at room temperature,  
and remove the supernatant and replace it with 250 µl of 50 mM (pH 4.0) acetate buffer. Repeat the centrifugation/ 
re-dispersion wash cycle twice before resuspending the particles in 50 µl of 50 mM (pH 4.0) acetate buffer.

 (xiv)  Add 200 µl of PVPON solution to the resuspended particles. Allow the polymer to adsorb to the surface of the  
particles for 15 min with constant agitation. Centrifuge the particles at 1,000g for 1 min at room temperature, and 
remove the supernatant and replace it with 250 µl of 50 mM (pH 4.0) acetate buffer. Repeat the centrifugation/ 
re-dispersion wash cycle twice before resuspending the particles in 50 µl of 50 mM (pH 4.0) acetate buffer.

 (xv)  Repeat Step 47B(xiii,xiv) until three layers of PMA and two layers of PVPON have been deposited (so PMA is the  
last layer deposited). Resuspend the particles in 100 µl of 50 mM (pH 4.0) acetate buffer.
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 (xvi)   To dissolve the sacrificial silica core, add 150 µl of 
pH 5.0–buffered HF to the 100 µl of well-suspended 
particles. Allow the silica to dissolve for 1 min  
with constant gentle agitation. The solution should 
become clear.  
! cautIon HF and ammonium fluoride are very toxic. 
Extreme care should be taken when handling HF solu-
tion, and only small quantities should be prepared.

 (xvii)   Centrifuge the particles at 1,500g for 4 min at room 
temperature, and remove the supernatant and replace 
it with 250 µl of 50 mM (pH 4.0) acetate buffer. 
Repeat the centrifugation/re-dispersion wash cycle 
twice. Resuspend the capsules in 200 µl of PBS. Store 
the particles in PBS, with constant agitation, for 12 h 
to remove the PMA/PVPON-protecting layers to form 
peptide-functionalized LbL capsules.

 (xviii)   To immobilize scFv-LPETG, incubate the GGG-PEG-Az-
functionalized capsules in 150 µl of sortase A  
reaction buffer (pH 8.0) containing scFv-LPETG  
(10 µmol per liter), sortase A enzyme (30 µmol per 
liter) and CaCl2 (0.5 mmol per liter). Incubate the 
mixture at 37 °C for 1 h with gentle shaking. After 
conjugation, wash the scFv-LPETG-functionalized  
capsules with PBS. This will remove any excess  
nonconjugated scFv, as well as sortase A. 
 crItIcal step During all polymer adsorption 
steps, the particles should be constantly agitated  
using either a Thermomixer or a rotary mixer.  
The final product should be stored at 4 °C, and it  
is stable for up to 2 weeks.

48| Determine the size and hydrodynamic diameter of the 
particles using dynamic light scattering or qNano examina-
tions and compare these values with those obtained from 
particles that have not undergone conjugation. Functional  
characterization can be done via FACS against activated 
platelets, as well as via static or flow-based adhesion assays. 
Binding indicates successful conjugation.

? trouBlesHootInG
Troubleshooting advice can be found in table 1.

PMA/PVPON

GGG-PEG-Az-functionalized PEGAlk-coated PVPONAlk/PMA particle

–LPETGGHHHHHH-COOHSortase A

1. Core dissolution

2. PMA/PVPON 

COOH

PEG4N

N

N

H2N-GGGWWSS

O

O N

LPET GGGWWSS COOH

PEG4N

N N

N

H2N-GGHHHHHH-COOH

+

O O

O

N

Figure 3 | Generation of sortase A–mediated scFv-functionalized  
LbL capsules. Schematic illustration of scFv-LbL capsule generation.  
In the first step, the polymer layers are deposited onto the silica core 
particle; the different layers up to the dark blue layer indicate this.  
To stabilize the particles before removing the core and the cross-linking, 
additional layers are added (up to the dark red layer). Next, the internal 
layers (up to the dark blue one) are cross-linked using the biazide  
cross-linker and click chemistry. Finally, the core is removed along with the 
non-cross-linked protective layers. The scFv is then attached to generate 
targeted LbL capsules. Adapted with permission from Leung, M.K.M. et al., 
Bio-click chemistry: enzymatic functionalization of PEGylated capsules for 
targeting applications. Angew. Chem. Int. Ed. Engl. 51, 7132–7136 (2012). 
Copyright Wiley-VCH Verlag GmbH & Co. KGaA (ref. 11).
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taBle 1 | Troubleshooting table.

step problem solution

Transformation of scFv-LPETG  
and sortase A into E. coli

DNA is not digested fully Check that the restriction enzymes are working by performing 
single digest

No colonies on the LB agar plates 
after transformation

Check that the cells were thawed on wet ice and that they  
were not standing for too long 
Use commercially available positive DNA such as PUC19 to  
determine the competency of cells

Molecular cloning of constructs 
into pET20(+) vector

Re-ligated vector colonies on the  
LB agar plates after transformation

Double-check that the restriction enzymes are working and 
that there is good separation on the agarose gel before using 
the scalpel blade to cut out the DNA band of interest

No antibody or sortase A  
expression

Check that the right antibiotic, plasmid and bacterial strain  
have been used 
Use fresh IPTG or stock stored at −80 °C

Preparation of scFv- 
functionalized LbL capsules

No or poor bioconjugation Check whether GGG has been properly installed with dye-LPETG 
substrate 
Check sortase A activity with GGG-dye substrate 
Check the accessibility of LPETG tag on the antibody with  
GGG-dye substrate

Check that the correct Ca2+ concentration has been used  
(0.5 mM). ScFv precipitates out of solution at the higher Ca2+ 
concentrations (see image at left) 
Check the pH (should be 7–8)

LbL particles have aggregated Ensure that the particles are well dispersed before adding the 
polymer or antibody solution 
Ensure that the particles are agitated during polymer and  
antibody deposition 
Ensure that the centrifugation speeds used do not irreversibly 
pellet the particles

No capsules were formed Ensure that each polymer layer was deposited under the  
conditions described 
Ensure that the cross-linking reaction was performed with fresh 
solutions of sodium ascorbate and copper sulfate 
Capsules require higher centrifugation speeds for a longer 
time. Make sure that the centrifugation speeds are observed

● tIMInG
Steps 1–11, transformation of scFv-LPETG and sortase A into E. coli: 2–3 h + overnight incubation
Steps 12–20, growing of transformed E. coli in cultures and DNA extraction: 1 h + overnight culture + 1 d
Steps 21–31, molecular cloning of constructs into pET20(+) vector: 3 d
Steps 32–46, production and purification of scFv-LPETG and sortase A: 3 d
Steps 47 and 48, preparation of scFv-functionalized particles:
Box 1, Synthesis of N,N’-(dithiodiethane-2,1-diyl)bis(1-azido tetraethylene glycol acetamide (bisazide cross-linker): 3 d
Box 2, Synthesis of alkyne-functionalized co-polymers poly(MEO2MA-co-OEG-MA-co-PgTEGMA) PEGAlk: 14 d
Box 3, Synthesis of poly(N-vinyl pyrrolidone-ran-propargyl-acrylate) PVPONAlk: 7 d
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antIcIpateD results
The particles before and after conjugation can be best characterized by size using dynamic light scattering or qNano exami-
nations to determine the size and hydrodynamic diameter. If LbL particles are not formed or if the antibody is not properly 
installed, please carefully check the protocol and consult the corresponding troubleshooting sections. Iron oxide particles 
functionalized with anti-LIBS scFv bind to GPIIb/IIIa on immobilized activated platelets, whereas iron oxide particles with 
control antibody do not bind (Fig. 2). LbL capsules functionalized with scFv bind to GPIIb/IIIa on activated platelets in a 
thrombus, whereas LbL capsules with control antibody do not bind (Fig. 4). Targeting of both particle systems can also be 
examined by using flow cytometry against activated platelets or by using a ligand-tracer system.
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Figure 4 | Targeting of sortase A–mediated scFv-functionalized LbL 
capsules to platelet-rich thrombi. Targeting experiments to platelet-rich 
thrombi. (a) Nontreated thrombi. (b) Nonfunctionalized (PVPONAlk)5/PEGAlk 
capsules incubated with thrombi. (c) Capsules conjugated to mutated 
control scFv. (d) Capsules functionalized with platelet-binding scFv.  
(e) Preincubation of thrombi with blocking nonlabeled scFv reduces  
binding to control levels. Targeting experiments were conducted for  
30 min at 37 °C in PBS (pH 7.2) (with Ca2+/Mg2+) and analyzed by  
near-IR imaging. The fluorescence intensity of untreated thrombi  
was set at 1. Reproduced with permission from Leung, M.K.M. et al.,  
Bio-click chemistry: enzymatic functionalization of PEGylated capsules for 
targeting applications. Angew. Chem. Int. Ed. Engl. 51, 7132–7136 (2012). 
Copyright Wiley-VCH Verlag GmbH & Co. KGaA (ref. 11). a.u., arbitrary 
units. All quantitative data are reported as means ± 1 s.d. Statistical analysis 
was performed using ANOVA followed by Tukey’s multiple comparison test; 
representative histograms out of n = 3 are shown.
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