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1 Materials and methods 

1.1  Materials 

Ampicillin was obtained from MP Biomedicals. Isopropyl β-D-1-thiogalactopyranoside (IPTG) 

was purchased from Acros. Ni-NTA agarose beads were obtained from Qiagen. DBCO-PEG4-

NHS ester was purchased from Click Chemistry Tools. Isocyanide monomers were purchased 

from Chiralix. All other solutions and materials were obtained from Sigma Aldrich. All 

compounds were used as purchased unless specifically mentioned otherwise. 

 

1.2  Buffers 

Name Composition 

pH 7.5 dimer buffer 50 mM Tris·HCl, 500 mM NaCl, 10 mM MgCl2, pH 7.5 

pH 5.0 capsid buffer 50 mM NaOAc, 500 mM NaCl, 10 mM MgCl2, pH 5.0 

Phosphate buffer 100 mM NaH2PO4, 150 mM NaCl, pH 7.5 

PBS buffer 
10 mM Na2HPO4, 1.8 mM KH2PO4, 137 mM NaCl, 2.7 
mM KCl, pH 7.2-7.4 

 

All buffers were filtered over a 0.2 micron filter prior to use. 

 

1.3  Viscometry 

For viscometry measurements the polymers were dissolved in acetonitrile (0.1-0.6 mg/mL) and 

the intrinsic viscosity of these solutions was measured at 25 °C. The average viscosity 

molecular weight, Mv, of the polymers was calculated using the empirical Mark–Houwink 

equation: . Where [η] is the intrinsic viscosity of the polymer solution as determined 

from viscometry measurements and Mark–Houwink parameters K and a depend on solvent and 

polymer characteristics. We used parameter values that were previously determined for other 

polyisocyanides: K = 1.4 × 10−9 and a = 1.75.[1] 

 

1.4  Rheology 

Rheological measurements were carried out on a TA Instruments Dynamic Hybrid Rheometer 

1 or 2 fitted with a 40 mm aluminum or stainless steel parallel plate geometry. A geometry gap 

of 500 µm was used. All non-linear measurements were carried out using a 40 mm aluminum 

parallel plate geometry. 

 

1.5  UV-vis spectroscopy 

Protein concentrations were measured on a Varian Cary 50 Conc UV-vis spectrometer using a 

quartz cuvette with a path length of 3 mm. Protein concentrations were calculated using the 

theoretical extinction coefficients.[2] Samples were centrifuged prior to the measurements. 

aKM v][ 
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1.6  Mass spectrometry 

Protein mass characterization was performed by electrospray ionization time-of-flight (ESI-

TOF) mass spectrometry on a JEOL AccuTOF CS. Deconvoluted mass spectra were obtained 

using MagTran 1.03 b2. Isotopically averaged molecular weights were calculated using the 

‘Protein Calculator v3.4’ at http://protcalc.sourceforge.net. Protein samples were desalted by 

spin filtration to MQ (final concentrations 50-100 μM). 

 

1.7  Size exclusion chromatography 

SEC was performed on a Superose 6 10/300 column (GE Healthcare). Analytical SEC 

measurements were executed on a Shimadzu LC-2010AHT HPLC. Samples (100 μg) were 

separated on the column with a flow rate of 0.5 mL/min. 

 

1.8  Transmission electron microscopy 

TEM grids (FCF-200-Cu, EMS) were glow-discharged using a Cressington carbon coater and 

power unit. Protein samples (0.2 mg/mL, 5 μL) were applied on the glow-discharged grids and 

incubated for 1 min. The samples were carefully removed using a filter paper and the grid was 

allowed to dry for at least 15 minutes. Then the grid was negatively stained by applying 2% 

uranyl acetate in water (5 μL). The staining solution was removed after 15 seconds and the grid 

was allowed to dry for at least 15 minutes. The samples were analyzed on a JEOL JEM-1010 

TEM. 
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2 Experimental section 

2.1  General procedure for the synthesis of polyisocyanide polymers 

PIC polymers 1 were synthesized following a previously described protocol.[2] 

The tri-ethylene glycol monomer, tetra-ethylene glycol monomer, and azide-functionalized 

monomer were dissolved in freshly distilled toluene. A solution of Ni(ClO4)2·6H2O (1 mM) in 

freshly distilled toluene/ethanol (9:1 v/v) was prepared. The required amount of catalyst stock 

solution was diluted to 1 mL using freshly distilled toluene and added to the monomer solution. 

The resulting mixture was stirred for 48 h at room temperature. The reaction mixture was 

diluted with dichloromethane (5 mL) and the product was precipitated in diisopropyl ether (100 

mL). After filtration, the polymer was re-dissolved in dichloromethane (5 mL) and re-

precipitated in diisopropyl ether (100 mL). This procedure was repeated once more. 

 

2.1.1 Polymer 1a 

The general procedure described in section 2.1 was followed. An amount of 251 mg (0.79 

mmol) of the tri-ethylene glycol monomer, 75.9 mg (0.21 mmol) of the tetra-ethylene glycol 

monomer, and 14.5 mg (39 µmol) of the azide functionalized monomer (14.5 mg, 39 µmol) 

were dissolved in 6.5 mL of freshly distilled toluene. An amount of 257 µL of the catalyst stock 

solution was diluted to 1 mL using freshly distilled toluene and added to the abovementioned 

solution. Yield: 287 mg (84 %) of a pale yellow solid. FT-IR νmax film (cm-1): 3268, 2876, 1742, 

1657, 1532, 1455, 1264, 1217, 1065, 729, 703. Mv = 486 kDa. Tgel (pH 5.0 capsid buffer) = 

12 °C. The Tgel of this polymer was determined from a plot of the storage modulus as a function 

of temperature, see below. 

 

 
Temperature ramp of a 2 mg/mL solution of polyisocyanide 1a in pH 5.0 capsid buffer. Tgel was determined from 

the onset of the sharp increase of G’ at T = 12 °C. 
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2.1.2 Polymer 1b 

The general procedure described in section 2.1 was followed. An amount of 197 mg (0.62 

mmol) of the tri-ethylene glycol monomer, 59 mg (0.17 mmol) of the tetra-ethylene glycol 

monomer, and 10 mg (28 µmol) of the azide functionalized monomer (14.5 mg, 39 µmol) were 

dissolved in 6.5 mL of freshly distilled toluene. An amount of 137 µL of the catalyst stock 

solution was diluted to 1 mL using freshly distilled toluene and added to this solution. Yield: 

264 mg (97 %) of a pale yellow solid. FT-IR νmax film (cm-1): 3268, 2876, 1742, 1657, 1533, 

1455, 1352, 1272, 1246, 1204, 1111, 1065, 853, 755, 530. Mv = 585 kDa. Tgel (pH 5.0 capsid 

buffer) = 12 °C. The Tgel of this polymer was determined from a plot of the storage modulus as 

a function of temperature, see below. This polymer was used for all non-linear rheology 

experiments. 

 

 
Temperature ramp of a 2 mg/mL solution of polyisocyanide 1b in pH 5.0 capsid buffer. Tgel was determined from 

the onset of the sharp increase of G’ at T = 12 °C. 
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2.2  Expression of H6-ELP-CCMV 

The pET-15b-G-H6-[V4L4G1-9]-CCMV(ΔN26) vector encoding for the hexahistidine-tagged 

ELP-CCMV protein was constructed as previously described by van Eldijk et al.[4] 

For a typical expression, LB medium (50 mL), containing ampicillin (100 mg/L) and 

chloramphenicol (50 mg/L), was inoculated with a single colony of E. coli BLR(DE3)pLysS 

containing the pET-15b-G-H6-[V4L4G1-9]-CCMV(ΔN26) vector and incubated overnight at 

37 °C. This overnight culture was used to inoculate 2x TY medium (1 L), supplemented with 

ampicillin (100 mg/L). The culture was grown at 37 °C and protein expression was induced 

during logarithmic growth (OD600 = 0.4-0.6) by addition of IPTG (1 mM). After 6 h of 

expression at 30 °C, the cells were harvested by centrifugation (2700 g, 15 min, 4 °C) and the 

pellets were stored overnight at -20 °C. 

After thawing, the cell pellet was re-suspended in lysis buffer (50 mM NaH2PO4, 1.3 M NaCl, 

10 mM imidazole, pH 8.0; 25 mL). The cells were lysed by ultrasonic disruption (2 times 30 s, 

100% duty cycle, output control 3, Branson Sonifier 250, Marius Instruments). Then the lysate 

was centrifuged (16.400 g, 15 min, 4 °C) to remove the cellular debris. The supernatant was 

incubated with Ni-NTA agarose beads (3 mL) for 1 h at 4 °C. The suspension was loaded onto 

a column, the flow-through was collected and the beads were washed twice with wash buffer 

(50 mM NaH2PO4, 1.3 M NaCl, 20 mM imidazole, pH 8.0; 20 mL). Then, the protein of interest 

was eluted from the column with elution buffer (50 mM NaH2PO4, 1.3 M NaCl, 250 mM 

imidazole, pH 8.0; 1 time 0.5 mL, 5 times 1.5 mL). The purification was analyzed by SDS-

PAGE. The fractions containing the desired protein were combined and dialyzed against pH 

7.5 dimer buffer to obtain the capsid protein dimers. For storage, the proteins were assembled 

by dialysis against pH 5.0 capsid buffer. The pure protein was obtained with a yield of 100-140 

mg/L of culture (Table 1). The purity was verified by SDS-PAGE. The assembly properties of 

the capsid proteins and the geometry of the resulting capsids were analyzed by SEC using a 

Superose 6 GL 10/300 column with pH 5.0 capsid buffer as the eluent, and TEM. ESI-TOF: 

calculated 22253.4 Da, found 22253.5 Da. 

 

 
Table 1 - Amino acid sequences of wild type CCMV and H6-ELP-CCMV. 

Name Sequence 

wild type CCMV 
MSTVGTGKLTRAQRRAAARKNKRNTRVVQPVIVEPIASGQGKAIKAWTGYSVSKWTASCAAAEAKVTSAITISLP
NELSSERNKQLKVGRVLLWLGLLPSVSGTVKSCVTETQTTAAASFQVALAVADNSKDVVAAMYPEAFKGITLEQL
TADLTIYLYSSAALTEGDVIVHLEVEHVRPTFDDSFTPVY 

H6-ELP-CCMV 
GHHHHHHVPGVGVPGLGVPGVGVPGLGVPGVGVPGLGVPGGGVPGVGVPGLGLEVVQPVIVEPIASGQGKAIKAW
TGYSVSKWTASCAAAEAKVTSAITISLPNELSSERNKQLKVGRVLLWLGLLPSVSGTVKSCVTETQTTAAASFQV
ALAVADNSKDVVAAMYPEAFKGITLEQLTADLTIYLYSSAALTEGDVIVHLEVEHVRPTFDDSFTPVY 
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SDS-PAGE analysis of affinity purification of His6-ELP-CCMV (left) and purified His6-ELP-CCMV (right). 
 
 
 
 

 
Size exclusion chromatogram of purified His6-ELP-CCMV in pH 5.0 capsid buffer.  
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Uranyl acetate stained TEM micrograph of His6-ELP-CCMV. Average particle size = 29.2 ± 1.5 nm. Scale bar 
corresponds to 200 nm.  
 
 
 
 

 
ESI-TOF mass spectrometry of purified His6-ELP-CCMV. Deconvoluted total mass spectrum and multiply 

charged ion series (inset). The expected molecular weight is 22253.4 Da.
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2.3  DBCO-functionalization of H6-ELP-CCMV 

H6-ELP-CCMV was spin filtrated to phosphate buffer (10 kDa MWCO, 3x), after which the 

protein concentration was determined by UV-vis spectroscopy. DBCO-PEG4-NHS ester was 

dissolved in DMSO (10 mM). H6-ELP-CCMV (105 µM final concentration) and DBCO-PEG4-

NHS (157.5 µM final concentration, 1.5 equiv.) were combined in phosphate buffer and 

incubated at 21 °C for 10-30 minutes, depending on the desired functionalization degree (500 

rpm).  The reaction mixture was dialyzed against PBS buffer, and subsequently pH 5.0 capsid 

buffer at 4 °C to remove the excess of DBCO-PEG4-NHS (Spectra/Por 2, 12-14 kDa MWCO) 

(3x 100 mL for 30 minutes per buffer). Then, the protein solution was concentrated 

approximately ten times by spin filtration (10 kDa MWCO) to induce capsid formation. The 

protein concentration was determined by UV-vis spectroscopy and the solution was diluted 

back to 126 µM. DBCO-functionalization was qualitatively verified by UV-vis spectroscopy. 

The degree of functionalization was estimated using electrospray ionization time-of-flight (ESI-

TOF) mass spectrometry. Successful capsid assembly after DBCO-modification was confirmed 

using size exclusion chromatography. The DBCO-modified CCMV capsids were stored at 4 °C 

until further use. 

 

 

 
Representative UV-vis absorption spectrum of DBCO-modified His6-ELP-CCMV. 
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Representative size exclusion chromatogram of DBCO-modified His6-ELP-CCMV in pH 5.0 capsid buffer. 
 

 

 
Representative ESI-TOF mass spectrum of DBCO-modified His6-ELP-CCMV. Deconvoluted total mass spectrum 

and multiply charged ion series (inset). The expected molecular weights are 22253.4 Da (0 DBCO), 22788.0 Da 

(1 DBCO) and 23322.6 Da (2 DBCO).
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2.4  PIC crosslinking with DBCO-CCMV 

PIC polymer 1 was dissolved in pH 5.0 capsid buffer or pH 7.5 dimer buffer (4 mg/mL) at 4 °C 

overnight, with occasional shaking. The solutions were stored at -20°C until further use. The 

solution of DBCO-modified CCMV capsids 3 was prepared according to the protocol described 

in section 2.3. For crosslinking experiments with DBCO-modified CCMV dimers 2, the capsid 

solution with first dialyzed to pH 7.5 dimer buffer (Spectra/Por 2, 12-14 kDa MWCO) (3x 100 

mL for 30 minutes). Fresh, cold solutions of DBCO-CCMV dimers 2 or capsids 3 and PIC 

polymer 1 were combined on ice and immediately loaded into the rheometer in the liquid state 

at a temperature of 5 °C. 

 

 

2.5  Rheology experiments 

To measure the linear regime (G0), the sample was heated to the desired temperature, and after 

a short waiting period for equilibration the complex modulus G* was measured by applying an 

oscillating deformation of amplitude γ = 0.04 at frequency f = 1 Hz. Temperature-dependent 

measurements were carried out at a 1 °C/min or 3 °C/min ramp rate. For non-linear 

measurements, after isothermal time sweeps at 25 °C and at 5 °C, the pre-stress protocol 

described by Broedersz et al. was used with a pre-stress increasing from 20 Pa to the desired 

pre-stress in steps of 20 Pa.[5] 
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3 Supplemental figures 

 

 

 

 
Figure S1. ESI-TOF mass spectra of three batched of DBCO-modified His6-ELP-CCMV with increasing 

DBCO-moieties attached (A-C). Deconvoluted total mass spectrum (left) and multiply charged ion series (right). 

The expected molecular weights are 22253.4 Da (0 DBCO) and 22788.0 Da (1 DBCO).  

 

A 
 
 
 
 
 
 
 
 

B 
 
 
 
 
 
 
 
 

C 



     

14 
 

 
Figure S2. Differential modulus K’ as a function of stress σ for DBCO-CCMV capsid 3 

crosslinked PIC gels. The crosslinked gel was first subjected to a constant pre-stress σ0 from 60 

Pa to 320 Pa (loading), after which the pre-stress was decreased from 320 Pa to 60 Pa 

(unloading). Subsequently, the stress was increased again from 60 Pa to 900 Pa (reloading). 

 

Table S1. Temperature-induced modulus changes.  

Sample G′ (25 °C) [Pa] G′ (5 °C) [Pa] G′ (25 °C) [Pa] 

PINC-N3 + CCMV-DBCO pH 5.0 108 4.3 102 

Stiffness of a sample crosslinked at 25 °C, cooled to 5 °C and reheated to 25 °C. The storage 

modulus after reheating is essentially the same as before the cooling ramp, indicating that theh 

network architecture remained unchanged. 
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