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1. Materials 
 
Chemicals were purchased from Fluka Chemica, Sigma-Aldrich or Acros and were used 
as received, unless otherwise specified.  
Copper bromide (Cu(I)Br) was purified by stirring in glacial acetic acid, filtration and rinsing 
with ethanol and diethyl ether.  
Anhydrous dimethyl sulfoxyde (DMSO, Acros, 99 %), triethylamine (TEA, Fischer, 99 %), 
dichloromethane (DCM, Fischer, >99 %), acetonitrile (Acros, 99.9 %, HPLC grade) and 
trifluoroacetic acid (TFA, Aldrich, 99 %) were used as received. Ellman’s reagent (5,5’-
dithio-bis-(2-nitrobenzenzoic acid)) was purchased from Sigma.  
Deuterated solvents were obtained from Cambridge Isotope Laboratories.  
Bovine serum albumin (BSA) and Human serum albumin (HAS) were purchased from 
Sigma (> 99%). Papain and human calcitonin were purchased from Calbiochem in the 
purest available forms.  
N-(n-propyl)-2-pyridylmethanimine was prepared as described earlier and stored at 4 ºC.1,2 
Fluorescein-NHS activated ester (6-[Fluorescein-5(6)-carboxamido]hexanoic acid N-
hydroxysuccinimide ester) and Atto 610 N-succinimidyl ester were purchased from Fluka 
Biochemica, dissolved in dry DMSO to afford a 5 mM solution and stored at -20 ºC. 
The standard carboxy-terminated polystyrene was purchased from Polymer Source 
(P3739SCOOH, PDI 1.09, Mw 5100 and Mn 4400).  
The dialysis bags (Spectra/Por® Biotech Regenerated Cellulose Dialysis Membranes, 
MWCO 10, 25, 50 and 300 kDa) were purchased from Spectrum Labs. 
 
 
 
2. Analytical Techniques 
 
Size Exclusion Chromatography (SEC). Aqueous size exclusion chromatography (SEC) 
was conducted using a Shimadzu modular system comprising a DGU-14A solvent 
degasser, a LC-10AD pump, a CTO-10A column oven, an SIL-10AD auto-injector, a RID-
10A refractive index detector and a SPD-10A Shimadzu U.V. Vis. Spectrometer. The 
system was equipped with a Polymer Laboratories 30x7.8mm 5µm BioBasic SEC 60 
guard column followed by a 300x7.8mm 5µm BioBasic SEC 300 Polymer Laboratories 
column, using a mixture of 0.1% TFA, 30% MeCN in MilliQ water as the eluent at room 
temperature (flow rate: 0.5 mL/min). Chromatograms were acquired at 254 nm and 280 
nm wavelength and were processed with the EZStart 7.3 chromatography software. 
 
Native Polyacrylamide Gel Electrophoresis (PAGE).3 Discontinuous Native PAGE 
(Ornstein-Davis) electrophoresis was run using a 4% stacking gel and a 10% resolving 
under standard nondenaturing conditions. Samples were dissolved in TRIS buffer 
containing bromophenol blue and were visualized using Coomasie Brilliant Blue or Silver 
Staining.  
 
Matrix-Assisted Laser Desorption Ionization Spectroscopy (MALDI-TOF). 
MALDI-TOF MS measurements were performed in the SVS-MS Mass Spectrometry Core 
Facility using an Axima CFR+ MALDI-TOF (Shimadzu Biotech, Manchester, UK) in 



positive ionization mode and sinapinic acid as the matrix. Protein samples were mixed 
with matrix (1:1 volume ratio, sinapinic acid, 10 mg/ml) and air dried before analysis. 
Dithranol was used as matrix for the polymer samples.  
 
UV-vis Spectroscopy. UV-vis spectra were recorded using a JASCO-V650 
spectrophotometer equipped with a temperature controller. 
 
NMR Spectroscopy. 1H and 13C NMR spectra were recorded on a Bruker 300 MHz and a 
Bruker 400 MHz spectrometer system. All chemical shifts are reported in ppm (δ) relative 
to tetramethylsilane, referenced to the chemical shifts of residual solvent resonances (1H 
and 13C). The following abbreviations were used to explain the multiplicities: s=singlet, 
d=doublet, dd= doublet of doublets, t=triplet, m=multiplet.  
 
Solutions were sonicated in a Bandelin Sonorex RK 100 apparatus.  
 
Confocal Fluorescence Microscopy experiments were performed with a Leica TCS SP2 
AOBS confocal microscope using a 100x oil immersion objective. Fluorescein was excited 
with the 488 line of the Argon-Krypton laser. Unidirectional scanning was done at 400 Hz 
with an image format of 512 by 512 pixels. Atto was excited with the 543 nm Helium-Neon 
laser. Dual dye imaging was performed in sequential mode.  
 
Transmission Electron Microscopy experiments were performed using a FEI Tecnai G2 
Electron Microscope. Micrographs were taken using a Tietz CCD camera at a 2048 by 
2048 pixel resolution. 
 



3. Methods and Results 
 
3.1. Synthesis of the Maleimido-ATRP Initiator I 4 
 
Scheme S1.  Synthesis of the maleimido-initiator I. 
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4,10-Dioxatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione (1): Maleic anhydride (30.0 g, 306 
mmol) was suspended in 150 mL of toluene and the mixture warmed to 80 °C. Furan (33.4 
mL, 459 mmol) was added via syringe and the turbid solution stirred for 6 h. The mixture 
was then cooled to ambient temperature and the stirring stopped. After 1 h, the resulting 
white crystals were collected by filtration and washed with 2 x 30 mL of petroleum ether to 
obtain 44.4 g (267 mmol, 87% yield) of the product as small white needles. 1H NMR (400 
MHz, CDCl3, 298 K): δ = 3.17 (s, 2H, CH), 5.45 (t, J =1.0Hz, 2H, CHO), 6.57 (t, J = 1.0 Hz, 
2H, CHvinyl).  
 
 
4-(2-Hydroxyethyl)-10-oxa-4-aza-tricyclo[5.2.1.02,6]dec-8-ene-3,5-dione (2): The 
anhydride 1 (2.00 g, 12.0 mmol) was suspended in MeOH (50 mL) and the mixture cooled 
to 0 °C. A solution of ethanolamine (0.72 mL, 12.0 mmol) in 20 mL of MeOH was added 
dropwise (over ~ 10 min) and the resulting solution was stirred for 5 min at 0 °C, then 30 
min at ambient temperature, and finally refluxed for 4 h. After cooling the mixture to 
ambient temperature, the solvent was removed under reduced pressure, and the white 
residue was dissolved in 150 mL of CH2Cl2 and washed with 3 x 100 mL of water. The 
organic layer was dried over MgSO4 and filtered. Removal of the solvent under reduced 
pressure furnished an off-white residue that was purified by flash chromatography to give 
the product (1.04 g, 5.00 mmol, 42% yield) as a white solid.  



1H NMR (400 MHz, CDCl3, 298 K): δ = 1.90 (bs, 1H, OH), 2.90 (s, 2H, CH), 3.69-3.72 (m, 
2H, NCH2), 3.76-3.78 (m, 2H, OCH2), 5.28 (t, J = 0.9 Hz, 2H, CH), 6.52 (t, J = 0.9 Hz, 2H, 
CHvinyl). 
 
 
2-Bromo-2-methyl-propionic acid 2-(3,5-dioxo-10-oxa-4-aza-tricyclo[5.2.1.02,6]dec-8-
en-4-yl)-ethyl ester (3): A solution of the alcohol 2 (2.22 g, 10.6 mmol) and Et3N (1.60 
mL, 11.7 mmol) in 120 mL of THF (the solution remained slightly turbid) was cooled to 0 
°C, and a solution of 2-bromo isobutyryl bromide (1 .40 mL, 11.1 mmol) in 40 mL of THF 
was added dropwise (30 min). The white suspension was stirred for 3 h at 0 °C and 
subsequently at ambient temperature overnight. TLC revealed the complete 
disappearance of the starting material. The ammonium salt was filtered off and the solvent 
removed under reduced pressure to give a pale-yellow residue that was purified by flash 
chromatography (CC, SiO2, petroleum ether/ethyl acetate 1:1). We obtained 3.54 g (9.88 
mmol, 93% yield) of 3 as a white solid. 1H NMR (400 MHz, CDCl3, 298 K): δ = 1.86 (s, 6H, 
CH3), 2.84 (s, 2H, CH), 3.78 (t, J = 5.3 Hz, 2H, NCH2), 4.30 (t, J = 5.3 Hz, 2H, OCH2), 5.23 
(t, J = 1.0 Hz, 2H, CHO), 6.49 (t, J =1.0 Hz, 2H, CHvinyl). 
 
 
2-Bromo-2-methyl-propionic acid 2-(2,5-dioxo-2,5-dihydro-pyrrol-1-yl)-ethyl ester (I): 
A solution of the maleimido-protected initiator 3 (0.15 gr, 0.419 mmol) was suspended in 
dry toluene (5 ml) and heated to reflux under nitrogen atmosphere for 8 hours. The solvent 
was removed under reduced pressure to give a pale-yellow residue which was 
subsequently purified by flash chromatography (SiO2, petroleum ether/ethyl acetate 4:1) to 
yield I as a slightly yellow solid (90% yield). 1H NMR (400 MHz, CDCl3, 298 K): δ = 1.88 (s, 
6H, CH3), 3.84 (t, J = 5.3 Hz, 2H, NCH2); 4.32 (t, J = 5.3 Hz, 2H, OCH2); 6.72 (t, J = 1.0 
Hz, 2H, CHvinyl). 



3.2. Preparation of Bovine Serum Albumin Macroinitiator II  
 
Scheme S2.  Synthesis of the BSA-macroinitiator II. 

 
 
A solution of the maleimide functionalized ATRP initiator I (126 mM, 0.8 mL) in DMSO was 
slowly added to 9.0 mL of a 0.35 mM solution of BSA in 20 mM phosphate buffer (pH 7.4). 
The reaction mixture was gently shaken for 48 hours at 7°C. To eliminate the excess of 
the ATRP initiator I, the mixture was then extensively dialyzed initially against 2 % DMSO 
in 20 mM phosphate buffer, 2% EDTA and then against 20 mM phosphate buffer using 10 
kDa regenerated cellulose dialysis membranes.  
The resulting solution of BSA-macroinitiator II was subsequently analyzed by aqueous 
SEC to confirm that the excess of the initiator I was removed. Samples were prepared by 
dissolving 50 µL of the BSA-macroinitiator II solution in 1 mL of 0.1 % TFA, 5 % DMSO, 
30 % MeCN in nanopure water (Figure S2).  
The BSA-macroinitiator II was freeze-dried prior to its ATRP-mediated in situ 
polymerization. Samples of freeze-dried bioconjugate II could be stored at -20 °C and 
successfully utilized after prolonged periods of time (up to 3 months).  
 
Optimization of the bioconjugation reaction in terms of the organic solvent content was 
also carried out. By performing the coupling reaction in decreasing contents of DMSO we 
achieved quantitative bioconjugation under the experimental conditions described above, 
utilizing as low as 3-4 % v/v final DMSO content to disperse the initiator I in the aqueous 
medium.  
More specifically under the optimized reaction conditions a solution of the maleimide 
functionalized ATRP initiator I (244 mM, 0.44 mL) in  DMSO was added into 0.45 ml of 
water and then slowly added to 9.14 mL of a 0.35 mM solution of BSA in 20 mM 
phosphate buffer (pH 7.4). The reaction mixture was gently shaken for 48 hours at 7°C. 
For the purification, the protocol described above was followed without alterations.   
When lower than 4% v/v DMSO contents were utilized we observed decreased reaction 
yields (Ellman’s assay, electrophoresis) attributed to the low dispersion of the initiator in 
the aqueous medium.   
 
3.2.a  Determination of free thiols by Ellman’s assay5  
 
4 mg of 5,5’-dithio-bis-(2-nitrobenzoic acid) (Ellman`s reagent) was dissolved in 1 ml of 
buffer solution (0.1 M sodium phosphate, pH = 8.0, containing 1mM EDTA) to prepare 
Ellman’s reagent solution (10.09 mM). 0.25 µL of a BSA or BSA-macroinitiator II conjugate 
solution (0.3 mM), 50 µL of Ellman’s reagent and 2.5 mL of buffer solution was mixed for 
15 min at room temperature. The absorbance at 412 nm was measured by a UV-vis 
spectrophotometer. The thiol concentration was calculated using the Beer-Lambert`s law 



(molar extinction coefficient of 2-nitro-5-thiobenzoic acid = 14,150 M-1cm-1 at 412 nm). The 
initiator itself does not absorb in UV at 412 nm and does not affect the Ellman’s assay.  
 
The quantification of the bioconjugation reaction by the colorimetric Ellman’s assay 
revealed 47 % of available Cysteine conjugation sites on native BSA and practically no 
free conjugation sites on the isolated BSA-macroinitiator bioconjugate II, indicating the 
quantitative conjugation of the maleimido-ATRP-macroinitiator with the free thiol of BSA. 
 
 
 
3.2.b  Native Polyacrylamide Gel Electrophoresis 

 
 
Figure S1: Native Gel Electrophoresis. Lane 1: Native BSA, Lane 2: BSA-macroinitiator II.  
 



3.2.c  SEC chromatography  
 
Samples were prepared by dissolving 50 µL of the BSA-macroinitiator II solution in 1 mL 
of 0.1 % TFA, 5 % DMSO, 30 % MeCN in nanopure water. 

 
Figure S2: SEC chromatography Green trace: Native BSA, Red Trace: BSA-
macroinitiator II. 
 
3.2.d  MALDI-TOF 
 

 
Figure S3: MALDI-TOF analysis of native BSA (green trace) and BSA-macroinitiator I 
(orange trace). 



3.3. Polymerizations in the presence of 10% DMSO content 
 
Scheme S3. Synthetic scheme for the in situ ATRP-mediated synthesis of Giant 
Amphiphiles. 

 
 
Several sets of polymerization experiments were performed varying the ratio between the 
monomer (styrene) and the BSA macroinitiator II (Table S1). The ratio BSA-macroinitiator 
II : CuBr : ligand  was kept constant at 1 : 41 : 70 in all experiments.  
 
Styrene (5 µL,44 µmol, 50 equiv. up to 500 µL, 4.4 mmol, 5000 equiv., see Table I) and N-
(Propyl)-2-pyridylmethanimine (~9.1 mg, 0.036 mmol, 70 equiv.) were placed in a Schlenk 
tube and dissolved in solvent (10 mL, 10% DMSO in 20 mM phosphate buffer pH 7.4). 
The mixture was deoxygenated by 5 freeze-pump-thaw cycles and sonicated for 5 
minutes to emulsify the monomer. The beginning of the polymerization was triggered by 
the canulation of the monomer solution under nitrogen atmosphere in a second 
deoxygenated Schlenk tube containing the crystalline BSA-macroinitiator II (~59 mg, 0.88 
µmol, 1 equiv.) and CuBr (5.2 mg, 36 µmol, 41 equiv.) under N2 atmosphere. A dark 
brown colour was immediately observed. The reaction mixtures were stirred under inert 
atmosphere during 2 up to 24 h after which they were exposed to oxygen (Cu(I) to Cu(II)) 
and stirred for another 2 to 12 hours.  
 
Several control reactions in the absence of the biomacroinitiator II, or the monomer or 
Cu(I) and the presence of oxygen were performed and are also listed in Table S1. 



 
Table S1. Polymerization experiments with varying ratios between the monomer (styrene) 
and the BSA macroinitiator II, and control experiments. 
 

 equivalents 

# Styrene BSA macroinitiator II Cu O2 

1 50 1 + - 
2 500 1 + - 
3 1500 1 + - 
4 2000 1 + - 
5 3000 1 + - 

Control 2000[a] 0 (native BSA) + - 
Control 0 1 + - 

Control 2000 1 - - 

Control 2000 1 + + 
 
 
The crude polymerization mixtures were purified by dialysis initially against 2% DMSO in 
20mM phosphate buffer pH 7.4, 2% EDTA and then against 20mM phosphate buffer pH 
7.4 or milliQ (depending on the analyses) using 10 or 25 kDa MWCO regenerated 
cellulose membranes to eliminate the excess of the monomer and polymerization 
reagents.  
 
All samples were further analyzed by MALDI-TOF, UV, SDS and Native Gel 
electrophoresis and aqueous SEC while, upon protein hydrolysis, the resulting polymers 
were analyzed by 1H NMR and MALDI-TOF. 
 



3.3.a. Native Polyacrylamide Gel Electrophoresis 
 
Table S2. List of samples analyzed by Native Gel Electrophoresis 
 

Lane   Sample 
1  Native BSA  
2  BSA macroinitiator II 
3  BSA-PS (monomer: 50 eq. of styrene) 
4  Control Experiment –no styrene 
5  BSA-PS, (monomer: 1500 eq. of styrene) 
6  BSA-PS, (monomer: 2000 eq. of styrene) 
7  MW standards 
8  BSA-PS, (monomer: 50 eq. of styrene) 
9  BSA-PS, (monomer: 2000 eq. of styrene) 
10  BSA- PS, (monomer: 500 eq. of styrene) 
11  BSA- PS, (monomer: 3000 eq. of styrene) 
12  Control Experiment –no Cu(I) 
13  BSA-PS, (monomer: 2000 eq. of styrene) ⊆ Atto Papain 
14  No sample 
15  BSA- PS, (monomer 2000 eq. of styrene) ⊆  Fluorescein Papain 

 

 
Figure S4: Native Gel Electrophoresis of the samples mentioned in Table S2. An 
additional experiment included for Lane 3 (BSA-PS formed with addition of 50 equiv. of 
styrene) using higher biohybrid concentration. All samples were visualized with Coomasie 
Briliant Blue.  

1  2  3 



 
Traces of non reacted BSA-macroinitiator II were only revealed, in some of the low 
monomer generated isolated samples, after silver staining indicating the efficiency of the 
reaction. 
 

 
 
Figure S5: Native Gel Electrophoresis of the samples mentioned in Table S2. Samples 
were visualized by Silver Staining.  
 
 
 
 



3.3.b. SEC analysis  
 

 
Figure S6: SEC chromatographic analyses of the in situ polymerization of BSA-
macroinitiator II, using “low” monomer (styrene) to BSA-macroinitiator II ratios (50:1 and 
500:1, Table S1).   
 
 
 

 



Figure S7: SEC chromatographic analyses of the in situ polymerization of BSA-
macroinitiator II, using “high” monomer (styrene) to BSA-macroinitiator II ratios (1500:1 to 
3000:1, Table S1). 
 
 
 
 

 
Figure S8: SEC chromatographic analyses of the control experiments (see Table S1).  
 
 



3.3.c. MALDI-TOF 
 
As previously reported for Giant Amphiphiles,2 MALDI-TOF spectra were difficult to obtain 
for all samples, not all spectra were of the clarity of those of native proteins due to the 
amphiphilic nature of the biohybrids. Several combinations of matrices were utilized to 
circumvent this problem without success. We report here only on the successful 
measurements achieved using sinnapinic acid as a matrix. 
 

 
 
Figure S9: Representative MALDI-TOF spectra for ATRP mediated styrene 
polymerization on II, with varying ratios between styrene and II.  



3.3.d. Transition Electron Microscopy  
 
All samples were prepared on Formvar (15/95E)-Cu grids by depositing a 1000 times 
diluted solution of dialyzed (against nanopure water) bioconjugate samples. The solvent 
was drained with filter paper after a deposition period of approximately 10 minutes. No 
platinum shadowing was necessary for the visualization of the samples. 
 

 
 
Figure S10: Representative TEM micrographs of the purified BSA-PS samples formed by 
the in situ ATRP polymerization of BSA macroinitiator II.  



3.4. Polymerizations in the absence of organic co-solvent.  
 
The polymerization of BSA-macroinitiator II was performed also in the absence of the 
organic cosolvent DMSO under the same experimental conditions reported in paragraph 
3.3.  
More specifically, styrene (220 µL, 1.92 mmol, 2000 equiv.) and N-(Propyl)-2-
pyridylmethanimine (~9.8 mg, 0.067 mmol, 70 equiv.) were placed in a Schlenk tube and 
dissolved in 10 mL, 20 mM phosphate buffer pH 7.4. The mixture was deoxygenated by 5 
freeze-pump-thaw cycles and sonicated extensively to emulsify the monomer. The 
beginning of the polymerization was triggered by the canulation of the monomer solution 
under argon atmosphere in a second deoxygenated Schlenk tube containing the 
crystalline BSA-macroinitiator II (~64 mg, 0.96 µmol, 1 equiv.) and CuBr (5.6 mg, 39 µmol, 
41 equiv.) under argon atmosphere. A dark brown colour was immediately observed. The 
reaction mixture was stirred under inert atmosphere during 12 h after which it was 
exposed to oxygen (Cu(I) to Cu(II)) and stirred for another 4 hours.  
The crude polymerization mixture was purified by dialysis initially against 20mM 
phosphate buffer pH 7.4, 2% EDTA and then against 20mM phosphate buffer pH 7.4 or 
milliQ (depending on the analyses) using 25 kDa MWCO regenerated cellulose 
membranes to eliminate the excess of the monomer and polymerization reagents.  
The product was further analyzed by MALDI-TOF, aqueous SEC and TEM. 
 
3.4.a.  SEC analysis.  
Samples were prepared by dissolving 50 µL of the sample solution in 1 mL 10% DMSO in 
5 mM phosphate buffer pH 7.4. 

 
Figure S11: SEC chromatographic analyses of the in situ polymerization of BSA-
macroinitiator II without organic co-solvent.    
 



3.3.b  MALDI-TOF 

 
 

Figure S12: MALDI-TOF spectra for ATRP mediated styrene polymerization on II, in the 
absence of organic co-solvent.  
 
3.3.c Transmission Electron Microscopy 
 

 
 

Figure S13: Representative TEM micrographs of the purified BSA-PS samples formed by 
the in situ ATRP polymerization of BSA macroinitiator II in the absence of organic 
cosolvent.  



3.5. Isolation of Polystyrene (BSA digestion)6,7  
 
Scheme S4. BSA digestion reaction scheme 

 
 
Polymerization samples (400 µL from both non-purified crude polymerization mixtures and 
purified bioconjugate solutions obtained after extensive dialysis –paragraph 3.2) were 
incubated at 80 oC with 6 N HCl for ~8 hrs. The resulting mixtures were neutralized and 
polymers were then extracted in CH2Cl2 and analyzed by MALDI-TOF, 1H- and 13C- NMR.  
No polystyrene was detected in the digested control experiment samples. The results of 
the digestion of crude and dialyzed bioconjugate solutions were in full agreement.  
 
3.5.a. 1H NMR 

 
 
Figure S14: 1H-NMR spectrum (in CDCl3) of the isolated polystyrene.   



 

 
Figure S15: 13C-NMR spectrum (in CDCl3) of the isolated polystyrene.   
 
 



3.5.b. MALDI-TOF 
 

 
 
Figure S16: Representative MALDI-TOF analyses of a polystyrene sample (red trace) 
which was isolated from BSA-PS formed with ATRP and revealed two different 
distributions with low polydispersity indice, as compared to a standard sample (blue trace,) 
of 1.09 polydispersity.  
   
 



3.6. Hierarchical Construction of nanoreactors.  
  
3.5.a. Encapsulation of Papain (BSA-PS ⊆⊆⊆⊆ Papain) 
For the creation of multifunctional nanocontainers, the polymerization reaction was 
performed in the presence of fluorescently labelled papain. The inclusion of the labelled 
protein was selected to avoid potential leakage during purification. 
 
Styrene (135 µL, 1.177 mmol, 2000 equiv.)  and N-(Propyl)-2-pyridylmethanimine (~6 mg, 
0.041 mmol, 70 equiv.) were placed in a Schlenk tube and dissolved in solvent (10 mL, 
10% DMSO in 20 mM phosphate buffer pH 7.4). The mixture was deoxygenated by 5 
freeze-pump-thaw cycles. Then, the mixture was canulated in another Schlenk tube 
containing BSA macroinitiator II (~39 mg, 0.59 µmol, 1 equiv.), fluorescein labeled papain 
(~5.6 mg, 0.24 µmol, 0.4 equiv.), and Cu(I)Br (3.4 mg, 24 µmol, 41 equiv.) previously 
degassed under N2 atmosphere, which triggered the beginning of the polymerization. A 
dark brown colour was immediately observed for the reaction medium. The reaction 
mixture was stirred under inert atmosphere during 8 h after which, nitrogen was stopped 
and the mixture was stirred for additional 8 hours (oxidation of Cu(I) to Cu (II)). Purification 
was performed as previously, adding an extra dialysis step with a 300 kDa MWCO 
membrane to remove the excess of non-encapsulated papain.  
 
A control experiment in the absence of the macroinitiator II was performed, SEC revealed 
only one peak corresponding to native papain after purification. 
 

 
Figure S17: UV study of the hierarchically assembled BSA-PS ⊆ papain vesicles 
 
For the Atto labelling experiments, 50 µL Atto-NHS ester solution (5 mM in DMSO) was 
added to 200 µL of the solution of the dialyzed BSA-PS superstructures containing the 



fluorescein labelled papain. The reaction mixture was incubated for 2-4 hours at 7 °C and 
was then extensively dialyzed against 20 mM phosphate pH 7.4 for the removal of non-
reacted Atto prior to any measurement.  
 
3.6.b. Encapsulation of HPR (BSA-PS ⊆⊆⊆⊆ HRP) 
Styrene (1.86 mmole, 194 µL, 176 mg) and N-(Propyl)-2-pyridylmethanimine (~9.6 mg, 65 
µmol) were placed in a Schlenk tube and dissolved in solvent (10 mL, 10% DMSO in 20 
mM phosphate buffer pH 7.4). The mixture was deoxygenated by 5 freeze-pump-thaw 
cycles. The beginning of the polymerization was triggered by the canulation of the 
monomer solution under nitrogen atmosphere in a second deoxygenated Schlenk tube 
containing the crystalline BSA-initiator II (~62 mg, 0.93 µmol), HRP (0.8 mg, 160 units, 
0.352 µmole, 0.38 equiv.) and CuBr (5.5 mg, 38 µmol) under N2 atmosphere. A dark 
brown colour was immediately observed. The reaction mixture was stirred under inert 
atmosphere during 8 h after which, nitrogen was stopped and the mixture was stirred for 
additional 8 hours (oxidation of Cu(I) to Cu (II)). The reaction mixture was dialyzed against 
20 mM PB pH 7.4 using regenerated cellulose MWCO 25 kDa dialysis bags and then 
against 20 mM PB pH 7.4 using 300 kDa MWCO dialysis bags .  
 

 
Figure S18: UV study of the hierarchically assembled BSA-PS ⊆ HRP vesicles 



3.6.c. SEC analysis 
 

 
Figure S19: SEC chromatographic analyses of BSA-PS ⊆ papain vesicles. 
 
 
 

 
Figure S20: SEC chromatographic analyses of BSA-PS ⊆ HRP vesicles  



3.6.d. Transition Electron Microscopy  
 
The TEM micrographs showed aggregation pattern similar to that observed for the 
polymerizations of II in the absence of an encapsulating protein. 
 

 
Figure S21: TEM micrographs of a purified BSA-PS ⊆ labelled papain sample. 
 
 
  

 
 

Figure S22: TEM micrographs of a purified BSA-PS ⊆ HRP sample 
 



3.6.e. Confocal Fluorescence Microscopy 

 
 

Figure S23: CFM imaging of the purified BSA-PS superstructures formed by the in situ 
ATRP polymerization of BSA macroinitiator II in the presence of fluorescein labelled 
papain, showing the statistical incorporation of papain within the superstructures. All 
samples were dialyzed with a 300 kDa MWCO membrane to remove non-entrapped 
Papain.   
 
 
 
The possibility of non specific interactions was excluded by adding labelled papain to 
preformed BSA-PS vesicles and following the same purification steps. No fluorescence 
was observed in the later case. 
 

 



 
 

Figure S24: CFM imaging of the purified BSA-PS superstructures containing fluorescein 
labelled papain, after a second labelling with Atto-NHS activated ester. All samples were 
dialyzed with a 300 kDa MWCO membrane to remove the unreacted dye.  
 
 



3.6.f. HRP Activity  
 
Ready to use 3,3’,5,5’-Tetramethylbenzidine (TMB)/H2O2 solution (Sigma Cat nr: T0440) is 
used for kinetic measurement of TMB oxidation by the encapsulated within the BSA-PS 
superstructures HRP (Josephy et al. 1982).6 Increasing quantities (from 10 to 100 µl) of 
TMB/H2O2 solution were added to a 900 µl dispersion consisting of 10 µl purified BSA-PS 
HRP containing nanoreactors in 20 mM sodium phosphate buffer pH 7.4. The soluble blue 
reaction product of the one-electron oxidation of TMB was recorded at 370 nm.  
Further oxidation of TMB in acid solution (addition of HCl) yields a yellow diimine reaction 
product with an absorbance maximum at 450 nm. This end-point assay was used to 
determine the activity of the HRP loaded nanoreactors by terminating the HRP-catalyzed 
conversion of TMB after 5 min with the addition of 0.25 mM of HCl (final concentration). 
The resulting yellow reaction product was recorded after a 3 minute incubation at 450 nm. 
 

 
 

Figure S25: UV study of the TMB oxidation by the hierarchically assembled BSA-PS ⊆ 
HRP vesicles.  
 
When comparing the activity of native HRP to that of HRP encapsulated in Giant 
Amphiphiles, the activity of the nanoreactors was found to be significantly lower. More 
specifically, 20 µl of a 0.03 mM solution of native HRP (ca. concentration added to the 
polymerization feed) were dissolved in 980 µl of 20mM phosphate buffer and compared to 
a 100 times diluted solution of the HRP containing vesicles. Measurements in higher 
concentrations proved to be impossible due to scattering. The reaction mixtures were 
incubated for 20 min upon the addition of the substrate solution, HCl was added and the 



UV of the product was measured at 450 nm. The lower activity of the vesicles is attributed 
to both the lower HRP concentration and diffusion limitations.  
 

 
Figure S26: UV study of the TMB oxidation by the hierarchically assembled BSA-PS ⊆ 
HRP vesicles and native HRP.  
 



3.7. Other proteins 
 
3.7.a  HSA  
Preparation of Human Serum Albumin Macroinitiator (Scheme S2)   
 
A solution of the maleimide functionalized ATRP initiator I (290 mM, 0.85 mL) in 50% 
DMSO, 50% phosphate buffer was slowly added to 9.14 mL of a 0.35 mM solution of HSA 
in 20 mM phosphate buffer (pH 7.4). The reaction mixture was gently shaken for 24 hours 
at 7°C. To eliminate the excess of the ATRP initiator  I, the mixture was then extensively 
dialyzed initially against 2 % DMSO in 20 mM phosphate buffer, 2% EDTA and then 
against 20 mM phosphate buffer using 10 kDa regenerated cellulose dialysis membranes.  
The resulting solution of HSA-macroinitiator was subsequently analyzed by aqueous SEC 
to confirm that the excess of the initiator I was removed. Samples were prepared by 
dissolving 50 µL of the HSA-macroinitiator solution in 1 mL of 10 % DMSO in nanopure 
water .  
The HSA-macroinitiator was freeze-dried prior to its ATRP-mediated in situ 
polymerization.  
 
In situ ATRP Polymerization of styrene on HSA-macroinitiator  (Scheme S3) 
Styrene (220 µL, 1.92 mmol, 2000 equiv.) and N-(Propyl)-2-pyridylmethanimine (~9.8 mg, 
0.067 mmol, 70 equiv.) were placed in a Schlenk tube and dissolved in solvent (10 mL, 
10% DMSO in 20 mM phosphate buffer pH 7.4). The mixture was deoxygenated by 5 
freeze-pump-thaw cycles and sonicated for 5 minutes to emulsify the monomer. The 
beginning of the polymerization was triggered by the canulation of the monomer solution 
under argon atmosphere in a second deoxygenated Schlenk tube containing the 
crystalline HSA-macroinitiator (~65 mg, 0.96 µmol, 1 equiv.) and CuBr (5.6 mg, 39 µmol, 
41 equiv.) under argon atmosphere. A dark brown colour was immediately observed. The 
reaction mixture was stirred under inert atmosphere during 12 h after which it was 
exposed to oxygen (Cu(I) to Cu(II)) and stirred for another 4 hours. 
 
The crude polymerization mixture was purified by dialysis initially against 2 % DMSO in 
20mM phosphate buffer pH 7.4, 2% EDTA and then against 20mM phosphate buffer pH 
7.4 or milliQ (depending on the analyses) using 25 kDa MWCO regenerated cellulose 
membranes to eliminate the excess of the monomer and polymerization reagents. 
 
The product was further analyzed by electrophoresis, MALDI-TOF, aqueous SEC and 
TEM.  
The electrophoretic mobility of the products under native conditions was hampered (a 
common feature of Giant Amphiphiles) and SEC revealed the formation of a new peak 
indicating the efficiency of the reaction. MALDI-TOF measurements verified the formation 
of the HSA Giant Amphiphiles through the m/z signal at ~79.9 kDa. The samples showed 
characteristic Giant Amphiphile aggregation in TEM.  
 
 



 
Figure S27: SEC chromatographic analyses of HSA-PS 

 
Figure S28: MALDI-TOF spectra of HSA-PS derived from the in situ, ATRP mediated 
styrene polymerization on HSA-macroinitiator.  
 
 



 
 

Figure S29: TEM micrographs of a purified HSA-PS 



3.7.b  Human Calcitonin 
 
Reduction of the disulfide bridge and preparation of the Calcitonin Human 
Calcitonin Macroinitiator (Scheme S2)   
Human Calcitonin (925 µl of a 0.2mM solution in phosphate buffer pH 7.4) was  incubated 
with 150 µl of 150 mM dithiothreitol (DTT) in phosphate buffer pH 7.4 at 28 °C for 4 hours. 
The reaction mixture was directly utilized for the synthesis of the peptide macroinitiator 
without further purification as the maleimide initiator I was added in a large excess in order 
to react with the excess DTT and could be easily removed with a simple dialysis step.  
A solution of the maleimide functionalized ATRP initiator I (290 mM, 82 µl) in 50% DMSO, 
50% phosphate buffer was slowly added to 1.0 mL of the 0.09 mM solution of reduced 
Human Calcitonin in 20 mM phosphate buffer (pH 7.4). The reaction mixture was gently 
shaken for 24 hours at 7°C. To eliminate the excess  of the ATRP initiator I, the mixture 
was then extensively dialyzed initially against 2 % DMSO in 20 mM phosphate buffer, 2% 
EDTA and then against 20 mM phosphate buffer using 3.5 kDa regenerated cellulose 
dialysis cups.  
The resulting solution of Calcitonin-macroinitiator was subsequently analyzed by aqueous 
SEC which was not conclusive. It was nevertheless freeze-dried and immediately utilized 
for styrene ATRP-mediated in situ polymerization.  
 
In situ ATRP Polymerization of styrene on Calcitonin-macroinitiator  (Scheme S3) 
Styrene (20 µL, 0.18 mmol, 2000 equiv.) and N-(Propyl)-2-pyridylmethanimine (~0.9 mg, 
6.3 µmol, 70 equiv.) were placed in a Schlenk tube and dissolved in solvent (3 mL, 10% 
DMSO in 20 mM phosphate buffer pH 7.4). The mixture was deoxygenated by 5 freeze-
pump-thaw cycles and sonicated for 5 minutes to emulsify the monomer. The beginning of 
the polymerization was triggered by the canulation of the monomer solution under argon 
atmosphere in a second deoxygenated Schlenk tube containing the crystalline Calcitonin-
macroinitiator (~0.32 mg, 0.09 µmol, 1 equiv.) and CuBr (0.5 mg, 3.7 µmol, 41 equiv.) 
under argon atmosphere. A brown colour was immediately observed. The reaction mixture 
was stirred under inert atmosphere during 12 h after which it was exposed to oxygen 
(Cu(I) to Cu(II)) and stirred for another 4 hours. 
 
The crude polymerization mixture was purified by dialysis initially against 2 % DMSO in 
20mM phosphate buffer pH 7.4, 2% EDTA and then against 20mM phosphate buffer pH 
7.4 or milliQ (depending on the analyses) using 3.5 kDa MWCO regenerated cellulose 
cups to eliminate the excess of the monomer and polymerization reagents. 
 
The product was further analyzed aqueous SEC and TEM.  
MALDI-TOF measurements the native Human calcitonin afforded a clear peak, while the 
products of the reactions could not be observed. It remains therefore unclear whether both 
cysteines were conjugated with the maleimide initiator I and utilized as polymerization 
initiating points. Nevertheless the electrophoretic mobility of the products was hampered 
(a common feature of Giant Amphiphiles) and SEC revealed the formation of 2 new peaks 
indicating the efficiency of the reaction. The samples showed characteristic Giant 
Amphiphile aggregation in TEM forming interesting spherical superstructures.  
 



 
Figure S30: SEC chromatographic analyses of Calcitonin-PS 
 
 

 

 
Figure S31: TEM micrographs of the purified Calcitonin-PS 
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