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Abstract: Two pairs of oppositely charged PEO-b-poly(amino acid) copolymers with neutral 

poly(ethylene oxide) block and polypeptide block composed of the hydrophobic L-phenylalanine 

(Phe) amino acid mixed with either negative L-glutamic acid (Glu) or positive L-lysine (Lys) 

units were synthesized. N-carboxyanhydride (NCA) ring opening polymerization (ROP) was 

performed with either PEO46-NH2 or PEO114-NH2 macroinitiators, leading respectively to PEO46-

b-P(Glu100-co-Phe65) and PEO46-b-P(Lys100-co-Phe65), and PEO114-b-P(Glu60-co-Phe40) and 

PEO114-b-P(Lys60-co-Phe40). Polyion complexes (PIC) formed at near charge equilibrium led to 

vesicle formation (PICsomes), as shown by DLS, zetametry and TEM. The good stability of 

PICsomes, even in high salinity media, was interpreted by π-π stacking hydrophobic interactions 

between the Phe residues, playing the role of "physical cross-linking". These PICsomes were 

successfully loaded with small interfering ribonucleic acid (siRNA) directed against firefly 

luciferase enzyme expression. They also exhibit minimal cell cytotoxicity while superior 

silencing efficacy was shown by cell bioluminescence assay as compared to free siRNA and a 

standard lipofectamine-siRNA complex. As such, self-assembly of oppositely charged PEO-b-

poly(amino acids) block copolymers enabled forming PICsomes of high stability thanks to π-π 

interactions of the Phe co-monomer in the polypeptide block, with high potential as 

biocompatible nanocarriers for RNA interference. 

 

Keywords: polypeptides; PEO-b-poly(amino acids) block copolymers; polyion complexes; ring 

opening polymerization; small interfering RNA. 

 

 

  

https://doi.org/10.1002/macp.202200306


Article published (in Open Access) in Macromolecular Chemistry and Physics (2022) DOI: 10.1002/macp.202200306 

 3 

Introduction 

In recent years, polymeric vesicles have gained much interest due to their unique hollow 

architecture with tunable membrane properties. Vesicular compartments, which are segregated 

from the outer aqueous medium by a membrane, can protect bioactive materials such as proteins 

or nucleic acids, making them potentially useful for versatile biological applications.1–4 

However, for conventional polymeric vesicles made from amphiphilic block copolymers such as 

poly(acrylic acid)-block-polystyrene (PAA-b-PS) or poly(ethylene oxide)-block-polybutadiene 

(PEO-b-PB), the inertness and impermeability of their membrane can hinder their use for the 

active delivery of water soluble bioactive molecules via a pure diffusive mechanism.5,6,7 To 

overcome this drawback, Kataoka et coll. developed PICsomes, standing for “PolyIon Complex 

vesicles” that are prepared mostly from PEG-b-polypeptide block copolymers and have a unique 

three-layered structure with a semi-permeability character.8 In an early study, they reported 

uniform size PICsomes, which were formed by mixing cationic PEG46-b-poly(aspartamide)100 

and PEG46-b-poly(aspartate)100.
9 Among structural factors that drive formation of nanoscale sized 

PICsomes (instead of PIC micelles or other PIC nanoparticles),10,11 a main control parameter was 

shown to be to limit the PEG weight fraction (f-PEG) % in the block copolymers.12 They 

demonstrated that too high PEG fraction prevents the growth of PICsomes and mostly directs 

towards micelle formation because of the immiscibility of the two (PEG and PIC) parts, as well 

as large steric hindrance exerted by the PEG strands. Chemical architecture of polymers is also 

another parameter that needs to be taken into account for PICsome formation: Kataoka et al. also 

stated that for a more stable PIC formation, longer aliphatic side chains of the polyelectrolytes 

are needed to favor the formation of vesicles.9 They also were shown stable even in harsh (i.e. 

high salinity and protein content) in vivo conditions and efficient to deliver water soluble 
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bioactive molecules such as nucleic acids, proteins13 and enzymes.8,14–18 PICsomes can be 

obtained at the nanoscale from few tens to several hundred nanometers with tunable permeability 

based on the covalent cross-linking degree of the vesicular membrane through amide bond 

formation between the –COOH and –NH2 side groups of the peptides, which makes them ideal 

nano/microreactors for the delivery of biomacromolecules.19,20 Thanks to their facile preparation 

for the encapsulation of water-soluble drugs and considering that they do not need any organic 

solvent to be self-assembled, PICsomes are highly suitable for biomedical studies. Moreover, the 

PEG chains tethered to the polypeptide blocks forming the PICsome membrane serve as inner 

and outer shell repulsive layers prolonging their lifetime in the blood stream.21,22 

Originally discovered in plant biology, small interfering RNA (siRNA) is a trigger of RNA 

interference (RNAi), which is a post-transcriptional gene expression mechanism that gained 

enormous interest since 2 decades due to its potential therapeutic use, especially for antiviral and 

anticancer therapies, but also for treatment of cardiovascular, neurological, or infectious 

diseases.23 RNAi has potential therapeutic applications based on selective degradation of a target 

messenger RNA (mRNA) in mammalian cell cytoplasm.23,24 But due to its fragility and high 

negative charge density, its bioavailability is limited  as ascribed to rapid degradation by 

nuclease enzymes, causing inefficient cellular uptake.25–27 Thus delivery vehicles are needed for 

an efficient and targeted delivery of siRNA to the cell cytoplasm. One possibility offered by the 

highly negatively charged repeating phosphate groups of siRNAs consists in neutralizing it 

through polyion complexation with oppositely charged macromolecules. Efficient candidates to 

do so are block copolymers combining polycationic and neutral (usually PEG) blocks, co-

assembling with siRNA and providing a neutral protective layer around it. Among various block 

or stat copolymer architectures proposed so far in literature to form PIC assemblies with siRNA 

https://doi.org/10.1002/macp.202200306
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or mRNA as potential nanomedicines28 – for example, polyaspartamide derivatives PAsp(DET), 

PAsp(DPT), and PAsp(TEP),29,30oligosaccharide (chitosan)-b-PEO,31 poly(alkyl-L-glutamine) 

copolymers,32 diblock elastin like polypeptides (ELPs)33,34, linear35 or branched36 PEG-b-poly(L-

lysine) – PICsomes offer the additional advantage of possible co-encapsulation with other 

soluble cargos, such vesicular nanocarriers being named “siRNAsomes”.37 Another feature to 

consider about siRNA is that it has a rigid cylindrical structure with a length around 6 nm.24,38 

Kataoka et al. investigated the mechanisms of self-assembly by polyionic complexation between 

PEG-b-PLys and either single stranded (ssRNA) or double stranded siRNA. Multimolecular self-

assembly (i.e. micellization) was strongly affected as ascribed to the rigidity of siRNA compared 

to ssRNA. As a consequence, siRNA and PEG-b-PLys form bimolecular PICs rather than larger 

multimolecular assemblies, at a wide range of concentrations. Thus to form multimolecular 

assemblies, additional attractive forces such as hydrophobic interactions and hydrogen bonds are 

needed within the polycationic segments to improve the driving force of complexation and reach 

superior transfection capability for the delivery of siRNA.39,40 As an example, Kataoka et al. 

developed A-B-C type triblock copolymers featuring shell-forming A-segment, nucleic acid-

loading B-segment, and stable core forming C-segment, directing toward construction of a three-

layered polymeric micelle that can act as siRNA vehicle. These triblock copolymers were 

composed of hydrophilic and neutral poly(ethylene glycol) (PEG), polycationic poly(L-lysine) 

(PLys), and poly(N-(N-(2-aminoethyl)-2-aminoethyl) aspartamide) (PAsp(DET)) bearing a 

hydrophobic dimethoxy nitrobenzyl ester (DN) moiety in the side group. Such triblock 

copolymer with hydrophobic moieties showed stable encapsulation of siRNA in serum-

containing medium with strong sequence-specific gene silencing effect in cultured cancer cells.30 

In another study, phenylboronic acid (PBA) functionalized cationic PIC micelles were used for 
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intracellular ATP-triggered release of siRNAs. The strength of the ribose–PBA binding force and 

the hydrophobicity of PBA, both critical determinants of complex stability, as well as the ATP 

sensitivity, were shown to be controllable on the basis of the substituent group structures.41 As a 

last example, PEG114-poly(L-Glu10-co-L-Phe10) and PEG114-poly(L-Lys9-co-L-Phe10) copolymers 

with oppositely charged random co-polypeptide blocks were combined to form PIC micelles 

exhibiting a “charge conversion mechanism” for the pH-induced delivery of doxorubicin 

hydrochloride (DOX·HCl). These PIC micelles have shown superior activity and reduced side 

toxicity compared to free DOX in A549 tumor bearing nude mice.42 

Considering this literature context, it appears still challenging to prepare non-toxic and stable 

PIC micelles in physiological conditions with the ability to deliver nucleic acid derivatives 

efficiently. In this work, we synthetized PEO-poly(amino acids) copolymers composed of PEOn-

poly(L-Glux-co-L-Phey) and PEOn-poly(L-Lysx-co-L-Phey) with varying neutral hydrophilic 

fraction f-PEO (wt. %) and hydrophobic fraction f-L-Phe (wt. %). The self-assembly properties of 

each polymer were investigated individually, then the complexation of each pair of identical 

degrees of polymerization of PEO (n), of charged unit Glu or Lys (x) and of Phe (y) was studied 

at different [NH3
+/COO-] charge ratios and f-PEO (wt. %) repulsive ratios. The resulting polyion 

complex particles were studied by mono-angle dynamic light scattering (DLS), multi-angle light 

scattering (MALS) and transmission electron microscopy (TEM), consistently showing 

PICsomes structures. We also demonstrated stability of PICsomes in presence of high salt 

concentrations, even without any added crosslinking agent. In literature, there are many 

examples of poly(L-lysine) based siRNA loaded polyionic complexes but only few examples 

with tripartite particles.43 Furthermore, these complexes were further used for the encapsulation 

of siRNA as possible gene transfection agent. Their gene silencing activity was studied with the 
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firefly luciferase activity assay on mutant bioluminescent Luc HeLa cells and compared with the 

classically used polycationic transfecting agent lipofectamine. 

 

Experimental section  

Materials 

Methyl- and amino- terminated poly(ethylene oxide)s (mPEO-NH2, (Mn) PEO, without spacer = 2,000 

and 5,000 g·mol-1) were purchased from Rapp Polymere GmbH (Tübingen, Germany) and used 

without further purification. γ-Benzyl-L-glutamate-N-carboxyanhydride (γ-BLG NCA), ε-

trifluoroacetyl-L-lysine N-carboxyanhydride (L-Lys(TFA) NCA) and L-Phenylalanine-N-

carboxyanhydride (Phe NCA) were purchased from Isochem (Vert-le-Petit, France). Dry DMF 

was obtained from a Solvent Purification System and freshly used for the polymerization. 

Trifluoroacetic acid (TFA, 99%), methanesulfonic acid (MSA), and potassium carbonate 

(K2CO3) were purchased from Alfa Aesar, Thermo Fisher GmbH (Karlsruhe, Germany). Diethyl 

ether, DMSO, anisole and methanol were used as received from Sigma Aldrich (L’Isle d’Abeau, 

France). Dialysis was conducted using a Spectra/Por®6 with molecular weight cut-off (MWCO) 

of 3.5 kDa membrane (Merck Millipore, Darmstadt, Germany). Dulbecco’s modified eagle 

medium (DMEM), HEPES buffer (pH 7.4), and phosphate buffered saline (PBS) were purchased 

from ThermoFisher Scientific. Small interfering RNAs (siRNA) were obtained from Eurogentec 

(Angers, France): Two tubes of 21-mer siRNA duplexes targeting the pGL3 firefly luciferase gene 

(siRNA pGL3 luciferase control, also called siRNA duplex – firefly, antisense strand: dTdT 

3‘overhang, and sense strand: dTdT 3’ overhang, 5 nmol of duplex per tube) were used in our 

experiments. For the determination of efficacy of siRNA encapsulation, Quant-iT™ microRNA 

assay kit (Molecular Probes, Thermo Fisher) was used as described in manufacturer’s protocol. 
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CellTiter 96® AQueous One Solution Cell Proliferation Assay (Promega) and Luciferase Assay 

System (Promega) were purchased for toxicity and for gene silencing activity, respectively. HeLa 

EGFP-Luciferase bioluminescent cell line was provided by Utrecht University. 

 

Instrumentation 

1H NMR experiments were performed in deuterated trifluoroacetic acid (TFA-d) at 25 °C on 

a Bruker Avance I NMR spectrometer (Bruker BioSpin GmbH, Rheinstetten, Germany) 

operating at 400 MHz and equipped with a Bruker multinuclear z-gradient direct probe head 

capable of producing gradients in the z direction with 53.5 G⋅cm-1 strength. 1H NMR spectra 

were recorded with an acquisition time of 4 sec, a relaxation delay of 1-2 sec and 64 scans. 

Size exclusion chromatography (SEC) was used to determine the apparent number-average 

molar masses (Mn) and dispersities (Đ) using dimethylformamide (DMF + lithium bromide 

(LiBr) 1g·L-1) as eluent. Measurements in DMF were performed on an Ultimate 3000 system 

from Thermo Fisher Scientific equipped with a diode array detector (DAD) and a differential 

refractive index (dRI) detector (Optilab, Wyatt Technology, Santa Barbara CA, USA). 

Polymers were separated on two KD-803 Shodex™ gel columns (300 × 8 mm) (exclusion limits 

from 1000 Da to 50 000 Da) at a flowrate of 0.8 mL·min-1 and column temperature held at 50°C. 

A series of polystyrene standards was used as the calibration. For certain copolymers synthesized 

from PEO46-NH2 macroinitiator, the SEC measurements were performed using dimethysulfoxide 

(DMSO + 0.1% LiBr) as eluent instead. In that case polymers were separated on Tosoh TSK 

G3000HHR and G2000HHR (7.8×300) columns (exclusion limits from 200 Da to 60 000 Da) at 

a flowrate of 0.5 mL·min-1 and column temperature held at 80°C. A dextran series was used as 

the calibration standard. 
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Mono-angle dynamic light scattering (DLS) measurements were performed on a NanoZS90 

Zetasizer™ (ZEN3690, Malvern Instruments, Malvern, UK) operating with a He-Ne laser source 

at the wavelength λ=633 nm and scattering angle θ=90° at a constant central position in the 

cuvette (constant scattering volume). The provider’s software was used to obtain Z-average 

hydrodynamic radii or diameters and polydispersity indexes (PDI) by analyzing the 

autocorrelation functions 𝑔𝑔1(𝑡𝑡) in terms of relaxation time distribution P(τ) (Equation 1) and 

using the 2nd order cumulant method.44 

𝑔𝑔1(𝑡𝑡)  =  ∫P(𝜏𝜏) exp ( −𝑡𝑡
𝜏𝜏

)𝑑𝑑𝑑𝑑 = 𝑒𝑒−〈𝛤𝛤〉𝑡𝑡 �1 + 𝜇𝜇2
2! 𝑡𝑡

2 +⋯� (1) 

Hydrodynamic radius (Rh) was determined from the Stokes-Einstein relation (Equation 2). 

𝑅𝑅ℎ = 𝑘𝑘B𝑇𝑇 6π𝜂𝜂s𝐷𝐷0⁄  obtained from 〈𝛤𝛤〉 = 𝐷𝐷0𝑞𝑞2  with 𝑞𝑞 = 4𝜋𝜋𝜋𝜋 sin(𝜃𝜃 2⁄ ) 𝜆𝜆⁄  (2a) 

PDI = 𝜇𝜇2 〈𝛤𝛤〉2⁄  (2b) 

where D0 is the diffusion coefficient of the particles, PDI is the polydispersity index, <Г>=1/τ 

is the main decay rate and µ2 the second order coefficient of the cumulant series both obtained by 

fitting the 𝑔𝑔1(𝑡𝑡) autocorrelation function, θ is the scattering angle, λ the light wavelength and q 

the scattering vector, ηs is the viscosity and n the refraction index of the solvent, T is the absolute 

temperature and kB the Boltzmann constant. 

Multi-angle light scattering (MALS) measurements were performed using an ALV/CG-6-8F 

compact goniometer, with a 35 mW red He-Ne linearly polarized laser (λ = 632.8 nm), an 

ALV/LSE-5004 multiple tau digital correlator and using a thermostat bath controller (20 °C). 

The data were acquired with the ALV correlator software, the counting time being typically 15 

sec for each scattering angle. Angles ranged from 20° to 150° corresponding to scattering vectors 

q from 6.85 × 10-3 nm-1 to 2.55 × 10-2 nm-1. The autocorrelation functions (g1(t)) were analyzed 

in terms of a multi-modal relaxation time distribution P(τ) (Equation 1) and the hydrodynamic 
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radius (Rh) was determined from the Stokes-Einstein relation (Equation 2), the translational 

diffusion constant D0 being determined from the slope of the q2 dependence of decay rate 

(<Г>=1/τ=D0·q2, τ being the main relaxation time deduced from the fitting of g1(τ)). Static light 

scattering (SLS) data were reduced using standard procedures. The solvent intensity was 

subtracted from that of the sample. Absolute calibration was performed against toluene. The 

static light scattering data allowed to calculate the radius of gyration (Rg) determined from a 

Guinier plot according to Equation 3: 

ln�𝐼𝐼(𝑞𝑞)� ≅ ln(𝐼𝐼0) −𝑅𝑅g
2𝑞𝑞2 3⁄  (3) 

Zeta potential (ζ) of nanoobjects was determined on the NanoZS90 instrument by phase 

analysis light scattering (PALS) using the Smoluchowski approximation in different buffer 

solutions containing saline up to 0.15 M NaCl to mimic physiological conditions. All the 

measurements were at least the average of triplicate values and performed at 25 °C, in pure DI 

water or in saline at different NaCl concentrations. 

Transmission electron microscopy (TEM) images were recorded on a Hitachi H7650 

microscope working at 80 kV equipped with a GATAN Orius 11 Megapixel camera. Samples 

were prepared by dropping 5 µL of a 1 mg·mL-1 colloidal suspension onto a copper grid (200 

mesh coated with an ultrathin lacey/continue carbon film (30/5-10 nm), Cu-200LD, Pacific Grid 

Tech, San Francisco CA, USA) enabling observation with natural contrast. Certain suspensions 

were analyzed with positive contrasting using either uranyl acetate (2% w/v) or phosphotungstic 

acid (0.75% w/v) as staining agents. 

Synthesis of poly(ethylene oxide)n-b-poly(L-glutamic acidx-co-L-phenylalaniney) 

Copolymers were synthesized by ring-opening polymerization of BLG-NCA and Phe-NCA 

monomers with mPEO-NH2 as macroinitiator. Deprotection of γ-benzyl L-glutamate (BLG) 
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moieties of copolymers into L-glutamic acid (Glu) was performed subsequently as described in 

literature.42,45 In a typical polymerization, PEO-NH2 (0.11 g, 0.05 mmol, Mn=2,200 g⋅mol-1) was 

dissolved in dry DMF (1 mL) after an azeotropic dehydration process with toluene, then Phe-

NCA (0.422 g, 2.2 mmol) and BLG-NCA (0.868 g, 3.3 mmol) which were weighted in a 

glovebox under pure argon, introduced in a flame-dried Schlenk tube, and dissolved in dry DMF 

(6 mL) were added under nitrogen using a syringe. After 3 days of reaction, poly(ethylene 

oxide)-b-poly(γ-benzyl-L-glutamate-co-L-phenylalanine) (PEO-b-poly(L-BLG-co-L-Phe)) block 

copolymer was purified by repeated precipitation from DMF into an excess amount of cold 

diethyl ether. The copolymer was dried under vacuum, dialyzed against water and freeze-dried to 

obtain a white powder. 1H NMR (400 MHz, in d-TFA assigned chemical shifts δ (ppm): 2.26 and 

2.68 (−CH2−CH2−CO−), 3.13 (C6H5−CH2− of polyphenylalanine), 3.99 (PEO chain), 4.83 (CH 

of poly-γ-benzyl glutamate and polyphenylalanine), (C6H5−CH2−), 6.82−7.01 (C6H5−) (Figures 

S1-S2 in Supplementary Info). In a second step, deprotection of BLG units was achieved in mild 

acidic conditions to afford L-glutamic acid without racemization.46,47 Poly(ethylene oxide)114-b-

poly(L-BLGx-co-L-phenylalaniney) (500 mg, 2.28 mmol of BLG units) was dissolved in 

trifluoroacetic acid (TFA) (5 mL) and the reaction mixture was stirred at 0°C (ice bath). Then 

anisole (1 mL) and methanesulfonic acid (MSA) (5 mL) were added to the solution and the 

reaction mixture was stirred during 20 min at 0°C followed by stirring during 50 min at room 

temperature and maximum speed. The copolymer was finally precipitated in Et2O and collected 

by centrifugation. The resulting mixture was dissolved in saturated sodium bicarbonate 

(NaHCO3) solution to deprotonate the glutamic acid groups, dialyzed against distilled water 

(MWCO 3.5 kDa), and finally lyophilized to give the debenzylated polymer as a white solid 

fluffy polymer (typical yield 80%). 1H NMR (400 MHz, TFA-d, chemical shifts δ (ppm): 3.40 
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(PEO chain), 6.82–7.11(C6H5–CH2–), 2.58 (C6H5–CH2– of polyphenylalanine), 4.38 (CH of 

poly(glutamic acid) and polyphenylalanine), 1.75–2.01(–CH2– CH2–COOH), 2.31(–CH2–CH2–

COOH) (Figure S1B). 

Synthesis of poly(ethylene oxide)n-b-poly(L-lysinex-co-L-phenylalaniney) 

In a first step, copolymers were synthesized by ring-opening polymerization (ROP) of ε-

trifluoroacetyl-L-lysine N-carboxyanhydride (L-Lys(TFA) NCA) and L-phenylalanine N-

carboxyanhydride (L-Phe NCA) monomers using mPEO-NH2 as macroinitiator. Various 

[monomers]/[macroinitiator] and [L-Lys(TFA) NCA]/[L-Phe NCA] molar ratios were used to 

obtain copolypeptides with different block lengths and hydrophilic/lipophilic balances. 

Deprotection of TFA-L-lysine units of copolymers into L-lysine (Lys) was performed 

subsequently as described in literature.47,48 In a typical polymerization, mPEO-NH2 (0.11 g, 0.05 

mmol, Mn=2,200 g⋅mol-1 with the spacer) was dissolved in dry DMF (1 mL) after an azeotropic 

dehydration process with toluene, then L-Phe-NCA (0.460 g, 4 mmol) and L-Lys(TFA) NCA 

(0.965 g, 6 mmol) which were previously kept in a glovebox under pure argon, introduced in a 

flame-dried Schlenk tube, and dissolved in dry DMF (6 mL) were added via a syringe under 

nitrogen. After 3 days of reaction at room temperature, poly(ethylene oxide)-block-poly(L-

lysine(TFA)-co-L-phenylalanine) block copolymer was purified by repeated precipitation from 

DMF into an excess of cold diethyl ether. The copolymer was dried under vacuum, dialyzed 

against water and freeze-dried to obtain a white powder. 1H NMR (400 MHz, TFA-d, chemical 

shifts δ (ppm): 6.91-7.40 (m, NH-COCF3, C6H5-CH2 and NH from peptide bonds), 4.25-4.68 (m, 

CO-CH-NH), 3,66 (s, O-CH2-CH2 PEO block), 3.3 (s, CH3-O-CH2 PEO block), 3.25 (m, CH2-

NH-COCF3), 2.84 (m, C6H5-CH2), 1.25-1.63 (m, CH2-CH2-CH2) (Figure S3B). 
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In a second step, deprotection of L-lysine(TFA) units was achieved. Poly(ethylene oxide)-

block-poly(L-lysine(TFA)-co-L-phenylalanine) was dissolved in a 9:1 methanol: water mixture 

(10 mg·mL-1) and K2CO3 (2 eq per lysine residue) was added. The reaction was stirred for 8 h at 

50°C, and methanol was then removed under vacuum. The resulting solution (10% of original 

volume) was then diluted in water (3 times the remaining volume), transferred to a 5,000 

MWCO dialysis membrane, and then dialyzed against 0.10 M aqueous NaCl solution at pH 3 

(HCl) for 24 h, followed by DI water for 48 hours with water bath changes twice per day. The 

content of the dialysis membrane was then freeze-dried to afford a white powder. 1H NMR (400 

MHz, TFA-d, chemical shifts δ (ppm): 6.30-7.30 (m, C6H5-CH2 and NH from peptide bonds), 

3.70-4.25 (m, CO-CH-NH), 3,70 (s, O-CH2-CH2 PEO block), 2.80 (s, CH3-O-CH2 PEO block), 

2.70 (m, CH2-NH3
+), 2.40-2.50 (m, C6H5-CH2), 0.5-1.40 (m, CH2-CH2-CH2) (Figure S2). 

 

Formation of PICsomes and siRNA loading 

For the formation of polyionic complexes, each polymer was firstly dissolved at 1 mg·mL-1 

concentration in HEPES buffer at pH 7.4 and then mixed with their counterpart at desired molar 

charge ratios Z. The mixtures were vortexed 3 min, as described in literature.49 For efficient 

complexation, overnight incubation at 300 rpm using an orbital shaker at room temperature was 

used. After formation, all nanoparticles were characterized by dynamic (DLS) and multi-angle 

light scattering (MALS), and neutralization curves versus molar charge ratio Z were determined 

by zeta potential measurements. 

Loading of siRNA in the polymeric particles was performed by incubation of siRNA (20 µM 

in serum medium (Opti-MEM) with the preformed polymer complexes (also in Opti-MEM) at 
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the designated [Amine]/[Phosphate+Carboxylate] ratios for 1-2 h at room temperature. More 

precisely, the charge ratios were defined as following: 

𝑍𝑍 =
[−NH3

+]PEO𝑛𝑛−poly(Lys𝑥𝑥−𝑐𝑐𝑐𝑐−Phe𝑦𝑦)

[−PO4
−]siRNA + [−CO2

−]PEO𝑛𝑛−poly(Glu𝑥𝑥−𝑐𝑐𝑐𝑐−Phe𝑦𝑦)
 (4) 

SiRNA loaded particles were further characterized by DLS in an ultralow volume quartz 

cuvette (Ultra-Micro Cell 105.251-QS, Hellma Analytics). 

 

Gel retardation assay 

Gel electrophoresis was performed using 0.8% agarose gel at 95 V constant voltage for 40 

min. Then the gel was visualized with SYBR Safe DNA gel stain (Invitrogen) with a GE 

ImageQuant 350 Imager. 

Determination of the Effect of Polyionic Complexes on Cell Viability by MTS Assay 

MTS assay (CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS, Promega®) 

was performed to confirm the cell viability after exposure to the PIC nanoparticles. Wild-type 

(WT) HeLa cells were seeded in DMEM medium with 10% fetal bovine serum (FBS) and placed 

into a 96-well plate to a final confluency of 10,000 cells/mL, and were incubated overnight at 

37°C with 5% CO2. Next day, cells were exposed to different concentrations of PIC 

nanoparticles. The cells were incubated for 48 h at 37° C with 5% CO2. Afterward, the MTS 

assay was performed 24 h and 48 h post-exposure to the nanoparticles. 

Ultraviolet–visible (UV/Vis) absorbance was recorded on a Jasco V-650 UV/Vis spectrometer 

at 490 nm and 293 K for the MTS assay. 

In vitro luciferase gene silencing in cultured HeLa cells 

Human cervical cancer cells stably expressing luciferase (HeLa-Luciferase) were seeded in 35 

mm petri dishes (25,000 cells/dish) in DMEM medium containing 10% FBS and allowed to 
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attach overnight. Then, the medium was removed and replaced with loaded PICsomes (at either 

200 nM or 400 nM siRNA with charge ratios Z= [Amine]/[PO3
-] +[COO-] =1 or 10). For each 

analysis, control samples were prepared by addition of medium diluted with pure Opti-MEM 

instead of PICsome suspension. The added volumes of luciferin (luciferase substrate) and 

nanoparticles were 80 µL per 2 mL of medium. The cells were incubated with the nanoparticles 

for 24 h, then the nanoparticles were removed and replaced by complete DMEM medium and 

incubated for another 48 hr. Gene knock-down was evaluated using the luciferase 

bioluminescence assay using a Spark® multimode microplate reader (Tecan, Männedorf, 

Switzerland). 

 

 

Results and Discussion  

Synthesis of oppositely charged PEO-b-poly(amino acid) copolymers 

N-carboxy-α-amino-anhydride (NCA) ring-opening polymerization (ROP) is the most 

straightforward controlled polymerization technique enabling to obtain high molar masses 

polypeptides with no detectable racemization of the chiral centers. Polypeptides and hybrid 

materials exhibiting secondary structure and multi-functionalities have been obtained through the 

(co)polymerization of diverse NCA monomers.50–52 For this study, PEO-b-poly(L-Glu-co-L-Phe) 

and PEO-b-poly(L-Lys-co-L-Phe) block copolymers were synthesized via the ROP of BLG-NCA 

or Lys(TFA)-NCA with Phe-NCA as co-monomer using mPEO-NH2 as macroinitiator, followed 

by removal of the protecting groups (Scheme 1 and Scheme 2). The structures of the copolymers 

were determined by 1H NMR and their apparent molar mass (Mn) and dispersity (Ð) by SEC. For 

the formation of PICsomes, we chose oppositely charged PEO-b-poly(amino acid) copolymers of 

https://doi.org/10.1002/macp.202200306


Article published (in Open Access) in Macromolecular Chemistry and Physics (2022) DOI: 10.1002/macp.202200306 

 16 

slightly different f-PEO and f-L-Phe ratios yet with nearly equal degrees of polymerization (DP) 

of the charged amino acids L-Glu and L-Lys, namely DP around 60 and 100, as seen in Table 1. 

The typical 1H NMR spectra of the resulting copolymers (after deprotection) in deuterated 

DMSO-d6 (for PEO-b-poly(L-Glu-co-L-Phe)) or in CDCl3 + TFA (PEO-b-poly(L-Lys-co-L-Phe)) 

are shown in Figures S1 and S3, respectively, where all peaks were assigned. The degrees of 

polymerization and other molecular characterizations are summarized in Table 1. The Mn values 

of all synthesized copolymers were calculated by 1H NMR spectroscopy (Figures S1 and S3). In 

most polymerizations, the targeted DPs were reached experimentally. For example, the 

conditions described in Methods (targeted DPs of 44 for L-Phe and 66 for BLG) led to the 

copolymer formula: PEO46-b-poly(L-BLG62-co-L-Phe42). Corresponding SEC analyses (Figures 

S2 and S4) show that these copolymers exhibit narrow molar mass distribution (Ð = 1.09 to 

1.17). This narrow distribution may be attributed to the choice of starting PEO-NH2 with also 

narrow molar mass distribution (Ð = 1.13) and by the controlled polymerization character that 

was accomplished by the ROP mechanism of the NCA monomers. 
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NH2n

O
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Scheme 1. Synthesis route of poly(ethylene oxide)n-b-poly(L-glutamic acidx-co-L-

phenylalaniney) 
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L-Phe-NCA
L-Lys(TFA)-NCAO
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Scheme 2. Synthesis route of poly(ethylene oxide)n-b-poly(L-lysine-co-L-phenylalaniney) 

 
 
Table 1. Molecular characteristics of the different copolymers obtained by ROP of NCA 

monomers at different hydrophilic weight fractions used for PICsome formations. 

Copolymer f-PEO 
(%)a 

f-L-Phe 
(%)b 

(Mn) 
1H-NMR 
(g·mol-1) c 

(Mn) SEC 
(g·mol-1) d Ð d 

PEO114-b-poly(L-Glu60-co-L-Phe36) 28 29 1.81×103 2.42×104 1.10 
PEO114-b-poly(L-Lys57-co-L-Phe39) 21 25 2.34×104 2.77×104 1.11 
PEO46-b-poly(L-Glu99-co-L-Phe65) 8 39 2.44×104 2.92×104 e 1.07 
PEO46-b-poly(L-Lys100-co-L-Phe65) 6 29 3.33×104 4.10×104 1.16 

a Hydrophilic weight fraction based on PEO content f-PEO (%)=(Mn
PEO/Mn

tot)×100 b 

Hydrophobic weight fraction based on L-Phe content f-L-Phe (%)=(Mn
PPhe/Mn

tot)×100 c Based on 

number of monomer units calculated by 1H NMR d Obtained by SEC with RI detector in DMF + 

0.1% LiBr via polystyrene calibration. e Obtained by SEC with RI detector in DMSO + 0.1% 

LiBr via dextran calibration (all polymers were characterized by SEC before their deprotection). 

 
Formation and physicochemical characterizations of PICsomes 

We first examined formation of PICsomes by DLS at 90° at different targeted molar ratio Z 

between NH3
+ and COO- moieties for the copolymers based on PEO46. Zeta potential of each 

sample was checked at different charge ratios. Once Z was increased above one (up to 1.4), 

almost perfectly neutral particles were obtained, with a tendency to make large aggregates, 

suggesting neutralization among polymer chains and particle growth, presumably by Ostwald 

ripening mechanism as reported previously for PICsomes with an excess of added polycations.53 
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From these DLS and zetametry results, we observed that neutralization was obtained slightly 

above 1:1 charge ratio, more precisely around Z=1.4, that might be due to a difference in the 

protonation state of the charged residues among the chains, PGlu and PLys being both weak 

electrolytes (Figure 1.a and Table 2). For the PICsome formation from PEO114–based 

copolymers, DLS measurements were also performed at different charge ratio Z: Results 

revealed more aggregation and larger polydispersity indexes (PDI) than with PEO46–based 

copolymers. To produce more homogeneous nanoparticles, extrusion was applied to the samples, 

which is a classical method in liposome research to obtain better controlled sizes and 

unilamellarity.54 For this purpose, a polycarbonate filter membrane with 200 nm well-defined, 

cylindrical pore channels was used. After 11 steps of extrusion, slightly better defined particles 

were observed for PEO114–based copolymer complexes at Z=1 (Figure S5 and table S1), while 

the derived count rate was almost constant (meaning that negligible amount of polymers 

remained on the extrusion membrane). We already mentioned that f-PEO (%) ratio limiting is very 

important to design nanosized PICsomes. More detailed characterizations were performed with 

multi-angle light scattering (MALS) for each condition of polyionic complexation (Figure S6 

and S7). MALS experiments were performed with a scattering angle varying from 20° to 150°. 

The linear variation of the main relaxation frequency versus the squared scattering vector q2 and 

its passing through the origin confirm the presence of well-defined and spherical objects. MALS 

results also indicate possible formation of vesicles from the ratio of the radius of gyration to the 

hydrodynamic radius,55 with value Rg/Rh=1.1 for PEO46–based complexes and Rg/Rh=1.0 for 

PEO114–based complexes, confirming their vesicular structure. 

 

Table 2. Summary of results at different charge ratios after formation of polyionic complexes for 

PEO46 polymers determined by DLS. 
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Z ratio 
[NH3

+/COO-] Dh by intensity (nm) PDI PDI width (nm)* ζ potential (mV) 

0.1:1 210 0.30 115 -29±5 
0.5:1 170 0.30 93 -17±3 

1:1 194 0.34 113 -12±7 
1.4:1 2300 0.29 1240 -0.2±4 

*Broadness of the size distribution determined by DLS estimated by 𝐷𝐷h × √PDI.44 
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Figure 1. a) Size distribution profiles of PICsomes formed by PEO46–based copolymers at 

different charge ratios Z determined from DLS measurements (Malvern, 90°). b) DLS g1(τ) 

autocorrelation functions and their fitting with 2nd order Cumulant model. 

 

TEM micrographs evidence the presence of well-dispersed spherical particles with a 

characteristic dark rim on the outer surface, indicating their hollow morphology (Figure 2). Since 

PICsomes have more fragile membranes than polymersomes, 1-ethyl-3-(3- 

dimethylaminopropyl) carbodiimide hydrochloride (EDC) (10 equivalents per COOH group in 

PEO-b-poly(L-Glu-co-L-Phe) was used to cross-link the membranes by amide bond formation to 

facilitate their visualization by TEM.49,56 An average diameter of 38.5 nm (standard deviation of 

9 nm) was estimated by analysis of N=83 particles (Figure 2). The smaller size compared to DLS 
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is consistent with a number-weighted average diameter obtained by TEM, differing from the 

intensity-weighted average value determined by DLS that is more sensitive to larger sizes, 

reflecting the rather broad size dispersity of PICsomes (PDI around 0.3). 

 

Figure 2. TEM images of PICsomes obtained from PEO46–based copolymers in 10 mM PB 

buffer (without saline) at pH 7.4 (positively stained with 1.5% uranyl acetate solution). 
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Since the PEO46 based copolymer pair with a lower f-PEO (%) ratio was more favorable for 

complexation, we moved on to more detailed characterization with this complex. It is important 

to verify the stability of polyionic complexes at physiological ionic strength and osmolarity (0.15 

mM NaCl; 300 mOsm·L-1) and temperature (37 °C), in order to establish if they potentially can 

be used for biomedical applications.17,57 For this purpose, DLS experiments were performed at 

different salt concentrations, and a slight increase of the size of polyion complexes was observed, 

with no significant change in their PDI. Even after 1-day incubation at 37 °C with 0.15 M NaCl 

(9 g·L-1 solution i.e. isotonic with blood), the nanoparticles were neither degraded nor 

disassembled. At higher salt concentrations, larger sizes and PDI values were observed as 

ascribed to the screening of the electrostatic repulsion (Figure 3). These results indicate that the 

π-π interactions between L-Phe moieties provide enough increased stability of the PICsomes 

thanks to hydrophobic and aromatic interactions. The pH-dependent stability profiles of 

PICsomes were further characterized by DLS. The size distribution of PICsomes was clearly 

dependent on pH value, which may indicate the lowered association force of the PIC membranes 

in response to a decrease in pH, causing progressive increase in the protonation degree of the 

COO- groups of glutamic acid units in the chains (Figure S8). 
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Figure 3. (a) Size distribution profiles for the stability of complexes after 1-day incubation at 

37°C in 150 mM NaCl; (b) Stability against different salt concentrations at Z=1:1 charge ratio 

from DLS measurements (Malvern, 90°) 

 

The PEO46–based copolymer pair was chosen to load siRNA in its complexes since they bear 

around 100 charged residues in their polypeptide blocks with a lower f-PEO. For this pair, both 

siRNA encapsulation and gene silencing activity of the complexes were studied in HeLa cells. 

 

Formation of siRNA loaded PICsomes 

The duplex – firefly double stranded oligonucleotide chosen as model siRNA was encapsulated 

by simple mixing with PEO46-b-poly(L-Lys100-co-L-Phe65) and PEO46-b-poly(L-Glu99-co-L-Phe65) 

copolymers. Complexation was proceeded firstly by mixing siRNA and PEO46-b-poly(L-Glu99-

co-L-Phe65), then this mixture of polyanions was subsequently complexed with a solution of 

PEO46-b-poly(L-Lys100-co-L-Phe65) polycations. This complexation process was performed at 

various molar charge ratios Z=[N]/([P]+[COO-]) in Opti-MEM (reduced serum medium), and 

each complex was analyzed by DLS and zetametry. The formation of empty PICsomes in serum 

media was also made and showed narrower size distributions than loaded PICsomes, besides a 

small secondary peak of large size aggregates (Figure S9). The siRNA loading was confirmed by 
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gel electrophoresis for each molar ratio. The hydrodynamic size and ζ-potential of complexes 

were larger at higher Z ratios as observed by DLS and PALS, respectively (Figure 4). These 

results suggest that negatively charged siRNA strands were successfully bound to oppositely 

charged poly(L-lysine) segments in the PICsomes and that there was no macroscopic aggregation 

nor phase separation (coacervation), as observed when complexing with poly(L-Glu) polyanions 

only, revealing nanoscale well defined assemblies instead. Actually, charge reversal when 

increasing the Z ratio caused even a decrease of the hydrodynamic size of the complexes (Table 

3). The complexation efficacy was studied with Quant-iT™ RiboGreen™ RNA Assay Kit using 

a fluorescent dye for quantification of oligonucleotides and DNA in solution.58 While siRNA 

integrated inside the particles cannot interact with the dye, only negligible amount of naked 

siRNA could be detected by this fluorescent labelling (Table 3). For each complex, similar levels 

of siRNA were targeted like in standard curves (Figure S10). Therefore, the encapsulation rates 

were at least 99% of the total amount of siRNA. The siRNA loading was also determined 

qualitatively for each ratio via a gel retardation assay (Figure 4d). The complete disappearance of 

the free siRNA band at the four studied ratios indicates that all siRNA molecules were 

complexed through electrostatic interactions and thus could not migrate in the agarose gel under 

the applied electric field. TEM images of siRNA loaded PICsomes show formation of uniform 

spherical nanostructures, which implies that siRNA is sandwiched between PIC membranes 

(Figure 5). In particular for the Z=1 charge ratio, the complexes are much monodisperse in size – 

average diameter of 26±6 nm counted on N=722 particles – matching their number-average 

diameter Dh∼30-40 nm measured by DLS (Figure 4a). 

 

Table 3. siRNA complexations at different ratios studied by DLS and their encapsulation 

efficacy determined by Quant-iT™ RiboGreen™ RNA Assay Kit 
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Z ratio [N/(P+COO-)] 
N=NH2

+ P=PO3
- 

Dh by 
intensity 

(nm)a 
PDIa EE %b 

10 240 0.23 99 
5 277 0.31 99 
3 267 0.29 99 
1 216 0.25 98 

a from DLS measurements (Malvern, 90°) b Encapsulation efficiency of siRNA loaded 

PICsomes determined by Quant-iT™ RiboGreen™ RNA Assay by comparison with the standard 

curve (Figure S10). 
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Figure 4. a) Size distribution profiles and b) g1(τ) autocorrelograms of siRNA loaded PICsomes 

formed from PEO46 based copolymers at different charge ratios 𝑍𝑍 = [N] ([P] + [C])⁄  (where 

N=NH2
+, P=PO3

-, C=COO-) determined by DLS measurements in Opti-MEM at 37°C (Malvern, 

90°); c) Zeta potential measurements; d) Gel retardation assay at different charge ratios Z=1, 3, 5 

and 10. 
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(a)  

(b)  
Figure 5.TEM images of siRNA loaded PICsomes: a) at [N]/([P]+[COO-])=10 ratio (inset is a 

more focused image) (scale bar:100 nm); b) at [N]/([P]+[COO-])=1 ratio (scale bar: 200 nm) 

 
Cellular delivery of siRNA-loaded PICsomes 
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As a preliminary study, the gene silencing activity of siRNA loaded PICsomes was 

investigated in cultured human cervical cancer cells stably expressing luciferase (HeLa-Luc). An 

siRNA sequence against the firefly luciferase gene was used to selectively inhibit the expression 

of luciferase. The commercially available Lipofectamine RNAimax was used as positive control 

transfection agent. The reduction in protein expression level was determined by measuring the 

bioluminescence using the Promega luciferase assay kit. We chose the highest and lowest 

[N]/([P]+[COO-]) ratios with two different final siRNA concentrations in solution. For this 

purpose, the effect of PICsomes at different concentrations on cell viability was firstly 

determined via MTS assay, allowing for further gene silencing experiments. Although there was 

∼40% reduction of cell mitochondrial enzyme activity as measured by the MTS assay at different 

concentrations of cell incubation with PEO46–based copolymer complexes (Figure 6), this effect 

did not appear to be dose-dependent, and no significant toxicity was finally observed. 
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Figure 6. Percentage of cell viability of HeLa cell line after incubation with empty PEO46–based 

PICsomes for 24 and 48 h obtained with MTS assay at several incubation concentrations. 

 
The luciferase-based bioluminescence intensity from the cells treated with each PICsome was 

measured as an indicator of gene silencing. The highest siRNA concentration among PICsomes 

(400 nM) was also complexed with Lipofectamine 2000 to obtain positive control complexes 
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that were also incubated with the cells for 24h, before gene knock-down was evaluated. These 

cell transfection results proved the efficiency of the siRNA loaded PICsomes (Figure 7). For 

both ratios Z=1 and Z=10, PICsomes with the highest siRNA concentration (400 nM) showed 

that they could deliver siRNA and down-regulate the luciferin protein expression down to 20% 

of activity, as compared to 30% with lipofectamine. 
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Figure 7. Relative luminescence intensity of HeLa-Luc cells incubated for 24 h with PICsomes 

loaded at two siRNA concentrations (100 and 400 nM) at two 𝑍𝑍 = [N] ([P] + [C])⁄  ratios (Z=10 

or 1) or with siRNA complexed with lipofectamine (at 400 nM). The bioluminescence assay was 

performed after 48 h. Relative luminescence intensities were obtained by normalizing to those 

from non-treated control cells. Results are expressed as the mean ± S.D (n=6). 

 

Conclusion 

In this study, amphiphilic copolymers with a neutral PEO block and a charged copolypeptide 

block of either negative, PEO-b-poly(L-Glux-co-L-Phey), or positive charge, PEO-b-poly(L-Lysx-

co-L-Phey), were synthesized and studied for possible PICsome formation. Different 

characterization methods were used to demonstrate PICsome formation at different molar charge 

ratios for each complex. PEO46–based amphiphilic copolymers showed to be more favorable for 

the formation of PICsomes, in agreement with literature that advises to use lower molar mass 
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PEO blocks. Moreover, stability of PICsomes in saline at 37°C was improved thanks to possible 

hydrophobic π-π interactions among the polypeptide chains. PICsome formulations were further 

extended to be loaded with siRNA. The results revealed that PICsomes can efficiently complex 

siRNA through electrostatic interactions. The complexation at the highest (Z=10) and lowest 

(Z=1) charge ratios 𝑍𝑍 = [N] ([P] + [C])⁄  (where N=NH2
+, P=PO3

-, C=COO-) with 400 nM 

siRNA showed more effective gene silencing activity compared to the positive control using 

siRNA-lipofectamine complex, with no significant toxicity. There is still a need to understand 

different aspects such as intracellular delivery and trafficking of these siRNA loaded PICsomes 

aka “siRNAsomes” to evaluate them as potential gene delivery agents, but these preliminary 

results are already very encouraging. 
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Graphical abstract 

A series of pH-sensitive PEO‐b‐poly(L‐Glux‐co‐L‐Phey) and PEO‐b‐poly(L‐Lysx‐co‐L‐Phey) 
PEO‐copolypeptides are synthesized. The hydrophobic L‐Phe co‐monomer influences 
secondary structure and shifts effective pKa. Co‐assembly of oppositely charged PEO‐
copolypeptides with similar amino acid content forms PICsomes stable in isotonic NaCl 
thanks to π─π stacking of L‐Phe. Duplex‐firefly siRNA encapsulation shows superior and 
less toxic luciferase gene silencing in HeLa cells than lipofectamine polyplex. 
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 2 

Example of characterization of poly(ethylene oxide)n-b-poly(L-glutamic acidx-co-L-phenylalaniney) 

with 1H NMR and SEC 

As an example, the 1H NMR spectra of PEO46-b-poly(L-BLG62-co-L-Phe42 in d-TFA and of the 

corresponding unprotected copolymer PEO46-b-poly(L-Glu62-co-L-Phe42 in d-DMSO are shown in 

Figure S1A and S1B respectively, and fully assigned. The degrees of polymerization (DP) of L-BLG and 

L-Phe units within the copolypeptide block in PEOn-b-poly(L-BLGx-co-L-Phey) were calculated to be 

x=62 and y=42, respectively, by comparing the integration of the peak at 5.35 ppm corresponding to the 

resonance of the methylene group (−COCH2−) at the α position of the benzyl ring (2 1H per BLG unit) 

and the integration of the peak at 3.12 ppm corresponding to the resonance of the methylene group 

(C6H5− CH2−) at the α position of the benzyl ring (2 1H per Phe unit) to the integral of the peak at 3.99 

ppm of the methylene group of PEO (vide supra, 184 1H). The L-Phe (%) weight fractions of the final 

copolymer chains were calculated by dividing the molar mass of all phenylalanine moieties incorporated 

in the chains calculated by 1H NMR (y × 147.2 g·mol-1) to the 𝑀𝑀𝑛𝑛���� value of PEOn-b-poly(L-Glux-co-L-

Phey) after complete deprotection (here 16,200 g·mol-1), as confirmed by the disappearance of the signal 

corresponding to the methylene group of the BLG units in α of the removed benzyl ring (Figure S1B). 
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Figure S1. A) Representative 1H NMR spectrum of PEO46-b-poly(L-BLG62-co-L-Phe42) in d-TFA and 

B) of PEO46-b-poly(L-Glu62-co-L-Phe42) in d-DMSO after deprotection. 

Characterization of poly(ethylene oxide)n-b-poly(L-glutamic acidx-co-L-phenylalaniney) by size 

exclusion chromatography 

 

Figure S2. Size exclusion chromatography profiles of A) PEO114-b-poly(L-BLGx-co-L-Phey) before 

deprotection) in  DMF + 0.1% LiBr via polystyrene calibration with RI detector. B) PEO46-b-poly(L-

BLGx-co-L-Phey)
 
(after deprotection) in DMSO (0.5 mL·min−1) at 80 °C in the presence of LiBr (1 g 

L−1) with an RI detector and dextran used as a calibration standard. 

PEO46-NH2 

Flow marker Copolymer 
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Characterization of poly(ethylene oxide)n-b-poly(L-Lysinex-co-L phenylalaniney) with 1H NMR and 

SEC 

1H NMR spectra of PEO114-b-poly(L-Lys(TFA)52-co-L-Phe20) in d-TFA and of the corresponding 

copolymer PEO114-b-poly(L-Lys52-co-L-Phe20) are shown in Figure S1 and S2 respectively, and fully 

assigned. The degrees of polymerization (DP) of L-Lys(TFA) and L-Phe units within the copolypeptide 

block in PEO-b-poly(L-Lys-co-L-Phe) were calculated to be 52 and 20, respectively, by comparing the 

integration of the peaks between 0.77 to 1.54 ppm corresponding to the resonance of the methylene 

group (−CH2−CH2−CH2−CH2−NH− of lysine (β, γ, δ-methylene protons of the lysine side chains) (6 1H 

per Lys unit) and the integration of the peak at 2.35 ppm corresponding to the resonance of the 

methylene group (C6H5− CH2−) at the  α position of the benzyl ring (2 1H per Phe unit) to the integral of 

the peak at 3.15  ppm of the methylene group of PEO (vide supra, 456 1H). The Mn value of PEO-b-

poly(L-Lys-co-L-Phe) calculated by 1H NMR is 22,777 g·mol-1. Complete deprotection was confirmed 

by the shifting of the signal corresponding to the peak of lysine at 3.20 ppm to 2.74 ppm (−CH2−NH− of 

lysine). While poly(L-Lysine (TFA) blocks exhibit a secondary structure (α-helix or β-sheet) through 

hydrogen bonding between CO and NH groups, poly(L-lysine) chains probably adopt a coil-like 

conformation after deprotection. This conformational transition was characterized by a shift of the ε-

methylene protons of the lysine side chains from δ = 3.20 ppm to δ = 2.74 ppm in the 1H NMR spectra 

(Figure S3). 
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Figure S3. A) 1H NMR spectrum of PEO114-b-P(L-Lys(TFA)52-co-L-Phe20) in TFA-d (before 

deprotection). B) 1H NMR spectrum of PEO114-b-P(L-Lys52-co-L-Phe20) in CDCl3+TFA (20 %) (after 

deprotection). 
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Figure S4. A) Normalized size exclusion chromatography profiles of PEO114-b-poly(L-Lys-TFAx-co-L-

Phey) (before deprotection) in DMF + 0.1% LiBr via polystyrene calibration with RI detector. B) 

Normalized size exclusion chromatography profiles for PEO46-b-poly(L-Lysx-co-L-Phey) (before 

deprotection) in DMF + 0.1% LiBr via polystyrene calibration with RI detector. 

Formation of PEO114–based ionic complexations 

Table S1. Summary of results at different charge ratios after formation of polyionic complexes for 

PEO114–based copolymers as determined by DLS and zetametry (NA: non-available) 

Ratio [NH3
+/COO-] Dh (nm) PDI 

Derived 
countrate 

kcps 

ζ potential 
(mV) 

0.1:1 210 0.3 137 NA 

0.5:1 170 0.3 481 -2±4 

1:1 197 0.34 700 NA 

1:1 extruded 230 0.29 687 0.7±3 



 7 

 

Figure S5. Size distribution profiles of PICsomes formed by PEO114–based copolymers at different 

charge ratios determined by DLS measurements (Malvern NanoZS, 90°). 

 

 

Figure S6. Multi-angle light scattering analysis of PICsomes at 1:1 charge ratio prepared from the lower 

f-PEO ratio PEO46–copolypeptides. A) Variation of decay rate vs. squared scattering vector and Rh 

determination; B) Guinier plot for Rg determination. 
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Figure S7. Multi-angle light scattering analysis of PICsomes at 1:1 charge ratio prepared from the 

higher f-PEO (%) ratio PEO114–copolypeptides after extrusion. A) Variation of decay rate vs. squared 

scattering vector and Rh determination; B) Guinier plot for Rg determination. 

Figure S8. Size distribution profiles for the pH responsiveness of PICsomes formed from PEO46–based 

copolymers at varying pH values. 
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Figure S9. Dynamic light scattering analysis of empty PICsomes at Z=1 charge ratio prepared from 

PEO46–based copolymers in serum media (in Opti-MEM at 37° C). 

 

Figure S10. Standard calibration curve of fluorescence signal at different siRNA concentrations 

obtained from Quant-iT™ RiboGreen™. 
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