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ABSTRACT: The design of simple platform in order to target the delivery of notably 

hydrophobic drugs into cancer cells is an ultimate goal. Here, three strategies were combined in a 

same nanovector, in limiting the use of excipients: a combination of cell-penetrating peptides 

(CPPs), amphiphilic prodrug and self-assembly. Light scattering and cryogenic transmission 

electron microscopy revealed one size population of object around 100 nm with a narrow size 

distribution. However, in-depth analysis of the suspension by nanoparticle tracking analysis 

(NTA), small angle X-ray scattering (SAXS) and NMR diffusometry demonstrated the presence 

of another population of small objects (< 2 nm). It has been shown that these small self-

assemblies represented more than 99% of the matter! This presence was clearly and 

unambiguously demonstrated by NMR diffusometry experiments. The study highlights the 

importance and the complementary contribution of each characterization methods in order to 

reflect the reality of the studied nanoassembly. 
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peptide, ferrocifen, self-assemblies, light scattering, small angle X-ray scattering, NMR 

diffusometry 

The use of nanocarrier-based drug delivery system presents several considerable 

advantages such as the specific targeting of a drug, its protection and its controlled release in 

order to improve the antitumor effect
1
. Moreover, this strategy would allow for an increase in 

drug loading with the controlled release in order to limit the burst phenomena
2
. The use of 

natural building blocks such as peptides has caught major attention for the fabrication of new 

materials
3–6

. In fact, peptides have attractive properties due to their simple structure, 

biocompatibility by nature and a chemical diversity. Depending upon the amino acid sequence, 

the peptide can have various physicochemical properties such as the ability to interact with cell 

membranes
7
. These peptides, called cell-penetrating peptides (CPPs), were first dis-covered in 

1988 from the HIV and gained much attention because of their ability to facilitate cellular uptake 

of a conjugated cargo
8,9

. These CPPs can be used to transport various hydrophobic anticancer 

drugs such as promising organometallic molecules: ferrocifen which combine hydroxytamoxifen 

and ferrocene together
10,11

. They present major properties as stability in non-oxidative 

environment, reversible oxidation-reduction (redox) potential, and impressive antiproliferative 

effects on various cancer cells
12–14

. The action mechanism of ferrocifens can be related to the 

oxidation state of iron in the ferrocene moiety. The oxidation of Fe
2+

 in Fe
3+

 by O2 leads to the 

generation of reactive radicals that could damage DNA strand. On the other side, the formation 

of reactive oxygen species causes the generation of selective electrophilic metabolites called 

quinone methides, that are responsible for biological alteration in cancer cell
15–17

.  

In the present study, CPP-ferrocifen self-assemblies were designed and prepared for the 

efficient and targeted delivery of the drug into human lung cancer cells. For thus, a hydrophilic 
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CPP was covalently linked with a hydrophobic ferrocifen (p54, chemical structure and synthesis 

scheme by saponification of its published ester
18,19 

were described in Figure S1 and section S1) 

in order to form an amphiphilic conjugate that could self-assemble into nanocarriers. RLW 

(RLWMRWYSPRTRAYG) was used as a specific CPP target human lung cancer cells (A549)
20–

22
. Polyarginines containing between 6 and 9 arginine units (Argn, n=6-9), were used for 

comparison as CPP models
23

. In fact, these polycationic peptides have demonstrated to enter 

cells more effectively than other homopolymers, due to the guanidinium moiety
24

. The capacity 

of these conjugates to self-assemble was then evaluated by using a solvent displacement 

technique. The supramolecular organization of the nanostructures formed was fully characterized 

in order to correlate their physico-chemical properties with their biological effects and to predict 

their efficacy
25,26

. First by classical methods commonly used: dynamic light scattering (DLS) and 

cryogenic transmission electron microscopy (Cryo-TEM). Then by complementary and more 

complex technics: multiangle light scattering (MALS), nanoparticle tracking analysis (NTA), 

small angle X-ray scattering (SAXS) and nuclear magnetic resonance (NMR) diffusometry. The 

comparison of these methods was then achieved reflecting the importance of each experiment 

and underlying an important point: dynamic light scattering cannot be the only method used in 

order to reflect the size of self-assemblies. In fact, as it was mentioned in a previous study: 

several complementary methods should be used to provide reliable information needed for pre-

clinical studies
27

.  

Conjugates were successfully synthesized using standard solid phase peptide synthesis 

protocol (SPPS) with a Fmoc strategy on rink amide resin
28

. An automated microwave peptide 

synthesizer was used to reduce synthesis time and increase the crude peptide purity
29

. The 

identification of the products was achieved by mass spectrometry (LC-MS/MS) and NMR 
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experiments (sections S1, S2, Figure S2 and Table S1 in Supporting Information). CPP-p54 were 

obtained with a yield of around 22 % and a purity ranging from 88 % to 98 % (Table S1 in 

Supporting Information). The properties of CPP-p54 to self-assemble was investigated by the 

pyrene fluorescence 1:3 ratio method (Supporting Information, Table S1)
30

. To ensure the 

assembly, the critical aggregation concentration (CAC) of each conjugate was determined. For 

thus, the ratio of pyrene vibronic band intensities (I372/I382) was plotted and fitted by a 

Boltzmann-type sigmoid (for more detailed information, see section S3 and Figure S3 in 

Supporting Information)
28–30

. The CAC of each system was determined as the first sharp 

decrease point (Figure 1)
6
. The conjugate concentrations corresponding to the CAC values are 

listed in Table 1. 

  

Figure 1. Boltzmann-type sigmoid obtained for Arg6-p54 suspension in water showing the CAC 

value, corresponding to the first sharp decrease point. 

Table 1. CAC measurements of the different conjugates used and ferrocifen alone. The 

concentration was determined using pyrene as fluorescent dye. 

Compound CAC (µg/mL) CAC (µM) 

Arg6-p54 52 37 

Arg7-p54 75 48 

Arg8-p54 170 99 

Arg9-p54 210 113 

RLW-p54 771 314 
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The fluorescence method showed not solely the influence of the concentration on the self-

assembly but also the impact of each part (peptide and ferrocifen) on the nanostructure 

formation. According to results obtained in Table 1, the peptide length has an impact on the CAC 

value: an increase of the CAC was observed when the peptide length increased. Moreover, this 

experiment was also performed with peptide alone and ferrocifen as controls. For peptide alone, 

the fluorescence intensity was constant, whatever the concentration used, indicating by this 

technique that no assembly structures were observed (Figure S4 in Supporting Information). 

Interestingly, data obtained for ferrocifen alone are well fitted by a Boltzmann-type sigmoid 

showing the onset of self-assembly at 325 µg/mL. However, a precipitate was clearly observed 

and the fluorescence measurement was obviously only performed on the part in suspension. This 

very low stability with ferrocifen alone showed the important role of the peptide moiety. In fact, 

conjugates suspensions have shown to be stable at least one month at 4°C (Figure S5 in the 

Supporting Information). According to this, peptides would bring stability to self-assemblies 

thanks to potential hydrogen bonds between amino acid sequences
31,32

. Additionally, the 

ferrocifen would drive the self-assembly mechanism, via notably a - stacking from ferrocene 

moiety
6,33,34

. 

Self-assemblies were formulated by nanoprecipitation method. In this microfluidic formulation 

process, conjugates are used alone, without adding any other excipients in order to have a 

theoretical drug loading of around 30 % in mol. This strategy allows to reach a high drug loading 

p54 325 694 
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compared to conventional nanocarriers such as liposomes
35

. The purified conjugates were 

solubilized in acetone (3 mg/mL) and this organic solution was added to water via a microfluidic 

mixer. The organic solvent was then removed using a rotary evaporator and the final 

concentrations obtained were close to 1 mg/mL for all the different suspensions, above the CAC 

values (see Table 1 and Section S4 in Supporting Information). 

First step of the self-assembly characterization was performed on a classical and daily 

used DLS Zetasizer® Nano ZS (Malvern Instruments S.A., UK) with a 4 mW, 633 nm laser and 

a scattering angle at 173°. The hydrodynamic diameter and the particle size polydispersity index 

(PDI) of each suspension were determined using the cumulant analysis
36

. Interestingly, CPP-p54 

suspensions showed nanostructures in size ranging from 111 to 128 nm depending on the 

conjugate used in the formulation process (Table 2). Moreover, PDI obtained were smaller than 

0.25, indicating a limited polydispersity. The high zeta potential (+ 30 mV) of self-assemblies 

was related to positively charged guanidino groups, creating repulsion between particles and 

improvement of the suspension stability. Moreover, this high zeta potential could increase 

cellular internalization by facilitating a charge-based interaction with negatively charged cell 

membrane surface
37

. Due to the fact that the signal intensity obtained by DLS was very low for 

each measurement (not enough scattered photons), MALS was also used to have complementary 

information. This method is based on the measurement of the scattering intensity as a function of 

the scattering angles. Measurements were performed on a LS Spectrometer with a 500 mW, 660 

nm laser using 20 angles ranging from 20° to 150° (LS Instruments AG, Switzerland). Results 

were analyzed using the Guinier relationship
38

 (Table 2). The evolution of the average relaxation 

rate () as a function of the square scattering vector (q
2
) has been provided in Supporting 

Information (Figure S6) for Arg6-p54 after a 0.2 m filtration. A linear dependence is clearly 
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evidenced demonstrating the Brownian behavior of the scatterers. Moreover, MALS was also 

performed after filtration on 0.02 m pore size membrane but the scattered intensity of the self-

assemblies was too close to the one of the solvent to measure a correlogram. The intercept of 

g2(t) falls to 0.4 after a 0.1 m filtration and an inverse Laplace transform (ILT) was performed 

on correlograms at 150° (Figure 2 and Supplementary Section S5). Inverse Laplace Transform 

(ILT) on DLS signals were performed using a constrained regularization calculation algorithm 

called REPES
39

. ILT is mathematically ill-conditioned and very sensitive to noise in the data 

especially in the case of multimodal relaxation processes
40

. A 3 % fast contribution in intensity 

arises but it was not enough to give a reliable size measurement (around 1 nm).  

 

Figure 2. MALS analysis of Arg6-p54 suspension after filtration though 0.1 µm. (a) 

Autocorrelation function of the scattering intensity at θ = 150° for a filtered Arg6-p54 solution in 

water 20 °C. The red line corresponds to the fit of the experimental points using the REPES ILT 

algorithm and (b) corresponding relaxation time distribution obtained from an ILT of the 

autocorrelation function displayed in figure 2 a, using the REPES algorithm. The contribution of 

the fast mode is around 4 % and the hydrodynamic diameter is of the order of 1 nm while the 

slow mode (96 %) gives an average hydrodynamic diameter close to 65 nm. 

Cryo-TEM analysis were performed to observe the objects in their native form (for more 

detailed information, see section S6 in the Supporting Information). Consistent with the results 

obtained by light scattering, Cryo-TEM images of the self-assemblies showed the predominance 
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of particles with a size of 79 ± 30 nm and a slight polydispersity. Furthermore, spherical 

morphology of self-assemblies was observed with some dense electron objects at the surface of 

nanostructures for Arg8-p54 and Arg9-p54 (Figure 3). These objects could be polyarginine fibrils 

or aggregates. In fact, it was demonstrated that Arg9 was partly unstructured in pure water but 

could be present in a random coil structure
41

. Short polyarginines could remain unstructured 

when they have less than 8 arginine units. Interestingly, spherical morphology for all CPP-p54 

self-assemblies were obtained (Argn-p54 and RLW-p54) despite the difference in primary 

structure and in peptide length. Moreover, no significant modification of size was observed 

between each conjugate. However, in carefully looking Figure 3 A, really small spherical objects 

were observed: these small particles could be artefacts or micelles.  

Figure 3. Cryo-TEM images of self-assemblies formed with different conjugates: Arg6-p54 (A), 

Arg7-p54 (B), Arg8-p54 (C), Arg9-p54 (D) and RLW-p54 (E) at a concentration of 10 mg/mL 

(post-formulation concentration). 
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NTA measurements were also performed (see section S7 and Figure S7 in the Supporting 

Information). This method allows to determine not solely the number size distribution but also 

the concentration of nanoparticle population
42

. However, it is important to note that this 

technique does not detect all particles. In fact, particles that are not scattering in the laser beam, 

either because they are too small or because their refractive index is very close to water, are not 

detected. Thanks to these measurements, and assuming spherical homogeneous objects with a 

density close to 1 g/mL, the nanoparticle volume and mass concentrations were evaluated in 

order to estimate the amount of matter involved in the nanoparticles observed (Table 2).  

Table 2. Features of CPP-p54 self-assemblies after filtration through 0.2 µm obtained by DLS, 

MALS and NTA. Dh is the hydrodynamic diameter, Dg is the diameter of gyration and PDI the 

particle size polydispersity index. Volume of particle and percentage of matter forming self-

assemblies are calculated from the features obtained by NTA, assuming that homogeneous 

spheres with an electron density of 1 were obtained. PDI obtained by NTA were calculated 

according to the following equation: (SD/mean)². Measurements are expressed as the average ± 

SD.  

 DLS MALS NTA 

Conjugate 
Dh 

(nm) 
PDI 

Zeta 
potential 

(mV) 
 

Dh 

(nm) 
Dg 

(nm) 
PDI 

 Dh 

(nm) 
PDI 

Concentration 
(particles/mL) 

Percentage 
of matter 
forming 

visible self-
assemblies 

(%) 

Arg6-p54 
128 ± 

26 
0.16 ± 
0.03 

23 ± 2 
75.9 
± 0.6 

62.2 
± 0.6 

0.08 ± 
0.02 

59.2 ± 
1.6 

0.05 ± 
0.01 

5 x 1010 ± 7 x 
109 

0.6 ± 0.1 

Arg7-p54 
114 ± 

15 
0.19 ± 
0.02 

19 ± 6 
79.1 
± 0.6 

66.0 
± 0.5 

0.11 ± 
0.1 

91.0± 
7 

0.10 ± 
0.01 

9 x 109 ± 8 x 108 0.5 ± 0.1 

Arg8-p54 
117 ± 

24 
0.18 ± 
0.02 

35 ± 2 
59.4 
± 0.4 

51.2 
± 0.6 

0.14 ± 
0.1 

78.0 ± 
1 

0.06 ± 
0.01 

3 x 1010 ± 2 x 
109 

1.0 ± 0.1 

Arg9-p54 
111 ± 

17 
0.15 ± 
0.04 

32 ± 3 
78.7 
± 0.7 

57.6 
± 0.6 

0.14 ± 
0.2 

71.0 ± 
1 

0.03 ± 
0.00 

6 x 109 ± 8 x 108 0.1 ± 0.1 

RLW-p54 
122 ± 

6 
0.19 ± 
0.04 

41 ± 1 
63.9 
± 0.7 

58.8 
± 0.4 

0.21 ± 
0.2 

77.0 ± 
2 

0.06 ± 
0.01 

6 x 109 ± 1 x 109 0.2 ± 0.1 
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According to these measurements, the nanoparticle population observed represents only less than 

1 % of the initial matter in solution. To understand this loss of material, a basic but powerful 

quantification by successive filtrations was performed through 0.2 µm, 0.1 µm and 0.02 µm filter 

pore sizes (Whatman™ Anotop™ syringe filter). Suspension was analyzed more deeply for 

Arg6-p54 using light scattering (NTA and MALS) after each filtration and freeze-dried. 

However, after a filtration on 0.02 m, the scattered intensity became very weak and it was 

impossible to measure a correlation function in DLS. After a filtration on 0.1 m, the size 

decreases (53 ± 1 nm), the PDI values increases (0.40 ± 0.01) and the intercept of the correlation 

function drops to 0.37. Size and PDI values were obtained using a cumulant analysis (which 

calculates averages in the frequency domain) and the small fast contribution obtained by ILT 

(see figure 2) can explain the increase of the polydispersity. This weak fast contribution makes 

the determination of the corresponding size unreliable. As said previously, it corresponds to 

particles around 1 nm diameter. This step proved again the DLS limitations with a low scattering 

material. Results obtained were unmistakable: around 100 % of conjugate was still present in the 

suspension after filtration through 0.02 µm (same amount of conjugate compared to initial 

suspension without filtration). These results were in agreement with NTA measurements: visible 

self-assemblies represent an insignificant fraction of the conjugate mass (Table 3).   

Table 3. Features of Arg6-p54 self-assemblies obtained without filtration, after filtration through 

0.20 µm, 0.10 µm and 0.02 µm. Characteristics were obtained by NTA, MALS and after freeze-

drying. Dh is the hydrodynamic diameter and PDI the particle size polydispersity index. The 

percentage of matter forming visible self-assemblies are calculated assuming that homogeneous 

spheres with an electron density of 1 were obtained. Measurements are expressed as the average 

± SD. ND: Not Determined. 

Arg6-p54 MALS NTA Freeze-drying 
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Dh (nm)  PDI Dh (nm) 
Concentration 
(particles/mL) 

Percentage of 
matter forming 
visible self-
assemblies (%) 

Concentration 
(mg/mL) 

Without 
filtration 

ND ND 98 ± 3 6 x 109 ± 3 x 108 0.4 0.65 ± 0.16 

0.2 µm 83 ± 1 
0.08 ± 
0.01 

84 ± 1 5 x 109 ± 8 x 108 0.2 0.64 ± 0.15 

0.1 µm 53 ± 1 
0.40 ± 
0.01 

56 ± 1 2 x 109 ± 1 x 108 0.02 0.63 ± 0.15 

0.02 µm ND ND ND ND ND 0.67 ± 0.16 

 

In addition to these analysis, SAXS experiments were conducted on the SWING 

beamline at the SOLEIL synchrotron (Saint Aubin, France). Data were collected as a function of 

the scattering vector (see section S8 and Figure S8 in Supporting Information). Water scattering 

was subtracted from sample patterns. Curves were fitted with log-normal distributions of 

homogeneous spheres all with the same electron density. A bimodal size distribution had to be 

used for Arg6-p54, Arg7-p54, Arg8-p54, Arg9-p54 to take into account the scattering intensity at 

high q. From figure 4, we clearly see that small objects contribute to the scattered intensity only 

for q above 0.005 Å
-1

. At low q, the scattered intensity is dominated by aggregates. 
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Figure 4. Small-angle X-ray scattering pattern recorded at room temperature and fitted curve 

obtained for Arg6-p54. Open circles are experimental data and the full red line represents the fit 

to the data using two log-normal distributions of spheres. Red dotted lines represent individual 

contributions of both distributions. 

 

Figure 5 gives an example of distribution curves obtained for Arg6-p54. The intensity 

distribution gives a strong contribution to big self-assemblies, compared to the number 

distribution that gives a strong contribution to small objects (see Table S2 in Supporting 

Information)
43

. According to these measurements, two populations of spherical objects were 

observed for Argn-p54: one population with a radius lower than 2 nm and another population 

with a radius around 20-25 nm. These results are in agreement with NTA analysis and the 

quantification after filtration: the conjugate self-assembled mainly into nanoobjects smaller than 

5 nm (mass fraction higher than 0.99).  
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Figure 5. Distribution curves obtained for Arg6-p54 by SAXS measurements: number 

distribution (black curve), volume distribution (blue curve) and intensity distribution (red 

curve)
43

. The area bellow curves has been normalized to unity. 

 

Finally, Arg6-p54 self-assembly suspension was investigated using NMR diffusometry
44

 

(see section S9 in Supplementary Information): smaller self-assemblies should diffuse faster 

compared to larger nanostructures and should give the major contribution in term of protons. 

DOSY results in D2O (Figure 6) reveal particles with a hydrodynamic diameter close to 2.3 nm 

while in deuterated acetone (where both Arg6 and p54 are soluble) they have only 1.6 nm 

hydrodynamic diameter (see Figure S9 in Supporting Information). Therefore, the self-assembled 

structures (demonstrated by the pyrene fluorescence measurements) should have a low 

aggregation number. 
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Figure 6. Results obtained by NMR diffusometry in D2O: (a) 
1
H NMR spectra in D2O of Arg6 

(blue curve) and Arg6-p54 (black curve). Dashed lines display integration domains used to 

characterize proton signals from p54 (SP54: 7.155 - 7.033 ppm) and Arg6 (SR6: 2.111 - 1.237 

ppm) ; (b) PFG-NMR experiments in D2O at 25°C. Attenuation of integrated NMR signals as a 

function of the diffusion weighted factor, b, for p54 (circles) and Arg6 (triangles). Lines 

correspond to the fit of the experimental points, p54 (red) and Arg6 (blue) using the REPES ILT 

algorithm. (c) Corresponding diffusion coefficient distributions obtained from the ILT of signals 

displayed in figure 6 b, p54 (red) and Arg6-p54 (blue). Average diffusion coefficients are 172 

µm
2
/s (blue) and 176 µm

2
/s (red). Both correspond to objects with a hydrodynamic diameter 

close to 2.3 nm. 

 

In summary, an innovative platform was set up to transport a hydrophobic anticancer 

drug. The synthesis of amphiphilic conjugates (CPP-p54) formed by two different types of cell-

penetrating peptides Argn-p54 (n = 6 to 9) and RLW-p54, their self-assembly in water as well as 

the complete characterization of the objects formed were studied. This study highlights the 
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importance of the method used to characterize the suspension. Based on recent analysis, dynamic 

light scattering has been the most common method used to characterize the size of nanoparticles 

enabled medicinal products (NEP) thanks to that its fast and inexpensive analysis. In fact, this 

technique and microscopy were used in respectively 48 % and 14 % of reporting applications: 

only 8 % of NEP were characterized by other complementary methods
45

.  In this project, 

dynamic light scattering is not adapted to characterize self-assemblies. Indeed, it is important to 

note that this method gives strong contribution to big objects even if these objects represent less 

than 1 % of the initial matter used. According to this, DLS, known to be a low-resolution 

technique, must be used only for an initial analysis
46–49

: it is essential to perform complementary 

methods such as SAXS, quantification after filtration or NMR diffusometry to obtain a reliable 

characterization, unlike what is traditionally done in the nanomedicine field. 

ASSOCIATED CONTENT 

Supporting Information: materials, synthesis, purification, CAC determination, stability, 

characterization methods. 
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Supporting information 
 

Supplementary Figure S1: Chemical structure and synthesis of the ferrocifen p54 
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Materials 
 

Rink amid p-methylbenzhydrylamine (MBHA) resin (0.69 mmol/g) were purchased from 

Multisyntech GmbH (Germany). Dimethylformamide (DMF), methyl alcohol (MeOH), 

trifluoroacetic acid (TFA), thioanisole, triisopropyl silane (TIS) and acetonitrile (ACN) were 

purchased from Thermo Fisher Scientific (USA). All amino acids derivatives, piperidine, 2-(1H-

benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) and 

diisopropylethylamine (DIEA) were purchased from Iris Biotech GmbH (Germany). Phenol was 

collected from Merck KGaA (Germany). Diethyl ether, LC-MS grade water and ULC/MS grade 

ACN were purchased from Biosolve (France). Deionized water was obtained from a Milli-Q plus 

system (Merck-Millipore, Germany). Formic acid, potassium carbonate, acetone and pyrene 

were obtained from Sigma-Aldrich (France). Ethyl acetate, petroleum ether, ethanol and 

hydrochloric acid were obtained from VWR (France).  

Supplementary Section S1: Synthesis of p54, CPP and CPP-p54 conjugates. 

4-Ene-4-ferrocenyl-5,5-bis-(4-hydroxyphenyl)-pentanoic acid, p54. A mixture of ester p189 

(0.464 g, 0.962 mmol), potassium carbonate (0.532 g, 3.8 mmol), water (10 mL) and ethanol (35 

mL) was refluxed for 6 hours. After cooling, water and ethyl acetate were added and the mixture 

was shacked with acidification by slow addition of concentrated hydrochloric acid. The mixture 

was then decanted. The aqueous layer was extracted with ethyl acetate and the combination of 

organic layers was dried on magnesium sulfate, filtered then concentrated under reduced 

pressure. The crude solid was dissolved into ethyl acetate and was cooled to -30 °C after addition 

of petroleum ether. The crystallized p54 (0.43 g, yield 96 %) was recovered by filtration and 

dried under reduced pressure. 
1
H NMR (300 MHz, acetone-d6) :  2.46 (t, J = 8.2 Hz, 2H, CH2), 

2.97 (t, J = 8.2 Hz, 2H, CH2), 3.03 (s broad, 1H, OH), 4.00 (t, J = 1.9 Hz, 2H, C5H4), 4.13 (t, J = 

1.9 Hz, 2H, C5H4), 4.18 (s, 5H, Cp), 6.74 (d, J = 8.7 Hz, 2H, C6H4), 6.86 (d, J = 8.7 Hz, 2H, 

C6H4), 6.91 (d, J = 8.7 Hz, 2H, C6H4), 7.12 (d, J = 8.7 Hz, 2H, C6H4), 8.30 (s, 1H, OH), 8.35 (s, 

1H, OH). 
13

C NMR (75 MHz, acetone-d6) :  31.7 (CH2), 35.8 (CH2), 69.6 (2CH C5H4), 70.6 

(5CH Cp), 70.7 (2CH C5H4), 88.9 (C C5H4), 116.5 (2CH C6H4), 116.8 (2CH C6H4), 131.9 (2CH 
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C6H4), 132.5 (2CH C6H4), 134.4 (C), 137.4 (C), 137.9 (C), 140.9 (C), 157.6 (2C), 175.1 (CO). 

MS (CI, NH3) m/z: 469 [M+H]
+
, 485 [M+NH4]

+
. 

CPPs were synthesized on a Rink Amide MBHA resin (0.69 mmol/g) via a standard Fmoc solid 

phase peptide synthesis (SPPS) method, with an automated microwave peptide synthesizer 

(CEM). First, the resin was immersed in DMF and gently stirred to swell the resin beads for 2 h 

at room temperature. The first step is the Fmoc deprotection using 20 % piperidine/DMF (v/v).  

Then, the resin was washed several times with DMF. Subsequently, the amino acid coupling 

reaction was done by adding a DMF-mixed solution of Fmoc-protecting amino acid (5 equiv.), 

HBTU (4.5 equiv.), and DIEA (10 equiv.). These steps were performed using a microwave 

assisted system and cycles of deprotection-washing-coupling-washing were repeated until the 

desired amino-acid sequence was obtained. After this step, we can either keep the peptide free or 

conjugate the ferrocifen molecule to the N-terminal extremity of the peptide. For thus, after the 

final Fmoc deprotection with piperidine/DMF, the ferrocifen (2 equiv.) was solubilized in DMF 

in presence of HBTU (2 equiv.). In order to activate the carboxylic acid function, the solution 

was stirred for 5 min before adding DIEA (3 equiv.). The coupling mixture was immediately 

added to the resin beads and the coupling reaction was performed for 2 h at 37°C.  Finally, the 

resin was washed with DMF and MeOH three times, respectively, and dried under vacuum for 

48 h. Peptides and conjugates were cleaved from the resin by adding the appropriate cleavage 

cocktail based on the amino acid sequence. For polyarginine, reagent K was used (mixture of 

TFA, phenol, water, thioanisole and TIS in the volume ratio of 82.5:5:5:5:2.5) and reagent B 

(mixture of TFA, phenol, water and TIS in the volume ratio of 88:5:5:2) was used for RLW. 

After adding the cleavage cocktail (5 mL of solution for 0.5 g of resin), the resin was stirred at 

37°C during 1-4 h. The crude peptide was precipitated by adding the cleavage mixture dropwise 

to at least a 10-fold excess of cold diethyl ether: the resulting precipitate was centrifuged for 30 

min at 4°C at 2000 rpm. Afterward, the crude product was dissolved in water/ACN before 

freeze-drying. 

Supplementary Section S2: Purification and characterization of CPP and CPP-p54 

conjugates. 

The crude products were purified by semi-preparative reversed phase high-performance liquid 

chromatography (RP-HPLC) using a Waters (France) instrument. Purification was performed at 

room temperature using XBridge BEH C18 Prep column (250 x 30 mm) with 5 µm particle and 

130 Å pore size. Eluent (A) was 0.1 % TFA in water while eluent (B) contained 0.1% TFA in 

ACN.  A gradient elution was developed for both RLW based products and Argn based products 

(peptides and conjugates) (Table 1). The crude product was dissolved in 95 % (A) and 5 % (B) at 

a concentration of 4 mg/mL. The sample was vortexed, sonicated and filtered with a 0.22 µm 

Millex-LG filter (Merck, Germany).  Flow rate was 44 mL/min and injection volume was 2.5 

mL. Peaks were detected at a wavelength of 214 nm for peptides (amide bond) and 450 nm for 

conjugates (ferrocifen part).  
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Table 4 Gradient elution of the RP-HPLC method 

Time (minutes) Flow (mL/minute) Phase A (%) Phase B (%) 

0 44 95 5 

12 44 80 20 

45 44 70 30 

47 44 0 100 

57 44 0 100 

59 44 95 5 

75 44 95 5 

Notes: Phase (A) contained 0.1% TFA in water and phase (B) 0.1% TFA in ACN 

 

The LC-MS/MS method was developed on an Alliance® 2695 system (Waters) with a 150 × 2.0 

mm, 5 μm Uptisphere C18 5ODB column (Interchim, France). The mobile phase consisted of a 

mixture of (A) 0.1 % formic acid in water and (B) 0.1 % formic acid in ACN. The gradient 

elution used was adapted function of the peptide used (Tables 2 and 3). The purified product was 

dissolved in 95 % (A) and 5 % (B) at a concentration of 1 mg/mL. The sample was vortexed, 

sonicated and filtered with a 0.22 µm Millex-LG filter (Merck, Germany). Flow rate was 0.2 

mL/min and the injection volume was set at 5 μL. The total HPLC effluent was injected into a 

Quattro Micro®triple quadrupole mass spectrometer (Waters, France). Ionization was achieved 

using electrospray in positive ion mode in the m/z 200–1500 range (full scan acquisition). An 

option of cone ramp was used between 20 and 60 V to optimize the acquisition. 

Table 5 Gradient elution of the LC-MS/MS method for RLW based products 

Time (minutes) Flow (mL/minute) Phase A (%) Phase B (%) 

0 0.3 0 100 

5 0.3 0 100 
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Table 6 Gradient elution of the LC-MS/MS method for Argn based products 

Time (minutes) Flow (mL/minute) Phase A (%) Phase B (%) 

0 0.2 50 50 

8 0.2 50 50 

9 0.2 0 100 

12 0.2 0 100 

13 0.2 50 50 

15 0.2 50 50 

Notes: Phase (A) contained 0.1 % formic acid in water and phase (B) 0.1% formic acid in ACN 

An UPLC-UV method was developed to quantify the purity of peptides and conjugates. An 

UPLC Acquity H-Class Bio (Waters, France) composed of a quaternary solvent manager, a 

sample manager, a photo diode array detector and a column manager was used. The system was 

managed by Empower®3 software (Waters). The column used was an Acquity®UPLC BEH 

C18 100 x 2.1 mm, 1.7 μm (Waters). The mobile phase was composed of a mixture of 0.1 % 

TFA in water (A) and 0.1 % TFA in ACN. The purified product was dissolved in 95 % (A) and 5 

% (B) at a concentration of 1 mg/mL. The sample was vortexed, sonicated and filtered with a 

0.22 µm Millex-LG filter (Merck-Millipore, Germany). Flow rate was 0.2 mL/min and injection 

volume was set to 1 μL. The gradient elution changed with the peptide used (Tables 4 and 5). 

Detection was fixed at 214 nm and 450 nm.  

Table 7 Gradient elution of the UPLC-UV method for RLW based products 

Time (minutes) Flow (mL/minute) Phase A (%) Phase B (%) 

0 0.2 80 20 

10 0.2 0 100 

11 0.2 80 20 

18 0.2 80 20 

Notes: Phase (A) contained 0.1% TFA in water and phase (B) 0.1% TFA in ACN 
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Table 8 Gradient elution of the UPLC-UV method for Argn based products 

Time (minutes) Flow (mL/minute) Phase A (%) Phase B (%) 

0 0.2 95 5 

5 0.2 78 22 

10 0.2 78 22 

15 0.2 0 100 

20 0.2 0 100 

21 0.2 95 5 

25 0.2 95 5 

Notes: Phase (A) contained 0.1% TFA in water and phase (B) 0.1% TFA in ACN 

 

 

Nuclear magnetic resonance (NMR) spectroscopy. 
1
H NMR spectra were recorded in deuterated dimethyl sulfoxide and deuterated water at 250 

MHz or 400 MHz in the FT mode with a Bruker 500MHz AVANCE III HD spectrometer 

(Wissembourg, France) equilibrated at 25 °C. Spectra were analyzed using the software 

MestReNova®. 
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Supplementary Figure S2: Chromatograms and 
1
H NMR spectra obtained for CPP and 

CPP-p54 by LC-MS/MS. (A) Arg6, (B) Arg7, (C) Arg8, (D) Arg9, (E) RLW, (F) Arg6-p54, 

(G) Arg7-p54, (H) Arg8-p54, (I) Arg9-p54, (J) RLW-p54. 

(A) 

(B) 
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(D) 
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Supplementary Table S1: Yield and purity of CPP and CPP-p54 obtained. 

 

 

CPP CPP-p54 conjugates 

Arg6 Arg7 Arg8 Arg9 RLW 
Arg6-

p54 

Arg7-

p54 

Arg8-

p54 

Arg9-

p54 

RLW-

p54 

Yield 55 % 64 % 70 % 78 % 19 % 20 % 21 % 23 % 24 % 23 % 

Purity 97 % 97 % 89 % 85 % 99 % 88 % 89 % 98 % 94 % 88 % 

(I) 

(J) 



 31 

 

 

 

 

 

 

Supplementary Section S3:  determination of critical aggregation concentration (CAC). 

 

The critical aggregation concentration (CAC) of CPP-p54 suspensions was determined using 

pyrene as a fluorescent probe. Briefly, 6 µL of pyrene stock solution in acetone (50 µM) was 

added into tubes. Then, acetone in tubes was evaporated in dark condition. Different suspension 

of CPP-p54 with a concentration ranging from 0.5 to 1500 µM were added into tubes and mixed 

overnight at 37°C. The final concentration of pyrene was 1 µM. After 30 min of equilibration at 

room temperature. A fluorescence spectrophotometer (Fluoromax-4, Horiba, Japan) was used to 

measure the fluorescence intensities of pyrene at an excitation wavelength of 336 nm. The 

emission spectra were recorded in the range 350-500 nm. The slit opening for the excitation was 

set at 1 nm and 3 nm for the emission. Intensity ratios of pyrene at I372/I382 (I1/I3) were plotted 

against the log of the concentration. 

Supplementary Figure S3: Quotient of vibrational band intensities (I1/I3) as a function of 

log [CPP-p54] and log[p54]. 
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Supplementary Figure S4: Quotient of vibrational band intensities (I1/I3) as a function of 

log[CPP]. 

 
 

 

Supplementary Figure S5: Stability study of CPP-p54 self-assemblies. Stability was 

assessed by measuring the hydrodynamic diameter (nm) by DLS (n=3). 
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Supplementary Section S4:  Self-assembly formulations process. 

 

Nanoassemblies were formulated by nanoprecipitation using a solvent displacement technique. 

For thus, conjugates (Argn-p54 and RLW-p54) were solubilized in acetone at a concentration of 

2.55 mg/mL. This organic solution was added in a microfluidic mixer (IDEX U-466-02, USA) at 

a flow rate of 300 µL/min with a syringe pump (Harvard Apparatus PHD 2000 infusion, USA). 

In the same time, water was added at a flow rate of 1200 µL/min with a second syringe pump 

(Harvard Apparatus PHD Ultra, USA). In fact, the individual flow rates of each channel were 

selected to have an acetone/water volume ratio of 4 for all experiments. The organic solvent was 

then removed using a rotary evaporator, and the final concentration obtained was of 0.85 mg/mL. 

 

Supplementary Figure S6: DLS measurement in water at 20°C of a 200 nm filtered Arg6-

p54 suspension. Evolution of the average relaxation rate, , as a function of the square 

scattering vector, q
2
.   was calculated using the cumulant method. The red line 

corresponds to a linear fit. Its slope gives the z average diffusion coefficient D = 5.19 ± 0.03 

µm
2
/s corresponding to a hydrodynamic diameter dH = 86.2 ± 0.5 nm. 1.002 mPas was used 

for the water viscosity at 20°C. 

 

 

 

Supplementary Section S5:  Dynamic light scattering. 
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The autocorrelation function of the scattering intensity, g2(t) is related to the autocorrelation 

function of the electric field, g1(t), by the Siegert relation: g2(t)=1+g1(t)
2
 where  is called the 

intercept. This intercept is usually close to unity but can be low for weakly scattering samples. 

g1(t) can be written as the Laplace transform of a relaxation time distribution A(): 

g1(t)=A()exp(-t/)d 

For suspensions of diluted rigid particles, each relaxation time is related to a diffusion coefficient 

D=1/(q
2
). Using the Stokes-Einstein relation, an intensity weighted hydrodynamic size 

distribution can be obtained. The shape of this distribution can be influenced by the form factor, 

when particles are big compared to the q
-1

.
1
 

 

 

 

 

Supplementary Section S6: Cryogenic Transmission Electron Microscopy (Cryo-TEM). 

 

Cryogenic Transmission Electron Microscopy (Cryo-TEM) investigations were performed with a 

Cryo-TEM (Tecnai
TM

 G2 Sphera, FEI, USA), at the Microscopy Rennes Imaging Center 

(Biogenouest, Rennes). A drop (4 µL) of the (10 mg/mL) sample was deposited on the surface of 

a carbon-coated copper grid. This gird was held under controlled humidity and temperature 

conditions by tweezers on a guillotine device. A filter paper was then pressed against the sample 

to remove the excess liquid. Afterward, the filter paper is removed, and the plunger was allowed 

to drop into the liquid ethane in order to vitrify the sample. The gird was then transferred to a 

cryo-holder. Observations were made at an accelerating voltage of 200 kV under low electron 

dose. Analysis was performed with the ImageJ software.  

Supplementary Section S7: Nanoparticle Tracking Analysis (NTA). 

 

The NTA was carried out using the NanoSight NS300 (Malvern Instruments Ltd, UK). For thus, 

the suspensions were diluted in ultrapure water in order to have optimum concentration ranging 

between 1 x 10
8
 and 1 x 10

9
 particles per mL to allow analysis of the software to track the 

movement of particle.  Prior to each analysis, samples were filtered using a 0.20 µm Whatman™ 

Anotop™ filter. Ultrapure water and suspensions were infused in the sample chamber using a 

syringe pump at 80 μL/min rate. A 405 nm laser was used to illuminate the particles, and their 

Brownian motion was recorded into 60 s videos (25 fps) using the sCMOS type camera of the 

instrument. Subsequently, the NTA software (NTA 3.2 Dev Build 3.2.16) allowed for processing 

of the data. The nanoparticle concentration was obtained after correction by the dilution factor. 

The experiment was performed in triplicate. 
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Supplementary Figure S7: Concentration (particles/mL) function of the size of self-

assemblies obtained by NTA. (A) Arg6-p54, (B) Arg7-p54, (C) Arg8-p54, (D) Arg9-p54 and 

(E) RLW-p54.  

 

 
 

Supplementary Section S8: Small-angle X-ray scattering (SAXS). 

 

SAXS experiments were conducted on the SWING beamline at the SOLEIL synchrotron (Saint 

Aubin, France). The Aviex charge-coupled device detector was positioned at a distance of 1.8 m. 
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Data were collected as a function of the scattering vector    
      

 
, where 2  is the scattering 

angle and   the wavelength of the incident beam. Silver behenate standard was used to calibrate 

the q range. 

Samples were injected via an automated sample changer into a quartz capillary (1.5 mm internal 

diameter, 10 µm wall thickness). Suspensions were streamed at a constant flow rate through the 

capillary during beam exposure to avoid possible degradation under X-ray irradiation. The 

SAXS beamline was operated at 11 keV. Data were collected by a two-dimensional CCD 

detector. Intensity values were normalized taking into account the beam intensity, acquisition 

time and sample transmission. The scattered intensity from a capillary filled with water was 

subtracted from the sample scattering curves. The analysis of the SAXS data was carried out 

using the FOXTROT software. 

Supplementary Table S2: Features of CPP-p54 self-assemblies obtained by SAXS 

experiments: number fraction, mass fraction, intensity fraction, gyration radius, 

hydrodynamic radius obtained by the inverse Laplace transformation, hydrodynamic 

radius obtained by the method of cumulants and polydispersity index. These results were 

determined assuming that homogeneous sphere with the same electron density were 

obtained. 

 Arg6-p54 Arg7-p54 Arg8-p54 Arg9-p54 RLW-p54 

D2 D1 D2 D1 D2 D1 D2 D1 D1 

Number fraction 1.000 0.000 1.000 0.000 1.000 0.000 1.000 0.000 1.000 

Mass fraction 0.871 0.129 0.929 0.071 0.939 0.061 0.949 0.051 1.000 

Intensity fraction 0.003 0.997 0.001 0.999 0.002 0.998 0.006 0.994 1.000 

    
     (nm) 1.1 16.2 1.8 23.0 1.5 25.3 1.5 14.8 4.7 

      (nm) 1.3 18.9 1.9 25.5 1.6 27.6 1.6 17.7 5.4 

   
    

   (nm) 1.1 15.6 1.3 18.7 1.1 19.4 1.2 15.1 4.1 

PdI 0.198 0.217 0.523 0.216 0.472 0.428 0.368 0.173 0.317 

 

Supplementary Figure S8: Small-

angle X-ray scattering patterns 

recorded at room temperature and 

fitted curves obtained for (A) Arg6-

p54, (B) Arg7-p54, (C) Arg8-p54, (D) 

Arg9-p54 and (E) RLW-p54. Open 

circles are experimental data and the 

full red line represents the fit to the 

data using two log-normal 

distributions of spheres. 
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Supplementary Section S9: NMR diffusometry. 

 
1
H NMR pulsed field gradient acquisition (PFG-NMR), also called diffusion ordered 

spectroscopy (DOSY), was performed on Arg6-54 self-assemblies (9 mg/mL) in deuterated water 

at 25 °C after a 0.2 m filtration. A Bruker 500 MHz AVANCE III HD spectrometer 

(Wissembourg, France) equipped with a 5 mm-BBFO probe at the ASTRAL NMR facility from 

Angers University was used. In DOSY measurements, diffusion coefficients are estimated 

related to chemical shift by the observation of the exponential decay of the NMR signal due to 

the self-diffusion behaviour taking place between the two gradients of magnetic field
2
. 

In case of a mixture, the signal can be represented by the Laplace transform of a diffusion 

coefficient distribution, f(D), of species that contribute to the signal: S(b)=S0f(D)exp(-

Db)dD, where b is called the diffusion weighted factor. b is expressed as:  b=
2
g

2


2
(-/3), 

with  the gyromagnetic ratio, g the gradient intensity,  the gradient duration and  the gradient 

separation. 

Diffusion experiments were performed using the stimulated echo sequence with longitudinal 

Eddy current delay (LED), ledgp2s. As the larger objects diffusivity was not possible to estimate 

due to their small contribution, the acquisition parameters were chosen to optimally evaluate 

diffusion coefficients of the smaller objects
3
. The diffusion time  was 200 ms, the diffusion 

gradient duration  was 2.4 ms, the gradient shape ramp was linear with 128 steps and the 

number of averages was 96. The gradient magnitude ranged from 5 to 95 % of the maximum 

gradient intensity (50 G.cm
-1

). The relevant integrated domain of spectra signals was measured 

using TOPSPIN 3.6.1 (Bruker, Wissembourg), then analysed using the REPES ILT algorithm. 

Hydrodynamic diameters were calculated from the estimated diffusion coefficient D according to 

Stokes-Einstein relation (using 1.10 mPas for D2O viscosity at 25 °C and 0.31 mPas for 

deuterated acetone viscosity at 25 °C). 
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D~1.7E-4 mm²/s, 

 Rh = 1.1nm 
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Supplementary Figure S9: Results obtained by NMR diffusometry in deuterated acetone: 

(a) 
1
H NMR spectra in deuterated acetone of p54 (red curve) and Arg6-p54 (black curve). 

Dashed lines display integration domains used to characterize proton signals from p54 

(SP54: 7.149 - 6.580 ppm) and Arg6 (SR6: 4.514 - 4.198 ppm). (b) DOSY experiments in 

deuterated acetone 25 °C. Attenuation of integrated NMR signals as a function of the 

diffusion weighted factor, b, for p54 (circles) and Arg6 (triangles). Lines correspond to the 

fit of the experimental points, p54 (red) and Arg6 (blue) using the REPES ILT algorithm. 

(c) Corresponding diffusion coefficient distributions obtained from the ILT of signals 

displayed in figure S9 b, p54 (red) and Arg6 (blue). Average diffusion coefficients are 847 

µm
2
/s (blue) and 890 µm

2
/s (red). Both correspond to objects with a hydrodynamic 

diameter close to 1.6 nm. 
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