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ABSTRACT 

Spatial control of supramolecular self-assembly can yield compartmentalized structures, a key 

feature for the design of artificial cells. Inducing self-assembly from and on compartments is still 

a challenge. Polyelectrolyte complex coacervates are simple model droplet systems able to 

reproduce the basic features of membrane-less organelles, appearing in cells. Here, we 

demonstrate the supramolecular self-assembly of a phosphorylated tripeptide, Fmoc-FFpY 

(Fmoc: fluorenyl-methoxycarbonyl; F: phenyl alanine, pY: phosphorylated tyrosine), on the 

surface of poly(L-glutamic acid)/poly(allylamine hydrochloride) (PGA/PAH) complex 

coacervate microdroplets. The phosphorylated peptides self-assemble, without 

dephosphorylation, through ion pairing between the phosphate groups of Fmoc-FFpY and the 

amine groups of PAH. This process provides spontaneous capsules formed by an amorphous 

polyelectrolyte complex core surrounded by a structured peptide/PAH shell. Similar fibrillar 

Fmoc-FFpY self-assembled structures are obtained at the interface between the peptide solution 

and a PGA/PAH polyelectrolyte multilayer, a complex coacervate in the thin film or “multilayer” 

format. In contact with the peptide solution, PAH chains diffuse out of the coacervate or 

multilayer film and complex with Fmoc-FFpY at the solution interface, exchanging any PGA 

with which they were associated. Self-assembly of Fmoc-FFpY, now concentrated by 

complexation with PAH, follows quickly. 

 

Keywords: Coacervates, polyelectrolytes, peptides, supramolecular self-assembly, layer-by-

layer, multilayers, Fmoc-FF 
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1. Introduction 

Biological cells represent highly evolved complex chemical systems governed by the interplay 

between a myriad of chemical reactions and localized self-assembly processes. Mitotic spindles 

initiated at centrosomes, membrane-less organelles [1], are one example of such highly 

integrated processes [2]. Membrane-less organelles have attracted great attention from the 

scientific community over the last few years since they appear to result from phase separation 

processes allowing for a rapid response of the cellular machinery to external stimuli [3]. They are 

often viewed as liquid-like phase-separated condensates of numerous proteins interacting mainly 

through intrinsically disordered domains. Polyelectrolyte complex coacervates are simple model 

droplet systems to address specific features of membrane-less organelles [4, 5]. In the quest to 

learn about the origins of life and to gain better insight into general concepts underlying cellular 

mechanisms, one of the goals of science is to create artificial (synthetic) cells [6, 7] possessing 

essential features of biological ones. In particular, they must contain several compartments for 

localizing incompatible reactions or initiating local self-assembly [8]. Multicompartment systems 

have been designed from polymer capsules containing liposomes [9], small polymer vesicles 

[10-13] or, more recently, complex coacervates containing polymersomes [4, 14]. Inducing self-

assembly from and on compartments is another challenge. To the best of our knowledge, only 

one such system has been reported so far consisting of polypeptide coacervates, known to 

partition proteins in solution, which polymerized actin forming long fibers localized around the 

coacervate droplets [15].  

In recent years, our group has concentrated on Fmoc-peptide self-assembly localized at surfaces 

where non-self-assembling peptides are transformed enzymatically into hydrogelators [16, 17]. 

We mainly used phosphorylated Fmoc-FFpY (Fmoc: fluorenyl-methoxycarbonyl; F: phenyl 
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alanine, pY: phosphorylated tyrosine) peptides, which are dephosphorylated by alkaline 

phosphatase. Recently, we found that Fmoc-FFpY self-assembly can be initiated without 

dephosphorylation by mixing it with polycations, leading to micrometer-long fibers [18]. Fmoc-

FFpY/polycation hydrogels were formed by ion pairing between the phosphate groups of Fmoc-

FFpY and the amine groups of polycation. Using this strategy, we present here a synthetic 

system where the peptide self-assembly is initiated from and localized around complex 

coacervates composed of poly(allylamine hydrochloride) (PAH) as polycation and poly(L-

glutamic acid) (PGA) as polyanion. After formation, PGA/PAH coacervates were exposed to 

Fmoc-FFpY peptides to induce peptide self-assembly leading to core/shell structures combining 

a polymer core surrounded by a shell composed of PAH and self-assembled peptides (Scheme 

1).  
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Scheme 1. Representation of two-step strategy: (a) PGA/PAH coacervates obtained by 

electrostatic interaction between polyelectrolytes followed by (b) exposure to Fmoc-FFpY 

peptides, which self-assemble at the surface of coacervates via ion pairing between Fmoc-FFpY 

and PAH leading to (c) a hybrid supramolecular hydrogel undergoing a phase separation over 

time. 
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2. Materials and methods 

2.1. Materials 

Poly(allylamine hydrochloride) (PAH, Mw = 120 000 g mol
-1

) and branched poly(ethylene 

imine) (PEI, Mw = 100 000 g mol
-1

, 30% aqueous solution) were provided by Alfa Aesar. Fmoc-

FFpY (99% purity) was purchased by PepMic. Poly-(L-glutamic acid) sodium salt (PGA, Mw = 

97 800 g mol
-1

), Poly(styrene sulfonate) (PSS, Mw = 70 000 g mol
-1

), Thioflavin T (ThT), N-(3-

Dimethylaminopropyl)-N’-ethyl-carbodiimide hydrochloride (EDC) and N-Hydroxy sulfo-

succinimide sodium salt (NHS) were provided by Sigma Aldrich. Sodium tetraborate anhydrous 

(borax) was supplied by Acros Organics and Sodium chloride by VWR. All products were used 

without further purification. 

2.2. Coacervate preparation and Fmoc-FFpY self-assembly 

All polyelectrolytes were prepared in 0.15 M NaCl adjusted to pH 9.5 using 1 M NaOH. 

100 µL of PAH (105.4 mM in monomer or 9.8 mg mL
-1

) and 100 µL of PGA (49.4 mM 

or 8.4 mg mL
-1

) were mixed simultaneously to obtain PGA/PAH coacervates. For the 

self-assembly of Fmoc-FFpY around the coacervates, 20 µL of 2 mg mL
-1

 (2.6 mM) 

Fmoc-FFpY solution, prepared in 25 mM borax buffer at pH 9.5, was put in contact with 

200 µL PGA/PAH coacervate suspension. 

2.3. Zeta potential 

Zeta potential was measured using a Malvern Nanosizer NanoZS instrument equipped with a 4 

mW He-Ne laser (λ = 633 nm) at a scattering angle of 173º. PGA/PAH coacervates were 

obtained by mixing 0.98 mg mL
-1

 PAH and 0.84 mg mL
-1

 PGA solutions in equal volumes of 

450 µL. 90 µL of 2 mg mL
-1

 Fmoc-FFpY was added to the coacervate solution. The zeta 
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potential measurements were performed at 25 ºC by conducting 20 runs using polystyrene 

cuvettes (SARSTEDT). The electrophoretic mobility was transformed into zeta potential using 

the Smoluchowski equation and ZetaSizer Software version 7.10. The average and standard 

deviation of the zeta potential were calculated from three measurements. 

2.4. Multilayer film preparation and Fmoc-FFpY self-assembly 

All polyelectrolyte solutions were prepared in 0.15 M NaCl adjusted to pH 9.5. 

Multilayer films were built on 14 mm diameter glass slides (Marienfeld). As the 

substrates are negatively charged, a precursor layer of PEI (23.3 mM or 1 mg mL
-1

) was 

deposited to obtain a positively charged substrate. For this, substrates were immersed in a 

solution of PEI for 10 min followed by two rinsing steps with 0.15 M NaCl for 5 min. 

The multilayer film was built up through sequential dipping of the substrate into the PSS 

(polyanion) and PAH (polycation) solutions for 10 min with two rinsing steps in 0.15 M 

NaCl for 5 min after each polyelectrolyte deposition. This cycle was repeated 3 times. 

Then the substrate was alternately immersed in PGA (12.4 mM or 2.1 mg mL
-1

) 

(polyanion) and PAH with 5% PAH
rho

 (26.9 mM or 2.5 mg mL
-1

) solutions for 10 min 

with three intermediate rinsing steps in 0.15 M NaCl for 5 min after each polymer 

deposition. This cycle was repeated 23.5 times. The obtained PEI-(PSS/PAH)3-

(PGA/PAH
rho

)23-PGA films are denoted (PGA/PAH
rho

)23-PGA. Subsequently, 2 mg mL
-1

 

Fmoc-FFpY solution, prepared in 25 mM borax buffer pH 9.5 containing 0.15 mg mL
-1

 

ThT, was brought in contact with the multilayer film for 16 h before observation by 

CLSM. 

2.5. Confocal Laser Scanning Microscopy (CLSM) 
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Confocal laser scanning microscopy images (CLSM) were captured with a Zeiss LSM 710 

microscope using an EC Plan-Neofluar 10x/0.3, Plan-Apochromat 20x/0.8 M27 and EC Plan-

Neofluar 40x/0.75 M27 objectives. PAH was prepared with 5% of labelled PAH with 

rhodamine-B (PAH
rho

) using a standard protocol (Mertz et al. Soft Matter 2007, 3, 1413-1420). 

The fluorescence of rhodamine was measured with excitation at 561 nm and emission was 

filtered between 566 and 703 nm. The peptide self-assembly was visualized by adding thioflavin 

T (0.15 mg mL
-1

) in the solution of Fmoc-FFpY. The fluorescence of the thioflavin T was 

measured by excitation with an argon laser with a cut-off dichroic mirror at 488 nm and an 

emission band-pass filter between 493 and 548 nm. Coacervates were formed by mixing directly 

over the glass substrate 100 µL of PAH
rho

 (105.4 mM or 9.8 mg ml
-1

 in NaCl 0.15M pH 9.5) 

with 100 µL of PGA (49.4 mM or 8.4 mg ml
-1

 in NaCl 0.15M pH 9.5). Then, 20 µL of a Fmoc-

FFpY solution (2 mg mL
-1

 or 2.6 mM in borax buffer containing 0.15 mg mL
-1

 ThT) were added 

to the coacervates. 

2.6. Circular dichroism (CD) 

CD spectra were recorded from190 to 320 nm using a Jasco J-1100 spectropolarimeter 

with a data pitch of 1 nm on the wavelength. Samples were measured using quartz slides 

of 1 mm thickness. Samples were placed between the two slides leading to a path length 

of about 0.1 mm. 

2.7. Fourier Transform Infrared spectroscopy (FTIR) 

FTIR experiments were performed on a Vertex 70 spectrometer (Bruker, Germany) using 

a DTGS detector. Spectra were recorded in the Attenuated Total Reflection (ATR) mode 

using a single reflection diamond ATR for coacervates and using a ZnSe crystal (45° 72 × 
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10 × 6 mm
3 

trapezoidal, six reflections, ) for layer-by-layer films by averaging 128 

interferograms between 600 and 4000 cm
-1

 at 2 cm
-1

 resolution, using Blackman-Harris 

three-term apodization and Bruker OPUS/IR software (version 7.5). All solutions were 

prepared in D2O to minimize the water peak in the region of the amide I band. PGA (10 

mg mL
-1

) and PGA/PAH mixture (1:2 PGA/PAH molar ratio at 10 mg mL
-1

) were 

prepared in 0.15 M NaCl adjusted to pH 9.5. PEI-(PGA/PAH)23-PGA LbL films were 

built with the same procedure described in section 1.3 in deuterated solutions. The FTIR 

spectrum of the PGA/PAH LbL film was recorded after rinsing with borax buffer before 

contact with Fmoc-FFpY solution. FTIR spectra of Fmoc-FFpY self-assembly on 

PGA/PAH LbL were recorded every 15 min after contact with the peptide solution. To 

decompose the amide I band, data processing was performed using Bruker OPUS/IR 

software (version 7.5). Spectra were smoothed using a five point smoothing function, cut 

between 1600 and 1720 cm
-1

 and then normalized using a “min-max” normalization 

method. The baseline was then adjusted to calculate the second derivative. The number 

and the frequencies of the different components, forming the amide I band, were 

determined by means of the second derivative of the Fourier smoothed spectrum using the 

minimum positions. The decomposed spectrum was fitted with Gaussian band profiles 

using Multiple Peak Fit. The quality of the fitting was estimated by the residual RMS 

provided by the software. The relative contribution of each component of the amide I 

band was calculated by the ratio of the area of each peak to the area of the total amide I 

band. 

2.8. Fluorescence spectroscopy 
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All fluorescence spectra were recorded between 300-550 nm using a Fluoromax-4 

(Horiba Jobin Yvon - Edison, NJ USA) at an excitation wavelength of 290 nm using a 

quartz cuvette of 1 mm path length. 

2.8. Quartz crystal microbalance with dissipation monitoring (QCM-D) 

QCM-D experiments were performed in a QCM-D cell on a Q-Sense E1 apparatus (Q-

Sense AB, Gothenburg, Sweden) at 22 °C. The resonance frequencies of a gold coated 

crystal and the dissipation factors at four frequencies, the fundamental frequency at 5 

MHz (ν = 1) and the 3rd, 5th and 7th harmonics (ν = 3, 5 and 7) at 15, 25 and 35 MHz, 

respectively were monitored. The QCM-D experiments give information on the 

adsorption process. Polyelectrolyte deposition and rinsing steps were performed by 

injection of 600 µL of the solution at 600 µl min
-1

. A precursor layer of PEI (23.3 mM or 

1 mg mL
-1

) was deposited for 10 min followed by a rinsing step with 0.15 M NaCl for 5 

min. The multilayer film was built up through alternating deposition of PGA (5.9 mM or 

1 mg mL
-1

 in 0.15 M NaCl pH 9.5) and PAH (12.9 mM or 1.2 mg mL
-1

 in 0.15 M NaCl 

pH 9.5) solutions for 10 min with a rinsing step in 0.15 M NaCl for 5 min after each 

polyelectrolyte deposition. This cycle was repeated 5.5 times and PEI-(PGA/PAH)5-PGA 

samples were denoted as (PGA/PAH)5-PGA. Subsequently, a solution of Fmoc-FFpY (2 

mg mL
-1

 in 25 mM borax buffer pH 9.5) was brought in contact with the multilayer film 

for 17 h. In the case of the cross-linked film, after the buildup described previously, 

(PGA/PAH)5-PGA film was put in contact with a solution of 400 mM EDC with 100 mM 

NHS for 20 h. Subsequently, 2 mg mL
-1

 Fmoc-FFpY solution, prepared in 25 mM borax 

buffer pH 9.5, was brought in contact with the multilayer film for 7 h. 

2.10. Scanning Electron Microscopy (SEM) and Cryo-SEM 
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A specialized cryo-holder and a cryo preparation chamber, designed and manufactured by 

the machine shop facility of the Charles Sadron Institute were employed for SEM 

observations. (PGA/PAH)23-PGA film, deposited on a silicon wafer, was placed on the 

cryo-holder to be quickly plunged into an ethane slush. As the sample was free standing 

over the holder, the sample was rapidly frozen during immersion by direct contact with 

the liquid ethane. Subsequently, the sample was transferred into the Quorum PT 3010 

cryo-chamber attached to the microscope. There, the frozen sample was fractured with a 

razor blade. A slight etching at -90°C was performed to render the fibers more visible. 

The sample was then transferred in the FEG-cryo SEM (Hitachi SU8010) and observed at 

1 kV at -150°C. 

3. Results and discussion 

3.1 PGA/PAH coacervates characterization 

PGA/PAH coacervates were formed by simple mixing of both polyelectrolyte solutions, prepared 

in 0.15 M NaCl pH 9.5. The doping of PAH solution by 5% PAH
rho

 (PAH labelled with 

rhodamine B) allowed the analysis of PGA/PAH
rho

 coacervates by confocal laser scanning 

microscopy (CLSM). Spherical droplets were obtained with an average size of 3.4 ± 0.6 µm (Fig. 

1a-b). A cross-section of the fluorescence of an individual coacervate droplet exhibits a curve 

with a maximum in intensity located at the center, probably due to its spherical shape (Fig. 1c-d). 
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Fig. 1. PGA/PAH
rho

 coacervates, formed with PAH containing 5% PAH
rho

, (a) CLSM image and 

(b) histogram of their diameters, obtained from image (a) using ImageJ. The average size, 

determined by counting 40 coacervates, was 3.4 ± 0.6 μm. (c) Magnification of one coacervate 

and (d) its fluorescence intensity profile along the white arrow.  

3.2 Fmoc-FFpY self-assembly on PGA/PAH coacervates 

With a 1.56 molar ratio of charges in PGA/PAH, the coacervates are negatively charged with a 

zeta potential of -24 ± 2 mV. The addition of negatively charged Fmoc-FFpY peptide should not 

induce a precipitation of the coacervates. After addition of Fmoc-FFpY solution, the zeta 

potential reached a value of -21 ± 3 mV. In CLSM experiments, Thioflavin T (ThT), a non-

fluorescent probe that emits green fluorescence when incorporated into β-sheets, was mixed with 

Fmoc-FFpY solution to visualize the peptide self-assembly [19]. When the Fmoc-FFpY solution 

was added to the PGA/PAH
rho

 coacervate solution, a green fluorescence was immediately 

observed and localized only around the droplets (Fig. 2a-c).  

c d 
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Fig. 2. CLSM images of one Fmoc-FFpY-coacervate droplet, obtained by contact of 

PGA/PAH
rho

 coacervates with Fmoc-FFpY solution in the presence of ThT, (a) in the green, (b) 

red and (c) merged channels with (d) the fluorescence intensity profile along the white arrow. 

A more intense green, related to the peptide self-assembly, is visible on the periphery of the 

spherical droplet. Similarly, in comparison to the center of the coacervates, a higher red intensity 

due to PAH
rho

 is observed on the periphery superimposed on the green image (Fig. 2b-c). The 

cross-section of the fluorescence of the droplet shows a curve with two maxima in intensity 

located at the edge (Fig. 2d). To better observe the peptide self-assembly, the coacervates were 

first adhered for a few minutes to a glass substrate to immobilize them before contact with Fmoc-

FFpY solution (Fig. 3a and S1).  

 

 

d 
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Fig. 3. CLSM images of PGA/PAH
rho

 coacervates adhered to a glass substrate, observed in 

merged channel, (a) before and (b) a few seconds after Fmoc-FFpY self-assembly, in the 

presence of ThT, and in (c) green and (d) red channels in the latter case. White arrows show 

deformed coacervate droplets due to their adhesion to the surface. 

In this case, droplets were larger than in solution and deformed losing their round shape (Fig. 3a, 

white arrows). When Fmoc-FFpY solution was added, an entanglement of fibers was formed 

around the coacervates leading to a shell (Fig. 3b-d). This phenomenon is clearly observed by 

superposing the fluorescent images of the different channels (Fig. 3b-c). Fmoc-FFpY self-

assembled on the coacervates, termed Fmoc-FFpY-coacervates, have a core-shell structure 

formed by a polymer core surrounded by a self-assembled PAH/Fmoc-FFpY shell [18]. The 
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thickness of the shell depends on the initial size of the coacervate droplets. To confirm the 

peptide self-assembly, PGA/PAH coacervates and Fmoc-FFpY-coacervates were further studied 

by circular dichroism (CD), and fluorescence spectroscopy. CD shows the conformation of 

coacervates before and after contact with Fmoc-FFpY solution (Fig. 4a, HT spectra Fig. S2b). 

 

 

 

 

 

Fig. 4. (a) CD and (b) fluorescence spectra, normalized to the peak at 312 nm, of Fmoc-FFpY 

(blue curve) and PGA/PAH coacervates before (black curve) and after (red curve) contact with 

Fmoc-FFpY. 

As with PGA in solution, the CD spectrum of the PGA/PAH coacervates shows a strong negative 

peak at 200 nm and a positive band at 217 nm, which are characteristic of a random coil 

conformation [20]. After contact with Fmoc-FFpY solution, Fmoc-FFpY-coacervates show a 

positive peak located at 192 nm together with a negative band centered at 207 nm, attributed to 

β-sheets [21]. In comparison, the CD spectrum of Fmoc-FFpY solution, at the same 

concentration added to the coacervates, showed a noisy signal because of the insufficient 

quantity of material (Fig. S2c). Fmoc-FFpY peptides self-assembled in β-sheets structures. 

Moreover, Fmoc-FFpY-coacervates spectra have two maxima at 230 and 257 nm which is the 

signature of stacking interactions of the aromatic units of Fmoc-FFpY [22]. Fluorescence 
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spectroscopy was used to check the excimer formation of Fmoc moieties, another signature of 

the peptide self-assembly. The Fmoc-FFpY peptide (blue curve) shows a band at 312 nm 

attributed to fluorenyl moieties in the non-self-assembled state (Fig.4b) [23, 24]. When the 

peptide is brought in contact with PGA/PAH coacervates, a shift up to 324 nm is observed 

instantaneously, attributed to fluorenyl excimers [18, 23]. The broad band at 450 nm is attributed 

to J-aggregates formed by multiple aromatic groups, including phenyl and fluorenyl rings, 

stacked through π-π interactions [23, 24]. Similar results were obtained for a mixture of Fmoc-

FFpY and PAH [18]. No fluorescence shift is observed for Fmoc-FFpY/PGA meaning that no 

interaction takes place between these components (Fig. S3). 

3.3 Fmoc-FFpY self-assembly on PGA/PAH Layer-by-Layer film 

The origin of the localized peptide self-assembly around the coacervates can be attributed to the 

ability of PAH chains to diffuse out from the interior of the droplets and to interact with Fmoc-

FFpY peptides in solution. This is strongly similar to the mechanism explaining the exponential 

growth of Layer-by-Layer (LbL) films, which is due to the diffusion of the polyelectrolytes 

throughout the film during the deposition steps. Not stratified, exponentially growing films are 

highly hydrated (up to 80–90% of water in volume fraction) [25], as are coacervates, and show a 

high polyelectrolyte chain mobility in all directions [26]. Known to display exponential growth 

[27], PGA/PAH multilayer films terminated with PGA were used as a 2D model of PGA/PAH 

coacervates to gain more insight on the peptide self-assembly mechanism. Two PGA/PAH films 

with different numbers of bilayers were built depending on the characterization techniques used. 

(PGA/PAH)23-PGA film has a thickness of a few µm which can be observed by Cryo-Scanning 

Electron Microscopy (Cryo-SEM) and CLSM allowing discrimination of the peptide self-
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assembly from the film. The cross-section of the fluorescent PGA/PAH
rho

 film was observed by 

CLSM before (Fig. S4) and after contact with the Fmoc-FFpY peptide (Fig. 5).  

20 µm 20 µm 20 µm 

20 µm 20 µm 20 µm 

 

Fig. 5. Cross-section of Fmoc-FFpY self-assembled on top of (PGA/PAH
rho

)23-PGA multilayer 

film observed by (a-f) CLSM in the (a) red, (b) green and (c) merged channels with the 

respective top views (d, e and f) and (g) Cryo-SEM (large cavities on the upper part may be due 

to the sublimation of ice crystals) with (h) a higher magnification of well-preserved Fmoc-FFpY 

self-assembled fibers. 

Immersing the fluorescent multilayer film in Fmoc-FFpY solution, in the presence of ThT leads 

to an increase of thickness from 10 to 20 µm (Fig. S4 and Fig. 5a). The red intensity, due to 

PAH
rho

, is distributed throughout the cross-section, and the green fluorescence, due to ThT 

probing the peptide self-assembly, is localized to the upper part (Fig. 5b). The bottom ~4 μm of 
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the film appears devoid of peptides (Fig. 5c). The top view of the peptide self-assembled on the 

multilayer film shows fibers distributed around the surface with overlapping of the red 

fluorescence of PAH
rho

 and the green fluorescence of self-assembled Fmoc-FFpY (Fig. 5d-f). A 

control experiment confirmed the multilayer film immersed in a solution of ThT presents no 

green fluorescence in the absence of peptide (Fig. S4). The structure of the self-assembled 

peptide, observed in cross-section by Cryo-SEM, shows two distinct zones (Fig. 5g). The first 

zone, adjacent to the silicon substrate, has a thickness of 3.6 μm which corresponds to the 

PGA/PAH multilayer. Before contact with Fmoc-FFpY, (PGA/PAH)23-PGA film appears 

compact with a thickness around 7 µm (Fig. S5), close to the one observed by CLSM. The 

second zone, on the top, with a thickness of 23.5 μm, corresponds to the self-assembled peptide, 

in agreement with the observations made by CLSM. Large cavities on the upper part of the 

sample are attributed to experimental artifacts due to the formation of ice crystals during cooling 

followed by their sublimation. A zoom-in of the peptide self-assembly area shows micrometer-

long fibers oriented perpendicularly to the interface of the multilayer films, some of which have 

a helical structure (Fig. 5h and Fig. S6). Similar to coacervates, peptide self-assembly takes place 

on the surface of the multilayer film with an overlap of PAH chains and Fmoc-FFpY self-

assembly. 

3.4 Mechanism of the Fmoc-FFpY self-assembly on PGA/PAH Layer-by-Layer film 

Peptide self-assembly was monitored in situ on PGA/PAH multilayers to verify the role of the 

PAH diffusion in the mechanism. The entire course of buildup of a (PGA/PAH)5-PGA film , 

then peptide self-assembly on this film, was followed in situ by Quartz Crystal Microbalance 

(QCM-D) and by ATR-FTIR, which have penetration depths of around 200 nm (resonance 

frequency at 15 MHz) and 1.5 µm, respectively. After buildup, PGA/PAH film was immersed in 
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Fmoc-FFpY solution, leading to an increase of the normalized frequency shift up to 45 Hz due to 

mass uptake (Fig. S7). To prevent PAH diffusion, the multilayer film was cross-linked using 

carbodiimide chemistry [28] and immersed in the Fmoc-FFpY solution. No frequency shift was 

observed on injection of the peptide solution (Fig. S8), supporting the requirement for PAH 

diffusion from the bulk of the film to the Fmoc-FFpY in solution to induce peptide self-

assembly. To gain more insight on the self-assembly mechanism, Fmoc-FFpY self-assembly was 

also followed on PGA/PAH film by ATR-FTIR in deuterated water (Fig. 6).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. (a) FTIR spectra of PEI-(PGA/PAH)5-PGA film before and after contact with the Fmoc-

FFpY solution for 17 h. (b) Evolution of FTIR difference spectra of PGA/PAH film before and 

after contact with the Fmoc-FFpY solution as a function of time. 
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The PGA/PAH film displays an amide I band centered at 1640 cm
-1

 related to PGA (Fig. 6a). 

After exposure to Fmoc-FFpY solution for 17 h, the amide I band increased in intensity with a 

slight shift to 1636 cm
-1

 with the appearance of a carbamate shoulder at 1687 cm
-1

 attributed to 

the peptide. In the same time, the intensity of the carboxylic peak at 1558 cm
-1

 increased and 

phosphate peaks appeared at 979 and 888 cm
-1 

[29, 30] confirming the phosphorylated form of 

the peptide (Fig. 6a). The kinetics of the peptide self-assembly can be followed by subtracting 

the contribution of PGA/PAH film from the spectra (Fig. 6b). An increase of all peptide peaks 

intensities is observed as a function of time, such as the peaks related to the carbamate (1687 cm
-

1
) [31], the terminal carboxylic acid (1590 cm

-1
) [32]

 
and phosphate (979 and 888 cm

-1
) [29]

 

moieties. The increase of β-sheet structure of the amide I band (1627 cm
-1

), attributed also to the 

peptide, supports Fmoc-FFpY self-assembly [24, 33]. Regarding PGA peaks, an increase of the 

carboxylic group (1550 cm
-1

) and a decrease of β-turn peaks (1666 cm
-1

) during the peptide self-

assembly [34-36] can be observed. The mechanism underlying the peptide self-assembly can be 

explored by plotting the normalized absorbance intensities of the different peaks as a function of 

time. A similar evolution of β-sheets (1627 cm
-1

) and the phosphate (979 cm
-1

) peaks of the 

peptide is observed demonstrating that all Fmoc-FFpY peptide self-assembles (Fig. 7a). 

Concomitantly, the intensity of the PGA carboxylic group peak increases in a similar manner to 

the β-sheets peak of the peptide (Fig. 7b). This increase is related to carboxylic group 

dissociation of PGA groups inside the film, as it surrenders PAH groups to phosphates in Fmoc-

FFpY. This is supported by the decrease of the β-turn PGA peak at 1666 cm
-1

 during the peptide 

self-assembly (Fig. 7b). Indeed, PGA solution exhibits a lower β-turn content (18% vs 34%) than 

a mixed solution of PGA and PAH (1:2 PGA/PAH monomer molar ratio) (Fig. S9, Table S1). 
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Fig. 7. Evolution of the normalized FTIR absorbance difference intensities as function of the 

contact time of β-sheets of the peptide in comparison with (a) phosphate peak of the peptide and 

(b) carboxylic group and β-turn peaks of PGA. The data represent the mean and standard 

deviation obtained from two independent experiments. 

PGA chains, complexed with PAH chains, exchange with the phosphorylated peptides, thanks to 

a higher association constant of ammonium groups with phosphate groups than with carboxylate 

groups [37]. The negative charges of PGA must be compensated by counterions from the 

medium. At the film/solution interface, PAH chains, partially complexed by the phosphorylated 

peptides, diffuse towards the solution to self-assemble with more Fmoc-FFpY peptides leading 

to their fibrillar structure. This interaction occurs only when PAH chains are free to diffuse from 

the film, giving rise to a micrometer thick coating. Because coacervates and polyelectrolyte 

multilayers have essentially the same composition, a similar mechanism must take place when 

coacervates enter in contact with the Fmoc-FFpY solution. 

 

 

a b 

Time (min)

0 100 200 300 400 1000N
o
rm

a
liz

e
d

 a
b
s
o
rb

a
n

c
e
 d

if
fe

re
n
c
e

0.0

0.5

1.0

1627 cm
-1

 -sheets of Fmoc-FFpY

979 cm
-1

 P(OH)2 of Fmoc-FFpY

Time (min)

0 100 200 300 400 1000N
o

rm
a

liz
e

d
 a

b
s
o

rb
a

n
c
e

 d
if
fe

re
n

c
e

-1.0

-0.5

0.0

0.5

1.0

1627 cm
-1

 -sheets of Fmoc-FFpY

1550 cm
-1

 COO- of PGA

1666 cm
-1 

-turn of PGA



 21 

4. Conclusions 

Based on our previous work showing that Fmoc-FFpY self-assembly can be initiated by ion 

pairing between the phosphate groups of the peptide and the amine groups of a polycation (PAH) 

[18], we have demonstrated the localized self-assembly of Fmoc-FFpY on the surface of 

PGA/PAH complex coacervate microdroplets and multilayers. When PGA/PAH droplets or 

polyelectrolyte multilayers are immersed in a Fmoc-FFpY solution, the phosphorylated peptide 

attracts PAH partially out of the PGA/PAH complex and interacts with the PAH chains mainly at 

the complex/solution interface leading to the formation of self-assembled fibers. The process 

underlying the attraction of PAH by Fmoc-FFpY is similar to that responsible for the exponential 

growth of exponentially growing polyelectrolyte multilayers [38] which thus appears rather 

universal. A next step will consist of using the ability of complex coacervates to partition 

enzymes [39], to trigger self-assembly processes of peptides not only through electrostatic 

interactions but also by enzyme-assisted processes localized at or in the coacervates. This would 

constitute the first totally synthetic mimic of mitotic spindle formation and would represent an 

important tool to develop synthetic cells. 
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