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ABSTRACT: An scalable method for the fabrication of symmetric and asymmetric BC bilayers on solid support of any
type, shape and size is proposed, in order to overcome the specific limitations of currently available techniques (no-
tably Langmuir-Blodgett (LB) deposition and polymersome vesicle fusion (VF)). We demonstrated that this fabrica-
tion process is viable by developing a proof of concept on silicon wafers, flat and macroscopic substrates that allow
the use of a wide range of complementary state-of-the-art techniques to precisely characterize the different steps of
the assembly. This type of assembly, however, is potentially possible on colloidal objects, as showed by preliminary
results. The proposed fabrication method was done using polystyrene-block-poly(acrylic acid) block copolymer and
consists of two steps: i) the formation of a monolayer of BCs by the establishment of non-covalent interactions be-
tween the substrate and the hydrophilic blocks in a non-selective solvent ii) the controlled addition of a selective
solvent (water) which triggers the assembly of the second layer through hydrophobic interactions between the free
and previously adsorbed hydrophobic blocks resulting in the formation of a self-assembled bilayer of BCs on a solid
support. A final rinsing step allows to eliminate the excess of aggregates (micelles) generated in the solution during
the second step. BC monolayers and bilayers on solid supports were obtained and characterized using various surface
characterization techniques. The ability of these bilayers to encapsulate hydrophobic actives of interest for specific
applications has also been highlighted using gold nanoparticles (AuNPs). Finally, the possibility to form asymmetric
bilayers was demonstrated on a PS-b-PAA/PS-b -poly(vinyl pyridine) (PS-b-P2VP) system.
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1. INTRODUCTION

Block copolymers (BCs) are widely used in materials science due to their capacity to self-assemble, in bulk, thin film or
solution into a variety of nanoscale ordered structures with different morphologies.* In particular the ease of amphiphilic
BCs to form bilayer membranes in solution has attracted much interest over the past 20 years as shown by the vast literature
on polymer vesicles (polymersomes).'+s More recently, solid-supported BC bilayers have also been put forward.'**® Alt-
hough they share similar morphologies with the popular lipid-supported membranes used as models of biomimetic inter-
faces, it is well-established through studies on liposomes and polymersomes that BCs form much more stable membranes
than conventional lipids owing to a partial interpenetration of the individual membrane layers minimizing any delamina-
tion.??2° Furthermore, the larger hydrophobic reservoir offered by BC bilayers is a key advantage for the encapsulation of

actives (molecules, or nanoparticles) over the typically smaller reservoirs of lipid membranes.

Applications of solid-supported BC bilayers are currently poorly investigated owing to the difficulty to generate them in
good conditions at a large scale and/or on non-planar substrates with current methods Notably, the Langmuir-Blodgett
(LB) and the Langmuir-Schaefer (LS) deposition techniques are powerful lab scale methods to build BC bilayers at high
resolution with negligible defects.21,22 Unfortunately, the LB/LS approaches cannot be satisfactorily implemented at large
scale or on colloidal and hollow structures. Besides, the vesicle fusion (VF) which is the standard method for liposomes to
produce continuous lipid bilayers suffers from certain limitations when applied to polymersomes. Notably, the mechanical
robustness of polymer vesicles prevents their rupture and fusion in the absence of strong attractive interaction with the
surface.23-25 The more recently solvent-assisted lipid bilayer (SALB) pathway is an alternative to the VF method where a
lipid solution prepared in a water-miscible organic solvent is deposited on a solid substrate, followed by gradual exchange
with water to generate lamellar-phase structures, leading to the formation of supported lipid bilayers.26-29 However, in
the absence of specific interaction with the substrate, this method can hardly apply to BCs to form homogeneous bilayers
anchored to the surface. Additionally, VF and SALB methods are restricted to block copolymers having geometry properties

that fit with the formation of vesicles (%2 < p < 1) or lamellar structures (p ~1) with p the packing parameter.10,30

Moving towards a universal fabrication of solid-supported BC bilayers, we report a simple and robust bottom-up ap-
proach able to generate symmetrical and asymmetrical bilayers on solid substrates of any size and shape without strict
restriction on the p value. For this purpose, amphiphilic diblock copolymers with one adsorbing hydrophilic block and one
non-adsorbing hydrophobic block are used. The proposed two-step method, reminiscent of the layer-by-layer approach
used with polyelectrolytes3' is based on i) the formation of a first BC layer through the build-up of non-covalent interactions
between the substrate and the hydrophilic blocks in a non-selective solvent like THF or DMF and ii) the triggered assembly
of the second layer through hydrophobic interactions between free and grafted hydrophobic blocks by adding a critical
water fraction in the medium (Figure 1). A final rinsing step allows then to remove the excess BC micelles, vesicles and any
aggregates generated in the aqueous solutions during the second step. Basically, the overall pathway reproduces at the

solid-liquid interface the hydrophobically-driven self-assembly mechanism of amphiphilic BCs in solution.
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Figure 1. General scheme of the surface self-assembly of amphiphilic BCs into solid-supported bilayers.

While the proof of concept was previously reported with BC forming bilayer around polyelectrolyte complex particles,3*
we aim here to standardize the self-assembly process by performing a thorough study on model planar substrates. BCs
containing vitreous and hydrophobic polystyrene blocks have been selected as model system due to their reputation to be
difficult to assemble through conventional approaches like vesicle spreading. We also report, the successful formation of
asymmetric bilayers, particle coating with BC bilayers and the immobilization of gold nanoparticles either in the hydro-
phobic reservoir or at the surface of the top layer, as a first evidence of the capacity of the BC bilayers to sequestrate colloidal
objects. Solid-supported lipid bilayers have been mainly used to study in vitro membrane-related processes. BC bilayers can
offer additional features as robust organic thin films with on-demand surface functionality, an appealing capacity of encap-
sulating actives and a compatibility with different physicochemical environments. In this regard, the ‘surface-induced’ self-
assembly of BCs as described herein enriches the panel of directed self-assembly approaches used to design functional

organized ultrathin films.®3'33

2. EXPERIMENTAL SECTION

Adsorption of a BC monolayer at the wafer surface: The APTES- or PAH-modified wafers were immersed in a rectangular

Teflon trough filled with 8 mL of BC solution in DMF:THF (80:20, v/v) prepared at various concentrations and filtered on
0.1 ym PTFE membrane. After 2h, the wafers were rinsed in a DMF:THF mixture to remove excess of BC and gently dried

under a nitrogen flow.

Self-assembly of the BC bilayer at the wafer surface: The APTES-modified wafers were first immersed in the trough con-

taining the BC solution in similar conditions as those used for the BC monolayer. Water was then slowly added with a
syringe pump (New Era, NE-300) at a rate of 50 pL.min™ until a water content of 7 vol. % was reached. The system was
allowed to equilibrate for a defined period of time comprised between 1 and 72 h. Afterward, the simultaneous injection of
DI water at one end and the withdrawal of the solution at the other were performed with two syringe pumps at increasing
flow rates (300 pL.min" during 2 h followed by 5 mL.min" during 5 min) to fully exchange the BC solution with pure water.
The wafer substrates with the BC bilayer were then taken out carefully and dried under a nitrogen flow. Specifically, to

minimize capillary forces at the air/water interface, the wafers were slowly removed vertically from the solution.
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Ellipsometry: Bilayer thicknesses on silicon wafers and sensors were measured by using UVISEL spectroscopic ellipsom-
eter (Horiba Jobin Yvon, France). The data were acquired at three angles of incidence: 65° 70° and 75° at wavelengths
ranging from 260 to 860 nm. Data were fitted to a multi-layer model using the DeltaPsi Horriba built-in program. The
thicknesses obtained through spectroscopic ellipsometry was systematically confirmed by AFM measurements. Several
scratches were made on the polymer layer deposited on both silicon wafers and QCM sensors by pulling (and not cutting)
sideway a sharp surgical scalpel blade and then imaging the generated scratches to estimate the film thickness (step height)

as shown in Figure SX.

Quartz Crystal Microbalance with dissipation A QCM-D set-up (Q-Sense E4 instrument, Biolin Scientific, Sweden) with

home-made amino-modified quartz crystal sensors (either with APTES or PAH) was used to monitor the adsorption iso-
therm of the PS-b-PAA copolymers in good solvent conditions. The adsorption of polymer chains on a sensor can be pre-
cisely monitored by measuring the decrease in the resonance frequency F, for each odd overtone. If the adsorbed mass is
forming a rigid homogeneous lossless film, the relation between frequency change AF, and the areal mass increment Am is

linear, as found by Sauerbrey# (Eq. 1):

=——=Am
n VPqlq

where F, is the resonant frequency of the crystal (5 MHz), pq (2.648 g.cm3) the quartz density and pq (2.947 x 10" g.cm™
s2) the shear modulus. The original silicon tubing of the QCM setup was replaced by Teflon-based because they offered a
better resistance in THF and DMF solvents (no swelling). The solutions were injected using a push/pull style syringe pump.
A flow rate of 150 pL.min" was used for each BC injection and solvent rinsing. After the injection of the BC at a given
concentration, the real time monitoring was conducted until no significant differences in frequency were observed. As a
result, the waiting time between consecutive injections of BCs solutions with different concentrations is not fixed and de-

pends on the time required to reach this plateau.

Advancing water contact angles: Advancing and receding water contact angles (8,dv, Orec) were measured with a Tracker

tensiometer from Teclis (France) at room temperature. The static contact angle was recorded using the sessile drop method
at room temperature. With the help of a dosing syringe, a droplet of 3 pL of water (pH 7) was deposited on the substrate
and the value of advancing contact angle was recorded at 30 s after the droplet was set. The average value was obtained by
measuring the two samples in two different positions each. The natural receding contact angles were determined by mon-
itoring the evaporation of the sessile drop with time: a contact angle initially imposed in the advancing mode (8,) dimin-

ishes and tends towards a receding value (6r) when the liquid constituting the meniscus start to evaporate.>°

AFM: AFM images of bilayers were recorded either in the dry state by using Tapping Mode in Air at a resolution of 512
x 512 pixels with a scan rate of 1 Hz with a Dimension ICON (Veeco, Bruker) and in the wet state (water) using Peak Force

Mode at similar resolution and scan rates with a Bioscope Resolve (Bruker). For the wet state analysis, a droplet of the liquid
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was placed at the AFM tip and surface of the bilayer to then engage and image. Unless stated otherwise, the AFM images

shown were obtained using Tapping Mode in Air. All the data was analysed with Nanoscope Analysis software.

Neutron Reflectivity: The Neutron reflectivity measurements were performed on the time-of-flight reflectometer

HERMES at the Laboratoire Léon Brillouin (LLB). Two geometries were used. In the first one the silicon/air interface
was probed with a q-range varying from 0.008 to 0.07 A. In the second one, the silicon/deuterated toluene interface was
probed (the neutron getting through the sample) with a g-range varying from o0.01 to 0.08 A-. A specific home-made cell
was used to perform the experiments in d-THF. During the experiment, we use all the wavelengths provided by the neutron
source from 3 A to 25 A with a constant DI of 0.3 A. We use for the silicon/air interface q = 0.93° and for the silicon/deuter-

ated THF q = 1.23° with a Dq of 0.05°. The experimental resolution is taken into account in the fitting procedure (Motorfit).

PM-IRRAS: The PM-IRRAS spectra were recorded on a ThermoNicolet Nexus 670 FTIR spectrometer at a resolution of
4 cm™, by co-adding several blocks of 1500 scans (30 min acquisition time). Generally, eight blocks (4 h acquisition time)
were necessary to obtain PM-IRRAS spectra of ultrathin films or SAMs with good signal-to-noise ratios. Experiments were
performed at an incidence angle of 75° using an external homemade goniometer reflection attachment.” As shown in Figure
1, the infrared parallel beam (modulated in intensity at frequency f; lower than 5 KHz) was directed out of the spectrometer
with an optional flipper mirror and made slightly convergent with a first BaF, lens (191 mm focal length). The IR beam
passed through a BaF, wire grid polarizer (Specac) to select the p-polarized radiation and a ZnSe photoelastic modulator
(PEM, Hinds Instruments, type III). The PEM modulated the polarization of the beam at a high fixed frequency, 2fn=100
KHz, between the parallel and perpendicular linear states. After reflection on the sample, the double modulated (in inten-

sity and in polarization) infrared beam was focused with a second ZnSe lens (38.1 mm focal length) onto a photovoltaic
MCT detector (Kolmar Technologies, Model KVio4) cooled at 77 K. The polarization modulated signal Tac was separated

from the low frequency signal Inc (fi between 500 and 5000 Hz) with a 40 KHz high pass filter and then demodulated
with a lock-in amplifier (Stanford Model SR 830). The output time constant was set to 1 ms. The two interferograms were
high-pass and low-pas filtered (Stanford Model SR 650) and simultaneously sampled in the dual channel electronics of the
spectrometer. In all experiments, the PEM was adjusted for a maximum efficiency at 2500 cm™ to cover the mid-IR range in
only one spectrum. For calibration measurements, a second linear polarizer (oriented parallel or perpendicular to the first
preceding the PEM) was inserted between the sample and the second ZnSe lens. This procedure was used to calibrate and
convert the PM-IRRAS signal in terms of the IRRAS signal (i.e. 1 - (Rp(d)/Ry(0), where R,(d) and Ry(o) stand for the p-

polarized reflectance of the film/substrate and bare substrate systems, respectively).®9

3. RESULTS AND DISCUSSION

3.1 Monolayer formation

The first step towards the self-assembly of solid-supported bilayers relies on the formation of a BC monolayer through
specific interactions between the substrate and copolymer molecules in a non-selective solvent. For this purpose, poly(sty-
rene)-b-poly(acrylic acid) copolymers (PS-b-PAA) containing relatively short PAA blocks and large PS blocks, were ad-
sorbed onto silicon wafers modified with amino groups either through covalent grafting of 3-(aminopropyl)-triethoxysilane

(APTES) or non-covalent grafting of polyallylamine hydrochloride (PAH) (ESI, S1). BC adsorption was achieved in DMF:THF
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(80:20, viv) where PS-b-PAA chains are well solvated and therefore cannot self-assemble (ESI, S1). The PAA blocks can
however strongly interact with amino groups through acid-base interactions generating ion pairs (-COO-/-NH;*) at silica
surface. This was evidenced by PM-IRRAS spectroscopy where the presence of a strong band at 1570 cm™ corresponding to
the symmetric stretching of -COO- groups indicated that -COOH groups have deprotonated upon interaction with amine;
a deprotonation degree of 60% was derived based on the respective optical indexes of the protonated and non-protonated
forms of acrylic acid (Figure 2). Since PS blocks cannot adsorb on silica under similar solvent conditions,34 BC chains must
adopt an anchor-and-buoy conformation where the short adsorbing PAA blocks (anchor) fix one end of the rather long
non-adsorbing PS blocks (buoy) close to the surface. More specifically and according to the scaling description of BC ad-
sorption from non-selective solvent, the structure of the polymer layer is determined by the block asymmetry ratio, p =
(Rra/Rra) = (NB/Na)35s where Rg is the Flory radii in good solvent conditions, N the degree of polymerization, A and B
referring to the anchor and buoy blocks.3537 When 3 > N2, the adsorption is moderated by lateral repulsion between the
buoys blocks; when 1 < 3 < Na, the adsorption is limited by the saturation of the surface by the anchor blocks. According
to the BC compositions, all systems considered here are expected to fall into the second case, i.e. the anchor-dominating

regime.

With water contact angle values close to 70° the BC monolayer has a relative weak hydrophobic character compared to
that expected for polystyrene (6=88°).3% It attests of a physical and/or chemical heterogeneity as indicated by the relatively
high value of hysteresis (A8 > 25°)3 (Table 1).

AFM analysis of the monolayer in air after removal of excess copolymer revealed a periodic two-dimensional pattern of
islet structures resulting from the dewetting of PS blocks on the adsorbed PAA layer during the passage of the substrate at
the liquid-air interface, as previously reported for the adsorption of PS-b-P2VP on mica.4° The average size of as-formed PS
clusters increased with increasing PS block size due to greater chemical incompatibility with PAA (Figure 2). Importantly,
the nature of the amine groups grafted on the wafer (APTES or PAH) has no influence on the segregation behaviour of PS,
nor the solvent used (DMF, THF or a mixture) or the drying method (fast drying with nitrogen or slow drying by solvent
evaporation) (ESI, SX). The clusters were no longer discernible when the monolayer was immersed in toluene, which is a
good solvent of PS, or exposed to saturated atmosphere of toluene (Figure 2). QCM-d and neutron reflectivity (NR) were
used to provide a quantitative description of BC adsorption in non-selective solvent. Among the most important findings,
we can emphasize that the adsorption was characterized by a large adsorption constant (K) that reflects the strength of the
multivalent interaction between acid and amino groups at surface. Besides, the grafting density (o) obtained from the sat-
uration plateau in the isotherms (T'sa) follows as expected for the anchor-dominating regime (ESI, $2).353 Regarding the
thickness (8 ) of the adsorbed layer in good solvent conditions, NR analysis performed in THF provided & values of 14.5 and
18.5 nm for PS;s,-b-PAA,y and PS,,,-b-PAAss, respectively (ESI, S2). By neglecting the thickness of the anchoring layer, it
implies that on average PS chains are stretched up to 32% and 19% of the extended all-trans conformation (bond length of
1.54 A and tetrahedral angles of 109.28).4 The highest stretching is expected for p = Na”>which is the cross-over between
the buoy and anchor regime.3® The thickness of the monolayer scaled as 8 ~ Ngo'/3, in line with the prediction for the anchor-
dominated adsorption (ESI, $2).353° This is also consistent with the Alexander-de Gennes formalism of a terminally attached
brush.+4 In this regime, the equilibrium height of the brush is a balance of interaction energy and elastic free energy.+
The distance between the grafted points (D = o /) was found to be smaller than the radius of gyration (Rg) of the PS chains

in good solvent,#” confirming the brush regime for PS (ESI, S2).

https://doi.org/10.26434/chemrxiv-2024-87tgr ORCID: https://orcid.org/0000-0002-1988-1288 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-87tgr
https://orcid.org/0000-0002-1988-1288
https://creativecommons.org/licenses/by-nc-nd/4.0/

v Va coo-
‘cH

L.distance/nm

Ve
Vscnz Monolayer PS,,,-b-PAA;, LO\

B AL VAV Ps,,-b-PAA,, A\ ll

o & 60 100
stance/

o 2 4
X distance/nm

Height Sensor

Normalized IRRAS (a.u.)

PR, In atmosphere of toluene

10.0 nm
T T T T
3500 3000 2500 2000 1500

Wavenumber/cm™

Height Sensor

B PS;-5PAA,, PS304- 6-PAA, PSg76-5-PAA g D 12

X Dpmt

(X1 pm*

100 nm N 150 nm

RMS:2:21nm

l"m,s/mg.m"‘y

Height Sensor 200.0 nm Height Sensor 200.0 nm

Heignt Sensor T 2000nm
© PS,-b-PAA

- 21 O PS,b-PAA,
, © PSgge-b-PAA.
04 @ 676 180
- : T T T

T T T
0.0 0.2 04 0.6 0.8 1.0 1.2

Concentration/g.L"

Figure 2. A. Normalized PM-IRRAS spectra of the PS;y,-b-PAAs monolayer with spin-coated PS,y,-b-PAAs, PAAs, (acid
form) and PAAg, (salt form). (d) Schematic representation of proposed acid-base interaction between the amino groups at
the surface with the carboxylate groups from the hydrophilic PAA block. B. AFM images of PS-b-PAA monolayers in air. C.
AFM images of the monolayer of PS;y,-b-PAAs in dry and atmosphere saturated with non-selective solvent conditions. D.
Adsorption isotherm of PS;y,-b-PAAss onto the substrate pre-functionalized with APTES.

Table 1. Water contact angle values for the dried monolayers.

s e ae
PSis2-4 -PAA1e 67° 43° 25°
PS39s-4 -PAAss 66° 33° 33°
PSs77-4 -PAA1s0 68° 39° 29°

AFM analysis of the monolayer in air after removal of excess copolymer revealed a periodic two-dimensional pattern of
islet structures resulting from the dewetting of PS blocks on the adsorbed PAA layer during the passage of the substrate at
the liquid-air interface, as previously reported for the adsorption of PS-b-P2VP on mica.4° The average size of as-formed PS
clusters increased with increasing PS block size due to greater chemical incompatibility with PAA (Figure 2). Importantly,
the nature of the amine groups grafted on the wafer (APTES or PAH) has no influence on the segregation behaviour of PS,
nor the solvent used (DMF, THF or a mixture) or the drying method (fast drying with nitrogen or slow drying by solvent
evaporation) (ESI, SX). The clusters were no longer discernible when the monolayer was immersed in toluene, which is a

good solvent of PS, or exposed to saturated atmosphere of toluene (Figure 2). QCM-d and neutron reflectivity (NR) were
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used to provide a quantitative description of BC adsorption in non-selective solvent. Among the most important findings,
we can emphasize that the adsorption was characterized by a large adsorption constant (K) that reflects the strength of the
multivalent interaction between acid and amino groups at surface. Besides, the grafting density (o) obtained from the sat-
uration plateau in the isotherms (T'sa) follows as expected for the anchor-dominating regime (ESI, $2).353° Regarding the
thickness (8 ) of the adsorbed layer in good solvent conditions, NR analysis performed in THF provided & values of 14.5 and
18.5 nm for PS;s,-b-PAA,y and PS,,,-b-PAAss, respectively (ESI, S2). By neglecting the thickness of the anchoring layer, it
implies that on average PS chains are stretched up to 32% and 19% of the extended all-trans conformation (bond length of
1.54 A and tetrahedral angles of 109.28).4 The highest stretching is expected for f = N2 which is the cross-over between
the buoy and anchor regime.3° The thickness of the monolayer scaled as 8 ~ Ny '3, in line with the prediction for the anchor-
dominated adsorption (ESI, $2).353° This is also consistent with the Alexander-de Gennes formalism of a terminally attached
brush.#>45 In this regime, the equilibrium height of the brush is a balance of interaction energy and elastic free energy.+°
The distance between the grafted points (D = o /) was found to be smaller than the radius of gyration (R;) of the PS chains

in good solvent,* confirming the brush regime for PS (ESI, S2).

3.2 Bilayer formation

Once the monolayer is formed and provided that the excess of non-adsorbed copolymer remains in solution, the con-
trolled addition of water will increase gradually the polarity of the solvent turning on the hydrophobic effect and triggering
the interaction between free and grafted PS blocks (Figure 1). From a thermodynamic point of view, the addition of water
translates into an increase in the Flory-Huggins PS-solvent interaction parameter (y), namely a loss of solubility of the PS
blocks. It is notorious that amphiphilic BCs form non-equilibrium structures when the solvent polarity of the medium
changes.®® It follows that BC self-assembly in bulk solution and by extension at solid-liquid interfaces is overly sensitive and
dependent on processing parameters. Among them, the water content is most critical: it must be sufficient to confer am-
phiphilic properties to the BCs while avoiding their aggregation at surface, in particular with copolymers containing long

PS blocks.

NN AT NS A

Figure 3. Illustration of the symmetric bilayers of PS-b-PAA bilayers.

The minimum water content to induce BC self-assembly, also called critical water content (cwc), was determined by
light scattering in solution for each BC system. Low values of cwc were obtained, between 4 and 6%, highlighting the very
hydrophobic nature of the PS blocks (ESI, $3).49 In this range of water contents, the system is expected to be equilibrated,
that is, a dynamic equilibrium between copolymer unimers and self-assembled structures exists. At higher water contents
(>10%), the chain mobility is drastically reduced due to lower concentration of DMF:THF in hydrophobic domains.4° Then,
the system becomes frozen and the subsequent addition of water should not alter its structural integrity. In solution, the
different BCs investigated here self-assembled into crew-cut micelles when water was added in similar conditions to those
used for bilayer formation (see below) (ESI, S3). Therefore, this disqualifies the BC compositions used here to form the
bilayer through the vesicle spreading approach. The two-step self-assembly process was performed in a teflon trough of 17

cm X 1 cm X 2 cm using two syringe pumps for the injection and withdrawal of solutions, as shown in Figure 3.
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First, the formation of the monolayer previously described was proceeded similarly by the immersion of APTES (or
PAH)-modified substrates to the trough containing the BC solution in DMF:THF for 2 h. The second step was then per-
formed by adding water from the left-side of the trough until the targeted cwc value was obtained. A small flow rate
(sopL/min) was applied to ensure the self-assembly as close as possible to equilibrium conditions. Then, the system was
equilibrated for 1h and extensively rinsed by continuous injection and withdrawing of water to remove bulk aggregates that
were concomitantly formed during the bilayer assembly. The supported bilayers exposed to air or water present a rather
continuous and smooth surface as observed by AFM (roughness < 1 nm), with an average thickness between 14 and 18 nm,
more than twice thicker than the monolayers at the same condition. The difference is explained by the collapsed structure

present in the monolayer, that does not occur in the case of the bilayer due to chain stretching.

Withdrawal

Figure 4. Illustration of the experimental set-up for the preparation of the solid-supported bilayers. Injection and withdraw
pumps placed on the left and right sides of the Teflon trough, respectively.

Air Water

(1x1)pm? (1x1)pm?

120 0m 120 nm

Rq: 0.545 nm

Height Sensor

Rq: 0.729 nm

Height Sensor

Figure 5. AFM images (PeakForce tapping mode) of the PS394-b-PAA58 bilayer in the dry and wet state.

https://doi.org/10.26434/chemrxiv-2024-87tgr ORCID: https://orcid.org/0000-0002-1988-1288 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-87tgr
https://orcid.org/0000-0002-1988-1288
https://creativecommons.org/licenses/by-nc-nd/4.0/

No layer delineation phenomena at the liquid-air interface could be detected even when the molar mass of PS is below
its critical mass (M. = 31.2 103 g/mol) (Figure 6).5° It suggests that hydrophobic interaction participate greatly to the molec-
ular cohesion within the assembly. Also, we did not observe any significant difference in the morphology and thickness of

the bilayer depending on the position of the substrate in the trough (Figure 7).

Similarly, the self-assembly process proved to be quite robust to some extent upon variation of initial conditions like
the polymer concentration (0.3 g/L - 1 g/L), solvent (THF, DMF or a mixture), water content (5% - 10%) and incubation
time before rinsing (1th -18h) (ESI, S3). It emphasizes that the bilayer formation must be quite fast once the composition of
the medium meets the self-assembly criterion. Then, the bilayer remained stable against BC aggregation occurring in solu-
tion, especially during the rinsing step. This is an important aspect regarding the scale-up of the process. Only the pH of
water showed some incidence on the bilayer characteristics. Namely the dried bilayer was found to be thicker for PS,q,-b-
PAAgs when the self-assembly was triggered at pH 11 (6 = 18 nm) than pH 7 (6 = 14.7 nm) (ESI, S4). This can be primarily
attributed to the stretching of the PAA blocks on the bilayer surface forming a charged brush at pH 11 due to the high

osmotic pressure of counterions.>*5* Then, the drying step froze the system in such a conformation.

(1x1)pum?z * (10 x 10) pm?
150 nm ¥ 150 nm
Figure 6. Height AFM images of PS,s,-b-PAAs bi-
layers.
RMIS: 1.04 nm RMS: 1.20nm
Height Sensor 2000 nm Height Sensor Zopm
16
151 Figure 7. Illustration of the disposition of the samples in the trough (up)
. . * and respective thickness of the BC bilayers determined by ellipsometry

(down).

Thickness/nm

Distance from the injection front

3.3. Spectroscopic characterization of mono- and bilayers

A comparison between PS,,,-b-PAA;s mono- and bilayers was done by PM-IRRAS (
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Figure 8). One can observe, considering the peak areas, that the bilayer is more than 5 times the monolayer. As it is
known, the orientation of the groups at the substrate highly influences the intensity of the absorption bands in PM-IRRAS
measurements: the maximum absorption happens when the groups are oriented perpendicularly to the substrate, whereas
a negligible absorption is measured when the groups are oriented parallel to the surface. The large increase of intensity
observed for the bilayer could be then related to either a higher amount of PS groups and/or to a change of orientation of
the PS chains. Indeed, as observed by AFM, a much higher grafting density is observed for the bilayers, as no dewetting
takes place. One can imagine that the PS chains from the hydrophobic reservoir are much more stretched, and, thus, an
increase in the intensity due to a change in orientation is reasonable. Additionally, the bilayer obviously presents another

layer of BC, which will account for an increase on the intensity of the bands.

v PS-b-PAA

VCH a CH2

(cyclic PS)

—
4,
P~ Vs ch2
e

Bilayer

na

3500 3000 2500 2000 1500

Wavenumber/cm’

Figure 8. PM-IRRAS spectra of a PS,y,-b-PAAss mono- and bilayer.

3.4. Accessing the hydrophobic core of the bilayers with NR

Taking advantage of the isotopic contrast experiments available on neutron-based techniques, neutron reflectivity (NR)
was performed with a PS,y,-b-PAAsg bilayers prepared with BC containing a hydrogenated and/or deuterated PS block. Be-
cause the variation of the scattering length density (SLD) can be monitored trough the bilayer (in the z-direction), 2 differ-
ent configurations were studied, in whose alternatively a deuterated (or hydrogenated) BC was used in the first step (mon-
olayer formation) and a hydrogenated (or deuterated) BC was used at the second step (bilayer formation), allowing the

generation of mixed hydrogenated/deuterated bilayers. NR curves of symmetric (PSq-b-PAA and PSy-b-PAA) or asymmetric

11
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(PS4-b-PAA/PSy-b-PAA and PSy-b-PAA/PS4-b-PAA) bilayers are shown in

10"
d-PS/d-PS
d-PS/h-PS
h-PS/h-PS
107" 4
102
x
107
10+
10’5-5
10® ] T T
0.01 0.1
Q/A
Figure 9.
10"
d-PS/d-PS
d-PS/h-PS
h-PS/h-PS
10-1_
1024
14
10-3_
104
1070
10 +——— . . ———y
0.01 0.1
Q/A"

Figure 9. NR curves of PS,y,-b-PAA s bilayers of different fully hydrogenated and fully hydrogenated BC bilayers, and mixed
hydrogenated/deuterated BC bilayers.

From the NR curves, the variation of the scattering length density (SLD) through the bilayer can be monitored. Since

the SLD of the hole layer (measured by NR) is a sum of the partial contributions of each of the deuterated and hydrogenated

layers:

SLDtotqs = SLDg_s5 ¢(z)g-s + SLDy_5 ¢(2)p—s Eq. 2
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where ¢(z) is the volume fraction at the z direction of deuterated and hydrogenated styrene monomers (¢(z)4g +

¢(z)h.s = 1), one can obtain the variation of the volume fraction of both hydrogenated and deuterated monomers as shown

in
Figure 10.
1.0 {
o 0.81
_?_: 0. Figure 10. Variation of the volume fraction ¢(z) of the asymmetric h/d
p= bilayer.
§ 0.4
E 02 At values very close to the substrate (z = o), the volume fraction of
the monomers coming from the top layer is far from being equal to zero.
0.0 . . : I The absence of a pure contribution of the d-PS BC or h-PS BC could sug-
0 5 Z]/:m " 2 gest a very pronounced interdigitation of the BC chains, reasonable with

the fact that the monolayers present a rather low grafting density. Addi-
tionally, one can observe that the contributions are not even: when the monolayer was prepared with d-PS and the second
layer with h-PS, the volume fraction of d-PS was around o0.25 close to the substrate, whereas a volume fraction of h-PS
around 0.4 was found when the hydrogenated BC was used for the monolayer formation. We discovered, however, that
instead of a very pronounced interdigitation of the lower and upper layers of block copolymers, the reason for the existence
of a mixed monolayer of h-BC and d-BC is due to a densification of this lower monolayer with unimers that inserts into it
just before BC self-assembly, i.e. in the early stages of water addition (below cwc). These results are described in a forth-

coming publication.

3.5. Versatility of the self-assembly approach (SISAL)

3.5.1. Formation of asymmetric bilayers

This method of preparing block copolymer bilayers on a solid support also enables the fabrication of asymmetrical BC
bilayers, where BCs containing the same glassy PS hydrophobic block but different hydrophilic blocks (PAA or poly-2-
vinylpyridine, P2VP) are used to generate a bilayer with a different top surface, broadening the applications of this new
approach. For example, smooth PS-b-PAA/PS-b-P2VP were successfully prepared (Figure 11.A) and were able to anchor
citrate-coated gold nanoparticles (AuNPs) thanks to specific interactions between the hydrophilic block and the AuNPs

coating.
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Figure 1. PS-b-PAA/PS-b-P2VP bilayers before a. and after b. incubation with (9 % 5) citrate-modified AuNPs.

3.5.2. Encapsulation of actives: Gold nanoparticles

A major interest in the preparation of solid-supported bilayers lies in the encapsulation of actives on the hydrophobic
reservoir. To illustrate the feasibility of asset encapsulation with our approach, we dispersed 5 nm of AuNPs in a PS-b-PAA
solution and performed the same procedure for solid-supported BC bilayers as described above. BC bilayers prepared in the

presence of AuNPs were thicker (~23 nm) but still presented a

R dense, smooth surface. The presence of AuNPs was confirmed by
n= nm

0.079 UV-VIS spectroscopy with the presence of SPR on samples of solid-

supported BC bilayers with encapsulated AuNPs, in contrast to the
negligible absorption associated with bare BC bilayers (

PS-4-PAA bilayer
+ AuNP .—0.056

Absorbance

Figure 12).

PS-4-PAA bilayer

450 500 550 600 650 Figure 12. UV-Vis spectra of the AuNPs alone and PS394-b-PAA58
bilayers in the presence and absence of AuNPs.

Wavelength/nm
After treatment with oxygen plasma, which removes organic matter from the bilayer, a distribution of isolated gold NPs
was observed by AFM, confirming that these particles were not only present in the hydrophobic reservoir of the bilayer, but

in a fairly organized manner.
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Figure 13. AFM images showing the surface organization of AuNP-loaded bilayer before (left) and after (right) oxygen
plasma treatment.

As well as being excellent probes for the proof-of-concept of encapsulating actives in solid-supported BC bilayers, AuNPs
could also be used to trigger temperature-induced opening of the BC bilayer and thus release the molecules of interest

coencapsulated with them.

3.5.3. Formation of BC bilayers onto colloids

The formation of amphiphilic BC bilayers has also been extended to non-planar surfaces, in particular to the surface of
colloidal substrates. Instead of amino-modified silicon wafers, amino-modified silicon dioxide nanoparticles (average di-
ameter of 100 nm) were used (see SI for full characterization). As with planar surfaces, the assembly process was carried out
in two stages involving, firstly, the formation of a PS394-b-PAA58 monolayer under non-selective solvent conditions using

the same DMF:THF mixture as previously. Size distributions were determined by DLS for different weight ratios of SiOz-
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shows that the presence of

copolymer in solution breaks up the nanoparticle aggregates. This is indirect evidence of the interaction of the surface

amine groups with the acid groups of the copolymer. When the BC monolayer is formed, the improved stabilization due to

BC at the surface allows better particle dispersion, with fewer aggregates, resulting in an apparently smaller particle size. In

addition, it was possible to detect free polymer chains in solution at the highest mixing ratio (BC:NP SiO2 = 50), demon-

strating nanoparticle surface saturation. The formation of a BC monolayer on the particle surface was also observed by

TEM, as shown in (
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b). However,

DLS cannot be used to accurately determine particle surface saturation, as the scattering intensity of silica nanoparticles is

much greater than that of excess free copolymer.
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Figure 14. (a) Intensity-weighted size distribution of mixtures of amino-functionalized silicon dioxide nanoparticles and
PS394-b-PAA58 BC prepared at different weight ratios (BC:SiO2-NPs) in DMF:THF (80:20) without purification. (b) TEM
images of the amine-modified SiO2-NPs before (left) and after (right) coating with a monolayer of PS394-b-PAA58.

After the BC monolayer formation, water was added to switch the solvent polarity and, thus, trigger the formation of
the second BC layer. The particles were then washed and rinsed by successive centrifugations in order to disperse them in
water or in a neutral pH buffer. The nanoparticles were characterized at the end of each assembly step, which allowed to
determine the optimal experimental conditions leading to the formation of the layer. As observed in Figure 15 a, size distri-
butions determined by DLS seemed to remain practically constant for different BC:SiO2-NP mixing ratios. However, a slight
increase in particle size at increasing mixing ratios is observed. This can be related to the increase of the hydrodynamic
radius of particles in relation with the build-up of the BC bilayer at particle surface. This was also seen in TEM images

(Figure 15 b) where a difference in surface coverage is clearly obtained depending on the mixing ratio. For a BC:SiO2-NP

ratio of 15, a very homogeneous BC bilayer was formed. Importantly, the BC bilayer coating stabilized the particles against

aggregation, resulting in particles that were fully dispersed in the medium.—Heowever, the present conditions need to be
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Figure 15. (a) Intensity-weighted size distribution of mixtures of silica nanoparticles and PS-b-PAA at different weight
ratios after water addition to trigger the BC self-assembly. DLS analysis were performed after several centrifugation/disper-
sion cycles in water. (b)TEM pictures showing the formation of copolymer bilayer at the surface of silica nanoparticles for
different BC:NP weight ratios, in water after purification of the excess copolymer by several centrifugation/resuspension
cycles.

4. CONCLUSIONS

We have described a new method for fabricating bilayer-structured amphiphilic block copolymer films on solid sub-
strates. The method is based on the general principle of self-assembly of amphiphilic molecules in aqueous media governed
by the hydrophobic effect as described for surfactants. The novelty consists in reproducing the micellisation principle of

amphiphilic block copolymers at a solid-liquid interface.

Unlike lipid bilayer self-assembly, which is generally achieved by fusing lipid vesicles (liposomes) to the surface of a
solid substrate, our method involves BC self-assembly in two distinct steps: monolayer and bilayer formation. This is the
strength and versatility of this new process, which can be used, in principle, on substrates of any shape and size (planar,
colloidal, hollow), with a very wide variety of block copolymers well beyond those whose composition allows the formation
of polymeric vesicles (polymersomes) in solution, and last but not least, allows the formation of asymmetric bilayers (Figure

16).
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Figure 16. Potential and versatility of the SISAL surface-induced self-assembly approach proposed in this work.

Finally, the SISAL approach complements and enriches existing amphiphilic copolymer self-assembly methods already

available in the literature (Table 1).

LB VF SALB | SISAL

Easy protocol/instrumentation

AN
<

Large macroscopic substrates

Colloidal or hollow substrates

Variety of BC composition

Symmetric and asymmetric bilayers

Suitable for scale up

XSS X([>X[Xx

NI EIENENEN
NEIEIES
NENENES

Table 2. Advantages and disadvantages of amphiphilic block copolymer self-assembly methods available in the literature
compared with the SISAL approach presented in this work. LB : Langmuir-Blodgett deposition, VF : Vesicle fusion, SALB :
Solvent-assisted Lipid Bilayer.
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