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Introduction

Polypeptides are biocompatible and biodegradable polymers
composed of a repeating sequence of amino acids linked by
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We demonstrate control of the structure and morphology of polypeptide/surfactant films at the air/water inter-
face as a function of the maximum compression ratio of the surface area, exploiting a recently developed film
formation mechanism that requires minimal quantities of materials involving the dissociation of aggregates. The
systems studied are poly(L-lysine) (PLL) or poly(L-arginine) (PLA) with sodium dodecyl sulfate (SDS), chosen
because the surfactant (i) interacts more strongly with the latter polypeptide due to the formation of hydrogen
bonds between the guanidinium group and its oxygen atoms, and (i) induces bulk p-sheet and a-helix confor-
mations of the respective polypeptides. The working hypothesis is that such different interactions may be used
to tune the film properties when compressed to form extended structures (ESs). Neutron reflectometry reveals
that application of a high compression ratio (4.5: 1) results in the nanoscale self-assembly of ESs containing up
to two PLL-wrapped SDS bilayers. Brewster angle microscopy provides images of the PLL/SDS ESs as discrete
regions on the micrometre scale while additional linear regions of PLA/SDS ESs mark macroscopic film folding.
Ellipsometry demonstrates high stability of the different ESs formed. The collapse of PLL/SDS films upon com-
pression to a very high ratio (10 : 1) is irreversible due to the formation of solid domains that remain embedded in
the film upon expansion while that of PLA/SDS films is reversible. These findings demonstrate that differences in
the side group of a polypeptide can have a major influence on controlling the film properties, marking a key step
in the development of this new film formation mechanism for the design of biocompatible and/or biodegradable
films with tailored properties for applications in tissue engineering, biosensors and antimicrobial coatings.

peptide bonds. They have attracted attention as promising bio-
materials in numerous studies since they exhibit unique pro-
perties such as designability, biocompatibility, susceptibility
to proteolysis, tuned hydrophilicity/hydrophobicity, inherent
chirality and the ability to self-assemble in secondary struc-
tures (a-helices or B-sheets)." The latter property influences
their size, rigidity, and function and facilitates the formation
of well-defined supramolecular assemblies.”” Indeed, the sec-

University of Manchester, Oxford Road, Manchester M13 9PT, UK.

E-mail: jayne.lawrence@manchester.ac.uk, richard.campbell@manchester.ac.uk
“Institute of Chemistry, Edtvis Lordnd University, 112, Budapest H-1518, Hungary
4ISIS Neutron and Muon Source, Rutherford Appleton Laboratory, Harwell Campus,
Didcot 0X11 0QX, UK

‘IKERBASQUE—Basque Foundation for Science, Plaza Euskadi 5, Bilbao, 48009,
Spain

fCentro de Fisica de Materiales (CSIC, UPV/EHU) - Materials Physics Center MPC,
Paseo Manuel de Lardizabal 5, E-20018 San Sebastidn, Spain

tElectronic supplementary information (ESI) available: (1) Neutron reflectivity
fitting procedure, (2) NR fitting demonstration of PLL between the ESs, (3)
surface pressure and ellipsometry stability measurements, and (4) verification of
surface pressure values at high compression ratios. See DOI: https://doi.org/
10.1039/d2nr07164a

This journal is © The Royal Society of Chemistry 2023

ondary structure of polypeptides can determine their antibac-
terial activity, the stiffness of a gel,” or the morphology of self-
assembled vesicles.® This is a unique property of polypeptides
that many widely studied synthetic polymers such as poly
(sodium styrene sulfonate) (NaPSS),”® poly(ethyleneimine)
(PED)*'® or poly(diallyl dimethyl ammonium chloride)
(Pdadmac)'"*? do not present. There are 20 different natural
amino acids and a wide variety of non-natural ones that offer
the possibility to build polypeptides with a rich chemical diver-
sity using the facile ring-opening polymerization method."
The possibility to modify polypeptides including functional
groups such as sugar moieties, reactive handles, charged
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species or surface active groups allows one to design a large
number of different biomaterials."* In addition, they are versa-
tile as they can be designed to respond to various stimuli
(temperature, pH, ionic strength, light, enzymatic/biological or
magnetic), allowing control of their properties and structure.®

Polypeptides have been widely used for the creation of mul-
tilayers in applications such as tissue engineering'® or drug
delivery,'® both consisting exclusively of polypeptides'” and in
conjunction with other polyelectrolytes.'® They have also been
used to tune interactions with non-ionic surfactants,'® form
polyplexes with nucleic acids in gene delivery,>® and polypep-
tide/surfactant (PP/S) complexes.>! However, despite signifi-
cant advances made during the last decades in the field of
oppositely charged polyelectrolyte/surfactant (P/S) mixtures at
the air/water interface, examples of work to tune and develop
PP/S film properties are scarce.”*>* Furthermore, the pro-
perties of P/S films cannot be directly extrapolated to PP/S
films since, in addition to the electrostatic interactions, poly-
peptides can adopt secondary structures and form multiple
hydrogen bonds. Previously, the equilibrium?* and dynamic?®
properties of poly-L-lysine (PLL)/sodium dodecyl sulfate (SDS)
mixtures were studied at the air/water interface. It was
suggested that PLL adopts a p-sheet conformation at the inter-
face, although this was inferred only from surface tension
measurements. The application of neutron reflectometry (NR)
later allowed direct quantification of the amounts of PLL and
SDS at different pH values.?® Differences between the results
obtained by surface tensiometry and NR were rationalised in
terms of different polypeptide conformations that affected
only the surface tension values.

Recently, we have demonstrated precise control over the for-
mation of extended structures (ESs) in PLL/SDS films at the
air/water interface using a Langmuir trough with respect to
compression or expansion of the surface area.”” The structures
of these films consist of a surfactant monolayer, a layer of poly-
peptide bound to the surfactant headgroups (together, hereon
in, referred to as the ‘surface monolayer’) as well as discrete
patches either of surfactant bilayer wrapped by polypeptide or
bound surfactant hemimicelles; the two possibilities were not
distinguished from the experimental data. Reversible control
of the quantity of a single additional layer of ESs using the
Langmuir trough barriers was demonstrated up to a coverage
of 18.8 + 0.7%. In this work, PLL/SDS films were created using
a film formation methodology,® which was recently developed
using P/S mixtures by exploiting the dissociation and inter-
facial spreading of material from aggregates that had self-
assembled in solution due to lack of colloidal stability of
formed complexes.?® The spreading of these aggregates at the
air/water interface results in their dissociation, and the film
remains kinetically trapped due to the entropy of counterion
release, which means that films can be formed using minimal
quantities of materials, offering potential economic or
environmental advantages over gel films formed in mixed P/S
systems.>® Possibilities to trigger the formation of ESs through
changing the charge and/or structure of the aggregates, and
tune the resulting interfacial morphology through successive
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spreading of aggregates or compression of the surface area,
were also demonstrated.*’ It has also been shown in recent
work that the rigidity of the polyelectrolyte plays an important
role in the formation of ESs in adsorbed layers from mixed
systems.>” To the best of the authors’ knowledge, these are the
only examples of investigations in the literature on adsorbed
layers or trapped films of oppositely charged PP/S mixtures at
the air/water interface. Thus, this work provides a basis for the
future development of PP/S films spread using the recently
developed aggregate dissociation mechanism at the air/water
interface, which has not been broadly exploited to date.

Given the multiple applications and all the above-men-
tioned characteristics that make polypeptides unique from
other polyelectrolytes, the study of PP/S films at the air/water
interface is of great interest, especially for applications where
biocompatibility and biodegradability are essential. The
present work involves a comparison of films involving
different PP/S systems: PLL/SDS and poly-(i-arginine) (PLA)/
SDS. The molecular structures of PLL, PLA and SDS are shown
in Fig. 1. While PLL has a pK, value of 9, PLA has a pK, value
of 13.8.>* As a result, both polypeptides are essentially fully
charged in the experiments conducted in this work.
Consequently, they exhibit strong electrostatic interactions
with oppositely charged molecules or surfaces. Lysine side
chains terminate in an ammonium group in which the charge
is localized, while arginine side chains terminate in a guanidi-
nium group where the charge is delocalized within three
ammonium groups. Although they present a similar chemical
structure, the interaction of the ammonium group of PLL with
SDS is purely electrostatic, yet the guanidinium group can
form additional hydrogen bonds that make the PLA/SDS inter-
action stronger.*® Thus, specific PP/S headgroup interactions
influence the resulting properties of the mixtures. Indeed, it
has been shown that SDS induces the p-sheet conformation of
PLL**?%3%73% and the a-helix conformation of PLA*®™*! in solu-
tion. Furthermore, it was shown that the secondary structure
of polypeptides when forming complexes in solution is main-
tained when deposited as multilayers on solids,”” which

BN BN
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\/
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Fig. 1 Chemical structures of PLL (left), PLA (right) and SDS (bottom).

The ammonium group of PLL and the guanidinium group of PLA are
highlighted in blue and green, respectively.

This journal is © The Royal Society of Chemistry 2023
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suggests that these differences may mean that PP/S films con-
taining ESs may exhibit distinct physicochemical properties.

The aim of the present work is to resolve differences in the
structure and morphology of PLL/SDS and PLA/SDS films
spread at the air/water interface using the recently developed
aggregate dissociation mechanism with respect to changing
maximum coverage of ESs. In this respect, the coverage of ESs is
tuned by changing the minimum value of the surface area, 4,
upon film compression to reach different maximum com-
pression ratios, defined as Ay/A, where A, is the initial surface
area when the film is spread. Through the use of biocompatible
materials, the scope is to understand how specific PP/S inter-
actions may be tuned in the future development of new films
for biomedical applications. An approach is used to manipulate
films to different maximum compression ratios to determine if
a higher coverage of ESs than previously observed can be
obtained, and if any increase in coverage affects the film pro-
perties. The underlying hypothesis is that as these two PP/S
systems adopt distinct secondary structures in the bulk, there
may be distinct physicochemical properties of their spread
films when compressed to produce ESs. It is hoped that this
work will help us to understand better the influence on spread
film properties of the polyelectrolyte rigidity,>* where the hierar-
chy is p-sheet > a-helix > random coil. The application of a
powerful combination of reflectometry techniques - neutron
reflectometry (NR), ellipsometry and Brewster angle microscopy
(BAM) - allows us to resolve key processes that determine the
dynamic behaviour of these PP/S films with respect to different
lengths on the micrometre- and nanoscale.

Materials and methods
Materials

15-30 kDa (~176 amino acids per molecule) (poly-(i-lysine)
hydrobromide and 5-15 kDa (~64 amino acids per molecule)
poly--arginine hydrochloride powders, sodium dodecyl
sulfate, sodium dodecyl-d,; sulfate (d-SDS), ethanol (>99.8%)
and D,O were purchased from Sigma Aldrich. PLL, PLA, d-SDS
and D,O were used as received. Polydisperse polypeptide
samples were used to mimic those used in commercial appli-
cations. SDS was recrystallized twice in ethanol followed by
drying under vacuum. Ultra-pure water was generated by
passing deionized water through a Milli-Q unit (total organic
content <4 ppb, resistivity = 18 MQ cm).

Sample preparation

PLL and PLA stock solutions at 1000 ppm were prepared by dis-
solving 5 mg of each respective powder in 5 mL of H,O, then
rotating the vial for a few hours, before 200 ppm solutions were
prepared by diluting 1 mL of each stock solution to 5 mL. A
stock solution of SDS 10 mM was prepared in H,O and diluted
to the required concentration for each experiment. Note that
the polypeptide concentrations are expressed in ppm w/v.

Fresh mixtures of PP/S aggregates were always prepared
immediately before use to limit the growth of large aggregates

This journal is © The Royal Society of Chemistry 2023
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prior to the experiment. First, an aliquot of 200 ppm PLL or
PLA solution was poured into a clean vial containing a mag-
netic stirrer. Then, an aliquot of the same volume of SDS was
rapidly added to the vial with stirring maintained for 3-5 s.
Thus, the concentrations of polypeptide and surfactant in the
final solution were half of those in the aliquots.

{-Potential

C-Potential measurements of PP/S mixed solutions were
carried out using a Zetasizer Nano ZS90 and the M3-PLAS tech-
nique (Malvern Instruments Ltd, U.K.) to estimate the charge
of the aggregates. The charge of the aggregates was deter-
mined at a constant polypeptide concentration of 100 ppm as
a function of the bulk SDS concentration in the ranges
0.4-1.0 mM and 0.2-1.0 mM for PLL and PLA, respectively.

Langmuir technique

Use of a Langmuir trough allows the study of the dynamic behav-
iour of the spread PP/S films during changes of A. The troughs
used have two barriers that move symmetrically to record surface
pressure (I1)-A isotherms during consecutive compression/expan-
sion cycles and stability measurements of the films over time at a
constant area. Troughs of different sizes were used according to
the requirements of the different setups of the applied tech-
niques (NR, ellipsometry or BAM). The isotherms are presented
as a function of A/A, (the inverse of the compression ratio) in
order to compare the data obtained using different troughs. The
Wilhelmy plate method has been used to record the variation of
II defined as the difference between the surface tension of pure
water and that of the film, using a filter paper plate.

The different troughs used in the present work are Kibron
G1 and G2 (Finland) and Nima 721BAM (UK). A volume of
1130 pl of 100 ppm PLL with 0.80 mM SDS or 1500 pl of
100 ppm PLA with 0.62 mM SDS was used to create the initial
films in the experiments done with the G1 trough. The
amount spread was chosen to obtain a surface monolayer at /7
=5-10 mN m™", which allows to study the surface monolayer/
ESs transitions during successive cycles. The volume spread
and the speed of the barriers were scaled to be consistent
between the areas of the different troughs used. The trough
and barriers were carefully cleaned with Decon 90 detergent,
ethanol and water before filling them with Milli-Q water.

Neutron reflectometry

NR is a widely used technique in the study of interfaces that
allows the composition and structure perpendicular to the inter-
face on the nanoscale to be determined accurately.”*** In an NR
experiment, a neutron beam is incident onto the interface under
study at grazing incident angles. Specular reflectometry occurs
when the angle of incidence, 6, and the angle of reflection are
equal. The reflectivity, R, is defined as the ratio between the
reflected and the incident intensity and is recorded as a function
of the momentum transfer normal to the interface, Q,, defined as

47 sin @
Q, = 2 (1)
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where £ is the wavelength. The scattering length density (SLD)
is a measure of the scattering power of a material and it is
defined as the sum of the scattering lengths, b, of each
nucleus in the molecule over its molecular volume (V;,,). The
surface excess of component i (surfactant or polyelectrolyte) in
each layer, I', can be obtained as follows:

_ Vi SLD

I
! bi 'NA

d (2)
where V; is its volume fraction, d is the thickness of the film
and N, the Avogadro’s number.

Specular NR measurements were performed on the time-of-
flight reflectometer INTER at the ISIS Pulsed Neutron and
Muon Source (Didcot, UK) to resolve the structure of PLL/SDS
films at a high compression ratio. Two different grazing inci-
dent angles of 0.8° and 2.3° and a wavelength range of A =
1.5-16 A were used. The absolute reflectivity was calibrated
using a pure D,O subphase. Three different isotopic contrasts
were recorded: (1) d-SDS/ACMW (air contrast matched water, a
mixture of 8.1% v/v D,O in H,O, SLD = 0 A~%), in which the
scattering is dominated by the surfactant and is essential for
determining the coverage of the surfactant monolayer and the
ESs; (2) d-SDS/D,0, which allows determination of the amount
of PLL in the film as the SLDs of d-SDS (6.69 x 10~ A~%) and
D,O (6.36 x 107® A™2) are close in value; and (3) h-SDS/D,0, in
which the scattering is dominated by the subphase and there-
fore it is very sensitive to the penetration of h-SDS to the ESs.
The values of b, SLD and V,;, of each of the components, infor-
mation about the model applied to fit the data, and details of
the fitting procedure can be found in section 1 of the ESLT
The data were analysed using the Motofit package and the
different contrasts were co-refined.’® The general procedure of
fitting the data with different isotopic contrasts using a struc-
tural model with the minimum number of layers required has
been followed.

Ellipsometry

Ellipsometry is an optical technique based on the polarization
changes that light undergoes when it is reflected at an inter-
face. These changes are defined by the ratio of the overall
Fresnel reflectivity coefficients of the parallel (rp) and the per-
pendicular (rs) components of the electric field, whose relative
amplitude and phase change by different amounts. In experi-
mental measurements of ellipsometry, the ellipsometric
angles A, defined as the phase shift between the two com-
ponents, and ¥, where tan ¥ is the amplitude ratio, can be
directly obtained.
P _ tan e, (3)
Ts

In contrast to studies at solid/liquid interfaces that can be
tuned to provide sensitivity of ¥ and A to the density and thick-
ness of interfacial material,”” the application of ellipsometry
in the study of thin transparent films at the air/water interface
offers poor sensitivity of ¥ to the film properties and often
only values of A are interpreted.”®*®*° The values of dA = Appg
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(for the PP/S film) — Aueer (for pure water which approximately
accounts for the contribution of surface roughness) are
reported as an approximate measure of the total surface
amount of the PP/S films. The relatively small probed area
(~1 mm?) and the fast acquisition time (~5 s) make ellipsome-
try an ideal technique to do time/spatial resolved experiments
as temporal fluctuations in the signal can reveal the presence
of inhomogeneities in the interface on the micrometer
SCale.28’48’50

The ellipsometry data were recorded using two different
ellipsometers coupled to a Langmuir trough. A Beaglehole
Picometer Light ellipsometer (New Zealand) equipped with a
He-Ne laser with a wavelength of 1 = 632.8 nm was used to
record the variation of dA during compression/expansion
cycles at an angle of incidence of 51° and a data acquisition
rate of 0.2 Hz. An Accurion EP4 ellipsometer (Germany)
equipped with a blue diode laser with a wavelength of 4 =
489.2 nm was used to record the stability measurements pre-
sented in section 2 of the ESIf at an angle of incidence of 50°
and a data acquisition rate of 0.1 Hz.

Brewster angle microscopy

BAM is a direct and non-invasive imaging technique used to
characterize the in-plane organization of fluid films at the air/
water interface and the presence of lateral inhomogeneities.>
When p-polarized light is directed at the Brewster angle
(~53.1°) onto the air/water interface, the reflectivity is almost
zero. The presence of a thin film at the air/water interface
whose refractive index is different from that of water causes
the reflection of the incident light allowing visualization and
imaging of the film under study. Any additional material that
thickens the film will contribute to the reflected light. Thus, a
dark image is observed when light is directed onto the air/
water interface or a homogenous layer, yet the presence of
inhomogeneous patches of ESs will be observed as brighter
regions. An Accurion Nanofilm EP3 Brewster angle microscope
(Germany) equipped with a Nd:YAG laser (4 = 532 nm), a 10x
objective and a CCD detector was used at an angle of incidence
6 = 53.1°. Background was not subtracted.

Results and discussion

A characterization of the charge of PP/S aggregates in mixed
solutions was carried out first with a fixed polypeptide concen-
tration of 100 ppm as a function of the bulk SDS concen-
tration. Fig. 2 shows the results obtained for the PLL/SDS and
the PLA/SDS systems. The variation of the {-potential as func-
tion of the bulk SDS concentration follows a similar trend as
that of other P/S systems.*®**®**> The increase of the concen-
tration of SDS results in a transition from positive to negative
surface charge density. The concentration of surfactant needed
to produce neutral PLL/SDS or PLA/SDS aggregates is 0.63 and
0.57 mM, respectively. The experimental values are close to the
equivalent monomer concentration of 100 ppm of the polypep-
tides of 0.48 and 0.52 mM, respectively, evidencing strong

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Variation of the {-potential of (A) PLL/SDS (reproduced from ref. 27) and (B) PLA/SDS aggregates as a function of the concentration of SDS.
The black circles represent the experimental data points and the red line a sigmoidal fit. The black dashed lines indicate neutral charge. The standard
error in the {-potential values was found to be around 10%, smaller than the symbol size. Black arrows indicate the concentrations used to create

the films.

binding between the components at the point of charge neu-
trality. Nevertheless, the lower excess of SDS required to neu-
tralize PLA/SDS aggregates (0.05 mM) compared to PLL/SDS
aggregates (0.15 mM) suggests that the interaction of SDS with
PLA is even stronger than with PLL. The PP/S interaction
strength depends on the electrostatic interactions between the
charged groups and the hydrophobic interactions between sur-
factant chains. Since the same surfactant is used, the differ-
ences observed might arise from different specific PP/S inter-
actions. The stronger affinity of SDS to PLA found in this work
is in agreement with isothermal titration calorimetry results
where it was observed that the enthalpy upon SDS binding to
PLA and PLL was —15.4 + 1 and —6.9 + 1 kJ mol™', respect-
ively.>® In addition, it has also been demonstrated that the
electrophoretic mobility of arginine in sodium sulfate solu-
tions was lower than that of lysine.?* These results are also in
agreement with the molecular dynamics simulations, where a
greater affinity of sulfate to the guanidinium group was pre-
dicted and was attributed to the planar geometry of the group
allowing hydrogen bonding with the two sulfate oxygen atoms.
It may be noted that the strong binding at the point of charge
neutrality observed in both systems is similar in behaviour to
other systems previously reported, such as Pdadmac/SDS>* or
PEI/SDS,>* but it contrasts sharply with that of NaPSS/
dodecyltrimethylammonium bromide (DTAB),>® where for a
bulk polyelectrolyte concentration of 100 ppm, the excess of
surfactant needed to neutralize the aggregates is 5.5 mM.
These differences may be related to the ability of the polyelec-
trolyte to wrap surfactant aggregates, which would be signifi-
cantly influenced by its stiffness,”>>” and it has also been
found that more rigid polyelectrolytes form denser films.”
Thus, the experimental charge neutrality may be an important
parameter when assessing the stability of formed ESs in P/S or
PP/S films, given that they were shown to be stable over time

This journal is © The Royal Society of Chemistry 2023

for PLL/SDS films with strong bulk binding®” and unstable for
NaPSS/DTAB films with weaker bulk binding.*' Furthermore, it
has been recently demonstrated that the rigidity of the
polymer plays an important role in the stabilization of ESs in
adsorbed layers in mixed P/S systems.*> Although the compen-
sation of interfacial charges was identified as the main driving
force for the formation of ESs, the possibility to control the 2D
to 3D nature of the film by increasing the polyelectrolyte rigid-
ity was demonstrated. The low binding efficiency of DTAB to
NaPSS at the point of charge neutrality could be related also
with its low persistence length (~1 nm), which may explain the
difficulty to form stable ESs when this system is used.’*

Bulk SDS concentrations of 0.80 and 0.62 mM were chosen
to create the spread PLL/SDS and PLA/SDS films, respectively,
because aggregates overcharged with an excess of surfactant
have been shown to be efficient in forming ESs in previous
studies.?”*" It is worth noting that the release of counterions
to the bulk results in a very dilute electrolyte concentration
(~30 uM) that is not expected to influence the spread film pro-
perties significantly. Indeed, spread films of the NaPSS/DTAB
system exhibit persistent loss of material over time at elevated
ionic strength of 100 mM,*! for which there is no evidence
from the ellipsometry data of either PP/S system in Fig. 3.

We reported previously the structure of PLL/SDS films at a
2:1 compression ratio using NR and a coverage of 19% of ESs
was shown.?” Nevertheless, it was not clear whether there was
an additional PLL layer underneath the ESs as the inclusion of
a low coverage of it in the model resulted in equivalent model
fits to the experimental data. The structure of PLL/SDS films at
a 4.5:1 compression ratio is studied here using NR in the
hope that increased coverage of any PLL layer that may be
present in the ESs would allow it to be clearly resolved. If we
assume that all of the surfactant expelled from the surface
monolayer is incorporated in the surfactant bilayer structure,

Nanoscale, 2023, 15, M41-11154 | 11145
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(A) Neutron reflectivity profiles of a PLL/SDS film at a 4.5:1 compression ratio for d-SDS/ACMW (red circles), d-SDS/D,0O (blue circles) and

h-SDS/D,0 (orange circles) contrasts. The continuous lines show the model fits. (B) Volume fraction profiles of SDS (green), solvent (grey) and PLL
(purple) of PLL/SDS films at 4.5: 1 (top) and 2 : 1 (bottom) compression ratios. (C) Schematic illustrations of the structures of PLL/SDS films using 2:1

and 4.5 : 1 compression ratios.

resolved for PLL/SDS films in our recent work,>” coverage of
the ESs should in principle reach 100% at a 4:1 compression
ratio. Therefore, this approach tests the hypothesis that if all
the material remains bound to the film upon further com-
pression, a second layer of ESs would form beyond this com-
pression ratio.

Fig. 3A shows the neutron reflectivity profiles measured
and the model fits obtained from the analysis. The sharp and
clear Kiessig fringes in the reflectivity profiles indicate the
presence of a multilayered structure. Further evidence for the
lateral domains of ESs on the micrometre scale includes a
slight indication of off-specular neutron scattering and attenu-
ation of the total reflection of D,O by 4%. From the position of
the minimum in the d-SDS/ACMW contrast (Q, = 0.1 A™?), the
presence of ESs with a length scale around 60 A can be
deduced. An optimised model of 6 stratified layers was found
to be necessary to fit the data: (1) SDS tails, (2) SDS head-
groups with PLL and solvent, (3) PLL, (4) PLL/SDS ESs with
solvent, (5) PLL and (6) PLL/SDS ESs with solvent. Given the
complexity of the structure and the large number of para-
meters to be determined, in the NR fit, the roughness was set
to a value of 3.5 consistent with the presence of capillary waves
and surface tension. Nevertheless, it is important to observe
that when this parameter was unconstrained during the fitting
process, the other parameters fitted to the same values within
the error, and the roughness value increased to 5 A, resulting
in a 23% reduction in y*. We will return to this point later.
More details about the model, together with a table of opti-
mised fitting parameters, can be found in section 1 of the
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ESL.t The analysis confirms our hypothesis that the com-
pression of the film beyond a ratio of 4:1 leads to the for-
mation of a second layer of ESs. Furthermore, compatible with
a physical picture where polyelectrolyte screens the oppositely
charged headgroups in adjacent surfactant bilayers, a PLL
layer was required between the two layers of ESs, as described
in section 2 of the ESL.{ An additional layer of PLL beneath the
second layer of ESs did not, however, improve the quality of
the fit, most likely due to its low coverage.

Fig. 3B shows the volume fraction profiles corresponding to
the analysis for both the 2:1 (bottom) and 4.5:1 (top) com-
pression ratios. The high volume-fraction of PLL and SDS in
the surface monolayer as well as in the first layer of ESs (i.e.
second peak of surfactant in green) in both cases evidences
the presence of a very compact film at the interface. In the
case of the 4.5:1 compression ratio, however, there is an
additional ‘tail’ of surfactant that is attributed to additional
layer of ESs. It should be further noted that absence of a Bragg
diffraction peak in any of the reflectivity profiles shows that
P/S aggregates with an internal liquid crystalline structure were
not resolved to have remained trapped in the spread film.>®
Thus, it can be concluded that high compression of the PLL/
SDS spread film results in a highly compact arrangement of
the surface monolayer as well as the formation of an additional
layer of ESs below the first layer of ESs once it reaches
maximum coverage. Fig. 3C shows a two-dimensional sche-
matic illustration of the structures of PLL/SDS films at 2:1
and 4.5:1 compression ratios; illustrations are merely repre-
sentative and are not to scale.

This journal is © The Royal Society of Chemistry 2023
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Having demonstrated for the first time the ability to
increase the coverage and the number of layers of ESs by
increasing the compression ratio of a spread PP/S film, we
turn in the following sub-sections to the dynamic behaviour of
PLL/SDS and PLA/SDS films during compression/expansion
cycles as a function of the maximum compression ratio. First,
the results of PLL/SDS films using a 2:1 compression ratio
already published®” are compared with ones obtained on PLA/
SDS films. Subsequently, data from samples involving two
higher maximum compression ratios of 5:1 and 10:1 are
described. Thus, both the influence of (i) specific polypeptide/
headgroups interactions and (ii) the maximum compression
ratio on the properties of the films will be considered.

Maximum compression ratio of 2: 1

Fig. 4 shows the results obtained in the study of the dynamic
behaviour of PLL/SDS and PLA/SDS films during consecutive
compression/expansion cycles using the Langmuir trough, ellip-
sometry and BAM up to a maximum compression ratio of 2: 1.
It is worth noting that considering the volume and concen-
tration of SDS in the spreading aliquot and the volume of water
in the Langmuir trough, the final SDS concentration in both PP/
S systems is less than 7 pM, where SDS alone still presents negli-
gible surface activity,”® hence, the interfacial properties
measured are determined by the spread film. Through appli-
cation of multiple experimental techniques previously,?” the IT-A
isotherms of PLL/SDS films can be described as follows. The
data are characterized by three different regions (Fig. 4A). First,
compression of the film leads to an increase in the number of
surfactant molecules per unit area in the surface monolayer,
which results in a continuous increase in /7 (from state i
through state ii to state iii). Second, further compression of the
film leads to its collapse as shown by the constant collapse
pressure, IT., at ~28 mN m™": this is attributed to retention of
the most compact state of the surface monolayer and ejection of
surplus material to ESs upon further compression of the film
(beyond state iii through state iv to state v).>”*! Third, expansion
of the film is characterized by a large hysteresis in I, the pres-
ence of a pseudo-plateau and the merging of the isotherm on
expansion into the isotherm on compression at large A/A,, con-
sistent with the reincorporation of material back into the surface
monolayer yet with a kinetic barrier (through state vi). The
macroscopic properties of the film are reproducible over succes-
sive cycles. Consistent with the above description, the values of
dA from ellipsometry continue to increase beyond the surface
pressure collapse (Fig. 4C), and it was data from NR that allowed
us to confirm not only that I'sps exceeds that in an SDS mono-
layer at x2 its critical micelle concentration (cmc),*® but that the
coverage of the surface monolayer remains constant and the
excess material is ejected into the ESs. BAM images (Fig. 4E)
also support this physical picture as the morphologies shown
contain discrete regions on the pm-scale that grow in number
with increasing compression only at higher compression ratios
than the surface pressure collapse (states iv and v).

The I1-A response of PLA/SDS films (Fig. 4B) is qualitatively
similar to that of PLL/SDS films, exhibiting the three character-
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istic regions mentioned above. Therefore, we could expect that
the dynamic behaviour of these films may be explained with a
similar physical picture. The ellipsometry data (Fig. 4D) show
that the amount of material at the interface increases continu-
ously with the compression beyond the surface pressure col-
lapse and there is no evidence of loss of material from one
cycle to the other. Thus, formation of ESs in PLA/SDS films is
strongly inferred. In addition, the presence of fluctuations in
dA is probably related to the presence of film inhomogeneities
with a higher density of material.**>° Lastly, the BAM images
(Fig. 4F) clearly show the formation of discrete micro-domains
after the collapse and the presence of areas with high intensity
that are consistent with the dA fluctuations (states iv and v),
even though they appear to have a distinct morphology from
the ESs observed for PLL/SDS. Therefore, we can conclude that
the PLA/SDS system exhibits the formation of ESs and that we
can control their formation with the compression/expansion
of the film, as has been previously reported for the PLL/SDS
system.>” Furthermore, it is shown that the properties of the
films and the morphology of the ESs can be tuned by using
polypeptides with different side chains that interact differently
with the surfactant.

Although the surface pressure responses of both systems to
the compression/expansion cycles are similar, there are signifi-
cant differences worth noting. The first one is the I1c, ~28 mN
m~" and ~34 mN m™" for the PLL and PLA/SDS films, respect-
ively, while I7 of an SDS monolayer at its cmc is 31 mN m™*.>°
It has been shown that the interaction of SDS with different
other polyelectrolytes gives rise to very different interfacial pro-
perties, varying significantly the minimum surface tension, i.e.,
the higher IT reached.”®*® Hence, the polyelectrolyte properties
influence significantly the maximum compression state of the
SDS molecules that can be reached before the film collapses.®°
This is also supported by the ellipsometry data, as the amount
of interfacial material is significantly higher for PLA. One could
expect that the differences in 71 may be related to the ability of
the polypeptide to interact with surfactant headgroups with a
contribution in the plane of the headgroups layer (see Fig. 4).
However, the molecular volumes of lysine and arginine amino
acids are 177 and 181 A%,°! respectively, which are very similar.
While the interaction between lysine monomers and the sulfate
headgroup is purely electrostatic, the guanidinium group pre-
sents additional interactions due to the formation of hydrogen
bonds with the oxygen atoms from the sulfate.’® This differ-
ence gives rise to lateral interactions between the different
chemical groups that may explain the formation of a layer with
a higher coverage of surfactant in the surface monolayer. This
interpretation is also in agreement with the discussion of the
zeta-potential results presented above, where a smaller excess
bulk surfactant concentration was required to neutralize PLA
than PLL aggregates. Another significant difference is the slope
of the pseudo-plateau during the expansion, which is signifi-
cantly lower for the PLA/SDS system. This could be related to
the rate at which the material from the ESs is reincorporated
into the surface monolayer upon film expansion. This would
imply that PLA/SDS material recovery occurs much faster with a
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Fig. 4 [I1-A isotherms of (A) PLL/SDS and (B) PLA/SDS films to a 2:1 compression ratio during 5 consecutive compression expansion cycles. The
shade of the data indicates the number of the cycle, with cycle 1 being the lightest and cycle 5 the darkest; indices i-vi indicate different com-
pression states. Variation of I7 (black line) and dA (purple squares) as a function of time during two consecutive compression expansion cycles of (C)
PLL/SDS and (D) PLA/SDS films. The variations of A versus time is also included at the top of the panels. The different shadowed areas indicate the
compression/expansion of the film. BAM images of (E) PLL/SDS (reproduced from ref. 27) and (F) PLA/SDS films corresponding to states i—vi as indi-
cated in panels A and B and using the colour code of panels C and D. Scale bars are 100 pm.

slope close to zero during a plateau on film expansion, while
the higher slope in the case of PLL suggests that the reincor-
poration of the material from the ESs into the surface mono-
layer is slower than their formation, as has been demonstrated
using NR.>” Nevertheless, NR of PLA/SDS films (beyond the
scope of the present work) would be necessary to confirm this

11148 | Nanoscale, 2023, 15, 11141-11154

inference, since ellipsometry cannot distinguish between
material present in the surface monolayer and the ESs. The col-
lapse mechanism of both systems when compressed to a ratio
of 2: 1 is reversible, reflecting the high efficiency of respreading
from the ESs back to the surface monolayer over the full expan-
sion of the film.

This journal is © The Royal Society of Chemistry 2023
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Having demonstrated the formation of ESs for both PP/S
systems during dynamic compression/expansion cycles, I7 and
dA were recorded at a constant compression ratio of 2:1 to
study the stability of the films. The results, presented in
section 3 of the ESI,{ show that both films are stable for more
than 1 h, making them robust and amenable for possible
transfer applications.

Maximum compression ratio of 5: 1

Higher compression ratios have also been applied to resolve if
the film response and resulting morphologies can be tuned
with respect to PP/S interactions in the films that contain a
second layer of ESs. For this purpose, a maximum com-
pression ratio of 5: 1 (Fig. 5) and the same spread volume and
speed of the barriers were used as in the experiments
described above. Compression of the films beyond a ratio of
2:1 results in the appearance of a new region during the com-
pression where the I7 starts to increase again (Fig. 5A and B).
This result is surprising since the maximum /7 of the system is
broadly related to the most compact state of the surfactant in
the surface monolayer. This new region would imply that the
surface coverage of the surface monolayer is further increased,
giving rise to an increase in the number of SDS molecules per
unit area and a decrease in the amount of solvent in the head-
groups layer. Although this is possible, in principle, consider-
ing that there is 23% of water in the headgroups layer when
the film is compressed by a ratio of 2:1,?” it was observed that
the Wilhelmy plate is pulled sideways in the high-/T region,
suggesting the formation of a solid film that exerts an
additional force on the sensor, consistent with very low water
content in PLL/SDS films resolved using NR above. An experi-
ment reported in section 4 of the ESIf demonstrates that
indeed the measured values of IT are affected below A/A, =
0.33, hence hereon in we will refer to values of IT that exceed
II. as values of an ‘apparent IT’. Another significant difference
with respect to the data above on films compressed to a ratio
of 2:1 is the appearance of a second collapse in the PLA/SDS
system, which could be related to a change in the film struc-
ture after full coverage of the first layer of ESs is reached.

The ellipsometry data (Fig. 5C and D) show that the
approximate amount of material at the interface increased
further beyond film compression of a 2: 1 ratio. The dA values
increase by factors of 2.9 and 1.7 with respect to the 2:1 com-
pression ratio for PLL and PLA, respectively. It is worth noting
that in going from a compression ratio of 2:1 to 5: 1, assum-
ing that no material is lost from the interface, the amount of
material should increase by a factor of 2.5, so the higher value
obtained here for PLL/SDS films, in combination with the
steeper slope in the ellipsometry data upon increasing com-
pression ratio, suggest that there is could be a contributions to
dA from anisotropy of the ESs and/or increasing roughness as
noted above in relation to the NR fits.

BAM images of PLL/SDS and PLA/SDS films (Fig. 5E and F)
show a continuous increase in the number of ESs until a
homogeneous, high-intensity image is observed, suggesting a
very high coverage of ESs. The PLA/SDS system presents
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additional linear regions with higher intensity that could be
related to folding of the film when the ESs layer reaches
maximum coverage, which is consistent with the second
plateau observed in the /7-A isotherm. During expansion, frac-
ture and reincorporation of the material can be observed
gradually in the PLL/SDS system, whereas for the PLA system
the solid film disappears abruptly shortly after the start of its
expansion. The dA values during expansion are in good agree-
ment with the morphologies observed using BAM. The gradual
disappearance of the solid film in the PLL/SDS system is trans-
lated into a continuous decrease of dA during expansion.
However, the PLA system shows a dramatic drop in the values
during expansion followed by a plateau, attributed to whether
or not the solid domains are in the region of the interface illu-
minated by the laser. Then, the value of dA in the plateau
coincides with the value at the collapse during compression.
These observations confirm that the material is reincorporated
by efficiently filling the surface area created upon expansion at
a very similar rate to the barriers movement during expansion,
i.e., with minimal kinetic barrier. The stability of the films
compressed to a maximum ratio of 5:1 was also studied by I7
and ellipsometry, as reported in section 3 of the ESI,{ showing
stable dA values for more than 1 h, albeit with more relaxtion
in I7 for PLA/SDS than PLL/SDS films.

Maximum compression ratio of 10: 1

Lastly, films were compressed to a maximum ratio of 10: 1, and
the results obtained are shown in Fig. 6. The isotherms show
qualitatively similar behaviour to that described above for the
maximum compression ratio of 5:1. However, there are a
number of differences that give us additional information about
the systems, especially in the case of PLL/SDS. A second kink in
the apparent I7 of the PLL/SDS film and large shifts of the iso-
therms from the first to the second and third cycles are observed
(Fig. 6A). These features may suggest that loss of material to the
bulk occurs during the second kink. However, the apparent 7
values reached in the minimum area are constant during the
successive cycles, which precludes irreversible loss.

Similarly to the data on films with a maximum com-
pression ratio of 5: 1, the ellipsometry data show a continuous
increase in dA during compression. However, the expansion is
characterized by an initial region with a continuous decrease
in dA followed by large temporal fluctuations that are present
also in the subsequent full compression/expansion cycle. In
addition, although the dA values at the beginning of the
second cycle are lower, the ones at the maximum compression
ratio are similar, suggesting that there is no irreversible loss of
material from the spread film.

We consider now the morphology of the spread films from
the two systems in turn. BAM images presented in Fig. 6E
show the fracture of the solid PLL/SDS film during the first
compression (state iii) and the presence of solid domains
throughout the rest of the experiment (states v, viii, ix, x, xi,
and xii). The characteristic behaviour of PLL/SDS films com-
pressed to a maximum ratio of 10:1 can be explained by com-
bining the information obtained from the different tech-
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Fig. 5 I1-A isotherms of (A) PLL/SDS and (B) PLA/SDS films to a 5:1 compression ratio during 5 consecutive compression expansion cycles. The
shade of the data indicates the number of cycle, with cycle 1 being the lightest and cycle 5 the darkest; indices i—vi indicate different compression
states. Variation of /7 (black line) and dA (purple squares) as a function of time during two consecutive compression expansion cycles of (C) PLL/SDS
and (D) PLA/SDS films. The variations of A versus time is also included at the top of the panels. The different shadowed areas indicate the com-
pression/expansion of the film. BAM images of (E) PLL/SDS and (F) PLA/SDS films corresponding to states i—vi as indicated in panels A and B and
using the colour code of panels C and D. Note that only the indices i—vi have been included in panels A and B for the shake of clarity. Scale bars are

100 pm.

niques. The application of high compression ratios results in
the formation of a solid film that is fractured when a 10:1
compression ratio is reached. The expansion of the film is
characterized by the presence of solid domains observed in the

M50 | Nanoscale, 2023, 15, T141-11154

BAM images that contain a much larger amount of material
and explain the large dA fluctuations. A similar behaviour has
been reported for other polymers at the air/water interface.’*®>
Thus, we can conclude that film compression to a maximum

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 I1-A isotherms of (A) PLL/SDS and (B) PLA/SDS films to a 10 : 1 compression ratio during 5 consecutive compression expansion cycles. The
shade of the data indicates the number of cycle, with cycle 1 being the lightest and cycle 5 the darkest; indices i—vi indicate different compression
states. Variation of I7 (black line) and dA (purple squares) as a function of time during two consecutive compression expansion cycles of (C) PLL/SDS
and (D) PLA/SDS films. The variations of A versus time is also included at the top of the panels. The different shadowed areas indicate the com-
pression/expansion of the film. BAM images of (E) PLL/SDS and (F) PLA/SDS films corresponding to states i—vi as indicated in panels A and B and
using the colour code of panels C and D. Note that only the indices i—vi have been included in panels A and B for the shake of clarity. Scale bars are

100 pm.

ratio of 10:1 gives rise to the irreversible formation of solid
domains whose excess of material is not respread and remain
trapped at the interface coexisting with the surface monolayer.
Finally, the apparent I7-A isotherms can now be explained by

This journal is © The Royal Society of Chemistry 2023

the fact that after the formation of these solid domains, the
excess of material trapped in them does not contribute to the
apparent I7 until the solid film forms again. Thus, the surface
monolayer region is displaced considerably but the same
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apparent /7 and dA values are always reached at maximum film
compression.

The behaviour of PLA/SDS films compressed to a maximum
ratio of 10: 1 shown in Fig. 6F is very similar to that presented
above for a maximum compression ratio of 5: 1, but interest-
ingly in this case, the second kink in the apparent /7 results in
a small shift of the isotherm in the successive cycles. The ellip-
sometry data show a very high amount of material in the film
(approximately double dA), and a very similar trend when a
10:1 compression ratio is reached. Temporary fluctuations
can be observed related to the presence of film folding and the
characteristic plateau during expansion. The values of dA at
the minimum and maximum areas are reproducible from the
first to the second cycle, showing once again the great capacity
of these systems to stabilise the formation of ESs and to
respread their material back to the surface monolayer during
film expansion. BAM images show the formation of the solid
film during the first cycle without fracturing the film (state iii).
Instead, the images at high compression ratios suggest that
the PLA/SDS film folds during the second collapse (states ii
and iv). Thus, while the PLL/SDS film exhibits an irreversible
collapse mechanism at high /7 leading to the formation of
solid domains that are trapped at the interface, the PLA/SDS
system exhibits a reversible collapse mechanism in which the
film folds and excess material is respread in the surface mono-
layer during expansion.

These results suggest that PLL/SDS films can form solid
aggregates that redisperse with greater difficulty than PLA/SDS
aggregates. The significant differences observed in the behav-
iour of these systems may be related to the interaction between
the polypeptide molecules. Although we do not have direct evi-
dence about the secondary structure of the polypeptides at the
interface, previous studies suggest that the secondary structure
is maintained when the polypeptides are deposited on solid
surfaces.”” While the a-helices formed by PLA side chains face
outward and thus decrease interactions between them, it is
understood that B-sheets present edges free to form hydrogen
bonds with other B-sheet edges of other molecules.®>®* This
could give rise to the formation of an extensive hydrogen bond
network throughout the film that would confer a more rigid
structure and stability to the aggregates formed by PLL/SDS.
These observations are in agreement with the formation of
solid precipitates due to inter-chain hydrogen bonding
between p-sheets and the formation of coacervates when
random-coiled or o-helical polypeptides interact between
them.” Indeed, amyloid fibrils are used in numerous bio-
medical applications because they are made up of p-sheets
which give them a rigid and cohesive nature and excellent
mechanical properties such as large persistence length.>
Lastly, it is worth noting that the properties of individual poly-
peptide chains have a great influence on the properties of the
aggregates they form. Thus, the results obtained here also
agree with the greater rigidity of p-sheets with respect to the
a-helices. The behaviour using a maximum compression ratio
of 10:1 represents additional evidence of the above expla-
nation. The f-sheet conformation that PLL adopts when inter-
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acting with SDS in bulk is characterised by an extensive
network of hydrogen bonds and is stiffer than the o-helical
structure adopted by PLA.>*® Additional hydrogen bonding
between PLL chains at high compression ratios and edge-to-
edge interactions between different p-sheets could give rise to
aggregation and formation of the solid domains observed that
remain trapped at the air/water interface. Although the results
are consistent with a p-sheet conformation for PLL and an
a-helix conformation for PLA, the application of circular
dichroism and Fourier transform infrared spectroscopy in the
future will be essential to understand better the role of the sec-
ondary structure if conserved in ESs spread PP/S films.

Conclusions

We have demonstrated in the present work that specific PP/S
interactions can be exploited to tune the resulting structures
and morphologies of spread films prepared using a recently
developed aggregate dissociation mechanism during their
compression to different maximum ratios of the surface area.
PLL/SDS films show the presence of discrete ESs after the col-
lapse until a solid film is formed. In contrast, PLA/SDS films
show linear regions as well with a higher amount of material
related to film folding. In addition, application to the highest
compression ratios studied (up to 10:1) shows that PLL/SDS
films form more stable solid aggregates that redisperse with
greater difficulty upon expansion and even become trapped at
the interface. Different morphologies of the ESs are evident
depending on the maximum compression ratio applied. PLA/
SDS films show reversible collapse regardless of the com-
pression ratio used, whereas PLL/SDS films show irreversible
collapse at the highest compression ratio applied. Previous
studies have shown that NaPSS/DTAB and PLL/SDS spread
films exhibit 1:1 stoichiometry.>”** This leads to the screen-
ing of the electrostatic repulsions along the polyelectrolyte
chains which increase their flexibility. This may play an impor-
tant role in the ability of the films to reincorporate during the
expansion the material expelled to ESs during compression.
NR data recorded over the full Q,range results showed the
ability of PLL/SDS films to nucleate a high coverage of ESs when
a sufficiently high compression ratio is applied. The low amount
of water in these films and the presence of two distinct layers of
ESs present a consistent physical picture with the solid films
observed using BAM. Future application of the low-Q,*® and
mid-Qz >’ approaches of NR will be essential to deeply under-
stand the dynamic behaviour of such highly compressed films.
Although there is no direct evidence of retention of the sec-
ondary structure of PLL and PLA in the ESs of the spread
films, the work was based on the hypothesis that different sec-
ondary structures formed in bulk complexes of the two
systems may result in distinct film properties where ESs are
present, and this turned out to be correct. The results indicate
that the films obtained in this work are more rigid than the
ones obtained before using a flexible random-coil polyelectro-
lyte,>* which is consistent with the higher stiffness of the
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B-sheet and a-helix conformations with respect to the random
coil and with previous studies showing the important role that
polyelectrolyte stiffness plays in ESs formation.**> Therefore, we
may approach the possibility of designing with high precision
PP/S films that form ESs. Nevertheless, a systematic study with
polyelectrolytes presenting different stiffness will help to
understand the influence of the stiffness on the formation of
ESs and the macroscopic properties of the spread films, e.g.
their reversibility.

In summary, high potential of using polypeptides in combi-
nation with oppositely charged surfactants in spread films at
the air/water interface has been demonstrated. The richness of
these molecules in terms of chemical diversity, biodegradabil-
ity, biocompatibility, biomimicry, and the possibility of con-
trolling their primary and secondary structure and, therefore,
their function, in film applications opens up a wide field of
research. While we have described in the present work how
properties of two types of PP/S films are distinct and can be
controlled, the study also provides a platform for the develop-
ment of spread films from a broad range of PP/S systems in
the future. Thus, the continuation of this research on films
involving different polypeptides and surfactants holds poten-
tial to deliver an important contribution to the development of
new biomaterials with applications in tissue engineering,®®
biosensors®” or antimicrobial coatings.®®
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