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modification for enrichment of
Fmoc-amino acid at a phospholipid interface†

Pablo G. Argudo, a Rafael Contreras-Montoya,b Luis Álvarez de Cienfuegos, *b

Maŕıa T. Mart́ın-Romero, a Luis Camacho a and Juan J. Giner-Casares *a

Amino acids including the Fmoc group (9-fluorenylmethyloxycarbonyl) are bioinspired molecules that

display intriguing features in self-assembly and biological applications. The influence of a delicate

chemical modification between Fmoc-F and Fmoc-Y on the interaction with a phospholipid surface was

analyzed. Langmuir monolayers of the 1,2-dimyristoyl-sn-glycero-3-phosphate (DMPA) phospholipid

were used to mimic the eukaryotic cell membrane. In situ Brewster angle microscopy and UV-vis

reflection spectroscopy provided insights on the effect of the Fmoc-amino acid derivatives on the DMPA

phospholipid. The formation of H-bonds between the Fmoc-Y and the DMPA molecules was assessed,

demonstrating the crucial role of the hydroxyl group of Fmoc-Y in enhancing the interaction with

biosurfaces.
Introduction

Fmoc-amino acids are highly valuable elements in nanoscience
as recently shown by Yan et al., demonstrating co-assembly of
Fmoc-His with phthalocyanine into nanovesicles as catalysts.1

Fmoc-amino acids are excellent hydrogelators as well.2–4 Fmoc-
amino acids have been successfully included in nanocomposite
structures for drug delivery.5,6 Additional biological applications
of the Fmoc-amino acids include their use as effective anti-
bacterial agents.7 The versatility of Fmoc-amino acids for
combining with other inorganic and organic nanoparticles led
to interesting hybrid materials including graphene oxide.8

Partition coefficient (P) was proven a key parameter for Fmoc-
dipeptides in interfacial self-assembly and interaction with
lipid monolayers.9,10 The surface activity of the Fmoc-amino
acids played a signicant role in the capability for self-
assembly.11 The hydrophobicity of the Fmoc-Met has been
related with the formation of amyloid brils.12 Gazit et al. re-
ported on the complementary self-assembly of amino acids for
tuning the intermolecular interactions, conrming the
hypothesis that slight chemical modications might have
a large impact in the obtained supramolecular structures.13

Motivated by the relevance of the Fmoc-amino acids in bio-
logical applications, the interaction of two related Fmoc-amino
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acids with a model eukaryotic cell membrane has been
explored. A Langmuir monolayer of the 1,2-dimyristoyl-sn-glyc-
ero-3-phosphate (DMPA) phospholipid provided a convenient
model for the eukaryotic cell surface. The Langmuir technique
allows a ne adjustment of the area per phospholipid molecule.
Experimental in situ characterization of the effect of the Fmoc-
amino acids on the phospholipid monolayer was per-
formed.14,15 Brewster Angle Microscopy (BAM) was used to
examine the morphology of the phospholipid monolayer,
attaining relevant information on the lipid domains.16,17 UV-vis
reection spectroscopy allowed to monitor the presence of the
Fmoc-amino acids at the phospholipid interface by the char-
acteristic UV-vis signal from the Fmoc group.18,19 We also
examined the specic intermolecular interactions of DMPA
with the Fmoc-amino acids and found that Fmoc-Y showed
superior performance when interacting with the phospholipid
surface by molecular mechanics computational simulations.20
Results and discussion

A Langmuir monolayer of the DMPA phospholipid was used as
model for the eukaryotic cell surface, see Fig. 1 for the molec-
ular structures. Two Fmoc-amino acid derivatives were studied,
Fmoc-F and Fmoc-Y. Both Fmoc-amino acid derivatives share
the same molecular structure, with an additional hydroxyl
terminal group for the latter, see Fig. 1. The Fmoc-amino acid
derivatives are highly soluble in water. We followed the strategy
described by Adams and Clegg to enhance the residence of the
Fmoc-amino acid derivatives at the air/water interface, using pH
¼ 2 of the subphase for avoiding the complete solving of the
Fmoc-amino acids spread at the air/water interface.21 The Fmoc-
amino acid derivatives were expected to be fully protonated at
This journal is © The Royal Society of Chemistry 2019

http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra03896e&domain=pdf&date_stamp=2019-11-13
http://orcid.org/0000-0001-5964-727X
http://orcid.org/0000-0001-8910-4241
http://orcid.org/0000-0002-6008-4993
http://orcid.org/0000-0002-2141-1437
http://orcid.org/0000-0002-6673-300X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra03896e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009064


Fig. 1 Molecular structure of the 1,2-dimyristoyl-sn-glycero-3-
phosphate (DMPA) phospholipid, Fmoc-phenylalanine (Fmoc-F) and
Fmoc-tyrosine (Fmoc-Y).

Fig. 2 Surface pressure–molecular area isotherms for the DMPA : F-
moc-F mixed monolayer (red line), DMPA : Fmoc-Y mixed monolayer
(blue line),and pure DMPA monolayer (black line).
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this value of pH.22,23 This study aims at providing a detailed
description of the molecular interactions between the Fmoc-
amino acid derivatives and the DMPA phospholipid mono-
layer as a simplied model of the highly complex surface of
a eukaryotic cell membrane. Note that phosphatidylcholine
(PC) lipids constitute the largest fraction of phospholipids in
a eukaryotic cell membrane, with no net charge at physiological
pH. However, a pH ¼ 2 subphase is required as commented
above, resulting in net positive charge of the polar head group
of PC lipids. Therefore PC lipids were replaced by DMPA herein.
DMPA phospholipid is protonated at pH ¼ 2, displaying no net
charge and being therefore closer to the biological scenario
than the PC lipids.24

We note that the DMPA monolayer is not resembling to the
actual and complex biological scenario. However, under the
specied experimental conditions, the DMPA monolayer
appears as the best compromise solution for a phospholipid
surface that allows the study of the interactions with the Fmoc-
amino acid derivatives. The mechanism of interaction between
the Fmoc-amino acid and phospholipid molecules should not
be greatly affected by the value of pH of the subphase.

Herein mixed monolayers of DMPA : Fmoc-amino acid 1 : 1
molar ratio, i.e., equal number of molecules spread at the air/
water interface, have been prepared. The surface pressure–
molecular area isotherms for the mixed monolayers DMPA : F-
moc-F and DMPA : Fmoc-Y are shown in Fig. 2. The relative
amount of Fmoc-amino acid derivative molecules with respect
to the DMPA phospholipid molecules should allow the effective
interaction at the mixed Langmuir monolayer, while preventing
the excess of Fmoc-amino acid leading to self-aggregation and
formation of pure Fmoc-amino acid macroscopic regions.
Therefore, a molar ratio 1 : 1 was chosen according to previous
reports in mixed monolayers including a DMPA lipid matrix.25,26

An expansion of the isotherms for both DMPA : Fmoc-F and
DMPA : Fmoc-Y monolayers comparing to the pure DMPA
isotherm was observed. However, the expansion of the isotherm
This journal is © The Royal Society of Chemistry 2019
was signicantly higher for Fmoc-F than for Fmoc-Y. This
observation pointed to a comparatively reduced occupancy of
the Fmoc-Y molecules at the DMPA monolayer. The difference
between the isotherms for DMPA : Fmoc-F and DMPA : Fmoc-Y
was more noticeable at low values of surface pressure, corre-
sponding to an expanded state of the monolayer. The li-off of
the surface pressure took place at ca. 1.3 nm2 per DMPA
molecule for the DMPA : Fmoc-F monolayer, whereas surface
pressure remains zero until ca. 0.7 nm2 per DMPAmolecule was
reached in the DMPA : Fmoc-Y monolayer. The expansion of the
DMPA : Fmoc-F with respect to the DMPA : Fmoc-Y isotherm
from 0 to 5 mN m�1 was ca. 0.6 nm2 per DMPA molecule.
Assuming a surface area of 0.21 nm2 per Fmoc-F molecule, the
expansion in this region of the isotherm indicated an approxi-
mate number of three Fmoc-F molecules at the monolayer per
molecule of DMPA. This is an approximation exclusively based
on the surface area per Fmoc-F molecule assuming a completely
upright arrangement. Miscibility experiments using mixed
Langmuir monolayers of DMPA : Fmoc-F in different molar
ratios would be relevant to attain insights on the molar ratio at
the interface. Unfortunately, the signicant tendency of the
Fmoc-F molecules to be transferred to the bulk subphase with
compression of the monolayer hindered the consistency of such
experiment.27 Thus, Fmoc-F showed a greater tendency to
accommodate in an expanded monolayer, probably interacting
via hydrophobic interactions between the Fmoc groups with the
alkyl chains of the DMPA molecules. Note that these interac-
tions were not able to sustain the Fmoc-F molecules when the
mixed monolayer was subjected to compression. Instead,
a constant loss of the Fmoc-F molecules to the bulk subphase
was obtained, as demonstrated below by UV-vis reection
spectroscopy.

A region of reduced increase of surface pressure with
compression of the monolayer similar to a plateau was observed
from ca. 0.9 to 0.6 nm2 per DMPA molecule for the DMPA : F-
moc-F mixed monolayer. This region might be connected with
the liquid expanded-liquid condensed (LE-LC) transition and
the transfer of Fmoc-F molecules from the mixed monolayer to
the bulk subphase. Although the effect of these two processes
could not be distinguished exclusively from the isotherm, the
UV-vis reection spectra informed on a signicant transfer of
RSC Adv., 2019, 9, 37188–37194 | 37189
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Fig. 3 Brewster angle microscopy images for the DMPA (top),
DMPA : Fmoc-F (middle) and DMPA : Fmoc-Y (bottom) monolayers.
The values of surface pressure and available surface area per DMPA
molecule are included at the bottom of each picture. The width of
each frame corresponds to 215 mm.
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Fmoc-F to the bulk subphase, continuing the trend observed
before. The isotherm for DMPA : Fmoc-Y showed a modest
expansion and a similar shape to the isotherm for pure DMPA.
This expansion was almost constant up to 10 mN m�1 and
reached a value of ca. 0.03 nm2 per DMPA molecule, i.e., less
than one Fmoc-Y molecule per twelve DMPA molecules.
However, according to the UV-vis reection spectra, the amount
of Fmoc-amino acid was equal for both DMPA : Fmoc-F and
DMPA : Fmoc-Y monolayers at ca. 0.7 nm2 per DMPA molecule.
Therefore, the Fmoc-Y molecules were adsorbed to the DMPA
monolayer, residing at the phospholipid interface but occu-
pying no space in the phospholipid region.

For both DMPA : Fmoc-F and DMPA : Fmoc-Y mixed mono-
layers a convergence with the isotherm for the pure DMPA at ca.
25 mN m�1 was obtained. This overlapping between the three
isotherms indicated that both Fmoc-amino acids did not
penetrate into the phospholipid monolayer at 30 mN m�1. The
phospholipid monolayer is equivalent to a bilayer at a surface
pressure of 30 mN m�1.28,29 From purely thermodynamical
arguments, the absence of any variation in the surface pressure–
molecular area isotherm at 30 mN m�1 indicated no disruption
of the phospholipid layer, thus pointing to a high biocompati-
bility concerning the rupture and modication of the cell
surface.

The Fmoc-amino acids are soluble in water, showing a great
tendency to form micelle-like aggregates. The Fmoc-amino
acids can be solved in water up to 0.4 M, according to Pola-
varapu et al.11 Assuming a complete loss of the spread Fmoc-
amino acid molecules from the air/liquid interface to the bulk
subphase, a maximum concentration of 10�7 M would be ach-
ieved. Therefore, no inuence of the solubility values of the
Fmoc-F and Fmoc-Y was expected.

Brewster Angle Microscopy (BAM) provided direct visualiza-
tion of the DMPA : Fmoc-amino acid mixed monolayers at the
air/liquid interface, see Fig. 3.30,31 Bright domains of LC phase
appeared already at 0.8 nm2 per DMPA molecule, with
remarkable monodispersity in size and shape. The bright
domains increased their size with compression of the DMPA
monolayer up to ca. 10 mN m�1. The domains coalesced into
a homogenous solid phase for highly compressed state.32 The
morphology of the DMPA : Fmoc-F mixed monolayer was
similar, with small and highly reective dots appeared at 16 mN
m�1. Such bright dots were persistent and remained for the
complete isotherm, and might be formed by a mixture of
aggregated DMPA lipid molecules and a small fraction of Fmoc-
F molecules.33,34 Given the almost zero UV-vis reection signal
obtained for the DMPA : Fmoc-F mixed monolayer at 30 mN
m�1 and the complete overlap of the isotherm with that of pure
DMPA, the amount of Fmoc-F molecules was assumed to be
close to zero. Thus, the bright dots might correspond to small
aggregates of phospholipid formed by nucleation with the
Fmoc-F molecules promoted by the hydrophobic interactions of
the alkyl chains with the Fmoc group.

On the other hand, a signicant modication of the
morphology of the lipid domains was obtained for the
DMPA : Fmoc-Y monolayer, probably caused by the interaction
of the Fmoc-Y molecules with the polar head groups of the
37190 | RSC Adv., 2019, 9, 37188–37194
DMPA phospholipid that modied the line tension–electro-
static repulsion balance.35 Not discrete but polydisperse
domains that were connected to each other were obtained from
3 mN m�1 to further compressed state of the monolayer. A
highly reective and almost homogeneous morphology was
obtained for the solid state of the monolayer, with no complete
coalescence. An almost homogenous monolayer was obtained
aer compression of the monolayer to high values of surface
pressure, indicating the expulsion of the Fmoc-Y molecules
from the lipid monolayer to the adsorption region underneath
the phospholipid head groups as conrmed by UV-vis reection
spectroscopy.

The presence of Fmoc-amino acid molecules in contact with
the DMPA phospholipid monolayer was veried by UV-vis
reection spectroscopy, see Fig. 4. Note the UV-vis reection
signal for the pure DMPA monolayer was not signicant along
the complete isotherm of the DMPA. A small increase of the UV-
vis reection signal was found at the most compressed state of
the DMPAmonolayer, i.e., 0.4 nm2 per DMPAmolecule. The UV-
vis reection signal was increased to a maximum value of 0.02
from 240 to 280 nm. On the other hand, the UV-vis reection
signal for the DMPA : Fmoc-Y mixed monolayer displayed
a maximum intensity of ca. 0.09, showing a broad band from
240 to ca. 360 nm. Therefore, the contribution of the increase of
reection signal induced by the DMPA molecules was consid-
ered not signicant for the UV-vis reection spectra of the
DMPA : Fmoc-F and DMPA : Fmoc-Y monolayers.

The bulk spectrum of Fmoc-F in bulk solution was formed by
ve components at 257, 266, 276, 290 and 300 nm, with the
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra03896e


Fig. 4 UV-vis reflection for the pure DMPA (top, black line),
DMPA : Fmoc-F (middle, red line) and DMPA : Fmoc-Y (bottom, blue
line) monolayers. The values of available surface area per DMPA
molecule are indicated in the inset.

Fig. 5 Integral values of the UV-vis spectra for the DMPA : Fmoc
amino acid derivatives at different values of available surface area per
DMPA molecule. Composition of the mixed monolayers as noted in
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most intense component at 266 nm, see Fig. S1.† The UV-vis
reection spectra of the DMPA : Fmoc-F mixed monolayer
were formed by ve components at 257, 266, 276, 290 and
301 nm, with the most intense component at 266 nm. The
aggregation of the Fmoc-F molecules in contact with the DMPA
molecules was therefore not signicant. This nding was in
agreement with the proposed model of the absence of a specic
interaction between DMPA and Fmoc-F molecule at the air/
liquid interface. The bulk spectrum of Fmoc-Y in bulk solu-
tion was formed by ve components at 256, 266, 277, 290 and
300 nm, with the most intense component at 266 nm, see
Fig. S1.† However, the UV-vis reection spectra appeared as
a broad band with no dened peaks from 240 to ca. 360 nm in
the case of the DMPA : Fmoc-Y mixed monolayer, indicating
a signicant aggregation of the Fmoc-Y molecules. Note the
intensity of the UV-vis reection band displayed an intensity
value more than four-fold higher than that of the pure DMPA
monolayer at the most compressed state.

A signicant amount of Fmoc-F molecules was already
present at the expanded state of the DMPA : Fmoc-F mixed
monolayer. The initial compression of the monolayer already
This journal is © The Royal Society of Chemistry 2019
decreased the surface concentration of Fmoc-F despite the
signicant expansion of the isotherm, as discussed above. The
UV-vis reection spectra for the DMPA : Fmoc-F mixed mono-
layer are similar to those found for the pure Langmuir assem-
blies of Fmoc-dipeptides at the air/water interface, thus
pointing to a an upright conformation.9 A change in the relative
orientation of the Fmoc-F molecules at early stages of
compression of the DMPA : Fmoc-F mixed monolayer might
contribute to the overshoot in the surface pressure at 1.3 nm2

per DMPA molecule with a modest decrease in the UV-vis
reection spectra to 0.9 nm2 per DMPA molecule.

A signicant loss of Fmoc-F molecules was observed with
further compression from ca. 0.9 to 0.5 nm2 per DMPA mole-
cule, concurrent with the plateau observed in the isotherm.
Thus, the expulsion of the Fmoc-F molecules from the mixed
monolayer also contributed to the observed plateau in the
isotherm, see Fig. 2. Remarkably, the Fmoc-F molecules were
almost completely expelled from the air/liquid interface to the
bulk subphase at the complete compression of the monolayer,
with no UV-vis reection signal obtained, see Fig. 5.

The DMPA : Fmoc-Y mixed monolayer displayed an opposite
behavior to the DMPA : Fmoc-F monolayer. While no signicant
presence of the Fmoc-Y molecules was observed for the highly
expanded state of the mixed monolayer, a steady enrichment of
the Fmoc-Y molecules at the mixed monolayer with compres-
sion of the monolayer from ca. 0.8 nm2 per DMPA molecule was
obtained. The slight modication of the surface pressure–
molecular area isotherm of the DMPA : Fmoc-Y mixed mono-
layer with respect to the isotherm of pure DMPA for low values
of surface pressure and the complete overlap of both isotherms
for values of surface pressure higher than 20 mNm�1 indicated
the adsorption of Fmoc-Y molecules underneath the DMPA
lipid monolayer.

Given that the Fmoc group was the source of the UV-vis
reection signal, the amount of the Fmoc-Y and Fmoc-F mole-
cules at the mixed monolayer could be directly compared.36 An
intercrossing in the integral value of the UV-vis reection
the inset.

RSC Adv., 2019, 9, 37188–37194 | 37191
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Fig. 6 Snapshot of the simulation of the DMPA : Fmoc-Y mixed
monolayer. The intermolecular H-bonds are displayed as dashed black
lines. Key color for atom type: light blue (carbon), red (oxygen) yellow
(phosphorus) and deep blue (nitrogen).
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spectra for the DMPA : Fmoc-F and DMPA : Fmoc-Y monolayers
was found at ca. 0.7 nm2 per DMPA molecule. The intercrossing
was coincident with the plateau in the isotherm of the
DMPA : Fmoc-F monolayer and values of surface pressure of 11
and 0 mN m�1 for the DMPA : Fmoc-F and DMPA : Fmoc-Y
monolayers, respectively. Remarkably, the enrichment of
Fmoc-Y with compression of the mixed monolayer led to a nal
surface concentration of Fmoc-Y being ca. two-fold higher than
the initial surface concentration of Fmoc-F prior to compres-
sion of the monolayer, suggesting a superior capability of Fmoc-
Y in interacting with the DMPA monolayer. Although the Fmoc-
Y molecules did not occupy the phospholipid region, the
interaction with the DMPA monolayer was more efficient than
that of Fmoc-F, as noted by the signicant enrichment in Fmoc-
Y molecules. The location of the Fmoc-Y molecules underneath
the DMPAmonolayer might be the origin of the broadening and
noise in the UV-vis reection spectra, see Fig. 4. The aggregation
of the Fmoc-Y molecules and a distribution of values of tilting
angle of the Fmoc-Y molecules at the DMPA : Fmoc-Y mixed
monolayer might also contribute to the broadening of the UV-
vis peaks.

An opposite trend was found for the DMPA : Fmoc-F mixed
monolayers. While Fmoc-F molecules showed a higher occu-
pancy at the monolayer at the expanded state, the Fmoc-Y
molecules were not present at such state, as evidenced by the
shi in the surface pressure–molecular area isotherms and
conrmed by the UV-vis reection spectra. Hydrophobic inter-
actions between the Fmoc group and the alkyl chains of the
DMPA molecules might be responsible for this effect at the
expanded state of the monolayer. A striking inversion of the
effect of the Fmoc-amino acid molecules in the DMPA mono-
layer was observed with compression of the mixed monolayers.
While the Fmoc-F molecules were gradually detached from the
mixed monolayer, an enrichment of the mixed monolayer with
Fmoc-Y molecules was detected. The intercrossing in the
amount of Fmoc-amino acid took place during the plateau in
the DMPA : Fmoc-F monolayer, with this region probably dis-
playing simultaneously the phase transition of the
37192 | RSC Adv., 2019, 9, 37188–37194
phospholipid and the expelling of the Fmoc-F molecules. This
observation was consistent with the modication of the shape
of the DMPA domains observed by BAM. Further compression
of the mixed monolayers led to a complete removal of the Fmoc-
F molecules from the mixed monolayers with no signicant
amount of Fmoc-F molecules adsorbed to the DMPAmonolayer,
as evidenced by the UV-vis reection spectra. In contrast, the
amount of Fmoc-Y molecules present at the phospholipid
interface increased steadily to a maximum value at the highest
value of surface pressure that was two-fold higher than the
amount of the Fmoc-F molecules. Note the Fmoc-Y molecules
were adsorbed underneath the DMPA monolayer, as conrmed
by the overlap of the surface pressure–molecular area isotherms
for DMPA, DMPA : Fmoc-F and DMPA : Fmoc-Y.

As commented above, we have used pH ¼ 2 in the subphase
to promote the residence of both Fmoc-F and Fmoc-Y. However,
such experimental condition could not assure completely the
presence of both Fmoc-amino acid derivatives at the air/water
interface at all compression state of the DMPA monolayer.
Instead, the residence of the Fmoc-amino acid derivatives at the
mixed monolayers showed a great dependency on the
compression state and the interactions with the DMPA phos-
pholipid molecules.

The Fmoc-F molecule is slightly more hydrophobic than the
Fmoc-Y molecules, with values of �log P of 4.7 and 4.4,
respectively. This minor difference in hydrophobicity could not
account for the radically different behavior of Fmoc-F and
Fmoc-Y. To gain further insights into the specic intermolec-
ular interactions between Fmoc-Y and DMPA, the formation of
a complex was studied in more depth. Formation of H-bonds
formed between the terminal hydroxyl group of Fmoc-Y and
the polar head group of DMPA was expected. Molecular
mechanics computational simulations were performed to
examine the feasibility of the formation of H-bonds between the
DMPA and Fmoc-Y molecules.37,38 Three H-bonds were detected
using in vacuo simulations, see Fig. 6. Note that using effective
medium or including explicit water molecules could improve
the simulations, as the effect of solvent would be taken into
account. The terminal hydroxyl group of a single molecule of
Fmoc-Y was able to form up to three H-bonds with a DMPA
molecule. Two of the H-bonds were formed with the oxygen
atoms from the phosphate group of the DMPA. Remarkably, the
hydroxyl group of Fmoc-Y could also form a H-bond with the
phosphorous atom from the phosphate group of DMPA, as
recently described by Kjaergaard et al.39

Conclusions

The interactions between Fmoc-F and Fmoc-Y with a DMPA
Langmuir monolayer as model eukaryotic cell surface were
analyzed. Despite the hydroxyl group at the Fmoc-Y molecule as
the unique chemical difference to Fmoc-F, an opposite behavior
between the two Fmoc-amino acids was found. While Fmoc-F
was present in the DMPA monolayer at the expanded state
and was expelled with compression, Fmoc-Y was not in contact
with the DMPA monolayer at the expanded state. A signicant
enrichment of the phospholipid interface with Fmoc-Y
This journal is © The Royal Society of Chemistry 2019
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molecules was demonstrated by UV-vis reection spectroscopy.
At the biologically relevant surface pressure of 30 mN m�1,
Fmoc-Y was found in higher surface concentration, indicating
the superior interaction of Fmoc-Y with the phospholipid
surface in contrast to the more hydrophobic Fmoc-F that was
completely expelled to the bulk subphase. The origin of this
enhanced interaction was the H-bonds formed by the hydroxyl
group of Fmoc-Y with the phosphate group of DMPA. Therefore,
purely thermodynamical considerations as given by the parti-
tion coefficient did not account for the experimental behavior of
the Fmoc-amino acid derivatives. The subtle chemical modi-
cation of including a single hydroxyl group in the terminal side
of the Fmoc-amino acid derivative could promote specic
intermolecular interactions between the Fmoc-Y and the
phospholipid surface, in this case H-bonds. Infrared reection
spectroscopy and neutron reectivity measurements would be
highly informative as well in detailing these interactions. This
work suggest that the inclusion of hydroxyl groups that are
capable of forming directed H-bonds is a straightforward
strategy to improve the biological application of assemblies
based on Fmoc-amino acids.
Experimental
Materials and methods

Materials. Fmoc-phenylalanine (Fmoc-F) and Fmoc-tyrosine
(Fmoc-Y) were purchased from Sigma-Aldrich. 1,2-Dimyristoyl-
sn-glycero-3-phosphate (DMPA) phospholipid was purchased
from Avanti Lipids and used as received. Solvents were used
without further purication and purchased from Aldrich (Ger-
many). Hydrochloric acid 37% was PRS-Codex purchased from
Panreac and used as received. The initial 1 mM solutions of
Fmoc-F and Fmoc-Y were prepared in dichloromethane. A
mixture of chloroform : methanol (3 : 1 in volume) was used for
dissolving DMPA at a concentration of 1 mM. The Fmoc-amino
acids and the DMPA were co-spread in molar ratio DMPA : F-
moc amino acid 1 : 1. The choice of different solvents for the
Fmoc-amino acid derivatives and the phospholipid was moti-
vated to minimize any solubility problems. Considering the
high miscibility of the solvents, no phase segregation was ex-
pected. Ultrapure water produced by a Millipore Milli-Q unit,
and pre-treated by a Millipore reverse osmosis system (>18.2
MU cm) was used to prepare the acid solution for subphase. The
subphase temperature was 21 �C with pH 2. All experiments
were performed on tables with vibration isolation using the
antivibration system MOD-2 S (Accurion, Göttingen, Germany)
in a large class 100 clean room.

Surface pressure–area (p–A) isotherms. Two different
models of Nima troughs (Nima Technology, Coventry, England)
were used, both provided with a Wilhelmy type dynamometric
system using a strip of lter paper: a NIMA 611D with one
moving barrier for the measurement of the reection spectra,
and a NIMA 601, equipped with two symmetrical barriers to
record BAM images. The monolayers were compressed at
a speed of 0.03 nm2 per min per molecule. The measurements
for the surface pressure–molecular area isotherms were
This journal is © The Royal Society of Chemistry 2019
performed at least three times each, obtaining no signicant
differences.

Brewster angle microscopy (BAM). Images of the lm
morphology were obtained by Brewster angle microscopy (BAM)
with a I-Elli2000 (Accurion GmbH) using a Nd:YAG diode laser
with wavelength 532 nm and 50 mW with a lateral resolution of
2 mm. The image processing procedure included a geometrical
correction of the image, as well as a ltering operation to reduce
interference fringes and noise.

UV-vis reection spectroscopy. UV-visible reection spectra
at normal incidence as the difference in reectivity (DR) of the
lm-covered water surface and the bare surface were obtained
with a Nanolm Surface Analysis Spectrometer Ref SPEC2

(Accurion, Göttingen, Germany).
Computer simulations. All the simulations were performed

using HyperChem 7.51.21 Note that the computational results
presented herein offer a qualitative picture of the interactions
between DMPA and Fmoc-Y. The simulations were performed in
vacuo to avoid the large computational cost of simulating the
solvent molecules. The molecular structures of the DMPA and
Fmoc-Y molecules were optimized by the semiempirical
method AM1. Aer optimization, the DMPA and Fmoc-Y
molecules were set with their polar heads pointing to each
other. One 5 nanoseconds run of molecular dynamics at
a temperature of 500 K was performed to avoid any initial
constraint on the conguration of the system. No hydrogen
bonds were detected aer the run of 2 nanoseconds. Molecular
mechanics was applied for nding an optimal conguration,
using 300 K and a total run time of 5 nanoseconds. The
formation of hydrogen bonds within the C5 molecule was
detected during the optimization run.
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R. Bilewicz, Colloids Surf., B, 2015, 134, 295–303.

17 L. G. Tulli, W. Wang, V. Rullaud, W. R. Lindemann,
I. Kuzmenko, D. Vaknin and P. Shahgaldian, RSC Adv.,
2016, 6, 9278–9285.

18 S. Bettini, R. Pagano, V. Borovkov, G. Giancane and L. Valli, J.
Colloid Interface Sci., 2019, 533, 762–770.
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E. Täuscher, U. Ritter, B. Dietzek and M. Presselt, ACS
Appl. Mater. Interfaces, 2016, 8, 21512–21521.

29 A. C. Alves, C. Nunes, J. Lima and S. Reis, Colloids Surf., B,
2017, 160, 610–618.

30 C. E. McNamee and M. Kappl, RSC Adv., 2016, 6, 54440–
54448.

31 C. Roldán-Carmona, J. J. Giner-Casares, M. Pérez-Morales,
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