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Abstract: A porphyrin derivative functionalized with the L-enantiomer of proline amino acid was
characterized at the air—pure water interface of the Langmuir trough. The porphyrin derivative was

dissolved in dichloromethane solution, spread at the air-subphase interface and investigated by

check for

updates acquiring the surface pressure vs. area per molecule Langmuir curves. It is worth observing that the
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Discrimination by (L)-Prolinated film was transferred onto solid supports by means of the Langmuir—Schaefer method, but it did not
Porphyrin Derivative emerge when a spin-coating technique was used for the layering of the tetrapyrrolic derivatives. The
Langmuir-Schaefer Films: Proof of obtained results represent proof of concept for the realization of active molecular layers for chiral
Concept for Chiral Sensing discrimination: porphyrin derivatives, due to their intriguing spectroscopic and supramolecular

Applications. Chemosensors 2022, 10,
331. https://doi.org/10.3390/

properties, can be functionalized with the chiral molecule that should be detected. Moreover, the
results emphasize the crucial role of the deposition technique on the features of the sensing layers.
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1. Introduction

Publisher’s Note: MDPI stays neutral Porphyrins are tetrapyrrolic macrocycles, typically thought of as molecular building

blocks with unique physical-chemical properties suitable for several applications [1-5],
including the design of thin organic layers for sensing devices [6-8]. The high extinction
coefficient, the wide m-conjugation, the emission properties, the photochemical stability,

the modulation of their characteristics by introducing a peripheral substituent or chang-
ing the central metal ion and the possibility of tuning their aggregation state upon -7t
Copyright: © 2022 by the authors. stacking are among the main features that make porphyrins so interesting in this research
Licensee MDPL, Basel, Switzerland,  fi€ld [9]. Further, these compounds can be engineered and regulated as molecular Legos
This article is an open access article 11 Supramolecular networks [10,11] conferring indispensable and superior features for
distributed under the terms and  detection systems development based on electrochemical, optical and gravimetric trans-
conditions of the Creative Commons ~ duction modes [12,13]. In this context, porphyrins integration within thin layers has been
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to guarantee high control of the deposition parameters and high reproducibility of the
induced molecular organization from the air-aqueous subphase interface towards the solid
support [17,18]. Such an induced molecular organization and aggregation/configuration
were reported to be fundamental for analytes recognition, making deposition through the
LB or LS approach essential to ensure sensor functioning [19]. Moreover, this approach
has been also used for the assembly of organized porphyrin-based materials expressing
chirality at a supramolecular level [20-22] and allowing enantiodiscrimination [23]. The
development of stereoselective sensing devices is particularly urgent for environmental
and health safety [24,25]. Indeed, the chirality of wastes (pesticides, hormones, pharmaceu-
ticals, amino acids) needs to be considered, especially for the unpredictable effects of the
interaction between diverse enantiomers and biological ecosystems [26-29]. Stereoselective
platforms are also intriguing in the early disease diagnosis field. Within this framework,
a chiral free-base porphyrin derivative bearing L-proline functionality on a meso phenyl
position named HyPL(-) (Scheme 1) was selected, and the obtained LS films have been
tested for the fluorescent detection of L-proline. HyPL(-) is a very interesting molecule due
to its reported tendency to aggregate in hydroalcoholic medium at micromolar concentra-
tion, providing chiral porphyrin assemblies through a hydrophobic effect [30]. In similar
aggregative conditions, the corresponding Zn derivative provides chiral suprastructures
via a two-step mechanism driven by the Zn—carboxylate coordination in the second, slower,
stage [30]. Nonetheless, the chirality transfer for these systems to the solid state is not
obvious, and still remains a challenge. For example, optically active films on glass slides
have been achieved by drop casting a toluene solution of Zn prolinated complex, whose
chiroptical features were found to be strictly dependent on the solvent used, as well as glass
roughness [31]. Alternatively, a chiral film based on the same derivatives was obtained
when layered onto ZnO nanoparticles’ surface, and was able to discriminate limonene
enantiomers in nanogravimetric gas sensing measurements [32].

CeHs

CO, Na*

CeHs
HoPL(-)
Scheme 1. Molecular structure of the chiral porphyrin H,PL(-) used in these studies.

L-proline was chosen as the model analyte, since it coincides with the chiral peripheral
substituent, which plays a key role in derivatives stereospecific aggregation thanks to
carboxylate-inner nitrogen atoms interaction [30]. L-proline, indeed, is an essential cyclic
amino acid with fundamental physiological roles as a precursor of collagen, salivary
proteins, antimicrobial peptides, cornifins (proteins of the cell envelope) and also of plant
cell wall proteins [33]. Balancing and monitoring the L-proline amount is fundamental [34],
since this amino acid can induce beneficial tissue regeneration, but can also be related to
tumor disease progression [35]. Further, L-proline accumulation was confirmed to be a
marker of plant cell stress [36].

The aim of this work is to spectroscopically investigate how L-proline and D-proline
could modify the aggregation state of the chiral porphyrin derivative in order to find a thin
layer selective for the anticlockwise form of the amino acid. Thus, in this contribution, the
Langmuir trough was utilized for the deep characterization of the tetrapyrrolic derivative
behavior at the air/water subphase interface and at the air/aqueous subphase contain-
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ing L- and D-proline, respectively. Upon transferring L-porphyrin derivative by means
of the LS approach onto solid supports, the tendency to further aggregate L-porphyrin
derivative within thin film was monitored as quenching of the fluorescent emission, and
this was employed to develop a proof of concept of a fluorescent sensing platform in the
10~4-10-8 M L-proline concentration range. Interestingly, the film deposited through the
spin-coating approach did not show any ability to detect the amino acid, underlining the
fundamental role of the aggregation state and the molecular organization induced by the
LS approach. Moreover, the LS film of L-proline is not spectroscopically influenced by the
flux of D-proline, confirming the possibility of selectively sensing the L-proline enantiomer.

The obtained results are very promising for the design of a molecularly active layer
of porphyrin derivatives, ensuring enantiodiscrimination by changing the peripheral sub-
stituent as in the described proof of concept.

2. Materials and Methods

H,PL(-) was synthetized according to the procedure reported in [30] and dissolved in
dichloromethane at 10~* M concentration for the Langmuir experiments. L-proline and
D-proline were purchased from Merck and used as received. Amino acids concentration
for the subphase preparation in the Langmuir experiments was 107> M.

Porphyrin derivative dichloromethane solution was spread on the aqueous subphase
by means of a gas-tight syringe. A NIMA trough, thermostated at 293 K, was used to
obtain the Langmuir films and the surface pressure variation was recorded by a platinum
Wilhelmy plate immersed through the film—subphase interface. After dichloromethane
evaporation, the two Teflon barriers of the Langmuir trough were symmetrically moved at
a constant speed of 5 cm? min~!. An aliquot of 120 uL of dichloromethane solution of the
porphyrin derivate was spread at the air/subphase interface for each experiment. After
solvent evaporation and upon floating molecules compression at the subphase surface, the
monolayer undergoes phase changes, as in the case of the three-dimensional gases, liquids
and solids. These phase changes can be monitored by the surface pressure I1 as a function
of the area occupied by the floating film, thus sketching a curve called isotherm. In the
so-called “gaseous” phase, the molecules are too distant, and they weakly interact; the I1
values indeed are very low. In the liquid state, generally called the expanded monolayer
phase, the molecules are randomly arranged and I1 values start to increase with a slope
variation in the curve. When the area occupied by the molecules is progressively and
slowly reduced, the condensed phase appears. In the condensed phase, molecules are
closely stacked and oriented; the area per molecule is similar to the cross-section area of the
monolayer molecule, and this value corresponds to the limit surface area. The obtained
surface layer was transferred by the Langmuir-Schaefer (LS) deposition technique; that
is, the horizontal variant of the traditional Langmuir-Blodgett (LB) technique. The LB
method is carried out by simply reiterating withdrawal and immersion cycles of a substrate
through the monolayer. The vertical transfer, typical of LB films, may be unsuccessful when
considerably rigid monolayers are formed at the air—water interface. In such cases, it is also
possible to use the LS method. The substrate, previously hydrophobized, is horizontally
lowered in order to graze the hydrophobic terminations of the floating molecules. When
the substrate is detached from the water surface, transfer onto the support takes place,
preserving the same molecular orientation. Using this method, the floating monolayer will
be subject to less destructive forces and molecular rearrangement than would occur when
using the classic LB method. UV-Visible spectra of the thin solid films were recorded by
means of a Cary 5000 (Varian). Fluorescence emission was recorded by a Horiba Fluorolog
equipped with a stage for solid samples.

Spin-coated films were obtained from porphyrin derivative solution in dichloromethane
with a concentration of 1072 M at a spin rate of 3200 rpm [14].

For the fluorescent sensing experiments, L-proline and D-proline solutions were fluxed
on the slide quartz placed in ad hoc shaped Teflon cell by means of a peristaltic pump at

1 mL min~ 1.
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3. Results and Discussion
3.1. Langmuir Films Characterization and H,PL(-) Film Deposition

Floating films of H,PL(-) spread from a dichloromethane solution were characterized
at the air—pure water interface of a Langmuir trough by recording the isotherm curves
surface pressure vs. area per molecule [23] (Figure 1a). The isotherm curve shows the
typical profile of hydrophobic porphyrins spread on water subphase. A rapid change in the
curve slope is observed at about 150 A2 molecule™!, and a limit area of 120 A% molecule
is recorded. It can be deduced that the molecules are stacked in an aggregate floating film
under the action of the moving barriers of the Langmuir trough [37].
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Figure 1. (a) Surface pressure vs. area per molecule curve for the porphyrin derivative dissolved in
dichloromethane (10~* M) and spread at the air-ultrapure water interface. (b) Absorption spectrum
of LS films of HyPL(-) deposited from pure water.

H,PL(-) floating film was transferred from the air/water subphase interface using the
horizontal variation of the LB method [38]; that is, the LS technique. The LS technique
ensures high reproducibility of the physical chemical characteristics of the transferred film,
a uniform covering of the solid substrate, and it is possible to control and to preserve the
floating film features during the transfer process [39-41].

A surface pressure deposition value was chosen from Langmuir isotherm curves
of the floating film. The deposition process was performed at a surface pressure value
corresponding to the steepest branch of the isotherm curve [42]. So, five LS runs of
H,PL(-) were transferred at 22 mN m~! on quartz slides and the UV-visible spectrum of
the transferred film was recorded (see Figure 1b). The Soret band of the solid LS film was
centered at 428 nm, and the four Q-bands were located at 519, 564, 597 and 654 nm.

3.2. Physical Chemical Study of L- and D-Proline Interaction with HyPL(-) Langmuir and
Langmuir Schaefer Films

In order to evaluate the possible interactions among H,PL(-) with the two enantiomers
of proline, the Langmuir curves [23] of the HyPL(-) floating layer were recorded dissolving
L- and D-proline in the aqueous subphase. In detail, the isotherm curves of the deriva-
tive spread from dichloromethane solution were recorded on: (i) pure water subphase,
(ii) subphase containing L-proline water solution (1072 M) and (iii) subphase containing
D-proline water solution (107> M). The surface pressure vs. area per molecule curves
recorded for the three different systems appear to be very different (Figure 2). In particular,
the presence of L-proline in the aqueous subphase clearly influenced the isotherm curve
profile of HyPL(-) (orange line in Figure 2). A very long pseudo-gaseous phase was present,
with an abrupt slope change at 180 A% molecule™!, typical of highly aggregated floating
molecules [37]. The limiting area per molecule was about 160 A2 molecule !, suggesting an
interaction among the molecules spread onto the subphase and the L-proline dissolved in
water. D-proline dissolved in the subphase induced a shift in the Langmuir curves towards
smaller area per molecule (gray line), even though the isotherm profile and the limiting
area per molecule did not significantly change compared to the effect of L-proline. These
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preliminary results suggest that both the proline enantiomers interacted with the floating
molecules, even if L-proline induced a strong change in the curve profile.
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Figure 2. Surface pressure vs. area per molecule curves for porphyrin derivative dissolved in
dichloromethane (10~# M) and spread at the air-aqueous interface in presence of 107> M L-proline
(orange line) and D-proline (gray line).

The possibility of preserving the ability of HyPL(-) to change its supramolecular
aggregation, mainly in the presence of L-proline, was explored using the LS technique [38]
and by means of the well-known spin-coating thin-film transfer method [43]. A comparison
of these two deposition techniques was performed in order to evaluate the different role of
the self-aggregation process that takes place in the floating molecules upon the effect of
the barriers’ slow movement [44,45], and the solvent evaporation driven by the centrifugal
force that promotes the film formation in the spin-coating method [14]. The Langmuir films
of the porphyrin derivative were transferred by means of the LS approach on solid supports
after spreading on pure water and L- and D-proline containing subphases. Surface pressure
deposition values were chosen from Langmuir isotherm curves of the floating film. The
deposition process was performed at surface pressure value corresponding to the steepest
branch of isotherm curve [42]. So, five LS runs of HyPL(-) were transferred at 22 mN m ™!
on quartz slides, in the case of molecules spread on aqueous subphase containing D-proline
at a concentration of 10~°> M and, as reported in Section 3.1, from ultrapure water subphase.
In the case of H,PL(-) spread on L-proline containing subphase, the deposition process was
performed at 18 mN m~1.

In the sake of clarity, the UV-visible spectrum of HyPL(-) diluted dichloromethane
solution is reported in Figure 3a (red line), whilst the spectrum of both spin coated and LS
film of HyPL(-) transferred from ultrapure water is reported in Figure 3b (purple dotted
line and black line, respectively). The Soret band for the solution spectrum is located
at 418 nm, and this is in agreement with a preferential monomeric conformation [30];
instead, the two deposition approaches induce a different organization within the film:
the Soret band is centered at 422 nm for the spin-coated film and 428 nm for the LS film,
suggesting the influence of the deposition method on the supramolecular arrangement of
the layered molecules.
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Figure 3. Absorption spectra of (a) dichloromethane solution of HyPL(-) and (b) LS films of H,PL(-)
transferred from pure water subphase, D-proline and L-proline containing subphase (black, gray
and orange spectra, respectively). A magnification of the Soret band in the three different situations
is reported in the inset. Dotted line represents the UV-visible spectrum of HyPL(-) transferred by
spin-coating method.

When L-proline was dissolved in the subphase and the H;PL(-) floating film was
transferred, the Soret band was redshifted about 15 nm in comparison with the one obtained
from pure water subphase, and it was located at 442 nm. Further, the Soret band of the
monomeric form of HyPL(-) appears as a pronounced shoulder at about 424 nm (Figure 3b,
orange line). Thus, it can be concluded that the presence of L-proline in the subphase favors
further aggregation of the spread H,PL(-) molecules. Concerning the LS film of H,PL(-),
from the containing D-proline subphase, a slight redshift of about 3 nm of the Soret band,
compared with the porphyrin film obtained from ultrapure water subphase (Figure 3b,
gray line), was recorded, confirming that the porphyrin derivative preferentially interacts
with the L-enantiomer of the proline.

It can be supposed that the aggregation mechanism for HyPL(-) molecules within the
LS film is driven by weak interactions, mainly hydrogen bonds, among peripheral proline
substituent carboxylate groups and inner nitrogen atoms [31]. Proline amino acid in the
subphase affected this process, favoring further aggregation, according to the recorded
redshift of about 15 nm of the Soret band. The formation of J-type aggregates has already
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been reported in the literature for similar systems [30]. The preferential interaction of the
floating layer with L-proline should be ascribed to the chirality of the substituent.

3.3. Preliminary Sensing Tests

Evidence that the aggregation/disaggregation process is driven by the chiral recogni-
tion between the peripheral substituent and the L-form of the amino acid dissolved in the
subphase prompted us to evaluate the effect of L- and D-proline aqueous solution fluxed
on LS film of HyPL(-) deposited from air—pure water interface. In particular, five layers
of HyPL(-) were deposited on hydrophobized quartz substrates. Furthermore, in order to
evaluate the role of the deposition technique on the sensitivity of the porphyrin derivative
layers towards proline, the response of HyPL(-) spin-coated film to both the enantiomers
of proline was tested. L- and D-proline water solution at a concentration of 10~* M were
fluxed, by means of a peristaltic pump, both on the LS and on spin-coated films.

From the spectra reported in Figure 4a, it is evident that both the L-proline and D-
proline fluxes do not influence the absorption profile of the H,PL(-) spin-coated film. On
the contrary, a redshift of 5 nm of the Soret band was observed for the H,PL(-) LS film,
and an evident shoulder appeared at 445 nm after the L-proline flux; instead, the effect of
the flux of D-proline was not detectable (Figure 4b). According to the data recorded on
the LS film of HyPL(-) from pure water and L-proline containing subphase, it is suggested
that the deposition process promotes the transfer of HyPL(-) in monomeric form and that
L-proline, both in subphase or fluxed in water solution, induces the aggregation of the
H,PL(-) molecules.

Figure 4. Effect of D- and L-proline flux on HyPL(-) spin-coated film (a) and H,PL(-) LS film from
water subphase (b).

As a proof of concept of the chiral-sensing device for L-proline in liquid phase, the
fluorescence spectroscopy was used as transduction method [14]. The emission spectrum
of the LS film (five layers) of HoPL(-) was monitored as a function of the concentration of L-
proline and D-proline aqueous solution in the range 10~8 M—~10~* M. Fluorescence emission
of porphyrin derivatives is, in fact, particularly sensible to aggregation phenomena [46-48],
as well as charge and/or energy transfer among the active molecules and the analyte [49,50].
The D-proline water flux did not promote evident variation of the emission intensity
(Aexc =430 nm, Figure 5a). On the other side, as reported in Figure 5b, an evident quenching
of fluorescence intensity of the LS film of HyPL(-) (Aexc = 430 nm) was observed when
L-proline was fluxed on the thin film. The further molecular aggregation induced by
the L-proline, as demonstrated by means of visible absorption spectroscopy, promoted a
self-quenching phenomenon [51], reducing the emission intensity.
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Figure 5. Quenching induced by (a) D-proline flux and (b) L-proline flux on fluorescence emission
of HyPL(-) LS film. (c) Logarithmic relation between the fluorescence quenching and the L-proline
(black dots) and D-proline (red dots) concentration.

Further, in the considered range, a linear relationship in a semilogarithmic scale was
used to monitor the fluorescence quenching as a function of the L-proline and D-proline
concentration (black and red dots, respectively, in Figure 5c).

This represents a very intriguing starting point for the design of amino acid enan-
tioselective porphyrin-based sensors. The design and synthesis of porphyrin derivatives
ad hoc functionalized with chiral amino acid could be used as an efficient platform for
chiral discrimination.

4. Conclusions

A free-base porphyrin derivative bearing, on its periphery, the L-enantiomer of proline
has been used in order to prepare films via two different approaches: the first one—the
Langmuir-Schaefer technique—is suitable for the development of weak interactions and
supramolecular structures, and the second—the spin-coating method—generally brings out
less organized structures. The first procedure provides evidence that the floating layer of
the porphyrin molecules carrying L-proline selectively interfaces with L-proline dissolved
in the subphase; conversely, the D-derivative slightly affects the aggregation state of the
porphyrin floating film. It is remarkably that this fascinating chirality-inspired phenomenon
has been kept alive when the corresponding LS multilayers have been deposited. On the
other hand, such typical and systematic behavior could not be retained when spin-coated
films have been prepared. Summing up these investigations, we have obtained further
confirmation about the ability of the LS method to shield and preserve supramolecular
organization and physical-chemical characteristics, even in the solid state as thin films.

Finally, promising exploratory measurements concerning the chiral discriminating
ability of the deposited LS multilayers have been successfully obtained. Investigations
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on the behavior at the air-water interface and the sensing capability towards proline
enantiomers of the chiral free-base porphyrin derivative bearing D-proline functionality
on a meso phenyl position are being carried out, and the results will be presented in
future work. Eventually, it will be very interesting to characterize the chiral features
of the deposited films in order to fully understand the physical-chemical nature of the
discrimination process.
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