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Chirality induction to porphyrin derivatives
co-confined at the air–water interface with silica
nano-helices: towards enantioselective thin solid
film surfaces†
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Manuela Stefanelli, d Roberto Paolesse, d Mathias O. Senge, c,e

Simona Bettini, *a Ludovico Valli, a Reiko Oda *b,f and Gabriele Giancane g

A supramolecular approach based on self-assembled structures allows the formation of large structured

co-assemblies based on chiral and achiral compounds with original physicochemical features. In this con-

tribution, an achiral and hydrophobic porphyrin was co-assembled at the air–water interface with meso-

scopic silica nano-helices dispersed in the water subphase of a Langmuir trough without covalent bond

formation. This procedure allowed transferring the porphyrin/nano-helix co-assemblies on a solid

support within a thin hybrid layer. The interaction between the two species was characterized using spec-

troscopic techniques and atomic force microscopy. As evidenced by the circular dichroism measure-

ments performed directly on solid films, tunable chirality was induced to the porphyrin aggregates

according to the chirality of the silica nano-helices. When the co-assemblies were transferred on surface

plasmon resonance (SPR) slides and exposed to aqueous solutions of histidine enantiomers, selective

chiral discrimination was observed which was determined by the matching/mismatching between the

chirality of the analyte and the helicity of the nano-helical structure.

Introduction

Chirality is an essential characteristic of living matter and
nature,1,2 which are present in an extensive size range, from
the subatomic scale,3 molecular and supramolecular levels,4,5

nanoscale,6 and from the macroscopic7 up to galactic scale.8

The supramolecular chirality of molecular assemblies, which
involves non-covalent intermolecular interactions, is particu-
larly important for life as it is the basis for the formation of
nano- and micro-sized self-assembled architectures.9,10 The
structures and properties of chiral molecular assemblies are
strongly influenced by the special spatial arrangement of the
building blocks.11,12 Even though supramolecular chirality is
often connected to the chirality of the constituent molecules,
it is not a prerequisite that all molecules are chiral. Achiral
molecules can be assembled to form supramolecular chiral
systems. In this context, the interaction between the molecules
must be accurately controlled and modulated. One of the
known approaches to prepare chiral systems is to promote the
aggregation of an achiral species and a chiral compound. For
transferring the chirality to the assembled systems, non-
covalent bonds such as hydrogen bonds and electrostatic and
π-stacking can be used. Porphyrins13 are one of the most inves-
tigated systems among the π-conjugate compounds because
they play crucial roles in essential biological processes and
exhibit excellent self-assembling abilities.14,15 As observed in
several organic π-conjugated systems,16 the functionalization
of macrocycles with chiral groups induces the formation of
hierarchical chiral superstructures.17–19 Furthermore, the

†Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d4nr02344g

aDepartment of Biological and Environmental Sciences and Technologies (DiSTeBA),

Campus Ecotekne, University of Salento, Via per Monteroni, 73100 Lecce, Italy.

E-mail: simona.bettini@unisalento.it
bUniv. Bordeaux, CNRS, Bordeaux INP, CBMN, UMR 5248, F-33600 Pessac, France
cSchool of Chemistry, Chair of Organic Chemistry, Trinity College Dublin, The

University of Dublin, Trinity Biomedical Sciences Institute, 152-160 Pearse Street,

Dublin, D02R590, Ireland
dDepartment of Chemical Science and Technologies, University of Rome Tor Vergata,

Via Della Ricerca Scientifica 1, 00133 Rome, Italy
eInstitute for Advanced Study (TUM-IAS), Focus Group – Molecular and Interfacial

Engineering of Organic Nanosystem, Technical University of Munich,

Lichtenbergstrasse 2a, 85748 Garching, Germany
fWPI-Advanced Institute for Materials Research, Tohoku University, Katahira, Aoba-

Ku, 980-8577 Sendai, Japan. E-mail: r.oda@cbmn.u-bordeaux.fr
gDepartment of Cultural Heritage, University of Salento, Via D. Birago 64, 73100

Lecce, Italy

This journal is © The Royal Society of Chemistry 2024 Nanoscale

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
A

ug
us

t 2
02

4.
 D

ow
nl

oa
de

d 
on

 9
/2

/2
02

4 
1:

57
:1

1 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal

http://rsc.li/nanoscale
http://orcid.org/0000-0003-2140-0110
http://orcid.org/0000-0001-8563-8043
http://orcid.org/0000-0002-2380-1404
http://orcid.org/0000-0002-7467-1654
http://orcid.org/0000-0002-5506-5413
http://orcid.org/0000-0002-6943-8647
http://orcid.org/0000-0003-4420-4569
http://orcid.org/0000-0001-5089-5429
https://doi.org/10.1039/d4nr02344g
https://doi.org/10.1039/d4nr02344g
https://doi.org/10.1039/d4nr02344g
http://crossmark.crossref.org/dialog/?doi=10.1039/d4nr02344g&domain=pdf&date_stamp=2024-08-20
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4nr02344g
https://pubs.rsc.org/en/journals/journal/NR


widely developed chemistry of porphyrins allows for the facile
modulation of tetrapyrrole aggregation and interaction with
achiral and chiral chemical species.13,20 A strategy to tune
aggregation can be the immobilization in thin solid molecular
films of porphyrin-based-building blocks to obtain complex
architectures using humid deposition techniques such as the
Langmuir–Blodgett method.21–24 Indeed, Langmuir–Blodgett
(LB) and its horizontal variation, the Langmuir–Schaefer (LS)
methods allow the molecules soluble in solvents with different
polarity to assemble at an interface.25–27 As the chemical–
physical features of porphyrins are influenced by their aggrega-
tion state, the interactions between floating porphyrins and
guest molecules can be finely tuned by controlling the pro-
perties of the Langmuir film. Additionally, LB and LS tech-
niques allow the transfer of the floating film onto substrates
without (or only slightly) altering their features.28 In this
study, we formed a hybrid supramolecular system composed
of a porphyrin derivative spread at the air–water interface with
silica nano-helices suspended in the water subphase of a
Langmuir trough, and then we deposited the obtained co-
assemblies on solid supports using the LS approach. Silica
nano-helices, left-handed and right-handed, were chosen as
inert templates to induce chirality in the LS films of porphyrin
aggregates; indeed, these nano-helical structures were demon-
strated to efficiently induce chirality in molecules, including
porphyrins, and inorganic nanoparticles when the latter are
grafted on the silica surfaces.29–32 Porphyrin derivatives have
been chosen as molecules commonly used for developing spec-
troscopic sensing devices33 and, also suitable for enantio-
selective sensor engineering.34 We chose a porphyrin derivative
with a peripheral -COOH functionality capable of interacting
with –NH2 groups present on the silica nano-helix surface upon
functionalization with 3-aminopropyltriethoxysilane.35,36

Additionally, the utility of the compound with cubane isostere
units37 (Fig. 1) to interact with the water dissolved nano-helices
was shown. We aimed to create chiral thin films based on the
co-assembly of achiral porphyrin and chiral inorganic helices
capable of enantioselective discrimination of histidine enantio-
mers detected by surface plasmon resonance (SPR).38,39

Experimental
Materials

L-Histidine (99%) and D-histidine (98%) were purchased from
Sigma-Aldrich and used as received without any further purifi-
cation. Dichloromethane (99%) purchased from Carlo Erba
Reagents was used as a spreading solvent. Water, used as the
subphase, was purified with a Milli-Q/Elix3 Millipore system;
in all experiments, water had a resistivity of 18.2 MΩ cm, pH ≈
5.9. It was thermostated at 293 K by a Haake GH-D8 apparatus.

An achiral free base porphyrin (Pp) and its zinc(II) meta-
lated form (ZnPp) (Fig. 1), bearing a carboxylic group linked by
a cubane bridge to the macrocycle, were used. Pp and ZnPp
were synthesized according to procedures reported in the
literature.40

Chiral silica helices were synthesized as previously
reported.36 Briefly, the synthesis of right (RHH) and left-
handed (LHH) silica nano-helices was achieved through the
utilization of cationic bis-quaternary ammonium Gemini sur-
factants, which have a chemical formula of C2H4-1,2-
((CH3)2N

+C16H33)2 with a tartrate counterion.41 These surfac-
tants can self-assemble in aqueous environments, forming
nanometric helical structures when combined with tartrate
counterions. With L- and D-tartrate, right-handed and left-
handed nano-helices were formed respectively.35 This intri-
guing chirality switch in helix formation highlights the precise
control over nanostructure synthesis achieved by manipulating
the type of tartrate counterion. These self-assemblies were
then used as templates to prepare silica nanostructures like
helices through a sol–gel transcription procedure. After tran-
scription, a mixture was washed with isopropyl alcohol to
remove organic byproducts and excess tetraethyl orthosilicate
(TEOS). This involved multiple washes through centrifugation.
Typically, 5 mg of silica nano-helices were obtained from
0.36 mg of organic gel. The nano-helices underwent further
processing, including centrifugation and redispersion in
ethanol, followed by tip sonication to individualize and
shorten them while eliminating aggregation. High-intensity
ultrasonic processing was employed for dispersion and frag-
mentation, using a specific ultrasonic processor and specified
parameters. Inorganic silica nano-helices were functionalized
with 3-aminopropyltriethoxysilane (APTES). Therefore, 20 μL of
APTES was added per 1 mg mL−1 of silica nano-helices in
absolute ethanol. Then, the mixture was kept in an oil bath at
80 °C overnight. This procedure was repeated once to improve
the grafting density of amines. The modified silica nano-
structures, called LHH-NH2 and RHH-NH2 hereafter, were
washed three times with absolute ethanol before further use.42

Instrumentation and characterization

Isotherms at the air–water interface were recorded using a
NIMA-KSV trough equipped with a Brewster angle microscope
(BAM). BAM images were acquired during barrier compression
at different surface pressures. The surface pressure was moni-
tored using 1 cm-wide filter paper as a Wilhelmy plate.
Reflection spectra (RefSpec) were generated by measuring the

Fig. 1 Chemical structure of the achiral free base porphyrin (Pp) and its
zinc(II) complex.
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difference in the reflection intensity of the subphase with and
without the floating film during barrier compression. This
difference is directly related to the absorbance of the thin float-
ing film, providing valuable information about its properties.

Pp and ZnPp molecules solubilized in dichloromethane
solution (concentrations 1.24 × 10−4 M, spreading volume
250 μL) were spread on a subphase; 20 minutes after the
spreading to allow solvent evaporation, surface compression
was performed with the barrier speed set at 8 mm min−1.
Floating films were transferred to solid supports (quartz and
silicon dioxide) using the Langmuir–Schaefer method, a hori-
zontal variation of the Langmuir–Blodgett technique. This
technique is widely recognized for its distinct film transfer
capabilities. The helices, in both enantiomeric forms, were
suspended in the aqueous subphase at a concentration of
1 mg L−1, which appears to be, as will be discussed later, the
ideal concentration for the formation of the adduct with the
molecules that constitute the floating film.

UV-visible measurements were carried out using a
PerkinElmer Lambda 650 spectrophotometer and electronic
circular dichroism (ECD) spectra were recorded using a JASCO
(J-1500 CD Spectrometer) with a scanning speed of 20 nm
min−1. Si/SiO2 solid supports were used to deposit the LS films
for morphological analysis using an atomic force microscopy
(AFM) instrument (SmartSPM 1000 AIST-NT HORIBA). A
PerkinElmer Spectrum One IR spectrometer was employed to
assess the vibrational modes of immobilized porphyrin mole-
cules on a solid substrate. This analysis was performed with a
specialized multireflection accessory tailored for thin film
examination. Each spectrum is an average of 32 scans (4 cm−1

resolution) from 1850 to 750 cm−1.
The interaction between the analytes and the transferred

film was monitored using SPR using a Nanofilms Imaging EP4
apparatus (Accurion GmbH). Substrates used for SPR measure-
ments were 2 cm × 2 cm SF-10 glass/Ti/Au slides and the
SF-10 matching fluid (n = 1.725) was used for the optical coup-

ling of the interfaces. The angle of incidence (AOI) was varied
from 56° up to 66° with a step of 0.07° while the solutions
were fluxed. The water solutions were fluxed using a peristaltic
pump with a flux rate of 0.5 mL min−1. ΔAOI was calculated as
the difference between the AOI measured for the SPR
minimum recorded after ultrapure water flux and analyte solu-
tion flux on the same film. In a further experiment, ΔAOI was
monitored during the time on the same film upon subsequent
fluxes (10 min) of L-histidine, D-histidine, and racemic mixture
(10−3 M) alternated with a washing step (5 min) in MilliQ
grade water.

Results and discussion
Achiral Pp and silica nano-helix co-assembly formation

The Langmuir isotherm curve surface pressure (Π) vs. area per
molecule of the floating film of Pp is shown in Fig. 2a. The
curve’s profile suggests that the Pp molecules form a strongly
hydrophobic floating layer. A very long pseudo-gaseous phase
was observed down to an area per molecule of about 75 Å2, at
which surface area, an abrupt increase in the surface pressure
was observed. It increased monotonically up to ∼45 mN m−1.
The limiting area per molecule, calculated extrapolating the
value of the area per molecule from the most pending part of
the curve,43,44 was about 57 Å2. This is too small to suggest that
the porphyrin derivatives lie flat on the water surface.45,46 Most
likely, 3D aggregates of Pp are formed at the air–water interface.
Indeed, the simultaneous presence of large Pp aggregates and
the regions of the interface not covered by the organic molecules
was observed by the BAM investigation (Fig. S1†).47,48

The silica nano-helices in the subphase strongly affected
the Langmuir curves’ profile, both for LHH-NH2 and for
RHH-NH2.

The concentration of helices suspended in the aqueous
subphase was selected by evaluating the profile of Langmuir

Fig. 2 (a) Surface pressure variation (mN m−1) as a function of the area per molecule (Å2) of the Langmuir films of Pp spread on ultrapure water
(black line), on the subphase containing the left-handed silica helices (blue line) and on the subphase containing the right-handed silica helices (red
line); (b) reflection spectra of the Pp Langmuir film spread at the air–water interface (black line) and onto subphases containing RHH-NH2 (red line)
and LHH-NH2 (blue line) recorded at 20 mN m−1 and the UV-visible spectrum (dashed line) of Pp dissolved in dichloromethane (1.24 × 10−4 M).
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curves by dissolving 0.1 mg L−1, 1 mg L−1, 6 mg L−1, 10 mg
L−1, and 18 mg L−1 (Fig. S2†). For concentrations higher than
10 mg L−1, a weak surface activity of the helices was observed
even in the absence of the Pp Langmuir film. For concen-
trations of 6 and 10 mg L−1, a short pseudo-gaseous phase was
recorded as a consequence of the high number of helices
reaching the aqueous subphase interface. In the case of the
0.6 mg L−1 concentration, an adequate number of helices were
not obtained on the solid substrate (Fig. S3†) using the
methods described in the Immobilization of the co-assemblies
and their optical properties section.

The variation of the Langmuir curves’ profile suggested that
the Pp molecules at the air–subphase interface interact with
the nano-helices in the subphase, influencing the physico-
chemical properties of the floating film.49 We propose that the
–COOH group attached to the porphyrin ring interacts with the
–NH2 group at the surface of silica nano-helices. The limiting
area per molecule of Pp increased from 57 Å2 to 95 Å2. The
complex thus formed directly at the air–water interface
(Pp@LHH-NH2 or @RHH-NH2) occupies a larger area.50 The
morphology of the Langmuir films (reported in Fig. S4† for
Pp@LHH-NH2 and S5 for @RHH-NH2) recorded through BAM
images was different from that one observed in the absence of
nano-helices (Fig. S1†), and the subphase surface was not uni-
formly covered by the floating films.

Even though the isotherm curves and BAM images confirm
the interaction between the Pp molecules and the silica
helices, no variation was induced by the inorganic structures
on the Pp reflection spectrum when the co-assemblies were
formed (Fig. 2b). The spectral profiles of the floating layers in
the three different situations (spread on ultrapure water, sub-
phase containing LHH-NH2 and RHH-NH2) were very similar
both in the region of Q bands and in the position of the Pp
Soret band that is located at 438 nm. It further suggested that
the interaction between the silica nano-helices in the subphase
and the Pp does not involve the macrocycle moieties. All three
reflection spectra presented 18 nm red-shift when compared
with the position of the Soret band of Pp dissolved in dichloro-
methane (420 nm, dashed line Fig. 2b). Such a shift is widely
reported for Langmuir films of not completely amphiphilic
compounds that are closely packed at the surface.51–53

Immobilization of the co-assemblies and their optical
properties

The Langmuir–Schaefer method was used to transfer the film
formed at the air–subphase interface on solid supports. This
technique allows the formation of the mesoscopic complex of
two species that are soluble in different chemical environ-
ments. In the present case, composite Pp and silica nano-
helices were obtained without grafting approaches.12

Pp and Pp@LHH-NH2 floating films and a cast film of
amine-functionalized nano-helix aqueous suspension were
transferred on gold slides and investigated using a FTIR
spectrophotometer equipped with a multireflection tool. In
Fig. S6,† the FTIR spectra of 8 layers of the Pp LS film
(transferred@18 mN m−1, black line) and Pp@LHH-NH2 LS

film (@20 mN m−1, blue line) were compared to the nano-
helix spectrum (grey line). In particular, the spectra of the LS
films based on Pp present the IR signals typical of porphyrin
derivatives;33 whereas, the nano-helix cast film spectrum is
dominated by the Si–O–Si stretching modes at about
1060 cm−1 (ref. 54) as well as the weak bands which corres-
pond to the δNH2 and δCH APTES at about 1560 cm−1 and
1460 cm−1, respectively.55,56 When Pp@LHH-NH2 LS films are
compared with the Pp LS film, the spectrum of the
Pp@LHH-NH2 LS film presented slight modifications of IR
bands localized at about 1740 cm−1 (labeled by the green
arrow, νCvO) and at about 1560 cm−1 (labelled by the red
arrow, δNH2), which could be explained considering that these
groups are indeed involved in the formation of the co-assem-
blies through weak interactions among –COOH and –NH2

pendant groups.
The LS films were transferred onto a quartz slide (8 layers)

and were characterized using UV-visible absorption spec-
troscopy (Fig. 3a). In all samples, the Soret band was located at
about 430 nm with a slight shoulder at 415 nm, and no rele-
vant shift was detected. This confirms that the interaction
between the macrocycles spread onto the subphase interface
and the nano-helices suspended in the subphase do not
involve the macrocycle part of the porphyrin derivative, as pre-
viously observed by FTIR measurement.

The presence of helices in Pp@ LHH-NH2 and
Pp@RHH-NH2 was evidenced using atomic force microscopy
(AFM) that clearly showed the unique helical structure trans-
ferred on ultra-flat substrates (Fig. 3). It should be noted that
the silica nano-helices suspended in the ultrapure water sub-
phase did not show any surface activity when compressed by
Langmuir trough barriers, and it was not possible to transfer
the suspended nanostructures onto solid substrates. This is
further confirmation that the co-assemblies were directly
formed at the air–subphase interface and the interaction was
strong enough to ensure the transfer of the assembly formed
onto solid supports. The morphology of the Pp LS film
(Fig. 3b) is very different from those observed for the
Pp@RHH-NH2 (Fig. 3c) or Pp@LHH-NH2 LS film (Fig. 3d) and
the insets shown in Fig. 3c and d indicate the two different
helicities of the transferred helices. The size of the observed
tubular structures is in agreement with the data reported in
the literature.57

Chirality induction on Pp aggregates

Circular dichroism spectroscopy was used to evaluate the
chiral environment of Pp, Pp@LHH-NH2 or Pp@RHH-NH2 LS
films in the 350–500 nm range. As expected and shown in
Fig. 4, the dichroic spectrum of the LS film of the achiral Pp
transferred from the ultrapure water subphase (black line) did
not show any relevant signals.58 On the other hand, a clear
signal was detected for both the Pp@LHH-NH2 (blue line,
Fig. 4) or Pp@RHH-NH2 (red line, Fig. 4) LS films. Their CD
signals are of opposite signs (Fig. 4), confirming that silica
helicity governs the chirality of the supramolecular assembly.59

Circular dichroism spectra were also acquired for the
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Pp@RHH-NH2 and Pp@LHH-NH2 adducts using different con-
centrations of helices dispersed in the subphase (Fig. S7†).
Again, the spectra indicate that the optimal concentration for
obtaining the chiral adducts is 1 mg L−1.

The Pp@RHH-NH2 LS film showed a positive dichroic
signal at around 415 nm and a weaker negative signal at about
395 nm. The Pp@LHH-NH2 LS film showed a mirror image
signal. Such negative-positive or positive-negative dichroic
bands (±) indicate that the porphyrins are arranged in a clock-
wise orientation (+) for RHH-NH2 or an anti-clockwise orien-
tation (−) for LHH-NH2.

60,61 The position of the dichroic
bands in the hybrid films arises from the Siret band of Pp
aggregates, since nano-helices did not show any absorption
signals in the investigated wavelength range. Therefore, it is
clear that the Langmuir method promoted the formation of
the organic/inorganic composite chiral structures at the air–
water interface, the immobilization of such co-assemblies
within films, and the chirality of the obtained hybrid films was
governed by the helicity of silica helices without any covalent
bond formation.

As mentioned, the interaction between Pp and the silica
chiral helices should involve the carboxylic acid group of the
porphyrin and the amino groups on the nano-helices. This
interaction was essential to allow the porphyrin to arrange
according to the nano-helix chirality. Indeed, when the zinc
complex of Pp was used (ZnPp), the chemical affinity between
the central zinc ion and –NH2 groups of the silica is known to
be stronger than the –COOH⋯NH2 affinity.62 Fig. S8† gives the
FTIR spectra of ZnPp (black line), ZnPp@LHH-NH2 (grey line)

Fig. 3 (a) UV-visible spectra of LS films transferred from ultrapure water (black line) from the subphase containing RHH-NH2 (red line) and
LHH-NH2 (blue line); AFM images of the LS film of (b) Pp, (c) Pp@RHH-NH2 and (d) Pp@LHH-NH2 LS films. Inset: magnifications of the recorded
images highlight the presence of the helices immobilized onto the solid slides.

Fig. 4 Circular dichroism spectra of 8 LS layers of Pp films transferred
from the ultrapure water subphase (black line), from the subphase con-
taining RHH-NH2 (red line), and LHH-NH2 (blue line); dotted lines refer
to the corresponding absorbance spectra.
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and Pp@LHH-NH2 (blue line) LS films deposited on gold sub-
strates. The arrows indicate the signals, arising from –CvO and
–NH2, which changed in the Pp@LHH-NH2 LS film FTIR spec-
trum upon Pp and nano-helix interaction (see above) but were not
affected in the case of the Zn complex. Hence, the formation of
the ZnPp@LHH-NH2 or ZnPp@RHH-NH2 complex involves ZnPp-
NH2 axial interactions and not from the –COOH⋯NH2 affinity
presumably and has a different spatial arrangement compared to
the co-assemblies based on the Pp derivative. While the AFM
characterization (Fig. S9†) also confirmed the nano-helices trans-
fer promoted by the LS method in the presence of the ZnPp float-
ing layer and the UV-visible spectra of ZnPp, ZnPp@LHH-NH2

and ZnPp@RHH-NH2 films (Fig. S10a†) showed that the Soret
band profiles are different from Pp based films. In the case of
ZnPp-based films, the Soret band was located at about 430 nm,
but the shoulder at 415 nm was not seen (Fig. S10a†). Circular
dichroism spectra of ZnPp, ZnPp@LHH-NH2 and
ZnPp@RHH-NH2 (Fig. S10b†) showed no signal, highlighting the
importance of the self-assembly process of the Pp at the surface
of the nano-helices for the chirality induction.

SPR enantioselective discrimination of histidine enantiomers

We evaluated the possibility of selectively discriminating the
two enantiomers of histidine63 using the chiral co-assemblies
Pp@LHH-NH2 or RHH-NH2 by SPR. This technique was

already used to evaluate the presence of histidine in water mix-
tures using porphyrin-based active layers.64 First, the SPR
curves were recorded using the 8-layer LS film of Pp subjected
to ultrapure water flux and then to the flux of two histidine
enantiomer solutions at 10−3 M concentration (Fig. S11†). The
Pp active layer is sensitive without preferential interaction
towards the two enantiomers and a ΔAOI of about 0.18° was
recorded both for L- and D-histidine flux.

A clear amino acid enantiomer effect was observed with the
Pp@RHH-NH2 LS film (8 layers). A relevant shift of the SPR
minimum was observed when the L-histidine was fluxed (ΔAOI
= 0.47° at 10−3 M), whereas the shift was negligible with
D-histidine (about 0.08°). This demonstrated that the supramo-
lecular arrangement of Pp induced by the presence of chiral
silica nanostructures influenced the interaction with the chiral
analyte (Fig. S12a†). SPR sensitivity towards the histidine’s
enantiomers is reversed when Pp@LHH-NH2 was used (8
layers LS film, Fig. S12b†). L-Histidine might influence the Pp
packing of the porphyrin derivative arranged on RHH-NH2,
affecting the refractive index of the composite complex, which
results in a variation of the AOI detected by SPR. As expected,
specular behaviour was found in the case of the D-histidine
flux onto the SPR slide covered by Pp@LHH-NH2.

The AOI shifts of Pp, Pp@RHH-NH2 and Pp@LHH-NH2 LS
films were checked during the time upon L-histidine,

Fig. 5 (a) AOI time variations of Pp, Pp@RHH-NH2 and Pp@LHH-NH2 when exposed to analyte fluxes are compared; the angle of incident variations as a
function of D- L- and racemic histidine concentrations using as an active layer the LS film of (b) Pp@RHH-NH2 and (c) Pp@LHH-NH2 co-assembly. (d) ΔAOI
of Pp, Pp@RHH-NH2 and Pp@LHH-NH2 exposed to different molar ratios of L- and D-histidine (histidine total concentration was kept at 10−3 M).
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D-histidine and a racemic solution at 10−3 M concentration
injection (see the Materials and methods section). The
responses of the active Pp@silica helix layer were markedly
influenced by the fluxed enantiomer, while the Pp-only layer
showed the same AOI shifts for the racemic and enantiopure
histidine solutions (Fig. 5a). Very interestingly, all the tested
active layers demonstrated a reversible interaction with ana-
lytes upon fluxing MilliQ grade water for 5 min. It was also
possible to calculate the equilibrium dissociation constant
(KD) values for the two co-assembled films, which exhibited
enantioselective behaviour. Specifically, for the Pp@RHH-NH2

film, a KD value of 2 × 10−3 M was obtained for L-histidine, and
1.2 × 10−2 M for D-histidine. These values clearly indicate that
the interactions fall within the weak interaction range65 (pre-
sumably hydrogen bonds and van der Waals interactions) and
that the chiral hybrid film shows a higher affinity towards the
L-enantiomer. Similarly, the same reasoning applies to the
Pp@LHH-NH2 film, which demonstrated higher affinity
towards the D-enantiomer. In this case, the calculated KD

values are 4.6 × 10−3 M for L-histidine and 1.9 × 10−3 M for
D-histidine. Fig. 5(b and c) showed that we obtained a linear
relationship between the angle of incidence variations and the
histidine concentration in the range 10−6–10−3 M for
Pp@silica nano-helices and this is a fundamental result for
the development of an active layer. Additionally, L-histidine
and D-histidine were fluxed over the LS films of Pp,
Pp@LHH-NH2, and Pp@RHH-NH2 in different ratios (Fig. 5d),
maintaining a total histidine concentration of 10−3 M. It is
observed that the variations in AOI are influenced by the ratio
between the two enantiomers, and the recorded values are in
good agreement with what can be predicted using the ΔAOI
reported in Fig. 5b and c.

These results evidence that the composite thin films of
Pp@silica helices can be successfully deposited on a plethora
of different solid supports while preserving the imprinted
physicochemical features capable of enantioselective reco-
gnition. The use of inert but purely morphologically chiral
templates, such as the silica nano-helices, to induce chirality
by the Langmuir trough approach is a promising and versatile
strategy, adding up the enantioselectivity according to the chir-
ality of the nano-helices.

Moreover, this represents a starting point of paramount
importance since it is challenging to develop and engineer
enantioselective sensors. This may represent a successful strat-
egy to easily produce chiral sensing materials. The proposed
composite films show a good enantioselectivity that can be
further improved, for example, using a sensor array approach
and proper normalization or multivariate data analysis,
aiming to increase the enantiomer discrimination.34

Conclusions

A Langmuir trough was used to promote the formation of com-
posite thin films at the air–subphase interface between chiral
silica helices functionalized with –NH2 groups dispersed in

the aqueous subphase and the floating film formed by the por-
phyrin derivative. The deposition of such co-assemblies by the
Langmuir–Schaefer method was confirmed using AFM and
FTIR, which clearly showed the interaction between the
organic and the inorganic species at the interface. In particu-
lar, atomic force microscopy, carried out on solid films,
showed the presence of helices within the film and that the
morphology of the porphyrin film is drastically different from
that of the hybrid layer. Circular dichroism investigations
showed that a chiral arrangement of the Pp assembly is
induced by the presence of the chiral helices, promoting the
formation of chiral co-assemblies. Hybrid layers of
Pp@LHH-NH2 and Pp@RHH-NH2 were deposited onto SPR
slides and ΔAOI was monitored when exposed to L- and
D-histidine enantiomers. A clear chiral discrimination was
observed for Pp@RHH-NH2 towards L-histidine and specular
behavior was observed for the Pp@LHH-NH2 system that
appears more sensitive towards D-histidine than L-histidine.
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