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Inverse opal colorimetric sensors operating on wetting transitions
usually rely on physical differences of the infiltrating liquid. Here,
we exploit a reactive surface chemistry that changes wettability
upon binding of an analyte. Upon binding of Fe3* to a Schiff base
immobilized on the porous structure, the surface becomes more
hydrophilic, triggering the infiltration of the structure and causing
the structural color to disappear.

The detection of dissolved species in aqueous solutions is of
relevance in a wide variety of fields, ranging from water
management and pollutant detection'™ to healthcare.*® Typi-
cally, such analyses rely on complex, multistep procedures
conducted in specialized laboratories with sophisticated infra-
structure. The possibility to monitor the analyte of interest
in situ is attracting growing interest as a convenient and direct
point of care diagnostic.*’ Ideally, the presence of dissolved
species is directly encoded via an autonomous, detectable
response of a material.

Various concepts for the solid-state detection of water pol-
lutants have been established. For example, the change in color
upon binding of an analyte to a dye immobilized on solid
supports can be used for sensing.® Colorimetric sensors based
on photonic crystals enable direct modification of their struc-
tural coloration by changes triggered either in the structural
arrangement or in the refractive index of their components."°
The structural coloration generated by thin film interference of
polymeric films can be used for sensing when the film shrinks
or swells in the presence of the analyte.™* 3D colloidal photonic
crystals, commonly referred to as opals, show structural color
because of the periodic arrangement of their constituent par-
ticles. For opals embedded in polymer matrices, a color change
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can be observed when the matrix swells by interacting with an
analyte and changes the distance between the particles.’*™**

Inverse opals (IOs), three-dimensional porous networks with
fully interconnected, uniform pores, exhibit structural coloration
visible by the naked eye due to the periodic nature of the
nanopores.'*° When prepared using a matrix able to shrink
upon interaction with an analyte, they can also act as colori-
metric sensors.”" Since structural coloration relies on a refractive
index contrast between pore and matrix,"® the infiltration of an
10 with liquid eliminates the observable coloration because of
the higher refractive index of liquids compared to air,'®*8>*2
This constitutes a simple, binary read-out of the wetting state.

The regularity and interconnected nature of the nanopores in
an 10 induces a well-defined wetting transition that depends on
the contact angle of a given liquid with the pore walls.'***>32¢728
The pores remain unwetted if the contact angle 0 is larger
than the pore opening angle 9 (Fig. 1).>**” Only for 6 < 9 will
the liquid be able to penetrate through the neck and propagate
into the porous network. The underlying reason for this change
in pore filling is a change in the shape of the meniscus the liquid
forms at the necks of the pores (Fig. 1b and c).***’

This defined wetting transition is the key for an autonomous
colorimetric sensor. When the surface chemistry of the IO is
adjusted in a way that the contact angles of two different liquids
are above and below the neck opening angle, one liquid will
infiltrate the IO, while the other one cannot infiltrate the pore
network (Fig. 1b-e).”” The associated loss of structural color thus
unambiguously indicates the presence of the first liquid.

This concept has enabled the wetting-based discrimination
between different alcohol species (i.e. methanol, ethanol, iso-
propanol), different alcohol contents,>*>* or between regular
gasoline and diesel.>* Recently, 10s have also been exploited to
pre-screen newborns for jaundice by exploiting changes in the
surface tension in urine, allowing for easy, at-home monitoring
of the development of this common condition.>

To this point, however, the wetting transition has been
mainly limited to triggers provided by the physical properties
of the liquids themselves, such as their surface tension. Since
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Fig.1 Schematic of the operation principle of an inverse opal-based
autonomous sensor. (a) SEM image of an |O. Scalebar is 200 nm. When
the contact angle 0 is larger than the pore opening angle 3, the structure
does not wet (b) and (d). When the contact angle 0 is smaller than the pore
opening angle 9, the structure wets (c) and (e). (f) The Schiff base-
functionalized inverse opal changes its wettability upon interaction with
Fe®* and it wets, suppressing the structural color.

soluble analytes generally do not influence the surface tension of
the liquid, the wetting transition cannot be triggered by the
presence of the analyte itself. Therefore, the change in contact
angle must be induced by an in situ change of the chemistry of
the surface, rather than by a change in the property of the liquid.
Such a reactive surface chemistry must provide selective recogni-
tion units that trigger a change in wettability upon binding of the
analyte. When introduced within the porous structure of the IO,
this binding can therefore favor the wetting of the previously
unwetted IO in the presence of the analyte (Fig. 1f).

Here, we develop this new sensing strategy based on a change
in wettability in the surface of the IO upon interaction with an
analyte, namely the chelation of a metal ion. We devise a
reaction scheme to create reactive surface chemistries based
on half-Salen Schiff bases, successfully functionalize the inner
pore surface of I0s, investigate the change in wettability induced
by the binding of Fe®" as a model ion, and demonstrate that this
change in wettability can trigger a wetting transition to success-
fully provide a colorimetric read-out of the binding event.

We identify Schiff bases as a candidate for such a reactive
surface chemistry, as their complexation capacities to different
metal ions can be tailored via their molecular structure.>*—*
Salen motives, a particular type of Schiff bases containing two
acidic hydroxyls**® and two aryl-imine groups,®” can act as
bidentate ligands for a variety of metal ions through the
donation of the electron lone pair of the azomethine
nitrogen.*” Salen motives have already been used to develop
sensors to detect a variety of metal ions,>*™” typically by
exploiting a change in the photochemical behavior of the
ligands. Half-Salen motives, only consisting in one acidic
hydroxyl aryl-imine group, can still coordinate metals, and
allow for water molecules to complete the coordination sphere

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Schematic of the functionalization of the silica surface with
the Schiff base. (a) 1- The surface is activated using O, plasma. 2- The
surface is functionalized with trimethoxyvinilsilane (TMVS). 3- The Schiff
base is bound to the surface with a thiol-ene reaction. (b) XPS spectra
of the nitrogen signal before (black) and after (gray) the binding of the
Schiff base (1).

of the bound metal. This may in turn increase the hydrophili-
city of a surface onto which such a compound is bonded.

We start the design of the autonomous colorimetric sensors
by preparing IOs as porous photonic crystals that provide the
structural color-based detection signal. We use the colloidal co-
assembly method"® with 340 nm polystyrene colloidal particles,
which enables the fabrication of nearly crack-free, well-ordered
silica I0s that exhibit visible structural coloration from the
periodic arrangement of the nanopores (Fig. Sla-d, ESIt). A low
number of cracks and the interconnectivity of the pores (Fig. 1a
and Fig. Sla, ESIt) are the prerequisite for observing a sharp
wetting transition.”®*® We calculate the pore opening angle
from SEM images (Fig. S1d, ESIt) to be around 20° & 2°.

Next, we devise a reactive surface chemistry able to trigger a
change in substrate wettability upon the binding of a target
analyte. We synthesize (E)-2-(((2-mercaptoethyl)imino)methyl)-
phenol (1), a half-Salen Schiff base. This Schiff base was selected
as it shows a promising selectivity towards the binding of Fe**
ions, as observed by the change in the UV-vis spectra upon the
formation of the complex in solution (Fig. S2, ESIt).

The successful surface functionalization is confirmed by X-
ray photoelectron spectroscopy (XPS), where the nitrogen signal
is visible after the immobilization of the Schiff-base on the
surface (Fig. 2b). When a hexavalent metal is coordinated by the
Schiff-base (1), it can still coordinate 4 additional water mole-
cules, thereby increasing the water wettability of the surface
(Fig. 3a).

For binding (1) to the IO silica surface, we use the thiol
functionality integrated in the Schiff base as anchor group. To
this end, we first create a monolayer of surface-bound vinyl-
silane groups via silane chemistry. Subsequently, we employ
thiol-ene chemistry to bind the Schiff base to the double bond,
thus creating the reactive surface coating (Fig. 2a).**
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Fig. 3 Wetting behavior of functionalized surface. (a) Suggested mecha-
nism for increased wettability upon interaction with Fe3*. (b) Contact
angles measured on a flat surface with a 20% EtOH solution (black) or
water (red) at different steps of the functionalization procedure and after
interaction with Fe>*.

We investigate the change in surface wettability using water
contact angle (WCA) measurements on a planar glass slide
(Fig. 3b, red squares). The initially hydrophilic glass surface
(WCA < 20°) is rendered more hydrophobic by the introduction
of the vinyl functionalities of the trimethoxyvinylsilane (TMVS)
(WCA = 87° + 7°). The binding of the Schiff base (1) lowers the
hydrophobicity to a WCA of 76° + 9 °C, reflecting the presence
of the phenolic OH group.

When placed in contact with a solution of Fe*" (60% EtOH,
5 mM, 1 hour), the hydrophilicity of the surface is significantly
increased, evidenced by a decrease in WCA to 53° + 5.

The contact angle can be further adjusted by mixing the
aqueous solution with ethanol. For example, using a 20%
ethanolic water solution, the CA on the Schiff base functiona-
lized flat surface is lowered from 67° & 4° to 42° £ 3° in the
presence of Fe®* (Fig. 3b, black squares). This control is
important to match the CA with the wetting transition of the
10. Note that changing the pore structure of the inverse opal
itself could be used similarly to match the wetting transition to
the CAs of the reactive surface. We now incorporate the reactive
surface chemistry into the porous network of the IO (Fig. 4). We
first establish that a surface-functionalized IO in the absence of
Fe*" ions is not wetted by water containing 20% ethanol, as

Exposed to Fe3*

Reflectance / A.U.

Not exposed to Fe**

400 450 500 550 600 650 700
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Fig. 4 Colorimetric detection of Fe** ions from aqueous solutions. (a)
Photograph of a Schiff base-functionalized IO exposed to a 20% ethanolic
aqueous solution without previous exposure to Fe®*. The structural
coloration is clearly observed as the sample is not wetted by the liquid.
(b) An 1O with the identical surface chemistry exposed to a 20% ethanolic
solution previously exposed to a 60% EtOH Fe®* solution is wetted and
does not exhibit structural color. Note the colored spot on the top of the
sample — indicated by the white arrow - was not exposed to Fe** by
protecting it with an epoxy resin and served as an internal reference. The
photographs were collected at a slight angle to emphasize the color. (c)
Corresponding reflectance spectra of both samples, showing the suppres-
sion of the photonic stop band upon exposure to Fe** ions.
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seen by the intense structural color of the sample (Fig. 4). We
demonstrate the ability to trigger a wetting transition via the
binding of a dissolved analyte as follows. We expose the reactive
surface chemistry of the 10 to a 5 mM Fe*" solution in 60%
EtOH, which has a sufficiently small CA (CA < 20°) that the
liquid infiltrates the I0. After 60 min, we wash and dry the
sample. When exposed to a 20% ethanol solution, this sample
is now wetted, evidenced by the disappearance of the structural
color (Fig. 4a and b). This simple visual observation is corro-
borated by reflectance spectra of the two samples, where the
photonic stop band of the sample exposed to Fe’" disappears
when immersed in the 20% ethanol solution (Fig. 4c).

The wetting behavior implies that the critical contact angle
for wetting is in between ~42° (as the sample exposed to Fe*" is
wetted) and ~67° (as the reference sample is not wetted). This
experimental threshold differs from the theoretical threshold
determined geometrically (Fig. 1). We ascribe these differences
to (i) variability in the size of the IO pore measurement, as the
value needs to be determined by a projection of a 3D surface on
the image plane, (ii) intrinsic roughness of the sample, and (iii)
a difference in the functionalization efficiency when performed
in the confined, non-planar environment of the nanopore itself.

We assess the selectivity of the reactive surface chemistry by
exposing the functionalized I0s to 5 mM solutions of Fe** and
Fe®* for 1 hour (Fig. 5¢—f). When the system is exposed to Fe*,
it does not wet and the color is retained (Fig. 5¢ and d). Only
when the sensor is exposed to Fe*", the structure wets and the
color disappears (Fig. 5e and f). The selectivity to Fe** is caused
by the selective complexation of the trivalent ion, as evidenced
from the decrease in contact angle. In contrast, the exposure to
Fe®" does not decrease the contact angle, indicating that the
Schiff base does not complex Fe** (Fig. S2, ESIf). We also
demonstrate the selectivity of the system towards other com-
mon metal ions. After exposure to AI** or Cu** ions (Fig. 5g-j),
no color disappearance is observed.

In conclusion, we demonstrate a new concept for the fabri-
cation of colorimetric photonic crystal sensors based on reac-
tive surface chemistry. We control the wettability of the surface
via the binding of an analyte, and exploit the wetting transition
to provide a simple, unambiguous readout (color vs. no color)
to detect the presence of this analyte.

In our case, the wetting transition is not triggered by
differences in the physical proprieties of the infiltrating liquids,
as previously shown in the literature. In this proof of principle,

Pristine | ©

Fig. 5 Selectivity of the reactive surface chemistry towards Fe®*. Side
view of a 20% EtOH droplet on a pristine functionalized 10 (a), and IOs
exposed to Fe?*(c), Fe* (e), Cu?* (g), and A** (). Top view of a 20% EtOH
droplet on a pristine functionalized 10 (b), an IO exposed to Fe>* (d) and an
IO exposed to Fe** (f) where the disappearance of structural color can be
appreciated, an 10 exposed to Cu?* (h), an 10 exposed to AB* (j).

This journal is © The Royal Society of Chemistry 2024
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we trigger the wetting transition by the complexation Fe*" ions
as a model analyte. Changing the molecular structure of the
underlying Schiff base may provide selectivity to more relevant
target ions. The general concept is more versatile and can
provide the basis for a broad range of common specific binding
concepts, from crown ethers to bioconjugate chemistry for
versatile, autonomous detection of different ionic, molecular
or biochemical analytes.
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