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ARTICLE INFO ABSTRACT

Keywords: DAPI (4,6-diamidino-2-phenylindole, di-hydrochloride) is a photoactive dye used as a fluorescent marker for
Palygorskite nucleic acids, due to its high affinity for the major groove in the DNA double helix. By following a Mayan-inspired
DAPI

recipe (namely grinding, heating and washing in H»0), the DAPI molecule was fastened to the microporous
framework of palygorskite — a clay mineral used to produce the famed Maya Blue pigment, whose fibrous crystals
are carved by surface grooves similar in size to those of DNA - in order to obtain a newly designed fluorescent
material. This hybrid composite was investigated with a multi-analytical approach, which includes FE-SEM-EDS,
BET-specific surface area (SSA)/micropore volume measurements, thermogravimetry, UV-vis, fluorescence and
FT-IR spectroscopies. Supramolecular interactions form between the clay and the dye already after grinding,
apparently involving a two-step binding process. Evidence is found of an incipient, electrostatic interaction
between cationic DAPI and the negatively charged surface of the palygorskite fibrils, which then evolves in H-
bonding interaction between the dye amine groups and the zeolitic and/or structural water in the clay surface
grooves. Heating and washing in HyO seemingly deteriorate the composite morphology and stability, jeopard-
izing — rather than strengthening — the previously formed host/guest interactions. This hybrid composite, with
remarkable stability and appreciable quantum yield, is potentially fit to be used as a low-cost, fluorescent ma-
terial for applications such as spectrum manipulation technologies, sensors, optical devices, imaging and design-
targeted drug-delivery systems.

Hybrid nanocomposite
Host/guest interactions

1. Introduction

Stabilized organic molecules with functional features can substitute
metals or semiconductors in various technological applications (e.g., in
dye sensitized solar cells, tailoring of material properties, optoelec-
tronics and optical non-linear — ONL, properties, etc.), depending on
their structural arrangement and vibrational freedom [1,2], which in
turn rule their electronic coupling affecting optical and charge-transfer
properties [3-5]. Their stabilization on a substrate can be modulated
by various supramolecular approaches — e.g., metal-organic frameworks
(MOF), synthesis of crystals and thin films, epitaxial growth or sorption
on a host matrix [6-9]. The enhancement in the stability of the dye
embedded in a nanostructure allows broadening the conditions in which
this species can operate and its use for a given purpose, like for example

photoactivity or sensitivity to pH [10].

For what concerns hybrid composites, Maya Blue — a stable pigment
used by ancient Mayas in Mexico (mostly Yucatan peninsula), whose
colour and structure can resist to harsh acids or alkali attacks — holds a
prominent place. Formed by the indissoluble coupling of the paly-
gorskite clay mineral [ideal formula: (Mg,Al)4SigO20(O-
H)2(0OH3)404H0; PALY hereafter) with the frail indigo dye, Maya Blue is
an ancestor of modern host/guest composite materials [11]. PALY, an
end-member in a polysomatic series with sepiolite [12], is a mixture of a
monoclinic (Space Group: C2/m) and an orthorhombic polymorph
(Pbmn) [13,14]. Its fibrous crystals (‘fibrils’ or ‘laths’; Fig. 1a) [15] are
elongated along [001] with length usually < 5 pm. Its structure shows a
continuous, waving tetrahedral (T) sheet, due to a periodical inversion
in the apical oxygens orientation, and an octahedral (O) one broken in
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‘ribbons’ that run along the z axis [16]. This structure is crossed by
tunnels (maximum effective width: 0.64 x 0.37 nm), z-axis elongated
and filled by weakly bound zeolitic HoO and tightly bound structural
OHy. The latter completes the coordination of the Mg ions at the borders
of the O ribbons (Fig. 1c). More loosely bound physisorbed H,O covers
the external surface of the laths. Both physisorbed and zeolitic HyO are
lost by heating (80-100 and 120-190 °C, respectively), but higher
temperatures are needed to trigger loss of structural OH, (>250 °C) [17,
18]. The surface of the PALY laths is carved by grooves, resulting from
the half-open structural tunnels exposed on the {100}, {110} and {010}
crystal faces (Fig. 1b) [19].

PALY can stabilize the guest indigo molecule inside the inner tunnels
permeating its structure and in the grooves that carve the laths surface,
thus justifying the steadiness of Maya Blue [20-24]. These findings
opened a fruitful field of research aimed at replicating the Maya Blue
features using other molecules as guests — obtaining hybrid materials
with physicochemical properties useable in Materials Science or Cul-
tural Heritage [25]. Stable composites with 4-Cl-thioindigo and quina-
lizarin were produced [26], as well as with thioindigo [27,28], ‘Ciba
Brilliant Pink’ and isatin, which are absorbed in the PALY tunnels [29,
30]. Red-to-purplish adducts were obtained with methyl red and alizarin
[31-35]: the former is stuck in the PALY tunnels (its colour being un-
varied after acid/alkali attacks), the latter binds to the fibre surface (its
colour changing with pH fluctuations). The affinity of PALY for
absorbing dyes also paved the way for other applications - i.e., pollut-
ants removal from wastewaters [36,37]. Mu and Wang [38] issued a
detailed review on the potentiality of PALY as a dye adsorbent.

Organic fluorophores play a leading role in many fields of applica-
tion — such as biological imaging, spectral correction of light sources,
sensing and diagnostics [39-41]. As such, their sorption on microporous
clays offers interesting perspectives. A hybrid pigment was obtained by
associating a coumarin-derivative dye (FY-10G) to PALY, enhancing
fluorescence, thermal and photo-stability with respect to the dye alone
[42]. Sepiolite (similar to PALY, but with larger tunnels) was used for
sorption of methylene blue, methyl red, anthocyanin- and
pyranoanthocyanin-analogues, providing enhanced resistance with
respect to thermal, redox and biological degradation [43,44]. Stabili-
zation of these Mayan-inspired composites occurs by hooking the organic
species to the host clay, achieved through shape recognition and for-
mation of H-bonds and/or electrostatic interactions.

In organic materials, interactions by surface grooves have important
implications — e.g., in prebiotic chemistry (e.g., catalysis and protection
of amino acids) [45-47]. A paradigmatic application is represented by
the use of DAPI for DNA detection. DAPI (4,6-dia-
midino-2-phenylindole, di-hydrochloride) is a blue, non-toxic, fluores-
cent stain capable of binding to DNA enhancing its fluorescence and
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providing an imaging of the genetic material in cells [48]. It is also used
as an anti-parasitic, -biotic, -viral and -tumor agent [49]. Its molecule
has a joint phenyl and indole chromophore, each with an auxochromic
amidino group, and exhibits a wide array of interactions binding both in
the minor [50,51] and major DNA groove [52], by intercalation and
other interactions [53-58]. In cationic form, its molecule binds to
adenine-thymine (AT) clusters in the DNA minor groove with a revers-
ible interaction (Fig. 1d) [59,60]. Binding produces a = 20-fold fluo-
rescence increase (“Light-Switch” effect) [61] proportional to the DNA
amount, with an emission maximum at ~ 460 nm [62]. DAPI also binds
to RNA, but the fluorescence is diminished and shifted at ~ 500 nm [63,
64].

Since the major groove of DNA and the grooves on the surface of the
PALY laths bear some resemblances — both in terms of geometry and
chemical environment, we explore the possibility for DAPI to interact
with PALY forming a stable composite (PALY@DAPI’ hereafter) with
enhanced fluorescence. Complexation of PALY with DAPI has both a
fundamental and practical interest, as stabilizing the labile dye moiety
in a solid matrix may lead to a robust, metal-free, fluorophore for op-
tical, imaging and drug-delivery applications.

2. Materials and methods
2.1. Materials

A natural PALY specimen from Mexico (State of Chiapas) was used.
PALY was preferred to sepiolite since the latter — though disposing of
larger tunnels (maximum effective width: 1.06 nm) [65] — has a weaker
structure [66]. Purification of PALY [17,67], aimed at eliminating im-
purities and promoting dispersion/disaggregation of the bundles (to
favour guest complexation) [68], consisted of: i) hand-grinding in agate
mortar and removal of macroscopic impurities; ii) suspension in
deionized H50, isolating the floating fraction from residual impurities
(e.g., calcite and quartz) and the more entangled bundles, which settle at
the bottom; iii) soaking in diluted HCI (approx. 2.4 M, 20 % v/v of
concentrated 37 % w/w solution) to eliminate fine-grained carbonates,
followed by washings in deionized HyO and filtering. After purification,
X-ray powder diffraction (XRPD) proved PALY to be the only detectable
phase (Supporting Information, Fig. S1).

The DAPI specimen used in this study, in the form of a yellow
powder, was purchased from Sigma-Aldrich (Line # 000040, Cod. No.
D9542-50 MG) and used without purification.

2.2. Synthesis of the ‘PALY@DAPI’ adduct

The hybrid composite synthesis was modeled upon the laboratory

® zeolitic H,0
© structural OH,

Fig. 1. a) detail of a palygorskite fibril (lath) with indexing of the crystal faces; b) magnification of the fibril tip, with indication of the surface grooves and inner
tunnels (mutual dimensions of the fibril and crystal structure not in scale); ¢) the crystal structure of palygorskite, observed along [001], complete with zeolitic H,O
and structural OH, (H atoms not shown for sake of simplicity); d) the molecule of 4',6-diamidino-2-phenylindole, di-hydrochloride (DAPI) in neutral (up) and cationic

(down) form.
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preparation of Maya Blue from pure precursors [27,69-71]: i) the puri-
fied PALY powders were mixed and ground in an agate mortar with
DAPI 2 wt % (maximum indigo amount absorbable on PALY [66]; PALY
+ DAPI MM, hereafter); ii) the mixture was soaked in H,O in a Petri dish
and heated from room T until 160 °C for 24 h, with a 20 °C/h ramp
(PALY + DAPI H, hereafter). Maximum temperature was chosen in
order to favour activation of the clay and not exceed the dye sublimation
point; iii) after heating, the powders were washed for 24 h under H,O
flux to remove any unbound DAPI cluster (PALY + DAPI W hereafter).
The ‘PALY@DAPI’ adduct has a light yellowish hue after grinding,
reminiscent of the deep yellow colour of the dye. This hue is maintained
with no appreciable fading after heating, but washing in HyO is
responsible for a slight bleaching (Supporting Information, Fig. S2).

2.3. Methods

Field Emission Scanning Electron Microscopy (FE-SEM) data were
collected with a Tescan S9000G FESEM 3010 microscope (30 KeV)
equipped with a high-brightness Schottky emitter. The powder samples
were deposited on a stub coated with a conducting adhesive and with a
5 nm Cr sputtered film. Elemental EDS analyses and maps were obtained
with an Oxford Instruments Ultim Max SDD analyzer in the SEM column.

Adsorption/desorption measurements with Ny at 77 K were per-
formed using a Micromeritics 3Flex sorption analyzer. Before analysis,
samples (ca. 100 mg) were treated overnight in high vacuum at 100 °C
(heating ramp: 2 °C/min). Specific surface areas (SSAs) were evaluated
by employing the Brunauer-Emmett-Teller (BET) equation in the 0.02<
p/p° < 0.2 range. The micropore volume was extrapolated from the t-
plot curve derived from the adsorption branch of Nj isotherms at 77 K,
considering the statistical thickness range 4 A < t < 6.5 A.

UV-visible (UV-Vis) data in transmittance mode were collected in
the 800-200 nm range on DAPI in aqueous solution by varying pH, using
a Varian Cary 300 Bio spectrophotometer. UV-visible-NIR data in
diffuse reflectance (DR) mode were collected in the 2500-200 nm range
on both precursors (diluted in Teflon, for DAPI) and on the ‘PALY@-
DAPI' adduct in all synthesis steps, using a Varian Cary 5000
spectrophotometer.

Infrared (IR) absorption data were collected in air at room T on a FT-
IR Bruker Vector 70 spectrometer with a 2 cm ! resolution (64 scans for
each spectrum) — in ATR mode with a diamond prism on both precursors
and in transmission mode on pellets of ‘PALY@DAPI’ in all synthesis
steps.

XRPD data were collected on an automated Miniflex 600 Rigaku
diffractometer in Bragg-Brentano geometry in 6-0 setup, Cu-Ka radiation
and a zero-background flat sample holder.

Fluorescence emission spectra were collected on a Horiba Jobin
Yvon Fluorolog 3 TCSPC fluorimeter, equipped with a 450-W Xenon
lamp. A Hamamatsu R928 photomultiplier was used to acquire fluo-
rescence spectra in steady state mode. Absolute quantum yield was
measured with an integrating sphere combining Quanta-¢ with Fluo-
rolog 3, the reported values being averaged on 3 measurements. Solid
samples were excited at 370 nm and fluorescence signal recorded from
400 to 700 nm. DAPI was diluted in SiO, (previously calcined at 800 °C
for 1 h) to obtain a Kubelka-Munk (KM) value of 0.1 (spectrum not re-
ported for sake of brevity). PALY and ‘PALY@DAPI’ adducts in all syn-
thesis steps were measured as prepared, with no dilution. Lifetimes were
measured by the time correlated single photon counting method (Horiba
Jobin Yvon), using a 455 nm Horiba Jobin Yvon NanoLED as excitation
source and an impulse repetition frequency of 1 MHz positioned at 90°
with respect to a TBX-04 detector, and calculated using the DAS6 decay
analysis software.

TGA experiments were performed by using a TGA Q600 SDT in-
strument on ~ 10 mg specimens, in both Ny (100 ml min~! nitrogen
flow) and dried air. Weight loss (%) vs. temperature was evaluated in the
30-800 °C range, with a 10 °C/min heating ramp.

Density functional theory (DFT) calculations were performed on the
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DAPI molecule with the aim of assigning each IR-maximum to the
proper vibrational mode. In order to mimic the surroundings of the dye
may in the adopted experimental setups, two models were considered:
(i) an isolated DAPI molecule and (ii) a DAPI molecule hydrated by five
H30 molecules forming H-bonds with polar groups. Both models were
optimized at the B3LYP/cc-pVDZ using the Gaussian16 software [72];
frequencies were calculated at the same level of theory. Structures of the
optimized models appear in the Supporting Information, Fig. S3 and
Table S1.

3. Results
3.1. FE-SEM-EDS analyses

In raw unpurified PALY (Fig. 2a), fibrils are scattered and dense
bundles are rare; the thinner laths have an average ~ 4 + 1 pm length
and 26 + 6 nm width. Impurities, mostly carbonates, are also present
(Supporting Information, Figs. S4 and S5). After purification (see Sec-
tion 2.1), the PALY laths become shorter (<1 + 0.5 pm) and more
aggregated, with crenulated surfaces at higher magnifications (Fig. 2 b
and Supporting Information, Figs. S6 and S7). Their chemical formula
(obtained by electron probe microanalyses collected on a pressed pellet
and computed on 26 oxygens; total water content extrapolated by TGA
[73D ist  (Mga2s, Alies, Feozs, Kooss Nago1)(Siz.o5,Al0.05)
[019.95(0H)2.03(0H2)4,05] 04.78H20] [17]. Solid DAPI appears in the
form of bulky prismatic crystals, even > 10 pm long (Fig. 2c); EDS
elemental maps show significant presence of N and Cl, confirming the
hydrochloride nature of the molecules (Supporting Information,
Fig. S8).

As far as the composite is concerned, in PALY + DAPI MM (Fig. 2d)
the host fibres seem less dense, probably because grinding favour
cleavage and scattering in the PALY laths orientation. However, the
thickness of the thinner fibrous units grows up to ~ 38 + 7 nm, sug-
gesting that crushing and complexation with DAPI may favour the
pairing of doublets or triplets of PALY laths, stuck with one another and
with parallel orientation. Even at higher magnifications, DAPI clusters
are not observed — with EDS detecting a very low and homogeneously
distributed Cl amount (= 0.1 wt %, a marker for DAPI; Supporting In-
formation, Figs. S9 and S10). These evidences suggest that grinding
causes the DAPI crystals to dissolve completely on the hydrated surface
of the host matrix. In PALY + DAPI H, the doublets/triplets of laths —
their thickness unvaried (34 + 5 nm) - tend to further aggregate with
one another, maintaining mostly parallel courses and forming thicker
bundles (even > 500 nm: Fig. 2e). This behavior is consistent with the
migration of water soluble components to the surface of the fibrils due to
heating and consequent dehydration (so-called “caking” effect), fol-
lowed by formation of solid inter-particle "bridges" as loss of water
proceeds [74,75]. Still, no clear evidence of DAPI is detected by EDS (Cl
~ 0.2 wt %). After washing in H,O (PALY + DAPI W), the composite
aspect reveals that some damage has occurred. The host fibrous units
(pairs/triplets of laths, thickness ~ 39 + 6 nm) become shorter (even <
500 nm) and with rounded tips, being packed in messy aggregates in
which the fibrous habitus is less evident (Fig. 2f). This is consistent with
the morphological decay shown by the PALY fibrils after loss of water
due to thermal treatment, typical also of Maya Blue [76]. Cl is not even
measured by EDS, implying that the dye amount is well below the
detection threshold.

All these evidences suggest that crushing promotes a gradual ag-
gregation of the PALY fibrils, favouring formation of couples and triplets
of laths in which DAPI is efficiently spread on the surfaces exposed
outwards (and possibly also on those leaning against each other),
probably interacting with the host water. This process intensifies after
heating, where thick bundles of fibrous units are observed. Final
washing reveals that a certain decay occurs, as most fibres are broken,
randomly oriented and with smoothened edges. These treatments are
thus likely to weaken — rather than enhance — the composite stability.
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Fig. 2. High-resolution FE-SEM images of: a) raw palygorskite fibrils (or laths: length ~ 4 + 1 pm; width ~ 26 + 6 nm); b) palygorskite fibrils after purification
(length ~ < 1 £ 0.5 pm; width ~ 25.7 + 7 nm); ¢) DAPI in powder. High-resolution FE-SEM images of the ‘PALY@DAPI’ composite after: d) mixing and grinding
(PALY + DAPI MM), in which laths are grouped in couples and/or triplets (length ~ < 1 + 0.5 pm; width ~ 38 + 7 nm); e) heating (PALY + DAPI H), in which
couples/triplets of laths (length ~ < 1 + 0.5 pm; width ~ 34 + 5 nm) gather in thicker bundles even 500 nm thick; f) washing in H;O (PALY + DAPI W), in which
couples/triplets of laths become shorter (length ~ < 500 + 200 nm; width ~ 39 + 6 nm) with smoothened edges, forming messy aggregates.

3.2. BET-SSA and micropore volume measurements

Adsorption/desorption isotherms of N for PALY and ‘PALY@DAPI’
in all synthesis steps are shown in Fig. 3. Purified PALY has a BET-SSA of
129.0 + 0.5 m?/g, which is in agreement with literature data collected
in similar experimental conditions [77]. As expected from the related
isotherm (reminiscent of type II), the related micropore volume ob-
tained by t-plot is negligible (0.015 cm®/g; Supporting Information,

EN

Table S2).

When PALY is ground with DAPI (PALY + DAPI MM), a significant
reduction in the BET-SSA occurs (Fig. 3), reaching 75.9 + 0.3 m?/g. This
decrease, related to the exposed external surface of the fibrous crystals,
is consistent with the tendency of the PALY laths to stick to one another
forming parallel oriented couples and/or triplets after crushing with
DAPI — whose molecules are presumably spread on the crystal faces (as
inferred by FE-SEM: see Section 3.1; Fig. 2d). Once heating is applied
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Fig. 3. Volumetric adsorption (full symbols) and desorption (empty ones)
isotherms of N, at 77 K of PALY (in black), PALY +_DAPI_MM (blue), PALY_+
DAPI H (green) and PALY + _DAPI W (red).

(PALY + DAPI H), a further moderate decrease in the inter-fibrils
porosity is observed — the BET-SSA dropping to 61.8 + 0.1 m?/g.
Again, this decrease is consistent with the amassment of the above
mentioned couples/triplets of laths to form more massive bundles
(>500 nm thick), as observed by FE-SEM (see Fig. 2e). After washing in
H>0 (PALY + DAPI W) this trend reverses, as a modest enhancement in
the surface area porosity occurs anew (BET-SSA reaching 71.7 + 0.2 m?/
g; Supporting information, Table S2). This behavior is consistent with
the observed morphological deterioration affecting the composite
aspect, in which shorter fibers with smoothened edges tend to group in
messy aggregates (see Fig. 2f).

For what concerns the micropore volume, the values of the
‘PALY@DAPT adduct - though maintaining a similar trend — remain low
in all synthesis steps (< 0.005 cm®/ g; Supporting information, Table S2).
These data confirm that microporosity — at least in the adopted experi-
mental conditions — is hardly accessible and not significant. Though the
adoption of higher outgassing temperatures would have rendered the
microporosity of the material accessible [77], we chose to maintain
experimental conditions more akin to those applied during the com-
posite synthesis (see Section 2.3) rather than overshooting them. Highly
vacuum-dehydrated PALY, in fact, has completely different sorption
properties that are not relevant to the present study, in which all samples
are prepared and handled at ambient conditions in air.

3.3. Absorption and DR UV-Vis spectroscopy

The UV-Vis absorption spectrum of DAPI (5.5 pM) in aqueous
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solution at pH = 7 appears in Fig. 4 a. No notable change occurs by
slightly varying pH; DAPI is insensitive in the 5-10 pH range, its fluo-
rescence remaining unchanged over a 4-11 pH range [62]. Also, no
acid/alkali agent liable of trespassing these values was used in the
composite preparation.

Solute-solvent H-bonded interactions occur, which involve the hy-
dration shell of the dye molecule [78]. Three main bands appear at ~
224, 261 and 344 nm. The last, most intense one is responsible for the
yellow hue of the dye [79]; it is not observed for an isolated phenyl or
indole chromophore, but it appears in 2-phenyl substituted
five-membered N-heterocyclic compounds, probably due to conjugation
of both chromophores [80,81]. When brominated on the indole 3rd
carbon (Br-DAPI), this band undergoes a ~ —20 nm blue shift [82]. Its
formation is due to two partially overlapping transitions, with different
moment polarization [83,84] and involving both chromophores - their
moments being polarized on a vector connecting them, consistently with
the elongated molecule shape. Two transitions justify the band at 224
nm and one that at 261 nm. Another weak transition is responsible for
the shoulder at ~ 290 nm, which breaks the symmetry of the main band
[811.

The DR-UV-Vis spectra of the ‘PALY@DAPI’ composite in all syn-
thesis steps appear in Fig. 4 b, together with those of the precursors in
powder. PALY has no visible signal, but a unique UV band at ~ 248 nm.
Powdered DAPI shows a sole broad visible band at ~ 430 nm (and two
weak shoulders at =~ 268 and 314 nm). Its marked asymmetry confirms
its correlation with the main band in aqueous solution [81,83,84]. Ab-
sorptions in the UV region are not detected in DR mode, due to photo-
luminescence of the dye. In PALY + DAPI MM, the main dye band
undergoes a marked blue-shift with respect to pure DAPI, reaching ~
364 nm - a position still far from that in aqueous solution (344 nm).
Also, two additional UV features appear at ~ 208 and 268 nm (shoul-
der), different than those in aqueous solution but reminiscent (at least
the latter) of a signal of solid DAPI. These variations confirm the inter-
vened dissolution of the DAPI crystals and solvation on the PALY
framework (which contains a relevant amount of Hy0). If compared to
that in solution, the magnitude of the main band bathochromic shift (~
-+20 nm) implies that the dye may interact, at some level, with the PALY
framework with consequences on its electronic structure. The nature of
these interactions — at this stage — is yet unclear, but their strength is not
negligible. For example, when DAPI binds to the AT base pairs in the
minor-groove of calf thymus DNA [83,85,86], this band undergoes a
+10 nm red-shift if compared to that in aqueous solution [79]. Similar,
or even higher, red-shifts are also observed when DAPI binds to other
molecular matrices [49,78,87], although some DAPI-composites show
no appreciable red-shift [88] and, seldom, modest hypsochromic ones
are also observed [89]. Yet, when the shift is bathochromic (as in PALY
+ DAPI MM) formation of host/guest interactions is plausible. Besides,
the fact that this shift is almost doubled if compared to other solvating
matrices (even by considering the different environments) reinforces the

(a) 344

Absorption (a.u)

e—PALY

= DAPI in powder
———PALY + DAPI MM
e PALY + DAPI H

e PALY + DAPI W

Kubelka-Munk (a.u.)

T T T
200 250 300 350
Wavelength (nm)

T T
400 450 500

T T T T T T T
200 250 300 350 400 450 500 550 600
Wavelength (nm)

Fig. 4. a) The UV-Vis absorption spectrum of DAPI in aqueous solution; b) The Diffuse Reflectance UV-Vis spectra of PALY (in black), solid DAPI (diluted in Teflon;
orange) and the ‘PALY@DAPI’ composite in all synthesis steps: PALY + DAPI MM (red), PALY + DAPI H (green); PALY + DAPI W (blue).
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assumption that a strong interaction may exist between the clay and the
dye (e.g., to obtain an equal red-shift with sodium dodecyl sulfate (SDS)
micelles, a 103-fold matrix excess with respect to DAPI must be used
[49D).

Heating at 160 °C and washing in H,O do not affect the spectral
features of the ‘PALY@DAPI’ adduct. Such an invariance suggests that
these treatments may not alter the nature or strength of the host/guest
interactions formed after grinding.

3.4. Fluorescence spectroscopy

Fluorescence data were collected on the ‘PALY@DAPI’ adduct in all
synthesis steps and on pure PALY and DAPI (in powder and H>O solu-
tion) for comparison purposes (Fig. 5).

PALY has no fluorescence, but DAPI in aqueous solution has an
emission peak at ~ 480 nm [78,79,88,90], which largely shifts to 560
nm in the solid powder. The PALY 4 DAPI MM spectrum maintains the
band at ~ 480 nm (the same of DAPI in aqueous solution) sided by a
marked shoulder at ~ 560 nm. This marked asymmetry suggests that
two distinct signals may contribute to the profile — one (more intense)
accounting for complexation of DAPI with PALY, the other (shoulder at
higher wavelength, i.e., closer to the band of the solid) related to dye
clusters on the surface of the PALY fibres. The quantum yield (the
number of emitted photons relative to the number of absorbed photons;
QY) has a ten-fold increase if compared to that of pure DAPI in aqueous
solution (0.42 vs. 0.04). A moderate fluorescence enhancement thus
occurs after complexation of the dye with PALY. After heating, the main
band of PALY + DAPI H undergoes a modest blue-shift at 476 nm,
further enhanced (reaching 473 nm) in PALY 4 DAPI W. As expected,
the shoulder at ~ 560 nm progressively decreases, implying that
washing favours removal of the superficial dye clusters — leaving only
the stabilized DAPI molecules to bind to the PALY framework. This
blue-shift could be justified by the bound DAPI molecules gradually
sensing the hydration water of PALY at a higher degree as synthesis
proceeds, thus enhancing solvation of the complexed dye. This is also
confirmed by the QY values, which decrease (becoming more akin to
that of DAPI solvated in water) after heating and washing (Table 1).
These outcomes not only confirm that interactions between PALY and
DAPI form already after grinding (consistently with UV-Vis results), but
also that the ‘PALY@DAPI’ adduct undergoes a certain deterioration
after heating and washing in H»O.

—PALY
== PALY + DAPI MM
| e PALY + DAPI H
—PALY + DAPIW
=== DAP| in powder
DAPI in water

473 480
=N 7 560

Fluorescence Intensity

T T — T T T T T T l
400 450 500 550 600 650
Wavelength (nm)

Fig. 5. The fluorescence spectra of PALY (in black), DAPI in aqueous solution
(yellow) and solid (orange) and the ‘PALY@DAPI’ composite in all synthesis
steps: PALY + DAPI MM (red), PALY + DAPI H (green), PALY + DAPI
W (blue).
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Table 1
Fluorescence emission and QY of DAPI and the ‘PALY@DAPI’ adduct in all
synthesis steps.

Sample Aem (nm) @

DAPI in water [92] 480 0.04

PALY + DAPI MM 480 0.42 + 0.01
PALY + DAPI H 476 0.15 £+ 0.01
PALY + DAPIW 473 0.20 £+ 0.03
Solid DAPI 560 0.35 + 0.02

Time resolved fluorescence analyses of DAPI in aqueous solution and
the ‘PALY@DAPI’ adducts were also performed, but the interpretation of
lifetimes (Supporting Information, Table S3, Fig. S11) is not straight-
forward. As reported in the literature [85,91], DAPI in HoO shows two
decay times, with a strong dependence from pH. After sorption on PALY,
two more decay times appear — whose assignment is troublesome and
beyond the scope of this work.

3.5. ATR-FTIR and transmission FTIR spectroscopy

ATR-FTIR spectra were collected on PALY and assignments of the
related bands are reported in the Supporting Information, Table S4
(references indicated therein). In the stretching region (3750-2750
cm’l), the signals of all kinds of water (physisorbed, zeolitic H,O and
structural OHy) and hydroxyls appear. In the bending region (1250-
1750 cm’l), a sole mode related to all kinds of water exists at ~ 1650
cm~ !, whose position and intensity reflect experimental conditions (e.g.,
water loss during calcination, interactions with guests, etc.). Below
1200 cm™}, lattice modes appear (e.g., Si-O-Si and Si-O asymmetric or
symmetric stretch). When heated below 300 °C and then re-hydrated,
the PALY spectrum undergoes reversible variations, having no effect
on the crystal structure [20,32,37]. To the best of our knowledge, the IR
spectrum of DAPI has never been published so far. Its pattern was thus
calculated with ab initio DFT methods, for both an isolated dye molecule
and one hydrated by 5 explicitly modeled H,0 molecules. Assignments
are reported in Table 2 (first three columns). ATR-FTIR data were then
collected on solid DAPI and on a drop of saturated solution of DAPI in
H50, also containing some undissolved dye. This expedient was aimed at
overcoming the difficulty of collecting IR spectra in water solution,
taking advantage of the fact that the ATR-IR spectrum of HyO -
compared to that in transmission — has weak signals. As such, it was used
as a reference to measure the solution/suspension. The two spectra
(Supporting Information, Fig. S12) are quite similar, possibly due to
coexistence of solute and solid DAPI in the water drop. However, the
bands related to H-bond-forming groups show some shifts in water,
consistent with those calculated for the hydrated models. The observed
maxima positions are reported in Table 2 (columns 4 and 5), referring to
their specific assignments. In some cases, these assignments must be
considered approximate, due to the strong coupling among modes.

Transmission IR spectra were collected on the ‘PALY@DAPI’ com-
posite in all synthesis steps. The adoption of a different setup — trans-
mission rather than ATR - is justified by the fact that the latter setting
does not allow, due to its lower sensitivity, an apt identification of the
weak DAPI signals when adsorbed on PALY. These spectra, compared to
those of pure PALY and solid DAPI, appear in Fig. 6 a; a magnification in
the 1650-1200 cm ™! range appears in Fig. 6 b.

The dye modes positioned in the 3800-2800 and 1700-1600 intervals
and below 1250 cm ™! are hidden under the stretching/bending maxima
of the different kinds of water/hydroxyls and lattice vibrations of PALY.
However, as no remarkable PALY signal occurs in the 1600-1250 cm*
range, most of the DAPI ‘fingerprint’ can be appreciated there (Fig. 6b).
Its variations and those related to the clay framework are commented
hereafter.

In PALY + DAPI MM, several modes between 1570 and 1280 cm !
are similar to those of the pure dye (e.g., at 1544, 1481 and 1461 cm™1).
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Table 2

Calculated FT-IR active signals for DAPI (4',6-diamidino-2-phenylindole, di-hydrochloride) — both isolated and hydrated by 5 H,O molecules — compared with
experimental data collected on DAPI in aqueous suspension and powder. The DAPI vibrational modes appearing in the spectra of the ‘PALY@DAPI’ composite (Fig. 6b)

are in bold.

4',6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI)

Assignment (vibrational mode) Calculated (cm™) Experimental ( cm’l) Comments
Isolated DAPI DAPI hydrated by 5H,0 DAPI suspension/saturated Solid DAPI
molecule molecules solution in H,O
Asym. v(OHy) = 3857-3804 = = =
Sym. v(OHy) = 3756-3715 = = =
Pyrrolic v(N-H) 3651 3488 3469 3463 =
Asym. terminal v(N-Hy) 3631 3567,3556 =
Sym. terminal v(N-Hy) 3525 3471,3437,3407 3330 3322 Coupled with v(O-H)
Terminal v(N-H) 3413,3415 3422,3421 3255 3255 =
Pyrrolic 1(C-H) 3249 3250 3186 (shoulder) 3199 =
Sym. vicinal (C-H) 3202-3199 3218,3201,3195 3108 3110 =
Asym. vicinal v(C-H) 3185-3176 3184,3181,3172 3075 3080 =
? = = 2730 2729 1st 8(N-H) harmonic (calc. 1450)
Terminal v(C-NH) 1710,1707 1716,1699 [coupled to 8(N- 1670 (with additional 1667 =
Hy)] shoulder)
8(H20 molecules) = 1676-1644 1608 = Probably shifted by H-bonds in the
aqueous environment
Ring vibrations 1670,1661 1669, 1605 = = Mixed with 8(N-H)
8(N-Hy) 1618-1615 1642, 1620 1608 1609 =
Central ©(C-C) 1584 1580 1585 1585 =
In-plane pyrrolic 8(N-H), 8(C-H) 1540 1614 (coupled to ring 1608 1609 =
vibrations at 1669,1605)
In-plane §(C-H) 1528 1528 1559,1544(broad), 1522, 1544, 1524, =
In-plane 8(N-H), 8(N-Hy), 8(C- 1453 1548,1488,1468 1506 1503
H) + pyrrolic v(C-NH)
In-plane 8(N-H) 1425,1420 1450 [coupled to 1(C-NH2)], 1483,1463 1480,1460 =
1439
Ring vibrations 1403,1397 1413 1433,1378 1433,1376 =
1349,1341 1399,1349
Pyrrolic 8(N-H) 1254 1358 (coupled to several other 1329 (broad) 1328 =
modes)
8(C-H), terminal 8(N-H) 1210, 1176, 1227, 1238,1281 1269, 1252, 1213,1205 1268, 1249, =
1152,1147 1214, 1204
(N-Hy) rock [coupled with §(N- 1132, 1129, 1190 1171 (weak) 1171 Intensity does not match
H), 8(C-H)] 1121
In-plane 8(N-H), 8(N-H,) = 1186
In-plane 8(C-H) = 1144 1128? (weak) 1130 =
v(C-NH3) 1090,1084 1169, 1072 1087,1064 1087,1076,1065  Coupled with CH bends
Out-of-plane 5(C-H), 8(N-H) 1003-812 973-775 867-773 867-776 =
a) U b)
’3 j ’5 i
< 1 05au. 2
g = PALY-DAPI-W §
© ~———PALY-DAPI-H © s |
£ —— PALY-DAPI-MM 2
g 4 ——PALY o
o solid DAPI g
= < | 154‘4503\ A 1433 1328
- 1376
T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500 1600 1500 1400 1300 1200

Wavenumbers (cm'1)

Wavenumbers (cm™)

Fig. 6. FT-IR spectra of PALY, solid DAPI and the ‘PALY@DAPI’ composite in all synthesis steps. a) full range; b) magnification of the fingerprint region. Spectra have
been shifted on the Y-axis for sake of clarity.

These bands, associated with ring vibrations, are rather insensitive to
the molecular environment. Besides, other DAPI modes show more or
less marked differences (Fig. 6b), such as:

amino groups of DAPI (terminal and pyrrolic) might have a pre-
dominant bending character, being involved in H-bonding in-
teractions which become stronger when adsorbed on PALY;

ii) two weak bands at 1433 and 1376 cm ™! in solid DAPI (ring vi-
brations; Table 2) shift at lower frequencies in the adduct,
reaching 1429 and 1366 cm™ .. This indicates that, when adsor-
bed on PALY, the central part of the DAPI molecule (including the
rings) may ‘sense’ a different surrounding (i.e., isolated rather

i) a band at 1544 cm™ ! in solid DAPI (N-H, N-H; bending and C-H
bending + pyrrolic C-N-H stretching: Table 2) shows no change,
but a close one at 1503 cm™! (1506 cm ™, for DAPI suspended in
H>0: Table 2) with the same attributions blue-shifts in the com-
posite at 1513 cm ™7, reducing its intensity. This suggests that the
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than stacked with one another, such as in the crystal), suggesting
that monomers of the dye could interact with the host;

iii) a strong band at 1328 cm ! in solid DAPI (1329 cm ! in aqueous
suspension; Table 2), assigned to pyrrolic N-H bending, red-shifts
in the composite at 1318 cm ™}, further suggesting that the central
region of the molecule might face different surroundings - i.e., in
terms of H-bonding interactions — while interacting with PALY.

In PALY + DAPI H, no spectral change is observed but a slight in-
tensity decay of the 1513 cm™! band, further stressed in PALY + DAPI
W (Fig. 6b). These outcomes confirm that specific interactions do form
between PALY and DAPI already after grinding and provide hints about
their nature - i.e., H-bonds between the amine groups of DAPI and the
water molecules on the PALY laths surface. Heating and washing in HoO
have negligible effects in strengthening these bonds — and might even be
responsible for their weakening.

3.6. Thermogravimetric analysis

TGA in Ny and dried air were performed on PALY and on the
‘PALY@DAPI’ adduct in all synthesis steps, with quite similar trends
(Fig. 7 for curves in Ng; Supporting Information, Fig. S13, for those in
dried air). In order to discriminate the first dehydration step at lower
temperature, which for such a hygroscopic material depends spuriously
on the starting environmental conditions, the TGA curves were aptly
scaled to yield 100 % weight at 130 °C. TGA curves of DAPI in N, and
dried air were also collected (insets in Fig. 7 and Fig. S9), showing a
sharp decomposition step at ~ 355 °C. The TGA of PALY, consistently
with literature [20,32], has three distinct weight losses in the 25-500 °C
range, roughly related to the release of the various kinds of water
(physisorbed, zeolitic HoO and structural OHy).

The curves collected on the ‘PALY@DAPI’ adduct in all synthesis
steps follow a trend similar to that of PALY - though the global weight
loss of the pure clay is lower. In detail, such a weight loss is slightly
higher for PALY + DAPI MM, intermediate for PALY + DAPI H and
lesser for PALY + DAPI W. This behavior is consistent with a progres-
sive loss of the guest organic content while heating and washing.
However, a direct estimation of the dye amount effectively adsorbed on
the host is troublesome, as these data are inevitably biased by the
different starting hydration levels of the samples. Such an effect, in fact,
is mitigated — but not completely eliminated — by the applied scaling of
the curves. Though following a similar trend, the global weight losses in

110

100

DAPI

105

100
= ] : ; ;
.% i 200 400 600 800
S g
1 —PALY
90| —— PALY+DAPI-MM
1 —— PALY+DAPI-H
] ——PALY+DAPI-W
85

U A L T R A IR L I S
100 200 300 400 500 600 700 800
Temperature °C

Fig. 7. Thermogravimetric curves in N in the 25-800 °C range of PALY (black)
and the ‘PALY@DAPI’ adduct in all synthesis steps: PALY + DAPI-MM (red),
PALY + DAPI H (green), PALY + DAPI W (blue). In the inset, the TGA curve of
solid DAPI is reported.
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air (Supporting Information, Fig. S9) are slightly higher, consistently
with a more complete oxidation of the dye.

A comparison of the derivative curves — in both Ny and dried air
(Supporting Information, Figs. S14 and S15, for those in dried air) —
shows that a feeble derivative peak exists at ~ 370 °C in the ‘PALY@-
DAPT adduct, which does not occur in pure PALY. This peak is observed,
albeit with a progressively reduced intensity, in all synthesis steps. The
related weight loss (quantifiable in less than 1 wt %) might indeed ac-
count for the thermal degradation of the DAPI fraction conjugated to the
host. As such an event peaks at =~ 355 °C for the pure dye, we should
conclude that complexation with PALY should enhance, albeit slightly,
the thermal stability of DAPI. Its recurrence in all steps confirm that the
interactions responsible for stabilizing the dye onto the host do form
already after grinding.

4. Discussion

A quite stable ‘Mayan-inspired’ fluorophore can be obtained by
grinding PALY with 2 wt % of DAPI, following (at least partly) the recipe
used for Maya Blue. However, some steps essential for Maya Blue prep-
aration - i.e., heating at T > 120 °C [20,69,70] - are ineffective here,
causing instead a decay of the adduct. DAPI forms a stable complex if
ground to PALY, but its steadiness is neither improved nor strengthened
by heating or washing.

After grinding, the PALY laths tend to group in pairs or triplets — their
adhesion possibly also being favoured by the efficient dispersion of DAPI
monomers on the {100}, {110} and {010} faces. A significant decrease
in the exposed BET-SSA is recorded too. Grinding is important for pro-
ducing these PALY-based composites [36,37,93]. It favours detangling
of the fibres, shortening their length and favouring cleavage mostly on
the (110) crystal planes (Figs. 1 and 8), due to breaking of some Si-O-Si
bonds (i.e., where the bridging oxygen links two SiOj  tetrahedrons
with oppositely oriented apical oxygens). As such, it is responsible for
the ‘edge’ or ‘surface-damage’ effect, which causes exposure of Si-O”
groups on the cleavage surfaces [94,95]. Though most of them rapidly
turn to silanols, this causes PALY to acquire temporarily a diffused
negatively charged surface, which favours sorption of positively charged
ions and molecules - a process possibly enhanced by temperature rise
[31,37,96-98].

In composite materials, the surface charge of the hosting matrix af-
fects the sorption capacity of (even partially) charged guests. Cationic
DAPI?* (Fig. 1d) [87] is attracted by PALY — an interaction possibly
involving the dye acetamidine fragments (similarly to what occurs for
other supramolecular systems) [49] and the Si-O" groups on the clay
surface. Its molecule (17.4 A x 63 A, almost planar) [83] could be
accommodated in the surface grooves that carve the {100}, {110} and
{010} faces of the PALY laths, or even stuck at the edges of the tunnels
on the {001} face (Figs. 1 and 8). Full encapsulation of the dye in the
clay tunnels (supposed for other PALY-based adducts) [29,30,32,33]
seems unlikely, due to molecular impediment and to the lack of a driving
force favouring deep penetration. In Maya Blue, this force is represented
by the heat-driven desorption of zeolitic H,O and substitution with in-
digo. Since the stability of ‘PALY@DAPI’ does not improve upon heating,
this should be ruled out here. A surface interaction is also consistent
with the micropore volume measures and justifies the enhancement in
the QY of DAPI when ground to PALY (Table 1).

This electrostatic interaction is also supported by the red-shift of the
main ‘PALY@DAPI’ UV-Vis band after grinding with respect to DAPI in
aqueous solution, implying a ground-state stabilization of a positively
charged guest on a negative host [78]. This is confirmed by the high
affinity of DAPI for other negatively charged matrices (e.g., DNA, SDS
micelles and bis(2-ethylhexyl) sulfosuccinate (AOT)/isooctane reverse
micelles). Similar interactions occur when DAPI binds to bovine serum
albumin (BSA) [99] and DNA phosphate backbone, with a slight fluo-
rescence increase [100,101]. Also, encapsulation of DAPI*t in
self-assembling supramolecular systems based on Pillar [5]
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Fig. 8. Schematic recap of the efficient synthesis of the ‘PALY@DAPI" hybrid composite: (a) by mixing and grinding purified PALY and DAPI in an agate mortar (b), a
yellowish adduct is formed in which the PALY fibrils (laths) tend to group in parallel oriented couples and/or triplets (¢). By increasing magnification (c), the
homogeneous distribution of the DAPI monomers on the surface of the PALY laths becomes evident. When inspecting the crystal structure (d), the DAPI molecules are
likely to be hosted within in the grooves carving the surface of the {110}, {100} and {010} faces of the PALY laths (mutual dimensions of the fibrils and crystal

structure not in scale; zeolitic H,O not shown for sake of clarity).

arenes-surfactants-interpolyelectrolyte complexes (IPECs) or sulfonate
groups of sulfobutylether p-cyclodextrin (SBE;b-CD) (with important
pharmaceuticals and biomedical applications [49,88]) involves similar
bonds. On the other hand, DAPI is not prone to interact with positively
charged hydrophobic moieties (e.g., cetyltrimethylammonium bromide
— CTAB - micelles), proving that charge interactions overwhelm hy-
drophobic ones when binding to matrices [78,88]. Besides, these
red-shifts are not observed if the interactions are not electrostatic (e.g.,
in ssDNA@DAPI/LDH composite thin films, where the “co-assembly
method” rules) [89,102,103].

In ‘PALY@DAPT’, the electrostatic interactions form before heating,
being triggered by grinding alone. Stabilization of DAPI in PALY also
amplifies the composite QY, similarly to what occurs when this dye in-
teracts with other layered substrates (e.g., ordered phospholipids
structures) [87]. However, a two-step binding process responsible for
formation of host/guest interactions (hinted for other DAPI-based
complexes: e.g., with DNA AT clusters and phospholipid vesicles) [85,
87] cannot be ruled out. Such an electrostatic affinity, in fact, may
favour only initial attraction, since the negative charge of PALY due to
the ‘edge-damage’ effect is only temporary. Long-lasting interaction
might be stabilized by other bonds. FTIR suggests that H-bonds form
between the DAPI N-H/N-Hy groups (pyrrolic and terminal) and the
PALY water molecules. Zeolitic H5O and/or structural OH; are the most
fitting candidates: the former still occupies the PALY structure after
grinding; the latter is exposed in the grooves on the {110} faces,
resulting from cleavage. This evolution may even favour the apt ac-
commodation of DAPI within the PALY grooves (Fig. 8), justifying the
raise in the composite QY.

Heating and washing have no positive effect on these interactions. A
decay in the composite aspect becomes evident (PALY fibres are shorter
and form messy aggregates) after these treatments. Fragmentation and
detachment of guest molecules from the host matrix occurs, as hinted by
several factors (i.e., the decrease in intensity of the TGA derivative peak
at =~ 370 °C, the reduced detection of Cl by EDS and the increase in the
BET-SSA in all sequential synthesis steps). Heating causes an almost
complete loss of zeolitic H,O, undermining the stability of some of the
previously formed host/guest interactions. This might also explain the
intensity decay of the IR maxima and the collapse in the composite QY
(Table 1).

5. Conclusions

A stable, easy-to-assemble, polyfunctional hybrid material with
enhanced fluorescence can be prepared based on the assembly of PALY
(a natural clay mineral) with DAPI (a relatively unstable fluorescent
dye). The stability and fluorescence of this ‘PALY@DAPI’ composite are
compatible with a molecular recognition process, involving at first an
electrostatic attraction between oppositely charged guest and host sur-
face, followed by formation of H-bonds within the grooves that carve the
surface of the PALY laths, ensuring an enduring dye stabilization.

This hybrid composite bears some practical interest for the synthesis
of tailored metal-free fluorescent materials for spectrum manipulation
technologies, sensors, and optical devices. In light of the fibrous
morphology of the PALY laths, with inner structural tunnels and surface
grooves along the fiber axis (Fig. 1), a further application could be the
fabrication of oriented fluorophores. This adduct may also open up
interesting chances in the field of imaging and design-targeted drug-
delivery systems - e.g., behaving as a fluorescence biosensor for specific
DNA sequences (due to the low toxicity of PALY for humans) [104,105]
or as a fluorescent carrier for active substances [106]. As far as
drug-delivery applications are concerned, an optimized controlled
uptake/release of the dye through supramolecular association should
also be taken into account. Encouraging perspectives are provided by
recent studies, showing how some DAPI-based composites react to
chemical stimuli (addition of metals or biomolecules: e.g., adamantyl-
amine) ensuring dissociation of the complex and free dye regeneration
[88].
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