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Abstract: The development of fluorescence labeling techniques has
attracted widespread interest in various fields, including biomedical
science as it can facilitate high-resolution imaging and the
spatiotemporal understanding of various biological processes. We
herein report a supramolecular fluorescence labeling strategy using
luminescent metal-phenolic networks (MPNs) constructed from
metal ions, phenolic ligands, and common and commercially
available dye molecules. The rapid labeling process (<5 min)
produces ultrathin coatings (~10 nm) on diverse particles (e.g.,
organic, inorganic, and biological entities) with customized
luminescence (e.g., red, blue, multichromatic, and white light) simply
through the selection of fluorophores. The fluorescent coatings are
stable at pH from 1 to 8 and in complex biological media owing to
the dominant 1 interactions between the dyes and MPNs. These
coatings exhibit negligible cytotoxicity and their strong fluorescence
is retained even when internalized into intracellular compartments.
This supramolecular fluorescence labeling strategy is expected to
provide a versatile approach for fluorescence labeling with potential
in diverse fields across the physical and life sciences, including
materials science and biomedicine.

Introduction

Fluorescent particles play a pivotal role in a variety of
applications including bioimaging, optical sensing, and tissue
engineering.! A wide range of fluorescent particles have been
synthesized and they can be classified into two broad
categories: (i) particles that are inherently fluorescent, including
quantum  dots,@  carbon-based  dots,®l  upconversion
nanoparticles,” aggregation-induced emission nanoparticles,?
and (i) particles that require labeling with fluorophores, including
fluorescently doped silica nanoparticles,® and fluorophore-
conjugated metal nanoparticles,? lipids,® and polymers.P!
Fluorophore particle labeling can be achieved via the
encapsulation of fluorophores or fluorophore-conjugated
molecules during particle formation or the encoding of
fluorescence in nonfluorescent (preformed) particle systems.
The latter approach is widely used, as it can provide flexibility
and opportunities for multimodal or multifunctional sensing.['%
However, it typically requires the covalent attachment of
fluorophore molecules onto the surface of particles, which often

necessitates specialized conjugation chemistries, along with
specific surface chemistries of the particles (e.g., isothiocyanate
at a specific pH for amine-functionalized surfaces). Alternatively,
fluorophores can be incorporated into the particles (i.e., in the
core volume),* although this approach requires porous or
swellable particles, thus limiting the range of particles that can
be used. In addition, the formation of fluorescent coatings®*? has
been widely studied but this generally requires either covalent
pre- or post-labeling of the coating material, which in general is
achieved either through covalent or noncovalent bonding, thus
requiring certain chemistries on the particles and/or fluorophore
choice. A further issue can be the leaching of the fluorescent
dye when noncovalent interactions are used for particle labeling
(e.g., in biological fluids).'® Therefore, there is a need for the
development of a modular and general protocol applicable for a
broad range of particle types and that can endow the particles
with robust fluorescence properties in diverse conditions (e.g.,
various pH and biological media).

Luminescent crystalline metal-organic frameworks have
attracted interest owing to their strong emission and broad
luminescence characteristics that originate from various
emission sources (e.g., organic ligands, metal ions, metal
clusters, and metal-ligand charge transfer).l'¥l Moreover, it was
recently demonstrated that porous crystalline metal-organic
frameworks can load high quantities of guest molecules,
including fluorescent dyes, which can provide greater
compositional flexibility for designing fluorescent probes without
being limited to emissive ligands or metal ions that can change
the structure or morphology of the probe itself.l!Sl Thus, the
availability of a wide selection of commercially available dyes
can endow metal—-organic frameworks with emission across the
full visible light spectrum (from 380 to 700 nm) and
polychromatic light emission (e.g., white light) with high
brightness.i*%a15.151  Although luminescent crystalline metal—
organic frameworks have found application as sensors and light-
emitting diodes,*®! studies on their potential for particle surface
engineering have been limited owing to the relatively poor
affinity of crystalline metal—-organic frameworks to substrates.!*]

In contrast, metal-phenolic networks (MPNs), an amorphous
class of metal-organic materials that are composed of metals
and phenolic molecules, can be deposited on a wide range of
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Scheme 1. (a) Schematic of the deposition of L-MPNs on a particle (particle@L-MPNs) and its subsequent fluorescence. (b) Assembly of L-MPNs on various
substrates, including organic and inorganic, and biological entities. (c) Schematic representation of tunable light emission of particles by integrating different dyes
inside the MPNs: Rh110, rhodamine 110 chloride; NPN, N-phenyl-1-naphthylamine; PER, perylene; and Rh6G, rhodamine 6G.

surfaces owing to the high adherence of polyphenols.2®l
Moreover, phenolics can interact with materials via hydrogen
bonds without compromising their ability to participate in 1
interactions, which has enabled the use of MPNSs for engineering
particle systems for various applications.'*®! Based on the
abundance of aromatic rings in common dyes, we hypothesized
that integrating MPNs with organic dyes through T interactions
would result in diverse luminescent metal-organic frameworks
via a simple and versatile coating process.

Herein, we report a versatile and robust supramolecular
fluorescence strategy to label particles of different compositions,
sizes, and surface chemistries with luminescent MPNs (L-MPNs,
Scheme 1). Specifically, polyphenols (e.g., tannic acid, TA) and
fluorescent dyes (e.g., rhodamine B, RhB) (Figures S1 and S2)
were first mixed to form complexes via T interactions in aqueous
environments, and metal ions (e.g., Zr'V) were subsequently
added to assemble the complexes into conformal coatings on
diverse substrates (e.g., particle@L-MPNs). L-MPN coating
refers to TA-RhB-Zr'" coating unless a different polyphenol-
dye—metal ion combination is specified. We demonstrate the

integration of 8 representative dyes on 16 representative
inorganic, organic, and biological substrates (Table S1).
Customized luminescence (e.g., red, blue, multichromatic, and
white light) was readily achieved using common and simple
fluorophores without the need for covalent conjugation or
specialized surface chemistry modifications to the substrates.
Moreover, the obtained Iluminescent particles exhibited
negligible cytotoxicity and high stability in several biological
environments  (e.g., phosphate-buffered saline (PBS),
Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal
bovine serum (FBS)). In addition, the fluorescently labeled
particles were used to study cell association and internalization
in real time. This supramolecular fluorescence labeling strategy
is versatile and facile, as it can be completed using readily
available equipment and reagents. Our study not only provides
an avenue for the rapid fluorescence labeling of particles, but
also expands the potential applications of MPN-based materials.

Results and Discussion
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Figure 1. Assembly of L-MPNs on various substrates. (a, b) SEM images of PS particles before (a) and after (b) L-MPN coating. Insets are the corresponding
photographs of the particle dispersion before and after coating. (c) Zeta potential values of diverse particles in water before and after L-MPN coating. The error
bars represent standard deviations (n = 3). (d) Transmission electron microscopy (TEM) image of a AUNP@L-MPN particle, with a thin L-MPN coating. () TEM,
HAADF, and EDX elemental mapping of the PS@L-MPN particles. (f—i) Assembly of L-MPNs on PS particles with different dyes: RhB (f), Rh110 (g), NPN (h), and

Rh6G (i).

The assembly of L-MPNs on polystyrene (PS) planar and
particulate substrates was first examined. Briefly, the model
phenolic molecule and fluorophore, TA (6 mM) and RhB (0.096
mM), respectively, were added to the PS planar substrate or PS
template suspension to form TA-RhB complexes (Figure S3) in
solution and on the PS substrates. Zr'V was then added and the
pH was raised, followed by mixing at ambient temperature to
cross-link the TA-RhB complexes by metal coordination. Finally,
any free unbound dye and MPN complexes were removed by
washing. The Zr'V-TA network was selected because of its high
stability under various pH and thermal conditions,?” as well as
its transparency, which is expected to have minimal effect on the
luminescence of the dyes (Figure S4). The color of the planar
and particulate substrates turned pink after coating (Figures 1a,b
and S4), and the surface of the particles became rougher, as
observed by scanning electron microscopy (SEM, Figure 1a,b),
confirming the presence of the L-MPN coating on the substrate.
It is notable that negligible fluorescence was observed on
particles when they were labeled with only TA and RhB,
suggesting the essential role of the coordination networks for
successful fluorescence labeling (Figure S5). The formation of L-
MPNs shifted the surface zeta potential of the PS particles from
—26 to —40 mV due to the deprotonation of TA (Figure S6). The
choice of dye did not significantly alter the surface charge of the
L-MPN coating owing to the small fraction of dye (less than 18
mol%) (Figure S7). The strong surface charge after coating is
expected to improve colloidal stability owing to increased
interparticle electrostatic repulsion, and negligible aggregation
was observed after coating (Figure S8).2Y The thickness of the

L-MPN coating was around 10 nm, and it can be increased by
repeating the L-MPN deposition cycle (e.g., around 55 nm after
5 coating cycles; Figure S9).

To demonstrate the versatility of this strategy, fluorescence
labeling of 16 different types of particle substrates with distinct
physicochemical properties (e.g., composition, size, and surface
chemistry) was examined. Specifically, PS, polyethyleneimine
(PEIl)-coated PS, poly(methyl methacrylate) (PMMA), poly(lactic-
co-glycolic acid) (PLGA), melamine formaldehyde (MF), resin,
gold nanoparticle (AuNP), SiO;, aminated SiO,, Fe@SiO.,
CaCOs;, Staphylococcus epidermidis (S. epidermidis), and
Escherichia coli (E. coli) were successfully coated as confirmed
by the shift in the zeta potential value after coating (Figure 1c)
and by confocal laser scanning microscopy (CLSM, Figures S10
and S11). High-angle annular dark field (HAADF) and energy-
dispersive X-ray (EDX) mapping demonstrated the presence of
N (from the (RhB) dye) and Zr on the PS template (Figure 1e).
Cross-sectional CLSM images of a fluorescently labeled resin
particle demonstrated uniform fluorescence on the surface of the
particles (Figure S12). Importantly, the luminescence color of the
L-MPN coatings can be tuned over a wide emission range
according to the chosen dye (Figure 1f-i). For example, red,
green, blue, and vyellow fluorescence was encoded in PS
particles by using RhB, Rh110, NPN, and Rh6G, respectively.
Collectively, these results indicate that this labeling strategy can
generate a range of emission profiles on diverse substrates
across length scales from 150 nm to 1 cm.
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Figure 2. (a) Fluorescence intensity of dispersions of L-MPN particles labeled with different concentrations of RhB. (b) Fluorescence intensity of L-MPN particles
prepared using different numbers of deposition cycles. (c) Relative fluorescence intensity of SiO.@L-MPN particles after incubation in various media and
resuspended in water. The error bars represent standard deviations (n = 3). (d) CLSM images showing the multichromatic emission of L-MPNs particles co-
labeled with PER and Rh6G. (e) CLSM images of a mixture of L-MPNs with different emission colors. (f) CIE chromaticity coordinates of different L-MPN-labeled
particles. EDTA, ethylenediaminetetraacetic acid; SDS, sodium dodecyl sulfate; DMSO, dimethyl sulfoxide; THF, terahydrofuran.

Flow cytometry revealed that the labeled PS particles (3.35 pum
in diameter) had a narrow fluorescence distribution (Figure S13).
The fluorescence intensity of the particles was varied by tuning
the initial concentration of RhB from 0.96 to 61.44 uM, while
keeping the concentrations of TA (0.24 mM) and Zr'V (0.24 mM)
fixed (Figure 2a and S14). Specifically, the fluorescence
intensity initially increased with an increase in RhB concentration,
and then decreased when the RhB concentration was above
3.84 pM, which can be attributed to aggregation-induced
fluorescence quenching with higher ratios of nonfluorescent H-
type dimers instead of fluorescent monomers.?? Nevertheless,
as observed in the CLSM images, the coated particles displayed
strong fluorescence at all the concentrations examined (Figure
S15). The fluorescence intensity of the particles was also
increased simply by repeating the coating procedure, where the
fluorescence intensity increased by approximately 18% in each
deposition cycle after the initial coating (Figure 2b and S16).
Owing to the strong interaction between RhB and MPNs and the
likely aggregation of dyes on the surface of the particles, the
fluorescence emission wavelength red-shifted from 576 nm for
free RhB to 587 nm for PS@L-MPN (prepared with RhB)

4

particles (Figure S17a). The quantum yields of the PS@L-MPN
particles prepared with RhB and Rh6G were 9.8 and 30.4%,
respectively (Figure S17), which are both ~30% of that of the
free dyes (which are not incorporated into MPNSs). In contrast,
the photostability of the dyes integrated with MPNs was higher
than that of the free dye upon irradiation at room temperature
(Figure S18).123

We then investigated the assembly and stabilizing mechanisms
of the L-MPN coatings using various characterization methods.
Fourier transform infrared spectroscopy analysis showed a
reduced intensity of the HO-C stretching peak in L-MPNs when
compared with the absorption stretching band in TA at 3304
cm™, suggesting the coordination of phenolic groups with metal
ions (Figure S19). The interaction between RhB and the MPN
was further explored using hydrophobic competitors (e.g.,
Tween 20, Triton X-100, sodium dodecyl sulfate (SDS)), a
hydrogen bond competitor (e.g., urea), an ionic competitor (e.g.,
NaCl), and 1 competitors (e.g., tetrahydrofuran (THF) and
dimethyl sulfoxide (DMSQ)).1%224 The SiO,@L-MPN particles
were incubated in these solutions for 24 h, and then centrifuged
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Figure 3. (a) Fluorescence stability of PMMA@L-MPN particles at different pH and in different culture media after incubation for 24 h. (b) Quantitative cell
association results of PMMA@L-MPN particles incubated with HelLa cells at 37 °C for different times. The error bars represent standard deviations (n = 3). (c)
CLSM images of the intracellular delivery of PMMA@L-MPN particles in HeLa cells. Scale bars are 10 um. The nuclei (blue) were stained with Hoechst 33342,

and the endosomes/lysosomes (green) were stained with LysoTracker Green.

and redispersed in water to monitor the residual fluorescence of
the labeled particles. It is noted that the sizes of the fluorescent
dyes (My < 1 kDa) relative to the pore size of the MPNs
(permeable to dextrans with M, ~500 kDal*d) are relatively
small and therefore any dye leaching or dye fluorescence
changes are unlikely caused by any alterations in the pore size
of MPNs even when interaction competitors (e.g., SDS, Tween
20) are present. The fluorescence of the particles was stable in
100 mM Tween 20, Triton X-100, SDS, urea, and NaCl but
significantly decreased in the organic solvents examined (Figure
2c), which suggests that 1 interactions (e.g., cation—1r and T—TT)
are the dominant interactions between RhB and the MPN.[19.25]
Furthermore, all-atom molecular dynamics simulations have
demonstrated that 1 interactions are dominant between
polyphenols and other aromatic molecules.*%

In addition, MPN capsules could be prepared by removing the
PS cores in THF (Figure S20). When MPN coatings were formed
on CaCOj; templates, ethylenediaminetetraacetic acid was used
to dissolve the cores to obtain L-MPN capsules (Figure S21).
Notably, the CaCOs-templated MPN capsules retained their
fluorescence, which further validated the presence of the dye—
polyphenol complexes in the coating rather than their
incorporation in the template particles.

Furthermore, L-MPN coatings containing different metal ions
(e.g., Fe", A"y and polyphenols (e.g., epigallocatechin gallate)
were prepared, demonstrating compositional flexibility (and
subsequent functionality flexibility) of the coatings (Figure S22).
For example, Fe'"-TA-based L-MPNs (with RhB) were not
fluorescent (quenched) under basic environments because of
the broad spectrum light absorption of Fe"-TAR8d complexes
but became fluorescent in acidic environments because of the
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reduced light absorption of Fe"-TA allowing for enhanced
excitation of the dyes and hence emission from the films. In
addition, such a pH change can potentially alter the redox
potential of L-MPNs (e.g., at low pH) (Figure S23).1822¢1 Thjs
property may be used for intracellular pH sensing, which is of
interest for early disease diagnosis.?! In addition, emissive
metal ions (e.g., lanthanum metal ions) can be used to construct
L-MPNs via the incorporation of attenuating co-ligands (e.g.,
acetylacetone).?®! Considering the wide availability of metal ions
and functional polyphenols (e.g., anticancer and antibacterial
phenolics), the present MPN-mediated labeling strategy holds
potential for generating multifunctional particles that could
potentially be used simultaneously for imaging and therapeutic
applications.?%

Luminescent materials with multiple excitation/emission peaks
have also attracted interest owing to their promise for a range of
applications, such as light-emitting diodes, anticounterfeiting,
and information storage.?”%% Therefore, the present L-MPN
labeling approach was extended to include multiple dyes to tune
the excitation/emission spectra of the labeled particles. For
example, high-quality white color was achieved by fabricating a
bi-layer L-MPN with separate PER (i.e., green and blue
fluorescence colors) and Rh6G (i.e., green and red fluorescence
colors) L-MPN layers (Figure 2d). By assembling L-MPNs with
different or combinations of commercial dyes, we created a
library of L-MPNs with different emission spectra and diverse
CIE chromaticity coordinates (Figures 2e,f and S24).%
Compared to several reported labeling techniques, our strategy
is versatile and rapid, as it can be completed without the
assistance of specialized equipment in under 5 min, and
produces ultrathin fluorescent coatings (~10 nm) on substrates
of diverse size and surface chemistry, where the emission
spectra can be easily tuned through the choice of fluorophore(s)
(Table S2).

Fluorescence imaging is widely used for studying various
biomedical applications such as intracellular catalysis, drug
delivery, and biodistribution.Y In a typical biomedical scenario,
particles are first exposed to extracellular fluids (pH =7.4) and
then undergo intracellular uptake (e.g., endosomal pH 5.5-6.0;
lysosomal pH 4.5-5.0).52 To validate the reliability of the
present L-MPN labeling for biomedical studies (specifically the
use of L-MPNs for fluorescence tracking to monitor the fate of
particles), we first examined the stability of PMMA@L-MPN
particles in various pH conditions and cell culture media. The
fluorescence remained stable over a pH range of 1-8 and in
various media (i.e., PBS, DMEM supplied with 10% FBS) after
24 h of incubation (Figure 3a), which also demonstrates the
negligible leaching of dyes from L-MPNs owing to their robust
interactions.l*°d We next examined the cytotoxicity of the
PMMA@L-MPN particles by incubating the L-MPN particles with
HelLa cells at different particle-to-cell ratios. HelLa cells were
chosen as model cancer cells for in vitro cell imaging. The
labeled particles showed negligible cytotoxicity to cells even at
high particle-to-cell ratios (~5000:1, Figure S25a), likely because
of the use of natural building blocks (i.e., TA). The labeled
particles also showed negligible cytotoxicity to the macrophage
cell line Raw 264.7 (Figure S25b).

The fluorescence of the labeled particles was further exploited
for studying cell association and internalization of particles in

WILEY-VCH

real time. As observed from Figure 3b, cell association reached
a plateau around 85% after the particles were incubated with
cells for 4 h (Figure 3b). Internalization was visualized by CLSM
as a function of incubation time (i.e., 2, 4, and 24 h), where
association, internalization, and trafficking were observed
(Figure 3c). Moreover, the red fluorescence of the particles
remained intact throughout the incubation, demonstrating the
photostability of the coatings inside different cellular
compartments. Importantly, the particles outside the cell did not
interact with the nucleus (blue) or endosome (green) labeling
kits, suggesting that the L-MPN coatings are not compromised
by external interfering fluorescent molecules (Figure S26). The
endosomal staining revealed that the particles were internalized
via endocytosis (Figure S27), which is typical for most particles
of this size (1.36 pm).

Conclusion

In summary, we developed a facile and versatile supramolecular
fluorescence labeling strategy using L-MPNs constructed from
metal ions, phenolic ligands, and dye molecules. Sixteen
representative types of particle substrates with different
compositions, sizes, and surface chemistries were successfully
labeled. Customized Iluminescence (e.g., red, blue,
multichromatic, and white light) was achieved by choosing from
a broad selection of dyes without needing to consider the
chemical composition owing to the supramolecular nature of
MPNs. The fluorescent coating is stable in many biological
environments, such as serum and cytosol, further validating its
potential in studying the cell association and internalization of
particles in real time. Considering the wide availability of metal
ions, functional polyphenols (e.g., anticancer and antibacterial
phenolics), and commercially available dyes, we expect that this
versatile fluorescence labeling strategy will open up new
applications for luminescent coatings and provide an alternative
for the modular design of a broader palette of hybrid imaging
probes.
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Particle Particle@L-MPNs

A supramolecular fluorescence labeling strategy is established using luminescent metal—phenolic networks constructed from metal
ions, phenolic ligands, and dye molecules. Tunable and customized luminescence (e.g., red, blue, multichromatic, and white light) is
achieved on inorganic, organic, and biological substrates, with potential applications in the physical and life sciences.
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