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revolution has brought
information storage materials has played a key role in this transformation.
including computing,
from magnetic information storage media to molecular-based information storage

Fluorescent materials-based information storage
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mankind into the information age. The development of
Such materials have seen use
logistics, and medicine. Information storage materials

materials. Among these, fluorescent-based information storage materials are of particular interest due to

their unique properties,
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including an ability to store information with high levels of
mechanical stability, and respond to appropriately chosen external

transmission,

He completed his PhD at Zhejiang

Prof. Feihe Huang. From Novemb:

security, maintain
stimuli. In this review, we focus on

recent advances involving the preparation and study of fluorescent materials-based information storage
codes. For organisational purposes, these codes are treated according to the dimensionality of the code
system in question, namely 1D-, 2D-, and 3D-type codes. The present review is designed to provide a
succinct summary of what has been accomplished in the area,
noting directions for future development.

while outlining existing challenges and

Introduction

information storage
materials are becoming increasingly important. "® Digital
information storage networks, ultra-large capacity information
ultra-high-density information storage, and
information storage security are topics that are central to the
knowledge economy of the 21st century. Materials have a key
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role to play in these areas. Inrecent decades, information
storage materials have also evolved from bulk materials to thin
and ultra-thin layer microstructure materials, and are moving
toward optoelectronic information,  such as functional inte-
grated chips, organic and inorganic composites, and nano-
structured materials.®~'* Such materials may undergo a sudden
change from one state to another under the action of an
external stimulus (such as light, heat, or an electric or magnetic
field), and can maintain the newly induced state for a relatively
long time. By measuring key properties of the materials before
and after application of a stimulus, digital information storage
in terms of two different states, “0” and “1”, becomes possible.
Current information storage materials can be divided into
the following categories: magnetic information storage materials,
fluorescent information storage materials, and molecular infor-
mation storage materials. The term magnetic information
storage material refers to a type of magnetic material that uses
a rectangular hysteresis loop or a change in magnetic moment
to store information. "> Such magnetic materials are attrac-
tive for memory storage because their two magnetization states
can be correlated readily to the binary states “0” and “1” which
are readily distinguished by means of magnetoelectric conver-
sion. Fluorescent storage materials differ from magnetism-
based systems in that storage and read out of information is
dictated by the pattern of the fluorescent material in
question.?®3° Molecular information storage materials are less
well explored and are based on the infinite diversity of the
molecular space?®*® However, for information storage and

View Article Online
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Fluorescent materials are attractive for the preparation of
information coding systems. One reason is that their fluores-
cence can only be observed under certain conditions. *9-5°
Moreover, the emission of the fluorescent material can be
adjusted by changing the excitation wavelength or by controlling
the external environment, such as temperature, pH, or chemical
conditions. Fluorescent materials can be classified into inorganic
fluorescent material§°%% and organic fluorescent materials®®-"2
Canonical inorganic fluorescent materials are based on rare earth
ions. A number of rare earth complexes display narrow emission
bands and are extremely bright. They are also typically quite
stable. This has made lanthanide complexes attractive for the
construction of full-colour displays. A greater range of organic
molecular luminescent materials is known. Most possess conju-
gated heterocyclic rings and consist of structures that are relatively
easy to tailor. For instance, by introducing unsaturated groups,
such as an olefin bond or a benzene ring, the nature of the
chromophore can be modulated. Not surprisingly, therefore,
fluorescent materials are receiving ever-increasing attention and
the range of application areas in which they have been applied is
seemingly ever-expanding.n addition to being used as dyes,
fluorescent materials have been widely applied in many fields,
such as organic pigments, optical brighteners, photo-oxidants,
coatings, chemical and biochemical analyses,solar traps, anti-
counterfeiting labels, drug tracers, and lasers to name but a few.

In recent years, researchers have used processable fluorescent
materials/®>®* including fluorescent nanofibers, fluorescent
carbon dots, fluorescent polymers,and fluorescent gels,to pre-

read out to be facile, there must be two different readily accessiblpare a series of information storage codes that store specific
stable (or metastable) states. This review is focused on fluoresceirtformation according to their shapes or colours. The colours of
materials-based information storage codes and is designed to  these fluorescent information storage codes are only displayed
summarise recent progress involving their preparation, emissive under ultraviolet light, thus allowing the stored information to be
features, and applications. protected. In addition, the fluorescent features can be modulated
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Fig. 1 Schematic diagram of fluorescent 1D-, 2D- and 3D codes.

under different stimulation conditions; this makes the stored
information potentially dynamic in that it can be modulated in a
rational manner. Information storage codes based on fluorescen
materials are thus likely to play an ever-increasing role in the
fields of information storage and information security. It is this
promise that prompts the present review.

Fluorescent information storage codes may be divided into
fluorescent 1D codes, 2D codes, and 3D codes according to the
dimensionality of the system in question (Fig. 1). Fluorescent
1D codes”®® are composed of fluorescent strips and non-
fluorescent strips. The pattern of a fluorescent 1D code is only
observable under conditions of UV light illumination; this
allows for the storage of hidden information and provides
for, e.g., very good anti-counterfeiting function.  Fluorescent
2D code systems %8 record information in horizontal ~ and
vertical two-dimensional patterns according to predetermined
rules. Again, such code cannot be read under natural light. On
the other hand, specialized reading devices permit the informa-
tion to be read upon illumination with UV light. Fluorescent
2D codes have more information storage capacity, a greater
degree of confidentiality, and greater error correction than 1D
code systems. Fluorescent 3D codé¥ 84 are relatively new and
add colour to 2D fluorescent codes as a third dimension. 3D
fluorescent code systems reported to date have relied on a
matrix of four colours: red, blue, green and black. The informa-
tion within the code is determined by the shape and colour of
the pattern. As typical for fluorescent code systems, 3D codes
are decoded under ultraviolet light and typically read out by
scanning the pattern as shown schematically in Fig. 1.

Fluorescent materials-based 1D
information storage codes

1D codes, originated in the 1940s but  only became widely
popular in the 1980s. As shown in Fig. 2, 1D codes involve a
set of regularly arranged bars and spaces 258 “Bar” refers to
the portion with low light reflectance, while “space” refers to
the portion with higher light reflectance. These bars and spaces
express certain information, which can be read by a specific
device and converted into binary or decimal information

1026 | Mater. Chem. Front., 2020, 4, 1024--1039
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Fig. 2 Schematic view of a 1D code.

compatible with a computer. Usually each pattern is unique,
which has made 1D codes useful for encoding information
about items. Such codes are thus near-ubiquitous in the retail
sector. 1D codes have also been widely used in business,
postal, library management, warehousing, industrial produc-
tion process control, and transportation. In all cases, the
correspondence between the 1D code and information is not

tdirect. Rather, it is established through use of an appropriate

database. When 1D code data is transmitted to, e.g., a compu-
ter, the code data is used to call up stored information. There-
fore, the 1D code is only used as an identifier, with its
“meaning” only being realized once the associated information
is accessed by means of an external database stored within, e.g.,
a computer server memory bank. On the other hand, 1D codes
are inexpensive and easy to use. In fact, a wide range of 1D code
systems, including EAN codes, 39 codes, cross 25 codes, UPC
codes, 128 codes, 93 codes, ISBN codes, are known, and Kude
Bar codes. Many 1D codes may be scanned using the applica-
tion software  (App) called “Barcode Reader” downloaded
to a smartphone, allowing access to the encoded information.
The introduction of fluorescent materials into these 1D codes
imparts an important additional function. It provides for
hidden information that may only be read out under UV light,
which adds an extra level of security for information storage,
e.g., inthe context of anti-counterfeiting. These potential
benefits are discussed further below.

Fluorescent 1D code-based drug
anti-counterfeiting

Inthe pharmaceutical field, protecting against counterfeit
drugs is a concern for manufacturers and patients alike. In
order to distinguish manufactured products from counterfeit
materials, increasingly drugs are being packaged with specific
identifiers, including radio frequency tags, barcodes, water-
marks, fluorescent inks, chemical, or biological (e.g., DNA)
tags 2%""" However, such tracking techniques are only effective
when the drug in question is not repackaged. Manufacturers
usually do not ship drugs directly to hospitals and pharmacies.
Usually, drugs are sold to wholesalers or distributors, who then
repackage bulk products into unit containers. This is a point
where counterfeit drugs can enter the legal drug supply chain.
In order to circumvent this problem, Smedt and co-authors
reported a 1D coded memofibef® which was obtained by electro-
spinning polymer solutions containing a fluorophore (Fig. 3).

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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a) The requisite microfibres were obtained by electrospinning
T polymer solutions containing a fluorophore. A selected area
[Pump pressure | ()G} ( 5 [Motor was photobleached by exposure to a 488 nm laser beam, thus
‘ ‘ / forming microfibers that  will provide a 1D fluorescent code
Hohvorageswpy| || under UV illumination. These encoded fluorescent microfibres

S are then dropped onto the surface of  the tablet to produce
systems with good long-term stability. The information stored

in the 1D microfibre codes can be easily decoded using a basic
fluorescence microscope, without removing the microfibers
from the tablets. According to the authors, this approach could
help curb the proliferation of counterfeit drugs.

Fluorescent 1D code-based biological
micro information label

Encoded bead bioassays are receiving increasing attention from
researchers and are expected to replace traditional slide-based
microarrays.!'>~1® Bead-based bioassays offer multiplexing of

both probes and samples. At the same time, they have signifi-

cantly fewer drawbacks associated with mass transport-limited
Electrospinning of polymer fibres on a glass support.  (c) Cutting of the blnd!ng of analytes to _the Im_mOblhz_e(_j prpbes. Current met_hOds for
polymer fibres into fibre pieces by cold ablation. (d) Encoding onto the making coded beads, involving the injection of polymer micro-

fibre pieces via photobleaching by means of  a scanning laser beam. (e) Spheres with a predetermined ratio of fluorescent dye mixture, are
Schematic showing the application of a few microliters of a memofiber subject to certain limitations. These include the number of possible
dispersion on the surface of a tablet. Reproduced with permission from codes that can be accesseddifficulties associated with effecting

ref. 73. Copyright 2010, Wiley-VCH. fluorescent read out,as well the potential incompatibility of the
beads with the bioassaysunder consideration. Moreover, the
method is not well suited for the manufacture of a large number

of uniquely distinguishable beads. Alternative approaches, such as
embedding quantum dots in polymer microspheres, raise their own
concerns, including the use of toxic materials (e.g., CdS, CdSe, CdTe)
in the context of biological assays. It has been proposed that the use
of rare earth (RE) ions with silicate glass matrices could provide a
viable alternative to these existing approaches. In this context, Lahiri

Fig. 3 Synthesis of so-called memofibers. (a) Electrospinning setup. (b)

The associated information-containing fluorescence pattern is
then observed by confocal laser scanning microscopy (Fig. 3).

The process used to prepare fluorescent memofibers con-
taining a fluorescent 1D code is further shown in Fig. 4.

PS EC ‘ PLGA CAP ) ) 7
and co-workers described micron-scale glass fluorescent 1D’éodes,
a) which are composed of different fluorescent materials containing
pr— rare earth ions (Fig.5). These fluorescent 1D codes can be easily
fibers identified by using UV lamps and optical microscopes. The use of
RE doped glass provides fluorescent! D codes characterized by
b) relatively narrow emission bandshigh quantum efficiencies,and

good compatibilities with other common fluorescent labels and
most laboratory solvents. Using this approach a model DNA hybri-
| dization assay consisting of what was termed “micro 1D codes” by

| the authors was described. In this model, bar codes with different
o |EEEE

Fiber

fluorescent colours correspond to specific biologicahformation.
The large number (41 million) of possible combinations could
make this fluorescent 1D code approach attractive for use in both
bioassays and general encoding applications.

Memofibers|
on tablets

Fluorescent 1D code-based encrypted
label

Fig. 4 Fluorescence images of aligned fibre (a) and fibre pieces (b—d) loaded . . . .
with coumarin-6. The inserts in C and D are barcodes encoded within the Solid-state materials with photoluminescent features have been

fibre pieces and the red rectangles are memofibers. The scale bar is 100 mm. Widely applied in many fields,  including for OLED develop-

Reproduced with permission from ref. 73. Copyright 2010, Wiley-VCH. ment, ''%"2'data recording and storage!?>'?*dye lasers!?* and

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020 Mater. Chem. Front., 2020, 4,1024--1039| 1027
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Fluorescence Intensity (arbitrary units)

C)

Fig. 5 (a) False-colour image of two 100 20 mm barcodes (inset) and
corresponding fluorescence  spectrum barcode  elements. The same
colour scheme is used for the spectra and the image [e.g., the yellow
band in the barcode corresponds to the yellow (combination Tm + Dy) line
spectrum]. Fluorescence false-colour images of 1D code particles used in

a DNA hybridization assay using Cy3-labeled DNA. (b) “White light” image.
(c) Cy3 channel image. (d) RE images obtained by using a 420 nm long-
pass filter. Reproduced with permission from ref. 74. Copyright 2003,
National Academy of Sciences (USA).

security printing. '2%2®  Stimuli-responsive photoluminescent
materials are expected to be useful in the next generation of
security printing. Neverthelessjt remains a major challenge to

develop wide-spectrum tuneable photoluminescent solid-state
materials that give rise to multiple fluorescent emission bands.
Stoddart and co-workers reported a hetero[4]rotaxane (Fig. 6),
which was isolated as an unexpected side product during the

synthesis of heterorotaxane from CB[6], g-CD, and two fluoresceitfie length and the width of the individual

View Article Online
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~10.
Forster resonance energy transfer

—> Natural light

Fig. 6 (a) Formation of hetero[4]rotaxane. (b) Graphical representation of
the aggregation of monomers in response to changes in concentration or
temperature. (c) Fluorescent image printed using an inkjet printer under
conditions of UV and natural light illumination. (d) photograph of a UV 1D
code produced from the hetero[4]rotaxane system under UV light irradia-
tion. Reproduced with permission from ref. 75. Copyright 2015, Nature
Publishing Group.

that could be read by a smartphone. This research could represent

a new way to encrypt and protect information.

Fluorescent materials-based 2D
information storage codes

So-called 2D codes record data information in a black and

white pattern maintained within a plane. These are thus
specific geometric patterns defined by horizontal and vertical
coordinates.'?”'3 Black and white rectangular patterns have
been used to provide 2D codes. These, in turn, may be scanned
using the App “QR Code Reader” downloaded to a smartphone
in order toread out the encoded information (Fig. 7). In
contrast to 1D codes, in 2D codes, data is recorded in both
pattern elements.

precursors (derived from pyrene and a diazaperopyrenium (DAPP)he resulting increase in information density allows “0”  and

dication, respectivelyf° The fluorescence emission of this
hetero[4]rotaxane in the solid state could be tuned rapidly and

“1” bit streams to be encoded. Moreover, the vast number of
geometric shapes that can be defined within a 2D code system,

reversibly over a wide range (B100 nm) of wavelengths as a result

of stimuli-responsive aggregation and de-aggregation processes.
Moreover, this hetero[4]rotaxane was found to aggregate at high
concentrations to form supramolecular oligomers. Under condi-

tions of aggregation the initial narrow emission band at 510 nm

was replaced by a broad, featureless band around 610 nm, leading
the authors to infer that either excimers (DAPP homodimers) or
exciplexes (pyrenyl-DAPP heterodimers) were being formed in the
excited state. Heating the aggregated forms led to reversion back

to the disassociated speciesThe authors applied this reversible

fluorescent supramolecular construct to the preparation of fluor-

escent inks, which in turn were used to prepare a series of
patterns. These patterns are difficult to visualize under natural
light, but became readily apparent under conditions of UV light

. 1. Version information
. 2. Format information

3. Data and error correction keys

:::: 4. Required patterns

E 4.1. Position
E 4.2. Alignment

4.3. Timing

|
| ]
5. Quiet zone

Fig. 7 Schematic illustration of  the component units that make up a

illumination. A 1D code created from this material was produced typical 2D code system.

1028 | Mater. Chem. Front., 2020, 4, 1024--1039
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allows direct storage of numerical data. Thus, in the case of 2D
codes, photoelectric scanning allows automatic information

View Article Online
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Here, an optofluidic maskless lithography (OFML) system was
used to produce a 2D code on a polymeric micro taggant. This

processing without resorting to a database. Moreover, 2D codes OFML system allowed the high-resolution and high throughput

can incorporate “positioning points” and “fault tolerance
mechanisms” that are not available to 1D codes. In favorouble

fabrication of polymer microparticles with arbitrary shapes
(Fig. 8c). UV light, reflected off the 2D code pattern on a digital

circumstances, this allows 2D codes to be read even if the entire micromirror device (DMD), was projected onto the microfluidic

barcode is not recognized or the barcodeis defaced. Not
surprisingly, 2D codes have enjoyed tremendous commercial
success,especially in the high-tech, data storage, transporta-
tion, wholesale, and other industries. As inthe case of 1D
systems, 2D codes made from fluorescent materials offer the
advantages of providing anti-counterfeiting capabilities. In
addition, fluorescent materials have been used in self-healing
2D code systems. As detailed further below, these and other
attributes lead to the prediction that fluorescent materials-based
2D codes could expand the range of applications and allow for
new advances in information science.

Fluorescent 2D code-based
anti-counterfeiting drug taggant

As noted above, eliminating counterfeit drugs is an ongoing
challenge.’®'~"%° To go beyond what had been achieved using

1D fluorescent codes, Park and co-workers explored the use of
2D codes in the context of drug anti-counterfeiting (Fig.  8).”®

b) QR code
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m] otz [m] «
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mi 4 Module
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C) Photopolymerization d )

.
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device A B

Fig. 8 (a) Microscope image of 2D code (scale bar: 200 mm). (b) Structure
of the 2D code. (c) 2D code-containing polymer microtaggant prepared
using an optofluidic maskless lithography (OFML) system. (d) Fluorescence
microscope image of the 2D-coded micro taggant and the line profile (A
and B) of the fluorescence intensity (scale bar: 100 mm). Reproduced with
permission from ref. 76. Copyright 2012, Wiley-VCH.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020

channel, into which a photocurable polymer  solution (poly-
(ethylene glycol)diacrylate) had been introduced. 2D-coded
micro taggants were then generated via the photopolymeriza-
tion of poly(ethylene glycol) diacrylate through a single UV
exposure. The resulting fluorescent 2D information storage
code not only allowed for simple drug identification, but also
provided a means to store a large amount of drug-releated
information. The information carried by these 2D codes could
be read using a simple smartphone 2D code reader application.
This allowed the drugs in question to be tracked more effec-
tively. Importantly, since 2D codes provide for good inherent
error correction, partial damage of the drug substance was not
found to affect adversely either the storage or read out of the
encoded information. This technology could thus emerge as
one that helps prevent the proliferation of counterfeit drugs.

Fluorescent 2D code-based
information security pattern

Fluorescent carbon dots (CDs) are attracting increasing atten-
tion due to their highly stable fluorescence, good resistance to
light and chemical degradation, low toxicity, and excellent
biocompatibility. '>'='%¢ These attributes make CDs attractive
for use in a wide range of  application areas, including bio-
medical imaging, photocatalysts, sensors, and optoelectronic
devices. There are many methods for preparing CDs, including
electrochemical synthesis, microwave/ultrasonic preparation,
hydrothermal/acid oxidation routes, arc discharge, laser abla-
tion, and plasma treatment. The raw materials for the prepara-
tion of CDs include both traditional ~ chemicals (citric acid
monohydrate, carboxylates and carbohydrates) and renewable
resources (gas soot, soybeans, orange juice, and grass). In work
relevant to the preparation of fluorescent 2D codes, Chen and
co-workers recently presented a simple, low-cost, and green
method to obtain highly fluorescent CDs from a series of plant
leaves by pyrolysis (Fig. 957 The resulting fluorescent CD were
found to be responsiveness to Fe** ions and could be used to
prepare patterns attractive for anti-counterfeit applications.

As shown in Fig. 10, Chen and co-workers used inkjet
printing technology to print fluorescent CDs into patterns or
2D codes carrying information. An electric field was applied to
squeeze the materials, which generated a pressure pulse and
served to force ink droplets (fluorescent CDs) out of the nozzle;
this allowed the printing of patterns on paper substrates. It is
worth noting that the pattern solution printed from the CD is
not visible under ambient light, but only under conditions of
UV light illumination (Fig. 10b). As shown in Fig. 10c and d, a
fluorescent pattern of a plum blossom and a 2D code may
be formed readily on the paper substrate. The ambient light

Mater. Chem. Front., 2020, 4,1024--1039| 1029
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Fig. 9 Schematic synthesis of CDs from pyrolysis of plant leaves and the
photoluminescence enhancement by plasma and microwave irradiation.
Also shown are photographs of the corresponding samples under ambient
light and UV illumination. Reproduced with permission from ref. 77. Copy-
right 2013, The Royal Society of Chemistry.
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electric
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Carbon
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Fig. 10 (a) Scheme of piezoelectric inkjet printing. Inset: The as-prepared
fluorescent carbon ink. (b) Photograph of the fluorescent pattern by inkjet
printing. Photograph of the fluorescent pattern under UV light: (c) plum
blossom and (d) 2D code. The scale bar is 1 cm. Reproduced with
permission from ref. 77. Copyright 2013, The Royal Society of Chemistry.

invisible and UV-visible properties of this material could allow
for their application in the area of anti-counterfeiting.

Fluorescent 2D code-based
information storage organogel

With the rapid development of network information techno-
logy, information security is evolving as an ever greater con-
cern. Infact, ensuring the security of 2D codes and their
associated information represents an increasingly important
issue within the context of information science. Avoiding
damage to 2D codes represents another challenge. Therefore,
it is desirable to develop protected codes with greater durability
and security. Maintaining the large colour contrast would be
desirable in such putative systems  sinceit is expected to

1030 | Mater. Chem. Front., 2020, 4, 1024--1039
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light-emitting fluorescent supramolecular polymer gel via intermolecular
hydrogen bonding. (b) Cartoon representation of data recording and data
security protection of a 2D code constructed using this gel. Reproduced
with permission from ref. 78. Copyright 2017, the Royal Society of
Chemistry.

facilitate the rapid read out  of encoded information. '37~"3°

Recognizing this need Huang and co-workers reported a hydro-
gen bond-based approach to preparing white-light-emitting
fluorescent polymeric gels that involved the aggregation of a
single fluorescent chromophore (Fig. 11).8 In this system, a
pyridinium salt monomer, which is a donor-acceptor molecule,
is used since it emits intense white light upon aggregation. The
resulting gel has features that make it attractive for construct-
ing intelligent information display/storage devices. Infact, a
protected 2D code was fabricated from Huang’s white-light-
emitting fluorescent supramolecular gel. As expected for a
fluorescent code system the stored information could not be
read out under natural light conditions but was fully accessible
under a UV lamp. Of particular interest is the fact that, as the
result of the dynamic nature of the system, the supramolecular
polymer gel and the resulting 2D code were shown to have self-
healing abilities. In fact, an intentionally damaged 2D code was
prepared whose information could not be read out under UV
light irradiation. Interfacial self-assembly of the gels (resulting
from reformed hydrogen bonding interactions; cf. Fig. 11) then
allowed recovery of the originally protected information.

Fluorescent 2D code-based biometric
label

Generally, code tag systems are fabricated by incorporating
different organic fluorescent tags in specific ratios, providing
a limited number  of unique codes. **'** Another type of
fluorescence encoding involves photobleaching of the fluores-
cent material to create a master. This method is also known as
active encoding. However, this method also suffers from certain

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Fig. 12 (a) Schematic illustration of silver zeolite. (b) Fluorescence image
of asilver zeolite 2D code (left) and the corresponding original ~ image
(right). Reproduced with permission from ref. ~ 79. Copyright 2012, Wiley-
VCH.

limitations, such as negative contrast and photobleaching of
the fluorescent portions of the ensembile. In an effort to over-
come some of these recognized issues, Sels and co-authors
reported a new type of optically encoded microcarrier that was
based on silver-exchanged zeolite crystals that were then sub-
ject to a two-photon activation process with near-infrared
light. ”°® During this process, the silver cations in the crystal
are photochemically reduced to local silver clusters. Due to the
positive contrast imaging and the brightness and stability of
the resulting emissive silver clusters, very low write resolution
(down to the diffraction limit) and excellent readability are
obtained. Excellent 3D resolution allowed creation of an
advanced matrix code (e.g., a 2D code) inside a single zeolite
microcarrier (Fig. 12). Interestingly, a number of high resolu-
tion encoding and decoding strategies proved compatible with
these silver zeolite microcarriers when they were suspended in
aqueous solution. The authors thus proposed that they could
see utility in a variety of biomarker applications.

Fluorescent 2D code-based
lithographic information storage
hydrogels

A number of jellyfish are notable for their switchable biolumi-
nescence on/off characteristics. This capability has inspired the
design of hydrogels with adjustable fluorescence. Typically, this
has been done by incorporating a chromophore into a hydrogel
matrix. 144146 Regulation of the fluorescence is then achieved
by controlling the properties  of the chromophore. In this
context, hydrogels with white light emission capabilities are
particularly attractive. These systems are characterized by the
presence of multiple emission peaks, which do not necessarily
respond in concert to the same stimulus. This allows for the
construction of fluorescent hydrogel-based chemical sensors
with improved sensitivity. Wu and co-workers reported a white
light emission (WLE) hydrogel containing a single chromophore

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020
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Fig. 13 (a) Synthesis of a chromophore monomer.  (b) Preparation of
fluorescent hydrogel by micellar copolymerization. Monomer and dimer
forms of the fluorescent units coexist in the hydrogel, giving rise to high-

and low-energy emission bands, respectively. The net result is white light
fluorescence under UV excitation. (c) Photos of the hydrogel under (i)
ambient light and (ii) UV light irradiation. Scale bar: 5 mm. Reproduced with
permission from ref. 80. Copyright 2018, The American Chemical Society.

that was prepared via a one-pot micellar copolymerization of
4%(N-vinyl benzyl-4-pyridinyl)-2,26%2%%erpyridine perchlorate
and acrylamide (Fig. 13)8° The resulting transparent hydrogel
showed strong white fluorescence under UV light irradiation. The
fluorescence spectrum of the gel is dominated by two emission
features centred around 450 and 570 nm. These bands corre-
spond to the monomer and dimer forms of the chromophore,
respectively. The CIE coordinate values of the white light fluores-
cence was (0.333, 0.335). The monomer and dimer have distinct
optimal excitation wavelengths,| o, Therefore, the fluorescent
behaviour of this gel was found to depend on the | ¢, Further-
more, the monomer-to-dimer transformation of the chromophore
could be triggered by heating or photo-irradiation, allowing the
fluorescence of the hydrogel to be tuned from blue to white and
then to yellow. Photo-irradiation allowed photolithographic
patterning of the hydrogel giving rise to patterns that are
transparent under ambient light conditions, but fluorescent
(and hence readily visible) when irradiated with ultraviolet light
(Fig. 14). The fluorescence could also be switched off by
exposure to Cu 2* jons. It was proposed that the adjustable
fluorescence and patterning properties of this single chromophore-
based WLE hydrogel could make it particularly useful in the secure
information storage arena.

Fluorescent materials-based 3D
information storage codes

The 3D codes rely on colour to provide the third “dimension”

of information storage. Such systems, also referred to as colour
codes, were originally developed on the basis of  traditional
black and white 2D codes. Early systems thus consisted of an

Mater. Chem. Front., 2020, 4,1024--1039| 1031
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Fig. 14 (a) Schematic for patterning fluorescent hydrogel by photolitho-
graphy. The blue fluorescent gel was irradiated under UV light through a
photo mask, resulting in white fluorescence at the exposed regions. (b—d)
Photos of the patterned hydrogel under (b) ambient light and (c and d) UV
light (different patterns). (e) Schematic for patterning the hydrogel by wet
stamping. A stamp soaked with Cu 2* ions was used to pattern the blue
form of the fluorescent gel by selectively quenching the fluorescence. The
emissive features of the gel could then be restored by using ethylene
diamine tetraacetic acid disodium salt ~ (EDTA-2Na) to extract the Cu 2*
ions. (f-h) Photos of the patterned hydrogel  under (f) ambient light and
(g and h) conditions of UV illumination (two patterns on one gel). Scale bar:
1 cm. Reproduced with permission from ref. 80. Copyright 2018,
The American Chemical Society.

n n matrix containing individual blocks with one of four
colours, red, blue, green, and black.'” The outer frame of the
matrix is enclosed by black lines, while a white background
outside the black border provided an outer frame. In contrast to
traditional 2D codes, 3D colour code systems need not encrypt
all the information with the code. Rather, they can be used as
“pointers” to site, such as a server address, where the desired
information is stored. Operationally, existing material-based
3D codes have relied on mobile phone reader applications to
record and send code-derived index information to a server.
After verification, the index information is uploaded to the

server, converted into a URL address which is transferred to the

corresponding content server, thereby allowing the information
to be displayed on the phone (Fig. 15). The 3D code could be
scanned using the App “COLORCODE” downloaded to a
smartphone in order to read out the encoded information.
Due to the special identification method (i.e., the information
is read out by judging the colour pattern of the n n matrix),
3D codes have relatively high resistance to deformation.

While a number of colour code strategies can be conceived,
fluorescent materials are particularly well suited for preparing

View Article Online
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Fig. 15 The process used to read information from a 3D colour code.

self-healing characteristicsMoreover, stimuli responsive fluores-
cent materials can be used, which allows controlled changes in the
information stored by the 3D codes under different conditions. The
resulting dynamic information storage capability is difficult to
replicate in simpler 1D code and 2D code systems. Not surprisingly,
fluorescent 3D codes are attracting attention, particularly where

a high degree of confidentiality is required or anti-counterfeiting
measures would be desirable.

Fluorescent 3D code-based dynamic
information grid

As noted above, information codes have become all but essential
for manufacturers, suppliers, and consumers alik&:'“®Although
the amount of information carried by traditional information
codes is gradually expanding (1D, 2D, and 3D codes), existing
product information codes are generally static; the information
they store and provide cannot be altered after they are created. The
ability to transform or adjust coded information, rather than just
storing it in a static form, could bring increased benefits to
both producers and consumers.Sessler and co-workers reported
an approach to generating fluorescent 3D colour codes. These
systems were constructed by using three fluorescent (blue (G1),
green (G2), and red (G3-1, G3-2)) hydrogels containing both
tetracationic receptor—anion recognition motifs and gel-specific
fluorophores®! These different hydrogels were then bonded
together by physical adhesion to produce a 5 5 grid (Fig. 16).
The resulting three-dimensional code allowed for a number of key
information-related functions, including data masking, demask-
ing, and erasing, as well as dedicated conversion to different
encoded forms. For example, code B could be converted to code
A (storing other information) by replacing one of the gel compo-
nents within the grid. It was also shown that when one of
the constituent gel components was chemically responsive (to
ammonia in this initial study), the resulting grid pattern, code C,
could be converted to the original code A by chemical exposure.
The ability to convert encoded information produced by these gels
to a different form by either physical action or by exposure to a
chemical stimulus offers the possibility of transitioning current
commercial codes to ones with dynamic capabilities. Also attrac-
tive is the fact that this demonstration relied on an ostensibly
biocompatible hydrogel, meaning that these codes could poten-
tially be used as wearable information-containing materials.

In recent years, many advances have been made in the area
of anion recognition and sensing. '°°-'°® Many strategies have

3D codes. They are easy to manipulate and often endowed with been used to signal the presence of anions, such as monitoring

1032 | Mater. Chem. Front., 2020, 4, 1024--1039
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Fig. 16 Cartoon representations of:  (a) formation of 3D colour codes
made up of hydrogels G1, G2, and G3 (G3-1 and G3-2). (b) Information
protection, designated information read out, and information erasing of
code A. (c) Transformation of encoded information through physical
action and chemical exposure. Reproduced with permission from ref.  81.
Copyright 2018, Wiley-VCH.

chemical shift changes via NMR spectroscopy, UV/vis spectral

analyses, fluorescence emission spectroscopy, and mass SpeCtr%ethod for
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be read out by a smart phone as a 3D colour code (i.e., info D).
Gels containing C4P/imidazolium-Br anion recognition motifs
were used to construct an array (code E) that could be read as
info E. Using these two grid-type pattern arrays, a two-layer code
system was made; this was done by adhering code E to the
surface of code D. This annealing results in code E being

the top layer and the only one that is readily visible. It could
be read out with little appreciable interference from code D.
Treating the overall construct with a Cl anion source resulted
in delamination of the top layer (code E) revealing the bottom
layer (code D), which could then be read out. This code system
was thus specific to chloride ions. This sensing strategy, which
does not rely on precise molecular recognition effects, could
represent a new application for complex soft materials.

Phosphorescent 3D dynamic codes

Subsequent to the initial  Sessler report on fluorescent 3D
codes, a number other groups reported materials-based colour
codes®#*172Much of this work is very recent and it appears

that this is an area that is attracting considerable attention.

One approach is based on phosphorescent materials that emit

for hours following photo-irradiation.  '57-5° While relatively

few in number, phosphorescent materials are known to give

rise to different outputs (i.e., emission bands and colours)
when exposed to appropriately chosen stimuli.  For practical
applications, such as information encryption, sensor development,
and anti-counterfeiting,dynamic phosphorescent materials must
meet the following criteria: (i) display broad-spectrum emission; (ii)
possess dynamic characteristics with the nature of the emitted light
being readily fine-tuned via exposure to externaktimuli; (iii) be
relatively robust.Recently,Ge and co-workers reported a simple
fabricating light-tuneable, full-colour luminescent

metry. However, most of these strategies require access to labor?ﬁaterials based on dynamic trichromatic emitters (Fig. $fdjhese

tory instrumentation, which greatly limits their practical utility in
the field. Building upon their initial fluorescence 3D code work

trichromatic emitters are SrAD4EW?",Dy**, CaAbO.ELF"Nd®* and
Ca)_2§r$,75'Eu2+. By simply mixing these emissive constituents

summarised immediately above, Sessler and co-workers reponeqogether, a pattern was obtained that could be observed under

a double layer 3D code made from eight fluorescent polymeric

gels; these allowed direct recognition of the chloride anion using
smart phone®? As shown in Fig. 17, a fluorescent pattern (code D

was constructed from gels containing calix[4]pyrroles (C4P)/
imidazolium-F  anion recognition motifs. This pattern could

| LA
Info | Info Info G
e " I 8 g. =
J Scan
[3) [) o o @‘:
Interfacial  Top layer Scan

3 3
Scan : Scan } 2
iy Sl o U E = o P s
E-l_é; : % . “

e @ Bottom layer
Code D
CodeD Code E Double layer code Code D
Fig. 17 Formation of a double layer code construct  stabilized via pre-
sumed interfacial anion-receptor interactions involving the recognition
elements present in codes D and E. Also shown is the proposed CI  anion
induced delamination and encoded information release-based sensing
mechanism that allows for chloride anion recognition. Reproduced with
permission from ref. 82. Copyright 2018, The Royal Society of Chemistry.

UV-visible illumination. Adjustments to the individual emissive
Blements could be achieved by varying the constituent ratio or by
Ehanging the excitation wavelength. The authors prepared a three-
dimensional (3D) code, which could be read using a smartphone by
preparing and arranging individual elements made up from these
trichromic emitters. The resulting 3D code pattern could only be
read after being illuminated by a UV-visible lamp. Moreover,by
varying the external conditions, such as by exposure to ammonia,
the information embodied in the 3D code could also be changed. It
was thus proposed that this dynamic phosphorescent system may
find utility in the areas of information storage, encryption, and
stimulus-based modification.

Fluorescent 3D codes based on
self-healing materials

Self-healing materials have attracted attention across a number of
application areas because of their ability to recover spontaneously

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2020 Mater. Chem. Front., 2020, 4,1024--1039| 1033
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visible under UV light. While this is useful for encryption and
anti-counterfeit measures, it also limits the utility of the

Code F == I— Code G== systems under conditions where UV illumination is not practical.
Scan @1 Scan Recently, Zhao and co-workers reported a light-triggered lumines-
- cence ON-OFF switchable hybrid hydrogel (Fig. 26)The hydro-
Info o | tructed via polymerization of lamide whil
F G gel was constructed via polymerization of  acrylamide while

incorporating diarylethene photochromophore and a luminescent
Fig. 18 (a) Photographs of the read out of information inherent in code F, lanthanide complex. The diarylethene ring within the polymer

a pattern made up by the assembly of individual domains of trichromic could undergo “open” and ‘“‘closed” isomerization upon
materials on a supporting black nitrile substrate and (b) photographs of the
code information transformation from info G to info F produced upon
exposure to ammonia vapor. Reproduced with permission from ref. ~ 83.
Copyright 2018, The Royal Society of Chemistry.

both function and structure after damage'®®-'%°Self-healing gels
constructed by means of dynamic covalent or non-covalent inter-  f)
actions have attracted increasing interest, including in the
construction of fluorescent 3D codes as noted above.However,
these constructs,and indeed all fluorescent-based systemsare
highly dependent on the performance of the fluorophore. Many
classic fluorophores suffer from limitations, including poor lScan
photo-stability and induced quenching at higher concentrations.

Recently, fluorescent materials displaying aggregation-induced Info No
emission (AIE) have been developed in an effort to overcome | : Info
the so-called aggregation-caused quenching (ACQ) effect that
plagues many ftraditional fluorophores. Recently, Tang and
co-authors reported the use of fluorescence self-healing gels withig- 20 (a and c) Photographs of a pattern (code H) made up from an
turn-on AIE capability to create 3D codes (Fig.19).84 Using this ensemble containing red, green, and yellow hydrogels on a black substrate

h it d ible t itor th . . If under ambient light before and after irradiation with 300 nm UV light. (b
approach, it proved possible 1o monitor the microscopic sefl- and d) Under these conditions, the information could either be read out or

healing process of the gel, as well as the production of several masked. (e and f) Photographs showing the transformation of code H into
fluorescent 3D codes with anti-counterfeiting capabilities. These code | under amibient light and 254 nm UV light by means of a reassembly
self-healing 3D codes are attractive for their scalability, wear strategy. The hydrogels were all assembled on the same substrate. Photo-
resistance, reusability, and versatility. graphs shown in panels (a), (c), and (e) were all taken under daylight,

= t terials h b idel di whereas photographs of (b), (d), and (f) were taken under 254 nm UV light.
. Liggef;(ien materials ave. . een widely used in many The size of each hydrogel block element within the overall code pattern is
fields ™~ *" and have proved critical to the development of (o5cm 0.5cm 0.2 cm. Reproduced with permission from ref.  172.

3D code systems. The resulting patterns  are typically only  Copyright 2019, Wiley-VCH.
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alternating between UV and visible light irradiation. Upon ton n (where nZ6). Adding yet another dimension to
photo-excitation of the material containing the closed form of produce nD codes (n Z 4) via the introduction, e.g., of a
the diarylethene ring, fluorescence resonance energy transfer temporal response element, could further increase the level of
to the lanthanide complex occurs. Based on this hybrid hydro-  stored information for any given system and provide greater
gel, the authors constructed a 3D information code. The code  control over the read out of that information. In addition,
could be read out under a 254 nm UV lamp. After exposure to  introducing additional stimuli responsive features could make
300 nm UV light, the luminescence of the hydrogel was the fluorescent codes more useful in the context of sensor
quenched and the encoded information was effectively erased. development for reading out environmental-based changes;
After exposure to visible light (4450 nm) the fluorescence was  this would be useful for monitoring both changes in patient
restored and the information encoded within the hydrogel physiology and various industrial processes. We are confident
could be read out once again. Thus, through a simple process that these challenges can be met and, as a consequence,the
involving light illumination,  the information inherent within field of fluorescent materials-based information storage has a
the 3D code could be encrypted and decrypted. This research bright future.

thus marks a further step towards the development of smart

materials.
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Conclusions

In this review, we summarise recent progress in the field of
fluorescent materials-based information storage. Depending on
the dimension, fluorescent materials can be used to fabricate
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