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Polysaccharides are ubiquitous, generally benign in nature, and compatible with many tissues in biomedical
situations, making them appealing candidates for new materials such as therapeutic agents and sensors. Fluo-
rescent labeling can create the ability to sensitively monitor distribution and transport of polysaccharide-based
materials, which can for example further illuminate drug-delivery mechanisms and therefore improve design of
delivery systems. Herein, we review fluorophore selection and ways of appending polysaccharides, utility of the
product fluorescent polysaccharides as new smart materials, and their stimulus-responsive nature, with focus on

their biomedical applications as environment-sensitive biosensors, imaging, and as molecular rulers. Further, we
discuss the advantages and disadvantages of these methods, and future prospects for creation and use of these

self-reporting materials.

1. Introduction

Low oral bioavailability is a crucial challenge to drug designers and
formulators. Highly crystalline drugs are particularly problematic in this
sense, as their lattice energy must be overcome for molecules of the
solute to dissolve in the body (Teja et al., 2016). In addition to solubility
issues, the drug must face several obstacles in the gastrointestinal (GI)
tract (including chemical degradation in the acidic stomach) before
absorption (primarily) through the epithelium of the small intestine. The
amount of absorbed drug may be further reduced by other processes,
such as metabolism by the liver and/or efflux transport (Collnot et al.,
2007, 2010; Martinez & Amidon, 2002; Wempe et al., 2009). Drug-
delivery systems (DDS) designed to dodge these obstacles are there-
fore in high demand.

Integration of functionally modified polysaccharides (PS) into DDS
using amorphous solid dispersions (ASD) (Dong & Edgar, 2015; Ilevbare
et al., 2013; Meng et al., 2014a; Mosquera-Giraldo et al., 2018; Novo
et al., 2022; Wilson et al., 2018; Wilson et al., 2020), nanoparticles
(Cheng et al., 2020; Gonzalez et al., 2022; G. Ricarte et al., 2019), or
nanogels (Adav et al., 2010; Debele et al., 2016; Sun et al., 2018; Wang
et al.,, 2020) has been reported to enhance drug solubility (Dong &
Edgar, 2015; Liu, Taylor, & Edgar, 2015; Meng et al., 2014b; Teja et al.,
2016). These DDS show promise for improving bioavailability (Chhatbar

et al., 2011; Ilevbare et al., 2013) and controlled release of drugs and
genetic material, including plasmid DNA, oligonucleotide, and signaling
RNA (siRNA) (dos Santos & Grenha, 2015; Efiana et al., 2023; Fayazpour
et al., 2006; Karimi Jabali et al., 2022; Messai et al., 2005; Samal et al.,
2012; Weecharangsan et al., 2008). Being able to monitor these DDS
using fluorescent probes can not only improve material design, but also
can contribute to understanding how these drug-delivery systems work.
Most polysaccharide derivatives used in DDS do not have strong chro-
mophores. Natural PS typically do not possess UV absorbers, while the
most typical alkanoate or alkyl substituents also do not absorb strongly
in the UV (phthalate substituents being the only (somewhat) common
exception). This absence of chromophores in PS makes them a challenge
to detect spectroscopically, particularly in a diverse matrix of naturally
occurring substances (including metabolites). Current methods for
tracking PS include colorimetric (Englyst & Hudson, 1987; Janda &
Work, 1971; Kohn & Wilchek, 1978; Lai et al., 2021), immunoassay
(Mansur et al., 2014; Natarajan et al., 2021; Nualnoi et al., 2016; Sal-
gado et al., 2021; Zhou et al., 2022), radioisotopic (Kaneo et al., 2001;
Zheng et al., 2022) and fluorescent labeling strategies (Mary et al., 2022;
Nawaz et al., 2021; Zheng et al., 2020), with the latter two being the
most sensitive. While radiolabeling most minimally changes structure
and properties of the molecule that one wants to track, fluorescent la-
beling is more convenient as it does not require the special licensing or
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training necessary to run a radioactive facility, which is costly to create
and maintain. This review will focus on recent developments in
environment-sensitive and stimuli-responsive fluorescent PS used for
metal ion detection (in nature, including in the human body) (Li et al.,
2022), or in delivering and monitoring therapeutic cargo as observed via
changes in polarity or pH. Herein, we provide a brief background on
labeling technique and selection, properties, advantages, and caveats for
these applications.

1.1. Fluorescent labeling technique

Fluorescent labeling is one of the most sensitive and selective spec-
troscopic techniques, able to detect even single molecules. Drug and
drug delivery polymer concentrations in the human body can often be in
the nanomolar range, so fluorescence sensitivity is of crucial importance
for monitoring such dilute systems. Prior to de-excitation, fluorescent
molecules stay in the excited singlet state (10 °- 10 & s) for a time
greater than the time required for molecules to absorb light (10 '°s). In
contrast to the absorbing species, this timescale gives the fluorescing
species greater sensitivity to its environment. Thus, several important
types of events can be detected, including proton transfer, solvent cage
relaxation, conformational change, and translational or rotational
change (Cantor & Schimmel, 1980). This method is highly useful,
describing the local environment of the probe via solvatochromic red/
blue shift effects, intermolecular interactions between two Forster
resonance energy transfer (FRET) pair molecules that are sensitive to the
distance separating them (Behanna et al., 2007), and the location of the
probe via spatial monitoring of fluorescent signals.

Solvatochromic labels are often the only method available to study
membranes and lipid layers at a molecular level (Reichardt, 1994).
Several fluorophores characteristically quench in polar/aqueous envi-
ronments (i.e., bathochromic dyes), whereas quenching is suppressed in
nonpolar/hydrophobic and/or rigid environments (Cantor & Schimmel,
1980). Hypsochromic dyes are those which quench in nonpolar solvents
and increase emission intensity in polar environments.

FRET is an excited state, nonradiative energy transfer between a
donor and acceptor pair via dipole-dipole coupling, which occurs when
there is spectral overlap between the emission of a fluorophore (donor)
and the absorption of another molecule (acceptor) (Forster, 1948). The
energy transfer between the FRET pair (Fig. 1) results in fluorescence

Fluorescence intensity
or Absorbtion

Wavelength (nm)

Fig. 1. FRET Spectral Overlap (Figure adapted from Lakowicz (2006a)). The
excitation spectrum of the acceptor species (blue) in the absence of donor, and
emission spectrum of the donor (green) in the absence of acceptor are depicted.
The shaded region depicts the overlap integral between the two spectra. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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intensity increase for the acceptor and reduction for the donor (as well as
reduced donor fluorescence lifetime). FRET is a powerful tool that can
measure small changes in distance between two fluorescent donor and
acceptor molecules since energy transfer efficiency, E, is inversely
related to the donor- acceptor distance (r) to the sixth power (Eq. (1))
(Lakowicz, 2006b).
06

E= s ™

A fluorescent polymer that forms a FRET pair with the drug permits
measurement of the drug-polymer intermolecular distance for DDS
(Ilevbare et al., 2013; Lakowicz, 2006a) since the Rg term is in the range
of biomacromolecule size (30-60 A). FRET is highly useful as close
proximity facilitates detection of drug-polymer interactions — believed
to be a key element influencing drug crystallization and nucleation ki-
netics (Ilevbare et al., 2013). Thus, inhibition of drug crystallization can
be confirmed with real-time fluorescent labeling techniques that rein-
force comparative nucleation induction time data (Ilevbare et al., 2013).
Furthermore, photobleaching experiments can establish whether
changes in fluorescence are due to FRET phenomena. This is visualized
by confocal microscopy by comparing pre- and post-photobleaching,
indicating FRET with bleaching from the acceptor and recovery of
emission via the donor chromophore (Behanna et al., 2007).

Fluorescence spectroscopy has become the gold standard for analysis
of tagged biomolecules as fluorescence detection is highly sensitive,
offering the ability to detect polymers containing low fluorophore
loadings (degree of substitution (DS) = 0.05-0.001) with minimal
depolymerization (de Belder & Wik, 1975). Multiple labels can be
applied simultaneously if they do not spectrally overlap with FRET pairs,
allowing high-throughput and automated instrumentation. Currently,
radiolabeling methods only allow simultaneous analysis for up to two
isotopes and require special instrumentation for analysis (e.g., dual
channel detectors or imaging screens for isotopes (Belovolova &
Glushkov, 2021), e.g., 3H and 33P). There are some potential disadvan-
tages to fluorescent labeling compared to radiolabeling, such as toxicity,
more significant structure modification, and spectral overlap with
autofluorescent samples.

Several PS have been successfully fluorescently labeled and analyzed
using UV-VIS, near-infrared (NIR) and fluorescence spectroscopic
methods (Pereira, 2013; Wu et al., 2015), confocal laser scanning mi-
croscopy, fluorescent in situ hybridization, and flow cytometry (Adav
et al., 2010; Behanna et al., 2007; Pramod et al., 2012). These methods
can qualitatively identify tagged species and quantitatively map their
biodistributions, biological mechanisms, intermolecular interactions,
and thus, their roles in biologically significant events. This information
lets one monitor the controlled release of drugs from delivery systems.
This review aims to showcase the development of labeling techniques
for PS derivatives, their selection, tagging methodologies, as well as
their applications. It should be noted that all natural polysaccharides
contain hydroxy groups, thus fluorescent labeling strategies that modify
those groups will work on any polysaccharide. Strategies have also been
developed to link fluorophores via polysaccharide carboxyls, i.e. the 6-
carboxyl groups of uronic acids or introduced carboxyl-containing
substituents like carboxymethyl groups. Amine groups (like the 2-
amino-2-deoxy moieties of chitosan) may also be modified with fluo-
rophores. Polysaccharides suitable for biomedical applications,
including dextran, amylose, chitosan, and others, are quite frequently
the subjects of fluorescent labeling studies.

1.2. Fluorophore selection

A fluorophore is a molecular entity that is excited by absorption of
electromagnetic radiation of a certain wavelength, followed by re-
emission of a lower energy photon that corresponds to a longer wave-
length. Fluorophores can be classified as either intrinsic or extrinsic,
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both of which possess conjugated = systems (polyaromatic hydrocarbons
and/or heterocycles). Some common fluorophores are depicted in Fig. 2.
Intrinsic fluorophores fluoresce in their native form, while extrinsic
fluorophores fluoresce because an external fluorophore has been
appended to them.

Intrinsic fluorophores found in nature include aromatic amino acid
residues (Fig. 2A), flavins, and chlorophyll. Extrinsic fluorophores give
fluorescence to compounds that lack the ability to fluoresce, or modify
the sample's spectral properties if intrinsic fluorescence is inadequate or
undesirable for the experimental design (Lakowicz, 2006a). The
remainder of this review will focus on extrinsic fluorophores.

Ideal characteristics for a polysaccharide-linked fluorophore include
a stable chemical linkage, high quantum yields and molar absorptivities,
and the ability to operate at longer wavelengths - a safer range resulting
in reduced sample photodecomposition compared to using high energy
radiation (Adav et al., 2010). Ideal tags have excitation maxima acces-
sible using simple light sources (laser diodes instead of LED) (Lakowicz,
2006a), chemical/photochemical stability, and readily accessible reac-
tive groups to directly modify the PS of interest (Briggs et al., 1997).
Should the polymer of interest contain an intrinsic fluorophore, the dye
selected must possess a fluorescent profile which spectrally overlaps if
desired for FRET measurements. Biological interferences caused by the
tag's presence must be taken into account in order to consider its utility
for the experimental objective. For example, the fluorophore could alter
metabolism or transport in undesirable ways (Adav et al., 2010). The
environment around the biomolecule of interest (i.e., its polarity or pH)
can be probed with environment-sensitive fluorophores, divulging
whether the molecule is in a hydrophobic or polar environment (Ilev-
bare et al., 2013; Lakowicz, 2006a). In order for any of these traits to be
measurable, the fluorophore must be delivered and remain at its tar-
geted destination long enough to be analyzed (Adav et al., 2010).

Fluorophores can be attached to biomolecules covalently, or through
non-covalent associations via hydrophobic or electrostatic interactions
(Lakowicz, 2006a; Webber, 1999). Modified fluorophores containing
reactive electrophilic groups can undergo coupling to amines or undergo
addition by nucleophiles to target macromolecules (Fig. 3A) (Adav et al.,
2010; Waggoner, 1995), while those in Fig. 3B can react with thiols
(Lakowicz, 2006a). Fluorescent alkyl halides can esterify carboxylic acid
derivatives and react with thiols (Wiederschain, 2011). BODIPY 493/
503 MeBr and 5-bromomethylfluorescein have the strongest fluores-
cence and absorptivities of any carboxyl derivative described to date
(Wiederschain, 2011).

Dansyl groups offer sensitivity to polar solvents, long emission
maxima (520 nm), and long fluorescence lifetimes, but have short
wavelength absorption maxima (350 nm). Non-solvatochromic dyes
that tend to self-quench include fluorescein, Rh, and BODIPY. Fluores-
cein and Rh are attractive labels as they are sensitive (indicated by their
high molar extinction coefficients, 80,000 %), have high quantum
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yields, and operate in long excitation (480 nm and 600 nm) and emission
wavelength regions (510 and 615 nm), respectively (Lakowicz, 2006a).
However, these dyes are being replaced with BODIPYs due to reduced
self-quenching, higher quantum yields, and narrower emission spectra
which permit greater resolution from other dyes (Lakowicz, 2006a).
Unfortunately, BODIPYs have small Stokes shifts that can cause self-
quenching from dye-dye energy transfers at sufficiently close Forster
distances.

Although several environmental probes are available, the most well-
studied is pyrene. Pyrene can probe structural changes, such as the
concentration at which polymers begin to assemble or disassemble. The
various microdomains of a nonlinear polymer chain, such as hydrophilic
vs. hydrophobic, can begin to self-associate as a response to changes in
the local environment. For example, changes in polarity or pH can lead
to a shift in the concentration of hydrophobic domains, causing a shift in
the emission spectrum of pyrene, specifically if there is an increase in the
concentration of hydrophobic domains which begin to solubilize the
probe. This point is defined as the critical aggregation concentration
(CACQ), critical micelle concentration (CMC), or critical vesicle concen-
tration (CVC). Pyrene's characteristic emission spectrum provides values
for the ratio of fluorescence intensities at 375 nm and 386 nm (Iy/Iy;; = I
375/1 38¢) for varying concentrations of sample. These ratios were plotted
vs. log [polymer], and indicate the CVC at the instantaneous initial in-
crease of of Iy/Ij;; (Belovolova et al., 2009; Pramod et al., 2012; Webber,
1999).

2. Applications
2.1. Toxic and heavy metal ion sensors

Decontaminating the environment is a critical global dilemma.
Serious health concerns can emerge from organic and inorganic impu-
rities that remain even after passage through a wastewater treatment
plant, thereby reaching bodies of water and even downstream (to direct
water consumers, to crops, and to other food sources). Chief sources of
pollution from effluents include heavy metal ions and dyes from textile
industries. Current decontamination methods such as hybrid ion ex-
change materials, activated carbon, or electrocoagulation are simply not
always fully effective, or cost effective. Environmentally friendly,
economical, and benign materials are thus highly attractive sources as
antifoulants to remove heavy-metal toxins or dyes that are otherwise not
degradable.

Chitosan is a randomly alternating linear polymer with $-(1 — 4)
-linked D-glucosamine and N-acetyl-D-glucosamine units, derived from
natural chitin found in crustacean exoskeletons by alkaline deacetyla-
tion. It is also found as a natural polymer in fungal cell walls (Abo Elsoud
& El Kady, 2019). Chitosans have gained attention as abundant,
renewable, and relatively nontoxic sources for an array of applications
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Fig. 2. Common fluorophores A. Intrinsic and B. Extrinsic.
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Fig. 3. Common Reactive Fluorophores. A. Isothiocyanates (ITC), succinimidyl (NHS) and pentafluorophenyl esters, and sulfonyl chlorides, B. Maleimide, Iodoa-

cetamide, bromoacetamide, and alkyl halides (RX).

including in pesticides (Elsherbiny et al., 2022), paint coatings,
biomedical products (wound dressings and antibacterial (Huang et al.,
2019; Meng et al., 2010)), hydrogels, and as excellent metal ion (Gabris
et al., 2022; Wan Ngah et al., 2011) and dye adsorbents (Pereira et al.,
2017; Shahadat et al., 2022).

Chitosan has served as an eco-friendly clarifying agent with excellent
chelating ability and high affinity for heavy metal ions including mer-
cury (Bejan et al., 2020; Li et al., 2018), arsenic(V) (Gabris et al., 2022),
chromium (Wani et al., 2021), copper (Li et al., 2020), and iron (Virmani
et al., 2021). Chitosan's multifunctionality also permits binding to
effluent dyes.

Recently, Bejan et al., 2018 synthesized a novel UV absorbing gel
(xerogel) via Schiff-base chemistry linking the nontoxic formyl-
phenothiazine and chitosan. Formyl-phenothiazine advantageously of-
fers a strong green light emission profile with Aex at ~390 nm. The
xerogel removes 15 environmentally threatening metals (Na*t, K*, Ca®,
Sr2+, Ba2+, Cr3+, Mn2+, C02+, Ni2+, Cu2+, Zn2+, Cd2+, Pb2+, Eu3+, Hg2+)
with high affinity and sensitivity to mercury (0.001 ppm) (Bejan et al.,
2020). This porous xerogel displayed bathochromism, with a red shift
when bound to mercury (yellow-green to green-yellow) along with
changes in morphology to a rubber-like material. Swelling behavior was
influenced by metal chelation, with an observed reduction for mass
equilibrium swelling (20.8 when bound to just H, vs 11.8 for H—Ba).

Jia et al., 2018 prepared magnetic fluorescent nanoparticles with
chitosan as a selective mercury (II) adsorbent with low detection limits
of 12.43 nM. This recyclable system has chitosan as the shell, Fe304
nanoparticles as the core, and carbon dots (CDs) as the fluorescent
probe, with only slight losses in adsorption (13 %) and photo-
luminescence (5 %) after recycling 5 times. This system has a well-
defined structure with adsorption capacity of 110.52 mg/g, and
quenches when Hg couples to the antifoulants as supported by the
photoluminescence spectra.

Nanoaggregate polyelectrolytes of hyaluronic acid and/or chitosan
complexes with luminescent lanthanide were recently designed to cap-
ture Eu®t (Guo et al., 2018). The lanthanide-induced polysaccharide
aggregates have employed either a single complex with one poly-
electrolyte (polyanionic hyaluronic acid), or two oppositely charged
polyelectrolytes (chitosan and hyaluronic acid). Fluorescence was
significantly enhanced when using thenoyltrifluoroacetone (TTA) and
1,10-phenanthroline monohydrate (Phen) as ligands for Eu>*.

A new fluorescent cotton fabric smart material with alginate-silver
nanoparticles (AgNP) simultaneously detects bacteria (Escherichia coli
and Staphylococcus aureus) while also removing transition metals (Na™,
K, Ca®t, cu®*, and Zn?") that are toxic at elevated concentrations (Li
et al., 2022). Silver nanoparticles are known to have antimicrobial
properties, but are also toxic to humans and other organisms at higher
concentrations. In contrast to an uncoated rare-earth complex, sodium
alginate provided a supportive matrix for the stable, layer-by-layer
formation of uniform sized nanoparticles (Nowak et al., 2021) with
reduced toxicity confirmed by the cytochemical toxicity assay (MCC).
Sodium alginate-AgNP and cotton were bonded via etherification with
pentaerythritol. (Horrocks et al., 2005), and 3-chloro-2-hydroxypropyl
trimethylammonium chloride enhanced binding between cotton and

dye (Arivithamani & Giri Dev, 2017). Meanwhile, Eu®t/TTA/Phen li-
gands induced nanoparticle assembly and enhanced fluorescence. This
wearable fabric with relatively enhanced compatible technology allows
straightforward evaluation by non-experts by exhibiting a strong red
fluorescence that quenches when detecting increasing concentrations of
toxin or metal. While unable to completely prevent the growth of bac-
teria, the smart fabric displayed antimicrobial activity by producing a 5
mm inhibition zone for E. coli, and 8 mm for S. aureus.

Water-soluble nitrogen-doped fluorescent CDs offer a straightfor-
ward and economical synthetic route to fluorescent materials with high
performance, via one-pot carbonization of natural peach gum PS and
ethylenediamine. This product offers enhanced quantum yields (23 %
increase) vs. their undoped forms, low cytotoxicity, and fluorescence
stability at various pH and ionic strength values, with rapid, selective,
sensitive sensing of Au®" ions. Audt sensing occurs via quenching ef-
fects, offering one of the lowest detection limits (6.4 x 10 8 M) in
biological environments and river water. These traits make nitrogen-
doped CDs promising, enhanced, and label-free alternatives for bio-
imaging and sensors (Liao et al., 2016).

2.2. Enzyme/conjugate screening assays: localization and biological role
determination

An important advantage of fluorescent labeling is the ability to
distinguish modified PS in the presence of endogenous PS (e.g. mannan,
dextran, heparin, chondroitin sulfate, fucoidan). This approach permits
localizing and quantifying cell surface proteins that bind to carbohy-
drates (lectins) (Adav et al., 2010; Glabe et al., 1983). Dextrans have
been tagged with FITC and its N-fluoresceinyl thiocarbamate and fluo-
resceinyl triazine derivatives (Scheme 1A-B) to monitor cellular location
of endosomes in kidneys (Lencer et al., 1990), blood-brain barrier
permeability (Natarajan et al., 2017), gut barrier integrity (Gerkins
et al., 2022), and controlled release (e.g. nasal (Ohtake et al., 2002) and
dermal (Panda et al., 2022)). However, this FITC coupling strategy
(Scheme 1) is not suitable for sulfated PS since conditions require sol-
volysis which promotes desulfation (Glabe et al., 1983). Stable linkages
have been achieved with FITC-derivatized hyaluronic acids via isocya-
nate condensation, which can be extended to other carboxyl-containing
PS (de Belder & Wik, 1975). Early fluorescein-PS derivatives (mannan,
dextran, heparin, chondroitin sulfate and fucoidan) were prepared by
Glabe et al. (1983) with minimally altered structure and therefore
retention of structure-properties. This approach required pre-activation
of the PS using cyanogen bromide (CNBr), followed by coupling with
fluorescein amine (Scheme 1B). Effects of pH, incubation time, and
equivalents of CNBr were found to impact the DS (Glabe et al., 1983).

The inhibiting activity of the resulting fluorescent PS was unaffected
relative to underivatized PS (fucoidan, mannan, and heparin). Successes
using this method include conservation of PS inhibiting activity for
lectin-mediated hemagglutination and improved stability profiles
(Glabe et al., 1983). The latter was determined by the absence of
detectable free fluorescein post-incubation 3 months at 10 °C, 4 °C for
1 week, and for 2 days at 22 °C under alkaline conditions (up to pH 8)
which are known to promote uncoupling. Product stability is postulated
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Scheme 1. Fluorescein-dextran tagging method: A) with FITC, B) with triazine derivative (de Belder & Wik, 1975), and C) activation of dextran with CNBr and

coupled to fluoresceinamine (Glabe et al., 1983).

to result partially from lower pK values of fluoresceinamine's aromatic
amine groups relative to those of previously studied saturated alkyl-
amine groups. Retention of inhibitory activity from the lectin conjugates
and site binding onto the cellular monolayer suggests their potential
utility as cytochemical probes to study cell surface and PS interactions
(Glabe et al., 1983).

Tags have been introduced to polymeric substances and exo-enzymes
in bioaggregates to identify and quantify their significance in biological
processes by generating aggregate distribution profiles (Adav et al.,
2010). Localization and distribution of extracellular polymeric compo-
nents were visualized by combining multiple color staining using fluo-
rophores with confocal laser scanning microscopy, fluorescent in situ
hybridization, and flow cytometry. Glycoconjugates of glycoproteins in
bioaggregates have been stained using a FITC-labeled lectin,
Concanavalin-A (Cerca et al., 2007; De Beer et al., 1996; Lawrence et al.,
1998; Michael & Smith, 1995; Neu, 2000; Wang Yu Wang Yu Liu Joo-
Hwa Tay, 2005). On/off quenching abilities of FITC-Concanavalin-A
were discovered, as the FITC-Con-A-glycogen conjugate formation in-
duces quenching (off), while dequenching (on) when disassembly is
provoked by adding to the conjugate solution (Sato & Anzai, 2006).
a-Mannopyranosyl and a-glucopyranosyl residues in bioaggregates have
been stained with Con A-rhodamine conjugates (Adav et al., 2010; Chen,
Lee, & Tay, 2007; Chen, Lee, Tay, & Show, 2007). Calcofluor White
(CW), a fluorescence brightener, has been applied to p-linked PS for their
identification and quantification in bioaggregates. CW staining

techniques have characterized the distribution of three different PS in
biofilms (Chen, Lee, & Tay, 2007). However, despite the high affinity of
CW for cellulose and chitin, it may also interact with other PS (i.e., sialic
acids, terminal glycan residues and lectins), creating the possibility of
off-target results.

2.2.1. Smart polysaccharides, molecular rulers

Aggregation of co-assembled peptide amphiphile (PA) nanofibers (as
donors) has been probed with commercial fluorescein-tagged heparin
(the acceptor) (Behanna et al., 2007). This oppositely charged co-
assembly consists of a bioactive heparin-selective binding epitope, and
a non-bioactive stilbene tagged PA. The latter species can be viewed as
an intrinsic fluorophore, as it contains branched stilbene. When the co-
assembly contains a dilute chromophore component and is mixed with
commercially tagged heparin, FRET indicates binding by increased
fluorescein emission and quenched chromophoric PA emission. Specific
vs. non-specific binding was confirmed, with ratio of acceptor to donor
emission intensity plots for the PA pair containing an epitope and an
epitope lacking PA pair control. Greater emissions were observed for the
epitope-containing pair, indicating FRET events (as opposed to aggre-
gate entanglement inducing spectral changes). Furthermore, FRET-
induced fluorescent changes were confirmed by donor fluorescence re-
covery in photobleaching experiments. Thus, these epitope-containing
probes can be used to sense and study PS interactions with other mol-
ecules (Behanna et al., 2007).
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2.3. DDS, controlled release, and sensors

There are several routes available for drug administration including
intravenous, inhalation, and transdermal, but the most patient-accepted
route is oral administration. Development of high-performance DDS is
motivated by the low bioavailability of many orally ingested drugs.
Promising designs with enhanced fluorescence profiles for monitoring
DDS, sensing, and controlled release have been observed in crosslinked
non-nanoencapsulated systems and nanotherapeutics, including the
naturally photoluminescent quantum dots.

2.3.1. Non-encapsulated DDS

A straightforward water-based method for amine grafting onto PS
has been performed on the backbone of seaweed PS (including alginate,
kappa-carrageenan, and agarose, Fig. 4) permitting observation of the
influence of the amines on fluorogenic properties (Chhatbar et al., 2011;
Oza et al., 2010; Oza, Meena, & Siddhanta, 2012; Oza, Prasad, & Sid-
dhanta, 2012; Siddhanta et al., 2015). Since amides typically possess
strong quenching abilities (Lukomska et al., 2001; Mrozek et al., 2005),
it was surprising that fluorescent alginate-amide derivatives were
afforded upon crosslinking (Chhatbar et al., 2011). This emerging
fluorescence is thought to result from n-n* transitions from the newly
introduced extended conjugated system when crosslinked with genipin
(Chhatbar et al., 2011). This rapid and environmentally friendly method
can be used even under neat conditions (Perreux et al., 2002).

Apart from the amide of alginate and ethylenediamine, other algi-
nate — amide derivatives (hydrazine, ethylenediamine, hexanediamine
and 1,4-cyclohexanediamine) exhibit fluorescence only after cross-
linking with genipin (Scheme 2B). Increased fluorescence emissions
were observed when the appended diamines had shorter oligo(methy-
lene) spacers (Fig. 5A). Thus, alginate hydrazide was the most intensely
fluorescent of this series when crosslinked with genipin, while the
alginate amide with ethylenediamine fluoresced most intensely when
not crosslinked (Chhatbar et al., 2011).

Crosslinked alginate derivatives containing the shortest difunctional
amines studied, hydrazine and ethylenediamine, and higher DS (amide)
produced the greatest emission intensities, producing an inverse corre-
lation between the length of oligo(methylene) units and fluorescence
emission (Fig. 5B) (Chhatbar et al., 2011). The observed weakened
fluorescence for this crosslinked series as -CHs- units increase is in
agreement with diminished electron acceptor ability resulting from
steric and inductive effects, caused by shortened spacer units (Braun
et al., 1997). The dual fluorescence observed from alginate-
ethylenediamine and the other crosslinked products (except alginate
hydrazide) aligns with quenching induced via the torsion of the dime-
thylamino group with transfer of an electron (i.e., twisted intra-
molecular charge transfer (TICT) mechanism model), and nonradiative
deactivation of the amide's n-t*transition energy states. Thus, amide
acceptor ability can be tuned via alkyl group selection (Braun et al.,
1997).

Labeled seaweed PS resulting from the grafting of nucleobases offer
the ability to sense environments in biomedical applications (Scheme 3).
Published examples include nucleobase modified agarose and kappa-
carrageenan (Oza et al., 2010; Oza, Meena, & Siddhanta, 2012; Oza,
Prasad, & Siddhanta, 2012).
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0 OH
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O
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OH

Agarose
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Scheme 2. A. Synthetic route for alginate amide derivatives B. Sample genipin
crosslinking step for alginate-ethylenediamine derivative (Chhatbar
et al., 2011).

These nucleobase-grafted PS were prepared using potassium per-
sulfate as an initiator. When dye content is held at equal concentrations,
the grafted products offered increased fluorescence intensities relative
to the already fluorescent, free nucleobases (control). At the emission
maximum, agarose grafted with guanine, cytosine, or adenine showed
increased fluorescence intensity by 85 %, 143 %, and 30 % vs. agarose,
respectively, while intensities of K-carrageenan grafted with adenine or
cytosine increased by 40 % and 81 % vs. K-carrageenan itself, respec-
tively. In contrast to guanine and cytosine, intensity enhancements from
the grafted adenine analogs were similar when comparing to either
controls at equal or higher dye content. Both cases produced greater
emission intensities for agarose vs. K-carrageenan.

The fluorescence enhancement in solutions containing free dye at
higher concentration relative to the grafted analogs can be attributed to
diminished inter-nucleobase interactions (Oza et al., 2010; Oza, Meena,
& Siddhanta, 2012; Oza, Prasad, & Siddhanta, 2012). This is because
quenching likely occurs from stronger intermolecular interactions
induced by greater concentrations (Callis, 1979), as was observed for
higher concentrations of free nucleobase solutions. Reduced emission
from adenine was attributed to the absence of a carbonyl group in
contrast to guanine and cytosine, and n-n* transitions arising from ad-
enine's increased nitrogen content. The former was unexpected since
carbonyl-containing compounds typically quench in the presence of
acidic proton sources and n-electron systems (Oza et al., 2010). Thus,
greater emission from cytosine and guanine may be due to the carbonyl's
rigid position which prevents internal proton transfers that would
otherwise result in quenching (Oza, Meena, & Siddhanta, 2012). This
effect is in agreement with reported emissions of grafted guanine and
cytosine compared to the free dye at comparable concentrations, partly

kappa-Carrageenan

Genipin

Fig. 4. PS used in microwave amidations employing the natural crosslinker genipin.



D.C. Novo and K.J. Edgar

10000000
9000000

3000000

3000000

@
s

& 2000000

1000000
0

WALG-HY ®WALG-EDA ALG-HDA ®ALG-CHDA ®mALG-HY-G ALG-EDA-G WALG-HAD-G WALG-CHDA-G
A)
1.0E+07 E
9.0E+06 E
S 8OE+06 +
< ;
2 7.0E+06 t
G
§ 6.0E+06 E
= 5.0E+06
g i
§ 4.0E+06 T
& 3.0E+06 +
5 3
= 2.0E4+06
= i
1.0E+06 E
0.0E+00 -— : - . : I
0.4 0.5 0.6 0.7 0.8 09 1
Degree of substitution (DS), amide derivative
B)
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Figures adapted from Chhatbar et al. (2011) and Siddhanta et al. (2015).

from participation of fluorescence emissions from water and dilute
aqueous media in PS-water matrices (Belovolova & Glushkov, 2021;
Kondaveeti et al., 2014).

Other fluorescent labeling reactions of agarose are summarized in
Scheme 4. Agarose has been linked with phthalimide to produce 6-
deoxy-6-phthalimidoagarose, with subsequent removal of the phtha-
loyl protecting group by condensation with hydrazine hydrate. This
method of introducing an accessible and protonated amine is promising
for use in gene and drug delivery systems, creating the potential to
derivatize 6-amino-6-deoxyagarose and other PS into polycationic
polymers (Samal et al., 2012; Siddhanta et al., 2015). Fluorescence in-
tensities of genipin-crosslinked 6-amino-6-deoxyagarose (produced
similarly as shown in Scheme 2, B) with picolinic and nicotinic acid were
increased vs. free picolinic and nicotinic acids (Kondaveeti et al., 2014).

Fluorescent labels have been introduced by esterification of agarose
catalyzed by carbodiimides. Fluorescent agarose-L-tryptophan ester
hydrogels synthesized using DCC/DMAP catalyst produced increased
fluorescence emissions vs. free tryptophan. The corresponding cross-
linked genipin hydrogels were stable under ambient conditions and over
a wide pH range (Kondaveeti et al., 2013). Agarose has been esterified to
append fluorescent 6-O-naphthylacetyl moieties using DCC/DMAP. This
method shows promise as a sensor that controls release of the plant
growth regulator, naphthyl acetic acid, in hydrolytic conditions (Kon-
daveeti et al., 2013).

2.3.2. Nanotherapeutic systems

Quercetin is a highly crystalline natural flavonoid which has been
explored as a drug candidate. Both research studies and any clinical
applications are impeded by its low bioavailability, caused in part by its
poor water solubility (Gilley et al., 2017; Li et al., 2013). Zhou et al.,
2022 employed a novel encapsulation structure with a low molecular
weight chitosan nanoparticle composite as a DDS with the motivation to
invoke antimicrobial properties, impart solubility, and thus enhance
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bioavailability. Chitosan formed uniform nanoparticles under acidic
conditions; the nanoparticles were subsequently loaded with quercetin
using sodium tripolyphosphate as crosslinker. The chitosan amine
groups were then functionalized with FITC via EDC amide coupling to
enable monitoring of antimicrobial properties towards E. coli using the
Oxford cup method. The latter method is a standard test used to deter-
mine bacteriostatic properties, measured by how well the nanomaterial
inhibits the spread of E. coli as determined by measuring colony diam-
eter on a Petri dish. The further photoluminescence is observed from the
sample spot, the less bacteriostatic is the material. Chitosan-quercetin
drug-loaded nanoparticle spot diameter was equal to the inhibition
zone, indicating highly successful antimicrobial performance. Chitosan-
FITC nanoparticles have promise for tracking drug release and illumi-
nating release mechanism.

Renewable polymersomes, which can load water-soluble or lipo-
philic drugs, were designed for cancer treatment using dextran, 3-penta-
decylphenol, and tetraphenylethylene (TPE) (Virmani et al., 2021). This
unique assembly manipulates FRET as a turn-off probe with the energy
transfer between the aggregation induced emission polymersome host,
TPE (donor), and encapsulated DOX (red luminescent acceptor) to
detect breast cancer cells (MCF 7 cancer line). This phenomenon allows
tracking DOX release kinetics, and for the first time, tracking the DDS
within cells. Real-time enzymatic cleavage (esterase with higher cleav-
age efficiency vs. papain, trypsin, a-chymotrypsin, and glutathione) of
the polymersome was observed with live-cell confocal microscopy by
monitoring the restoration of the blue-luminescent signal as they ‘turn-
on’, with DOX (in nucleus) and TPE (in lysosome) during endocytosis.
Polymeric encapsulation was found to induce apopotosis to an extent
equivalent to free DOX (80 %). Separately, cisplatin was conjugated to
the polymersome and maintained blue luminescence while turning off
during endocytosis. A cisplatin-loaded scaffold presented enhanced ef-
ficiency vs. free cisplatin, inducing apoptosis at 95 %.

Near infrared (NIR)-797 isothiocyanate (Fig. 6) has been used to
label a bioreducible, disulfide-crosslinked heparin nanogel loaded with
doxorubicin by conjugating ITC to heparin hydroxyl groups. Labeled
heparin acts as a biomarker that can track the site and incidence of drug
release monitored by in vivo real-time NIR fluorescent imaging and
confocal microscopy. Tracking the fluorescent nanogel enables
recording of time-dependent biodistributions as average % of injected
dose/g wet tissue. This indicated long circulation times of the
doxorubicin-loaded nanogel concentration in blood and effective tar-
geting, since the nanogel concentration increased at the tumor site by
two-fold within 24 h of injection (Wu et al., 2015).

NIR-797-heparin nanogels were incubated in fetal bovine serum
(FBS) at 37 °C in order to evaluate NIR-797 physiological stability by
UV-Vis spectroscopy. Stability was confirmed by the absence of released
NIR-797 in FBS, thus NIR-797-heparin was deemed a viable tag for
heparin nanogels. The disulfide bond is reduced in the intracellular
environment, effectively eliminating crosslinks in the heparin nanogel
and selectively releasing the encapsulated drug into the cytosol (Wu
et al., 2015).

Hollow nanocapsules with aqueous cores prepared by cross-
metathesis (CM) were created for targeting the water-oil interface
using dextran acrylate and biodegradable unsaturated poly(phos-
phoester)s (PPEs). The therapeutic target is conveniently unaffected
since the reaction occurs at the interface, producing stable micro-
emulsions which form defined and discrete nanocapsules. Dextran
acrylate was prepared in-house to control hydrophobicity, targeting DS
(acrylate) of 0.13-0.55. Scheme 5 shows how one can target dye-tagging
at either site of the nanocapsule: 2a) externally coupling onto the cap-
sule's surface, or 2b) within the nanocapsule shell on the crosslinker's
(PPE) pendent phosphoester. The latter uses a BODIPY derivative that
simultaneously acts as a chain terminating agent during poly-
condensation as, unlike 2b, it lacks a terminal olefin (Malzahn et al.,
2014).

Bonding between the nanocapsules and dye was confirmed using
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Scheme 3. General reaction scheme for nucleobase grafting onto agarose or kappa-carrageenan initiated by potassium persulfate (KPS) (top left), and a sample

reaction (bottom left).

UV/VIS and fluorescence, and fluorescence correlation spectroscopy
confirmed covalent bonding. The crosslinked product was initially
inferred by its insolubility in all common solvents—possibly an unde-
sirable trait for some drug-delivery applications. The versatility of this
method is afforded through altering the olefin partners for CM either by
using a different type of macromolecule for the type II olefin, or by
varying the small molecule type I olefin. However, high conversion for
CM has been reported for PS containing type I olefins tethered to type II
olefin small molecules (Dong et al., 2016, 2017, 2019; Dong & Edgar,
2015; Meng et al., 2014b; Meng & Edgar, 2015; Novo et al., 2022).
Promising applications of these biomolecule-loaded nanocapsules
include targeted drug delivery and controlled release (Malzahn et al.,
2014).

Amphiphilic dextran nanoscaffolds can selectively encapsulate hy-
drophilic and hydrophobic molecules for cellular drug delivery. This
allows a PS-based vesicle to encapsulate either hydrophobic drugs in the
shell, or water-soluble molecules in the core (Fig. 7) (Pramod et al.,
2012).

This amphiphilic dextran derivative comprises a hydrophilic

polymer backbone decorated with a hydrophobic tail (3-pentadecyl
phenol (PDP), cardanol (CAR) or stearic acid (SA)), linked by an
aliphatic ester. The amphiphilic character allows the polymer to
assemble into vesicles in water or phosphate buffered saline via hy-
drophilic and hydrophobic interactions. The hydrophobic layer permits
hydrophobic drug encapsulation, as its hydrophilic core can be loaded
with hydrophilic drug. In physiological conditions, cytoplasmic esterase
cleaves the ester linkage, resulting in rapid release of the encapsulated
molecules. Molecules used in these loading experiments included the
hydrophilic / water soluble Rhodamine-B and the hydrophobic poly-
aromatic anticancer drug, camptothecin (Pramod et al., 2012).
Rhodamine-B- and camptothecin-loaded vesicle uptake by mouse
embryonic fibroblast cells was confirmed using confocal microscopy to
produce fluorescence micrographs, demonstrating localization by
comparing fluorescence intensity vs. cell location (Pramod et al., 2012).
Dextran-PDP was able to deliver hydrophilic dye, Rh—B, as confirmed
by its cellular uptake. The dye's strong emission profile also permitted
direct visualization inside cells (Pramod et al., 2012). This methodology
provides understanding of the endocytic cellular uptake mechanism and
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Fig. 6. NIR-797-isothiocyanate.

localization in healthy vs. cancer cells. The new and hydrolytically
stable amphiphilic DDS design also allows simultaneous dual loading
and delivery by encapsulation of both hydrophilic and hydrophobic
drug molecules in a single nanoscaffold (Pramod et al., 2012). Stability
against hydrolysis was enhanced by 10-fold for camptothecin-loaded
polymer vs. free camptothecin which was confirmed by monitoring a
red-shifted fluorescent absorbance relative to its non-encapsulated form

in phosphate buffered saline.

2.3.3. Carbon dots (CDs)

Quantum dots are 1-10 nm, hydrophilic/polar materials, with
adjustable particle size and high quantum yield, typically comprising C,
Si, Se, or Cd (Zhou et al., 2018). CDs offer application opportunities
across several fields, particularly in biolabeling and biosensing, as
inherently luminescent materials. However, due to their high carbon
content, several PS-CD tend to present low quantum yields and hydro-
phobicity in aqueous environments, thus making it desirable to enhance
CD hydrophilicity (Ganguly et al., 2020; Richter et al., 2015).

Carboxymethyl chitosan quantum dots have been invented for
lysozyme detection with high sensitivity (1.1-1.2 ng/mL). Zinc was
found to reduce fluorescence detection limit to 0.031 ng/mL. This on-off
sensor quenches as carboxymethyl chitosan is hydrolyzed upon the
presence of lysozyme, triggering Zn?" release while the quantum dots
complex to lysozyme (Song et al., 2014). Quenching was observed with
increasing temperature, reaction time, lower Zn>" concentrations, and
when decreasing in acidity in the range of pH 4-6.

Alginate nitrogen-doped CDs (urea) were thermally (microwave-
induced) coupled via carbonization (Ganguly et al., 2020). EDAC-NHS
was used to couple DOX onto alginate and explore in vitro release ki-
netics for controlled drug delivery. Enhanced solubility was observed as
indicated by the transparent solution, imparted by the hydrophilicity of
poly(anionic) alginate. Multiple labels can be employed with this ma-
terial as it displays excitation dependence with a red shift in Aep, from
458 to 508 nm when increasing the A¢ from 340 to 440 nm. The alginate
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Fig. 7. Dextran vesicular delivery of hydrophobic or hydrophilic molecules.
Figure adapted from Pramod et al. (2012).

urea carbon dot (AUCD) has blue fluorescence and 48 % quantum yield dark (9 months), and at different ionic strengths (0.25-2.5 M NaCl). The
that is rather appreciable compared to other CDs (Table 1). The AUCD is lifetime of these AUCD (2.90 ns) permits use in biological and electronic
stable in a range of conditions, displaying minimal change in fluores- applications.

cence intensity after 3 months at room temperature, at 4-25 °C in the
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Table 1
Studies of different carbon dots comparing quantum yields with respect to
alginate urea carbon dot (AUCD), adapted from Ganguly et al. (2020).

Precursor Quantum yield (%) Reference
Dopamine/cysteine 5.1 (Jana et al., 2016)
Polyethylene glycol (microwave)  16.0 (Jaiswal et al., 2011)
Polyethylene glycol (reflux) 45.1 (Kong et al., 2014)
Thioglycolic acid/CdCl 47.0 (Arivarasan et al., 2014)
Mannose/ammonium citrate 9.80 (Weng et al., 2015)
Anthracite/water 20.0 (Hu et al., 2016)
Glucosamine/water 16.8 (Liu, Zhao, et al., 2015)
L-glutamic acid 17.8 (Yu et al., 2016)
Alginate-urea 48.7 (Ganguly et al., 2020)

3. Conclusion

PS are important sustainable feedstocks as they are abundant, eco-
friendly, often compatible with particular biological systems and cir-
cumstances, and are typically of low toxicity. The self-reporting abilities
of smart fluorescent materials enable ease of detection with high spec-
ificity, selectivity, and sensitivity. Herein we highlight recent progress in
stimulus-responsive labeled PS and how these promising biomaterials
may be used to investigate and address emerging global challenges. PS-
based carbon quantum dots are photoluminescent, high quantum
yielding, economical materials for optical, environmental protection,
bioimaging and biosensing applications. Chitosan, alginate, cellulose,
heparin, and hyaluronic acid have served as important and efficient
clarifying agents for the environment by removing toxic dyes and heavy
metal toxic ions (in some cases, efficiently removing 15 metal ions at a
time). PS-based labels have been employed to localize and determine the
biological roles of enzymes or lectins, as well as in bioimaging, sensing,
and theranostic applications to illuminate potential mechanisms
including drug release kinetics in drug delivery systems and in animal
trials. Several (still incurable) diseases, such as Alzheimer's, ulcerative
colitis, or colorectal cancers remain poorly understood - recently,
probes such as Dextran-FITC have shown great promise in deconvolut-
ing how the gut microbiota are integral to several complex pathologies.
We discussed effective approaches to append dyes onto PS with high
conversion and fluorescence emissions with examples including cross-
metathesis to probe drug loading, and facile coupling reactions with
amides, esters, or protonated amines to decorate seaweed PS (alginate,
kappa-carrageenan, and agarose) that have afforded highly fluorescent
nucleobase or ester tagged materials that can be used in drug delivery or
sensors. Use of newly developed turn-on/off probes such as
polysaccharide-based smart fabrics or luminescent xerogels could be
useful as straightforward, universal indicators to visually detect a broad
array of hazards, including pathogens such as bacteria (E. coli, Staphy-
lococcus aureus) or viruses, or heavy metal ions. The economical, eco-
friendly, smart materials discussed hold promise for large scale
reduction of toxic waste, containment of pathogens, as well as common
day-to-day use across disciplines (food packaging (Dong et al., 2020)
and anti-counterfeiting security (Liu et al., 2022; Peng et al., 2022;
Wang et al., 2021; Zhang et al., 2023)). Despite these advances, fluo-
roprobe potential toxicity, physiological stability, and ability to be
cleared from the human body are important issues that must be fully
addressed in future research. We hope this review will stimulate further
interest in and synthesis of efficient, novel, fluorescently-labeled PS with
the ability to report environments of interest while remaining stable,
and providing high Stokes shifts, large quantum yields, while effecting
minimal destruction of the polymer structure and targeted properties.
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