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Abstract

Sugar-based polymers have been extensively explored as a means to increase drug delivery
systems’ biocompatibility and biodegradation. Here, we review the use of sugar-based polymers
for drug delivery applications, with a particular focus on the utility of the sugar component(s) to
provide benefits for drug targeting and stimuli-responsive systems. Specifically, numerous
synthetic methods have been developed to reliably modify naturally-occurring polysaccharides,
conjugate sugar moieties to synthetic polymer scaffolds to generate glycopolymers, and utilize
sugars as a multifunctional building block to develop sugar-linked polymers. The design of sugar-
based polymer systems has tremendous implications on both the physiological and biological
properties imparted by the saccharide units and are unique from synthetic polymers. These
features include the ability of glycopolymers to preferentially target various cell types and tissues
through receptor interactions, exhibit bioadhesion for prolonged residence time, and be rapidly
recognized and internalized by cancer cells. Also discussed are the distinct stimuli-sensitive
properties of saccharide-modified polymers to mediate drug release under desired conditions.
Saccharide-based systems with inherent pH- and temperature-sensitive properties, as well as
enzyme-cleavable polysaccharides for targeted bioactive delivery, are covered. Overall, this work
emphasizes inherent benefits of sugar-containing polymer systems for bioactive delivery.
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1. Introduction

Great advancements in polymer synthetic methods in the past few decades have led to a new
generation of sugar-based polymers with complex architectures, compositions, and well-
defined molecular weights. All of these characteristics greatly enrich polymer diversity and
enable a range of functions in biomaterials and biomedicine [1]. Compared with other
synthetic polymers, sugar-based biomaterials have the advantages of being biocompatible,
biodegradable, and non-immunogenic, making them particularly suitable for in vivo
therapeutic applications. Sugar-based polymers have attracted substantial interest for
biomedical applications, including drug, gene, protein, and antigen delivery, as well as
diagnostic devices. As such, they represent one of most promising delivery vehicles and can
be easily fabricated into different formulations, such as nanoparticles, micelles, and
hydrogels, to encapsulate bioactive agents with varying hydrophobicity [2].

Sugars, as an essential component of the human body, are integral in several biological
processes. Rapidly-growing interdisciplinary research provides insight into incorporating
sugars, such as mannose, lactose, or galactose, into polymers as targeting ligands due to the
high specificity of sugar-protein interactions [3]. Sugar-based conjugates have shown
success as multifaceted carriers by exhibiting inherent bioactivity through competitive
receptor inhibition in addition to mediating delivery of bioactive agents [4]. While various
strategies such as introducing pH-sensitive bonds into polymers have been well-documented
elsewhere, the use of sugar-based polymers (e.g., polysaccharides) with intrinsic stimuli-
responsiveness is highlighted herein.

This review presents the preparation and development of tunable and versatile sugar-based
polymers as targeted carriers and stimuli-responsive controlled release systems for
bioactives over the past decade, highlighting the benefits of using sugar-based polymers
over other synthetic polymers. It describes the design and functionalization strategies of
sugar-based systems to improve carrier targeting specificity and stimuli-triggered localized
drug release.
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2. Benefits of sugar-based polymeric delivery systems

In recent years, sugars (i.e., saccharides) have attracted increased interest in the field of drug
delivery due to their inherent biocompatible, biodegradable, and bioadhesive merits [5].
Furthermore, they are derived from abundant natural resources, exist in various repeat units
(i.e., monosaccharides, oligosaccharides, and polysaccharides), and possess functional
groups amenable to a wide range of chemical modifications. These features make them
especially suitable structural building blocks for bioactive carriers. Sugars also play essential
roles in many biological processes, such as molecular recognition, adhesion, and
inflammation [6], motivating the development of sugar-comprised delivery systems to
mimic natural biological processes. Sugar conjugation and modification also enable
numerous desirable properties, such as reducing toxicity and immunogenicity [7, 8],
improving serum stability, depressing freezing point [9], and promoting bioadhesion [10].

Sugars, such as chitosan or starch, are rich in hydrophilic functional groups, which allow for
interactions with biological tissues. Carriers made of sugars have prolonged residence time
in certain tissues, thus increasing absorbance of loaded drugs [11]. While synthetic polymers
such as poly(ethylene glycol) (PEG) effectively shield carriers from uptake by the
reticuloendothelial system, and thus extend half-life, they also retard cellular internalization
due to decreased interactions between carriers and cellular membranes. Alternatively, sugar
functionalization can camouflage delivery systems, increasing circulation time in the
bloodstream, while also enabling cellular entry, which is highly desirable for delivery
applications [12]. Polymeric delivery systems bearing pendant sugars with appropriate
spatial arrangements can induce remarkable binding affinity enhancement for proteins due to
multivalent interactions, known as cluster glycoside effects [1], which is one of the
underlying merits of sugars as active targeting ligands (see Section 4 for more detailed
discussion).

Recent innovation in synthetic approaches to generate sugar-based polymeric delivery
systems [13] enables their construction in a controlled manner and assists the understanding
of structure-activity relationships in extensive detail [14, 15]. These well-defined polymers
are highly tunable and can be manipulated into different formulations (e.g., micelles,
nanoparticles, vesicles, hydrogels), presenting a versatile platform for bioactive delivery. As
such, sugar-based polymers have become increasingly prevalent in the broad portfolio of
biomedicine and biomaterial applications [16].

3. Sugar-based polymers

Synthesis of polymeric materials has attracted tremendous interest over past few decades
due to the precise control over architecture, stereochemistry, and composition. Compared to
synthetic building blocks, sugar units have inherent tunability, chirality, and unique
degradation properties in vivo. Linear sugars have varying numbers of hydroxyl groups,
which can be used as conjugation sites for polymer decoration, and the differences in
relative orientation of hydroxyl groups (i.e., stereochemistry) renders specific 3D
configuration and spatial arrangement of conjugated moieties. More interestingly, as the
human body can only metabolize the dextrorotary (D) form of sugars, the ratio of D and
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levorotary (L) sugar enantiomers sugars can be altered to tune the polymer degradation
profile.

3.1 Synthetic approaches for sugar-based polymers

Sugar-based polymeric delivery systems can be categorized into three major types according
to the roles of the sugar entities: (i) polysaccharide derivatives, where the sugar is the bulk
polymer composition; (ii) sugar-functionalized polymers (i.e., glycopolymers), where sugar
moieties are conjugated as pendent groups, and (iii) sugar-linked polymers, where a sugar is
used as a branch site or backbone (Fig. 1).

Natural polysaccharides can be easily modified due to their various functional groups, such
as hydroxyl, carboxyl, and amino groups. Liu et al. have written an excellent review on
polysaccharide derivatives in 2008 [5]. Various conjugation methods have been well-
established to accommodate different reactive groups, such as carbodiimide-mediated and
alkoxychloro 1,3,5-triazine-mediated coupling for ester and amide formation respectively
[17, 18], leading to comprehensive libraries of hydrophobically- and hydrophilically-
modified polysaccharides. One example of a synthetic approach particularly amenable to
sugar-based polymers is the use of 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-
methylmorpholinium chloride as a coupling reagent for polysaccharide modification, due to
its ability to selectively promote amide formation in the presence of unprotected hydroxyl
groups [19]. When necessary, linker molecules are used to enable conjugation and present
alternative functional groups, such as a succinic [20] or less frequently used formaldehyde
linker [21].

Synthetic glycopolymers can be synthesized either by polymerization of glycosylated
monomers or by post-functionalization of pre-synthesized polymer scaffolds. Considerable
efforts have focused on the controlled synthesis of well-defined glycopolymers [22] by
controlled/living radical polymerization, such as nitroxide mediated polymerization (NMP)
[23], atom transfer radical polymerization (ATRP) [24], and reversible addition
fragmentation chain transfer (RAFT) [15] polymerization. These synthetic methods enable
facile preparation of polymers with low polydispersity indices and well-controlled molecular
weights and monomer sequences, giving rise to precisely prepared bioactive carriers.
Conventional free radical polymerizations, (e.g., ring-opening polymerization (ROP) [14])
commonly require protected sugar-containing monomers. This necessity limits the
applicability of ROP, as sequential deprotection of the sugars involves the use of strong
alkaline or acidic conditions that may not be compatible with the existing polymer
backbone. Combination of multiple polymerization methods is a robust approach to prepare
hybrid polymers, such as ROP/ATRP [25]. A less common, but still effective method, is the
use of enzyme-mediated polymerization, which is also under investigation as an
environmentally-friendly alternative to conventional polymerizations [24]. Another
complementary strategy that has also been widely used is post-functionalization of
polymeric scaffolds for ease of purification and presentation of protruding sugar moieties,
including free-standing polymers or preformed formulation surfaces [26, 27]. The latter
approach ensures the presence of sugar moieties on the formulation (e.g., nanoparticles)
surface to enable cellular interaction, making it especially suitable for targeted delivery.
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Glycosylation can be chemically achieved through reductive amination [12], click chemistry
for alkyne bearing polymers [28, 29], coupling reactions for conjugation via ester or amide
[26, 30], and enzymatic transglycosylation [12]. Click chemistry is beneficial for
quantitative carrier glycosylation [29], as it allows for precise control over the degree of
glycosylation.

Sugar linked-polymers usually use the multiple hydroxyl groups of sugars as attachment
sites. Uhrich et al. developed several series of sugar-based amphiphilic polymers (SBAPS)
by acylating or alkylating different sugar acids (e.g., mucic acid, galacturonic acid) to form a
branched hydrophobic domain, followed by conjugation to a hydrophilic PEG tail [31-33].
The branched domain could be further functionalized with various ethyleneimines to prepare
gene delivery vehicles [34]. Similarly, Synatschke et al. used a core-first approach with
functionalized sugars with multiple initiating sites for sequential polymerization by ATRP
[35].

3.2. Sugar-based polymers design criteria and strategies

3.2.1. Polysaccharide derivatives—Numerous polysaccharide derivatives have been
synthesized to investigate the influence of polymer structure variations on materials
effectiveness, such as degree of substitution (DS), substitution linkage types, grafting
density, etc. The polysaccharide DS has been well explored to modulate drug loading,
encapsulation efficiency, and release profiles [17, 36]. Higher degree of hydrophobic
substitution is generally associated with more compact particles, leading to higher drug
loading and encapsulation efficiency, along with extended and sustained cargo release [37].
This effect is likely due to stronger intra- and/or intermolecular hydrophobic interactions
under aqueous conditions. It should be noted that excessive substitution may lead to limited
polymer solubility in water, compromising translational capabilities as drug carriers [36].

Substitution linkage types also play a critical role in adjusting physicochemical properties of
delivery systems. Vallée et al. showed that amide derivatives of alginate hydrogels had
strongly reduced solubility and better degradation stability compared to ester counterparts
[38]. In addition, grafting density is a robust tool to fine-tune hydrogel properties. Mundargi
et al. reported that by increasing the acrylamide grafting ratio onto xanthangum, prolonged
drug release and reduced swelling were achieved [39].

Tailoring the molecular weight and DS can modulate polymer-nucleic acid complex
stability, unpacking, and transfection efficacy for nucleic acid delivery systems. A proper
molecular weight and/or DS are required for efficient nucleic acid delivery due to the subtle
balance between formulation stability and nucleic acid release. By fine-tuning the molecular
weight of cationic chitosan and molar ratio of uncharged oligosaccharide, Strand et al.
successfully identified the optimal chain length and substitution degree of glycosylated
chitosan that would provide sufficient DNA protection and balanced electrostatic
interactions with DNA to facilitate release upon cellular uptake [40].

3.2.2 Glycopolymers—Glycopolymers with different architectures (e.g., star-shaped,

linear, and dendritic) have been extensively explored and characterized, providing insight
into the rational design of sugar-functionalized delivery vehicles. Aggregates assembled
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from star-shaped polymers typically demonstrate better thermodynamic stability compared
to linear counterparts. Dai et al. reported the synthesis of star-shaped poly(e-caprolactone)-
b-glycopolymer from the controlled ROP of a e-caprolactone monomer, followed by direct
ATRP of unprotected glycomonomer [25, 41]. Through systematic investigation, the star
macromolecular architecture was shown to be critical in improving the thermodynamic
stability of aggregates. In fact, dendritic copolymers had an order of magnitude lower
critical aggregation concentration compared to linear analogues. In addition, by adjusting the
weight fraction of hydrophilic glucose-bearing segments, the self-assembly properties and
aggregate morphologies of amphiphilic copolymers in aqueous solutions were significantly
changed, which can be attributed to the hydrophilic-lipophilic balance (HLB). Morphologies
including micelles, vesicles, and large compound aggregates can be fabricated from sugar-
decorated polymers with varying HLB, presenting a range of sugar densities and spatial
arrangements [42]. For example, giant polymersomes (i.e., vesicles) with 20-25 pm
diameters were prepared with glycosylated polyethylene-block-poly(ethylene glycol) (PE-b-
PEG) with appropriate HLB values, capable of hydrophobic dye encapsulation [43].

To better understand the influence of architecture on cationic nucleic acid delivery vectors,
Ahmed et al. synthesized a library of cationic glycopolymers containing pendant sugars of
different architectures (block vs. random) via RAFT [15]. Interestingly, the random
copolymers demonstrated greater cell viability and higher transfection efficiency in both
serum-free and serum-containing conditions in comparison with corresponding diblock
copolymers. These results indicate that the sugar residues were less able to mask the toxicity
of the cationic segment in the block configuration. It was likely that block glycopolymers
form core-shell structures with a sugar-modified corona, as opposed to random copolymers
with a more accessible surface charge (Fig. 2). However, polyplex aggregation induced by
serum proteins was considered a major drawback as compared to block copolymers for in
vivo applications [15]. Built upon aforementioned findings, Ahmed et al. further developed
cationic “block-random” copolymers. To prepare these cationic vectors with block-random
configurations, homopolymers of glycomonomer were first synthesized using RAFT
polymerization and sequentially used as macro chain transfer agents for copolymerization
with the cationic monomer. In contrast to statistical analogues, sugar-based block-random
copolymers showed higher gene expression and lower toxicity, in addition to improved
stability in physiological conditions [44].

Molecular weight is a major factor in cytotoxicity and gene transfection efficiency, which is
consistent with trends observed for a broad range of nucleic acid delivery vehicles [45].
High molecular weight cationic glycopolymers (Fig. 2) were found to show comparable
gene expression to the poly(ethyleneimine) (PEI) control with significantly lower toxicity
[15].

Variations in hydrophobicity and saccharide length should also be considered when
optimizing delivery properties. For example, Bhatia et al. developed biocompatible sugar-
PEG-based drug carriers by lipase-mediated copolymerization of PEG dimethyl ester and
hydrophobically modified sugar monomers. The hydrophobicity of the monomers was
modulated to promote aggregation and achieve higher micellar drug loading [24]. Hobel et
al. varied the length of oligosaccharides used for preparing grafted PEI from maltose,
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maltotriose, to maltoheptaose and established the influence of sugar length on
physicochemical and biological properties of corresponding nucleic acid complexes. The
longer oligomaltose further shielded the surface charge after complexation with siRNA as
compared to shorter oligomaltoses, resulting in altered uptake and biodistribution [7].

Sugar-functionalized polymers prepared by post-functionalization from a pre-formed
polymer scaffold typically include optimizing sugar conjugation location sites. Kim et al.
modified branched PEI (25 kDa) with PEG and mannose as siRNA delivery systems. To
characterize the effect of mannose ligand location on cellular uptake and gene silencing
efficiency, the mannosylated PEGylated PEI delivery systems targeting macrophages were
constructed by either directly conjugating mannose and PEG to the PEI backbone (Man-
PEI-PEG) or conjugating mannose to PEI via a PEG spacer (PEI-PEG-Man). The PEI-PEG-
Man/siRNA polyplexes, which had mannose moieties exposed on the surface, exhibited
faster endocytosis and higher knockdown efficiency than Man-PEI-PEG [46]. The study
implies that sugar moieties should be incorporated onto carrier surfaces so that they are
available for sugar-cell interactions.

3.2.3 Sugar-linked polymers—Although sugars used as backbones or branch points are
less exploited, a few research groups have explored the structure-activity relationship of
sugar-linked polymers for bioactive delivery. Particularly, Uhrich et al. developed a series of
SBAPs with extremely low critical micelle concentrations (CMCs) (10~7-1074 M) as
stabilized micellar delivery systems [31, 47, 48]. Unlike conventional diblock copolymers,
SBAPs have a branched hydrophobic domain, where the degree of branching [31, 49],
linkage type [32], and stereochemistry [50] of the hydrophobic domain were systematically
analyzed to determine structure-property relationships. By changing the sugar acid backbone
(e.g., tartaric acid vs. mucic acid), the degree of branching, and thus the size of the
hydrophobic domain, the structure was conveniently tuned for the desired applications [47,
49]. Interestingly, the conjugation chemistry (e.g., ester linkage versus ether linkage)
between alkyl arms and sugar backbone appeared to contribute significantly to solution
properties of polymeric micelles. Ether-linked SBAPs had CMC values one or two orders of
magnitude lower than corresponding ester-linked SBAPs, correlating well with molecular
modeling observations. Better alignment and packing within the hydrophobic domain could
be achieved by replacing the relatively rigid ester bond with more flexible ether bond (Fig.
3), leading to more compact aggregates and enhanced colloidal stability [33].

Evidence has accumulated that non-viral gene delivery systems with nonlinear architecture
(e.g., star-shaped polycations) manifest better transfection efficacy than linear polycations
[51]. By polymerizing poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) from
functionalized sugars (glucose and saccharose) with multiple initiating sites as the central
core, Synatschke et al. generated two star-shaped PDMAEMA polymers containing 3-arm
stars and 5-arm stars via ATRP. Despite the high general toxicity of polycations, 5-arm stars
afforded lower cytotoxicity compared to 3-arm stars with a similar molecular weight,
suggesting that cytotoxicity decreased with increased branching degree [35]. While the
potential mechanism remains unclear, it was hypothesized that the internal positively
charged nitrogens of the star polymers were sterically hindered from interacting with cell
membranes, improving cytocompatibility.
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4. Sugar-based carriers for targeted drug delivery

Key concerns in the field of drug delivery include systemic toxicity, low drug
bioavailability, and rapid drug clearance. Recently, targeted drug delivery systems have
gained interest as a way to increase therapeutic efficacy and address these issues by
delivering bioactive agents to specific areas of the body. Of the potential targeting strategies,
glycosylation targets specific locations in the body, while improving carrier biocompatibility
and circulation time [2]. In addition, the bioadhesive properties of glycosylated delivery
systems allows for alternative, non-invasive administration routes [52]. Sugar-based
polymers can act as carriers for both active and passive targeting. Active targeting provides
specific delivery to sugar receptors and reaches the target site with high efficacy, while
passive targeting relies on the carrier’s physicochemical properties for localized drug
accumulation. This section highlights recent advances in sugar-based drug targeting
technologies, focusing on their unique ability to provide cell- and tissue-specific
interactions, adhere to and absorb through biological tissues, and be selectively metabolized
by cancer cells.

4.1 Passive targeting with sugar-based carriers

Passive targeting with glycosylated nanoassemblies is a common approach, especially for
tumors [53]. In cancer progression, partial angiogenesis leads to leaky vasculature and
enlarged gap junctions (100 nm to 2 um), allowing macromolecular carriers to enter the
tumor interstitial space and remain for extended time periods by the enhanced permeability
and retention effect (EPR) [54].

A number of groups have used sugar-based polymers to locally deliver drugs by mimicking
proteins’ physicochemical properties (e.g., surface charge) involved with biological
processes at target sites [4, 55]. Additionally, these systems are found to exhibit inherent
bioactivity by competitively inhibiting ligands from binding to their receptors and
interrupting the normal ligand-activated pathways, such as intracellular signaling, immune
response, and other disease cascades. For example, several research groups have exploited
the ability of ionic micelles, liposomes, or nanoparticles to preferentially accumulate in
macrophages and repress atherogenesis [55-59]. Cardiovascular research by Moghe and
Uhrich et al. has demonstrated that by tailoring polymer charge, anionic nanoparticles
comprised of SBAPs with a sugar-based backbone and PEG tail target the lesion sites and
competitively bind macrophage and smooth muscle cell scavenger receptors to limit
cholesterol accumulation in atherosclerosis and neointima hyperplasia in restenosis,
respectively [57]. Another example of passive targeting is the use of sulfated ester
nanoparticles with a lactose core, which demonstrate high selectin binding efficacy on
leukocytes and platelets in blood. For instance, dendritic -lactose-PEG glycopolymers with
terminal sulfate moieties competitively bind leukocyte-selectin receptors to block
chemokines from binding to the epithelium, thereby providing anti-inflammatory effects.
The authors suggested this effect was likely due to multivalent properties of the
glycopolymers, where multiple sulfate moieties associated with leukocyte- and platelet-
selectins through electrostatic interactions [60, 61]. Sulfated esters also bind to other
selectins, such as glyCAM-1 on endothelial cells, despite the fact that the polymers lack the
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typical fucose and sialic acid residues required for ligand-receptor binding [62, 63]. While
great advancements continue to be made in passive targeting research, the remainder of this
section will highlight current strategies for designing particles that promote active targeting
specificity.

4.2 Active targeting with sugar-based carriers

Active targeting has gained significant attention as a method to deliver bioactives to specific
cell or tissue types and with minimal effects to other areas of the body. In contrast to passive
targeting, where sugars are usually present in the macromolecular backbone, active targeting
requires the bioactive (e.g., sugar, antibody, etc.) to be displayed on the outside of the
nanoassemblies to promote receptor binding.

Carbohydrate receptor-mediated delivery systems are favorable since they are easy, cost-
effective, and have well-established synthetic, fabrication, and characterization methods.
Specific sugar molecules, such as galactose and mannose, are recognized by carbohydrate-
binding proteins (i.e., lectins) present on a variety of cell surfaces [64]. These interactions
can be utilized for sugar-mediated targeting by decorating the carrier surface with sugars,
known as glycosylation. Once glycosylated particles are bound to the lectins or vice versa,
receptor-mediated endocytosis occurs, where the particles are internalized by the cell [64].
The process of endocytosis begins with invagination of the cellular membrane which results
in particle uptake, internal vesicle (i.e., endosome) formation, and internalization of
extracellular particles.

Alternative common targeting ligands to sugars include small molecules (e.g., folic acid,
biotin, etc.), peptides/proteins, nucleic acids, aptamers, and antibodies [65]. Small targeting
molecules are favorable due to their efficacy in targeting cancer cell receptors [66], facile
preparation, and inexpensive particle conjugation with good efficacy [65]. However, many
normal cell types, such as the placenta and kidneys, express the same receptors, so high
specificity is often difficult to achieve [67]. Peptide ligands have good targeting specificity
[68], small size, high stability, and relative scalability for large-scale synthesis. Nucleic acid
aptamers can recognize proteins, phospholipids, sugars, and nucleic acids with high affinity
and specificity, and have cost-effective production with good reproducibility and lower
immunogenicity and smaller size than antibodies to allow for specific receptor-target
interactions [65]. While antibodies provide high specificity and a range of binding affinities,
the associated immunogenicity and the logistical and cost challenges of biologic therapeutics
has limited its clinical success.

As a result, hybrid technologies have emerged, such as the development of antibodies
glycosylated with oligosaccharides to target sugar receptor-bearing cells [69]. Although
these antibody therapies were designed to have reduced immunogenicity and improved
physiological retention time, studies have demonstrated mixed results. As some glycosylated
antibodies have a comparable or shorter half-life than the natural glycoforms of 1gG Fc,
additional research is needed to provide a therapeutic benefit [70, 71].

4.2.1 Sugar receptor-mediated active targeting—Numerous glycosylated polymeric
delivery systems take advantage of active targeting via sugar receptors. A critical aspect of
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glycopolymer development is the selection of an appropriate targeting ligand, where the
ligand physicochemical properties, biocompatibility, cell specificity, binding affinity, and
ease of conjugation and processing affect ligand suitability for a particular application [72].
As targeting ability is primarily dependent on the interactions between glycosylated material
and lectin, much research has focused on understanding protein-polymer interactions.
Additionally, some receptors, such as the mannose receptor, are present on multiple types of
cells or tissues. Several types of intermolecular forces exist between the lectin receptor and
the glycosylated polymer, and are specific to the structural conformations of each entity.
Sugars primarily interact with receptors through H-bonding between sugar hydroxyls and
amides or acid groups of the receptor’s amino acids and the protein hydration shell [73]. If
the hydroxyl is not available to hydrogen bond with amino acids, such as upon ester or
amide formation during sugar modification, the binding affinity will be reduced, resulting in
a relatively high ligand concentration required to achieve the maximum physiological
response. C-H-m stacking also exists, where aliphatic C-H groups interact with aromatic
residues in the binding pocket, giving rise to vander Waals forces [74]. While significant
progress has been made to understand these interactions using computational and/or
experimental methods, sugar structure diversity and the wide range of lectins makes it
difficult to precisely elucidate structure-activity relationships.

A vast array of cellular lectins have been identified (Fig. 4). A prevalent family of receptors,
C-type lectin receptors, facilitate a range of cellular functions, such as cell-cell adhesion,
immune response to pathogens, and apoptosis [75]. The most common C-type receptors are
the mannose receptor, asialoglycoprotein, liver- and dendritic cell-specific intercellular
adhesion molecule-3 grabbing non-integrin (DC-SIGN), and selectins [76]. More
information on sugar receptors and their targeting ligands can be found in Table 1.

Various research groups evaluated the influence of conjugation variables, including sugar
type, degree of glycosylation, and the number of sugar repeat units on lectin binding. For
enhanced binding, some groups evaluated the targeting ligand density by grafting multiple
sugars to one grafting site for cooperative multivalent interactions [77, 78]. A fundamental
study evaluating the role of sugar type (i.e., galactose and lactose) and sugar valency in the
recognition of hydroxypropyl methacrylamide copolymers by colon adenocarcinoma cells
demonstrated that binding was dependent on the number of sugar residues at a single
grafting site [77]. In many cases, multiple sugars at one grafting site increases the binding
affinity and leads to increased targeting efficacy via the glycoside cluster effect [77, 78]. To
overcome weak binding affinity, multiple sugars can be conjugated to the polymer surface to
enhance lectin interactions [67, 78].

The impact of polymer molecular weight and DS on tumor targeting characteristics of
nanosized drug delivery systems was investigated by Kwon et al. [79, 80]. They prepared
nanoparticles from hydrophobically modified glycol chitosan with different molecular
weights (20 kDa, 100 kDa, and 250 kDa), yet a similar degree of hydrophobic substitution.
Despite different molecular weights, all three glycol chitosan nanoparticles exhibited similar
particle size, surface charge, and in vitro stability. In vivo tissue distribution and tumor
accumulation revealed that high molecular weight glycol chitosan nanoparticles displayed
prolonged blood circulation time and enhanced tumor accumulation. They also identified
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that the hydrophobic DS greatly influenced stability and deformability of resulting
nanoparticles, thus affecting tumor targeting efficiency in vivo [80]. A proper DS was
required to balance stability and deformability to reach optimal blood circulation time and
tumor-targeting efficiency through the EPR effect [81].

In addition to monosaccharide conjugation, oligosaccharides have been used to decorate the
nanoassembly exterior. For example, trimethylated chitosan-conjugated poly(lactic-co-
glycolic acid) nanoparticles demonstrated successful coumarin delivery to the brain by
targeting extracellular lectins and negatively charged membranes [91]. Another example of
oligosaccharide ligands is the use of hyaluronan technologies to target CD44 receptors
overexpressed on several tumor cell surfaces and provide delivery of cancer therapeutics
[92, 93].

4.2.2. Active targeting by bioadhesion—Due to their tissue adhesive nature,
glycosylated polymers can enable alternative dosage forms by adhering to tissues to prolong
localized delivery [52]. Sugar-mediated mucoadhesion and cytoadhesion allows for
enhanced bioavailability, local retention, and efficacy, and alternative administration routes,
such as nasal or pulmonary delivery [52]. Delivery to the oral, nasal, or pulmonary mucosa
is common, because they have relatively permeable membrane structures. The oral mucosa
is frequently targeted due to the ability to bypass significant liver metabolism to increase
drug bioavailability, unidirectional drug flux, and ease of accessibility and patient
compliance. Moreover, many oral drugs are designed to be absorbed by the gastrointestinal
(GI) system, but have limitations including high liver metabolism, enzymatic drug
degradation during absorption, and high mucus turnover. Bioadhesive carriers are
particularly useful in applications where fast clearance by EPR is an issue. Some notable
examples of bioadhesive carriers include inhalable mannosylated liposomes for lung
infections [83] and bioadhesive mannosylated NPs for oral retention [87].

For mucosal peptide or protein delivery, a number of chitosan-based carriers have been
developed to deliver insulin [94, 95], plasmid DNA [96], or siRNA [97] by encapsulation
[94-96] or self-assembly [98]. A common mucoadhesive moiety, chitosan, is a
biocompatible, biodegradable, and cationic polysaccharide, which are favorable properties
for mucoadhesion [99]. While chitosan alone can be used to form mucoadhesive carrier
systems, co-incorporation of high charge density anionic polymers, such as dextran-sulfate
or alginate in an ionic gelation processes can produce nanospheres capable of high insulin
encapsulation efficiency (~49-96%) and controlled drug release [95, 100]. Mucoadhesive
systems release insulin by dissociation as the pH changes. In these cases, mucoadhesion
allows for a highly specific targeted and localized release. Another notable application is to
improve the gene transfection efficiency of polylactic acid (PLA), a biocompatible and
biodegradable non-viral gene delivery vector, by copolymerizing methoxypoly(ethylene
glycol)-PLA and chitosan [101]. The in vivo results in mice demonstrated that localized
polymer retention led to higher gene expression in the stomach and intestine compared to
co-blended PLA-chitosan/DNA and lipofectamine/DNA complexes. To improve chitosan
carriers, trimethyl chitosan-cysteine (TMC) conjugates were evaluated. Contrary to the low
permeability of insoluble chitosan, TMC is a quaternized cationic derivative with good
solubility and enhanced permeation. Combining TMC with thiolated polymers imparted
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increased mucoadhesion compared to non-thiolated nanoparticles and resulted in up to a 12-
fold increase in insulin transport through rat intestines and 13-fold increase in Caco-2 cell
internalization [98].

Targeting mucous layers is of particular interest for drugs that cannot be orally delivered due
to acidic degradation or significant liver metabolism. Many absorptive epithelial mucosa,
such as those found in the intestines, oral cavity, and airway epithelium, are covered with a
highly glycosylated mucin-based layer that is anionically charged [102]. Under the mucosal
layer is the glycocalyx, comprised of proteoglycans, glycoproteins, and glycolipids in the
cell membrane. An alternative strategy of using sugars to target the mucosal surfaces is to
decorate the delivery system exterior with lectins to interact with glycosylated surfaces, such
as mucosal surfaces [103]. Studies have evaluated lectinized liposomes in binding to
alveolar type Il epithelial cells [104] or to intestinal mucosa for oral delivery [105].

4.2.3. Active targeting via sugar recognition by cancer cells—The Warburg
effect, where malignant cells have an accelerated metabolism and high glucose requirements
compared to non-malignant cells, has been well-established in cancer pathology [106].
Glucose and other glucose transporter substrate sugars are internalized by the tumor cells via
the glucose transporter protein GLUT, which is overexpressed on human cancer cells [107,
108]. GLUT is correlated to poor cancer prognosis [109, 110], and glucose is utilized as a
nutrient source to increase cell proliferation, leading to rapid tumor growth [111]. Thus,
sugar-based therapeutics have been investigated for higher uptake rates by tumor cells
compared to normal basal cells. Much of this work was inspired by early research where
Som and coworkers successfully employed fluorescently-labeled glucose analogues to
deliver the fluorescent dye to tumor cells for subsequent imaging with positron emission
tomography [112]. More recently, fluorescently-labeled glucose carriers have been applied
to deliver and track the anti-cancer therapeutic cisplatin [113].

A number of glucose-based drug delivery technologies provide enhanced solubility of
hydrophobic actives and target lung, breast, colorectal, endometrial carcinomas, bone and
soft-tissue sarcomas, and a number of lymphomas [106]. A common strategy is the use of
glycan-conjugated prodrugs, which target cancer cell uptake via the GLUT transporter and
release the active compound upon hydrolysis [114]. As cancer cells rapidly internalize
glucose, the glucosylated carriers promote malignant cell apoptosis by upregulating GLUT
in a positive feedback mechanism, causing an increased uptake of the glycan-prodrug
polymer [115]. For example, glucosylated paclitaxel demonstrated high aqueous solubility
and cytotoxicity against cancer cells, but limited toxicity towards normal cell lines or cells
with low GLUT receptors levels [114]. Another glucose analogue, 2-deoxy-D-glucose (2-
DG), has met great success in inhibiting glucose metabolism. 2-DG is recognized and
internalized by tumor cells, in a similar manner to glucose, but cannot be converted to
adenosine triphosphate to provide energy for cells [115]. When 2-DG is conjugated to anti-
cancer therapeutics, the glycosylated shell enhances drug solubility, promotes cellular
internalization of the prodrug, and upregulates GLUT expression. After the drug is
internalized by the cell, hydrolysis of the anti-cancer prodrug leads to apoptosis, quickly
killing tumor cells (Fig. 4) [114]. One example is to conjugate monosaccharides to DNA
alkylators, which are used in chemotherapy to damage the DNA of cancer cells [116, 117].
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Reux et al. demonstrated high specificity of 2-fluorodeoxyglucose-conjugated chlorambucil
towards cancer cells in a mouse leukemia model. The glycoconjugated anti-cancer drug
demonstrated increased cytotoxicity in vivo compared to the unacetylated sugar analog and
the unconjugated chlorambucil in human cancer cell lines [116]. For targeted brain delivery,
2-DG-modified PEG-poly(trimethylene carbonate) nanoparticles were used as a dual-
delivery system to enhance the blood-brain barrier penetration and glial drug accumulation
by GLUT-mediated transcytosis and endocytosis, respectively [118]. Fluorescent images
demonstrated high specificity and efficiency of these particles in an in vivo intracranial
tumor mouse model with no acute toxicity to other organs after one week, representing a
promising technology for brain glioma.

5. Stimuli-responsive sugar-based polymers

Stimuli-responsive delivery systems are designed to release bioactive agents at a desired
location in response to physical or chemical changes. The stimuli can be biological or
applied from an external source, and includes changes in pH or ionic strength in different
tissues or cellular compartments [119, 120], the presence of tissue-specific enzymes [121],
or external heat, ultrasound, or infrared irradiation application. Upon exposure to stimuli, a
change in the polymer system occurs, resulting in bioactive release. This response can occur
via chemical composition changes of the polymer [122, 123] or alterations in the polymer’s
physical or conformational properties (Fig. 5) [123]. Some notable examples are that
changes in chemical composition may be induced by conjugating the polymer to a bioactive,
similar to a prodrug, by a stimuli-cleavable bond for local release of the free drug upon
stimuli exposure. This stimulus-induced change can include cleavage via enzymes or pH
changes [124, 125]. Physical changes include stimuli-triggered changes in hydrogel swelling
properties [122], polymer folding conformation [126], or aggregate assembly morphology.

Stimuli-triggered release systems offer several advantages, including reduced toxicity
associated with systemic exposure by releasing the bioactive at the desired location. This
approach reduces the amount of drug required during administration to elicit a therapeutic
effect, as the localized release mechanism causes a higher concentration at the target site.
While a vast number of polymer systems exhibit stimuli-dependent differential release,
several sugar-based polymers inherently enable stimuli-triggered release [127, 128]. This
section will focus on sugar-based systems where stimuli-responsive properties are a direct
result of the sugar components. For delivery systems that incorporate sugars, but where the
stimuli-responsiveness is not necessarily attributed to the sugar, readers are referred to a few
excellent reviews [122, 123].

5.1 pH-responsive sugar-based polymers

One of the most commonly used triggers is pH. When the desired drug release location is
intracellular, the pH of cellular compartments associated with uptake mechanisms, such as
endocytosis, is utilized. As endocytosis progresses, the endosome pH decreases, from pH 5-
6 in the early endosome, to pH 4-5 when the endosome fuses with the lysosome [120]. Drug
release prior to lysosomal fusion is favorable to avoid cargo degradation. Additionally,
certain tissues differ in pH compared to circulation; cancerous tumors have a slightly more
acidic extracellular pH (pH 6-7) than normal tissues [119]. This difference is primarily due
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to the Warburg effect and increased glycolysis rate, which exports acidic molecules to the
extracellular environment (Fig. 4C) [129]. Alternatively, the pathway taken by oral delivery
systems experiences a gradual pH increase, culminating in the basic environment of the
colon (pH 7.4-8.0).

As the pH of different cellular compartments varies, polymer systems with acid-labile bonds
or protonatable functionalities can be utilized to facilitate endosomal drug release by
increasing hydrolysis rates [130] or changing the polymer protonation [94]. Several sugars
have pKa values close to physiological conditions, such as chitosan. This feature results in
protonation differences under the different pH of intracellular vesicles and tumor tissues and
leads to a change in biological or polymer conditions to release entrapped cargo. lonic
and/or reactive functional groups, such as those in chitosan and alginate, further allow for
conjugation to other materials to impart pH sensitivity by chemical modification via pH-
sensitive bonds [124, 130] or stimuli-responsive bulk polymer systems (e.g., poly(acrylic
acid)) [131].

Many sugar-based polymers naturally exhibit pH sensitivity and can be utilized for
controlled bioactive release in response to pH changes. Chitosan bears primary amines with
a pKa of approximately 6.2 resulting in more protonated amines under acidic conditions,
promoting endosomal escape of polysaccharide-drug complexes into the intracellular
environment through the proton sponge effect [132]. An excellent review of chitosan-based
hydrogel delivery systems has recently been reported [127]. An alternative approach to
impart pH sensitivity into chitosan is to use the free carboxylates as crosslinking sites to
generate sugar-based hydrogels [133]. The crosslinking agents can be naturally derived,
such as genipin [134] and alginate [135], or the hydrogels can be blended with hydrophilic
polymers, such as poly(vinyl alcohol) to increase swelling responses to pH changes[134].
Alternatively, negatively charged sugars such as alginate can be crosslinked with divalent
cations to generate pH sensitive hydrogel systems for controlled release [136, 137]. Notably,
Zhuo et al. designed Ca2* crosslinked alginate, chitosan, and pectin composite beads that
were subsequently released as microparticles for oral protein delivery [137]. Composite
systems exhibited enhanced pH-sensitive protein release profiles under basic conditions,
while protecting the protein from degradation in acidic conditions.

Systems have also been developed to release cargo under neutral or basic conditions for Gl
delivery. Wang et al. generated semi-interpenetrating network hydrogels of carboxymethyl
chitosan crosslinked with alginate for pH-sensitive protein delivery to the colon and
intestines. Under neutral and basic conditions, the hydrogels have decreased swelling
volumes, resulting in bioactive release [135]. Similarly, chitosan particles designed to
complex oligonucleotides, have been prepared by reverse microemulsion techniques and
also demonstrated an increase in burst release under neutral and basic conditions compared
to acidic conditions [138]. At elevated pH, the net cationic charge of chitosan is decreased,
likely resulting in decreased oligonucleotide affinity. Alternative formulations, such as
microcapsules [139] or nanoparticles [94] of chitosan-derived materials, also exhibit pH
sensitivity and controlled release of encapsulated drugs and peptides. Of particular interest
are chitosan-coated alginate nanoparticles designed by Kundu et al. to encapsulate insulin
for oral delivery [140]. The alginate interior exhibits a collapsed structure under acidic
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conditions, protecting insulin under simulated stomach acid conditions. Upon neutralization,
mimicking entry into the Gl tract, insulin release increases as the polymer returns to an un-
collapsed state. The chitosan-coated alginate nanoparticles demonstrate promise in
protecting insulin during oral delivery to aid intestinal adsorption.

Heparin, a highly sulfated glycosaminoglycan, interacts with tumor-related factors and
reduces tumor growth and metastasis [141]. It can be utilized to elicit synergistic effects
with tumor drugs for cancer treatment. Gu et al. conjugated doxorubicin to dendronized
heparin via a pH-sensitive hydrazone bond for tumor-specific release, which led to a
significantly reduced tumor volume in mice [142]. The numerous functional groups on
different polysaccharides provide sites for direct drug conjugation via a variety of pH-
sensitive linkages, such as oxime, hydrazone, imine, and acetal bonds[124]. Examples of
linear sugar-based polymers conjugated to anti-cancer drugs or PEG through a hydrazone
linkage exhibit enhanced drug loading in micellar aggregates and pH sensitivity [125, 130].
The Uhrich group utilized a hydrazone linkage to conjugate a hydrophaobically modified
sugar backbone to PEG to generate SBAPs that self-assemble into micelles under neutral
and basic conditions [125]. At acidic pH, the labile hydrazone is cleaved, separating the
hydrophilic and hydrophobic domains, resulting in aggregate assembly disruption and
subsequent drug release.

5.2. Enzyme-specific cleavage of sugar-based polymers

A particularly unique feature of sugar-based polymers is their recognition as natural
substrates by naturally-occurring human or bacterial enzymes, allowing for the use of
polysaccharides for colon specific delivery [143]. Due to the differential enzyme expression,
or habitable environments of naturally-occurring bacteria, drugs can be physically
encapsulated in sugar-based polymer networks and controllably released at target locations
upon glycoside linkage cleavage. A natural gradient exists in the number of bacterial
colonies within the digestive system: the small intestine has 103-10* colony forming units
(CFUs) while there are approximately 1011-1012 CFU/mL in the colon [121]. These
naturally-occurring colonic microflora express enzymes that break down plant carbohydrates
to facilitate digestion [144]. The specific recognition of particular polysaccharides by such
enzymes facilitates greater specificity and localized release compared to analogous
biodegradable polymer systems that rely on non-specific esterases or amidases for
degradation-mediated release.

Konjac glucomannan (KGM) [128] and pectin [145] are two naturally-occurring
polysaccharides that are cleaved by colonic bacterial enzymes, such as f-mannanase, -D-
glucosidase, B-D-galactosidase, etc., and are utilized to facilitate specific drug release in the
colon for Gl disorder treatment. These polysaccharides are commonly formulated into
hydrogels [145, 146] and engineered as nano- or micro-particles [147-149] for drug
encapsulation. Generally, higher degrees of crosslinking result in extended release by
limiting the drugs’ ability to diffuse out of the hydrogel, and lower crosslinking density
results in burst release [148, 150].

As these polysaccharides can be naturally derived, their specific chemical properties, often
based on their isolation source, influencing delivery properties [145]. Martinez-Pacheco et
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al. explored the effect of varying acetylation degrees between KGM of different origins on
particle size, swelling properties, and degradation rates in a mixed hydrogel. KGM and
xantham gum were formulated as thermoreversible gels for diltiazem delivery to the colon.
Studies revealed that the drug was fully released in 24 h in the presence of p-mannanase for
highly acetylated Japanese KGM, but only 60% released under identical conditions from
American KGM-based hydrogels. These results highlight the potential tunability of
combining various ratios of highly acetylated and deacetylated KGM in hydrogel
formulations for colon specific delivery [151]. KGM has been incorporated into other
formulations for colon-targeted delivery, such as a plug for a rapid dissolving capsule [147],
and cationic KGM in combination with phytagel has been used for siRNA delivery against
TNF-a for inflammatory bowel disease [146].

Pectin is a natural polysaccharide that can be enzymatically degraded by colonic microflora.
Pectin varies by its esterification degree, and low-methoxyl pectin, with a higher degree of
esterification is highly soluble in stomach and upper Gl tract fluids, where drug delivery and
adsorption are not beneficial, thus limiting use as an oral drug delivery matrix [152].
However, the carboxylates of pectin can be crosslinked by divalent cations, such as Zn2*
and Ca?*, resulting in solubility characteristics amenable to oral delivery [145]. Organic
molecules bearing cationic functionalities, such as chitosan, can also be used for cross
linking [150]. Ng et al. developed Zn-pectin-chitosan composite nanoparticles that
demonstrated colon-specific release in vitro following pre-exposure to acidic conditions,
such as in the stomach, and in vivo in rats. They concluded that higher incorporation of
chitosan increased the lag time preceding drug release, allowing the drugs to reach the
intended site [150]. Previously described composite microparticles developed by Zhuo et al.
further benefit from inclusion of pectin. In addition to the pH-sensitive release, enhanced
specificity was demonstrated by the faster release profile of encapsulated protein with
pectinase present [137].

Additionally, there are examples of sugar-based systems that do not use enzyme-susceptible
polysaccharides as the bulk component. Rather, they utilize an oligosaccharide shell that is
enzymatically degradable to promote drug release [153, 154]. Notably, Amorés et al.
developed saccharide- (e.g., starch, lactose, etc.) capped silica nanoparticles, where the
saccharide acts as shell and enzymatic cleavage, by enzymes such as pancreatin or -D-
galactosidase, release drugs by a gate-controlled mechanism at the target location (Fig. 6)
[154].

5.3 Temperature-sensitive sugar-based polymers

Temperature-triggered release can be beneficial for localized therapeutic delivery by
external heat. A few sugars inherently possess temperature sensitivity. Gellangum and
xanthangum are two polysaccharides that exhibit conformational transitions from ordered
helical structures to random coiled structures at elevated temperatures [155, 156]. In
addition, several saccharide-containing polymers have a lower critical solution temperature
(LCST), and sugar addition can modulate the LCST of synthetic polymers by altering the
hydrophilicity or H-bonding capabilities of the polymer [157]. Above the LCST, the
polymer adopts gel-like properties, allowing for small molecule encapsulation. Below the
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LCST, these sugar-based polymers are free flowing solutions, allowing for ease of handling
and injection for translational applications [123].

The majority of sugar-based systems with temperature-sensitive properties utilize
polysaccharides as the bulk sugar components. For example, when crosslinked with aspartic
acid, xanthangum hydrogels exhibited reversible thermo-responsive swelling properties that
are dependent on the sugar to amino acid ratio [158]. It is also noteworthy that the
combination of these two naturally-occurring materials provided additional pH- and ionic
strength-dependent swelling properties. Temperature-sensitive properties must be able to be
fine-tuned, as highly elevated temperatures will cause irreparable cell damage. An example
of a highly tunable system is pullalan-g-poly(L-lactide) nanogels developed by Na et al. that
exhibited temperature sensitivity just above physiological conditions (37°C-42°C). This
temperature range is amenable to external heat application but within the temperature range
that will not significantly damage cells. A notable increase in drug release was observed at
high temperatures, and the grafted L-lactide density had a strong influence on the
temperature at which release occurred [159].

Alternatively, saccharides can be utilized as a cross-linking agent or additive to fine tune the
temperature that a physical change in pre-synthesized polymers occurs. Although not
inherently temperature-sensitive, addition of sodium alginate to semi-interpenetrating
network hydrogels of PEG-co-poly(e-caprolactone) macromer and N-isopropylacrylamide
increased temperature sensitivity. The addition of alginate further contributed to increased
mechanical properties and higher total protein release from the network [160]. Similarly,
upon addition of dextran maleic anhydride to poly(N-isopropylacrylamide) (PNIPAm)
hydrogels, the LCST of the synthetic polymer system could be fine-tuned from 35 to 39 °C,
depending on the amount of incorporated dextran, and higher sugar content increased the
LCST [161].

Semi-interpenetrating polymer networks of PNIPAm with gellangum were developed by
Aminabhavi et al. and formulated into microspheres for controlled delivery of atenalol. The
formulations exhibited pulsatile release, with rapid release at 25°C and nearly no release at
37°C. The ratio of polymer to saccharide had a drastic influence on particle size, drug
loading, and release profiles of atenalol [162]. This example has direct implications for
delivery of highly toxic drugs that must only be released at the intended site.

The addition of non-conjugated saccharides to polymers with an LCST also influences phase
transition, as sugars influence the solution hydrophilicity and compete with water molecules
to interact with the polymer. Recently, Le Cerf et al. investigated the role of sugar length
and structure on LCST decreases of a PEG and poly(propylene oxide) polymer using
differential scanning calorimetry, nuclear magnetic resonance spectroscopy, and cloud point
measurements [163]. As the length of the saccharide chain increased, the effect on LCST
was less pronounced. For example, tri-saccharides exhibited minimal influence on LCST,
whereas the same concentration of mono-saccharides significantly altered the phase
transition temperature. They further identified structural parameters that influence the sugar
‘s ability to interact with the polymer, particularly the hydroxyl at the C4-position and the
linkage type between disaccharide monomers.
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6. Conclusions and future perspectives

A variety of sugar-based systems have been explored for bioactive delivery. Among these
systems, sugar-based polymers have drawn considerable attention due to high composition
diversity, architecture, molecular weight, and functionalization offered by advanced
synthetic approaches. The utilization of sugar-based polymeric delivery systems has
provided pharmaceutical benefits including improved in vivo stability, prolonged circulation
time, reduced toxicity of carriers, localized and sustained release, and improved
pharmacokinetic profiles and superior tissue distribution since the advent of targeting and
stimuli-responsiveness. Despite their clear promise, few examples exist of their translation
to clinical practice and development. For instance, PK2, a galactosamine polymer
doxorubicin conjugate, rapidly cleared from circulation in Phase I clinical trials despite
encouraging results acquired in a rat model [3].

As such, increasing efforts have been devoted to designing formulations with optimized
properties, such as batch-to-batch consistency, increased circulation half-lives, and
improved tissue distribution [164]. Although still in their early stages, formulation
technologies are rapidly emerging in targeted drug delivery and controlled drug release that
incorporate multiple features to improve specific release of bioactives. For example,
Kranning et al. generated glucopolymers that adopt a helical conformation under acidic
conditions [126]. Under basic and neutral pH, the polymer transitions to a random coil
conformation to present glucose functionalities and demonstrated enhanced selective
binding to legume lectin, concanavalin, compared to non-glucosylated co-poly(L-
glutamate)s. Two complimentary mechanisms, receptor targeting and stimuli-
responsiveness, can be used to develop smart carrier systems for targeted drug release by
combining active release features into the sugar-based polymer systems. Similar dual-
targeting delivery approaches will create new opportunities for exciting, cutting-edge
research on bioactive delivery to translate from the laboratory to clinical trials.
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[A. Polysaccharides derivatives] B. Glycopolymers

(c. sugar-linked polymers)
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Fig. 1.

Schematic representation and classification of sugar-based polymeric delivery systems.
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Fig. 2.
Schematic illustration of polyplexes prepared from dib lock and random copolymers using
plasmid DNA (adapted from [15] with permission).
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Ether-linked SBAP Ester-linked SBAP

Fig. 3.
Equilibrium (lo w-energy) conformation of SBAPs with tartaric acid backbone (Left: Ether-

linked, right: Ester-linked SBAP) in aqueous condition from dynamic simulation. Atoms are
color-coded: C(gray), H(white), O(red). The blue arrows depict the orientation of alkyl arms
(adapted from [33] with permission).
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Fig. 4.

Sugar-Enabled Targeting Strategies
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Glycosylation enables a range of targeting strategies including glycosylated drug carriers for

tissue - and cell-specific interactions (A), bioadhesion and/or mucoadhesion to tissues (B),

and recognition as nutrients for cancer cell internalization (C).
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Fig. 5.
Schematic representation of select examples of stimuli-triggered responses to mediate drug

release

J Control Release. Author manuscript; available in PMC 2016 December 10.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Zhang et al. Page 33

Galactosidase

'Y
| >

HO
s =0
—)= SI/\\/\N o
/0

[Ru(bipy)sJ**

]
[
o]
=
o]
i o
I
I

_.O-‘Si/\/\n"' (o]

Fig. 6.

Schematic representation of saccharide-capped silica nanoparticles that release drugs using a
gate-controlled mechanism for enzyme-dependent release profiles (adapted from [153] with
permission).
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