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In the past decades, the vigorous development of hanomedicine has opened up a new world for drug
delivery. Hydroxyethyl starch (HES), a clinical plasma volume expander which has been widely used for
years, is playing an attracting role as drug carriers. Compared with all other polysaccharides, HES has
proven its unique characteristics for drug delivery platforms, including good manufacture practice,
biodegradability, biocompatibility, abundant groups for chemical modification, excellent water solubility,

and tailorability. In this review, an overview of various types of HES based drug delivery systems is

Recei 13th N 202 . . . . .
Aii:;i% 23§th Doevceenr;bsgr 200200 provided, including HES—drug conjugates, HES-based nano-assemblies, HES-based nanocapsules, and
HES-based hydrogels. In addition, the current challenges and future opportunities for design and

DOI: 10.1035/d0ra09663f application of HES based drug delivery systems are also discussed. The available studies show that HES
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1. Introduction

Since 1980s, nanotechnology has been attracting much atten-
tion and has been applied to many fields like electronics,
mechanics, biomedical engineering, and so on. Especially in
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based drug delivery systems has significant potential for clinical translation.

the biomedical field, nanomedicine is booming." Compared
with traditional chemotherapeutics, loading free drugs within
nanoparticles will improve their pharmacokinetics and bio-
distribution, so as to realize targeted drug delivery and reduced
side effects.” Over the past decades, great efforts have been
devoted to design smart nanomedicine. So far, a series of
nanoparticle-based therapeutics have already been approved
such as Doxil®, Abraxane®, and Lipusu®.® Nonetheless, these
emerging nano-formulations exhibited limited benefits
compared with traditional free drugs, which may partially be
ascribed to the non-sufficient drug release at the targeted
sites.*® Among the nanomedicines on the market, most are
modified with polyethylene glycol (PEG), which is welcomed for
being used as an in vivo “invisible” material since PEG can
effectively avoid the adsorption of plasma proteins.® Nano-
medicine surface modified by PEG has become the gold
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standard in the field of nanomedicine, and there are tremen-
dous works in PEGylation.” The PEG modification does prolong
the circulation time of the drug in vivo, but the drawbacks
cannot be ignored. Firstly, PEG is non-degradable in vivo,
resulting in cumulative toxicity.® Besides, PEG may trigger an
immune response. The repeated administration would cause
the nanomedicine to be quickly cleared.” PEG also has limited
functional groups for chemical modification.* This is one of the
reasons why polysaccharide has been considered as an alter-
native to PEG.

Polysaccharide is a kind of biopolymer constructed from
sugar monomers and linked by O-glycosidic bonds. Poly-
saccharides contain a large amount of hydroxyl groups, which
provides opportunities for adequate drug conjugation. Poly-
saccharides can be divided into two main categories: natural
and semisynthetic. Natural polysaccharides can be obtained
from abundant sources such as animals, plants, algae and
microorganisms. Semisynthetic polysaccharides are usually
produced by chemical or enzymatic modification of the parent
macromolecules. Thus, they are available at large scale and are
relatively cheap."** In addition, polysaccharides also have good
biocompatibility and biodegradability.”*** Polysaccharides are
a large family including chitosan, pullulan, dextran, hyaluronic
acid, heparin, and to name a few. Not only do they have the
above desirable properties, some of them also have unique
biological activities. For example, chitosan has bioactivity as an
antioxidant, an antimicrobial and an antifungal, while hyalur-
onic acid is able to bind to CD44 receptors.*>'* However, most of
polysaccharides have unavoidable shortcomings, such as
immunogenicity, insufficient water solubility and/or toxic side
effects.’””'® As a kind of polysaccharide, hydroxyethyl starch
(HES) has attracted great attention in the field of drug delivery
due to its excellent physiochemical and biochemical properties.
Used as clinical plasma substitute for more than fifty years, HES
has good manufacture practice, good biocompatibility and
biodegradability, showing promising prospects in the field of
drug delivery.

In this review, we would like to introduce the characteristics
of HES and their clinical applications briefly and summarize the
progress of HES based smart nanomedicine for disease control,
in order to provide a better understanding of HES based smart
nanomedicine and its clinical translation potential.

2. Characteristics and clinical
applications of HES

HES is a semisynthetic polysaccharide, which has been
prepared by reacting amylopectin in waxy corn or potato starch
with ethylene oxide. HES has hyper-branched structure. There
are mainly three steps in the synthesis of HES: hydrolysis,
hydroxyethylation and ultrafiltration, where hydroxyethylation
helps increase water solubility of starch, reduce viscosity, and
slow down a-amylase-mediated hydrolysis.” As shown in
Fig. 1A, HES consists of two kinds of glycosidic bonds, o 1-4 and
o 1-6. According to the average molecular weight, degree of
substitution and substitution position of hydroxyethyl, HES can
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be divided into many types.”** In the blood, HES is hydrolyzed
mainly by the a-amylase, the speed of which is related to the
degree of substitution of the hydroxyethyl group and the ratio of
C,/C¢. In consideration of steric hindrance effect, higher
hydroxyethyl substitution and higher C,/Ce ratio lead to the
slower hydrolysis rate.>** HES is mainly excreted through the
kidney. After being hydrolyzed by a-amylase in the blood to
a molecular weight less than the threshold of the kidney (=70
kDa), it can be filtered through the glomerulus and excreted in
the urine.”” Therefore, HES exhibits good biocompatibility as
well as safety. At the same time, it is revealed that HES them-
selves are nanoparticles with a spherical shape, as shown in
Fig. 1B. To be specific, the hydrodynamic diameter (Dy,) of HES
70/0.5, HES 130/0.4 and HES 200/0.5 are 15.4 £+ 0.6 nm, 15.5 +
0.7 nm and 20.6 + 0.6 nm, respectively. To sum up, from
Fig. 1C, the HES hydration diameter increases with the increase
of the HES molecular weight, and decreases with the increase of
the HES concentration, indicating that HES molecules are soft
particles and can be compressed.*®

HES has several unique pharmacological effects. Firstly, it
can improve plasma osmotic pressure and hemodynamics.
Several animal experiments have shown that HES can quickly,
continuously, and reliably correct hypovolemia, ensure systemic
and microcirculation perfusion, thus maintaining organ oxygen
supply and normal function.”®*® Due to a strong volume
expansion effect, HES can significantly improve hemodynamic
parameters, and even higher doses of HES 130/0.4 used for
expansion treatment is safe and effective. Generally, low
molecular weight HES has low expansion strength.**> Secondly,
it works on improving hemorheology. At low blood volume, due
to the increase of blood viscosity, the blood flow slows down and
the perfusion of organs is affected. HES has the beneficial
effects of stabilizing osmotic pressure, optimizing tissue
perfusion, improving oxygen supply, and preventing injury to
endothelial cells after hypoxia, thereby improving tissue
perfusion and oxygenation by diluting blood, reducing blood
viscosity, and improving hemodynamics.*® Additionally, the
improvement of hemorheological indexes such as erythrocyte
aggregation and plasma viscosity by HES solution with low
molecular weight and low degree of substitution was better than
that of HES solution with high molecular weight. For example,
130/0.4 can significantly reduce blood viscosity in patients with
an acute ischemic stroke.** Thirdly, HES also has anti-
inflammatory effects. It can reduce the inflammatory
response, thereby reducing the damage to tissues. Poly-
morphonuclear neutrophils (PMN) are important non-specific
immune cells in vivo, and are also the main effector cells of
inflammatory injury. During the inflammatory response, PMN
respiratory burst intensifies, producing a large amount of toxic
substances such as oxygen free radicals, causing tissue damage,
which is significantly reduced by HES with low molecular
weight.**>” Then, the adhesion of PMN to endothelial cells is
the basis and key step of inflammatory response. It was found
that HES with different physical and chemical properties could
inhibit the adhesion of PMN-endothelial cell (EC).*® Further-
more, HES can significantly down-regulate pro-inflammatory
mediators and up-regulate the release of anti-inflammatory
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Fig. 1 Structure and characterization of HES. (A) Structure of HES; (B) TEM image of HES 200/0.5; (C) size distribution of HES in H,O. Reprinted
with permission from ref. 28. Copyright 2019. Royal Society of Chemistry.

mediators.*>* Fourthly, it plays a role in affecting coagulation
function. HES is able to reduce red blood cell aggregation and
blood viscosity, thereby reducing vascular resistance and
improving blood coagulation status. However, the effect of HES
on coagulation function is mainly related to its substitution
level and molecular mass and the mechanism is unclear.**
Hwang et al. revealed that HES with high molecular weight has
significant impact on coagulation function, while HES 130/0.4
has no significant effect on platelet adhesion, aggregation and
coagulation.”>** Last but not least, it also has an inhibitory
effect on tumor metastasis to some extent. By down-regulating
the expression of matrix metalloproteinase 2 (MMP2) and
MMP9, which are associated with tumor cell adhesion, invasion
and migration, HES realizes the suppression of tumor metas-
tasis.**** In addition to this, the circulating tumor cells (CTCs)
are another major cause of tumor metastasis and the platelets
activation may promote CTCs survival and increase the metas-
tasis potential.*® It was found that HES 200/0.5 infusion would
result in an inhibition effect on platelets activation, thereby
decreasing CTCs of patients undergoing colorectal cancer
radical surgery.*’

The unique biological properties of HES make it quickly
attract the attention of researchers in all aspects. HES has
realized wide application in clinic. Table 1 summarizes the
clinical use of HES as plasma expenders, cryoprotectant agents
and organ preservation solutions. Clinical used under the trade
name VitaHES, Infukoll and Voluven in German, and Hespan in
US, HES solutions have been used as plasma expanders for 20
years with fast and powerful volume expansion effect.** By
increasing plasma volume, improving hemodynamics, HES
thereby improves cardiac output and oxygen delivery value, and

3228 | RSC Adv, 2021, 11, 3226-3240

improving internal microcirculation.®® HES is degraded by o-
amylase after injected in vivo, and when the molecular weight of
some particles is less than 70 000, it is quickly discharged
through the glomerular filtration membrane. The expansion
capacity of HES is mainly determined by the molecular weight,
and the residence time in the body depends on the degree of
hydroxyethylation of starch. To achieve unity of effectiveness
and safety, studies have shown that the molecular weight of
HES 130/0.4 is close to the ideal renal threshold level, which has
lower plasma and tissue accumulation, and has little effect on
platelet aggregation and coagulation. Accordingly, HES is clin-
ically used for operation, massive blood loss and septic shock,
etc.*

To improve cell, tissue and organ storage, the safety of
material for cell cryopreservation is crucial. A major disadvan-
tage of traditional cryoprotectant agents (CPAs) is the toxicity.
Low-molecular-permeability CPAs such as DMSO, glycerol, etc.
can remove water from intracellular molecules, leading to
unnecessary interactions between proteins and resulting in
protein denaturation. In contrast, macromolecular HES is used
as a non-penetrating cryoprotectant. It participates in cell
dehydration in the extracellular space and minimizes the
formation of intracellular ice crystals. The cryoprotective effect
of HES depends on its ability to absorb water molecules and
keep these thermally inert in glassy state without experiencing
any phase transition during cooling.*® Research results showed
that cryopreservation solution containing 11.5% HES can
improve the survival rate of human red blood cells. Another
study reported cell recovery of 97% and more than 80% saline
stability of human red blood cells after cryopreservation with
14% HES. At the same time, the parameters of hemolysis, saline

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The use of HES in clinical settings
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Clinical use Mechanisms Advantages Limitations Ref.

Plasma expanders Increase plasma volume Fast and Influence coagulation function 33 and 48
powerful

Cell cryopreservation and Absorb water molecules without phase Nontoxicity Not enough effective alone 49 and

culture transition 50-52

Organ preservation Reduce tissue edema Great safety Just as a supplementary 53 and 54

stability, osmotic fragility and morphological changes of canine
red blood cells frozen in 12.5% HES were significantly better
than the traditional 20% glycerol solution.***> Therefore, HES
has a good application prospect in cell cryopreservation.

In addition to cell preservation, HES also shows certain
protective ability in tissue cryopreservation. The presence of
HES during the storage helps limit hepatic proteolysis and the
ensuing metabolic impairment whereas cryopreservation
without HES stimulates oxygen consumption, protein degra-
dation, decreases glucose production and promotes intracel-
lular volume reduction. HES not only acts on the hydration state
of the liver, but also affects the metabolism, thereby main-
taining the structure of the liver.>® As for the preservation of the
trachea, in the presence of 20% glycerol plus HES group, the
trachea retained all histological and mechanical characteristics,
and the original donor epithelial cells were less depleted and
the submucosal glands were less inflammatory. These all
provide guarantee for the next organ transplantation.®*

3. HES as drug carrier

In view of the successful applications in clinical settings, there
has been considerable interests in developing HES-based drug
delivery systems.* In addition to the characteristics of good
hydrophilicity, biocompatibility, and biodegradablity, HES as
an amylopectin is structurally similar to glycogen (a branched
glucose storage polymer in humans) and this is one of the
reasons why HES lacks immunogenicity.*® For the HES polymer,
no unfavourable accumulation has been observed in the liver or
spleen. Besides, it can improve hemodynamic and enhance the
oxygen supply for tissue, thus to change the microcirculation, as
well as reduce concurrent inflammatory reactions and inhibit
tumor metastasis. Among the various kinds of HES, HES 130/0.4
is mostly studied and widely used, for the reason that it has
excellent systemic tolerance, high renal excretion rate, and little
influence on coagulation.

As shown in Fig. 2, HES can conjugate with small molecule
chemotherapeutics under simple and convenient reactions,
thus increasing the water solubility and stability of some
hydrophobic drugs such as doxorubicin (DOX), paclitaxel (PTX),
camptothecin (CPT) et al. The application of some responsive
chemical bonds is able to realize the selective release of drug to
specific sites, which greatly reduces the toxic side effects. Nano
drug delivery system based on HES like HES—polycaprolactone
(HES-PCL) and HES-polylactide (HES-PLA) can be used for the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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delivery of both hydrophobic and hydrophilic drugs, achieving
long circulation and targeted delivery of drugs in vivo. Especially
for protein, the decoration of HES successfully extends the half-
time. As a preeminent nanocarrier, there are series of brilliant
works about HES boosted already in recent years.

3.1 HES conjugate

3.1.1 Covalent binding of HES to small agents. To solve the
problem that high dose intravenous deferoxamine (DFO) causes
acute hypotension, DFO was covalently attached to HES. In the
model of acute iron poisoning in male mice, treatment with
conjugated DFO resulted in 100% survival, while there was
about 90% mortality of animals given free DFO with unmodi-
fied polymer. Serum levels of alanine aminotransferase (ALT)
and creatine phosphokinase (CPK) were also determined to
evaluate tissue damage. The result was positive. Although there
are differences between their model and acute iron poisoning in
children practically, it is worth noting that coupling with HES
does significantly enhanced the biosafety.>”

Then, the conjugation of methotrexate (MTX) to HES realizes
the first application of antifolate covalently conjugated to HES
in experimental anticancer treatment.’® Activation of the
carboxyl groups of MTX made it possible to react directly with
the hydroxyl groups of HES glycosyl units. It was proposed that
HES-MTX conjugates, due to their hydrodynamic size range
(about 15.2 nm) were able to avoid renal clearance. The surfaces
of HES-MTX conjugates had a negative charge, resulting in
a longer half-life in plasma and consequently increased tumor
accumulation of HES-MTX conjugate via the enhanced
permeability and retention (EPR) effect. The experiment in vivo
performed on the MV-4-11 leukaemia model revealed the high
antitumor efficacy of HES-MTX conjugate compared to
nonconjugated ones. Specifically, HES-MTX revealed signifi-
cant activity in inhibiting the growth of MV-4-11 tumors from
day 11 to the end of the experiment. The well-established
therapeutic efficacy of HES-MTX suggests that the conjugate
has clinical translation potential. However, the pharmacoki-
netics and biodistribution of HES-MTX need to be further
studied to clarify the enhanced antitumor effect.

The above study created new opportunities in the design of
HES-based innovative drug-polymer conjugates. DOX, which
can interact with DNA by intercalation to inhibit the tran-
scription and replication of DNA, thereby inhibiting the growth
and proliferation of tumor cells, is widely used in chemotherapy
for the treatment of various tumors including hematological

RSC Adv, 2021, 11, 3226-3240 | 3229
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Fig. 2 HES-based drug delivery systems.

malignancies as well as for many types of carcinoma and soft
tissue sarcomas. However, the clinical use of DOX is hindered
by the limitations such as the short half-life in blood and severe
toxicity to heart and renal.*>* To improve the above drawbacks,
Li et al firstly synthesized three intracellular acid-sensitive
HES=DOX conjugates through an efficient Schiff base reac-
tion between the aldehyde group (-CHO) in oxidized HES and
the amino group (-NH,) of DOX.®* Based on the fact that both
the intratumoral (pH 6.8) and intracellular microenvironments
(endosome: pH 5.0-6.5, lysosome: pH 4.0-5.0) are acidic for that
cancer cells produce lactic acid from glucose even under non-
hypoxic conditions, the prodrugs with acid-sensitive hydra-
zone bond were relatively stable under normal physiological
conditions and released the drug rapidly in an environment
mimicking the intracellular acidic microenvironment. Three
prodrugs with different drug binding rates (DBRs) HES=
DOX; ;, HES=DOX;; and HES=DOX;, showed spherical
morphologies with diameters around 60 nm. It is also note-
worthy that the size of the HES=DOX micelles decreased with
the improvement of the DBR because of the expansion of the
hydrophobic DOX moiety and compaction of the micellar core.
The drug release could be accelerated by the decrease of pH. All
DOX formulations demonstrated more efficient antitumor effi-
cacy in comparison to free DOX, which resulted from their
enhanced accumulation at the tumor site and improved DOX
release in tumor cells due to the acidic intracellular microen-
vironment. On this basis, cyclic Arg-Gly-Asp peptides (cRGD)
have been utilized. A targeted acid-sensitive polysaccharide
prodrug (HES=DOX/cRGD) was synthesized by Schiff base
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reaction between the aldehyde groups of oxidized HES and the
amino groups of DOX and cyclo (Arg-Gly-Asp-p-Phe-Lys) peptide
(c(RGDfK)), forming two imine linkers in the conjugate.®
HES=DOX/cRGD exhibited a better inhibition effect on tumors
and had a significant difference compared with HES=DOX.
That was because cRGD showed high affinity with a,3; integrin,
which could selectively transport antitumor drugs to tumor
tissues and stimulate the internalization process. In another
work, HES and DOX were conjugated by a pH-sensitive hydra-
zine bond (Hyd). pH-Insensitive HES-SAD was also synthesized
as a control.® The different release profiles of the two polymers
at various pH values verified the potential use of this pH-
sensitive conjugate. In addition, a higher cellular proliferation
inhibition efficacy was achieved in HES-Hyd-DOX group.
Similarly, another pH-responsive luteinizing hormone-
releasing hormone (LHRH)-conjugated prodrug (HES-DOX/
LHRH) was facilely synthesized by conjugating oxidized HES
(HES-CHO) with DOX and LHRH through an acid-sensitive
Schiff base bond, which self-assembled into nanoscopic
micelle with a radius of about 55 nm.* Under the physiological
condition of pH 7.4, the release rate of DOX after 72 h was only
30%. Under the conditions of pH 6.8/5.5, the release rate of
HES-DOX increased significantly to 42.1%/62.5%, and the
release rate of HES-DOX/LHRH was 40.1%/71.2%. This showed
that the Schiff bond was stable under normal tissue physio-
logical conditions, which can significantly reduce systemic
toxicity, and acidic conditions in tumor sites triggered the
cleavage of Schiff bond to promote drug release. More impor-
tantly, targeted HES-DOX/LHRH possessed better anti-tumor

© 2021 The Author(s). Published by the Royal Society of Chemistry
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and anti-metastasis effects on a RM-1-xenografted C57BL/6
mouse model compared to free DOX and non-targeted HES-
DOX, indicating that the LHRH-modified HES-DOX conjugate
has great potential for treatment of metastatic prostate cancer
with lower systemic toxicity. It is known that the concentration
of glutathione (GSH) is higher in tumor than that in normal
tissues. Taking advantage of this difference, a novel redox-
sensitive conjugate HES-SS-DOX was developed.®® The disul-
fide bonds would be rapidly broken to trigger drug release
under the environment of high reduction environment in tumor
sites, while remained stable in blood circulation. Redox-
insensitive HES-DOX was also synthesized as a control
through the amide bonds. The drug release in vitro confirmed
the GSH-triggered drug release of HES-SS-DOX. The drug
release rate of HES-SS-DOX in PBS (pH 7.4) with 10 mM or
2 mM GSH was significantly higher than that in PBS (pH 7.4)
with 2 uM or without GSH. The in vitro cytotoxicity of free DOX,
HES-SS-DOX, and HES-DOX against H22, HepG-2, and Bel-
7402 cells was studied. The results showed that at the concen-
tration of DOX at 10 ug mL ™", the cytotoxicity of HES-SS-DOX
conjugate was much higher than that of HES-DOX, which was
close to free DOX. The in vivo study showed similar results.
HES-SS-DOX possessed a longer plasma half-life and higher
tumor site accumulation, bringing about higher tumor
suppression efficiency with reduced toxicity. The HES in the
above studies played an important role in relieving the toxicity
of DOX to some extent. Especially the design of sensitive bonds
made great achievements. Nevertheless, HES=DOX exhibited
better activity in vitro than HES-SS-DOX, thus, the release of
DOX in a good manner is a concern.

5-Fluorouracil (5-Fu) is a small molecule drug that is widely
used in the treatment of many tumors, especially solid tumors.
Luo et al. developed a sustained-release drug delivery system for
5-FU to improve its short half-life.*® 5-Fluorouracil-1-acetic acid
(FUAC), which is transformed from 5-FU was firstly prepared
and then conjugated to HES through ester bonds to afford the
HES-FUAC conjugate. The conjugate was very stable in an
acidic buffer with a pH value of 5.8. The release rate of FUAC
was slow. As the pH value increased (pH 7.0-10.0), the hydro-
lysis was significantly accelerated. The conjugate was also
hydrolyzable in human and rat plasma, releasing FUAC with
half-lives of 20.4 h and 24.6 h, respectively. This significantly
increased half-life of FUAC in the blood circulation confirmed
that this conjugation can realize long-term circulation and
sustained release function of FUAC in vivo. However, its anti-
tumor efficacy in vivo needs to be further verified.

For developing a sustained-release drug delivery system with
enhanced solubility, stability, and bioavailability, the anti-
cancer drug curcumin (CUR), as a food-derived natural product
with low toxicity, was conjugated to HES via an acid-labile ester
linker.*” The amphiphilic HES-CUR conjugate could self-
assemble into micellar nanoparticles (HES-CUR NPs) with
a diameter below 100 nm. The HES-CUR NPs kept good stability
as well as anti-oxidative ability during the storage. Compared
with free CUR solution, HES-CUR NPs enhanced the solubility
and improved the cytotoxicity to HeLa cells and Caco-2 human
colorectal adenocarcinoma cells. Similarly, employing HES to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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conjugate with cis-platinum was a promising way to potentiate
the water solubility and anti-cancer efficacy of cis-platinum,
which attacks DNA, blocks replication and induces -cell
apoptosis. HES-Pt (IV) was firstly synthesized via esterification
reaction, and then modified with galactose moieties by the
reaction between hydroxyl group of HES 200/0.5 and carboxyl
group of lactobionic acid (LA). The resulting LA-HES-Pt can
specifically bind to the asialoglycoprotein receptors (ASGPR)
overexpressed on the surfaces of hepatoma cells HepG-2 to
promote the cellular uptake of LA-HES-Pt by hepatoma cells.
The platinum conjugated on the LA-HES-Pt was reduced to cis-
platinum after cellular uptake. The modification of cis-platinum
with HES significantly improved the water solubility of cis-
platinum. In vitro experiment verified that LA-HES-Pt had the
higher cytotoxicity to HepG-2 cells compared with HES-Pt or
free cis-platinum due to the ASGPR-LA-mediated endocytosis.
Both the reported HES-CUR NPs and LA-HES-Pt have signifi-
cant clinical translation potential and warrant further in vivo
investigation.?®

10-Hydroxy camptothecin (10-HCPT) is a camptothecin
derivative with strong cytotoxicity. But the application is
inhibited for its low water solubility and stability in vitro and in
vivo.®® Under physiological environment, 10-HCPT can regulate
the balance of its lactone structure and carboxylate structure
through pH. Among them, lactone structure is an important
form of antitumor effect, while carboxylate structure does not
have antitumor activity. Studies have shown that coupling of the
hydroxyl group at position 20 of the HCPT molecule with
a water-soluble macromolecular material can significantly avoid
ring-opening reactions of lactones and improve water solu-
bility.*® Li et al. prepared a 10-HCPT-HES conjugate to deliver
10-HCPT.”>’* 10-HCPT and HES were conjugated by ester
bonds. 10-HCPT-HES has a water solubility of 0.72 mg mL " as
10-HCPT (approximately 100 times than that of the free 10-
HCPT). The release of 10-HCPT from 10-HCPT-HES was
increased with the decrease of pH value (4.0-7.4), suggesting
prolonged circulation and favorable cancer treatment. As for the
Hep-3B and SMMC-7721 cell lines, the 10-HCPT-HES conju-
gates exhibited higher cytotoxicity in comparison with free 10-
HCPT. The half-life of 10-HCPT was extended to 4.38 h from
10 min. The 10-HCPT-HES conjugate effectively suppressed
tumor growth accordingly. When 10-HCPT-HES conjugate was
continuously modified with lysine (Ly), the prepared micelles
showed satisfactory anti-tumor effect due to the existence of
active targeting between Ly and amino acid (AA) transporters on
the surface of liver cancer cells.”

Li et al. have synthesized a HES-based a-amylase and redox-
responsive HES-SS-PTX NPs.”” The nanoparticle has a hydro-
phobic core (PTX) and a hydrophilic shell structure (HES).
During blood circulation, a-amylase will specifically broke the
a-1, 4 glycosidic bond on the HES linear chain, which gradually
reduced the diameter of the nanoparticle and this was benefi-
cial for deep penetration. After being taken up by the tumor
cells, the nanoparticles disintegrated and released PTX to kill
the tumor cells under the action of GSH. HES-SS-PTX NPs were
firstly prepared by a modified emulsification method. When it
comes to a-amylase concentration of 100 U L™ ", size reduction
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took place within 10 min from 160 nm to 120 nm, indicating
that HES can be rapidly degraded by a-amylase. Compared with
commercially available Taxol, the half-life of HES-SS-PTX
nanoparticles can be as long as 15 h, which was about 7 times
longer than that of Taxol. The antitumor effect was also
enhanced, accompanied with lower toxicity. These results
indicated that nanoparticles with dual response of a-amylase
and redox based on HES have great application potential in
clinical tumor treatment. The degradation of HES by a-amylase
achieved sustained and controlled release of drugs, and this was
the advantage over PEG.

In addition to the small molecule drugs mentioned above,
metal nanoparticles have attracted enormous interest in recent
times. Among them, gold nanoparticles have a wide range of
applications, which also have an antibacterial effect.”* However,
the conventional chemical methods to prepare the gold nano-
particles have limitations.”” Das et al. developed a green
synthesis of gold nanoparticles using a novel biodegradable
graft copolymer, where methylacrylate (MA) was grafted on HES
bone.” Then, the partially hydrolyzed graft copolymer was used
for synthesizing gold nanoparticles (GgNPS). The synthesized
GgNPS with a mean diameter of 16-20 nm have shown excellent
antibacterial activity on two Gram positive bacteria, but the
effect on negative bacteria was not observed. This was because
that the graft copolymer hindered the interaction of gold
nanoparticles with the outer membrane component of the
Gram negative bacteria, which has to be solved.

3.1.2 Covalent binding of HES to biomolecules. Apart from
small molecules, using HES to improve the delivery of some
biomacromolecules has also attracted attention. Proteins, as
the material basis of life, is the most concerned.

Polymer-drug and polymer-protein conjugates are prom-
ising candidates for the delivery of therapeutic agents. Kessler
et al. have reported a novel compound named AGEM400 (HES)
and evaluated its activity in vitro, where AGEM400 is a novel
dimeric erythropoietin mimetic peptide.”” The molecular
weight of HES used in AGEM400 (HES) was about 130 kDa.
About up to 5 peptide molecules were coupled to one HES
molecule. By the conjugation to HES, not only the circulating
half-life of AGEM400 was prolonged, but also AGEM400 (HES)
had effect on inducing normal in vitro erythropoiesis and
stimulating survival of EPO-dependent cell line UT7/EPO.
However, it displayed weak effects on three different EPO-
responsive cell lines. Similarly, the covalent coupling of HES
with anakinra (a 17.26 kDa protein) by reductive amination
reaction resulted in increased molecular size, which greatly
extended the half-life of anakinra in vivo without change of
anakinra’ structure and stability.” These works only evaluated
the half-life extension of protein drugs. The in vivo therapeutic
effects and potential side effects need to be further studied.

3.1.3 Summary and discussion. In summary, a series of
HES-drug conjugates have been synthesized and evaluated.
Table 2 summarizes the chemical bonds between HES and
drugs, including imine, ester and hydrazine et al., which mainly
depends on the different functional groups on the drugs.
Conjugation with HES generally results in enhanced half-life
time in vivo. However, the cellular uptake may be reduced due
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to the good water solubility of HES. For the small molecules
exerting their activity inside the cells, the conjugation strategy
and the modification of targeting molecules is crucial for the
activity of the conjugates. These small molecules need to be
released from the conjugates to exert their activity. Therefore,
stimuli-responsive linkers are desired. For instance, both pH-
sensitive HES-Hyd-DOX and redox-sensitive HES-SS-DOX
exhibit enhanced activity compared to the non-responsive HES—
DOX. The released drug state also influences the activity of the
conjugates. Some conjugates release the free drugs while others
release the drug derivatives, depending on the chemical bond
used for conjugation. For instance, HES=DOX released the free
DOX in response to acidic pH while HES-SS-DOX released
DOX-SH in response to GSH. The activity of DOX-SH is reduced
compared with free DOX. This is one of the reasons why HES-
SS-DOX exhibited reduced in vitro activity than HES=DOX.
However, HES=DOX also has apparent limitations. HES was
oxidized for the conjugation of DOX in HES=DOX, which
disrupts the backbone of HES and may lead to unfavorable
effects. In addition to stimuli-responsive bonds, ester bond and
amide bond are also proven to be effective for some HES-small
molecule conjugates such as HES-Pt, HES-FUAC, HES-CUR
and 10-HCPT-HES, which may ascribed to the enzyme-
mediated drug release. Compared to the above mentioned
HES-small molecules, HES-DFO and HES-protein conjugates
do not need to enter into cells to exert their effects and could
take full advantage of long-circulation of HES, showing more
promising clinic translation potential. However, HES—protein
conjugates are difficult to synthesize and control the quality due
to the presence of multiple functional groups on proteins.
Although polyhydroxyl sites on HES provide targets for covalent
attachment of drugs, how to achieve precise and controllable
conjugation is crucial to the successful translation of HES-drug
conjugates.

3.2 HES based drug carriers

3.2.1 Delivery of small agents. Dexamethasone (DXM),
widely used in clinical with vigorous anti-inflammatory prop-
erties, is associated with severe side effects such as hypergly-
cemia, hypertension, and intestinal bleeding.”*" To realize the
targeted delivery of DXM to key cells, Fichter et al. encapsulated
DXM into HES NCs by an inverse mini-emulsion polyaddition
method.** The SEM studies of the nanocapsules confirmed the
formation of core-shell morphology. The nanocapsules
exhibited a DXM encapsulation efficiency of 92.6%. Incorpora-
tion of nanocapsules containing DXM by Kupffer cells signifi-
cantly suppressed the release of inflammatory cytokines like IL-
6 and TNF-a. In another work, similar HES nanocapsules were
synthesized, on which the vaccine adjuvant monophosphoryl
lipid A (MPLA) was coated.® In a first step, coating with MPLA
induced the most pronounced effect on the ingestion of nano-
capsules with up to 58% of immature monocyte-derived
dendritic cells (moDCs) being NC positive and led to matura-
tion. HES-MPLA NPs also induced an increased expression of
CD83 and CD80. It is worth noting that the amount of MPLA
attached to the HES-NCs was at least 20 fold lower than soluble
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Type of
HES kind Drug bond In vivo studies (models) Key findings Ref.
Small agents Not available Deferoxamine (DFO) Imine Murine model of acute iron ~ Prevent the mortality 57
toxicity
HES 130/0.4 Methotrexate (MTX) Ester P388 murine leukaemia, MV-4- Higher antitumor efficacy 58
11 human leukaemia
HES 130/0.4 Doxorubicin (DOX) Imine B16F10 melanoma Acid-sensitive, enhanced 61
antitumor activity and security
HES 130/0.4 Doxorubicin (DOX) Imine A375 human malignant Targeted acid-sensitive and 62
melanoma improved antitumor efficacy
HES 130/0.4 Doxorubicin (DOX) Hydrazone No Acid responsiveness, better 63
proliferation inhibition in
HepG2 cells
HES 130/0.4 Doxorubicin (DOX) Imine RM-1-xenografted C57BL/6 pH-responsive, improved 64
mouse distribution, anti-tumor and
anti-metastasis
HES 200/0.5 Doxorubicin (DOX) Amide H22-tumor mice model Redox-sensitive, targeted drug 65
delivery and better antitumor
efficacy
HES 130/0.4 5-Fluorouracil (5-Fu) Ester SD rats Sustained-release of FUAC 66
HES 200/0.5 Curcumin (CUR) Ester No Improved solubility and 67
stability of CUR, better
anticancer activity
HES 200/0.5 cis-Platinum (Pt) Ester No Improved solubility of Pt, 28
targeted delivery to HepG-2
cancer cells
HES 200/0.5, HES  10-Hydroxy camptothecin = Amide Hep-3B solid tumor in nude  Improved solubility and 70 and
130/0.4 (10-HCPT) mice stability of 10-HCPT, higher 71
cytotoxicity
HES 130/0.4 Paclitaxel (PTX) Disulfide 4T1-tumor mice model a-Amylase- and redox- 73
bond responsive, increased in vivo
half life time
Biomolecules HES 130/0.5 Erythropoietin (AGEM400) Thioether No Prolonged half-life, superior 77
efficacy
HES 85 kDa Anakinra Imine Male Wistar rats Extended half-life 78

MPLA, thus reducing systemic and/or local side-effects caused
by MPLA. After Diclofenac sodium (DS) being encapsulated
within crosslinked HES (C-HES) nanocarrier, the resultant C-
HES-DS Nps improved the dilemma that the high clinical dose
is required, and along with its toxicity and the need for multiple
injections.® In addition, such nanocapsules bear the potential
to serve as a carrier for additional therapeutics. HES could also
be served as a stabilizing agent for poly(i-lactide)-based nano-
particles (PLLA-NPs) encapsulated octenidine with no influence
on the degradation and release behavior, and PLLA-HES-60-NPs
were more efficient in inhibiting the growth of Gram-negative E.
coli (ATCC 25922).%

Although great progresses have actually been made in the
field of polymer-conjugates among different nanocarriers, such
conjugation is not the perfect way. Many conjugations pose
a hazard to other normal cells because of their poor stability
and premature drug release. Hu et al. developed HES-SS-DOX
conjugate in their previous study, which showed a certain ability
to suppress the growth of tumors. Nevertheless, the therapeutic
effect of the HES-SS-DOX conjugate needs to be essentially
improved since they were unable to eradicate tumors in the
treatment period after multiple injections.* In view of the good

© 2021 The Author(s). Published by the Royal Society of Chemistry

in vivo biocompatibility but limited efficiency of HES-SS-DOX
conjugates, Yu et al. once again developed a new type of HES-
SS-DOX@ICG nanoparticles (NPs) for fully eradicating
tumors.* Indocyanine green (ICG), as a photothermal agent,
also has cytotoxicity to the targeted cancer cells, which was
directly coated onto HES-SS-DOX conjugates. These HES-SS—
DOX®ICG NPs were stable and able to eradicate tumors with
one single injection and single near infrared (NIR) laser irra-
diation. This nanoplatform exploits the well-known instability
of FDA approved ICG for enhanced tumor penetration and can
also encapsulate other components via supramolecular self-
assembly for combination therapies. This combination has
promising potential for chemo-photothermal cancer therapy in
clinic.

To continuously solve ICG's instability and expand its
application, ICG was encapsulated in HES-oleic acid conjugate
nanoparticles (HES-OA NPs). Then ICG@HES-OA NPs was
combined with B-phenylethyl isothiocyanate (PEITC) for potent
PDT.* PEITC has a role in depleting GSH efficiently and selec-
tively after conjugation with intracellular GSH by the action of
GSH S-transferases inside the tumor cells. ICG@HES-OA NPs
enhanced the stability of ICG greatly. PDT based on the

RSC Adv, 2021, 1, 3226-3240 | 3233


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra09663f

Open Access Article. Published on 14 January 2021. Downloaded on 3/20/2026 10:49:09 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Review
Table 3 Drug delivery systems based on HES
In vivo studies
HES kind Nanocarrier Drug (models) Key findings Ref.
Small agents HES 200/ HES polymer Dexamethasone (DXM) No Targeted transport of DXM to 81
0.5 NPCs
HES 200  HES polymer Monophosphoryl lipid A (MPLA) No Enhanced the uptake and 82
phagocytosis
Not HES polymer Diclofenac sodium (DS) SD rats Reduced dosage and frequency of 83
precisely administration of DS
HES 200/ HES-PLLA Octenidine No Inhibited the enzymatic 84
0.5 degradation
HES 20/0.5 HES-SS-DOX Indocyanine green (ICG) H22 tumor-bearing Highly efficient anti-tumor 85
conjugate mice performance with ICG
HES 130/ HES-OA conjugate Indocyanine green (ICG) H22 tumor-bearing Enhanced ICG stability, PDT 86
0.4 mice synergistic antitumor effect
HES 130/ Gal-HES-PCL Doxorubicin (DOX) and H22 tumor-bearing Chemo/photothermal 87
0.4 indocyanine green (ICG) mice combination therapies
HES 25/0.5 HES-PDA Doxorubicin (DOX) H22 tumor-bearing Improved antitumor efficacy 88
mice
HES 70/0.5 HES-g-PLA Doxorubicin (DOX) H22 tumor-bearing Effectively delivery of DOX 89
copolymers mice
HES 130/ iRGD-HES-SS-C18  Doxorubicin (DOX) No Enhanced cellular uptake and 91
0.4 antitumor efficacy
HES 70/0.5 HES-PLA Doxorubicin (DOX) and 4T1 cell in zebrafish Simultaneously suppress primary 92
LY2157299 (LY) tumor and distant metastasis
HES 200 HES NCs Folic acid (FA) No Specific cellular uptake into HeLa 93
cells
Biomolecules HES 130/ HES-(P(EG)6 MA) No No A delivery system for the 94
0.4 polymer controlled release of proteins
HES 130 HES-HEMA Lysozyme No Controlled release 95
HES 422/ AcHES-PLGA Insulin Diabetic animal Sustained release of proteins 96
0.76 model
HES 130/ HES Bovine serum albumin (BSA) No Enhanced immune responses 97
0.4
HES 70/0.5 HES-PEI copolymers Plasmid pCMVluc (pDNA) No The shielding and controlled 98
deshielding of DNA polyplexes
HES 200/ HES NCs Cytokine interleukin-2 (IL-2) Wild-type C57BL/6  Direct and specifc target to human 99
0.5 mice and murine T cells
HES 200/ HES NCs (Oligo)mannose No Targeted delivery to dendritic cells 100
0.45

combination of ICG@HES-OA NPs and PEITC exhibited
synergistic antitumor effect. Similarly, DOX and ICG were co-
loaded by galactose-functionalized = HES-PCL
colloidosomes (Gal-HES-PCL NCs) for in vivo chemo/
photothermal combination therapies.*” The resultant DOX/
ICG@Gal-HES-PCL NCs possessed selective drug release
behaviors due to the distinctive  structure  of
nanocolloidosomes.

DOX is used as one of effective chemotherapeutic drugs, but
the low specificity toward tumor and severe side effects limit its
clinical use. As a substitute for traditional PEGylation, different
nanocarriers based on HES have sprung up. Wu et al. presented
the preparation of HES-coated PDA (HES-PDA) NPs as a nano-
carrier for DOX.* Not only could it be a straightforward method
to improve the stability of the PDA (bio-inspired polydopamine)
NPs, but also reinforced the application of DOX. DOX-loaded
HES-PDA NPs were studied in comparison with PEG-coated
PDA NPs (DOX@PEG-PDA NPs). Collectively, DOX@HES-PDA
NPs can implement the same function, with some advantages,

nano-
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compared with DOX@PEG-PDA NPs for cancer chemotherapy.
Yu et al. designed HES-grafted-polylactide (HES-g-PLA) copoly-
mers, which assembled into two kinds of NPs that were used as
partner nanocarriers for delivering DOX.** As results showed,
these HES-g-PLA NPs indeed enhanced DOX delivery with no
impairment to the body. The HES-g-PLA NPs, as a reticuloen-
dothelial system (RES)-blocking agent, can temporarily block up
the RES for a suitable period of time, and they were suitable for
delivering various kinds of anticancer drugs toward tumors if
the adopted drug could be efficiently loaded into the small-size
HES-g-PLA NPs. Docetaxel (DTX) as loaded drug in Liu et al.‘s
study has come to same conclusion.” To enhance the tumor
targeting and penetration ability of chemotherapy-related
drugs, Hu et al. reported a novel kind of polymeric reduction
responsive vehicle, nanoclusters (NCs). The NCs were self-
assembled from hydrophobically modified HES (HES-SS-C18).
A tumor-penetrating peptide IRGD was coated on the surface to
enhance their tumor cell internalization.’* Because of interac-
tion between iRGD and integrin a,, DOX@iRGD-HES-SS-C18

© 2021 The Author(s). Published by the Royal Society of Chemistry
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NCs can specifically bind to the cell membranes. Then, DOX
was released in the tumor's reductive environment. The intel-
ligent nanoclusters realized more accurate targeting. In the
process of seeking to improve the targeting of drugs, hetero-
geneous distribution of drug inside tumor was found to causing
regional insufficient chemotherapy, which resulted in drug
resistance and tumor metastasis. Conscious of this problem,
there was a co-delivery nanoparticle (HES-PLA), where DOX and
TGF-B receptor inhibitor, LY2157299 (LY), were administered
together.””> In vitro and in vivo studies, DOX/LY@HES-PLA
nanoparticle demonstrated great effect on suppressing primary
tumor and distant metastasis (nearly no nodule on the lung),
which provided implications for clinical applications. If the
targeting molecule can be modified on the surface of this
carrier, it will greatly increase the uptake of tumor cells.

Folic acid (FA) has a high affinity to folate receptors (mainly
FRo) which are overexpressed on the surface of various tumor
carcinoma cells. When covalently linked (via y-carboxyl group)
to the NH, terminated conjugate, which was used for coupling
with the carboxylic groups on the HES nanocapsules surface,
the resultant HES-FA conjugate remained its physiological
properties and binding affinity to FRa.”® After fractionation,
HES-FA-F, with a small diameter (174 nm) showed a better
uptake into HeLa cells. However, the uptake of nanoparticles in
vivo is not yet known.

3.2.2 Delivery of biomolecules. Hydrogels, due to their
outstanding merits such as high water content, soft consistency
as well as biocompatibility, were developed as outstanding
carriers for the controlled release of proteins. To investigate
influence of network structure and drug size on release rate,
Bertz et al. prepared photo-crosslinked hydrogel microspheres
and cylinders based on HES modified with polyethylene glycol
methacrylate (HES-P(EG)¢MA), whose pore sizes were deter-
mined by cryo-SEM for imaging on a nanometer scale.”* The
results also revealed that the initial release was largely depen-
dent on the relationship between hydrodynamic diameter and
pore size, while the long-term release of the contained
substances was mainly controlled by the degradation of the
smaller mesh network. In addition, Schwoerer et al. demon-
strated a new preparation of protein-loaded hydrogel micro-
spheres with the pore size of a monomodal distribution as well
as the ability to retain large amounts of water by a radical photo
cross-linkable polymerization of hydroxyethyl methacrylate-
HES (HES-HEMA) in an all aqueous two-phase system (ATPS),
in order to further investigate the model of drug release from
the corresponding hydrogel.*® In this study, the release of active
testing substances from this hydrogel can be predominantly
controlled by varying the degree of substitution (DS), the size of
the entrapped substance and the degradation conditions.
Actually, the release rate of fluorescence labeled lysozyme
decreased with increasing DS. In a complex internal environ-
ment, the relationship between the drug release rate and the
carrier may be different.

Jiang et al also introduced a microspheres delivery system
AcHES-PLGA, composed of poly(p, t-lactide-co-glycolide) (PLGA)
and poly(acryloyl hydroxyethyl starch) (acryloyl derivatized HES;
AcHES), which was loaded with bovine insulin.®® The composite
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microspheres showed more favorable and complete in vitro
release than conventional PLGA microspheres. In vivo evalua-
tion, when treated with insulin-loaded AcHES-PLGA, the
glucose suppression could be easily seen in diabetic animals.
Then, HES microcapsules with encapsulated bovine serum
albumin (BSA) were synthesized by crosslinking with tereph-
thaloyl chloride at the emulsion droplet interface. The loading
of BSA in HES microparticles can induce both a T helper 1/T
helper 2 immune response, which was critical for the control
of malignant cells as well as infectious pathogens.”” The HES
vehicle may provide a suitable delivery and presentation system
in the development of vaccine.

To investigate physicochemical characterization, the in vitro
cytocompatibility and hemotoxicity of HES-decorated poly-
plexes, Noga et al. prepared a series of HES-PEI conjugates
coupled to a 22 kDa linear polyethylenimine (LPEI22).°® It is
noteworthy that various HES-decorated polyplexes had hydro-
dynamic diameters of approximately 70-80 nm, which meant
that the amount of HES in the polyplexes didn't play an
important role in the particle diameter. At the same time, the
HES-mediated particle shielding effect was manifested by
a decrease in surface charge that was strongly correlated to the
molar mass of HES, where the charge decreases linearly with
increasing molar mass. HES-PEI conjugates showed lower
cytotoxicity, no aggregation, and much lower hemolysis
compared to unmodified PEI, providing the potential for gene
delivery.

Frick et al. linked human IL-2 to the surface of HES nano-
capsules via copper-free click reaction to obtain “HES-D-IL-2”
nanocapsules.” The uptake experiment in vitro revealed that
HES-D-IL-2 capsules could lead to vigorous T cell proliferation
compared with only IL-2. In addition, by controlling the degree
of functionalization as well as by assessing the amounts of
surface-bound IL-2, HES-D-IL-2 with different ratios of IL-2 were
synthesized. This nanocapsule-mediated technique is a prom-
ising strategy for T cell-based immunotherapies and may be
translated to other cytokine-related targeting systems.

HES nanocapsules (NCs) themselves do not show any non-
specific cell interactions. Only the presence of a targeting
agent on their surface allows them to target specifically to the
desired site. Freichels et al. described the synthesis of nano-
capsules (NCs) covalently attached with mannose residues.’®
Amine groups on the surface of HES NCs were reacted either
directly with the isothiocyanate group (ITC-Man) or through
reductive amination (di-Man and tri-Man). The uptake of NCs
by dendritic cells was significantly enhanced by the modifica-
tion of mannose on the surface of NCs. However, the targeting
function of mannosylated HES NCs in vivo is absent.

3.2.3 Summary and discussion. Table 3 summarizes the
drug carriers based on HES and there are five main types. HES-
hydrophobic drug self-assembled nanoparticles, HES-hydro-
phobic polymer self-assembled nanoparticles, HES-coated
nanoparticles, HES-based NCs and HES-based hydrogels. The
first three ones could be used to load hydrophobic drugs while
the last two ones could be used to load hydrophilic drugs. These
HES-based drug carriers have been proven to be effective for the
delivery of multiple drugs. Among them, the structure and
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preparation procedure of HES-hydrophobic polymer self-
assembled nanoparticles and HES-coated nanoparticles are
relatively simple, thus having the potentials of large-scale
production and clinical translation. Compared to the PEG-
hydrophobic polymer self-assembled nanoparticles such as
PEG-PLA and PEG-PCL, the sizes of HES-PLA and HES-PCL are
larger (over 100 nm). Although Li and Zhou et al. have proven
that HES shell could be degraded gradually in blood circulation,
the size changes remain limited. This should be addressed in
the future. However, HES also have some unique properties.
The degradability of HES may be used to realize surface charge
reversal (HES-PEI) and transition from hydrophilic to hydro-
phobic state, so as to overcome the “PEG-dilemma”. Besides,
the hyperbranched structure of HES endows HES with excellent
capability to prevent protein adsorption, which may be benefi-
cial for active targeting after surface modification of target
molecules. HES-coated nanoparticles such as HES-coated PLGA
and HES-coated PDA show similar effects compared with F127-
coated PLGA and PEG-coated PDA, respectively.'**

4. Conclusion and outlook

At the end of the last century, the discovery and confirmation of
EPR effect have greatly promoted the development of nano-drug
delivery systems.'” As summarized in Fig. 2, there are mainly
two common drug-loading strategies: one is loading drug on the
carrier through non-covalent bond interaction, the other is
covalently conjugating to the carrier. No matter which way, the
choice of carrier, such as PEG, N-(2-hydroxypropyl)-
methacrylamide (pHPMA), polypeptide and polysaccharides is
crucial. However, the non-degradability of PEG and pHPMA
polymers in vivo inevitably limits the applications of these two
materials. Polypeptides including o,B-polyasparthydrazide
(PAHy), polyglutamic acid (PGA), polylysine (PLL) and poly(L-
aspartic acid) (PAA) exhibit good biocompatibility, biodegrad-
ability and abundant reaction groups.'®'* In addition to the
above advantages of poly (amino acids), HES, as a poly-
saccharide, leads to low incidence of immune reaction due to
molecular structure similar to human glycogen and is easy to
get at low price.’**'*® Compared with resistant starch which is
indigestible by body enzymes, HES has slightly worse anti-
digestion physiological characteristics, but it can be
completely metabolized and has better biological safety.'*'*°
The compounds, depending on different intrinsic charac-
teristic, were covalently conjugated with HES or loaded onto
nanocarriers to improve the drug's solubility, enhance the
therapeutic efficacy, and reduce side effects. The nano drug
delivery systems will have a better effect on maintaining the
stability and efficacy of drug molecules. A variety of non-
covalent bonding nanomedicine has been approved for clin-
ical useages.* There still exists challenge to balance the
contradiction between drug loading system stability and rapid
drug release at the target sites, while the conjugation strategy is
preferable because conjugating drugs onto polysaccharides can
produce more stable prodrugs with only two ingredients, which
can minimize the possible toxicity induced by foreign materials.
Apart from the compatibility, the drug loading capability of the
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polymer is crucial. The abundant reaction groups (hydroxyl
groups) on HES greatly improve the limitations of low drug-
loading ability of PEG for that it has only two terminal groups
for covalent attachment with the drug molecules, thus exhibit-
ing a clinical prospect.

Polymer micelles have many advantages over other nano-
drug delivery systems. For example, the size of polymer
micelles is smaller than liposomes, which is very important for
transcutaneous lymphatic administration or intravascular drug
extravasation into tumor tissues.'** Many types of amphiphilic
polymers can form micellar structures, where the hydrophobic
part is usually composed of a biodegradable hydrophobic
polymer, such as PLA or PCL and the hydrophilic part is usually
PEG."> After PEG-PLA and PEG-PCL form micelles, the
hydrophilic shell composed of PEG can reduce the adsorption
of plasma proteins and opsonins on the micelles, thus pro-
longing the circulation time of the micelles in vivo."** However,
the hydrophilic layer formed by PEG also prevents the nano-
particle from contacting the cell membrane composed of the
phospholipid bilayer, thereby affecting the endocytosis effi-
ciency of the nanoparticle by tumor cells."** Even the nano-
formulations that have been approved for clinical use like still
have drug efficacy and security issues."*>**¢ In addition, studies
have shown that PEG-PLA can inhibit the efflux function of P-
glycoprotein at the cellular level."*” Similar HES-PLA or HES-
PCL not only has the advantages of PEGylation modification,
but also solves the dilemma caused by PEG. Under the action of
a-amylase in the blood, the HES hydration layer on the
periphery of the nanoparticles is continuously trimmed, which
is conducive to the incorporation and release of drugs. It was
reported that the amount of amylase decreased with the
decrease of HES."*® Therefore, the nanoparticles coated with
HES possess a property of a-amylase-responsive. The degrada-
tion by a-amylase leads to the decrease of particle size,”® which
would be beneficial for nanoparticles tumor targeting, accu-
mulation, and penetration.*® It is speculated that the targeted
degradation may be realized at the tumor site for the reason that
the expression of starch hydrolase may increase according with
rapidly metabolism of tumor cells. As a result, the increase of
local drug concentration at the tumor could be realized. It is
known that a-amylase is produced mainly in pancreas. Thus,
the more a-amylase may accelerate such a degradation process,
so as to achieve better effect on pancreatic cancer.

Cytokines are a heterogeneous group of soluble small poly-
peptides or glycoproteins, playing an important regulatory role
in the immune system.”” The cytokine therapy that has
emerged in recent years can convert an immunological “cold”
microenvironment to “hot” in immunotherapy. Intratumoral
injection or targeting antibodies can relieve dose-limiting
systemic toxicities to some extent associated with cytokines
themself."””**** HES which is completely degraded without
residue, can also increase the stability and extend the half-life
during the circulation to avoid the side effects. The poly-
hydroxyl groups on HES provide coupling of targeted
substances or chemotherapeutics in addition to cytokines,
realizing tumor both targeting and immuno-chemotherapy at
the same time. At present, PEG has been applied to the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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modification of a variety of protein drugs, such as ADAGEN in
market, PEG-modified asparaginase, interferon «2a and 2b and
other protein drugs have been approved by the FDA for clinical
use, verifying the feasibility of coupling this macromolecule to
protein or factor.”*'** But how to achieve optimal concentra-
tions in the tumor microenvironment has not been addressed
yet.

Apart from the anticancer drugs, there are also other drugs
accompanied with low solubility, stability, bioavailability or
side effects.’**?® Nanomedicine can reduce these shortcom-
ings. The CS-MnFe,O, NPs as carriers of ofloxacin realized
a controlled release over 3 days, compared with that half-life of
free is 8 to 9 h™® The resveratrol with cyclodextrin-based
nanosponges displayed significantly better permeation,
stability and cytotoxicity.”® As mentioned above, HES as
a carrier has good application in improving these shortcomings.
In addition, as HES also showed a tremendous decrease of the
other pro-inflammatory cytokines (IL-1, IL-6, IL-8, and TNF) in
human peripheral blood mononuclear cells, it may play an anti-
inflammatory effect other than the carrier in inflammation-
related diseases.”** The application of Morin/HES-DOCA-NPs
remarkably extended the half-life of Morin and had a superior
serum urate lowering effect in vivo. The success of this formu-
lation provided a solid proof for novel self-assembled HES NPs
can be applied to additional therapeutic agents to improve the
treatment of many other diseases.™ Last but not least, targeting
ligands, molecular transporting moieties, or fluorescence
probes will be introduced to nano drug delivery system based on
HES in the future.
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