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Polysaccharides are polymeric carbohydrates composed of repeating monomeric units of monosaccharides that

are covalently linked to each other through glucosidic linkage. Polysaccharides are biocompatible, biodegradable

biopolymers, and the presence of various functional groups, such as hydroxyl, carboxyl, and amino groups, allow

their easy chemical modification in order to increase their intrinsic properties (solubility, chemical stability, etc.). Due

to these improved properties, polysaccharides are largely used as biomaterials in food, biomedical,

pharmaceutical, cosmetic industry, and also as micellar drug-loaded systems. 

micelle  self-assembly  polysaccharides

1. Drug Delivery Systems Based on Cationic
Polysaccharides

Chitosan (CS), the only naturally occurring cationic polymer, is renewable, inexpensive, and an environmentally

friendly source of polycationic macromolecular building blocks owing to the chemical modification at the free amino

(N-grafting) or hydroxyl (O-grafting) groups. The chemical structure of CS is provided in Figure 1:

Figure 1. Chemical structure of chitosan (CS).

CS was modified with succinic anhydride and octaldelhyde followed by the conjugation of folate, as a ligand, in

order to obtain micellar system for the tumor active targeting . Relatively stable micelles for 15 days in

phosphate-buffered saline (PBS) (pH = 7.4) and having an average diameter of 200 nm were prepared by a

precipitation method followed by dialysis. Micellar DDS were obtained using fluorescein and indocyanine green
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(ICG) derivatives as hydrophobic model molecules. Both DEE and DLE were higher for fluorescein than for ICG

derivatives due to the higher solubility. In vivo tests have clearly demonstrated the enhanced tumor targeting effect

of these folate-functionalized CS-based micelles. Folate was also used as a ligand, in a more recent study, for the

preparation, by precipitation followed by dialysis, of N-naphtlyl-N,O-succinyl CS micelles loaded with a semi-

synthetic andrographolide analogue 3A.1 (19-tert-butyldiphenylsilyl-8,17-epoxy andrographolide) . The size of

these drug-loaded micelles was smaller than 200 nm and a negative ZP value of −31.7 mV was determined,

indicating a good stability. As previously indicated, the folate moiety induced a higher anticancer activity against

HT29 cancer cells than the non-functionalized micelles.

Stearic acid (SA) was used for the preparation of a series of amphiphilic copolymers based on low molecular

weight CS, which self-assembled in aqueous medium in micelles with average sizes in the range of 33.4 to 130.9

nm and ZP values of 22.9 to 48.4 mV . A SA substitution degree (DS) of around 40% led to smallest micellar size,

C.M.C. value, and highest ZP value. Doxorubicin (Dox) was used as a model drug for in vitro and in vivo tests of

these drug-loaded micellar systems, prepared by dialysis, as oral DDS, and it appeared that CS-based PMs

increased the bioavailability of drug by prolonging its circulation time. The same hydrophobic modification was also

performed by Moazeni et al. , but in this case, the micelles were loaded with itraconazale as a model drug for

pulmonary delivery. The drug-loaded micelles, prepared by a thin film hydration method, had sizes in the range of

120 to 200 nm, and both DEE and DLE values were low. Moreover, the ZP values ranged from 34 to 74 mV, which

were much higher than those obtained by Yuan et al. . The nebulization efficiency was up to 89%, and these PMs

maintained the drug stability during the inhalation process.

Fattahi et al.  have used CS-graft-retinoic acid micelles as gene carriers. Size, zeta, and C.M.C. of these micelles

were 142.14 ± 5.06 mg/mL, 27.25 ± 6.31 mg/mL, and 1.3 × 10  mg/mL, respectively. The cellular uptake of these

micelles was more effective in Hela than in HepG2 cells. The obtained results confirmed the fact that these micellar

systems are safe and effective nanocarriers for in vitro and potentially in vivo gene delivery.

Xu et al.  have conjugated prostate cancer-binding peptides (PCP) with hydrophobic cholesterol-modified glycol

CS (CHGC) at two different DS. Dox-loaded micelles were prepared by an emulsion/evaporation method, and it

was noticed that the drug loading led to an increase of the micellar size from 246 to 293 nm. Moreover, DLE and

DEE values were 11.4% and 85.8%, respectively. In vitro cytotoxicity and cellular uptake showed an enhanced

intracellular drug delivery and a higher tumor inhibition owing to the presence of PCP. In another study, Muddineti

et al.  have also used cholesterol in order to obtain an amphiphilic graft copolymer based on CS. The dialysis

method was used for the preparation of Cur-loaded micelles, and the average values for DEE and DLE were

35.9% and 35.0%, respectively. The micelles prepared from the optimum formulation, having CS and cholesterol

amounts of 10 mg and 5.24 mg, had an average diameter of 162 nm. In vitro cytotoxicity tests were performed on

both murine melanoma and human breast cancer cells and showed an enhanced cytotoxic effect compared to free

Cur. More recently, the same group has loaded both Cur and siRNA in the same type of PMs . In this case, the

average micellar diameter was 165 nm, and a ZP value of 24.8 mV was determined. Another amphiphilic graft

copolymer was synthesized by the modification of CS with hydrophobic oleic acid (OA) . Micelles, with an

average diameter of 520 nm and a ZP value of 42 mV, were obtained by a thin film hydration method and were
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loaded with cefixime trihydrate (CFX). The influence of pH on drug-loading efficiency was investigated, and it

appeared that DLE was maximum (55%) at pH = 5.5. The in vitro release studies revealed 52% of drug release

after 24 h of incubation and were enhanced to 83% after 72 h in simulated intestinal fluid condition.

Recently, gambogic acid was loaded in O,N-hydroxyethyl CS-graft-octylamine graft copolymer micelles . The

coating with hyaluronic acid (HA) of these micelles, obtained by a dialysis method, has not affected the micellar

size or the loading capacity. However, a ZP inversion, from around 20 to −24 mV, was observed after the HA

coating. The efficiency of these micellar systems as DDS was investigated by in vitro and in vivo tests, and it was

demonstrated that the HA-coated drug-loaded micelles have a higher antitumoral efficiency than the non-coated

ones.

Hydrophilic mPEG was used for the synthesis of an amphiphilic CS-graft-mPEG graft copolymer, with a DS of

3.23% . Starting from this copolymer, spherical micelles, with an average diameter of 200 nm, were prepared by

an ultrasonication method. The loading of 5-fluorouracil (5-FU), as a model antitumoral drug, led to an average

diameter of 769 nm for a 5-FU/CS-graft-mPEG weight ratio of 5/10 (w/w). Zhao et al.  prepared a similar micellar

DDS which was further loaded with Dox by a dialysis method. These drug-loaded micelles, with a core of 64 nm

and a corona of 14 nm in PBS at pH = 7.4, were pH-sensitive due to the ability of CS to switch from hydrophilic to

hydrophobic as the pH switched from pH < 5 to pH = 7.4.

An interesting dual-targeting micellar system, based on succinyl-CS, folic acid (FA), and methianine (Met), was

prepared by Chen et al. . In addition, a fluorescence probe was conjugated as a hydrophobic group. Paclitaxel

(PTX) was loaded in these spherical micelles with an average diameter of 200 nm. It was demonstrated that the

active targeting ability of these micellar DDS was enhanced by the conjugations of both FA and Met as ligands.

PTX was also loaded in micelles prepared, by dialysis, from similar FA–cholesterol–CS biopolymer . The same

drug, PTX, was used for the preparation of drug-loaded micelles based on an amphiphilic CS-graft-α-tocophenol

succinate copolymer . Spherical drug-loaded micelles were obtained by an ultrasonication method, and the

loading process increased the average micellar diameter from 35 to 142 nm. Moreover, these PTX-loaded micelles

proved in vitro and in vivo increased antitumoral activity. PTX-loaded micelles were also prepared from an

amphiphilic copolymer, based on CS, after the previous hydrophobic modification of CS with two hydrophobic

moieties, deoxycholic acid (DA) and FA at DS values of 15.8% and 8%, respectively . The synthesis route of the

amphiphilic graft copolymer based on CS is illustrated in Figure 2.
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Figure 2. Schematic synthesis route of folic acid (FA)–CS–deoxycholic acid (DA) copolymer .

Spherical micelles, obtained by an ultrasonication method, were characterized by an average diameter of 126 nm

and a positive ZP value of 19.3 mV. Moreover, the DLE and the DEE values of these PTX-loaded micelles were

9.1% and 81.2%, respectively. By performing in vitro and in vivo tests, it was concluded that these micellar systems

are suitable carriers for the intravenous administration of PTX. More recently, a novel amphiphilic graft copolymer

based on CS and N-octyl-N′-phthalyl-O-phosphoryl was synthesized and used for the loading and oral delivery of

PTX . The micellar system, with a mean diameter of 137 nm and a ZP value of 27.99 mV, was obtained by a

dialysis method. In order to improve the stability in gastric fluids, this micellar system was filled into enteric-coated

capsules. It have been demonstrated that this formulation increased the oral bioavailability of PTX for transcytosis

across entorecytes. Another very recent study concerning the improvement of the oral bioavailability of PTX was

carried out by Yang et al. . The micellar DDS is based on L-carnitine (LC) conjugated CS–SA polymeric micelles,

which were prepared by solvent evaporation–hydration method. The ligand LC was conjugated onto the micelle

surface by anchoring its derivative stearoyl group to the lipophilic SA micellar core. The PTX-loaded micelles

showed regular spherical shapes with relatively small average diameters of 157.1 nm and high DLE of 15.96%.

Moreover, the micellar stability in water was supported by a low C.M.C. value of 14.31 ± 0.21 μg/mL. Furthermore,

these drug-loaded micelles presented a slow and incomplete in vitro PTX release, and the pharmacokinetic studies

indicated an increase of the relative bioavailability of PTX to 165.8% against Taxol, which is a commercial

formulation. In another very recent study, a comparison between the efficiency of the commercial formulation Taxol

and that of a redox-sensitive CS derivative modified with Ch, sulfhydryl, and methoxy-PEG (mPEG) (mPEG-

CS(SH)-CHO) was also investigated . The optimized PTX-loaded micelles, prepared by an ultrasonication

method, had an average micellar diameter of 158 nm, ZP of +26.9 mV, DLE of 11.7%, and DEE of 88.3%. The
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PTX-loaded micelles possessed excellent in vivo anticancer effect compared to both control group and Taxol

formulation, as illustrated in Figure 3.

Figure 3. In vivo antitumor activity of Paclitaxel (PTX)-loaded mPEG-CS(SH)-CHO micelles: tumor volume growth

curves after various treatments (* p < 0.05; ** p < 0.01) .

The PTX-loaded micelles exhibited a superior tumor inhibitory effect than Taxol, with a tumor inhibition rate of

67.3% vs. 53.8%.

To the best of our knowledge, no studies were conducted using oligochitosan for the synthesis of amphiphilic block

copolymers, which are much easier to characterize than graft copolymers, for the further use as micellar DDS.

2. Drug Delivery Systems Based on Anionic Polysaccharides

Hyaluronic acid or hyaluronate (HA), a natural linear anionic biopolymer composed of d-glucuronic acid and N-

acetyl-d-glucosamine alternating units (Figure 4), is biodegradable, biocompatible, nontoxic, non-thrombogenic,

non-immunogenic, and non-inflammatory. Owing to these extraordinary properties, as well as to its easy chemical

modification, it was possible to prepare various HA-based biomaterials with promising biomedical applications .
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Figure 4. Chemical structure of hyaluronic acid (HA).

HA–SS-deoxycholic acid amphiphilic copolymer micelles were prepared and used for the loading, by dialysis, and

release of PTX, as an antitumoral model drug . The increase of the DS from 3% to 10% led to a decrease of

both the C.M.C. values, from 161.3 to 34.7 mg/L, and average micellar diameters, from 292.4 to 128.1 nm. On the

contrary, ZP values increased from −31 to −36.6 mV. Maximum DLE and DEE values were 34.1% and 93.2%,

respectively and the drug-loading step induced a decrease of the micellar sizes and an increase of the ZP values.

In the absence of glutathione (GSH), a release of 14.3% within 24 h was noticed, whereas in the presence of 10

mM GSH, the cumulative release was 52.1% and increased up to 90% at a concentration of 20 mM GSH due to

the redox sensitivity of disulfide bonds. In another study, PTX was loaded in micelles of hydrophobically modified

HA with C6 or C18 acyl chains copolymer . Compared to the previous study, lower maximum DLE (14%) and

DEE (70%) values were calculated. The average diameters of the spherical PTX-loaded micelles, prepared by a

solvent evaporation method, ranged from 57 to 66 nm. Very recently, PTX was also loaded in mPEG–SS–HA–C16

graft copolymers micelles . The optimal characteristics of these spherical micelles, obtained by sonication, were

168.6 nm, −38.3 mV, and a C.M.C. value of 1.05 × 10  mg/mL. Moreover, the maximum values of DLE and DEE

were 14.7% and 86%, respectively. The drug release was studied in the absence and in the presence of 10 mM

GSH, and it appeared that in the absence of GSH, a slow drug release (10.8%) was observed within 24 h, whereas

in the presence of GSH, the cumulative release reached 74.3% within 24 h.

Cholesterol (Ch) was another hydrophobic molecule used for the modification of HA . The obtained micelles,

with average diameters smaller than 100 nm were loaded with Dox, superparamagnetic iron oxide nanoparticles

(SPION), and magnetic resonance imaging (MRI) contrast agents by a dialysis method. The release of Dox was

studied in the absence and in the presence of hyaluramidase enzyme, which degrades the HA and enhances the

drug release. Moreover, higher micellar uptake was observed in cancer cells versus normal cells. In another study,

hydrophobic Ch was loaded in micelles based on hydrophobically modified HA with 1,2-dimiristoyl-sn-glycerol-3-

phosphatidylethanolamine (DMPE) or 1,2-distearoyl-sn-glycerol-3-phosphatidylethanolamine (DSPE) . HA-
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DMPE micelles were characterized by a C.M.C. value of 16.5 μg/mL, an average diameter of 165 nm, and a ZP

value of −21.9 mV, whereas the HA-DSPE had a C.M.C. value of 13.4 μg/mL, an average size of 214 nm, and a ZP

value of −29.1 mV. An increase of the average diameters as well as a decrease of the ZP values was noticed after

the drug loading.

A series of HA–graft–octodecylamine graft copolymers, with DS values ranged from 12% to 51%, were synthesized

for the preparation of Dox-loaded micelles . Increasing the DS led to a decrease of both the average diameters,

from 221 to 109 nm, and ZP values, from −23 to −10 mV. DEE and DLE, which were also affected by the DS

variation, have maximum values of 95.3% and 16%, respectively. The copolymer micelles obtained at a DS of 12

had the highest release rate, whereas the slowest was observed for a DS of 51. However, in vitro cytotoxicity and

cellular uptake studies showed that micelles with a DS of 23 are characterized by the highest anticancer activity

and internalization. In a more recent study, dodecylamine was grafted to HA, at different DS, in order to prepare

pH-sensitive graft copolymer micelles loaded with Dox by dialysis and ultrasonic methods . Increasing the DS

from 17.3 to 28.4, the C.M.C. values decreased from 38.0 to 21.4 μg/mL, as expected. The increase of the DS led

also to a slight increase of the DEE, from 68.9% to 84.3%, whereas DLE values remained almost constant in the

range of 25% to 27%. Moreover, the loading of Dox increased slightly the micellar size (around 160 nm) and

decreased the ZP values. Furthermore, the release of Dox was investigated as a function of pH, and it appeared

that the release rate was higher at pH = 5.0 compared to pH = 7.4. The authors showed that these micelles

exhibited great antitumor efficiency with low in vivo systemic toxicity. A dual encapsulation of Dox and Cur was

carried out in micelles based on HA, vitamin E succinate (VES) and PEG2000 (TPGS2K) derivatives . HA-graft-

TPGS2K micelles were characterized by smaller average micellar diameter (153 nm) and ZP value (−10.4 mV)

than HA-graft-VES micelles, which had an average size of 223 nm and a ZP value of −10.4 mV. However, no

significant difference was noticed between these two types of micelles concerning the DLE values (around 7%).

The release of Dox and Cur was pH-dependent with a fast release at pH = 4.5 and pH = 5.5 but a slow rate at pH =

6.5 and pH = 7.4. Moreover, an improved in vivo antitumoral effect was observed, however, without a clear

difference between the studied micellar systems.

Docetaxel (DTX) and SPION were co-encapsulated in hexadocylamine-modified HA micelles for dual tumor

targeted MR imaging and combined chemo-phototherapy . Micelles were obtained by dialysis, and the drug-

loading step led to a decrease of both the average micellar diameters, from 150 to 130 nm, and ZP values from

−28 to around −17 mV. It appeared that the DTX release could be accelerated by external near infra-red (NIR)

laser irradiation in order to have an on-demand drug release at the tumor site. DTX was also loaded in micelles

based on reduction responsive core-crosslinked HA-block-poly(trimethylene carbonate-co-dithiolene trimethylene

carbonate) (HA-CCMs) block copolymer . The micelles, obtained by a precipitation method followed by dialysis,

loaded with 6.6 wt % DTX displayed a narrow size of 85 nm. A further increase of the drug amount up to 20% led to

an average diameter of 94 nm. The ZP values were in the range of −26 to −29 mV. The maximum DLE and DEE

values were 40% and 9.1%, respectively. The cumulative release of DTX after 24 h in the absence of GSH was

around 20%, whereas it was almost 100% in the presence of 10 mM GSH, indicating the rapid reduction–

responsivity of micelles. These micellar systems demonstrated a long blood circulation time, strong tumor

accumulation, and deep tumor penetration.
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Bongiovi et al.  have prepared an interesting micellar system, based also on HA, hexadecyl chains (C16),

ethylenediamine (EDA), PEG, and/or l-carnitine (CRN), which was loaded with imatinib, a small molecule kinase

inhibitor of ABL1. The maximum DLE value of 13% was obtained for HA–EDA–C16 micelles, whereas lower values

were noticed for HA–EDA–C16–PEG and HA–EDA–C16–CRN micelles. The average diameters of both blank and

drug-loaded micelles was influenced by the dispersion medium, smallest values being generally observed in 4-(2-

hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) medium. Figure 5 illustrates the variation of the average

diameters of drug-loaded micelles as a function of the dispersion media.

Figure 5. Variation of average micellar diameters of drug-loaded micelles in bidistilled water, PBS and 4-(2-

hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES) buffer (redrawn from ).

The potential advantage of these micellar systems is that they can be administered non-invasively, i.e., by topical

ocular instillation, and it appeared that these imatinib-loaded micelles were able to interact with corneal barrier and

promote imatinib transcorneal permeation and penetration.

Alginate, another naturally occurring anionic polysaccharide, is composed of two conformational isomer residues:

β-d-mannuronic acid (M) and α-l-guluronic acid (G), as illustrated in Figure 6.
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Figure 6. Chemical structure of alginic acid.

The potential applications of alginate biopolymers are restricted because of its low water solubility and high solution

viscosity; therefore, their chemical modification is necessary .

Poly(N-isopropylacrylamide) (PNIPAM) sequences were grafted on alginate backbone in order to obtain thermo-

sensitive alginate–graft–PNIPAM copolymer micelles which were loaded with Dox by dialysis at 37 °C . At this

temperature, PNIPAM sequences become hydrophobic and form the micellar core. Molecular weight of PNIPAM

grafts, DS, and copolymer concentration have an important influence of the colloidal characteristics of these

micelles. For example, the increase of the DS from 5 to 20 has as a consequence the decrease of the C.M.C.

values from 0.04 to 0.12 mg/mL, as expected. Moreover, increasing the M  of the PNIPAM sequence, from 1000 to

4000 g/mol, led to an increase of the average diameters from 400 to around 1000 nm. Dox was loaded into these

micelles with a maximum DLE value of 62.7% and a DLL of 24.2%. A sustained release of Dox, more than 90%,

was achieved within 96 h. Yu et al.  have obtained similar thermo-sensitive sodium alginate–graft–PNIPAM graft

copolymer micelles for the loading and delivery of 5-FU. However, in this case, the core of the micelles was

constituted by sodium alginate crosslinked with metal ions (Ba , Zn  and Co ) whereas the thermo-sensitive

PNIPAM formed the corona. As a function of the metal ion used as crosslinking agents, the average diameters

ranged from 50 to 340 nm. Moreover, the ZP varied from −22 to −27 mV. Furthermore, maximum DLE and DEE

values were obtained for micelles crosslinked with Ba . Increasing the temperature and ionic strength or

decreasing pH, a fast 5-FU release was observed.

Dodecyl glycidyl ether (DGE) was used for the hydrophobic modification of alginate in order to prepare drug-loaded

micelles . Sudan IV was encapsulated in these micelles, as a hydrophobic model drug. Owing to their

amphiphilic behavior, the surface tension was investigated and values in the range of 25 to 30 mN/m were

determined at a C.M.C. value of 0.1 mg/mL. The average diameters of these spherical micelles increased from 1 to

5 μm with increasing the copolymer concentration, whereas an almost constant ZP value of −82.85 mV was

noticed independent of the copolymer concentration. Another hydrophobically modified and pH-responsive

amphiphilic alginate copolymer was synthesized via Ugi reaction and used for the preparation of drug-loaded

micelles by direct dissolution . The impact of Na  concentration on the micellar sizes was studied, and it

appeared that the decrease of the ionic strength led to an increase of the average micellar diameters. TEM images
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showed that the mean micellar sizes were between 30 and 200 nm. The loading of a model pesticide (acetamiprid)

was also influenced by the ionic strength and pH.

3. Drug Delivery Systems Based on Non-Ionic
Polysaccharides

Cellulose, composed of β-1,4-linked d-glucose units (Figure 7), is the most abundant biopolymer and has very

interesting properties, such as biodegradability, renewability, high strength, and high modulus, but its practical

applicability is limited by extremely poor solubility in water and common organic solvents. In order to be used as

micellar DDS, cellulose has to be modified for the preparation of amphiphilic copolymers.

Figure 7. Chemical structure of cellulose.

Amphiphilic cationic cellulose (HMQC) copolymers composed of long-chain alkyl groups, as hydrophobic

sequences, and quaternary ammonium groups, as hydrophilic moieties, were used for the preparation of

preduisone acetate-loaded micelles with average radii in the range of 320 to 430 nm . The drug-loading step

decreased the micellar sizes but increased slightly the ZP values, which ranged from 56.5 to 61.9 mV. The

spherical morphology of these micelles, prepared by a dialysis method, was observed by TEM. Both DLE and DEE

values were in the range of 16% to 22%, and a cumulative drug release of 86.5% was observed after 120 h,

indicating a controlled and sustained drug release. In another study, cellulose was modified with 4-(N-methylamino)

butyrate hydrochlorides for the preparation of camptothecin (CPT)-loaded micelles . The micelles were prepared

by a dialysis method, and their spherical morphology was assessed by SEM. As previously reported, the drug

encapsulation process, with an encapsulation efficiency of about 86.4%, led to a decrease of the average micellar

diameters from 495 to 233 nm due to stronger hydrophobic interactions between the drug and the hydrophobic

micellar core. The drug release tests indicated a sustained release of CPT to >80% over 4 days at both pH = 6.8

and pH = 7.4.
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Amphiphilic cellulose–graft–poly(p-dioxanone) (MCCC-graft-PPDO) copolymer micelles were prepared by the

dialysis method in order to encapsulate hydrophobic fluorescent conjugated polymers (FCPs) for tumor cell

imaging . After the loading of FCPs, the average micellar diameters increased from 40 nm to about 100 ÷ 200

nm and were stable over time. Moreover, DLL values increased with increasing the FCPs concentration, whereas

the DEE values decreased. Furthermore, it was demonstrated that the optimal DEE and DLL values could by

obtained with 1000 μg/mL MCCC–graft–PPDO and 75 μg/mL FCPs, and that these FCPs-loaded micelles are

successfully uptaken by the cancer cells and located at the cytoplasm of the cells, suggesting their great potential

for tumor cell imaging and early detection of tumor cells.

Carboxymethyl cellulose–graft–polylactic acid (C.M.C-graft-PLA) copolymer was functionalized with anti-EpCAM

antibody by an amidation reaction for the active delivery of both Dox and HepG2 cells . These drug-loaded

micelles, prepared by an emulsification method followed by dialysis, have average micellar diameters of around

150 nm and were stable for 7 days. Moreover, these micelles were suitable for intravenous injections, as the

C.M.C. was low (0.043 mg/mL). Moreover, by increasing the amount of loaded drug, it appeared that DLL

increased from 8.2% to 12.6%, whereas DEE decreases from 81.6% to 36%. As the pH value decreases, the

solubility of Dox increases, and therefore, the drug release rate from these micelles will increase. Furthermore, the

functionalized Dox-loaded micelles exhibited better antitumor and therapeutic effects than both free drug and non-

functionalized drug-loaded micelles.

Dextran (DEX), composed predominantly of α-1,6-linked glucopyranose units with a low degree of 1,3-branching

(Figure 8), is a highly water-soluble polysaccharide of bacterial origin, produced by Lactobacillus, Leuconostoc,

and Streptococcus species. In order to prepare amphiphilic copolymers, DEX was hydrophobically modified with

different synthetic polymers or other hydrophobic molecules.

Figure 8. Chemical structure of dextran (DEX).
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An interesting study was related to the synthesis of an amphiphilic DEX–SS–poly(ε-caprolactone) (PCL) block

copolymer in which PCL was linked to DEX by a disulfide bond . Dox was loaded, by a dialysis method, into

micelles having a C.M.C. value of 9.3 mg/L. The drug-loading step increased the micellar average diameter from

60 to 80 nm. The DLE value was around 70%, and a minimal drug release (<20%) was noticed within 20 h. From

the in vitro tests, it appeared that Dox loaded in these reduction–responsive biodegradable micelles is delivered

and released to the cytoplasm as well as to the cell nucleus, achieving higher drug efficacy, due to the reduction–

responsive SS bonds, than the drug loaded in reduction-insensitive Dex–PCL micelles. More recently, Dox was

also loaded, by dialysis, into DEX–graft–PCL graft copolymer micelles . The maximum values for DEE (42.2%)

and DLE (17.4%) were obtained for a Dox concentration of 0.3 mg/mL. The cumulative release at pH = 5.2 was

greater than that at pH = 7.4, which was probably due to the protonation of Dox in acidic environment.

Furthermore, the cytotoxicity tests reflected the biocompatibility of the micelles. In another study, Dox was also

loaded in DEX–graft–stearate amphiphilic graft copolymers micelles . Depending on both the DS of SA and the

molar mass (M ) of DEX, the C.M.C. values ranged from 0.01 mg/mL to 0.08 mg/mL whereas the hydrodynamic

diameter ranged from 24 to 258 nm. However, in this study, the drug loading has not affected the micellar size.

DEE values reached up to 92.23%, while a maximum DLL value of 14.41% was determined. A prolonged in vitro

Dox release, up to 48 h, was noticed as a function of the M  of DEX, DS of SA, or the drug-loading content.

Moreover, in vivo antitumor activity tests showed that the tumor growth was suppressed to a higher extent in the

presence of these Dox-loaded micelles as compared with commercial Dox injection. Another group has prepared

the same type of graft copolymer by the acylation of DEX with stearoyl chloride, at different DS, but in this study,

etoposide was used as a model drug . Compared to the previous study, an increase of the average diameters of

these micelles was observed after the drug loading, whereas an opposite effect was noticed for the ZP values. For

example, for the DEX -SA  sample, the average diameter increased from 131.7 to 169.6 nm, but the ZP

decreased from −30 to −19.2 mV. Moreover, it appeared clearly that the DS has a direct influence on both the DEE

and DLE, the maximum values being 31.7% and 93.3%, respectively. A maximum cumulative drug release of

around 80% was observed after 48 h in PBS at pH = 7.4. In another study, DEX was further modified with stearyl

acid, and the obtained micelles, with a C.M.C. value of 1.8 mg/L, were loaded by a precipitation method with both

Dox and supermagnetic iron oxide (SPIO) nanocrystals . These drug-loaded micelles were characterized by an

average diameter of 100 nm and showed good biocompatibility and excellent internationalization ability against

MCF-7/Adr cells. Dox and SPIO nanoparticles were also encapsulated in A54 peptide-functionalized DEX–graft–

PLGA graft copolymer micelles with a C.M.C. value of 22.51 μg/mL . The average micellar diameter increased

from 50 to 100 nm after the drug loading with DEE and DLE values of 80% and 4%, respectively. A cumulative Dox

release of around 80% was noticed after 72 h in PBS at both pH = 5.5 and pH = 7.2. Moreover, these peptide-

functionalized Dox-loaded micelles showed better therapeutic effects than the non-functionalized micelles. Dox

was also loaded, via a precipitation method, into DEX–block–PLA block copolymer micelles with average diameters

in the range of 15 to 70 nm, as a function of the molecular characteristics of the copolymer . Maximum DLE and

DEE values of around 21.2% and 45%, respectively were determined. In vitro hemolysis results showed that these

micellar systems are suitable as injectable DDS. More recently, other Dox-loaded DEX–block–PLA micelles, with

average diameters ranged from 158 to 182 nm, were prepared by a dialysis method . The C.M.C. values

decreased from 6.63% to 3.87% as the M  of the PLA sequence increased from 2000 to 4000 g/mol. Moreover, the
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maximum DLE and DEE values were 12.6% and 75%, respectively. A maximum cumulative drug release of around

60% was observed after 72 h in PBS at 37 °C and pH = 7.4. In a similar study, Dox was loaded into DL-lactide-co-

glycolide-block-DEX spherical micelles by a dialysis method . After the drug loading, the average micellar

diameters increased from 82.6 to 206 nm for a drug content of 12.3%. In addition, it appeared that higher initial

drug feeding induced higher drug content and slower release rate.

The same model drug, Dox, was loaded, by Yu et al. , with DEX-graft-α-tocopherol succinate graft copolymer

micelles prepared by a dialysis method. Both micellar sizes and DLE were increased with increasing the

drug/micelles ratio and this tendency is illustrated in Figure 8.

Figure 9. Evolution of the average micellar diameters and DLE as a function of the Dox/micelle ratio (mg/mg)

(redrawn from ).

On the contrary, this increase of the Dox/micelle ratio has as consequence the decrease of DEE values from

87.9% to 58.9%. A spherical morphology was observed by TEM and a release percentage of 50.2% was

determined after 96 h. This slow release was induced either by the hydrophobic/hydrophobic or van der Waals

interactions between Dox and the hydrophobic sequences of the copolymer. In vitro cytotoxicity studies revealed

that these drug-loaded micelles were practically non-toxic and therefore suitable as DDS.

Another type of DEX-based DDS was related to Cur-loaded DEX-graft-casein graft copolymers micelles with an

average diameter of 75.3 nm and a ZP value of −18.1 mV . The stability of these micelles was determined by

turbidimetry in the pH range of 2 to 8, and it appeared that these PMs are more stable than the casein micelles.

Another group has loaded Cur, by dialysis, in oxidized DEX–SA spherical micelles with average diameters smaller

than 50 nm . The C.M.C. values ranged from 0.07 to 0.158 mg/mL as a function of the DS of SA. As expected,

the DLE values increased with increasing the initial drug feeding, whereas an opposite effect was noticed for DEE.
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Moreover, in vitro drug release was prolonged by adjusting the amount of loaded Cur. Cur was also loaded in other

amphiphilic block copolymer micelles based on two types of DEX, such as hydrophilic and hydrophobic acetalated

DEX. This double-based DEX copolymer self-assembles in water at a low C.M.C. value of 12 mg/L. The Cur

loading, by dialysis, led to a slight decrease of the average micellar diameter from 103 to 98.9 nm. In addition, the

drug loading decreased the ZP values from 2.8 to −6.1 mV. The degradability of this micellar system under acidic

conditions was investigated, and it appeared that demicellization occurs after 2 h at pH = 5.5 due to the cleavage

of acetal groups. On the contrary, it was shown that this micellar system is stable up to four months at a neutral pH

value.

Blanco-Fernandez et al.  studied a thermo-sensitive micellar system based on DEX grafted with

poly(isopropylacrylamide) (PNIPAM) and loaded with methotrexate (MTX) at two pH values, such as 5.5 and 7.4.

Only unimers were observed at 20 °C, whereas at 37 °C, the C.M.C. value was 80 μg/mL. At 37 °C and a

copolymer concentration of 1 mg/mL, the average micellar diameter was 190 nm. Moreover, the drug-loading

efficiency was higher at pH = 7.4 than at pH = 5.5. As expected, MTX-loaded micelles showed pH- and thermo-

responsive release and a higher cytotoxic effect than that of free MTX. Another pH-sensitive graft copolymer with

controlled M  and narrow dispersity, based on DEX and poly(oleic acid), has been synthesized by reversible

addition-fragmentation chain transfer (RAFT) polymerization . By dialysis, were obtained spherical micelles,

from a C.M.C. value of 0.04 mg/mL, which were further loaded with nifedipine (NFD), as a model drug. Increasing

the copolymer concentration from 0.03 to 0.05 mg/mL led to the increase of the average micellar diameters from

201.5 to 264.3 nm. Moreover, the drug loading increased slightly these diameters and the ZP value from −16.7 to

−28 mV. Furthermore, DEE and DLE values were calculated to be 41.42% and 10.35%, respectively. The NFD

release rate was faster at pH = 1.2 than at pH = 7.4.

Starch is composed of amylose, a linear polymer of glucose unit with α-(1→4) linkage, and amylopectin, which is

highly branched with lots of short chains that linked through α-(1→6) linkage. In order to overcome the drawbacks

of native starch, such as poor processability and solubility in common organic solvents, retrogradation and

syneresis, low shear stress resistance and thermal decomposition, several types of modifications are possible:

physical, chemical, enzymatic and genetic engineering, respectively .

The core of starch–graft–PEG2000 or 5000 micelles was crosslinked in the presence of lipoic acid via disulfide

bonds in order to study the reduction–responsive behavior in the presence of GSH . Dox was loaded, by a

dialysis method, as a model drug, and the crosslinking of the micellar core increases both DLE and DEE values,

the maximum values being equal to 9.52% and 57.12%, respectively. Moreover, this core crosslinking led to a

decrease of the average micellar diameters from around 300 to approximatively 200 nm. In the presence of 10 mM

GSH, these micelles exhibit faster drug release behavior and higher cellular proliferation inhibition efficiency. In

another similar study, 3,3′-dithiodipropionic acid (DPA) was used as crosslinking agent in order to obtain Dox-

loaded micelles, by a direct dissolution method, with a hydrophobic crosslinked starch core and a hydrophilic

mPEG corona . The crosslinking process induces the decrease of both average micellar diameters and C.M.C.

values due to the formation of a more compact hydrophobic core. The micellar stability was investigated during 48

h in PBS at 37 °C, and it appeared that only a slight increase of the micellar sizes occurred during this period.
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However, an important increase of the micellar size was observed, due to the cleavage of the SS bonds and thus

micellar aggregation, in 10 mM GSH solution. As previously indicated, this reduction–responsive behavior has an

influence also on the Dox release rate.

Another amphiphilic glucose-sensitive dialdehyde starch polymer containing 3-aminophenylboronic acid (APBA) as

a glucose-responsive group and mPEGylated dialdehyde starch (mPEG-DAS) with hydrophobic 7-

hydroxycoumarin-4-acetic acid (Cou) was synthesized by Wen et al. and used for the preparation of insulin-loaded

micelles by a sonication method . The conjugation of Cou decreased the micellar size from 241.4 to 177.9 nm,

and the C.M.C. values increased as the DS of Cou increased. Insulin was loaded into these micelles with a DLE of

30.4% and a DLL of 9.4%. A cumulative drug release of around 55% was observed within 50 h in the presence of 3

g/L glucose while demonstrating comparatively inert release at a glucose concentration of 1 mg/mL. A similar study

was conducted by the same research team . However, in this case, sulfobetaine formed the hydrophilic corona

of the micelles.

Classical starch–graft–PEG graft copolymers were synthesized from tapioca starch biopolymer for the preparation

of Cur-loaded micelles . Empty spherical micelles, prepared by direct dissolution, had an average micellar

diameter around 100 nm and a C.M.C. value of 0.0765 mg/mL, at pH = 7.4. A maximum DLE value of 5.6% and a

DEE of 39.4% were obtained when 100 mg of polymer was added to 10 mg of Cur. After 95 h, cumulative Cur

release has higher at pH = 5.5 (23%) than at pH = 7.4 (8%). In a similar study, PEG 5000 and TG100-115, which is

an exclusive PI3Kc inhibitor, were conjugated on hydroxyethyl starch in order to obtain sorafenid-loaded micelles

by a dialysis method . The drug release was investigated as a function of pH (5.5, 6.8, and 7.4), and it appeared

that the higher release rate was observed at low pH value. Moreover, a pharmacokinetic study showed that these

micelles had longer half-life than the solution of the free drug, which was favorable for high propensity of

extravasation through tumor vascular fenestrations. Furthermore, under low pH and high a-amylase reductive

conditions, a quick demicellization occurs, thus enhancing significantly the cytotoxic activity against Hep-3B liver

cancer cells. Finally, starch was modified with octenyl succinic anhydride in order to obtain β-carotene-loaded

micelles . As expected, the C.M.C. values depended on both the DS and M  of the graft copolymer. Empty

spherical micelles, with sizes smaller than 20 nm, were prepared by direct dissolution in hot water and the drug

loading led to an important increase of the average micellar diameters up to 1000 nm.

4. Drug Delivery Systems Based on Miscellaneous
Polysaccharides

Table 1 gives several examples of drug delivery systems based on less studied polysaccharides.

Table 1. Drug delivery systems based on miscellaneous polysaccharides.

Copolymer Drug Size (nm) ZP (mV) Preparation Method Reference

Xanthan–graft–C16 alkyl
chain

Glibenclamide 652.8 −27.6 Precipitation/evaporation
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Copolymer Drug Size (nm) ZP (mV) Preparation Method Reference

Pullulan–graft–PCL ciprofloxacin 142 - Dialysis

Pullulan–graft–α-
tocopherol

CPT
171.5 ÷
257.7

- Dialysis

Pullulan–graft-SA Dox 188.75 17.83 Dialysis

Pullulan–graft–retinoic
acid+biotin

Dox 191 −9.45 Direct dissolution

Pullulan–graft–
desaxycholic acid–graft–

PEI

Dox
DNA

160.8 28 Dialysis

Pulullan–graft–retinoic acid Dox 124.5 −3.65 Direct dissolution

Pullulan–graft–(dibuthyl
amino) propyl carbamate

DNA
246.3 ÷
1214

24.7 ÷ 47 Dialysis

Pullulan–graft–cholesterol methatrexate
97.8

144.4
178.0

4.29
3.392.56

Dialysis

Heparin–graft–β-sitosterol
cysteamine

Dox 93.3 −41.8
Sonication and

dialysis

Heparin–graft–α-
tocopherol

Docetaxel 139.7 −24.6 Dialysis

Chitin–graft–hexadecyl Dox
332.4 ÷
385.0

38.2 ÷
44.8

Dialysis

Guar gum
galactomannan–graft–

acetic anhydride
Cur

113.9 ÷
152.8

−14.8 ÷
−18.1

Precipitation/solvent
diffusion

Bletilla striata–graft–SA Dox
124.17

÷
145.93

−13.17 ÷
−18.97

Dialysis

Phthalated cashew gum Benznidazole 288.8 −31.8 Precipitation

Schizophyllan–graft–SA PTX
156 ÷
175

−28 ÷
35.14

Sonication

Fucoidan–graft–octenyl
succinic anhydride

Cur 103.9 −43.57 Not indicated

Poly(1-O-methacryloyl-β-d-
fructopyranose)-block-

PTX 25 ÷ 46 −9.9 ÷
−22.3

Dialysis
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Copolymer Drug Size (nm) ZP (mV) Preparation Method Reference
poly(methyl methacylate)

From Table 1, it appears that dialysis is generally the preferred method for the preparation of biopolymers-based

micellar DDS.
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