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Introduction

Of the various routes of drug delivery, ocular drug 

delivery is one of the most challenging ones.
1
 The 

complicated anatomy, physiology, and biochemistry of 

the eye make this organ almost impermeable to foreign 

substances.
2
 In order to attain an effective treatment, a 

sufficient quantity of active ingredient needs to be 

rendered and retained within the eye. Commonly used 

dosage forms, i.e. eye solutions, ointments, gels, and 

suspensions, have some drawbacks that might lead to 

poor ophthalmic bioavailability.
1
 Currently, there are 

several recommended noninvasive methods involving 

the use of hydrogels
3
 to increase ophthalmic 

bioavailability of drugs. Hydrogels are specific 

categories of polymeric networks that can soak up and 

retain a considerable amount of water while keeping 

their three-dimensional wholeness.
4
 Hydrogels applied 

for drug delivery purposes are normally made ex vivo 

and then saturated with drugs prior to placing the 

hydrogel-drug complex into the body.
5
  

Hydrogels can be formed using a wide variety of cross-

linking techniques containing UV-photopolymerization 

and different chemical cross-linking procedures. Such 

cross-linking manners are beneficial only when the 

poisonous reagents are removed thoroughly before 

entering the hydrogel into the body. The concurrent 

leaching of the entrapped drug out of the hydrogel may 

occur during the removal of these reagents.
6
 The major 

shortcoming of such an approach is the necessity of the 

emplacement of the preformed material. Bulk hydrogels 

have distinct dimensions and are often highly elastic. 

These properties prevent their extrusion via a needle.
7
 

The second problem may sometimes be surpassed by 

turning the premade gel into micro or nanoparticles.
5
 

Hydrogels may also be formed in situ in some 

applications, although in these cases the possible 

dangers of being exposed to UV radiance or to 

chemicals used for cross-linking has to be checked. The 

later problem can be overcome using the non-cross-

linked linear polymers as vehicles for drug delivery.
5
 

Generally, the rate of drug release from these polymers 

is inversely related to the viscosity of the polymer 

matrix.
8
 However, it seems difficult, or even infeasible, 

to dissolve the polymer of choice at a sufficient amount, 

and thereby adjust the rate of drug release to the desired 
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Abstract 
Many studies have focused on how drugs are formulated in the sol state at room 

temperature leading to the formation of in situ gel at eye temperature to provide a controlled 

drug release. Stimuli-responsive block copolymer hydrogels possess several advantages 

including uncomplicated drug formulation and ease of application, no organic solvent, 

protective environment for drugs, site-specificity, prolonged and localized drug delivery, 

lower systemic toxicity, and capability to deliver both hydrophobic and hydrophilic drugs. 

Self-assembling block copolymers (such as diblock, triblock, and pentablock copolymers) 

with large solubility variation between hydrophilic and hydrophobic segments are capable 

of making temperature-dependent micellar assembles, and with further increase in the 

temperature, of jellifying due to micellar aggregation. In general, molecular weight, 

hydrophobicity, and block arrangement have a significant effect on polymer crystallinity, 

micelle size, and in vitro drug release profile. The limitations of creature triblock 

copolymers as initial burst release can be largely avoided using micelles made of 

pentablock copolymers. Moreover, formulations based on pentablock copolymers can 

sustain drug release for a longer time. The present study aims to provide a concise overview 

of the initial and recent progresses in the design of hydrogel-based ocular drug delivery 

systems. 
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limit.
5
 Even if that were feasible, the high yield stress or 

high viscosity of the resulting substance may prevent 

injection or its flow through a lanky needle.
9
 

Furthermore, extremely hydrophilic polymers swell in 

the aqueous environment inside the body and then 

dissolve, sometimes in a short time frame, unless they 

are partially cross-linked.
10

 These observations have 

added to the interest in formulations that display the 

characteristics of linear polymer solutions outside the 

body (letting facile injection) but convert to gel upon 

entering inside the body (giving a long-term drug 

release profile).
11

 The objective of this review is to give 

a brief introduction to stimuli-responsive hydrogels and 

particularly thermosensitive micelles as drug delivery 

vehicles. Additionally, the most recent works on ocular 

drug delivery using novel pentablock copolymers are 

discussed at the end of the review. 

 

In Situ Gelling Systems 

In situ (e.g. in the eye cul-de-sac) gel formation theory 

was first suggested in the early 1980s.
12

 In situ gel-

forming formulations have the potential to be 

administered in liquid phase into the eye and then 

change into viscoelastic gel upon administration.
13

 

Changes are made to the pH, temperature, and 

electrolyte compositions to make phase transition on 

the surface (Table 1).
14

 

Since it is aqueous-based, the resulting swollen 

hydrogel is very convenient in the human eye.
15, 16

 An 

in situ gel-forming formulation has to be a low-viscose, 

free-flowing liquid to be easily administered into the 

eye as a drop, and the gel made following the phase 

transition needs to be strong enough to endure the shear 

forces existent in the cul-de-sac and display high 

retention time in the eye.
17

 

 
Table 1. Classification of in situ gel-forming systems 

In-situ gelling systems Polymers used 

Temperature dependent systems 
Chitosan, pluronics, tetronics, xyloglucans, hydroxypropylmethyl cellulose or 
hypermellose (HPMC) 

pH-triggered systems 
Cellulose acetate phthalate (CAP) latex, carbopol, polymethacrilic acid (PMMA), 
polyethylene glycol (PEG), pseudolatexes 

Ion-activated systems (osmotically 
induced gelation) 

Gelrite, gellan, hyaluronic acid, alginates 

 

Advantages of ophthalmic in situ hydrogel 

The advantages of ophthalmic in situ hydrogels would 

be:  

reduced dose concentration and frequency, improved 

patient compliance, ease of application in comparison 

with soluble or insoluble insertions, possibility of 

administration of exact amount of medication, dose 

reproducibility, and enhanced bioavailability owing to 

both improved pre-corneal retention time and reduced 

nasolacrimal drainage of the drug.
18,19

 

 

pH-sensitive hydrogels 

pH-sensitive polymers include pendant alkaline or 

acidic groups that receive or release protons due to the 

changes in the pH of medium. The polymers with lots 

of ionizable groups are called polyelectrolytes.
20

 

Polymers containing anionic (weakly acidic) and 

cationic (weakly basic) groups , respectively swell and 

shrink in response to increases in the external pH.
21

 

 

Ion-sensitive hydrogels 

Ion-stimuli polymers concern the generally applied in 

situ gelling materials for ophthalmic drug delivery.
1
 

The instilled solution changes into gel due to a change 

in the ionic strength. The rate of electrolyte absorption 

by the polymer from the tear fluid depends on the 

osmotic gradient across the gel surface. Therefore, the 

rate of sol transition into the gel is probably influenced 

by the osmolality of the solution. The electrolytes 

naturally found in the tear fluid, particularly Ca, Na, 

and Mg cations, induce polymers to form a gel when it 

is applied as a flowing solution into the cul-de-sac.
2
 

Temperature-sensitive hydrogels 

Temperature-sensitive hydrogels are a group of 

polymeric systems that are sensitive to environmental 

factors. These hydrogels can swell or shrink in response 

to any changes in the surrounding liquid temperature.
22

 

For simplicity, temperature-sensitive hydrogels have 

been categorized into three classes—positively 

thermosensitive, negatively thermosensitive, and 

thermally reversible gels.
23

 

 

Negatively thermosensitive hydrogels 
Negatively thermosensitive hydrogels, having a lower 

critical solution temperature (LCST), collapse or shrink 

upon an increase in temperature above the LCST and 

swell upon a decrease in temperature below the 

LCST.
24,25

 Copolymers of N-isopropylacrylamide 

(NIAAm) display an ‗on/off‘ drug release
26

 with the 

‗on‘ state at a lower and the ‗off‘ state at a higher 

temperature than LCST, and give a pulsatile scheme to 

drug release.
27

 Generally, LCST systems are utilized to 

control the release of drugs, particularly proteins.
28,29

 

Liposomes that thermosensitive polymers have 

stabilized on their membrane can release their content 

in a controlled manner.
30

 Bulmus et al. utilized 

PNIPAAm polymers, conjugated to a particular site 

near the biotin-binding site of streptavidin, for ‗on/off‘ 

control of biotin access to its binding site.
31

 Below the 

LCST, i.e. 32°C for PNIPAAm, the polymer is in its 

completely extended conformation due to desired 

interaction with water molecules. In this conformation, 

the biotin-binding site on streptavidin is accessible to 

interact with biotin. However, above this temperature, 
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the polymer collapses, preventing biotin accessibility to 

its binding site.
32

 

 

Positively thermosensitive hydrogels 

Positively thermosensitive hydrogels, having an upper 

critical solution temperature (UCST), collapse or shrink 

upon a decrease in the temperature below the UCST 

and swell upon an increase in the temperature above the 

UCST.
23,33

 Polymer lattice of polyacrylamide (PAAm)
1
, 

poly (acrylamide-co-butyl methacrylate),
34

 and poly 

(acrylic acid) (PAA)
23,35

 possess positive 

thermosensitivity of swelling. The transition 

temperature of P(AAm-co-BMA) shifts to a higher 

temperature with increasing butyl-methacrylate content 

of copolymer.
32

 Aoki et al. fabricated an UCST system 

using Poly(N,N-dimethylacrylamide) combined with 

Poly(acrylic acid).
36

 

 

Thermally reversible gels 

Most of the currently applied thermoreversible gels are 

produced by poly (ethylene oxide)-b-poly (provpylene 

oxide)-b-poly (ethylene oxide) (Tetronics®, 

Pluronics®, poloxamer).
37

 These polymers make a free-

flowing solution at room temperature that can be 

converted to gel at body temperature.
38

 Such a system 

can be conveniently injected into the body cavities.
39

 In 

some cases when decreasing the amount of the 

thermogelling polymer is cost effective or necessary, it 

can be possible to decrease the total amount of 

thermogelling polymer by mixing with a reversible gel-

induced polymer that is sensitive to pH.
1,16,28

 New 

classes of biodegradable triblock copolymers have been 

developed. The polymers containing poly (ethylene 

glycol)-poly-(D-L lactic acid-co-glycolic acid)-

poly(ethylen glycol) (PEG-PLGA- PEG)
40

 or PLGA-

PEG-PLGA
41,42

 were studied as injectable sustained 

drug delivery systems. Certain natural polymers such as 

xyloglucan can also be used in the formation of 

thermoreversible gels.
43

 

 

Mechanisms of gelation 

To explain the sol-gel phase transition after an increase 

in the temperature, three main mechanisms have been 

suggested—gradually losing the water of hydration 

(desolvation( of the polymer, enhancing micellar 

accumulation, and enhancing entanglement of the 

polymeric lattice.
12,44

 

 

Micelles as thermogelling polymeric systems 

Amphiphilic block copolymers form nano-sized core-

shell structures in an aqueous solution, via 

spontaneously self-assembling procedure,
45

 whereas 

polymeric micelles are connected with colloids; they 

are the same in certain respects to usual surfactant 

micelles
46

 (Figure 1). Both block copolymers and low 

molecular weight surfactants make micellar assemblies 

at or above a certain threshold called the critical micelle 

concentration (CMC) or the critical aggregation 

concentration (CAC). At a concentration less than the 

CMC, the number of amphiphilic molecules adsorbed 

at the air and water interface increases with increasing 

concentration. At the CMC, either the bulk solution or 

the interface gets saturated by unimers, while chain 

association occurs through the expulsion of arranged 

water molecules to the bulk solution.
47

 

 

 
Figure 1. Schematic representation of micelle formation from 
an amphiphilic polymer 

 

Structure of micelles  

As regards the characteristics of micelles based on 

amphiphilic block copolymers, they are the ideal 

nominees for loading and delivery of hydrophobic 

drugs. Amphiphilic copolymers are composed of at 

least two parts that are chemically different. Thus, in 

solvents that selectively dissolve one of the blocks, they 

undergo phase dissociation because of the chain 

assembling.
47

 Such amphiphiles are soluble in water at 

low temperatures. Nevertheless, when the temperature 

rises, hydrophobic parts begin to assemble in order to 

minimize their exposure to the water molecules and 

thus to maximize the solvent entropy.
32

 This 

phenomenon resulted in the formation of a core/shell 

micelle structure. Theoretically, decreasing of system 

free energy triggers the formation of micelles. 

Removing hydrophobic segments from the aqueous 

milieu and restoring the network of hydrogen bonds in 

the water decrease free energy of the whole system, 

ultimately leading to formation of micelles.
48

  

Typically, hydrophobic parts of the block copolymers 

form internal core of the polymeric micelles via 

hydrophobic interaction
48

 or through hydrogen 

binding,
49-51

 as well as through metal-ligand matching 

interactions. Moreover, there are some reports of 

formation of micelles via electrostatic interactions, 

using block copolymers of oppositely charged 

macromolecules, leading to the development of polyion 

complex(PIC) micelles.
52,53

 The hydrophilic parts of 

block copolymers form the external shell of polymeric 

micelles and play a significant role in their in vivo 

behaviour, particularly for their steric consolidation and 

the capability to interplay with cells.
54

 The 

conformation of polymer in solution is affected by the 
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lengths of the hydrophilic and hydrophobic segments, 

so that longer hydrophilic blocks cause polymers to 

keep in a monomeric state in water.
55

  

 

Characterization of micelles  

Micelles are determined by measuring the turbidity, 

particle size, and CMC. Ionic micellar dispersals 

become turbid at a higher temperature than nonionics 

do. The clouding aspect is an undeviating consequence 

of the formation of larger particles.
56

 Dynamic light 

scattering (DLS) is the widely used method for 

determination of the hydrodynamic diameter of 

polymeric micelles.
57,58

 Different types of methods like 

conductivity, interfacial tension, and osmotic pressure 

are utilized for the assessment of CMC.
59

 However, 

since the CMC values of polymeric micelles are very 

low, these techniques may not be useful in these cases. 

Light scattering is a powerful technique; however, it 

can be applied to portend the outset of micellization, 

only if the CMC happens in a range of concentrations 

that this method is sensitive to.
60

 Adsorption of polymer 

in the column is one of the problems that restrict the use 

of gel permeation chromatography (GPC) in 

determining CMC.
61

 One of the best choices for the 

assessment of CMC in polymeric micelles is pyrene 

fluorescence. The fluorescence spectrum of pyrene 

display particular bands near 370–400 nm, whose 

relative and absolute intensities, positions, and widths 

are highly dependent on the polarity of its 

microenvironment.
62,63

 Following the increase in 

polymer concentration, the intensity ratio of the first 

and third bands (I/III ratio) decreases tremendously due 

to changes in the polarity of pyrene environment.
64,65

 

This reduction occurs owing to the accumulation of 

pyrene as a hydrophobic probe in the apolar micellar 

core around the CMC.
66

 Hence, we can easily 

determine the CMC by plotting the II/IIII ratio against 

polymer concentration. The junction of the slope 

tangent and the lower horizontal is known as the CMC 

of the system.
67

 

 

Methods of drug loading into the micelles 

Drugs can be loaded into the micelles in physical, 

chemical, or electrostatic ways. However, the most 

preferred procedures are physical methods
68

 (Figure 2). 

Dialysis,
69

 direct dissolution,
70

 oil-in-water emulsion 

solvent evaporation,
48

 and various film-hydration 

methods
71

 are commonly used physical methods. 

Encapsulation of drug may happen within or following 

micelle self-assembling depending on the used 

method.
47,72

 In the dialysis method, both polymer and 

drug are dissolved in an organic solvent that is water-

miscible, and then the prepared solution dialysis against 

a large volume of a solvent which is selective for the 

hydrophilic portion of copolymer.
72

 The size, 

polydispersity, and the yield of the polymeric micelles 

achieved may differ depending on the applied organic 

solvent.
73

 However, it is not a suitable method for 

industrial use due to the number days that is needed to 

ensure the complete removal of the applied organic 

solvent.
68

 In the oil-in-water emulsion method, the 

copolymer and drug solution are prepared in an aqueous 

and a volatile water-immiscible solvent, respectively. 

The oil-in-water emulsion is prepared by adding the 

organic phase containing the drug into the aqueous 

phase containing the copolymer and then by allowing 

the organic solvent to evaporate.
72

 This is not a suitable 

method of preparing the micelles for ocular drug 

delivery because the complete removal of the organic 

solvent by evaporation is almost infeasible.
68

 As 

mentioned before, another method of drug loading into 

the micelles is the direct dissolution method. This 

method involves dissolving the drug and copolymer in 

an aqueous medium. The micelles are formed during 

the equilibration of the system.
68

 This method is the 

most convenient way of preparing micelles and is good 

for industrial application. However, it may not yield 

high amounts of drug loading.
68

 The thin-film hydration 

method consists of the preparation of an organic 

solution containing both drug and copolymer in a vial. 

The evaporation of the organic solvent leads to the 

formation of a copolymer-drug matrix film. Micelles 

are prepared through the rehydration of the dried film 

via the addition of an aqueous solvent.
72,73

 Owing to the 

near-complete removal of the organic solvent, this 

method is appropriate for the preparation of micellar 

ocular delivery formulations. Using this method, the 

amount of drug loading can be significantly enhanced.
68

  
 

 
 

Figure 2. Schematic representation of incorporation of 
hydrophobic drug into the micelle core in an aqueous medium. 

 

Kim et al. reported the development of thermosensitive 

biodegradable hydrogels that assemble and form gels 

through the mechanism of micelle accumulation.
74

 

These polymers can form temperature-induced micellar 

aggregates, and after more increasing in temperature, 

gels because of micellar packing.
75

 Therefore, the drugs 

can be mixed with these polymers at ambient 

temperature, in the sol state. This solution can then be 

administered into a target tissue where it can form an in 
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situ gel at body temperature and control the drug 

release.
76

 It is a formulation that is in an injectable 

liquid form at ambient temperature but converts into a 

gel at body temperature and at a pH close to neutral. 

Besides, it is biocompatible and biodegradable, and 

certainly represents a perfect system.
38

 The temperature 

at which gelation takes place is affected by the 

chemical structure of the polymer, polymer 

concentration, and the length of the hydrophobic 

moiety.
32

 The more hydrophobic the chain, the more the 

driving force for hydrophobic accumulation, and the 

less the temperature of gelation.
5
 Mucoadhesivity of 

micelles can be improved by incorporating the 

functional groups, which are capable of binding to the 

chemical groups present within mucosa.
77

 Thiol is a 

good example of these functional groups that can 

interact with cysteine that is available in abundance in 

the mucin layer.
78

 Therefore, materials containing thiol 

groups can be easily attached to the mucin layer and 

thus enhance the residence time.
79,80

 

 

Novel pentablock copolymers (PBCs) for sustained 

ocular drug delivery 

In recent years, many researchers have investigated the 

use of nanoparticles in ocular drug delivery.
81,82

 

Biodegradable polymers including poly(DL-glycolide-

co-lactide) (PLGA),
83

 poly(caprolactone) (PCL),
84

 and 

poly(lactide) (PLA)
85

 have been extensively considered 

for the provision of nanoparticles. In particular, 

amphiphilic copolymers with polyethylene glycol as 

their hydrophilic segment such as PCL–PEG,
86

 PLGA–

PEG,
87

 PLA–PEG,
88

 and PCL–PEG–PCL
89

 have been 

considered in controlled drug delivery. PEG is well 

known due to its nontoxicity and absence of 

antigenicity.
90

 Furthermore, PEG mediates the drug 

release via a diffusion mechanism by facilitating the 

penetration of water into nanoparticles. PCL is an FDA-

approved, biodegradable, and nontoxic polyester that is 

miscible with a variety of polymers and has high 

permeability to small drug molecules.
91,92

 In addition, 

due to its hydrophobic nature, it is very capable of 

encapsulating lipophilic drugs through hydrophobic 

interactions. However, its application is limited because 

of its high crystallinity and hydrophobic nature, which 

results in a very slow degradation rate.
93

 PCL- and 

PEG-based triblock copolymers such as PEG–PCL–

PEG or PCL–PEG–PCL have been extensively studied 

for drug delivery. The releasing profile of the drug is 

greatly sustained by increasing the molecular weight of 

PCL block. However, high molecular weight PCL 

block enhances the total hydrophobicity and 

crystallinity of the polymer, thereby causing the initial 

burst release of the nanoparticles made from such 

triblock copolymers.
89,94

 Hence, there is still a need for 

optimized block copolymers that can sustain drug 

release over a longer time without significant initial 

burst release. 

Patel et al. studied the injectable and biodegradable 

thermosensitive in situ gels for sustaining delivery of 

protein drugs in the treatment of ophthalmic posterior 

disease. They synthetized a series of triblock (TB) and 

pentablock copolymers (PBCs) of PCL-PEG-PCL, 

PLA-PCL-PEG-PCL-PLA and PEG-PCL-PLA-PCL-

PEG, and investigated the effects of hydrophobicity, 

block arrangement, and molecular weight on the 

crystallinity of copolymer. Results of sol gel transition 

studies confirmed that aqueous solutions of block 

copolymers can convert to gel upon exposure to body 

temperature. Although both tri and pentablock 

copolymers could prolong the release of IgG, it was 

significantly longer for pentablock copolymers. 

Furthermore, the syringeability of PEG-PCL-PLA-

PCL-PEG pentablock copolymer was better than both 

PCL-PEG-PCL and PLA-PCL-PEG-PCL-PLA 

copolymers due to the lower kinematic viscosity of its 

aqueous solution at 25°C. The crystallinity of both 

PBCs were lower than TBC because of the presence of 

PLA blocks, and therefore, it was expected that the rate 

of degradation of PBCs would be faster than that of TB 

copolymer.
95

  

They also synthetized and evaluated a PB copolymer 

comprising PEG, polyglycolic acid (PGA), PCL, and 

PLA for controlled delivery of FITC-BSA, IgG, and 

bevacizumab in the treatment of posterior eye diseases. 

They studied the effect of different ratios and various 

molecular weights of blocks on the release profile. 

They showed that both the hydrophobicity of the 

copolymer and the hydrodynamic diameter of the 

loaded protein have a momentous effect on EE 

(entrapment efficiency) and release profile. Their 

studies also demonstrated that, while the nanoparticles 

display sustained release profile with an initial burst 

release, it is possible to reach a near zero order pattern 

of release with no or slight burst release by suspending 

NPs in a thermosensitive gel.
96

 

In another study, they designed a series of PBCs based 

on PGA-PCL-PEG-PCL-PGA and PLA-PCL-PEG-

PCL-PLA for sustaining delivery of IgG as a model 

protein. They studied the effect of polymer 

composition, molecular weight and isomerism on drug 

loading (DL), entrapment efficiency (EE), and in vitro 

release profile. Molecular weight and the crystallinity 

of copolymers indicated a considerable effect on these 

parameters. They moderated the crystallinity of PBCs 

by altering the ratios of PLA/PCL or PGA/PCL blocks, 

besides using different isomers of PLA (L or D,L). 

PBCs consisted of PLA, with D,L-lactide displaying 

higher EE and slower release profile compared to PB 

copolymers comprising PLA with L-lactide or PGA.
97

  

They also synthetized a series of PBCs using PCL, 

PEG, and PLA or PGA, and entrapped various 

proteins/peptides into the prepared copolymers though 

the double emulsion solvent evaporation method. In 

order to reach a constant zero order release profile and 

decrease the burst release to the lowest amount, they 

used a novel composite conception by suspending the 

protein/peptide-loaded PB nanoparticles in 

thermosensitive PB gel. The authors investigated the 
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influences of various parameters on DL, EE, and in 

vitro release profile. The results showed that an 

increase in molecular weight of copolymer, as well as a 

decrease in the volume of external phase, would 

enhance both DL and EE. However, the addition of salt 

either in the external or internal phase had a small effect 

on EE. Besides, while there was a direct proportion 

between molecular weight/hydrodynamic diameter of 

biotherapeutics and the resulted DL or EE, the in vitro 

release rate was inversely proportional to these 

parameters.
98

  

Tamboli et al. synthetized a PBC comprising PLA-

PCL-PEG-PCL-PLA for sustaining the release of 

steroids over a longer time interval. They investigated 

the effect of incorporation of poly (L-lactide) (PLLA) 

or poly (D, L-lactide) (PDLLA) on the crystallinity of 

PBCs and the in vitro release profile of triamcinolone 

acetonide as a model drug from nanoparticles. The 

results showed that the incorporation of suitable ratio of 

PDLLA in the existent PCL-PEG-PCL copolymers 

lowered the crystallinity of copolymer and considerably 

minimized the initial burst release from NPs. The 

authors suggested that nanoparticles made from PBCs 

can minimize the limitations of TBC nanoparticles such 

as initial burst release and can sustain the release of 

drug for a longer time.
93

  

Khurana et al. designed a pentablock copolymer, PLA–

PCL–PEG–PCL–PLA, to develop pazopanib-loaded 

nanoparticles for use in the treatment of ocular 

neovascularization. They studied the effect of 

incorporation of pazopanib (a substrate of efflux 

transporters) in nanoparticles on bypassing the drug 

efflux system .The prepared nanoparticles prolonged 

the delivery of pazopanib by up to 100 days without 

any remarkable burst release and succeeded in evading 

the efflux transporters
99

  

Recently, Agrahari et al. have published their research 

on developing a PB copolymer composite comprising 

PCL-PLA-PEG-PLA-PCL IgG-Fab-loaded NPs 

suspended in thermosensitive mPEG-PCL-PLA-PCL-

PEGm gel. Using this composite formulation, they 

could sustain the release of macromolecules over 80 

days with negligible initial burst release occurrence. 

The size of the prepared NPs was 150 nm and % EE 

and % Dl were 66.64% ± 1.75 and 18.17% ± 0.39, 

respectively. The biocompatibility studies implemented 

on ocular (human corneal epithelial and retinal pigment 

epithelium) and macrophage (RAW 264.7) cell lines 

indicated the safety of the PB copolymer-based 

composite formulations for clinical uses.
100

 

 

Conclusion 

In situ gel-forming systems are potential ocular delivery 

systems as they can overcome the shortcomings 

associated with common ocular dosage forms. 

Therefore, they have received much attention in recent 

years. Drug-incorporated liposomes, nanoparticles, 

micelles, etc., can also be suspended in these systems to 

achieve highly effective and sustained drug delivery. 

The limitations of available triblock polymers such as 

initial burst release can be largely avoided by using 

micelles made of pentablock copolymers. In addition, 

formulations based on pentablock copolymers can 

sustain drug release for a longer time. Thus, novel 

pentablock copolymers are good materials that may be 

used as a carrier for ophthalmic drug delivery as well as 

for other illnesses that need sustained drug delivery. 

 

Acknowledgments 
The financial support from Drug Applied Research 

Center and Research Council of Tabriz University of 

Medical Sciences is greatly acknowledged. 

 

Ethical Issues 

Not applicable. 

 

Conflict of Interest  

The authors have no conflicts of interest to declare. 

 

References 
1. Kushwaha SK, Saxena P, Rai A. Stimuli sensitive 

hydrogels for ophthalmic drug delivery: A review. 

Int J Pharm Investig 2012;2(2):54-60. doi: 

10.4103/2230-973X.100036 

2. Gambhire S, Bhalerao K, Singh S. In situ hydrogel: 

Different approaches to ocular drug delivery. Int J 

Pharm Pharm Sci 2013;5(2):27-36.  

3. Tomar N, Tomar M, Gulati N, Nagaich U. Phema 

hydrogels: Devices for ocular drug delivery. Int J 

Health Allied Sci 2012;1(4):224-30.  

4. El-Sherbiny IM, Yacoub MH. Hydrogel scaffolds for 

tissue engineering: Progress and challenges. Glob 

Cardiol Sci Pract 2013;2013(3):316-42. doi: 

10.5339/gcsp.2013.38 

5. Hoare TR, Kohane DS. Hydrogels in drug delivery: 

Progress and challenges. Polymer 2008;49(8):1993-

2007. doi: 10.1016/j.polymer.2008.01.027 

6. Kabilan S, Ayyasamy M, Jayavel S, Paramasamy G. 

Pseudomonas sp. As a source of medium chain 

length polyhydroxyalkanoates for controlled drug 

delivery: Perspective. Int J Microbiol 

2012;2012:317828. doi: 10.1155/2012/317828 

7. D‘Arrigo G, Alhaique F, Matricardi P. Macro and 

nano shaped polysaccharide hydrogels as drug 

delivery sytems. Boston: Northeastern University; 

2013.  

8. Reed K, Montgomery M, Patel NM. Release rates of 

timolol maleate from carbopol and 

carboxymethylcellulose polymer gels with 

incorporated calcium phosphate nanoparticles. Int J 

life Sci Pharma Res 2016;7(4):221-30. 

9. Lee KY, Mooney DJ. Alginate: Properties and 

biomedical applications. Prog Polym Sci 

2012;37(1):106-26. doi: 

10.1016/j.progpolymsci.2011.06.003 

10. Li H, Hardy RJ, Gu X. Effect of drug solubility on 

polymer hydration and drug dissolution from 

polyethylene oxide (peo) matrix tablets. AAPS 



 

|   17 

Novel penta block copolymers 

Advanced Pharmaceutical Bulletin, 2017, 7(1), 11-20 

PharmSciTech 2008;9(2):437-43. doi: 

10.1208/s12249-008-9060-x 

11. Kaur P, Garg T, Rath G, Goyal AK. In situ nasal gel 

drug delivery: A novel approach for brain targeting 

through the mucosal membrane. Artif Cells 

Nanomed Biotechnol 2016;44(4):1167-76. doi: 

10.3109/21691401.2015.1012260 

12. Kute PR, Gondkar S, Saudagar R. Ophthalmic in-

situ gel: An overview. WJPPS 2015; 4(4):549-68.  

13. Kumar D, Jain N, Gulati N, Nagaich U. 

Nanoparticles laden in situ gelling system for ocular 

drug targeting. J Adv Pharm Technol Res 

2013;4(1):9-17. doi: 10.4103/2231-4040.107495 

14. Seeger HM, Marino G, Alessandrini A, Facci P. 

Effect of physical parameters on the main phase 

transition of supported lipid bilayers. Biophys J 

2009;97(4):1067-76. doi: 10.1016/j.bpj.2009.03.068 

15. Ramteke K, Chavanke M, Chavanke P. Stimuli 

sensitive hydrogels in drug delivery systems. IJPSR 

2012;3(12):4604-16. 

16. Sahu N, Gils P, Ray D, Sahoo P. Biodegradable 

hydrogels in controlled drug delivery. Adv Polym 

Sci 2013;3:22-30.  

17. Rathore K. In situ gelling ophthalmic drug delivery 

system: An overview. Int J Pharm Sci 2010;2(4):30-

4.  

18. Kumari A, Sharma PK, Garg VK, Garg G. Ocular 

inserts - advancement in therapy of eye diseases. J 

Adv Pharm Technol Res 2010;1(3):291-6. doi: 

10.4103/0110-5558.72419 

19. Agrawal AK, Das M, Jain S. In situ gel systems as 

'smart' carriers for sustained ocular drug delivery. 

Expert Opin Drug Deliv 2012;9(4):383-402. doi: 

10.1517/17425247.2012.665367 

20. Chan A, Orme RP, Fricker RA, Roach P. Remote 

and local control of stimuli responsive materials for 

therapeutic applications. Adv Drug Deliv Rev 

2013;65(4):497-514. doi: 

10.1016/j.addr.2012.07.007 

21. Dhir S, Ali Saffi K, Kamalpuria N, Mishra D. An 

overview of in situ gelling system. Int J Pharm life 

Sci 2016;7(8):5135-56. 

22. Peppas NA, Bures P, Leobandung W, Ichikawa H. 

Hydrogels in pharmaceutical formulations. Eur J 

Pharm Biopharm 2000;50(1):27-46.  

23. Ilić-Stojanović S, Nikolić L, Nikolić V, Petrović S, 

Stanković M, Mladenović-Ranisavljević I. Stimuli-

sensitive hydrogels for pharmaceutical and medical 

applications. FU Phys Chem Tech 2011;9(1):37-56. 

doi: 10.2298/FUPCT1101037I 

24. Priya James H, John R, Alex A, Anoop KR. Smart 

polymers for the controlled delivery of drugs - a 

concise overview. Acta pharmaceutica Sinica B 

2014;4(2):120-7. doi: 10.1016/j.apsb.2014.02.005 

25. Jeong S, Oh K, Park K. Glucose-Sensitive 

Hydrogels. In: Dumitriu S, Popa V, editors. 

Polymeric biomaterials: Medicinal and 

pharmaceutical applications. Florida: CRC Press; 

2013.  

26. Soppimath K, Aminabhavi T, Dave A, Kumbar S, 

Rudzinski W. Stimulus-responsive ―smart‖ 

hydrogels as novel drug delivery systems. Drug Dev 

Ind Pharm 2002;28(8):957-74. doi: 10.1081/DDC-

120006428 

27. Shastri D, Patel L. A novel alternative to ocular 

drug delivery system: Hydrogel. IJPR 2010;2(1):1-

13.  

28. Masteikova R, Chalupova Z, Sklubalova Z. Stimuli-

sensitive hydrogels in controlled and sustained drug 

delivery. Medicina (Kaunas) 2003;39 Suppl 2:19-

24.  

29. Ron ES, Bromberg LE. Temperature-responsive 

gels and thermogelling polymer matrices for protein 

and peptide delivery. Adv Drug Deliv Rev 

1998;31(3):197-221.  

30. Kono K, Nakai R, Morimoto K, Takagishi T. 

Thermosensitive polymer-modified liposomes that 

release contents around physiological temperature. 

Biochim Biophys Acta 1999;1416(1-2):239-50.  

31. Bulmus V, Ding Z, Long CJ, Stayton PS, Hoffman 

AS. Site-specific polymer-streptavidin bioconjugate 

for ph-controlled binding and triggered release of 

biotin. Bioconjug Chem 2000;11(1):78-83.  

32. Ganji F, Vasheghani-Farahani E. Hydrogels in 

controlled drug delivery systems. Iran Polym J 

2009;18(1):63-88.  

33. Karimi M, Sahandi Zangabad P, Ghasemi A, Amiri 

M, Bahrami M, Malekzad H, et al. Temperature-

responsive smart nanocarriers for delivery of 

therapeutic agents: Applications and recent 

advances. ACS applied materials & interfaces 

2016;8(33):21107-33. doi: 10.1021/acsami.6b00371 

34. Gil ES, Hudson SM. Stimuli-reponsive polymers 

and their bioconjugates. Prog Polym Sci 

2004;29(12):1173-222. doi: 

10.1016/j.progpolymsci.2004.08.003 

35. Bajpai A, Shukla SK, Bhanu S, Kankane S. 

Responsive polymers in controlled drug delivery. 

Prog Polym Sci 2008;33(11):1088-118. doi: 

10.1016/j.progpolymsci.2008.07.005 

36. Aoki T, Kawashima M, Katono H, Sanui K, Ogata 

N, Okano T, et al. Temperature-responsive 

interpenetrating polymer networks constructed with 

poly (acrylic acid) and poly (n, n-

dimethylacrylamide). Macromolecules 

1994;27(4):947-52. doi: 10.1021/ma00082a010 

37. Kumbhar AB, Rakde AK, Chaudhari P. In situ gel 

forming injectable drug delivery system. IJPSR 

2013;4(2):597-609. 

38. Bonacucina G, Cespi M, Mencarelli G, Giorgioni 

G, Palmieri GF. Thermosensitive self-assembling 

block copolymers as drug delivery systems. 

Polymers 2011;3(2):779-811. doi: 

10.3390/polym3020779 

39. Agarwal A. Novel amphiphilic block copolymers 

and their self-assembled injectable hydrogels for 

gene delivery. Ames: Iowa State University; 2007. 



 

 18  | Advanced Pharmaceutical Bulletin, 2017, 7(1), 11-20 

Alami-Milani et al. 

40. Jeong B, Bae YH, Kim SW. Drug release from 

biodegradable injectable thermosensitive hydrogel 

of peg-plga-peg triblock copolymers. J Control 

Release 2000;63(1-2):155-63.  

41. Rathi RC, Zentner GM, Jeong B, inventors. 

Biodegradable low molecular weight triblock poly 

(lactide-co-glycolide) polyethylene glycol 

copolymers having reverse thermal gelation 

properties. United States patent US6117949 A. 

1999. 

42. Qiao M, Chen D, Ma X, Liu Y. Injectable 

biodegradable temperature-responsive plga-peg-

plga copolymers: Synthesis and effect of copolymer 

composition on the drug release from the 

copolymer-based hydrogels. Int J Pharm 

2005;294(1-2):103-12. doi: 

10.1016/j.ijpharm.2005.01.017 

43. Miyazaki S, Suzuki S, Kawasaki N, Endo K, 

Takahashi A, Attwood D. In situ gelling xyloglucan 

formulations for sustained release ocular delivery of 

pilocarpine hydrochloride. Int J Pharm 2001;229(1-

2):29-36.  

44. Tinu T, Litha T, Kumar Anil B. Polymers used in 

ophthalmic in situ gelling system. Int J Pharm Sci 

Rev Res 2013;20(1):176-83.  

45. S Thakur R, Agrawal R. Application of 

nanotechnology in pharmaceutical formulation 

design and development. Curr Drug ther 

2015;10(1):20-34. 

doi:10.2174/157488551001150825095729 

46. Hiratsuka T, Goto M, Kondo Y, Cho CS, Akaike T. 

Copolymers for hepatocyte-specific targeting 

carrying galactose and hydrophobic alkyl groups. 

Macromol Biosci 2008;8(3):231-8. doi: 

10.1002/mabi.200700157 

47. Adams ML, Lavasanifar A, Kwon GS. Amphiphilic 

block copolymers for drug delivery. J Pharm Sci 

2003;92(7):1343-55. doi: 10.1002/jps.10397 

48. Xu W, Ling P, Zhang T. Polymeric micelles, a 

promising drug delivery system to enhance 

bioavailability of poorly water-soluble drugs. J 

Drug Deliv 2013;2013:340315. doi: 

10.1155/2013/340315 

49. Gao W-P, Bai Y, Chen E-Q, Li Z-C, Han B-Y, 

Yang W-T, et al. Controlling vesicle formation via 

interpolymer hydrogen-bonding complexation 

between poly (ethylene oxide)-b lock-polybutadiene 

and poly (acrylic acid) in solution. Macromolecules 

2006;39(14):4894-8. doi: 10.1021/ma0603579 

50. Hsu CH, Kuo SW, Chen JK, Ko FH, Liao CS, 

Chang FC. Self-assembly behavior of a-b diblock 

and c-d random copolymer mixtures in the solution 

state through mediated hydrogen bonding. 

Langmuir 2008;24(15):7727-34. doi: 

10.1021/la703960g 

51. Kuo SW, Tung PH, Lai CL, Jeong KU, Chang FC. 

Supramolecular micellization of diblock copolymer 

mixtures mediated by hydrogen bonding for the 

observation of separated coil and chain aggregation 

in common solvents. Macromol Rapid Comm 

2008;29(3):229-33. doi: 10.1002/marc.200700697 

52. Voets IK, de Keizer A, Cohen Stuart MA, Justynska 

J, Schlaad H. Irreversible structural transitions in 

mixed micelles of oppositely charged diblock 

copolymers in aqueous solution. Macromolecules 

2007;40(6):2158-64. doi: 10.1021/ma0614444 

53. Luo Y, Yao X, Yuan J, Ding T, Gao Q. Preparation 

and drug controlled-release of polyion complex 

micelles as drug delivery systems. Colloids Surf B 

Biointerfaces 2009;68(2):218-24. doi: 

10.1016/j.colsurfb.2008.10.014 

54. Yoncheva K, Calleja P, Agueros M, Petrov P, 

Miladinova I, Tsvetanov C, et al. Stabilized micelles 

as delivery vehicles for paclitaxel. Int J Pharm 

2012;436(1-2):258-64. doi: 

10.1016/j.ijpharm.2012.06.030 

55. Yokoyama M. Polymeric micelles for the targeting 

of hydrophobic drugs. In: S. Kwon G, editor. 

Polymeric drug delivery systems. Kanagawa: CRC 

Press; 2005.  

56. Kozlov MY, Melik-Nubarov NS, Batrakova EV, 

Kabanov AV. Relationship between pluronic block 

copolymer structure, critical micellization 

concentration and partitioning coefficients of low 

molecular mass solutes. Macromolecules 

2000;33(9):3305-13. doi: 10.1021/ma991634x 

57. Kwon G, Naito M, Yokoyama M, Okano T, Sakurai 

Y, Kataoka K. Block copolymer micelles for drug 

delivery: Loading and release of doxorubicin. J 

Control Release 1997;48(2):195-201. doi: 

10.1016/S0168-3659(97)00039-4 

58. Sezgin Z, Yuksel N, Baykara T. Preparation and 

characterization of polymeric micelles for 

solubilization of poorly soluble anticancer drugs. 

Eur J Pharm Biopharm 2006;64(3):261-8. doi: 

10.1016/j.ejpb.2006.06.003 

59. Nakamura K, Endo R, Takeda M. Surface 

properties of styrene–ethylene oxide block 

copolymers. J Polym Sci Pol Phys 1976;14(7):1287-

95. doi: 10.1002/pol.1976.180140712 

60. Astafieva I, Zhong XF, Eisenberg A. Critical 

micellization phenomena in block polyelectrolyte 

solutions. Macromolecules 1993;26(26):7339-52. 

doi: 10.1021/ma00078a034 

61. Yokoyama M, Sugiyama T, Okano T, Sakurai Y, 

Naito M, Kataoka K. Analysis of micelle formation 

of an adriamycin-conjugated poly(ethylene glycol)-

poly(aspartic acid) block copolymer by gel 

permeation chromatography. Pharm Res 

1993;10(6):895-9.  

62. Pineiro L, Novo M, Al-Soufi W. Fluorescence 

emission of pyrene in surfactant solutions. Adv 

Colloid Interface Sci 2015;215:1-12. doi: 

10.1016/j.cis.2014.10.010 

63. Kalyanasundaram K, Thomas J. Environmental 

effects on vibronic band intensities in pyrene 

monomer fluorescence and their application in 



 

|   19 

Novel penta block copolymers 

Advanced Pharmaceutical Bulletin, 2017, 7(1), 11-20 

studies of micellar systems. J Am Chem Soc 

1977;99(7):2039-44. doi: 10.1021/ja00449a004 

64. Glushko V, Thaler M, Karp C. Pyrene fluorescence 

fine structure as a polarity probe of hydrophobic 

regions: Behavior in model solvents. Arch Biochem 

Biophys 1981;210(1):33-42. doi: 10.1016/0003-

9861(81)90160-0 

65. Karpovich D, Blanchard G. Relating the polarity-

dependent fluorescence response of pyrene to 

vibronic coupling. Achieving a fundamental 

understanding of the py polarity scale. J Phys Chem 

1995;99(12):3951-8. doi: 10.1021/j100012a014 

66. Kabanov AV, Alakhov VY. Pluronic block 

copolymers in drug delivery: From micellar 

nanocontainers to biological response modifiers. 

Crit Rev Ther Drug Carrier Syst 2002;19(1):1-72.  

67. Kabanov AV, Nazarova IR, Astafieva IV, 

Batrakova EV, Alakhov VY, Yaroslavov AA, et al. 

Micelle formation and solubilization of fluorescent 

probes in poly (oxyethylene-b-oxypropylene-b-

oxyethylene) solutions. Macromolecules 

1995;28(7):2303-14. doi: 10.1021/ma00111a026 

68. Pepic I, Lovric J, Filipovic-Grcic J. Polymeric 

micelles in ocular drug delivery: Rationale, 

strategies and challenges. Chem Biochem Eng Q 

2012;26(4):365-77.  

69. La SB, Okano T, Kataoka K. Preparation and 

characterization of the micelle‐forming polymeric 

drug indomethacin‐incorporated poly (ethylene 

oxide)–poly (β‐benzyl l‐aspartate) block copolymer 

micelles. J Pharm Sci 1996;85(1):85-90. doi: 

10.1021/js950204r 

70. Yang L, Wu X, Liu F, Duan Y, Li S. Novel 

biodegradable polylactide/poly (ethylene glycol) 

micelles prepared by direct dissolution method for 

controlled delivery of anticancer drugs. Pharm Res 

2009;26(10):2332-42. doi: 10.1007/s11095-009-

9949-4 

71. Ai X, Zhong L, Niu H, He Z. Thin-film hydration 

preparation method and stability test of dox-loaded 

disulfide-linked polyethylene glycol 5000-lysine-di-

tocopherol succinate nanomicelles. Asian J Pharm 

Sci 2014;9(5):244-50. doi: 

10.1016/j.ajps.2014.06.006 

72. Jones M-C, Leroux J-C. Polymeric micelles–a new 

generation of colloidal drug carriers. Eur J Pharm 

Biopharm 1999;48(2):101-11. doi: 10.1016/S0939-

6411(99)00039-9 

73. Allen C, Maysinger D, Eisenberg A. Nano-

engineering block copolymer aggregates for drug 

delivery. Colloids Surf B Biointerfaces 

1999;16(1):3-27. doi: 10.1016/S0927-

7765(99)00058-2 

74. He C, Kim SW, Lee DS. In situ gelling stimuli-

sensitive block copolymer hydrogels for drug 

delivery. J Control Release 2008;127(3):189-207. 

doi: 10.1016/j.jconrel.2008.01.005 

75. Patel A, Cholkar K, Mitra AK. Recent 

developments in protein and peptide parenteral 

delivery approaches. Ther Deliv 2014;5(3):337-65. 

doi: 10.4155/tde.14.5 

76. Salatin S, Barar J, Barzegar-Jalali M, Adibkia K, 

Milani MA, Jelvehgari M. Hydrogel nanoparticles 

and nanocomposites for nasal drug/vaccine delivery. 

Arch Pharm Res 2016;39(9):1181-92. doi: 

10.1007/s12272-016-0782-0 

77. Yang J, Yan J, Zhou Z, Amsden BG. Dithiol-peg-

pdlla micelles: Preparation and evaluation as 

potential topical ocular delivery vehicle. 

Biomacromolecules 2014;15(4):1346-54. doi: 

10.1021/bm4018879 

78. Jindal AB, Wasnik MN, Nair HA. Synthesis of 

thiolated alginate and evaluation of 

mucoadhesiveness, cytotoxicity and release 

retardant properties. Indian J Pharm Sci 

2010;72(6):766-74. doi: 10.4103/0250-474X.84590 

79. Albrecht K, Zirm EJ, Palmberger TF, Schlocker W, 

Bernkop-Schnurch A. Preparation of thiomer 

microparticles and in vitro evaluation of parameters 

influencing their mucoadhesive properties. Drug 

Dev Ind Pharm 2006;32(10):1149-57. doi: 

10.1080/03639040600712334 

80. Shaikh R, Raj Singh TR, Garland MJ, Woolfson 

AD, Donnelly RF. Mucoadhesive drug delivery 

systems. J Pharm Bioallied Sci 2011;3(1):89-100. 

doi: 10.4103/0975-7406.76478 

81. Araujo J, Gonzalez E, Egea MA, Garcia ML, Souto 

EB. Nanomedicines for ocular nsaids: Safety on 

drug delivery. Nanomedicine 2009;5(4):394-401. 

doi: 10.1016/j.nano.2009.02.003 

82. Diebold Y, Calonge M. Applications of 

nanoparticles in ophthalmology. Prog Retin Eye Res 

2010;29(6):596-609. doi: 

10.1016/j.preteyeres.2010.08.002 

83. Gupta H, Aqil M, Khar RK, Ali A, Bhatnagar A, 

Mittal G. Sparfloxacin-loaded plga nanoparticles for 

sustained ocular drug delivery. Nanomedicine 

2010;6(2):324-33. doi: 10.1016/j.nano.2009.10.004 

84. Marchal-Heussler L, Sirbat D, Hoffman M, 

Maincent P. Poly(epsilon-caprolactone) 

nanocapsules in carteolol ophthalmic delivery. 

Pharm Res 1993;10(3):386-90.  

85. Bourges JL, Gautier SE, Delie F, Bejjani RA, 

Jeanny JC, Gurny R, et al. Ocular drug delivery 

targeting the retina and retinal pigment epithelium 

using polylactide nanoparticles. Invest Ophthalmol 

Vis Sci 2003;44(8):3562-9.  

86. Li R, Li X, Xie L, Ding D, Hu Y, Qian X, et al. 

Preparation and evaluation of peg-pcl nanoparticles 

for local tetradrine delivery. Int J Pharm 

2009;379(1):158-66. doi: 

10.1016/j.ijpharm.2009.06.007 

87. Dalwadi G, Sunderland B. An ion pairing approach 

to increase the loading of hydrophilic and lipophilic 

drugs into pegylated plga nanoparticles. Eur J 

Pharm Biopharm 2009;71(2):231-42. doi: 

10.1016/j.ejpb.2008.08.004 



 

 20  | Advanced Pharmaceutical Bulletin, 2017, 7(1), 11-20 

Alami-Milani et al. 

88. Sakai T, Ishihara T, Higaki M, Akiyama G, 

Tsuneoka H. Therapeutic effect of stealth-type 

polymeric nanoparticles with encapsulated 

betamethasone phosphate on experimental 

autoimmune uveoretinitis. Invest Ophthalmol Vis 

Sci 2011;52(3):1516-21. doi: 10.1167/iovs.10-5676 

89. Gou M, Zheng L, Peng X, Men K, Zheng X, Zeng 

S, et al. Poly(epsilon-caprolactone)-poly(ethylene 

glycol)-poly(epsilon-caprolactone) (pcl-peg-pcl) 

nanoparticles for honokiol delivery in vitro. Int J 

Pharm 2009;375(1-2):170-6. doi: 

10.1016/j.ijpharm.2009.04.007 

90. Hu Y, Xie J, Tong YW, Wang CH. Effect of peg 

conformation and particle size on the cellular uptake 

efficiency of nanoparticles with the hepg2 cells. J 

Control Release 2007;118(1):7-17. doi: 

10.1016/j.jconrel.2006.11.028 

91. Mishra GP, Tamboli V, Mitra AK. Effect of 

hydrophobic and hydrophilic additives on sol-gel 

transition and release behavior of timolol maleate 

from polycaprolactone-based hydrogel. Colloid 

Polym Sci 2011;289(14):1553-62. doi: 

10.1007/s00396-011-2476-y 

92. Mansour HM, Sohn M, Al-Ghananeem A, Deluca 

PP. Materials for pharmaceutical dosage forms: 

Molecular pharmaceutics and controlled release 

drug delivery aspects. Int J Mol Sci 

2010;11(9):3298-322. doi: 10.3390/ijms11093298 

93. Tamboli V, Mishra GP, Mitra AK. Novel 

pentablock copolymer (pla-pcl-peg-pcl-pla) based 

nanoparticles for controlled drug delivery: Effect of 

copolymer compositions on the crystallinity of 

copolymers and in vitro drug release profile from 

nanoparticles. Colloid Polym Sci 2013;291(5):1235-

45. doi: 10.1007/s00396-012-2854-0 

94. Jia W, Gu Y, Gou M, Dai M, Li X, Kan B, et al. 

Preparation of biodegradable polycaprolactone/poly 

(ethylene glycol)/polycaprolactone (pcec) 

nanoparticles. Drug Deliv 2008;15(7):409-16. doi: 

10.1080/10717540802321727 

95. Patel SP, Vaishya R, Yang X, Pal D, Mitra AK. 

Novel thermosensitive pentablock copolymers for 

sustained delivery of proteins in the treatment of 

posterior segment diseases. Protein Pept Lett 

2014;21(11):1185-200.  

96. Patel SP, Vaishya R, Mishra GP, Tamboli V, Pal D, 

Mitra AK. Tailor-made pentablock copolymer based 

formulation for sustained ocular delivery of protein 

therapeutics. J Drug Deliv 2014;2014:401747. doi: 

10.1155/2014/401747 

97. Patel SP, Vaishya R, Pal D, Mitra AK. Novel 

pentablock copolymer-based nanoparticulate 

systems for sustained protein delivery. AAPS 

PharmSciTech 2015;16(2):327-43. doi: 

10.1208/s12249-014-0196-6 

98. Patel SP, Vaishya R, Patel A, Agrahari V, Pal D, 

Mitra AK. Optimization of novel pentablock 

copolymer based composite formulation for 

sustained delivery of peptide/protein in the 

treatment of ocular diseases. J Microencapsul 

2016;33(2):103-13. doi: 

10.3109/02652048.2015.1134685 

99. Khurana V, P Patel S, Agrahari V, Pal D, K Mitra 

A. Novel pentablock copolymer based nanoparticles 

containing pazopanib: A potential therapy for ocular 

neovascularization. Recent Pat Nanomed 

2014;4(1):57-68. doi: 

10.2174/1877912304999140930143244 

100. Agrahari V, Agrahari V, Hung W-T, Christenson 

LK, Mitra AK. Composite nanoformulation 

therapeutics for long-term ocular delivery of 

macromolecules. Mol Pharm 2016;13(9):2912-22. 

doi: 10.1021/acs.molpharmaceut.5b00828  

 


