
Project motivation 

 Hydrogels are polymeric networks, made up of hydrophilic polymers, that absorb and retain 

large amounts of water or biological fluids1. Due to their similarity with the natural tissue from the 

point of view of water content and elasticity, hydrogels have many applications in medicine and 

pharmacy as biosensors, controlled drug delivery systems, tissue regeneration scaffolds etc.2-4 A 

special category of hydrogels is formed by the injectable ones, i.e. hydrogels that are fluid (aqueous 

solution) outside the body, but gel very rapidly once injected into the body as a consequence of 

either a chemical crosslinking reaction or a physical sol-gel transition triggered by a certain 

stimulus.5-9 Injectable hydrogels are particularly attractive for biomedical applications, especially 

drug delivery and tissue engineering, because no surgical or implantation procedures are required to 

place them inside the body (and to remove, provided that they are biodegradable). In addition, the 

therapeutic agent can be easily incorporated by mixing it into the polymer solution prior to 

injection, and also, the flowing character of the precursor solution allows a good match of the 

resulting croslinked hydrogel with the irregular-shaped defects to be filled.5,9

 The chemically crosslinking  injectable hydrogels can be converted to the gel state by means 

of photopolymerization, enzyme catalysis or Michael addition (thiol-ene) or aldehyde-amine (Schiff 

base formation) reactions, involving either small-molecule monomers, terminally reactive 

oligomers or a combination of them.5,6,9 However, despite their strong mechanical properties, the 

presence of potentially toxic small molecule additives may impede their application in some 

cases.6,10 From this point of view more advantageous is to employ hydrogels which physically 

crosslink under physiological conditions.5-7,9 Amongst them, a special interest has been devoted to 

the thermosensitive ones, as temperature is a very effective and easy to apply stimulus. For in vivo 

applications, aqueous solutions of polymers with the lower critical solution temperature (LCST) 

below the body temperature are appropriate. In such cases, when temperature raises over LCST the 

polymer passes from a soluble state to an insoluble one, leading to solution gelation (sol-gel 

transition).10  

When such thermosensitive polymers are employed for preparing injectable hydrogels, 

several requirements should be met:9 a) a polymer solution with a low enough viscosity should be 

formed in order to allow injection into the body; b) gelation should occur immediately after 

injection; c) the gel should be biodegradable in order to allow the larger molecule therapeutic agents 

to be released and/or formation of the new tissue (in the case of tissue scaffold hydrogels), as well 

as hydrogel removal without involving surgery at the end. The nature of the resulting degradation 

products must allow their rapid clearance from the body; d) both polymer and degradation products 

should be biocompatible; e) when the hydrogel is employed as a tissue scaffold, it has to represent a 
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suitable substrate for cells; f) the physical and mechanical properties of the gel has to be appropriate 

for the application in view.  

Among the LCST-displaying polymers, a lot of interest was attracted by poly(N-

isopropylacrylamide) (PNIPAM), poly(N-vinylcaprolactam), poly(methyl vinyl ether), poly 

(propylene glycol), hydroxypropylcellulose, etc., as well as various statistical copolymers where 

LCST can be adjusted by varying the hydrophilic monomer-hydrophobic monomer ratio. Especially 

interesting are their segmented copolymers with blocks with permanent solubility, both block and 

graft, that at temperatures above LCST may form micelles or three-dimensional physically 

crosslinked gels, through the association of the temperature sensitive segments.5-11  Their properties 

can be easily adjusted by varying the nature, composition and molecular weight of the blocks.  

PNIPAM, whose LCST in water is around 32°C, is very likely the most studied 

thermosensitive polymer for biomedical applications, due to its LCST close to human body 

temperature, abrupt thermal response and low sensitivity to slight modifications of the 

environmental conditions like pH, concentration or chemical environment.12,13 However, PNIPAM 

is a non-degradable polymer and therefore, difficult to be removed from the body, which seriously 

limits its biomedical applications. To overcome this, several methods have been developed to 

prepare PNIPAM-based hydrogels both injectable and biodegradable: 

    a) employment of a degradable polymer as the segment with permanent solubility (for example 

hyaluronic acid14) within the segmented copolymer, beside the thermosensitive PNIPAM blocks. 

However, after the degradable segment destruction, PNIPAM block still remains intact, which may 

make difficult to completely clear it from the body through the kidney (it depends on the MW). 

    b) manipulation of the gelation temperature before and after degradation, by copolymerizing  

NIPAM with vinyl monomers containing pendant hydrolysable hydrophobic groups, like for 

example hydroxyethyl methacrylate-lactate,15,16 N-(2-hydroxypropyl)methacrylamide lactate,17 

dimethyl-γ-butyrolactone acrylate,18 poly(trimethylene carbonate)-HEMA.19 Injected into the body, 

the aqueous solutions of these copolymers gel (sol-gel transition), but after the hydrolyzable groups 

are detached from the backbone through hydrolysis, the opposite transition takes place (i.e. gel-sol), 

due to the increasing hydrophilicity of the polymer which determines an increase of the LCST 

above the body temperature. However, although the polymer become soluble, its initial degree of 

polymerization does not change, and therefore, its MW may be too high to allow elimination 

through kidneys. 

   c) more recently, PNIPAM with hydrolysable ester groups within the chain have been synthesized 

through NIPAM copolymerization with cyclic ketene acetals.20-22 After the hydrolysis of these in-

chain ester groups, the polymer molecule is broken in smaller segments that are both soluble and 

easy to remove from the body because of their lower MW. 



 
 3

 Besides the non-biodegradable character, the PNIPAM-based injectable hydrogels, display 

also some other limitations, which are actually common to most hydrogels of this category:6 i) low 

mechanical resistance which can result in the premature dissolution or flow away of hydrogel from 

the injecting site; ii) rapid release of the small molecule hydrophilic drugs due to the high water 

content and large pore sizes.  The formation of interpenetrating polymer networks and incorporation 

of  nano- or microparticles  are two efficient methods to overcome these drawbacks,6 which, 

however, have been little investigted in the case of reversible thermosensitive hydrogels. 
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