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CHAPTER I 

 

INTRODUCTION 

The ability to tune the properties of a material to meet the needs of a complex biological 

system is a key goal in biomaterials engineering.1-3 Polymeric networks are an important class of 

materials that have shown great promise towards fulfilling this goal.4-6 They include nanoparticles, 

microparticles, nanogel, and hydrogels. For the past decade, research into these polymeric 

networks has drastically increased and as a result this class of materials has found use in biomedical 

applications ranging from scaffolds for tissue engineering7-11 to carriers for drug delivery.12-14 For 

many of these biological applications, tailoring the physical properties (e.g. swelling and elasticity) 

of the polymeric network is essential to respond to the demands of a particular biological 

environment or to yield a desired cellular response.15 For example, polymeric networks with 

different stiffness can support the migration and differentiation of stem cells while the swelling 

ability of a polymeric network at different temperatures can impact the controlled release ability 

of drugs from vesicles. Furthermore, other properties such as the biocompatibility and 

biodegradability of the polymeric network is essential for the polymeric biomaterial to be 

successfully implemented into a biological environment. Polymeric biomaterials in which these 

properties can be readily tuned are essential to the advancement of this area. 

Hydrogels are water-swollen polymeric networks capable of absorbing large quantities of 

water and biological fluids while maintaining a distinct three-dimensional structure.11 Hydrogels 

are attractive synthetic materials for biomedical applications due to their extracellular matrix-like 

properties, which includes high water content, low stiffness, and high mass transport.16  So far, a 

variety of polymeric hydrogels have found applications in drug release,17-18 cell delivery 
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scaffolds,19 functional tissues,20 and wound dressings.21 Some of the hydrogels used in these 

applications are prepared from naturally derived polymers. However, due to numerous limitations 

of natural polymers, such as high cost, batch-to-batch variation, possible adverse immune 

responses, and risk of contamination, many applications are best served by using hydrogels made 

with completely synthetic polymers.22 To achieve hydrogel formation, the synthetic polymer must 

be rapidly and effectively crosslinked in a manner that is not detrimental to the survival and 

proliferation of living systems. The crosslinked, three-dimensional structure is key to the ultimate 

applications of hydrogel. 

The most studied polymeric hydrogels are based on poly(lactic-glycolic acid),23 a 

hydrolytically degradable polymer that affords some degree of stiffness and a surface well suited 

for cell growth and tissue regeneration. However, the degradation of these hydrogels leads to 

localized acidity issues and the rigidity of the system limits the potential applications in most 

regenerative medicine and drug delivery applications.24 Hence many research groups are currently 

designing hydrogels that can degrade into inert products, in addition to possessing all the other 

essential properties of an artificial biomaterial. 

Poly(glycidol) (PG), sometimes referred to as poly(glycerol), is a flexible, functionalizable, 

hydrophilic aliphatic polyether-polyol synthesized from the ring-opening polymerization of 

glycidol (2,3-epoxy-1-propanol) and exhibits varying polymeric architectures. PG has been 

synthesized in four main forms i.e. linear, branched or semi-branched, hyperbranched, and 

dendritic (Figure I-1). PG consist of an inert polyether-backbone with functional hydroxy groups 

along the polymer backbone and at every branch-end.25-27 This structural feature resembles the 

well-known poly(vinyl alcohol) (PVA) and poly(ethylene glycol) (PEG) that are accepted for 

various applications. Furthermore, PG has been found to have very good biocompatibility based 
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on a variety of in vitro and in vivo assays.28-32 The polyether-backbone of branched poly(glycidol) 

(bPG) and its branched functional architecture makes it an attractive alternative polymer for many 

biomedical applications. Additionally, the hydrophilicity in combination with its polyhydroxy 

functionalities makes bPG very suitable for the design of hydrogels. An anticipated advantage of 

bPG over existing hydrogel precursors is the low viscosity of the hydrogel precursors in water.33-

34 This can lead to gels with high solid contents and consequently excellent mechanical properties. 

Additionally, bPG would be an ideal polymer for the design of injectable hydrogels that can be 

delivered inside the body in a minimally invasive way (i.e. non-surgical procedures such as 

injection).9  

 

Figure I-1. Showing the various forms of poly(glycidol) architectures.  
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Branched poly(glycidol) offers some additional significant advantages over their linear 

counterpart (e.g. poly(lactic-glycolic acid), poly(vinyl alcohol) and poly(ethylene glycol)). bPG 

has increased functionality due to its branched polyether polyol structure, and possesses different 

physiochemical properties. In comparison to linear polymers, bPG has a large number of functional 

groups available for crosslinking reactions in a small volume. This leads to the formation of more 

crosslinking points with respect to molecular weight when compared to linear polymer of the same 

molecular weight. As a result, hydrogels with a higher crosslinking density can be formed. 

Furthermore, the unique branching of bPG will result in hydrogels with a homogeneous structure. 

Such structures cannot be obtained with linear polymers.35-37 

Despite the many advantages of branched poly(glycidol), its application to the synthesis of 

hydrogels has been limited. The first poly(glycidol) based hydrogels were reported in 2001. 

Knischka and others38 synthesized a series of functionalizable hydrogels based on poly(ethylene 

glycol) and poly(glycidol) (Figure I-2). These hydrogels showed excellent suitability towards cell 

growth. Later, Kim and others39-40 used hyperbranched poly(glycidol) (hbPG) to form hydrogels 

films, by crosslinking the polymer with glutaraldehyde and some small molecule dicarboxylic acid 

(e.g. glutaric acid). These hydrogels were not ideal for biomedical application due to the toxicity 

of glutaraldehyde, very low water content, and high temperatures need for crosslinking. It should 

be noted however that they were able to increase the water content of the hydrogel by using PEG-

dicarboxylic acid instead of glutaric acid. The increase in water content was attributed to the 

hydrophilicity of PEG in the network. Hennink and coworkers41 later reported a less invasive 

synthesis of hbPG hydrogels. They first derivatized the hbPG with methacrylate groups then 

employed two different methods for hydrogel synthesis (Figure I-3). They use radical 

polymerization with potassium peroxodisulfate (KPS) and N,N,N’,N’-tetramethylethylenediamine 
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(TMEDA) as initiator and catalyst respectively. They also used photopolymerization with Irgacure 

2959 as the photoinitiator. While these hydrogels were developed with biomedical application in 

mind, the impact of gelation condition on a biological environment was not explored.  

 

 

Figure I-2. Showing the synthesis of hydrogel via alkene polymerization of acrylate-functionalized 

poly(glycidol-co-ethylene glycol) multiarm star polymer. 
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In 2009, the first pH-responsive hbPG-based hydrogel was reported by Yang and 

coworkers.42 The pH-responsive hydrogels were synthesized through the reaction of 

epichlorohydrin with L-lactic acid in the presence of sodium hydroxide and 

cetyltrimethylammonium bromide as a phase transfer catalyst at room temperature (Figure I-4). 

While the resulting hydrogel possesses pH-responsive behavior which has numerous applications 

in drug delivery, the extensive synthesis and energy consuming purifications would prevent its 

implementation in biomedical devices. Shortly afterwards, Steinhilber and coworkers43 reported 

the preparation of disulfide crosslinked hbPG hydrogel by the ring-opening crosslinking 

polymerization of glycerol and PEG polyepoxides and Na2S2 (Figure I-5). While these hydrogels 

can serve as drug delivery scaffolds, their elaborate preparation procedure will not allow for cell 

encapsulation and hence these hydrogels are limited to applications in drug delivery. Dube and 

coworkers44-45 reported another example of hbPG hydrogels synthesized by ring-opening 

crosslinking polymerization. They first synthesized hbPG from glycerol and used it to make 

 

Figure I-3. Poly(glycidol) hydrogels by radical polymerization or photopolymerization of 

methacrylated poly(glycidol) 



7 

 

hydrogel through the use of anionic ring-opening crosslinking polymerization with a polyepoxide 

crosslinker. The hydrogel takes approximately 48 h to synthesize, which is not ideal for application 

in regenerative medicine. Furthermore, given the limited stability of some biologically active 

drugs, this preparation would only be applicable to a limited class of bioactive molecules. 

The hydroxyl group chemistry used to crosslink or functionalize the hbPGs in the above-

cited articles is based on epoxide-containing agents. These commonly used epoxides are highly 

toxic.46 Furthermore, radical polymerization or photopolymerization when applied is performed 

by adding initiators and catalysts. If these residues are not removed with great thoroughness, they 

will be released into biological systems, causing a detrimental effect on living organisms. Although 

hbPG have excellent biocompatibility, the crosslinking protocol reported so far involves toxic 

biproducts which creates the need for exhaustive purification. Hence novel hydrogel forming 

reactions are needed to expand the application of hbPG hydrogels for regenerative medicine and 

drug delivery applications. 

 

Figure I-4. Synthesis of poly(glycidol) hydrogels through the reaction of epichlorohydrin with L-

latic acid, followed by hydrolysis, polymerization, and crosslinking reactions. 
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In recent years, a few reports have emerged to address these concerns. In 2013, Shchipunov 

and coworkers47 reported the synthesis of hbPG hydrogels through biomimetic mineralization. 

They combined hbPG with a special biocompatible silica precursor, tetrakis(2-hydroxyethyl) 

orthosilicate (THEOS). While they were able to achieve hydrogel formation under ambient 

conditions without the need for heat, organic solvent, catalyst, and acid or base, a large amount 

(50 wt.%) of THEOS was needed for gelation to occur in 10-15 minutes. In 2014, Haag and 

coworkers,48 produced the first example of an enzymatically crosslinked hbPG hydrogel. hbPG 

was first functionalized with phenol group. Then the enzyme horseradish peroxidase (HRP) was 

used in the presence of hydrogen peroxide to catalyzed the oxidative coupling of the phenol groups 

to form a hydrogel within 10-15 min. The cytocompatibility of this hydrogel was also evaluated 

and reported. Cell viability ranged from 51-61 % relative to control. This was attributed to the cell-

repellent properties of hbPG. When a cell-attachment promoting compound was added, cell 

viability increased to 98%. This is the first example of a cell study for not only hbPG hydrogels 

 

 

Figure I-5. Poly(glycidol) hydrogel via polyaddition crosslinking of polyepoxides followed by 

epoxide hydrolysis. 
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but for hydrogel made by enzymatic oxidative crosslinking. Furthermore, these examples represent 

the most promising hbPG hydrogels reported to date. 

Despite the advances mentioned above, there still exist a need for a more robust hbPG 

hydrogels which are fully capable to extending the applications of hbPG in regenerative medicine 

applications. We propose to address this need by employing the use of Click chemistry to 

fabricated poly(glycidol) hydrogels. Click chemistry reactions are high yielding, highly atom 

efficient reaction which results in the formation of stable bonds in a biorthogonal manner.49 The 

use of click chemistry in the synthesis of poly(glycidol) hydrogels have been largely unexplored, 

however we envision that the advantages of Click chemistry combined with the advantages of 

poly(glycidol) will give advanced materials for applications in regenerative medicine and drug 

delivery (Table I-1).  

 
Table I-1. Table highlighting the comparison of current hydrogel technologies to the proposed 

hydrogel technology. 

 

  Hydrogel Properties  
      

  
 
 

  

COMPARISON OF 
TECHNOLOGY 

 

  

Too high and non-tailorable  Swellability 
 

Tailorable 

Alkene and epoxide containing 

agents  
 Crosslinkers 

 
Clickable groups  

 hydroxyl group chemistry or 

radical polymerization  
Crosslinking Mechanism  

 
Click chemistry  

 low strength and stiffness 
 

 Mechanical Properties 
 

High strength and elasticity  

 Toxic byproducts hinder cell 

encapsulation  
 Biocompatibility 

 
 non-toxic byproducts 

 non-tailorable 
 

Crosslinking Density 
 

Tailorable   

 

Proposed 
Hydrogel 

Technology 

Current 
Hydrogel 

Technologies 
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Dissertation Overview 

The aim of this work is to fabricate a series of cytocompatible poly(glycidol) hydrogels 

where the crosslinking systems integrates a hydrolysable degradable bond and crosslinking occurs 

under ambient conditions in a fast, efficient, and biorthogonal manner. For application in 

regenerative medicine or tissue engineering, the hydrogels need to be able to support long term 

tissue regeneration by being degraded and remodeled so that cells can migrate and form new 

extracellular matrix. Additionally, the hydrogels need to possess mechanical properties similar to 

those of native tissues. 

Efforts towards the synthesis of poly(glycidol) hydrogels started with the synthesis of 

branched poly(glycidol) (Figure I-7). Branched poly(glycidol) is different from hyperbranched 

systems in that it possesses a more linear structure. By using tin triflate (Sn(OTf)2) to mediated the 

cationic ring-opening polymerization of glycidol, we were able to access well-defined branched 

poly(glycidol) for use in the synthesis of hydrogels. The lower branching will open up the 

 

Figure I-6. Showing an overview of dissertation research. 
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structure, allowing more hydroxyl groups to be available for functionalization. Chapter II focuses 

on the work done to optimize polymerization conditions and methods developed to characterize 

the obtained branched poly(glycidol).  

Branched poly(glycidol) (bPG) was then subjected to a number of different 

functionalization reactions. Initially we wanted to synthesize precursors for the thiol-ene click 

reaction. Therefore, the ene-ester and thiol derivative of bPG was synthesized and characterized. 

However, due to the limited solubility of ene-ester derivative, an alternate functionality was 

needed. Hence, the synthesis of the acrylate derivative of bPG was explored. However, isolation 

was difficult as the polymer crosslinked during isolation and purification. We then turned our 

attention to the oxime-click reaction. For this reaction, we needed an aminooxy and a ketone 

functionalized bPG. We were able to successfully synthesized and characterized both derivatives 

needed for hydrogel formation via oxime Click chemistry. Furthermore, the cytotoxicity of the 

functionalized polyglycidols were investigated and found to have comparable biocompatibility to 

polyethylene glycol. Chapter III covers details about this study. 

 

Figure I-7. Proposed structure of branched poly(glycidol). 
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Chapter IV chronicles the synthesis and characterization of novel bPG hydrogel via oxime 

Click reaction (Figure I-8). The oxime reaction proved to be a versatile method of creating bPG 

hydrogel networks with properties well suited for applications in regenerative medicine and tissue 

engineering. The combination of the two highly branched components together with the variation 

in functionality showed a remarkable effect on its mechanical properties with surprisingly high 

strength and stiffness. These findings demonstrate the advantages of bPG in contrast to linear PEG 

and PVA, where network densities cannot be easily adjusted and high strength materials cannot be 

formed.  Other properties which were investigated included water swelling ratios and degradability 

which were found to be easily tuned by varying the degree of functionality in each functional 

polymer.  

 

 

 

 

 

Figure I-8. Functional polyglycidol building blocks “Legos”, with amino-oxy (AO-PG) and keto-

functionalized AO-PG to form networks in water in 1-2 minutes via oxime “click” chemistry. 
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CHAPTER II 

 

SYNTHESIS AND CHARACTERIZATION OF BRANCHED POLY(GLYCIDOL) 

 

INTRODUCTION 

Poly(glycidol), sometimes referred to as poly(glycerol), is a flexible hydrophilic aliphatic 

polyether-polyol synthesized from the ring-opening polymerization of glycidol (2,3-epoxy-1-

propanol) and exhibits varying polymeric architectures. Poly(glycidol) has been synthesized in 

three main forms i.e. linear, hyperbranched, and dendritic. Various groups have studied the 

polymerization of glycidol, a highly reactive hydroxy epoxide with latent AB2 monomer structure, 

since the 1960s. Since then, two classes of polymerization have emerged based on the type of 

reagents used. They are anionic polymerization, which involves a base-catalyzed ring-opening 

polymerization and cationic polymerization, which involves an acid-catalyzed ring-opening 

polymerization. 

Sandler and Berg1 reported the first anionic polymerization of glycidol in 1966. 

Polymerizations were carried out at room temperature in the presence of triethylamine, pyridine, 

lithium hydroxide, potassium hydroxide, sodium hydroxide, sodium methoxide, sodium amide and 

other anionic catalyst. Conversions reported were greater than 70% for each catalyst used. They 

further suggested that the low molecular weight (~500 g/mol) polymer obtained by this method 

has a linear, regular structure and proposed two possible mechanistic routes for the likely course 

of the polymerization (Scheme II1). 

In 1985, Vandenberg reported on the anionic polymerization of glycidol using KOH as the 

catalyst.2 In this work, he disputed claims made by Sandler and Berg about the structure of the 
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polymer obtained. He showed that the polymer obtained when glycidol is polymerized with KOH 

has a complex branched structure and not linear, as proposed by Sandler and Berg. He gave 

detailed NMR evidence for the existence of the extensively branched structure and proposed that 

the branching originates from a rearrangement or transfer that occurs during the course of the 

polymerization (Scheme II-2). 

Vandenberg applied his anionic polymerization protocol to the polymerization of glycidol 

trimethylsilyl (TMS) ether using potassium hydroxide (KOH) and potassium tert-butoxide 

(KOtBu). The product obtained with KOH was of low molecular weight and surprisingly branched 

in structure. This unexpected branching was a result of the hydrolysis of the trimethylsilyl group 

prior to polymerization. The observation of hexamethyldisiloxane and some trimethylsilanol 

confirmed these findings. When KOtBu was used, hydrolysis was substantially reduced, however 

significant amount of branching was still observed. Vandenberg proposed a mechanism for the 

formation of the branched structure during polymerization. This study concludes that the TMS 

 

Scheme II1. Sandler and Berg proposed mechanism for the anionic polymerization of glycidol. 
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group was not a viable protecting group for the synthesis of linear poly(glycidol), as it was not 

stable under polymerization conditions. 

A few years later, Spassky and others3 explored the polymerization of protected glycidol 

using anionic and coordination initiators (Scheme II-3). Glycidol, protected as its ethoxy ethyl 

ether, was subjected to polymerization with cesium hydroxide (CsOH). The polymer obtained had 

molecular weights as high as 30,000 g/mol with no observable cleavage of the protecting group. 

As a result, the polymer was linear in structure and soluble in non-polar organic solvents. 

Restoration of the hydroxyl groups was achieved by cleavage with acid. Stiriba et al4  later reported 

a modified version of this synthetic scheme where they used KOtBu as the initiator instead of 

CsOH. Copolymers of ethylene oxide and ethoxy ethyl glycidyl ether were also synthesized by 

Spassky el al3 using KOH as the catalyst thus further demonstrating the stability of the protecting 

 

Scheme II-2. Vandenberg proposed mechanism for the anionic ring opening polymerization of 

glycidol. 
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group under basic condition. This protecting group is now the most widely used for the synthesis 

of linear poly(glycidol). 

Sunder and coworkers5 later demonstrated that hyperbranched poly(glycidol)s can be 

synthesized in a controlled manner by anionic ring opening polymerization using partially 

deprotonated (10% using potassium methylate) 1,1,1-tris(hydroxymethyl) propane (TMP) as the 

initiator. Here they reinforce the work of Vandenberg by demonstrating that there is fast proton 

exchange between the alkoxide ion and the hydroxyl group. This exchange is considerably faster 

than the chain growth, which consequently results in the multiplication of active centers giving 

rise to chain branching. Slow monomer additions (~ 4 mL/hr) was used to obtain highly branched 

polyether polyol with control over molecular weight, polydispersity and microstructure. The 

hyperbranched structure was characterized comprehensively by Frey and other.5 It is worth 

mentioning that Sunder and coworkers discovered the existence of macrocyclic polymer formed 

by the intramolecular ring-opening polymerization of glycidol at high glycidol to initiator ratios 

 

 

 

Scheme II-3. Synthesis of linear poly(glycidol) via anionic polymerization 
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or in the absence of an initiator (Scheme II-4). Cyclization has the effect of broadening 

polydispersities and diminishing molecular weights. 

Copolymers of glycidol have also been synthesized by anionic ring-opening 

polymerization.  Wilms and others6 reported the synthesis of hyperbranched poly(ethylene glycol)-

co-poly(glycidol) copolymers by anionic ring-opening polymerization. The obtained copolymers 

had moderate polydispersity (< 1.8), high molecular weight (up to 49,800 g/mol) and varying 

glycidol content. Schomer et al7 also showed that glycidol can also be copolymerized with 

propylene oxide to give hyperbranched poly(propylene oxide) via anionic ring opening 

polymerization. Molecular weights ranged from 1200 to 2000 g/mol and the degree of branching 

was found to increase as the composition of glycidol in the copolymer increased.  

Penczek and coworkers8 reported the cationic ring-opening polymerization of glycidol. 

Lewis acid initiators (BF3∙Et2O, SnCl4, HPF6∙Et2O) was used to polymerize glycidol in bulk or in 

solution (using dichloromethane as the solvent). An inverse relationship was observed between 

temperature and molecular weights in addition to a high degree of polymerization and greater than 

80% monomer conversion was also reported. Two competing propagating mechanisms was 

 

Scheme II-4. Formation of macrocyclic polymers via anionic intramolecular ring-opening. 
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proposed: active chain end (ACE) mechanism and activated monomer mechanism (AM). The 

active chain end mechanism involves a nucleophilic attack of the glycidyl monomer on the tertiary 

oxonium ion active species (Scheme II-5). 

Polymerization of glycidol via the ACE mechanism should lead to a polymer with 

exclusively primary hydroxyl groups.  Chain transfer reactions involving hydroxyl groups from 

monomer or polymer can also occur. Intramolecular chain transfer could result in cyclization, 

which would limit the molecular weight obtainable by cationic polymerization (Scheme II-6). 

The activated monomer mechanism involves a nucleophilic attack of an oxygen atom of 

the hydroxyl group (at the electrically neutral polymer chain) on the α-carbon atom of an oxonium 

 

Scheme II-5. Active chain end mechanism for the polymerization of glycidol. 

 

 

 

Scheme II-6. Chain transfer reaction via ACE mechanism during polymerization of glycidol. 
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ion (the protonated monomer). If this mechanism is dominant, then chain propagation occurs by 

successive addition of activated (protonated) monomer to the terminal hydroxyl group of a 

growing polymer chain (Scheme II-7). 

Penczek and others carried out kinetic studies on the mechanism of polymerization of 

oxiranes.9 They determined the ratio of rate constants for the reaction of activated oxiranes with 

hydroxyl groups and the oxirane ring oxygen (Scheme II-8). The ratio of the rate constants was 

found to be ~ 5:1 (hydroxyl to oxirane ring oxygen) for epichlorohydrin. Hence, when the hydroxyl 

end group of the polymer chain is more nucleophilic than that of the monomer, the AM mechanism 

can dominate over the ACE mechanism. This is desirable because cyclization, which occurs by 

the ACE mechanism, can be avoided. 

In most cases, cationic polymerization of glycidol proceeds via both the AM and the ACE 

mechanism. Branched structures are formed from reaction of the protonated monomer with any 

hydroxyl group in the system (either at the chain end or in a linear repeating unit), whereas linear 

structures are formed by ACE-type propagation of the actively growing polymer chain. Dworak et 

 

 

Scheme II-7. Activated monomer mechanism for the polymerization of glycidol. 
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al. showed that there exist a dependence of the AM contribution on the type of catalyst used.10 

However, Kubisa11 reasoned that quantification of the contribution of both mechanism is difficult 

due to changes in the concentration and reactivity of hydroxyl groups present in the monomer and 

the polymer during the course of the reaction. Despite this, it was deduced by Magnusson and 

Malmstrom12 that contribution from the AM mechanism increases during the course of the 

polymerization. This was based on their observation that the content of branched units increases 

with increasing monomer conversion. 

Various copolymer of glycidol have also been synthesized by cationic ring-opening 

polymerization. Royappa13 reported the copolymerization of glycidol and epichlorohydrin with 

boron trifluoride catalyst.  He observed that polymerization resulted in the formation of a block or 

graft copolymer, with evidence of some branching and the existence of small cyclic species. The 

molecular weight was found to vary inversely with the amount of water present. He when on to 

explore boron trifluoride-catalyzed copolymerization of glycidol with other nonpolar epoxide 

comonomer, namely isopropyl glycidyl ether, 1,2-epoxybutane, propylene oxide, and glycidyl 

phenyl ether.14-15 These copolymers were all synthesize at room temperature open to the 

atmosphere. These products were proposed to consist of a hyperbranched poly(glycidol) core, 

incorporating various fractions of comonomer, with arms made from comonomer units. They all 

 

 

 

Scheme II-8. Ratio of the rate constants for the polymerization of epichlorohydrin via AM and 

ACE mechanism. 
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were of low molecular weights and high molecular weight distribution. Both solubility and glass 

transition temperature were found to vary according to the proportion of comonomer units present 

in the copolymers. 

Research interest in this class of polymers is perhaps motivated by their inherent 

biocompatibility. Poly(glycidol) is structurally similar to polyethylene glycol (PEG) which has 

been well studied and is widely used in the biomedical and pharmaceutical industry for the 

suppression of protein adsorption to surfaces in contact with bodily fluids16 and for drug 

conjugation for increased solubility and bioavailability.17 

The biocompatibility of poly(glycidol) was explored by Brooks and other18 in 2006. These 

testing were conducted both in vitro and in vivo. The in vitro studies included hemocompatibility 

testing, complement activation, red blood cell aggregation, and cytotoxicity measurements among 

others. They also did comparative studies with some common biocompatible polymers currently 

in clinical use. Based on the results they obtained from these experiments they concluded that 

poly(glycidol) is highly biocompatible. Hyperbranched poly(glycidol) was tested for toxicity in 

mice and found to be well tolerated, even in high doses. That same year, Brooks et al reported the 

synthesis of high molecular weight hyperbranched poly(glycidol),19 which was not available at the 

time. They later showed, via in vitro20 and in vivo21 studies, that these too were highly 

biocompatible. 

Because of the biocompatibility of poly(glycidol), the use of some poly(glycidol) 

derivatives as biomaterials has been widely explored. One such example involves the hydrophobic 

modification of hyperbranched poly(glycidol) by the attachment of C18 alkyl groups followed by 

methoxy polyethylene glycol to a certain fraction of the polyether polyol OH groups.22 These were 

synthesized in with varying composition. The resulting material was found to be non-toxic in mice, 
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and exhibits low intrinsic viscosities coupled with high water solubility. These properties amongst 

others, make this biomaterial an extremely promising candidate for use as human serum albumin 

(HSA) substitutes. Such a substitute would drastically reduce the risk of disease transmission 

making it a safe, inexpensive alternative. 

Another example of the biomedical application of poly(glycidol) derivatives is the 

development of hyperbranched poly(glycidol) sulfates as alternatives to heparin, a highly sulfated 

natural glycosaminoglycan widely used as an injectable anticoagulant.23 These hyperbranched 

poly(glycidol) sulfates can be conveniently prepared in a straightforward manner, which can be 

easily scaled up (Figure II-1). These poly(glycidol) sulfates were shown to exhibit both 

anticoagulant and anti-inflammatory activities that makes them promising candidates for the 

development of drugs to treat coagulation and inflammation that is typically seen in cardiovascular 

diseases and sepsis amongst others. 

 

Figure II-1. Poly(glycidol) sulfates as heparin analogs. 
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Hyperbranched poly(glycidol) has also been used in the design and development of 

protein-resistant surfaces for medical devices or biosensors. Haag and others24 showed that 

poly(glycidol) can be modified with a surface-active disulfide linker group. These can then be 

attached to a surface and subsequently self-assembled monolayers can be obtained. Further studies 

showed that these monolayers of the disulfide-functionalized poly(glycidol) effectively prevented 

the adsorption of protein onto gold used as the model surface. In a subsequent study by the same 

author, protein adsorption onto monoamino oligo(glycidol) self-assembled monolayers was 

systematically investigated to derive a structure-property relationship.25 Co-polymers of glycidol 

and epichlorohydrin has been shown to be a viable component of coatings that has been applied to 

hydrophobic porous microscopic poly(styrene-divinylbenzene) beads. These coated beads are no 

longer hydrophobic and has been used to separate, purify and analyze a wide assortment of 

important biological molecules, most of which are soluble in aqueous media. 
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RESULTS AND DISCUSSION 

 

Sn(OTf)2-Mediated Ring-Opening Polymerization of Glycidol 

Despite many advances in the cationic polymerization of glycidol, there still exist a need 

for a catalyst that will allow for control over molecular weight, molecular weight distribution and 

polymer architecture. During our recent work on the tin triflate-catalyzed ring-opening 

polymerization of cyclic esters and carbonates,26 it was observed that residual amounts of the 

catalyst react readily with epoxide groups. This prompted us to launch an investigation into the 

polymerization of glycidol catalyzed by tin triflate to see if this catalyst can offer control over 

molecular weight, polydispersity and microstructure. It was further envisioned that control over 

the branching of poly(glycidol) may lead to materials with properties that allow it to overcome the 

limitations of polyethylene glycol in protein therapeutics.27 

 Collado et al. demonstrated that tin triflate was an efficient and versatile catalyst for the 

highly regioselective opening of styrene oxide with aromatic amines.28 Tin triflate was also found 

to catalyzed the opening of styrene oxide with aliphatic amines but in moderate to high yields and 

with less regioselectivity. Additionally, Dworak and coworker10 investigated the ring opening of 

glycidol with either alcohols in the presence of boron trifluoride, and found that attack at the less 

hindered carbon of the epoxide was favored. We hypothesize that tin triflate might provide 

efficient activation of the epoxide, hence increasing the contribution of the ACE mechanism during 

the propagation of polymerization. Increase contribution of the ACE mechanism in a controlled 

manner, would result in a less branched polymer. This represent a novel approach to controlled 
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branching of poly(glycidol), as previous attempts were focus on the copolymerization of glycidol 

with its hydroxy-protected counterpart or a linear comonomer via anionic polymerization.5-7  

 

Optimization of Reaction Conditions 

 Our investigation began with the synthesis of poly(glycidol) using isoamyl alcohol as the 

initiator, tin triflate as the catalyst and tetrahydrofuran as the reaction medium. Glycidol was added 

dropwise at 0 °C and polymerization when to completion within 12 hrs. The crude polymer was 

diluted with methanol and isolated by precipitation in acetone. Analysis of the 1H NMR revealed 

that the tetrahydrofuran copolymerizes with glycidol. Additionally, upon precipitation in acetone, 

acetal formation was observed (Figure II-2). As a result, bulk conditions were employed, and a 

stoichiometric amount (with respect to the catalyst) of sodium bicarbonate in water and methanol 

was added to the reaction prior to precipitation in acetone. These optimizations resulted in pure 

poly(glycidol) (Figure II-3). 13C NMR showed that no bicarbonate was present and 19F NMR 

showed that no tin triflate was present in the final product. 

 

 

 

 

Figure II-2. 1H NMR (CD3OD) showing copolymerization of glycidol and tetrahydrofuran and the 

formation of acetals when precipitated in acetone. 

 

a 

b 
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Characterization via NMR, GPC and MALDI-ToF MS 

13C NMR gave detail information about the structural components of poly(glycidol). 

Vandenberg, Spassky, Dworak, and Frey gave the assignment of the signals in the 13C NMR 

spectrum. Based on their work the peak assignments for each structural unit are given in Figure II-

4.  

Quantitative 13C NMR can give details about the relative abundance of each structural unit 

present in poly(glycidol). Inverse-gated (IG) proton decoupled 13C NMR allows reliable 

integration of the signal intensity. To check the reliability of the 13C NMR data, the integration of 

the signal intensities was accessed to ensure that they reflect the fact that each structural unit has 

 

 

Figure II-3. 1H NMR (CD3OD) of poly(glycidol) showing the incorporation of isoamyl alcohol 
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one methane and two methylene carbons. Additionally, the sum of the dendritic units and the 

initiating hydroxyl unit should be equal to the number of terminal units present in a single polymer. 

Initially, four different poly(glycidol) samples were prepared, each with differing 

molecular weight. PGly-1, PGly-2, and PGly-3a was synthesize on a 2g scale while PGly-3b was 

synthesize on a 5g scale. The successful synthesis of PGly-3b demonstrate the scalability of the 

reaction. Up to 15g has been attempted, however it was difficult to maintain control of the reaction. 

The results of the interpretation of the inverse-gated (IG) proton decoupled 13C NMR spectra for 

these four different branched poly(glycidol) samples are summarized in Table II-1. 

 

Figure II-4. Illustrations of the different structural units present in poly(glycidol) and their 

respective 13C NMR assignments (CD3OD, ppm). 
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It is important to note that the substructure of the peaks in the region 78.6-83.4 ppm is due 

to the different possible triads as well as the random distribution of units (Figure II-5). The relative 

abundance of linear 1,3 units is higher compared to hyperbranched poly(glycidol) synthesized by 

anionic polymerization. There does not seem to be a relationship between the molecular weight 

and the ratio of linear units. The increase amounts of linear 1,3 units is consistent with propagation 

via ACE and AM mechanism, where the more hindered carbon of the epoxide is attacked by the 

nucleophile. Linear 1,4 and dendritic units are produced exclusively by the AM mechanism. 

 

Figure II-5. 13C NMR (CD3OD) of poly(glycidol) showing structural assignment of the carbons. 

 

616263646566676869707172737475767778798081828384 ppm
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The degree of branching (DB) is a measure of the dendritic character of a polymer. It 

describes the branching structure of a polymer relative to a perfect dendrimer. For polymers with 

linear structure the DB is 0. Polymers with perfectly branched dendrimers has a DB of 1, while 

hyperbranched polymers typically exhibit a DB between 0 and 1 (DB of 0.5-0.66 is most often 

seen for hyperbranched poly(glycidol)).29 The DB is calculated from the integration of signal 

intensities in the IG 13C NMR spectrum using the following equation derived by Holter and Frey.  

𝐷𝐵 =
2𝐷

2𝐷 + 𝐿1,3 +  𝐿1,4
 

DB represents degrees of branching, L1,3, L1,4, and D represents the fractions of linear 1,3, 

linear 1,4 and dendritic units respectively. Table II-2 summarizes the DB calculated for the four 

different glycidol homopolymer synthesized by Sn(OTf)2-mediated ring-opening polymerization 

of glycidol. 

Table II-1. Interpretation of the inverse gated (IG) proton-decoupled 13C NMR (CD3OD) of 

poly(glycidol). 

Structural Unit Chemical Shift 

(ppm) 

Relative Integrals 

PGly-1 PGly-2 PGly-3a PGly-3b 

T2 (CH) 83.2-82.3 0.28 0.25 0.28 0.26 

L1,3 (CH) 81.6-80.2 1.00 1.00 1.00 1.00 

D (CH) 80.2-78.1 0.92 0.94 0.96 1.02 

2 L1,4 (CH2) 74.1-73.2 2.57 2.60 2.58 2.65 

2 D (CH2), 2 T1 (CH, CH2) 72.9-71.6 4.33 4.17 4.27 4.22 

L1,3 (CH2), L1,4 (CH), I (CH2)  71.2-69.8 2.20 2.04 2.11 2.27 

T1 (CH2) 64.5-63.9 1.02 1.06 1.00 0.95 

2 T2 (CH2) 63.5-62.7 0.51 0.49 0.50 0.50 

L1,3 (CH2) 62.7-61.8 1.19 1.25 1.24 1.17 

I (CH2) 39.9-39.0 0.10 0.07 0.04 0.04 

I (CH) 26.2-25.7 0.11 0.07 0.04 0.04 

2 I (CH3) 23.3-22.7 0.20 0.14 0.08 0.08 

Structural Unit Relative abundance (%) 

Linear 1,3 (L1,3) 21.7 21.7 21.9 21.8 

Linear 1,4 (L1,4) 27.9 28.1 28.2 28.8 

Dendritic (D) 20.1 20.3 21.0 22.1 

Terminal I (T1) 22.1 22.9 21.8 20.7 

Terminal II (T2) 6.1 5.5 6.1 5.6 

Initiator (I) 2.2 1.5 0.9 0.9 
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The degrees of branching for the poly(glycidol) samples analyzed varied from 0.45 to 0.47 

indicating that there may be a proportional relationship between molecular weight and degrees of 

branching. The DB is also lower compared to poly(glycidol) prepared by anionic methods. The 

data presented in Table II-2 shows that the molecular weight calculated by NMR is significantly 

higher than the desired molecular weight. This would indicate that isoamyl alcohol (IAOH) might 

not be the sole initiator of glycidol polymerization. The molecular weight calculated from NMR 

also significantly differs from that seen in the MALDI-ToF mass spectroscopy. Analysis of the 

reaction mechanisms offered some explanation for this disparity. In the activated monomer 

mechanism, two alcohols compete to react with the activated monomer in the initiation step. The 

two competing alcohols are isoamyl alcohol and glycidol (Scheme II-9). Since glycidol is higher 

in concentration, it preferentially reacts in the initiation step. However, if this is the case, then the 

presence of an epoxide peak should be observed in the 1H and 13C NMR. Analysis of the NMR 

spectrums showed no epoxide peaks. This could be due to cyclization (Scheme II-10). Efforts were 

 

 

Scheme II-9. Competition between IAOH and glycidol for activated epoxide intermediate 

Table II-2. Showing results from the 13C NMR, MALDI-TOF MS and GPC. 

Sample 
Degrees of 
branching 

Desired 
molecular 

weight 

Molecular 
weight by 

13C NMR 

MALDI-TOF MS GPC 

Mn Mw Mw/Mn Mw/Mn 

PGly-1 0.45 1000 3526 2429 2693 1.11 1.23 
PGly-2 0.45 2000 4853 2041 2246 1.10 1.26 

PGly-3a 0.46 3000 8224 2272 2567 1.13 1.23 
PGly-3b 0.47 3000 8406 2914 3834 1.32 1.25 

 



35 

 

directed towards MALDI-ToF mass spectroscopy to look for evidence of the presence of two 

distinct type of polymer. 

The MALDI-ToF spectrum shows a clearly distinct sub-distribution shifted by 14-16 mass 

units (Figure II-6). This difference in the mass corresponds to the difference between isoamyl 

alcohol and glycidol. This led to the conclusion that the observed sub-distribution results from 

polymers initiated from glycidol that then underwent macrocyclization by intramolecular ring-

opening of the epoxide. Unfortunately, MALDI-ToF mass spectroscopy is the only analytical tool 

that allows for detection of the macrocycle. In light of this discovery, we start exploring ways to 

optimize reaction conditions that would eliminate the formation of polycyclic species, with good 

control over molecular weight. The consistently low molecular weight observed in the MALDI-

ToF could be due to the relatively large amounts of initiation steps created by the large abundance 

of glycidol present in the reaction. Initially reactions were carried out at -10 °C. This low 

 

Scheme II-10. Proposed mechanism for the intramolecular macrocyclization of poly(glycidol) 

initiated by glycidol 
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temperature may have slowed the rate of initiation allowing for an increase in glycidol 

concentration during dropwise addition of glycidol. Upon increasing the reaction temperature to 0 

°C and slowing the initial rate of addition of glycidol a significant decrease in the ratio of the 

macrocycle to the polymer was observed. 

When the temperature was further raised from zero degrees to room temperature there was 

a considerable shift in the MALDI-ToF from being centered on 1500 Da at zero degree to being 

centered on 2000 Da at room temperature. Additionally, it was observed that the polycyclic species 

has decrease significantly (Figure II-7). Stirring with a magnetic stirrer was difficult and hence the 

reaction was difficult to control at 40 °C. Reaction conditions were optimized by designing a small-

scale reactor employing the use of a mechanical stirrer and a syringe pump to control the rate of 

monomer addition. Using this reactor, polymerization under different reaction temperatures with 

different rates of monomer addition were explored and the results were summarized in Table II-3. 

Sample PGly-4 was synthesized at a temperature of 37 °C and a monomer addition rate of 0.1 

 

 

Figure II-6. MALDI-ToF mass spectra of poly(glycidol) obtained from the Sn(OTf)2 mediated 

polymerization with isoamyl alcohol (IAOH). 
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mL/hr. Despite a significant increase in the DB, the molecular calculated from NMR and MALDI-

ToF were in closer agreement with the desired molecular weight. This trend continued when the 

temperature was lowered from 37 to 25 °C while keeping the addition rate of glycidol constant at 

0.1 ml/hr. When the addition rate was increased to 0.2 ml/hr a significant decrease in the 

macrocyclic species was observed in the MALDI-ToF (Figure II-7). The desired molecular weight 

and the molecular weight calculated by NMR showed better agreement as a result of less 

macrocyclic species. This is evident in samples PGly-6 and PGly-7. 

 

 

Figure II-7. Showing decrease in macrocyclic species as the rate of addition is decreased. (top) 

slow monomer addition at 0 °C, (middle) slow monomer addition at 25 °C, (bottom) slow 

monomer addition at 25 °C with a syringe pump and mechanical stirrer. 
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The ability to control molecular weight by changing the monomer to initiator ratio as well 

as the scalability of the reaction was explored in samples PGly-8 and PGly-9. Both reactions were 

carried out on a 6g scale with a desired molecular weight of 6000 g/mol. The molecular weight 

calculated from NMR and MALDI-ToF for these samples does not correspond to the desired 

molecular weight. This shows that reaction kinetics differ according to the size of the reaction. By 

adjusting the reaction parameters (PGly-10), better agreement between the desired molecular 

weight and the molecular weight calculated by NMR was observed. Additionally, the decrease in 

the DB with decreasing reaction temperature, suggest that there is a relationship between 

temperature and DB. The molecular weight calculated by MALDI differed from the molecular 

weight determined by NMR. This could be as a result of the broad molecular weight distribution.  

MALDI-ToF MS is only accurate for polymers with very narrow molecular weight 

distribution (> 1.1). To investigate the accuracy of the MALDI-ToF, sample PGly-5 was separated 

into several fractions by size exclusion chromatography (SEC). Each fraction was then analyzed 

by MALDI-ToF MS. The results indicate that the molecular weight distribution observed by 

MALDI-ToF is not the actual molecular weight distribution for the polymer. SEC-MALDI-ToF 

 

Sample 
Temp 

/ °C 

% 

Yield 
DB 

Desired 

Mn 

Mn by 
13C 

NMR  

MALDI-ToF MS GPC 

Mn Mw Mw/Mn Mw/Mn 

PGly-4 37 72 0.56 3000 4408 2232 2880 1.29 1.28 

PGly-5 25 84 0.59 3000 3623 1416 1831 1.29 1.33 

PGly-6 25 75 0.59 3000 3082 1943 2568 1.32 1.27 

PGly-7 25 84 0.56 4000 3856 2353 3199 1.36 1.29 

PGly-8 25 70 0.56 6000 4067 2012 2501 1.24 1.21 

PGly-9 25 85 0.56 6000 3189 1963 2568 1.31 1.33 

PGly-10 0-25 60 0.49 6000 7190 2199 2683 1.22 1.25 

 

Table II-3. Showing results from the 13C NMR, MALDI-TOF and GPC. 
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MS gives a better picture as each of the fractions analyzed had molecular weight distributions less 

than 1.1 (Figure II-8). 

 

SEC/MALDI-ToF Mass Spectrometry Study of Branched Poly(glycidol) 

Gel permeation chromatography (GPC) analysis of branched poly(glycidol), calibrated 

with poly(styrene) standards, does not allow for accurate quantitative molecular weight 

determination due to differences in solvent/polymer interactions and hydrodynamic volume of 

branched poly(glycidol) compared to poly(styrene) polymer standards. Additionally, branched 

poly(glycidol) can aggregate or interact with the GPC column due to their large number of end 

groups. If no aggregation occurs, GPC can be used to determine the molecular weight distribution 

of poly(glycidol), provided a suitable polymer standard is used. Additionally, MALDI-ToF MS is 

only accurate for polymers with very narrow molecular weight distribution (> 1.1). Hence while 

we were able to use these two independent methods to optimize the polymerization of glycidol, 

these methods could not be used to accurately characterize the molecular weight of the synthesized 

branched poly(glycidol).  

The off-line coupling of SEC and MALDI-ToF MS is the best way to determine the 

absolute average molecular weight of branched poly(glycidol). This technique involves taking a 

polymer, that is too disperse for accurate MALDI-ToF MS analysis, and fractionating it with SEC 

in order to collect fractions with narrow molecular weight distribution. The fractions are then 

analyzed with by MALDI-ToF MS and used afterwards as standards for calibration of the GPC. 

This results in the absolute molecular weight determination of the polydisperse polymer. 
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The molecular weight of each fraction was calculated from their MS spectra by assuming 

that the mole ratio of each individual species is proportional to the MS detector response. This is 

a reasonable assumption for samples with narrow molecular weight distribution. The data obtained 

was compared to GPC analysis of the same fractions using conventional poly(styrene) standards 

in addition to poly(ethylene glycol) standards (Table II-4). The fractions were reinjected in the 

GPC equipment in order to determine their elution time. Surprisingly, the molar mass at peak 

maximum of each fraction determined by MALDI-ToF MS is very close to the value determined 

by GPC using poly(ethylene glycol) standards (Table II-4). This method also shows that the 

 

 

Figure II-8. SEC chromatograph of semi-branched poly(glycidol) homopolymer. The insets 

display the SEC chromatograms (bottom) and the MALDI-ToF MS spectra (top) of the selected 

fractions. 
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conventional GPC calibration method using poly(styrene) standards leads to a significant 

overestimation of branched poly(glycidol) average molecular weights. 

The molecular weight at peak maximum (Mp) were used to plot the calibration curves 

corresponding to each polymer. For comparison purposes, the conventional polystyrene calibration 

curve along with the poly(ethylene glycol) calibration cure, were included (Figure II-9). The line 

corresponding to poly(ethylene glycol) and MALDI-ToF MS calibration were well below the 

poly(styrene) calibration line, showing that the poly(styrene) calibration method leads to an 

overestimation of branched poly(glycidol) average molecular weight. The calibration curve for 

MALDI-ToF MS is not straight due to the polydispersity of the fractionated samples used for 

MALDI-TOS MS. This issue can be corrected by using an autosampler to collection fractions at 

shorter time intervals to get standards that are more monodisperse. However, because of the 

similarity of the MALDI-ToF MS calibration curve to the PEG calibration curve, we decided to 

use PEG standards for average molecular weight determination of branched poly(glycidol). 

Table II-4. SEC analysis of semi-branched poly(glycidol) fractions showing a comparison 

between using polystyrene and polyethylene glycol calibration versus absolute molar-mass 

calibration with MALDI-ToF MS. 

Fraction 

elution 

time 

(min) 

Polystyrene 

Calibration 
PEG Calibration 

MALDI-TOF MS 

Analysis 

M
peak

 
PDI M

peak
 PDI M

peak
 PDI 

24 24.6 44,764 1.06 8502 1.08 7965 1.10 

25 25.5 30,787 1.07 5647 1.09 4636 1.06 

26 26.3 22,078 1.08 3864 1.09 2933 1.05 

27 27.1 15,784 1.09 2614 1.11 1673 1.08 
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The molecular weight (Mn) and the molecular weight distribution (Mw/Mn) obtained from 

GPC calibrated with PEG standards show good agreement with that calculated from MALDI-ToF 

MS (Table II-5). Additionally, the molecular weights obtained from NMR were in good agreement 

with the molecular weights obtained from GPC with PEG calibration. This illustrates that PEG 

standards are suitable enough for relative molecular weight determination of branched 

poly(glycidol). As a result, Mn was calculated mainly with GPC calibrated with PEG standards. 

 

Table II-5. Summary of characterization data for optimum branched poly(glycidol) synthesis. 

Sample 

Ratio 

(Gly/ 

IAOH) 

DP by 
1H 

NMR 

Degrees of 

Branching 

Relative 

% of 

Dendritic 

Carbons 

GPC of PG 
MALDI-ToF 

MS 
 Yield / 

% 
 

Mn Mw/Mn Mn Mw/Mn  

PGly-11 80 160 0.53 25.2 3715 1.43 - -  85  

PGly-12 67 165 0.48 22.5 3412 1.38 2969 1.28  72  

PGly-13 53 86 0.46 21.2 2831 1.42 2829 1.34  81  

PGly-14 40 84 0.45 20.8 2265 1.44 2161 1.36  74  

PGly-15 26 52 0.45 20.3 1452 1.38 1771 1.33  71  

 

 

Figure II-9. SEC calibration curves obtained with polystyrene standards, polyethylene glycol 

standards and SEC/MALDI-ToF fractions (24-27). This illustrates that PEG standards are 

suitable enough for relative molar-mass determination of semi-branched poly(glycidol) by SEC, 

while polystyrene standards are not ideal. 
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Cytoxicity of Branched Poly(glycidol) 

The cytotoxicity of poly(glycidol)s against mouse fibroblast cells were studied using the 

MTT assay and LIVE/DEAD assay. The cells were incubated with increasing concentrations of 

polymer 1, 5 and 10 mg/mL for 24 h before undertaking the MTT assay. The branched 

poly(glycidol) showed very little toxicity towards fibroblasts cells, with about 98% cell viability 

observed even at a high concentration of 10 mg/mL after 24 h of incubation (Figure II-10). The 

data shows that the cells are proliferating at all concentrations tested as indicated by the increased 

reduction of MTT observed after 96 h. These results indicate that the method used to synthesize 

these polymers result in biocompatible building blocks for the preparation of biomaterials. 

LIVE/DEAD staining of mouse fibroblast cells with branched poly(glycidol) correlates to 

the data obtained from the MTT assay and give a physical view of the cells in contact with 

branched poly(glycidol) (Figure II-11). Despite the low cytoxicity, the fibroblast cells display a 

change in cellular morphology due to loss of cellular attachment to the bottom of the tissue culture 

 

Figure II-10. MTT assay of branched poly(glycidol) against NIH 3T3 cells for 24 hrs. 
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plate. It is believed that the poly(glycidol) is interacting with surface and while this interaction is 

not killing the cell immediately, the ability for the cell to form attachment is lost. This could have 

a negative impact on some cellular processes. From this observation, we can deduce that 

biomedical applications involving cell encapsulation would require a molecular unit to promote 

cellular attachment.   

 

 

 

 

 

 

 

 

 

       

Figure II-11. LIVE/DEAD staining of NIH 3T3 cells in contact with PEG and poly(glycidol) (5 

mg/mL). (left) PEG, (middle) poly(glycidol), (right) control. 
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CONCLUSION 

 

Tin triflate-mediated ring opening polymerization of glycidol results in branched 

poly(glycidol) with molecular weights up to 4000 g/mol. Fairly narrow molecular weight 

distributions (1.30 ≤ PDI ≤ 1.40) were achieved by slow monomer addition at room temperature, 

which also led to increased initiations from the isoamyl alcohol initiator, and a decrease in the 

abundance of macrocyclic species. Reasonable control over molecular weight was achieved by 

varying the monomer/initiator ratio, and reducing the number of macrocyclic species, however this 

caused a significant rise in the degree of branching. Characterization of branched poly(glycidol) 

by inverse-gated proton-decoupled 13C NMR showed an increase in the number of L1,3 units and 

the presence of a T2 unit which differs in comparison to hyperbranched poly(glycidol) synthesized 

by anionic polymerization. Although MALDI-ToF mass spectroscopy allowed for the detection of 

macrocyclic species, average molecular weight determined by MALDI-ToF were not a true 

representation of the whole polymer sample due to the polydispersity of the polymer being greater 

than 1.1. The offline coupling of SEC and MALDI-ToF MS gave a more accurate representation 

of the average molecular weight (Mn) and the molecular weight distribution (PDI) in a polydisperse 

polymer sample. The SEC/MALDI-ToF MS study of branched poly(glycidol) shows that GPC 

calibrated with poly(ethylene glycol) standards gave a relatively accurate determination of the 

average molecular weight, and hence will be used for all future analysis of this polymer. Branched 

poly(glycidol) synthesized by tin triflate-mediated ring opening polymerization displayed low 

cytoxicity similar to FDA approved poly(ethylene glycol) and hence can be used for various 

biomedical applications as a viable alternative to poly(ethylene glycol). 
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EXPERIMENTAL 

 

Materials 

Glycidol (Aldrich, 96%) was freshly distilled from calcium hydride prior to use. 3-Methyl-1-

butanol (Aldrich, anhydrous, 99%), Tin (II) trifluoromethanesulfonate (Strem Chemicals, 99%), 

methanol (Acros, anhydrous, 99.8%), dichloromethane (Aldrich, anhydrous, 99.8%). Dialysis 

membrane were obtained from spectrum laboratories (Spectra/Por 7, molecular weight cut-off 

(MWCO) of 1000 Da). PTFE syringe filters were obtained from Thermo Scientific (0.45 µm, 30 

mm, Teflon plus glass). All reactions were carried out under argon unless otherwise noted. 

Instrumentation 

Nuclear magnetic resonance (NMR) were acquired on a Bruker DRX-500 (500 MHz), Brucker 

AV-400 (400 MHz) or Brucker AV II-600 (600 MHz) instrument (equipped with a 5 mm Z-

gradient TCI cryoprobe). Chemical shifts are measured relative to residual solvent peaks as an 

internal standard set to δ 3.31 and δ 49.0 (CD3OD) and δ 2.50 and δ 39.52 ((CD3)3SO). Quantitative 

13C NMR was performed by using inverse-gated proton decoupled 13C NMR with a delay time of 

10 seconds. A sample concentration of approximately 150 mg/mL was used for analysis. FT-IR 

spectra were recorded on a Thermo Nicolet IR 100 spectrophotometer and are reported in 

wavenumbers (cm-1). Compounds were analyzed as neat films on a NaCl plate (transmission). Size 

exclusion chromatography (SEC) were preformed using a Waters 1525 binary high pressure liquid 

chromatography pump equipped with a refractive index detector (Waters 2414) and Styragel HR 

columns (7.8×300 mm Styragel HR 5, Styragel HR 4E, Styragel HR 3). SEC analysis was carried 

out in DMF (containing 1 mg/mL LiBr) with a flow rate of 1.0 mL/min at 45 °C. Water SEC was 
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carried out using Waters UltrahydrogelTM columns (7.8×300 mm, UltrahydrogelTM 120, 

UltrahydrogelTM DP 120Å, UltrahydrogelTM 250). HPLC grade water (containing 1 mg/mL LiBr) 

was used as the eluent at a flowrate of 1 mL/min at 45 °C.  Molecular weights (Mn and Mw) and 

molecular weight distribution were calculated from poly(ethylene glycol) standards provided by 

Varian. Matrix-assisted laser desorption and ionization time-of-flight mass spectroscopy (MALDI-

ToF MS) was carried out on a Voyager DE-STR mass spectrometer equipped with a nitrogen gas 

laser (337 nm). α-Cyanohydroxycinnamic acid was used as the matrix and NaI was used as the 

cationization agent. The samples (5 mg/mL in methanol), matrix (20 mg/mL in methanol) and 

cationization agent (20 mg/mL) were mixed in a 1:1:0.1 ratio respectively and spotted unto a 

stainless-steel sample plate. The accelerating voltage was set to 23,000 and measurements took 

place in reflector mode. Poly(ethylene glycol) was used for external calibration immediately before 

the measurement. The data was processed using Data Explorer. All spectra were processed 

(baseline correction, noise filter and Gaussian smooth) before importing mass list into an excel 

spreadsheet for data analysis.  
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Synthesis of Branched Poly(glycidol) homopolymer (PGly-15) 

To a 50 mL jacketed three-neck round bottom flask fitted with an argon balloon was added 

isoamyl alcohol (441 µL, 4.05 mmol) and tin (II) trifluoromethanesulfonate (42.0 mg, 0.101 

mmol). The mixture was stirred for ten minutes using a mechanical stirrer to form a homogeneous 

suspension.  The jacketed flask was connected to a chiller and cooled to 5 °C. Glycidol (13.5 mL, 

202.5 mmol) was added via syringe pump (0.7 mL/hr) and the mixture was stirred for 24 hrs at 

which time stirring was no longer possible due to the viscosity of the reaction mixture. Methanol 

(15 mL) was added to the reaction to dissolve the polymer and sodium bicarbonate solution (5 mL 

of a 1 mg/mL) was added. The reaction was filtered (if necessary) and precipitated twice in acetone 

to isolate the polymer.  Further purification by dialysis with Spectra/Por dialysis membrane 

(MWCO = 1000 Da) in water was performed if needed to furnish the desired polymer PGLY-15 

in 80% yield. IR (film) 3390, 1263, 1115 cm-1. 1H NMR (600 MHz, (CD3)3SO)  4.73-4.45 (br m, 

1H, -OH), 3.69-3.25 (br m, 5H, PGly-scaffold), 1.63 (sept, J = 6.5 Hz, 1H), 1.37 (q, J = 6.5 Hz, 

2H), 0.85 (d, J = 6.7 Hz, 6H). 13C NMR (600 MHz, (CD3)3SO) ppm 82.3-81.6 (-CH(CH2OH)2), 

80.3-79.4 (-CH(CH2OH)OCH2-), 78.5-77.3 (-CH(CH2O-)OCH2-), 73.2 (2C, -CH2CH(OH)CH2-), 
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71.9-70.9 (4C, -CH2CH(OCH2-)CH2O-, -CH2CH(OH)CH2OH), 69.5 (-OCH2CH(OCH2-

)CH2OH), 69.2 (-CH2CH(OH)CH2-), 63.5 (-CH2CH(OH)CH2OH), 62.0-61.8 (2C, -

CH(CH2OH)2), 61.4-61.2 (-CH(CH2OH)OCH2-), 39.5, 25.9, 23.0. 

The DB was calculated from the integration of signal intensities in the IG 13C NMR 

spectrum using the following equation derived by Holter and Frey:30 

𝐷𝐵 =
2𝐷

2𝐷 + 𝐿1,3 +  𝐿1,4
 

DB represents degrees of branching, L1,3, L1,4, and D represents the signal intensities in the IG 13C 

NMR corresponding to one carbon of the linear 1,3, linear 1,4 and dendritic units respectively. The 

relative abundance of the linear 1,4 structural unit was calculated from the integration of the signal 

intensities in the IG 13C NMR using the equation below; 

𝑅𝑎 (%) = (
(𝐿1,4/2)

𝐷 + 𝐿1,3 +  (𝐿1,4/2) + 𝑇1 + 𝑇2
) × 100 

The relative abundance of the other structural units was calculated in a similar fashion. 

 

 

 

Table II-6. Summary of characterization data for semi-branched poly(glycidol) synthesis. 

Sample 

Ratio 

(Gly/ 

IAOH) 

DP by 
1H 

NMR 

Degrees of 

Branching 

Relative 

% of 

Dendritic 

Carbons 

GPC of PG 
MALDI-ToF 

MS 
 Yield / 

% 

 

Mn Mn/Mw Mn Mn/Mw  

PGly-1 80 160 0.53 25.2 3715 1.43 - -  85  

PGly-2 67 165 0.48 22.5 3412 1.38 2969 1.28  72  

PGly-3 53 86 0.46 21.2 2831 1.42 2829 1.34  81  

PGly-4 40 84 0.45 20.8 2265 1.44 2161 1.36  74  

PGly-5 26 52 0.45 20.3 1452 1.38 1771 1.33  71  
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Figure II-12. Showing GPC chromatograph of different semi-branched Poly(glycidol)s. 
 

 

 

 

Figure II-13. MALDI-ToF MS analysis of semi-branched poly(glycidol) samples. PGly-2 (Top-right), 

PGly-5 (top-left) and PGly-2 magnified portion (bottom-center).  
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Figure II-14. The inverse-gated proton decoupled 13C NMR for samples PGly-2, PGly-3 and 

PGly-4 showing the methine carbon of the Linear 1,3 structural unit as the reference for 

integration. 

Table II-7. Interpretation of the inverse gated (IG) proton-decoupled 13C NMR of several 

branched poly(glycidol) samples. 

Structural Unit Chemical Shift 

(ppm) 

Relative Integrals 

PGly-1 PGly-2 PGly-3 PGly-4 PGly-5 

T2 (CH) 83.2-82.3 0.34 0.26 0.28 0.27 0.28 

L1,3 (CH) 81.6-80.2 1.00 1.00 1.00 1.00 1.00 

D (CH) 80.2-78.1 1.33 1.06 0.96 0.91 0.87 

2 L1,4 (CH2) 74.1-73.2 2.60 2.66 2.58 2.61 2.15 

2 D (CH2), 2 T1 (CH, CH2) 72.9-71.6 4.95 4.48 4.27 3.81 3.66 

L1,3 (CH2), L1,4 (CH), I (CH2)  71.2-69.8 2.17 2.13 2.11 1.99 1.74 

T1 (CH2) 64.5-63.9 1.21 1.01 1.00 0.98 0.94 

2 T2 (CH2) 63.5-62.7 0.55 0.49 0.50 0.49 0.49 

L1,3 (CH2) 62.7-61.8 1.21 1.16 1.24 1.14 1.21 

Structural Unit Chemical shift (ppm) Relative abundance (%) 

Linear 1,3 (L1,3) 81.6-80.2 19.3 21.5 22.1 22.4 24.1 

Linear 1,4 (L1,4) 74.1-73.2 25.1 28.6 28.5 29.2 25.9 

Dendritic (D) 80.2-78.1 25.7 22.8 21.2 20.3 20.8 

Terminal I (T1) 64.5-63.9 23.4 21.7 22.0 22.0 22.6 

Terminal II (T2) 83.2-82.3 6.6 5.4 6.2 6.1 6.6 
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Figure II-15. 1H NMR (Top) and Inverse-gated proton decoupled 13C NMR (bottom) spectra of 

PGly-5 in DMSO-d6 
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SEC/MALDI-ToF MS Off-Line Coupling 

SEC/MALDI-ToF MS off-line coupling was performed according to a modified literature 

procedure. Size exclusion chromatography (SEC) measurements were preformed using a Waters 

1525 binary high pressure liquid chromatography pump equipped with a refractive index detector 

(Waters 2414) and Styragel HR columns (7.8×300 mm Styragel HR 5, Styragel HR 4E, Styragel 

HR 3). SEC analysis was carried out in DMF with a flow rate of 1.0 mL/min at 45 °C and injection 

volumes of 200 µL of 20 mg/mL solutions. Fractions were collected by hand every minute starting 

at 21 minutes and finishing at 33 minutes. The fractions were evaporated under vacuum and the 

absolute molar mass and PDI was determined by matrix-assisted laser desorption and ionization 

time-of-flight mass spectroscopy (MALDI-ToF MS) analysis on a Voyager DE-STR mass 

spectrometer equipped with a nitrogen gas laser (337 nm). α-Cyanohydroxycinnamic acid was 

used as the matrix and NaI was used as the cationization agent. The samples (5 mg/mL in 

methanol), matrix (20 mg/mL in methanol) and cationization agent (20 mg/mL) were mixed in a 

1:1:0.1 ratio respectively and spotted unto a stainless-steel sample plate. The accelerating voltage 

was set to 23,000 and measurements took place in reflector mode. Poly(ethylene glycol) was used 

for external calibration immediately before the measurement. The data was processed using Data 

Explorer. All spectra were processed (baseline correction, noise filter and Gaussian smooth) before 

importing mass list into an excel spreadsheet for data analysis. Afterwards, 20 µL of each fraction 

were reinjected in the SEC apparatus as semi-branched poly(glycidol) standards for absolute molar 

mass calibration. 
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Cells 

NIH 3T3 cells were purchased from sigma Aldrich and cultured in Dulbecco’s modified 

eagle medium with 10% bovine growth serum and 1% penicillin/streptomycin. They were cultured 

at 37 °C with 5% CO2 using standard protocol. 

 

MTT Cell Viability and Proliferation Assay 

The cell compatibility of the poly(glycidol) to NIH 3T3 cells was evaluated using a MTT 

assay. The cells were cultured as described above. Cells were then seeded in a 48 well plate at a 

density of 7000 cells per well. After 24 hrs, 20 µL of poly(glycidol) was added at concentrations 

of 1, 5 and 10 mg/mL. The cells were incubated for 24 and 96 hrs. At the end of each period, 20 

µL of MTT solution (5 mg/mL) was added to each well and incubate at 37 °C for 3 hours. 200 µL 

of 10% sodium dodecyl sulfate was added to each well and incubate overnight at 37 °C. 

Absorbance was measured at 570 nm and subtract the background absorbance read at 690 nm. 
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CHAPTER III 

 

SYNTHESIS AND CHARACTERIZATION OF BRANCHED POLY(GLYCIDOL) 

DERIVATIVES 

 

INTRODUCTION 

Advanced polymeric materials greatly depend on the availability of functionalized building 

blocks to facilitate novel properties and applications.1 Polymers with reactive groups on their side 

chain that can be easily modified in high yield are important building blocks.1-2 For many 

applications, post-polymerization modification avoids the need to determine new polymerization 

conditions for each unique monomer, yet at the same time allowing comparison of a series of 

macromolecules without complications due to different molecular weight backbones. Ideally, the 

modification reactions are highly efficient and occur without the use of harsh reaction conditions 

and reagents.3 

 Branched poly(glycidol) have the make-up to be an ideal candidate for post-

polymerization modification strategies,3-4 providing unprecedented diversity and value for the 

synthesis of desired hydrophilic and functionalized building blocks. Developed as an alternative 

to hyperbranched poly(glycidol)s as previously reported,5 it allows for an increased number of 

hydroxyl groups available, while still possessing the advantages associated with its branched 

structure. The branching and shorter molecular weight can provide a reduced toxicity and 

immunogenicity in contrast to linear, high molecular weight PEG units6-7 and also guaranties a 

facile modification and implementation into more complex systems. Furthermore, these bPGs 
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display hydroxyl groups in close proximity and different connectivity, offering a more selected 

placement of functional groups throughout the structure than possible with linear counterparts. 

Poly(glycidol) has numerous primary and secondary hydroxyl groups that can be 

functionalized to give various derivatives that can be used to for a variety of biological application. 

However, due to the high density of hydroxyl groups, poly(glycidol) is soluble only in water, lower 

alcohols such as methanol and ethanol, polar aprotic solvents such as N,N-dimethylformamide, 

dimethyl sulfoxide and pyridine. As a result, only a limited number of functionalization is possible. 

Functionalization of poly(glycidol), in most cases, is a straight forward way to access 

various poly(glycidol) derivatives, each with their own unique biomedical properties. Sulfonation, 

esterification, and etherification are a few of some of the hydroxyl group chemistries employed, 

providing access to variety to polymer with has been shown to possess physical and chemical 

properties suited to various application. 

Haag et al.8 reported the synthesis of highly branched polysulfonated and polycarboxylated 

branched poly(glycidol). Highly branched poly(glycidol) with molecular weight ranges 2000-

10,000 g/mol was sulfonated using SO3/pyridine complex as the sulfating reagent and dry 

dimethylformamide as the solvent (Scheme III-1). The poly(glycidol) sulfates were obtained in 

good yields and high purity due to dialysis in water. Despite using stoichiometric (with respect to 

the number of OH groups) amounts of the sulfating reagent only about 85% was sulfonated. This 

demonstrate how easily accessible the hydroxyl groups are compared to other polymers, for 

example polysaccharides. Poly(glycidol) carboxylate was synthesize under basic conditions using 

sodium chloroacetate as the carboxylating reagent. A three-fold excess of sodium chloroacetate 

was used but only 26% of hydroxyl groups was carboxylated. No observable degradation of 

polymer backbone was observed under basic conditions. Biological evaluations showed that 
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poly(glycidol) sulfate exhibited both anticoagulant and anti-inflammatory activities compared to 

unmodified poly(glycidol) and its carboxylate. 

Frey et al.9 reported the esterification of linear and hyperbranched poly(glycidol). 

Esterification of 60% of the hydroxyl groups of poly(glycidol) was accomplish with pyridine and 

palmitoyl chloride dissolved in toluene (Scheme III-2). The product was purified by dialysis with 

benzylated cellulose tubing (MWCO 1,000) in chloroform. No observable decomposition of 

polymer backbone was observed and there was good agreement between the feed ratio of hydroxyl 

groups to palmitoyl chloride and the actual incorporation of palmitoyl chloride. Hyperbranched 

esterified poly(glycidol) was compared to its linear counterparts and shown to be more suited for 

supramolecular guest encapsulation and phase transfer and hence has huge potential as a drug 

delivery vehicle.  

 

Scheme III-1. Synthesis of poly(glycidol) sulfate and poly(glycidol) carboxylate. 
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Post-polymerization modification of linear poly(glycidol) with diethyl vinylphosphonate 

was reported by Moller et al.10 Their synthetic approach involves the partial phosphonoethylation 

of poly(glycidol) with diethyl vinylphosphonate in a Michael-type addition under basic condition 

(Scheme III-3). The phosphonic acid derivative could also be obtained by saponification of the 

phosphonate groups with bromotrimethylsilane. Purification of the phosphonate was accomplished 

by precipitation in pentane, while the phosphonic acid was purified by evaporation and 

centrifugation. The amount of functionalization obtained was in good agreement with the ratio 

adjusted in the feedstock. These phosphonated poly(glycidol) can be used to coat the surfaces of 

devices in contact with bodily fluids. The phosphonic acids groups act as anchor groups for 

covalent binding to different surfaces. 

 

Scheme III-2. Synthesis of linear esterified poly(glycidol). 

 

Scheme III-3. Synthesis of poly(glycidol) phosphonate and phosphonic acid derivatives. 
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The terminal 1,2 diols in hyperbranched poly(glycidol) can be transformed by acid 

catalyzed reaction with carbonyl compounds into acetals. The polymer obtained can be used as a 

high loading polymer support for some synthetic application.11  Haag et al.12 demonstrated this 

utility by coupling a functional aldehyde onto the polymer support (Scheme III-4), transformed 

the functionality of the polymeric acetal by nucleophilic substitution as well as palladium-

catalyzed cross-coupling and finally cleaved the acetal from the polymer support. All intermediates 

were purified by dialysis, and the support can be recycled. The remaining hydroxyl groups are still 

available and can be used to tune the solubility of the polymer in various organic solvents.  To 

increase the scope of possible reaction on this support, the hydroxyl group can be converted into 

various other linker functionalities.13-14 

Currently, many groups are further exploring a wide range of orthogonal functional groups 

that can easily be incorporated in the poly(glycidol) scaffold either by copolymerization or by post-

polymerization modification. Scheme III-5 summarizes some of the current functionalities that 

have been and continue to be explored and developed for a variety of applications in material 

science and medicine.14 

 

Scheme III-4. Poly(glycidol) supported Suzuki coupling applied to the synthesis of 

biphenylaldehyde 
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Scheme III-5. Some postpolymerization modification of polyglycidol reported to date. 
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RESULTS AND DISCUSSION 

 

The degree to which poly(glycidol) is modified or functionalized is determine by the 

number of hydroxyl groups that has been transformed into the desired functionality. To determine 

the average number of hydroxyl groups per polymer we employed the use of NMR and GPC, and 

MALDI-ToF mass spectroscopy. Inverse-gated proton-decoupled 13C NMR gives the relative 

integrals which can be used to calculate the relative abundance of each structural unit of a polymer 

in a poly(glycidol) sample. The relative number of each structural unit in a polymer can be 

determined from the relative abundance calculated from NMR and the number average molecular 

weight calculated from MALDI-ToF mass spectroscopy. The average number of hydroxyl groups 

per polymer in a poly(glycidol) sample can then be determined from the relative number of each 

hydroxyl containing structural units (i.e. L1,3, L1,4, T1, T2). The average number of hydroxyl groups 

per polymer is calculated by the equation below: 

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 # 𝑜𝑓 𝑂𝐻𝑠 = 𝑛𝐿1,3 + 𝑛𝐿1,4 + 2(𝑛𝑇1) + 2(𝑛𝑇2)……………………………(1) 

# 𝑜𝑓 𝑝𝑟𝑖𝑚𝑎𝑟𝑦 𝑂𝐻 = 𝑛𝐿1,3 +  𝑛𝑇1 + 2(𝑛𝑇2)…………………………………………(2) 

Where n is the relative number of units which is calculated from the number average 

molecular weight obtained from GPC analysis. Additionally, the ratio of primary to secondary 

hydroxyl group can be calculated. 29Si NMR can also be used to determine the ratio of primary to 

secondary hydroxyl groups in a polymer. Poly(glycidol) samples synthesized as described in the 

previous chapter were analyzed to determine the average number of hydroxyl groups. 29Si NMR 

was carried out for the trimethylsilyl ethers of the synthesized poly(glycidol) samples to determine 



65 

 

the ratio of primary and secondary hydroxy groups (Figure III-1). The results are summarized in 

Table III-1. The data obtained from both 13C and 29Si NMR was in close agreement. 

 

Functionalize poly(glycidol) also has the ability to crosslink with different reactive groups 

to form materials such as nano and micro particles, and hydrogels. These materials have been 

vastly exploited as drug delivery vehicles due to their ability for controlled release of small and 

macromolecules. Here we present the synthesis of novel functionalities of poly(glycidol) which 

has the ability to crosslink to form hydrogels.  

Table III-1. Distribution of primary and secondary hydroxy groups in polyglycidol calculated 

from 13C NMR structural data and measured from 29Si NMR of the trimethylsilyl ethers of 

polyglycidol. 

Sample 

Mn from 

MALDI

-ToF 

# of 

units 

# of OH 

groups 

# of 

primary 

OH 

# of 

secondary 

OH 

Ratio 

from 13C 

NMR 

Ratio from 
29Si NMR 

PGly-6 1943 26 28 16 12 1.3:1 1.1:1 

PGly-7 2353 32 33 19 14 1.3:1 1.2:1 

PGly-8 2012 27 29 16 13 1.2:1 1.1:1 

PGly-9 2568 35 36 20 16 1.2:1 1.3:1 
 

 

Figure III-1. 29Si NMR (501 MHz, (CD3)2SO) of the trimethylsilyl ethers of poly(glycidol).  
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Synthesis of Thiol-Functionalized Branched Poly(glycidol) 

A few research groups have investigated the incorporation of an ester moiety on to the 

polyether polyol backbone of poly(glycidol). Burgath et al.15  demonstrated the polymerization of 

ɛ-caprolactone, initiated by poly(glycidol) with tin catalyst to give a polyether polyol with 

biodegradable poly(ɛ-CL) arms. This material has properties that are suited for controlled release 

of small and large bioactive molecules. Additionally, the esterified poly(glycidol) reported by Frey 

et al., was used to make nanocapsules and nanoparticles that were capable to releasing their guest 

molecules by hydrolysis of the ester bonds.9 Since the polyether structure of poly(glycidol) is not 

biodegradable, the incorporation of an ester functionality generally results in a material that is both 

biocompatible and biodegradable.  

The incorporation of an ester and a thiol functionality into branched poly(glycidol) would 

make it a viable candidate for the synthesis of biocompatible and biodegradable hydrogels via 

thiol-ene click reaction. To synthesize hydrogel via thiol-ene click chemistry, alkene and thiol-

terminated branched poly(glycidol) derivatives are needed.  To synthesize the thiol-terminated 

branched poly(glycidol) (poly(glycidol-co-glycidyl 3-mercaptopropanoate)), two different routes 

were explored. The first route involved nucleophilic acyl substitution of a thiol-disulfide acyl 

chloride with branched poly(glycidol), followed by reduction with DTT to produce the free thiol. 

 

Scheme III-6. Synthesis of thiol-disulfide reagent for thiol functionalization of branched 

poly(glycidol) 
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The second is a direct one step synthesis via a modified fisher esterification with 3-

mercaptopropionic acid and poly(glycidol).  

3-mercaptopropionic acid was subjected to thiol-disulfide exchange with pyridinium 

disulfide in methanol, according to literature procedures,16 to furnish the desired disulfide in good 

yield. The disulfide carboxylic acid was then treated with thionyl chloride for 1 h at 40 ℃, which 

yielded a crude mixture of the desired acyl chloride and the starting material, which was used 

without further purification (Scheme III-6). Branched poly(glycidol) was then subjected to 

esterification with the crude acyl chloride in the presence of pyridine. The functionalized polymer 

was isolated by repeated precipitation in ethyl acetate/ether mixture followed by dialysis in 

methanol (MWCO 1000). The desired polymer was isolated in moderate yield (Scheme III-8).  

 

Scheme III-7. Reduction of the thiol-disulfide poly(glycidol) derivative to form a thiol-terminated 

branched poly(glycidol) derivative. 

 

Scheme III-8. Synthesis of thiol-terminated branched polyglycidol via nucleophilic acyl 

substitution. 



68 

 

The disulfide polymer was then subjected to dithiothreitol (DDT) reduction in methanol 

(Scheme III-7). The reaction was degassed to reduce oxidation of the dithiothreitol. Purification 

by dialysis (MWCO 1000) in methanol yielded the desired free thiol. 1H and 13C NMR was used 

to characterize the desired product and intermediates (Figure III-2).  

The free thiol groups showed a strong tendency to form dithiol linkages when in high 

concentration i.e. when all solvent has been removed. As a result, the thiolated poly(glycidol) had 

to be stored in solution for short periods. 1H NMR indicates that there was no correlation between 

the desired degree of functionalization and the actual degree of functionalization. This is due to 

the crude disulfide reagent that was used. To get better correlation, an alternate approach was 

explored. 

 

Figure III-2. 1H NMR (400 MHz, CD3OD) of thiol-terminated branched poly(glycidol) 

derivatives. 
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While this synthetic route provides access to the desired thiol-terminated functionalized 

poly(glycidol), there still exist a need for a reproducible and efficient alternative. Hence, the use 

of Steiglich esterification was explore as an alternative to the nucleophilic acyl substitution of an 

acyl chloride. The requisite disulfide was reacted with branched poly(glycidol) in the presence of 

dicyclohexylcarbodiimide (DCC) and dimethyl aminopyridine (DMAP) (Scheme III-9). The 

desired product was obtained after 6 h at rt. The reaction was monitored by 1H NMR, which show 

no change in the ratio of product to starting material after 6 h. The conversion of the starting 

material was however limited to 40% with yields averaging 60% after dialysis (MWCO 1000) in 

methanol for 12 h. Improved correlation between the desired and actual degree of functionalization 

was also not achieved with this method. 

The Steiglich esterification route provides access to the desired thiol-terminated 

functionalized poly(glycidol) however, there still exist a need for a more concise and effective 

alternative. Toward this end, a modified fisher esterification protocol was developed. This involves 

 

Samplea Mnb Mnc % Thiold % Thiole PDIf 

Thiol-Pgly-1 1700 1800 10 5 1.35 
Thiol-Pgly-2 1700 1950 20 9 1.31 

 

Scheme III-9. Synthesis of thiol-terminated branched poly(glycidol) by Steiglich esterification. 

aSelected samples. bNumber average molecular weight by MALDI-ToF of unmodified 

poly(glycidol). cNumber average molecular weight by MALDI-ToF of protected 3-

mercaptopropionyl poly(glycidol). dDesired functionalization. eActual functionalization. fBy 

GPC in DMF calibrated with poly(ethylene glycol) standards. 
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the use of drying agent to remove the aqueous byproduct, and a polar aprotic solvent to serve as 

the reaction medium. 4A molecular sieves was used as the drying agent. Dimethyl sulfoxide 

proved to be a suitable solvent and was used as the reaction medium. Poly(glycidol) was subjected 

to esterification with 3-mercaptopropionic acid in the presence of catalytic amounts of p-

toluenesulfonic acid (pTSA) in DMSO. After 2 hrs at 110 °C, a gel was formed. This is believed 

to be the result of disulfide formation. By lowering the concentration and temperature of the 

reaction medium the desired product was isolated in moderated yield repeatedly precipitating the 

product in ethyl acetate followed by dialysis (MWCO 1000) in methanol. Varying degrees of ester 

functionality was installed by changing the amount of reagents added to poly(glycidol) (Table III-

2). The isolated polymer was characterized by 1H and 13C NMR. The isolated polymer had similar 

NMR peaks to the functionalized polymer previously synthesized by an indirect route. 

 

Table III-2. Synthesis of 3-mercaptopropionyl polyglycidol by a modified fisher esterification 

route. Table showing the targeted composition and the actual composition of thiol-terminated 

branched poly(glycidol) determined by 1H NMR.  

 

Samplea Mnb Mnc % 3-MPd % 3-MPe PDIf 

3-MP-Pgly-1 1800 1359 10 7.5 1.29 
3-MP-Pgly-2 1800 1489 20 16 1.28 

 

aSelected samples. bNumber average molecular weight by MALDI-ToF of unmodified 

polyglycidol. cNumber average molecular weight by MALDI-ToF of 3-mercaptopropionyl 

polyglycidol. dDesired functionalization. eActual functionalization. fBy GPC in DMF 

calibrated with poly(ethylene glycol) standards. 
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Synthesis of Alkene-Terminated Branched Poly(glycidol) 

In an effort to develop reaction condition to functionalized branched poly(glycidol) to its 

alkene-terminated derivative, 3-ethoxy-1,2-propanediol was used to conduct a model study.  3-

Ethoxy-1,2-propanediol was reacted with pyridine and 4-pentenoyl chloride under dilute and 

concentrated reaction conditions. When stoichiometric amounts of reagents were used under 

concentrated condition the reaction yielded the desired monoester in 25% yield.  The undesired 

diester was isolated in 33% yield in addition to some starting material. Full conversion of the 

starting material was observed. This would suggest that both the primary and secondary hydroxy 

groups of the polymer would be converted to the ester.  By integrating and comparing the signals 

in the 1H NMR, it was found that the primary hydroxy group is only slightly more selective than 

the secondary hydroxy group toward nucleophilic acyl substitution. Under sub-stoichiometric 

conditions, the selectivity increase. Hence it is expected that branched poly(glycidol) might react 

in a similar fashion to the model system.  

Poly(glycidol) was then subjected to acylation conditions using sub-stoichiometric 

amounts of reagents.  The desired polymer was isolated by repeated precipitation in an ether/ethyl 

acetate (1:1) mixture followed by dialysis (MWCO 1000). 1H and 13C NMR analysis was used to 

confirm successful functionalization of the polymer (Figure III-3). In the 1H NMR spectrum the 

peaks at 2.38 and 2.48 ppm corresponds to the two methylene protons of the pentenoyl moiety 

 

Scheme III-10. Esterification of 3-3thoxy-1,2-propanediol 
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while the three diastereotopic protons of the monosubstituted double bond, occurred at 5.03, 5.10 

and 5.87 ppm. In the 13C NMR spectrum peaks at 28.6 and 33.1 ppm corresponds the methylene 

carbons. The shape of the signal corresponding to the α methylene carbon is broad and less intense 

in comparison to the β methylene carbon. This could be due to the reaction of both primary and 

secondary hydroxyl groups.   

 

For all samples, a good agreement was found between the targeted and actual compositions 

indicating good conversion of the starting polymer to the desired functionalize polymer (Table III-

3). This enables the tailoring of the functionalized polymer by varying the amounts of reagent 

added to the reaction. The molecular weight determined by MALDI-ToF for both starting 

poly(glycidol) and the derivative differed only slightly. This further demonstrate that MALDI-ToF 

data is only accurate for polymer with very narrow molecular weight distribution. The molecular 

weight distribution was however similar to that of the starting poly(glycidol). 

 

Figure III-3. 1H NMR (400 MHz, CD3OD) of the alkene-terminated derivative of polyglycidol. 
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The water solubility of the alkene and thiol-terminated branched polyglycidol was 

evaluated. It is essential that the poly(glycidol) derivatives that are to be used for hydrogel 

synthesis is soluble in water. The thiol-terminated branched poly(glycidol) was water soluble at 

all degrees of functionalization. However, as the degree of functionalization of the alkene-

terminated poly(glycidol) was increased from 20% to 30% to 40% the solubility of the polymer 

derivative decreased. At 20% the alkene-terminated derivative is soluble in water, however at 30% 

and above the alkene-terminated poly(glycidol) was insoluble in water at all concentrations. As a 

result, an alternative alkene-terminated derivative was need for the synthesis of hydrogel via thiol-

ene click chemistry. We then hypothesize that the combination of a water-soluble alkene-

terminated carboxylic acid with branched poly(glycidol) would give an alkene functionalized 

polymer that is soluble in water. Hence, we explored the use of acrylic acid for the 

functionalization of branched poly(glycidol) with terminal alkene groups. 

 

Table III-3. Showing the targeted functionalization and the actual functionalization of branched 

poly(glycidol) determined by 1H NMR. 

 

Samplea Mnb Mnc % Alkened %Alkenee PDIf 

alkene-Pgly-1 1220 1200 20 16 1.33 

alkene-Pgly-2 1220 1300 40 50 1.39 

 

 

aSelected samples. bNumber average molecular weight by MALDI-ToF of unmodified 

poly(glycidol). cNumber average molecular weight by MALDI-ToF of the alkene-terminated 

poly(glycidol). dDesired functionalization. eActual functionalization. fBy GPC in DMF 

calibrated with poly(ethylene glycol) standards. 



74 

 

Synthesis of Acrylate Functionalized Poly(glycidol) 

 Acrylate functionalized branched poly(glycidol) is a very versatile functional derivative as 

it can be used for a variety of different applications. However, Due to the toxicity of acrylates, the 

biomedical applications are limited. We envision that the incorporation of an acrylate moiety into 

the branched poly(glycidol) side-chains would provide a water-soluble acrylate that can be 

combined with thiol-terminated branched poly(glycidol) to form hydrogels. Furthermore, hydrogel 

formation can occur via a Thiol-Michael reaction rather than a thiol-ene reaction. 

 Since the acrylate derivative of polyglycidol has never been reported, we employed the 

conditions developed for previous alkene functionalization to access the desired acrylate 

 

 

Figure III-4. GPC chromatograph showing the evolution of molecular weight during the 

esterification of poly(glycidol) with acrylic acid. 
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functionalized polyglycidol. Branched poly(glycidol) was subjected to esterification condition for 

24 hrs at rt. Due to the overlapping of peaks in the 1H NMR, GPC was used to monitor and track 

the progress of the reaction (Figure III-3). GPC showed an increase in molecular weight with time. 

After 24 hrs, no further increase in the molecular weight was observed. The reaction was then 

filtered and dialyzed in methanol to remove small molecule impurities. After dialysis, we 

attempted to remove the volatile solvent under rotatory evaporation, at which time the material 

formed an in-situ gel. We believe the gel formation is most likely due to the polymerization of the 

acrylates on the polymer due to their high functional group density and the absence of any 

inhibitor. 

 

 

Figure III-5. 1H NMR (400 MHz, (CD3)3SO) of acrylate-terminated branched polyglycidol. 
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While we were able to synthesize the acrylate functionalized poly(glycidol) (Figure III-5), 

the side reaction observed during isolation, made this derivative difficult to work with and 

performed further studies. As a result, the synthesis of poly(glycidol) based hydrogels via thiol-

ene click was only possible with alkene-terminated derivatives with degrees of functionalization 

of less than 20%. Hence, the search continues for more versatile derivatives that are novel and can 

be easily synthesized in one-two step. The derivative need to be reactive in click chemistry, water 

soluble and bio-inert. After a review of the literature, we hypothesis that poly(glycidol) 

functionalized with an aminooxy and a keto-group would have the ability to form hydrogels via 

oxime click chemistry. Hence, we then pursue the synthesis of these two poly(glycidol) 

derivatives. 

 

Synthesis of Aminooxy Functionalized Branched Poly(glycidol) 

 Aminooxy groups are of interested due to their enhanced nucleophilicity compared 

to the amino group17 and reacts chemoselectively with aldehydes and ketones to form oximes 

under mild conditions in the presence of a catalyst18 or even at physiological pH. The high  

chemospecificity makes this functionality well suited as orthogonal unit  for conjugation  to 

proteins and peptides to polymers,19-20 synthesis of drug conjugates21 and various conjugates of 

carbohydrates,22-24 and the detection of carbonyl compounds in environmental water samples.25 To 

this extend, aminooxy functional groups have also been utilized in the synthesis of oxime 

hydrogels for drug delivery and tissue engineering applications26-27 as Maynard28 and Sumerlin29 

among others have reported and underlines the importance of this reactive group.  The aminooxy 

functionality has been synthesized by utilizing a Mitsunobu reaction to incorporate the N-

hydroxyphthalimide moiety followed by cleavage with hydrazine to furnish the desired aminooxy 
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functionality.27 Other methods such as the alkylation of ethyl N-hydroxyacetimidate with alkyl 

methanesulfonates followed by deprotection of the aminooxy group,30 base catalyzed alkylation 

of alkyl halides with N-hydroxyphthalimide followed by subsequent hydrazinolysis,26 and 

coupling of Boc protected aminooxy acetic acid followed by deprotection of the Boc group19, 31-32 

have also been utilized to install the aminooxy group. However, none of these methods have been 

applied to the functionalization of hydrophilic, branched structures such as the branched 

poly(glycidol). 

To ascertain valuable information about the mitsunobu reaction of N-hydroxyphthalimide 

with poly(glycidol), N-hydroxyphthalimide was reacted with 3-ethoxy-1,2-propanediol in a model 

reaction (Scheme III-11). 3-ethoxy-1,2-propanediol was stirred in the presence of excess 

triphenylphosphine and diisopropylazodicarboxylate for 24 hrs at room temperature.  The desired 

product was isolated in moderate yield. Full conversion was observed by thin layer 

chromatography analysis and 1H NMR shows that only the primary hydroxy group reacted.  

 

The reaction of only the primary hydroxy indicates that under reaction condition, 

nucleophilic attack on the secondary carbon bearing the hydroxy substituent is hindered by the 

size of the nucleophile. An increase in temperature however, will most likely increase the 

 

Scheme III-11. Mitsunobu reaction of 3-ethoxy-1,2-propanediol followed by hydrazinolysis 
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probability of nucleophilic substitution of the secondary hydroxy groups. Subsequent reduction 

with hydrazine furnishes the desired primary aminooxy in good yields. 

The poly(glycidol) was reacted with substoichiometric amounts of N-hydroxyphthalimide, 

triphenylphosphine and diisopropylazodicarboxylate (DIAD) with targeted ratios of reagents to 

hydroxyl groups being 0.25, 0.40, 0.55 and 0.70 to achieve a degree of functionalization of 17%, 

33%, and 43% and 63% (Figure III-6).  The desired polymers were isolated by multiple 

precipitation in a mixture of ethyl acetate and ethyl ether prior to analysis by size exclusion 

chromatography (SEC), MALDI-ToF mass spectroscopy, 1H, 13C and 31P NMR spectroscopy.  

SEC analysis using DMF as the eluent showed that significant aggregation was observed 

when SEC analysis was conducted in the absence of lithium bromide (LiBr) as an additive. The 

aggregation was due to hydrogen bonding between the hydroxyl and carbonyl groups of different 

 

Sample 
Ratio 

[NHP]/[OH] 

Degree of 

Functionalization 

by 1H NMR / % 

GPC of NHP-

PG 
MALDI-ToF MS Yield 

/ % 

Mn Mn/Mw Mn Mn/Mw 

1a 0.25 17 2673 1.39 2855 1.30 62 

1b 0.40 33 3143 1.35 3205 1.32 72 

1c 0.55 43 3314 1.33 3233 1.32 68 

1d 0.70 63 3464 1.33 3216 1.33 76 

 

Figure III-6. Mitsunobu reaction of branched poly(glycidol) with N-hydroxyphthalimide.  
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polymer chains. In fact, aggregation could be seen in the SEC analysis of the branched 

poly(glycidol) in DMF without LiBr added, due to hydrogen bonding between hydroxyl groups 

(Figure III-7).  

 

 

Figure III-7. SEC chromatographs of branched poly(glycidol) functionalized with N-

hydroxyphthalimide. Analysis was carried out in DMF (LiBr) at 45 °C. The plot of Mn vs time 

shows changes in molecular weight and molecular weight distribution over the course of the 

reaction. 
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Both 1H and 13C NMR spectra of poly[(glycidol-N-oxyphthalimide)-co-glycidol)] 

(P[(GNOP)-co-G]) exhibit characteristic signals for the phenyl protons attached the N-

oxyphthalimide moiety indicating successful incorporation of the desired functionality. In the 1H 

NMR (Figure III-8), this signal appears as a broad singlet at 7.76 ppm due to significant 

overlapping of the neighboring peaks. In 13C NMR, the signal corresponding to the carbon of the 

carbonyl groups can be seen at 164 ppm and the carbons of the phenyl ring appears at 135, 129 

and 124 ppm. There was noticeable shifting of the signals in the polymer backbone region of the 

13C NMR spectrum. Moreover, we could observe significant shifting of the signals corresponding 

to the terminal 1 (T1), terminal 2 (T2) and linear 1,3 structural unit (L1,3) while the linear 1,4 

 

Figure III-8. 1H NMR (400 MHz, (CD3)2SO) of branched poly(glycidol) functionalized with N-

hydroxy phthalimide. 
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structural unit (L1,4) appears to be unmodified. The resulting decrease in the signal intensity for 

the primary hydroxyl groups corresponded to an increase in the ratio of NHP to hydroxyl group in 

the feed. This would indicate that majority of the primary hydroxyl groups (L1,3) participated in 

the reaction. Due to extensive overlapping, specific assignment of all the peaks was difficult.  

In 31P NMR, peaks corresponding to triphenyl phosphine oxide was observed as a singlet 

at 28 ppm. This suggested that trace amounts of triphenylphosphine oxide was present and was 

removed during purification in the next step. It was also observed that some of the 

triphenylphosphine (PPh3) had reacted with the poly(glycidol) as indicated by broad peaks at 31 

ppm. This side reaction was reduced by cooling the reaction to 0 °C and adding the DIAD 

immediately after the addition of PPh3, then allowing the reaction to warm to room temperature 

and stir over the course of 24 hrs.  

The degree of functionalization was calculated by comparing the signal intensity of the 

phenyl groups on the N-oxyphthalimide moiety to that of the semi-branched poly(glycidol) 

backbone consulting both the 1H and 13C NMR. For 13C NMR an inverse-gated proton decoupled 

pulse sequence was used with a relaxation delay of 10 sec. This allowed for integration of the 

signal intensities in the 13C NMR spectrum. For the series of experiments carried out, the degree 

of functionality was in good agreement with the ratios adjusted in the feed reaching from 0.25, 

0.40, 0.55, to 0.70 (Figure III-6).  

In contrast to the unmodified branched poly(glycidol), the solubility of the N-

oxyphthalimide derivative varied based on the degree of functionality. Derivatives with ratio of 

functionalization of [NHP]/[OH] with less than 0.20 had solubilities similar to that of the parent 

poly(glycidol). However, polymers with degrees of functionalization between 0.20 and 0.45 was 

neither soluble in alcoholic nor chlorinated solvents. For these polymers, a mixed solvent system 
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had to be used to fully dissolve the polymers. Polymers with a degree of functionalization greater 

than 0.45 were soluble in chlorinated solvents along with tetrahydrofuran and 1,4-dioxane. This 

variation of solubility supports the successful incorporation of the desired functionality into 

branched poly(glycidol) with the ability to tailor the polymer to the desired degree of 

functionalization.  

The N-oxyphthalimide functionalized polymer was then subjected to hydrazinolysis to 

yield the poly[(glycidol-N-aminooxy)-co-glycidol)] (P[(GAO)-co-G]). This reaction was carried 

out as a suspension in methanol or as a solution in a mix solvent system of methanol and 

tetrahydrofuran (1:1) (Figure III-9). The white solid byproduct was removed by filtration and the 

 

Sample 

Degree of 

Functionalization 

by 1H NMR/% 

GPC MALDI-ToF MS 
Yield 

/ % 

 
Mn Mn/Mw Mn Mn/Mw 

2a 17 2542 1.64 1635 1.59 69 

2b 33 2152 2.01 1985 1.24 53 

2c 43 1708 2.52 2546 1.36 55 

2d 63 1933 2.08 2610 1.37 52 

 

Figure III-9. Hydrazinolysis of the branched poly(glycidol) N-oxyphthalimide derivatives to 

provide aminooxy functionalized poly(glycidol). 
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reaction was stirred for an additional 6 hrs. The excess hydrazine was remove by rotary evaporation 

followed by dialysis. This furnished the desired aminooxy functionalized semi-branched 

poly(glycidol) in 50-70% yield.  

The lack of the phenyl protons in the 1H NMR (Figure III-10) as well as the carbon atoms 

of the phthalimide moiety in the 13C NMR indicates the reaction was successful. It was observed 

that when a methanol/dichloromethane mixture was used, signals corresponding to an sp2 

methylene group was observed in both the 1H and 13C NMR spectrum. This was attributed to the 

reaction of the aminooxy group with dichloromethane. Therefore, we used tetrahydrofuran instead 

of dichloromethane to circumvent this problem. The solubility of the final product, the aminooxy 

poly(glycidol) was observed to be similar to the unmodified polymer.  

Additionally, supporting a strong hydrogen bonding effect, the aminooxy poly(glycidol) 

would take a long time to dissolve in methanol and water, and analysis by SEC in water showed 

significant aggregation. The addition of LiBr did not solve this problem and added a challenge to 

the analysis of molecular weight and molecular weight distribution by gel permeation 

chromatography (Figure III-10). However, MALDI-ToF MS analysis showed a correlation with 

the molecular weights obtained from SEC analysis. The molecular weight distribution did not 

correlate as well possibly due to the aggregation of the polymer during SEC analysis.  
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We have successfully synthesized the aminooxy-functionalized branched poly(glycidol) 

derivatives needed for the oxime-click reaction. The ability to tailor the degree of functionalization 

will allow for the tuning of the properties of the resulting materials. The next step is to synthesize 

 

 

Figure III-10. 1H NMR (top) and GPC (bottom) of aminooxy-functionalized branched 

poly(glycidol) 

NH
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OH 
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the keto-functionalized poly(glycidol) derivative, and in likewise manner, create ratio-controlled 

keto-functionalized derivatives for crosslinking with the aminooxy poly(glycidol) derivatives. 

 

Synthesis of γ-Keto-Ester Derivative of Branched Poly(glycidol) 

The synthesis of γ-keto-ester derivative of poly(glycidol) was accomplished using a 

Steiglich esterification (Scheme III-12).16 This involves the formation of an ester from a carboxylic 

acid, levulinic acid, and the alcohol groups attached to the polyether backbone of branched 

poly(glycidol) using dimethylaminopyridine (DMAP) as a nucleophilic catalyst and 

dicyclohexylcarbodiimide (DCC) as the coupling reagent. Branched poly(glycidol) was reacted 

with substoichiometric amounts of levulinic acid, DCC and DMAP with targeted ratios of reagents 

to hydroxy group being 0.28, 0.38, 0.53 and 0.68 to achieve a degree of functionalization of 20%, 

30%, 45%, and 60 %. The desired polymers were isolated by dialysis in water for 24-48 h, followed 

by evaporation under reduce pressure. The final product, a colorless viscous liquid, was analyzed 

by gel permeation chromatography (GPC), 1H, and 13C NMR spectroscopy. 

 

Scheme III-12. Synthesis of keto-functionalized branched poly(glycidol) via esterification with 

levulinic acid. 
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The progress of the reaction was monitored by GPC and NMR. The peaks in the 1H NMR 

corresponding to the terminal methyl of the levulinic acid (Figure III-13) was compared to that of 

the desired polymer product to determine percent conversion of the starting material. Additionally, 

no side reaction or decomposition of the polymer backbone was observed under the reaction 

conditions. For all reactions performed, only 55-70% of the levulinic acid in the feed was 

converted to ester groups, however, the degree of functionalization does not reflect this. This could 

be due to the polydispersity of the starting polymer. The lower molecular weight polymers have a 

higher degree of functionalization while the larger polymers have a lower degree of 

functionalization. The degree of functionalization calculated from NMR is an average 

representation of the sample. Furthermore, the reaction has a high degree of reproducibility which 

enabled us to work out a formula for functionalization of poly(glycidol) with levulinic acid. 

Generally, the degree of functionalization calculated for in the feed, must be 5-8% more than the 

desired degree of functionalization, therefore If a 30% functionalization is required, the you should 

aim for 38%. GPC monitoring of the reaction showed that the reaction is complete in 30-60 

 

 

Figure III-11. GPC monitoring of the synthesis of keto-functionalized branched polyglycidol 

showing no change in molecular weight or molecular weight distribution after 30 min of reaction 

time. 
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minutes (Figure III-11). Slight increases in reaction time was observed as when the desired degree 

of functionalization was increased. GPC analysis using DMF as the eluent (Figure III-12), showed 

that the synthesized keto-functionalized poly(glycidol)s have fairly narrow polydispersities (1.27 

≤ PDI ≤ 1.32) and increased number average molecular weights (Mn) compared to the 

unfunctionalized starting polymer. Furthermore, the molecular weights determined from GPC 

increased moderately with increasing number of keto-ester groups introduced into the branched 

poly(glycidol). The narrow polydispersities and the moderate increases in molecular weights could 

be attributed to the uneven reaction rate between the different polymers lengths in solutions. 

 

Sample Ratio 

[keto-

acid]/[OH] 

Degree of 

Functionalization 

by 1H NMR / % 

GPC of starting 

PG 

GPC of Keto-

PG 

Yield 

/ % 

Mn Mn/Mw Mn Mn/Mw 

3a 0.28 20 2729 1.58 3100 1.30 52 

3b 0.38 30 2729 1.58 3300 1.27 41 

3c 0.53 45 2729 1.58 3700 1.32 53 

3d 0.68 60 2729 1.58 4100 1.31 64 

 

Figure III-12. GPC traces of keto-functionalized branched poly(glycidol). 
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1H NMR analysis of the isolated product reveals that the selected reaction condition results 

in the successful incorporation of the levulinoyl groups onto the polymer yielding γ-keto-ester 

functionalized branched poly(glycidol) (Figure III-13). The 1H NMR shows broad resonances 

corresponding to one methyl and two methylene groups of levulinoyl moiety at 1.89, 2.26 and 2.29 

ppm respectively. The methylene and methine protons of branched poly(glycidol) appear as one 

very broad peak between 3.12–4.00 ppm while the protons of the various hydroxyl groups appear 

as broad peaks between 4.21–4.83 ppm. The signals observed at 0.65, 1.16, and 1.43 ppm 

corresponds to the methyl, methylene and methine group, respectively, of the initiator isoamyl 

alcohol used in the synthesis of branched poly(glycidol). The degree of functionalization of 

branched poly(glycidol) with levulinoyl groups was determined from the 1H NMR, by comparing 

the normalized integrals of the methyl protons of the levulinoyl groups at 1.89 ppm, with the 

methylene and methine protons of branched poly-glycidol between 3.12–4.00 ppm. It was 

observed that the degree of functionalization can be tailored by varying the feed ratio of levulinic 

acid to the branched poly(glycidol). 

 

 

Figure III-13. 1H NMR (400 MHz, (CD3)2SO) of branched poly(glycidol) functionalized with 

levulinic acid. 
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Cytotoxicity of Branched Poly(glycidol) Derivatives 

Brooks and coworkers reported extensively on the biocompatibility of unmodified 

branched poly(glycidol).33-43 However, there are no reports of the biocompatibility or cytotoxicity 

of functionalized poly(glycidol). To investigate their potential uses for biomedical application, the 

cytotoxicity of aminooxy and keto-functionalized poly(glycidol)s were evaluated. Aminooxy and 

keto-functionalized poly(glycidol) with 20%, 30% and 60% degree of functionalization were 

tested for their toxicity against mouse fibroblast cells using the MTT assay. The cells were 

incubated with increasing concentrations of polymer (0.1, 1, 5 and 10 mg/mL) for 48 h before 

undertaking the MTT assay (Figure III-14). Both functionalized branched poly(glycidol) showed 

very little toxicity towards the fibroblasts cells. Furthermore, increasing the amount of the 

 

Figure III-14. Cytoxicity of aminooxy and keto-ester functionalized polyglycidols. 
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aminooxy and keto functionality on the polymer showed very little effect on toxicity. PEG and 

unmodified poly(glycidol) was also tested alongside the functional poly(glycidol) and was found 

to have similar cytoxicity to the functional derivatives tested. These results indicate that the 

methodology used to functionalize these polymers result in biocompatible building blocks for the 

preparation of biomaterials. 
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CONCLUSION 

 

Functionalized branched poly(glycidol) has numerous applications in the field of 

regenerative medicine and drug delivery. The derivatives can be synthesized in a simple straight 

forward manner for the desired application. Esterification has the advantages of incorporating 

degradable ester bonds which can be exploited in tissue engineering and drug release systems. We 

have successfully added a number of additional poly(glycidol) derivatives to the stockpile. 4-

pentenoyl poly(glycidol) was synthesize by esterification of the corresponding acyl chloride with 

poly(glycidol). 3-mercaptopropionyl poly(glycidol) was synthesized by a modified Fischer 

esterification with the corresponding acid and also by esterification with the corresponding 

disulfide acid followed by reduction of the disulfide. Aminooxy functionalized branched 

poly(glycidol)s were prepared by a postpolymerization modification using the Mitsunobu reaction 

for this purpose. The hydroxyl side groups are functionalized with N-hydroxy phthalimide and the 

hydrazinolysis of this group furnishes a new class of branched poly(glycidol)s with pendant amino-

oxy groups. Keto-functionalized poly(glycidol) were prepared via Steiglich esterification. 

Reproducible functionalization degrees of 20%, 30% 45% and 60% can be obtained via the 

developed methodology. MTT assays demonstrated the cell compatibility of aminooxy and keto-

functionalized materials. With this, the prepared structural motifs are valuable precursors for the 

synthesis biomaterials, bioconjugates and hydrogels were orthogonal strategies are desired. These 

derivatives are valuable due to the biocompatibility extended by poly(glycidol), and their 

biodegradability extended by their ester functionality. 
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EXPERIMENTAL 

 

Materials 

Glycidol (Aldrich, 96%) and N,N-dimethylformamide (Aldrich, 99.8%) was freshly 

distilled from calcium hydride prior to use. 3-methyl-1-butanol (Aldrich, anhydrous, 99%), Tin 

(II) trifluoromethanesulfonate (Strem Chemicals, 99%), methanol (Acros, anhydrous, 99.8%), 

dichloromethane (Aldrich, anhydrous, 99.8%), triphenylphosphine (Aldrich, 99%), N-

hydroxyphthalimide (Aldrich, 97%), diisopropyl azodicarboxylate (Aldrich, 98%), and hydrazine 

(Aldrich, anhydrous, 98%) were used as received. Dialysis membrane were obtained from 

spectrum laboratories (Spectra/Por 7, molecular weight cut-off (MWCO) of 1000 Da). PTFE 

syringe filters were obtained from Thermo Scientific (0.45 µm, 30 mm, Teflon plus glass). All 

reactions were carried out under argon unless otherwise noted.  

Instrumentation 

Nuclear magnetic resonance (NMR) were acquired on a Bruker DRX-500 (500 MHz), 

Brucker AV-400 (400 MHz) or Brucker AV II-600 (600 MHz) instrument (equipped with a 5 mm 

Z-gradient TCI cryoprobe). Chemical shifts are measured relative to residual solvent peaks as an 

internal standard set to δ 7.26 and δ 77.0 (CDCl3), δ 3.31 and δ 49.0 (CD3OD) and δ 2.50 and δ 

39.52 ((CD3)3SO). Quantitative 13C NMR was performed by using inverse-gated proton decoupled 

13C NMR with a delay time of 10 seconds. A sample concentration of approximately 150 mg/mL 

was used for analysis. FT-IR spectra were recorded on a Thermo Nicolet IR 100 spectrophotometer 

and are reported in wavenumbers (cm-1). Compounds were analyzed as neat films on a NaCl plate 

(transmission). Size exclusion chromatography (SEC) were preformed using a Waters 1525 binary 
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high pressure liquid chromatography pump equipped with a refractive index detector (Waters 

2414) and Styragel HR columns (7.8×300 mm Styragel HR 5, Styragel HR 4E, Styragel HR 3). 

SEC analysis was carried out in DMF (containing 1 mg/mL LiBr) with a flow rate of 1.0 mL/min 

at 45 °C. Water SEC was carried out using Waters UltrahydrogelTM columns (7.8×300 mm, 

UltrahydrogelTM 120, UltrahydrogelTM DP 120Å, UltrahydrogelTM 250). HPLC grade water 

(containing 1 mg/mL LiBr) was used as the eluent at a flowrate of 1 mL/min at 45 °C.  Molecular 

weights (Mn and Mw) and molecular weight distribution were calculated from poly(ethylene 

glycol) standards provided by Varian. Matrix-assisted laser desorption and ionization time-of-

flight mass spectroscopy (MALDI-ToF MS) was carried out on a Voyager DE-STR mass 

spectrometer equipped with a nitrogen gas laser (337 nm). α-Cyanohydroxycinnamic acid was 

used as the matrix and NaI was used as the cationization agent. The samples (5 mg/mL in 

methanol), matrix (20 mg/mL in methanol) and cationization agent (20 mg/mL) were mixed in a 

1:1/0.1 ratio respectively and spotted unto a stainless-steel sample plate. The accelerating voltage 

was set to 23,000 and measurements took place in reflector mode. Poly(ethylene glycol) was used 

for external calibration immediately before the measurement. The data was processed using Data 

Explorer. All spectra were processed (baseline correction, noise filter and Gaussian smooth) before 

importing mass list into an excel spreadsheet for data analysis. 
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Synthesis of 2-(3-Ethoxy-2-hydroxypropoxy)isoindoline-1,3-dione. 

To a 50 mL round bottom flask fitted with an argon balloon and containing a solution of 

3-ethoxy-1,2-propanediol (1.00 g, 8.3 mmol) in dichloromethane (5 mL) was added N-

hydroxyphthalimide (1.3 g, 8.3 mmol) followed by triphenylphosphine (2.2 g, 8.3 mmol) at rt.  

diisopropylazodicarboxylate (1.6 mL, 8.3 mmol) was then added dropwise and the resulting 

mixture was stirred at rt for 24 hrs.  The reaction was concentrated under reduced pressure and 

purified by flash column chromatography (SiO2, 5-30% ethyl acetate in hexanes) to furnish the 

desired product as a yellow oil (1.3 g, 60%). Rf = 0.5 (60% EtOAc/hexanes); IR (film) 3455, 3061, 

2919, 1789, 1730, 1373, 1127, 731 cm-1; 1H NMR (600 MHz, CDCl3)  7.86 (dd, J = 5.6, 3.0 Hz, 

2H), 7.78 (dd, J = 5.6, 3.0 Hz, 2H), 4.35 (dd, J = 11.3, 3.1 Hz, 1H), 4.19 (dd, J = 11.3, 8.2 Hz, 

1H), 4.13-4.07 (m, 1H), 3.89-3.78 (m, 1H), 3.61-3.51 (m, 3H), 1.19 (t, J = 7.1, 3H); 13C NMR (600 

MHz, CDCl3) ppm 162.8, 134.7, 128.0, 123.4, 79.2, 77.8, 76.6, 74.9, 72.1, 71.4, 67.3, 65.2, 63.1, 

61.2, 38.1, 24.7, 21.8. 

 

 

 

 

 



95 

 

Synthesis of 1-(Aminooxy)-3-ethoxypropan-2-ol. 

To a 50 mL round bottom flask equipped with a stir bar and an argon balloon was added a 

solution of 2-(3-ethoxy-2-hydroxypropoxy)isoindoline-1,3-dione (500 mg, 1.88 mmol) in 

dichloromethane (5 mL).  Excess of anhydrous hydrazine (2.49 mL, 78.5 mmol) was added and 

the reaction was allowed to stir for 12 hrs at rt.  The reaction mixture was filtered through 0.2 µm 

PTFE filter to remove the white solid byproduct. Further purification by flash column 

chromatography (SiO2, 40-90% ethyl acetate in hexanes) furnished the desired product as a pale-

yellow oil (230 mg, 90%). Rf = 0.3 (60% EtOAc/hexanes); IR (film) 3407, 2873, 1373, 1113 cm-

1; 1H NMR (400 MHz, CDCl3)  4.76 (br s, 3H), 3.97-3.91 (m, 1H), 3.65 (dd, J = 11.2, 3.5 Hz, 

1H), 3.58 (dd, J = 11.2, 6.7 Hz, 1H), 3.46-3.38 (m, 2H), 3.36 (dd, J = 9.9, 4.8 Hz, 1H), 3.31 (dd, J 

= 9.9, 6.2 Hz, 1H), 1.09 (t, J = 7.0, 3H); 13C NMR (600 MHz, CDCl3) ppm 76.5, 71.5, 69.4, 66.7, 

14.9. 

Synthesis of 3-Ethoxy-2-hydroxypropyl Pent-4-enoate. 

To a flame dried 25 mL round bottom flask equipped with a stir bar and argon balloon was 

added 3-ethoxy-1,2-propanediol (1.00 g, 8.3 mmol) and pyridine (670 µL, 8.3 mmol).  The reaction 
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mixture was stirred at rt for 10 min then cooled to 0 °C. 4-Pentenoyl chloride (900 µL, 8.3 mmol) 

was added dropwise to the reaction.  The reaction was allowed to warm up to rt and stirred for 12 

hrs.  Reaction was then diluted with dichloromethane (2 mL) and washed with 1M HCl, dried and 

concentrated.  Purification by flash column chromatography furnished the desired product as a 

pale-yellow oil (870 mg, 52%). Rf = 0.6 (60% EtOAc/hexanes); IR (film) 3407, 2873, 1373, 1113 

cm-1; 1H NMR (400 MHz, CDCl3) δ 5.78 (dddd, J = 16.7, 10.2, 6.4, 6.4 Hz, 1H), 5.02 (dddd, J = 

17.2, 1.6, 1.6, 1.6 Hz, 1H), 4.96 (dddd, J = 10.3, 1.4, 1.4, 1.4 Hz, 1H), 4.14 (dd, J = 11.5, 4.5 Hz, 

1H), 4.08 (dd, J = 11.5, 6.1 Hz, 1H), 3.96 (dddd, J = 6.2, 6.2, 4.4, 4.4 Hz, 1H), 3.51 (dd, J = 7.0, 

1.4 Hz, 1H), 3.47 (dd, J = 7.1, 1.3 Hz, 1H), 3.45 (dd, J = 9.7, 4.3 Hz, 1H), 3.39 (dd, J = 9.6, 6.2 

Hz, 1H), 2.43-2.31 (m, 4H), 1.17 (t, J = 7.0 Hz, 3H). 13C NMR (600 MHz, CDCl3) ppm 173.1, 

136.4, 115.5, 71.2, 68.6, 66.8, 65.5, 33.3, 28.7, 14.9. 

Synthesis of 3-(2-Pyridinyldisulfanyl)propanoic Acid 

To a solution of 3-mercaptopropionic acid (1.22g, 11.5 mmol) in methanol (10mL) was 

added aldrithiol-2 (3.78 g, 17.25 mmol). The mixture was stirred at room temperature for 3 hrs. 

The solvent was evaporated and the residue was purified by flash chromatography on silica gel 

with 30% ethyl acetate in hexanes to give the title compound as a yellow solid (2.44g, 98%).  1H 

NMR (400 MHz, CDCl3) δ 2.80 (t, J = 6.8 Hz, 2H), 3.07 (t, J = 6.8 Hz, 2H), 7.16 (ddd, J = 7.8, 

5.2, 1.6 Hz, 1H), 7.64 (dd, J = 7.8, 1.6 Hz, 1H), 7.67 (dt, J = 7.8, 1.6 Hz, 1H), 8.48 (dd, J = 5.2, 

1.6 Hz, 1H). 
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Synthesis of 3-(pyridin-2-yldisulfanyl)propanoyl chloride 

To a flame dried 25 mL round bottom flask equipped with a stir bar and argon balloon was 

added 3-(2-pyridinyldisulfanyl)propanoic acid (2.00 g, 9.28 mmol) and thionyl chloride (10 mL, 

138 mmol).  The reaction mixture was stirred at rt for 5 hrs. The bright yellow solution was 

evaporated under reduced pressure to give a yellow solid. No further purification was desired. 1H 

NMR (400 MHz, CDCl3) δ 5.78 (dddd, J = 16.7, 10.2, 6.4, 6.4 Hz, 1H), 5.02 (dddd, J = 17.2, 1.6, 

1.6, 1.6 Hz, 1H), 4.96 (dddd, J = 10.3, 1.4, 1.4, 1.4 Hz, 1H), 4.14 (dd, J = 11.5, 4.5 Hz, 1H), 4.08 

(dd, J = 11.5, 6.1 Hz, 1H), 3.96 (dddd, J = 6.2, 6.2, 4.4, 4.4 Hz, 1H), 3.51 (dd, J = 7.0, 1.4 Hz, 1H), 

3.47 (dd, J = 7.1, 1.3 Hz, 1H), 3.45 (dd, J = 9.7, 4.3 Hz, 1H), 3.39 (dd, J = 9.6, 6.2 Hz, 1H), 2.43-

2.31 (m, 4H), 1.17 (t, J = 7.0 Hz, 3H). 13C NMR (600 MHz, CDCl3) ppm 173.1, 136.4, 115.5, 

71.2, 68.6, 66.8, 65.5, 33.3, 28.7, 14.9. 
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Synthesis of branched poly(glycidol) homopolymer 

To a 50 mL jacketed three-neck round bottom flask fitted with an argon balloon was added 

isoamyl alcohol (441 µL, 4.05 mmol) and tin (II) trifluoromethanesulfonate (42.0 mg, 0.101 

mmol). The mixture was stirred for ten minutes using a mechanical stirrer to form a homogeneous 

suspension.  The jacketed flask was connected to a chiller and cooled to 5 °C. Glycidol (13.5 mL, 

202.5 mmol) was added via syringe pump (0.7 mL/hr) and the mixture was stirred for 24 hrs at 

which time stirring was no longer possible due to the viscosity of the reaction mixture. Methanol 

(15 mL) was added to the reaction to dissolve the polymer and sodium bicarbonate solution (5 mL 

of a 1 mg/mL) was added. The reaction was filtered (if necessary) and precipitated twice in acetone 

to isolate the polymer.  Further purification by dialysis with Spectra/Por dialysis membrane 

(MWCO = 1000 Da) in water was performed if needed to furnish the desired polymer PGly-15 in 

80% yield. IR (film) 3390, 1263, 1115 cm-1. 1H NMR (600 MHz, (CD3)3SO)  4.73-4.45 (br m, 

1H, -OH), 3.69-3.25 (br m, 5H, PGly-scaffold), 1.63 (sept, J = 6.5 Hz, 1H), 1.37 (q, J = 6.5 Hz, 

2H), 0.85 (d, J = 6.7 Hz, 6H). 13C NMR (600 MHz, (CD3)3SO) ppm 82.3-81.6 (-CH(CH2OH)2), 

80.3-79.4 (-CH(CH2OH)OCH2-), 78.5-77.3 (-CH(CH2O-)OCH2-), 73.2 (2C, -CH2CH(OH)CH2-), 
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71.9-70.9 (4C, -CH2CH(OCH2-)CH2O-, -CH2CH(OH)CH2OH), 69.5 (-OCH2CH(OCH2-

)CH2OH), 69.2 (-CH2CH(OH)CH2-), 63.5 (-CH2CH(OH)CH2OH), 62.0-61.8 (2C, -

CH(CH2OH)2), 61.4-61.2 (-CH(CH2OH)OCH2-), 39.5, 25.9, 23.0. 

 

Synthesis of 4-Pentenoyl Poly(glycidol) 

To a flame dried 25 mL round bottom flask equipped with a stir bar and argon balloon was 

added poly(glycidol) (1 g) and pyridine (2 mL, 25 mmol).  The reaction mixture was stirred at rt 

for 10 min then cooled to 0 °C. Pentenoyl chloride (607 µL, 5.50 mmol) was added dropwise to 

the reaction.  The reaction was allowed to warm up to rt and stirred for 12 hrs.  Reaction was then 

diluted with N,N-dimethylformamide (2 mL) and precipitated in a mixture of diethyl ether and 

ethyl acetate (1:1) to give the desired product as a pale-yellow oil (520 mg, 52%). 1H NMR (400 

MHz, CD3OD) δ 6.07-5.70 (br m, CH2=CH-), 5.21-5.01 (br m, CH2=CH-), 4.96-4.50 (br s, -OH), 

4.40-4.03 (br m, -CHCH2OC(O)CH2-), 4.02-3.86 (br m, -CHCH2OH), 3.82-3.22 (br m, -

OCHCH2CHO-), 2.60-2.23 (br m, -C(O)CH2CH2CH=CH2), 1.71-1.66 (br m, (CH3)2CH-), 1.50-

1.39 (br m, (CH3)2CHCH2-), 0.95-0.81 (br m, (CH3)2CH-). 13C NMR (600 MHz, CD3OD) ppm 

173.2, 136.8, 115.2, 80.5-60.4 (PG-scaffold), 38.2, 33.1, 28.6, 24.8, 22.2. 
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Synthesis of 3-Mercaptopropanoyl Poly(glycidol) 

To a flame dried 25 mL round bottom flask equipped with a stir bar and argon balloon was 

added polyglycidol (1 g), pyridine (2 mL, 25 mmol) and N,N-dimethylformamide (5 mL).  The 

reaction mixture was stirred at rt for 10 mins then cooled to 0 °C. Crude 3-(pyridin-2-

yldisulfanyl)propanoyl chloride (1.00 g, 4.28 mmol) in N,N-dimethylformamide (2 mL) was added 

dropwise to the reaction.  The reaction was allowed to warm up to rt and stirred for 12 hrs.  

Reaction was then diluted with N,N-dimethylformamide (8 mL) and precipitated in a mixture of 

diethyl ether and ethyl acetate (1:1) to give 1.4 mg of pale yellow crude viscous polymer. Further 

purification by dialysis with Spectra/Por dialysis membrane (MWCO = 1000 Da) in methanol 

furnished 800 mg of the desired product. 1H NMR (400 MHz, CD3OD)  8.43 (br s, 1H), 7.84 (br 

s, 4H), 7.26 (br s, 1H), 4.77 (br s, -OH), 4.40-4.05 (br m, -CHCH2OC(O)CH2-), 4.01-3.40 (br m, 

-CHCH2OH), 3.17 (br s, -C(O)CH2CH2S-), 2.81 (br s, -C(O)CH2CH2S-), 1.78-1.66 (br m, 

(CH3)2CH-), 1.52-1.42 (br m, (CH3)2CHCH2-), 0.98-0.87 (br m, (CH3)2CH-). 13C NMR (600 MHz, 

CD3OD) ppm 172.6, 160.6, 150.4, 139.1, 122.4, 121.02, 82.8-61.3 (PG-scaffold), 39.3, 34.4, 32.7, 

25.8, 23.0. 
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To a 25 mL round bottom flask, flame dried and equipped with a stir bar and argon balloon, 

was added a solution of poly(glycidol) 3-(pyridin-2-yldisulfanyl)propanoyl derivative (800 mg) in 

methanol (10 mL), and DL-dithiothreitol (30 mg, 0.19 mmol).  The mixture was stirred at rt for 24 

hrs.  The crude product was further purified by dialysis with Spectra/Por dialysis membrane 

(MWCO = 1000 Da) in methanol to furnished 350 mg of the desired product. 1H NMR (400 MHz, 

CD3OD)  4.93 (br s, -OH), 4.46-4.08 (br m, -CHCH2OC(O)CH2-), 4.01-3.81 (br m, -CHCH2OH), 

3.85-3.41 (br m, -OCHCH2CHO-), 2.81-2.63 (br m, -C(O)CH2CH2SH), 1.78-1.66 (br m, 

(CH3)2CH-), 1.52-1.42 (br m, (CH3)2CHCH2-), 0.98-0.87 (br m, (CH3)2CH-). 13C NMR (600 MHz, 

CD3OD) ppm 172.2, 171.8, 81.5-60.4 (PG-scaffold), 38.4, 33.4, 32.7, 24.8, 21.7. 
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To a 25 mL round bottom flask, flame dried and equipped with a stir bar and argon balloon, 

was added a solution of polyglycidol (1 g) in dimethyl sulfoxide (1 mL), 3-mercaptopropionic acid 

(1.4 mL, 16.6 mmol), and p-toluenesulfonic acid (34 mg, 0.2 mmol).  The mixture was stirred at 

100 °C for 24 hrs. The mixture was diluted with N,N-dimethylformamide (2 mL), and precipitated 

in ether.  Further purification by dialysis with Spectra/Por dialysis membrane (MWCO = 1000 Da) 

in methanol furnished 200 mg of the desired polymer. 1H NMR (400 MHz, CD3OD)  4.93 (br s, 

-OH), 4.46-4.08 (br m, -CHCH2OC(O)CH2-), 4.01-3.81 (br m, -CHCH2OH), 3.85-3.41 (br m, -

OCHCH2CHO-), 2.81-2.63 (br m, -C(O)CH2CH2SH), 1.78-1.66 (br m, (CH3)2CH-), 1.52-1.42 (br 

m, (CH3)2CHCH2-), 0.98-0.87 (br m, (CH3)2CH-). 13C NMR (600 MHz, CD3OD) ppm 172.2, 

171.8, 81.5-60.4 (PG-scaffold), 38.4, 33.4, 32.7, 24.8, 21.7. 
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Synthesis of N-oxyphthalimide poly(glycidol) derivative (P(GNOP-co-G)) (1a). 

To a 100 mL round bottom flask fitted with an argon balloon and containing a solution of 

poly(glycidol) (PGly-5, 1.7 g, 1.17 mmol) in DMF (20 mL) was added N-hydroxyphthalimide 

(0.954 g, 5.85 mmol) followed by triphenylphosphine (1.53 g, 5.85 mmol) at rt. Diisopropyl 

azodicarboxylate (1.15 mL, 5.85 mmol) was then added dropwise at 0 °C. The resulting mixture 

was allowed to warm up to rt and stirred for 24 hrs.  The reaction was concentrated under reduced 

pressure and precipitated twice in ether:ethyl acetate (1:1) to obtain 1.9 g of the desired polymer 

1a as an off-white amorphous solid. IR (film) 3455, 3061, 2919, 1789, 1730, 1373, 1127, 731 cm-

1. 1H NMR (600 MHz, (CD3)3SO)  7.74-7.48 (br m, 4H), 4.86 (br s, 1H, OH), 4.50-3.31 (br m, 

5H, PG-scaffold), 1.76-1.66 (m, 1H), 1.47 (q, J = 7.1, 2H), 0.92 (d, J = 7.1, 6H); 13C NMR (600 

MHz, (CD3)3SO) ppm 162.8, 134.7, 128.0, 123.4, 79.2, 77.8, 76.6, 74.9, 72.1, 71.4, 71.5-68.0 (br 

overlapping), 67.3, 65.2, 63.1, 61.2, 38.1, 24.7, 21.8. 
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Synthesis of Aminooxy Poly(glycidol) Derivative 

To a 100 mL round bottom flask equipped with a stir bar and an argon balloon was added 

N-oxyphthalimide poly(glycidol) 1a (1.0 g). Methanol (25 mL) followed by an excess of 

anhydrous hydrazine (4.5 mL, 140 mmol) was added and the reaction was allowed to stir for 12 

hrs at rt.  The reaction mixture was filtered through 0.45 µm PTFE filter to remove the white solid 

byproduct and allowed to stir for an additional 6 hrs at rt.  All volatile components were removed 

under rotary evaporation. The residue was suspended in methanol and filtered a second time. The 

filtrate was transferred to a dialysis tubing (MWCO = 1000 Da), and was dialyzed against water 

for 36 hrs. After dialysis, the product was concentrated to furnish 690 mg of the desired polymer. 

IR (film) 3407, 2873, 1373, 1113 cm-1. 1H NMR (600 MHz, (CD3)3SO)   4.86 (br s, 1H, OH), 

4.50-3.31 (br m, 5H, PG-scaffold), 1.76-1.66 (m, 1H), 1.47 (q, J = 7.1, 2H), 0.92 (d, J = 7.1, 6H). 

13C NMR (600 MHz, (CD3)3SO) ppm 79.9, 79.4, 78.6, 77.7, 74.7, 72.6, 72.0, 71.9-70.4 (br 

overlapping peaks), 70.0-68.8 (br, overlapping peaks), 66.2, 63.0, 61.9, 61.3, 38.1, 24.7, 21.8. 
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Synthesis of 4-Oxopentanoyl Poly(glycidol) Derivative 

 

To a 100 mL round bottom flask fitted with an argon balloon and containing a solution of 

polyglycidol (2.5 g, 0.66 mmol) in DMF (30 mL) was added levulinic acid (2.8 g, 23.8 mmol) 

followed by dimethyl aminopyridine (290 mg, 2.38 mmol) at rt. Dicyclohexylcarbodiimide (4.9 g, 

23.8 mmol) was then added to the reaction and the resulting mixture was allowed to stir for 24 hrs.  

The reaction was filtered to remove the white precipitate followed by dialysis in deionized water 

to obtain 3.5 g of the desired polymer. 1H NMR (600 MHz, (CD3)3SO)  4.86 (br s, 1H, OH), 4.50-

3.31 (br m, 5H, PG-scaffold), 2.49 (br s, 2H), 2.26 (br s, 2H), 1.88 (s, 3H), 1.42 (br s, 1H), 1.16 

(br s, 2H), 0.64 (br s, 6H); 13C NMR (600 MHz, (CD3)3SO) ppm 207.3, 172.5, 79.2, 77.8, 76.6, 

74.9, 72.1, 71.4, 71.5-68.0 (br overlapping), 67.3, 65.2, 63.1, 61.2, 38.1, 37.8, 30.0, 28.1, 24.7, 

21.8. 
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CHAPTER IV 

 

SYNTHESIS AND CHARACTERIZATION OF NOVEL POLY(GLYCIDOL) 

HYDROGELS 

 

INTRODUCTION 

Hydrogels are three-dimensional crosslinked polymeric networks capable of holding water 

or biological fluids within the spaces available between polymer chains.1-2 Their ability to absorb 

water is attributed to the presence of hydrophilic functional groups, such as hydroxyls, carboxylic 

acids, sulfonic acids, amines and amides, while their resistance to dissolution arises from physical 

and chemical crosslinks between network polymer chains. The greater the number of hydrophilic 

groups, the greater the water holding capacity of the hydrogel. However, an increase in the number 

of crosslinks tends to decrease the hydrophilicity and elasticity of the polymeric network. Their 

ability to swell and retain water enables them to have a degree of flexibility similar to natural 

tissues. Many natural and synthetic material fit the definition of a hydrogel. Hydrogels have 

received considerable attention over the past 50 years due to their many diverse potential 

applications in material science and medicine.3-8  

The first reported use of hydrogel for biomedical application dates back to the 1960s when 

Wichterle and coworkers9 developed crosslinked poly(hydroxymethyl methacrylate) hydrogels for 

biological uses. Since then a huge number of efforts and studies has been devoted to advancing 

and extending the potential attributed to hydrogels. In addition to synthetic polymers, natural 

polymers have also been used for the development of hydrogels. For example, Lim and others10 

demonstrated the successful application of calcium alginate microcapsules for cell encapsulation. 

Hydrogels prepared from natural polymer has advantageous properties such as inherent 
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biocompatibility, biodegradability and biologically recognizable moieties that support cellular 

activities.11-15 However, these types of hydrogel may contain pathogens or evoke 

immune/inflammatory responses. Additionally, they lack batch to batch consistency and tuning 

properties. The well-defined structure of synthetic polymers may lead to hydrogels with well-

defined and fine-tunable degradation kinetic as well as mechanical properties. 

Hydrogels may be categorized into two groups based on the chemical or physical nature to 

the cross-linkage between polymeric chains.2 Chemically crosslink networks results from the 

formation of covalent bonds between polymer chains. Physically crosslinked networks result from 

physical interaction, such as molecular entanglement, ionic interaction and hydrogen bonding, 

between polymer chains. Hydrogels can also be characterized as conventional or stimuli 

responsive. Conventional hydrogels do not change their equilibrium swelling in response to stimuli 

such as pH, temperature, electric field etc., while stimuli responsive hydrogel response to change 

in its environment brought on by an external stimuli.16-20 Other properties such as the nature of the 

polymer side groups, mechanical and structural features, methods of preparation (homo or co-

polymer), and physical structure (amorphous, semicrystalline or crystalline) are also used to 

classify hydrogel.21 The ability of hydrogel to imbibe water is key in determining the overall 

characteristic of any hydrogel.  Hydrogels made from hydrophilic polymers typically have a high 

water content in their structures while hydrogels made form hydrophobic polymers have low water 

content in their structures.  

 Due to the development of an ever-increasing spectrum of functional polymers, innovative 

hydrogel technologies have emerged, and has advanced many fields including regenerative 

medicine and drug delivery. In regenerative medicine, hydrogels are used as matrices for repairing 

and regenerating a wide variety of tissue and organs. For example, Hydrogels has been used for 
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the regeneration of damage nerves. Injury to any part of the central nervous system (CNS) tends 

to be permanent due to its limited capacity for repair or regeneration.22 This is because CNS injury 

results in cell death, glial scar formation, and pseudocyst formation at the lesion site and this 

restrict nerve regeneration. In spinal cord injury repair, the hydrogel acts as a scaffold to bridge 

the gap between lesion sites and deliver nerve growth factors and other therapeutic agents can 

change the environment at the lesion site and promote nerve regeneration.23-24   

 The use of synthetic polymers in the development of polymeric scaffolds or hydrogel for 

regenerative medicine application is necessary, if the material is to possess properties similar to 

the native tissues it is intended to help regenerate. As a result, research is ongoing to create novel 

polymers that will produce hydrogels with a variety of properties. For example, for the repair or 

regeneration of tissues that are typically subjected to load such as cartilage, the hydrogel has to 

possess adequate mechanical properties to offer mechanical support and stimulate regeneration. to 

this end, a variety of polyethylene glycol hydrogels have been developed for use in cartilage tissue 

engineering. 

 Scaffolds for the regeneration of cartilage typically consist of poly(ethylene glycol) (PEG) 

derivatives. PEG-based hydrogels have been found to possess a biocompatible 3-D network that 

is sufficiently similar to that of native cartilage.25-26 These PEG hydrogels typically consist of 

covalently bonded PEG chains formed from different functional linear PEG precursors. Some PEG 

hydrogels have been synthesized by photopolymerization of PEG precursors modified with 

acrylate or methacrylates groups in the presence of photoinitiators.27 These photo initiators 

fragment to form free radicals in the presence of UV light. The alkene group of the acrylate 

functionalized polymer reacts with the free radicals to initiate polymerization and form a hydrogel 
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network. When immersed in water, these gels are capable of swelling to various degrees based on 

the strength of the retractile forces arising from chemical crosslinking.  

 Other PEG hydrogels have been fabricated for different regenerative medicine and drug 

delivery applications, through the use of a variety of novel crosslinking reactions known as “click 

chemistry”.28 The term click chemistry was first introduced by Sharpless and co-workers, and 

defines a set of nearly perfect reactions that resemble natural biochemical ligations.29 The most 

commonly employed reaction are the reactions of thiols with activated disulfides, maleimides, 

acrylates, alkynes, and vinyl sulfones.30 In addition to these Michael addition reaction, the thiol-

ene click has been utilized by reacting thiolated PEG, with alkene and acrylate functionalized 

crosslinkers in the presence of a photoinitiator.31 The copper-catalyzed Huisgen cycloaddition has 

also been employed in the synthesis of PEG hydrogels.32  The copper free azide-alkyne Click 

reactions has been used as an alternative for the copper catalyzed variant of this reaction.33   

 While the thiol chemistry has been extensively use for hydrogel synthesis, it is sensitive to 

oxygen, resulting in disulfides. Additionally, the native cystine residue on many proteins can 

compete and result in undesired protein conjugation and immobilization within the hydrogel 

network. To circumvent this issue a novel oxime click reaction has emerged as a biorthogonal 

alternative thiol based click chemistries.34 Oxime Click chemistry is the reaction between an 

aminooxy group and an aldehyde or ketone. The reaction has been shown to be fast, orthogonal to 

biological functionalities, produces water as a biproduct, and requires no catalyst or external 

stimuli. Additionally, the aminooxy, aldehyde and ketone functionalities have increased stability 

in aqueous solvent compared to thiols. The oxime click reaction has been used to synthesized PEG 

hydrogel which were demonstrated to possess the unique able to support cell encapsulation and 
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proliferation through the incorporation of attachment promoting peptide, conjugated to the 

polymer network via an oxime bond.34  

 Branched poly(glycidol) (bPG) (typically called poly(glycerol) by the Germans) is a viable 

alternative to PEG for the synthesis of diverse hydrogel networks. The branched nature of bPG 

and to presence to multiple hydroxyl groups along the backbone of the polymer make this 

polyether polyol more versatile than its PEG counterpart. PEG possess only two hydroxy groups 

per polymer which limits its applications in hydrogel with low polymer concentration but high 

strength. Poly(glycidol) hydrogel has been synthesized by the use of difunctionalized boronic acids 

as crosslinkers. Already these hydrogels were shown to possess mechanical strength and elasticity 

not reported for PEG based systems.35-37 Additionally poly(glycidol) hydrogels have been 

synthesized by ring-opening reaction of epichlorohydrin. This hydrogel showed a novel 

temperature-responsible swelling behavior which could be implemented into drug delivery 

systems.38 Furthermore, disulfide crosslinked poly(glycerol) hydrogels were prepared by the ring-

opening crosslinking polymerization of glycidol and PEG-based polyepoxides and disodium 

disulfide. Multivalent poly(glycerol) hydrogels were prepared by acid-catalyzed hydrolysis of 

remaining epoxide functionalities. These hydrogels were shown to be interesting scaffolds for 

bioactive substances, where drug release is triggered by the hydrogel degradation. Poly(glycidol) 

hydrogels had huge potential for applications in regenerative medicine due to its biocompatibility. 

Recently, an enzymatically crosslinked poly(glycidol) hydrogel was shown to be capable to 

encapsulating cells under gelation conditions.39  

The use of click reactions in the formation of poly(glycidol) networks has been largely 

unexplored. It is envisioned that the formation of a poly(glycidol) hydrogel network by utilizing 

the novel oxime click chemistry would create a hydrogel with a unique set of properties. 



115 

 

Additionally, this hydrogel would be biocompatible and can be used for regenerative medicine and 

drug delivery applications. 
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RESULTS AND DISCUSSION 

 

The initial motivation for the synthesis of an oxime-hydrogel system came as a result of a 

previous study involving the delivery of the protein Bone Morphogenetic Protein 2 (BMP2). Harth 

and others40 showed that pure uncrosslinked branched poly(glycidol) (bPG) could be used as a 

matrix for the local dual delivery of a polyester nanoparticle loaded with a hydrophobic small 

molecule and the growth factor BMP2 (Figure IV-1). The viscosity of the bPG polymer reduced 

the diffusion of the protein and increased its concentration at the delivery site. However, diffusion 

of the protein was still at a rapid rate and so a crosslinked bPG network was needed to have more 

reproducible control over the diffusion of BMP2 at the delivery site. For this purpose, water soluble 

aminooxy and ketone functionalized poly(glycidol) was synthesized and evaluated. 

 

Figure IV-1. Dual drug delivery system. The MEK loaded nanosponges and the growth factor 

stabilized in the bPG  “matrix” results in the only successful callus formation and bone strength 

of all treatment groups. 
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Synthesis of Poly(glycidol) Hydrogels by Oxime Click Chemistry  

 

The reaction between an aminooxy group and an aldehyde or ketone is termed “oxime 

click”. The oxime click reaction has the advantages of been fast, orthogonal to many biological 

functionalities, works without a catalyst and produces water as a byproduct. Despite these 

advantages, oxime-click was only recently applied to the synthesis of eight-arm PEG hydrogel. 

We envision that the oxime-click chemistry can be used to crosslink branched poly(aminooxy 

glycidol) via a ketone group to form a biocompatible bPG hydrogel to be used for biomedical 

applications. 

Branched poly(glycidol) (bPG) is a suitable scaffold material for the desired hydrogel due 

to its biocompatibility. bPG was synthesized by utilizing the cationic Sn(OTf)2 mediated ring-

opening polymerization (CROP) of glycidol as described in Chapter I. Polymers with an average 

molecular weight of 2000 Da and a molecular weight distribution of 1.4 was used for this study. 

By varying the ratio of N-hydroxysucinnimide to the average number of OH groups in bPG, degree 

of aminooxy functionalization of 20%, 30%, and 60% were obtained. 

Initial studies began with the synthesis of a ketone functionalized polyester via the 

Sn(OTf)2-mediated ring-opening polymerization of δ-valerolactone (VL) and 2-oxepane-1,5-

dione (OPD). It was hypothesized that the OPD content of this polyester would make the polymer 

water soluble, while the ester functionality would make the result hydrogel hydrolytically and 

enzymatically degradable. OPD is not commercially available and was synthesized by the Bayer-

villager oxidation of 1,4-cyclohexanedione. After synthesizing the VL-OPD copolymer, the water 

solubility was tested. Unfortunately, the polymer was insoluble. We increased the OPD content of 

the copolymer up to 40% and varied the length of the polymer in the range 1500-4000 Da, but still 
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the polyester copolymer was not water solubility. Attempts were made to synthesize an OPD 

homopolymer and perform a sodium borohydride reduction in methanol, however the polymer 

degraded under the reaction conditions. We then envision that a monomer with a free hydroxyl 

group could be created to replace VL in the copolymerization with OPD. However, attempts to 

synthesized such monomer was not successful. Nevertheless, the VL-OPD copolymer was indeed 

soluble in dimethyl sulfoxide(DMSO), and so the synthesis of bPG -polyester hybrid hydrogels in 

DMSO was explored in collaboration with another group member, Kelly Gilmore. 

In light of the low water solubility of the proposed ketone functionalized polyester, the 

search for a water soluble crosslinker to pair with the aminooxy functionalized bPG continued. 

During the synthesis of OPD, it was discovered that the precursor 1,4-cyclohexanedione was 

soluble in water. Therefore, the synthesis of bPG hydrogels with the use of poly(aminooxy 

glycidol) (AO-bPG) that was previously synthesized and 1,4-cyclohexanedione as the diketone 

linker was explored (Scheme IV-1). Dimethyl sulfoxide and water was used as the gelation 

medium. Upon addition of a solution of the diketone linker to AO-PG hydrogel formation was 

observed. The gelation kinetic varied based on the solvent used as well as the pH. In dimethyl 

 

 

Scheme IV-1. Reaction of aminooxy bPG with 1,4-cyclohexanedione to form hydrogels 



119 

 

sulfoxide (DMSO), hydrogel formation was observed within 15-20 minutes. When gelation was 

carried out in distilled water, hydrogel formation was immediately observed. The rapid gelation 

that occurred in water did not allow for a homogeneously crosslinked hydrogel. It was observed 

that some areas of the hydrogel had a higher crosslink density than other regions of the hydrogel. 

Gelation was also investigated in phosphate buffer at different pH. At pH 6, gelation again was 

instantaneous. Increasing the pH to 7.4 slowed the rate resulting in gel formation within 2 minutes. 

At a pH of 8, hydrogel formation was observed within 10 minutes. These results suggest that the 

rate of gelation can be controlled by the type of solvent used and the pH. The influence of pH on 

gelation kinetic is most likely due to the acid-catalyzed nature of oxime-bond formation. 

Since the small molecule diketone linker did not allow for the formation of homogeneous 

hydrogel networks in an aqueous environment, in addition to its potential toxicity towards cells, 

an alternative approach was investigated. It was then proposed that the attachment of the ketone 

groups to biocompatible bPG would create a bioinert derivative with comparable structure to the 

 

Scheme IV-2. Showing the combination of the aminooxy and the ketone derivative of branched 

bPG to form a network via Oxime Click chemistry. 
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aminooxy derivative which will allow for the formation of a more homogeneous hydrogel (Scheme 

IV-2). The synthesis of the ketone functionalized bPG was described in Chapter II. 

 In situ forming bPG hydrogels were prepared by simply mixing solutions containing the 

aminooxy and ketone functionalized polyglycidol. The two functionalized polymers were 

combined in a 1:1 mole ratio of ketone:aminooxy polymer precursors in phosphate buffered saline 

(PBS) solution at pH 7.4. The polymer content was kept at 25 wt. % and injected into silanized 

glass vials to prepare hydrogels for testing. The nomenclature for each hydrogel was determined 

by the degree of functionalization of the aminooxy and ketone functionalized bPG. For example, 

a 20% hydrogel is a hydrogel formed from the combination of a 20% aminooxy functionalized 

bPG with a 20% ketone functionalized bPG in a (1:1) mole ratio, while a 30/60% hydrogel was 

formed by combining a 30% aminooxy functionalized bPG with a 60% ketone functionalized bPG 

(Figure IV-2).  

 

Figure IV-2. Formation of 20% and 60% bPG hydrogels showing changes in crosslinking 

density. 
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Four combinations (20%, 30%, 60% and 30/60%) of aminooxy and ketone functionalized 

bPG were investigated for their hydrogel formation and resultant properties. The rate of gelation 

was monitored by the vial tilt method41 and by rheology. As determined by the vial tilt method, all 

hydrogels were formed within ten minutes of mixing. The gelation time for the 20%, 30% and 

60% was 10 min, 2 min, and 30 seconds respectively. If was observed that all hydrogel network 

investigated show a 5 to 20 % shrinking in the diameter of the hydrogel approximately 1 hr after 

hydrogel formation. The branched nature of the bPG allow functional groups to be in close 

proximity to each other. Even though there is reduced mobility of the polymer chains upon 

gelation, additional mobility is due to the magnetic-like effect of reactive groups proximity. As 

each crosslink is established, it creates tension which cause the polymer chains to move and form 

new crosslinks.  

The kinetics of the gelation was further examined by monitoring the evolution of storage 

modulus with time via rheometer (Figure IV-3). The results show that the degree of 

 

Figure IV-3. Showing the influence of degrees of functionalization of gelation kinetics at pH 7.4. 

Higher degree of functionalization increases the rate of gelation. 
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functionalization strongly influences the gelation kinetics. The higher the degree of 

functionalization of the hydrogel precursors, the greater the reaction rate. The rate of reaction was 

also investigated by this method (Figure IV-4). The results indicate that the higher the pH of the 

buffer solution, the slower the reaction rate. This finding is important because it indicates that for 

the highly functionalized derivatives, the rate of hydrogel formation can be tailor to get different 

crosslinked materials.  

Scanning electron microscopy was employed to study the morphology of the hydrogel 

network. The images suggest that the 20% and 30% hydrogels have a homogeneous and porous 

structure, while the 60% hydrogel has a rather heterogeneous structure with less pores. The 

observed differences could be attributed to the high degree of functionalization of the polymer 

precursors of the 60% hydrogel and the fast rate of gelation (Figure IV-5). 

 

Figure IV-4. pH dependence of hydrogel gelation kinetics determined by rheometry. 

 

0 50.000 100.00 150.00 200.00 250.00 300.00 350.00 400.00 450.00 500.00
time (s)

0.01000

0.1000

1.000

10.00

100.0

1000

10000

1.000E5

1.000E6

G
' 

(
P

a
)

pH=5
pH=10pH=7.4



123 

 

 

Mechanical Studies of Poly(glycidol) Oxime Hydrogels 

The relationship between network composition and the mechanical properties (elasticity 

and strength) of the poly(glycidol)-based hydrogels were evaluated by compression testing. The 

compressive modulus of the hydrogel can provide information on the impact of the structure of 

the material on the tightness and crosslinking density of the hydrogel network. The compressive 

modulus of the hydrogels was determined from the initial linear region of the stress-strain data. 

The first set of hydrogels were made from aminooxy and keto- functionalized polymers with 

degrees of functionalization of 20%, 30% and 60%. The hydrogels were found to be robust with 

fracture stress values in the range from 0.5–0.8 MPa and compression modulus values in the range 

1.35–1.56 MPa (Figure IV-6). As the degrees of functionalization of the poly(glycidol) derivatives 

increased from 20% to 30%, the stiffness of the hydrogel network increased. This was indicated 

 

Figure IV-5. Scanning electron microscopy (SEM) images of various poly(glycidol) hydrogel 

formulations. 
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by the increase in the compression modulus from 1.35 to 1.44 MPa. This trend continued when 

the degrees of functionalization was increased from 30% to 60%, as indicated by the change in the 

compression modulus from 1.45 to 1.57 MPa. The increase in the stiffness of the hydrogel network 

can be attributed to a decrease in the average molecular weight between the crosslinks. When the 

degree of functionalization was increased from 20% to 30%, there was an increase in the rate of 

gelation which resulted in reduced mobility of the polymer chains as the sol-gel transition 

occurred. This reduced mobility reduced the average number of potential crosslinking reaction per 

polymer which caused only a slight increase in stiffness of the 30% hydrogel compared to the 20% 

hydrogel. The increased stiffness can mainly be attributed to the increase in crosslinking density. 

This phenomenon was more pronounced when the degrees of functionalization was increased from 

30% to 60%. At 60% functionalization, there is a significant number of functional groups that are 

available for crosslinking in a small volume. This results in an increase in the crosslinking density 

compared to the 20% and 30% hydrogels. The increase in functional group density also causes a 

significant decrease in the gelation time, with gelation occurring under 30 seconds. This create an 

inhomogeneous network which cause the network to fracture more easily than the 20% and 30% 

hydrogel. The range of poly(glycidol) hydrogel compression modulus covers much of the range of 

the mechanical properties of cartilaginous biological tissues, such as articular cartilage in the 

immature (0.1-0.3 MPa)42 and mature state (0.19-2.1 MPa)42-46 and also meniscus (0.38-0.49 

MPa)47 and intervertebral Disc (IVD) (0.38-1.01 MPa).48-50 



125 

 

The rate of ketoxime formation is influenced by pH. The reaction rate is rapid at low pH, 

and slow at high pH. By varying the pH of the buffer solution containing the functionalized 

poly(glycidol) hydrogel precursors, we were able to moderate the rate of gelation. The impact of 

reaction rate on the mechanical properties were explored with the poly(glycidol) hydrogels. To 

this end, 20%, 30% and 60% hydrogels were synthesized at pH 7.4 and 9 (Figure IV-7). For the 

60% hydrogel network, As the pH of the precursor solutions increased from 7.4 to 9, the 

compression modulus of the 60% hydrogel increased from 1.56 to 2.00 MPa, while the 

compressive strength increase from 0.53 to 0.95 MPa. This increase in strength and stiffness is due 

  

Figure IV-6. Stress/strain data for the poly(glycidol) oxime hydrogel formulations at pH 7.4. 
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to the increase in the number of cross linkages formed as a result of the high functional group 

density and increased mobility of the polymer chains due to decreased gelation time. The decrease 

in gelation time is due to the reduced rate of formation of the oxime linkages due to the increase 

in pH.  

The increased strength and stiffness observed for the 60% hydrogel network is opposite to 

that observed for the 20% and 30% hydrogel network. For the 30% hydrogel network, the 

compressive modulus decreased from 1.45 MPa at pH 7.4 to 0.86 MPa at pH 9, while the 

compressive strength decreased from 0.73 MPa at pH 7.4 to 0.52 MPa at pH 9. The compressive 

  

Figure IV-7. Stress/strain data for three poly(glycidol) oxime hydrogel formulations at pH 9. 
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modulus for the 30% hydrogel decreased from 1.35 MPa at pH 7.4 to 1.09 MPa at pH 9, while its 

compressive strength decreased from 0.73 MPa at pH 7.4 to 0.52 MPa at pH 9. This decrease could 

be due to the decrease in the rate of crosslinking coupled with the lower functional group density 

compared to the 60% hydrogel network. Therefore, changing the pH of the gelation buffer can 

provide access to hydrogels with a different range of mechanical strength and elasticity. 

The ability of tailor the mechanical properties of the poly(glycidol) hydrogel by varying 

the ratio of [ketone]:[aminooxy] groups would add to the versatility of the poly(glycidol) oxime 

hydrogel network. The ratio of the [ketone]:[aminooxy] groups were then varied to evaluate their 

effect on the mechanical properties of the poly(glycidol) hydrogel network. 30% and 60% 

hydrogels were made using a ratio of [ketone]:[aminooxy] of 1:1 and 1:2. It was previously 

reported51 that increasing the ratio of [ketone]:[aminooxy] from 1:1 to 1.5:1 had no effect on the 

mechanical strength of the reported hydrogel system formed from the oxime reaction. We therefore 

employed a ratio of [ketone]:[aminooxy] of 2:1 to see if we would observe an effect. For both the 

30% and the 60% hydrogel system, a significant decreased in the compression modulus and 

strength was observed. These observations are consistent with a decrease in the crosslinking 

density. This decrease could be attributed to the excess keto-functionalized poly(glycidol) relative 

to the aminooxy derivative. In light of these results, a novel approach was devised. The ratio of 

[ketone]:[aminooxy] of 2:1 could be achieved by combining a 60% functionalized keto-

poly(glycidol) with 30% functionalized aminooxy poly(glycidol) in a 1:1 ratio by mass. This way 

the amount of each polymer is the same while the ratio of [ketone]:[aminooxy] groups on the 

polymers is 2:1. The resulting material had significantly increased strength and stiffness (Figure 

IV-8) with values of 3.2 MPa for the compressive modulus and 1.8 MPa for the compressive 
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strength. This demonstrates the unique ability to tune the mechanical properties of poly(glycidol) 

hydrogels by mixing polymer derivatives with different degrees of functionalization. 

For some applications such as 3-D cell cultures and protein delivery, it might be necessary 

to work with hydrogels with a polymer concentration of 10 wt.% or less. Hence, we were interested 

to see what effect would lowering the hydrogel precursor concentration have on mechanical 

properties of the poly(glycidol) network. To this end, hydrogels with precursor total polymer 

concentration of 10 wt.% were synthesized and evaluated. These hydrogels were significantly 

 

  

Figure IV-8. Stress/strain data for poly(glycidol) hydrogel showing comparison of 30/60% 

hydrogel with previous hydrogel formulations. 

0

500

1000

1500

2000

2500

0 5 10 15 20 25 30 35 40

S
tr

es
s 

(k
P

a)

Strain (%)

30% Hydrogel

20% Hydrogel

60% Hydrogel

30/60% Hydrogel

0

200

400

600

800

1000

1200

1400

1600

1800

2000

20% 30% 60% 30/60%

S
tr

es
s 

(k
P

a)

Hydrogel formulations

0

0.5

1

1.5

2

2.5

3

3.5

4

20% 30% 60% 30/60%

C
o
m

p
re

ss
io

n
 M

o
d
u
lu

s 
(M

P
a)

Hydrogel Formulations



129 

 

weaker compared to the 25 wt.% polymer (Figure IV-9). This is due to reduced functional group 

density resulting in a weaker network. However, the strain at fracture for these hydrogels were 

greater than the 25 wt.% hydrogel networks. This is probably due to the increase in molecular 

weight between the crosslinks, as the more dilute conditions reduces the number of crosslinks. 

 

Tailoring and Optimizing the Elasticity and Strength of the Poly(glycidol) Hydrogel 

 

To increase the versatility of the poly(glycidol) hydrogel network, we seek to develop 

methods that would allow for tailoring of the hydrogel network to obtain materials with high 

strength and high elasticity. We have demonstrated that the poly(glycidol) hydrogel network has 

the potential for high strength and stiffness. However, for some application, hydrogels with low 

compressive modulus and high compressive strength are desired. To this end, methods to increase 

the elasticity of the poly(glycidol) oxime hydrogels were explored. 

 

Figure IV-9. Stress/strain data for the 10 wt.% poly(glycidol) oxime hydrogel. 
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 The elastic properties of a polymeric network can be improved by incorporating 

supramolecular structures capable of forming physical crosslinks through adsorption with the 

polymer network52-53. Recently, Leibler and other demonstrated a novel approach toward the 

adhesion of hydrogels using an aqueous solution of silica nanoparticles. The method involves 

adding a droplet of 52 wt. % silica solution (LUDOX TM-50) onto the surface of 

dimethylacrylamide hydrogel, followed by contact with another dimethylacrylamide hydrogel. 

The silica nanoparticle acted like connector between the two pieces of dimethylacrylamide 

hydrogel, gluing the two pieces together.54-58 Under constraints, the adsorbed layers were able to 

reorganize, dissipate energy, and prevent interfacial fracture propagation. We envision the use of 

silica nanoparticles to create a nanocomposite poly(glycidol) hydrogels that possess high elasticity 

and toughness.  

 Nanocomposite poly(glycidol) hydrogels were synthesized by adding 10 wt.% silica 

nanoparticles to the current hydrogel formulations. 30% and 60% hydrogels with 10 wt.% silica 

was made initially and evaluated. The gelation times for each silica nanocomposite hydrogel was 

longer than that of the ordinary hydrogels. This could be due to the basic silica solution (ph 9) that 

was used to fabricate the silica nanocomposite hydrogels. The compressive strength and modulus 

 

Figure IV-10. Stress/strain data for poly(glycidol) hydrogels made with silica nanoparticles 

incorporated 
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of the 30% and 60% nanocomposite hydrogels was far less than desired.  There was a significant 

decrease in the strength of the hydrogel, and very little change in the strain at failure compared to 

the non-composite hydrogels (Figure IV-10). It was envisioned that the silica nanoparticles would 

serve as a glue to hold the polymer chains together and dissipate energy as the hydrogel is 

compressed. However, its seem as though the hydrogen bonds that are needed to have this desired 

effect were not been formed. We suspect that the poly(glycidol) derivatives may not be as effective 

at forming these hydrogen bond as we initially though.  

It was hypothesized that the hydroxy groups on the poly(glycidol) polymer can serve as 

good hydrogen bond donors, however the hydrogen bond acceptor ability of poly(glycidol) is less 

compared to that a carbonyl group which would explain why polydimethylacrylamide worked so 

well compared to our poly(glycidol) system. Therefore, to test this hypothesis a series of 

experiment were devised where unfunctionalized poly(glycidol) was combined with silica in 

various weight percentages. A 30, 40 and 50 wt.% poly(glycidol) in buffer solution was combined 

with enough silica to produce a 10 wt.% silica polymer solution. After 48 hrs, no gelation was 

 

Figure IV-11. Showing formation of physically crosslinked network consisting of poly(glycidol) 

poly(ethylene glycol) and silica nanoparticles via the tilt vial method. 
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observed. However, when unfunctionalized poly(glycidol) was combined with polyethylene 

glycol in buffer, and enough silica nanoparticles was added to create a 10 wt.% silica in solution, 

gelation occurred after 12 hours at room temperature (Figure IV-11). The poly(glycidol)-

polyethylene glycol silica nanocomposite hydrogel was based solely on the physical interactions 

between the polymers and the surface of the silica nanoparticles. When 30, 40 and 50 wt.% 

poly(ethylene glycol) was combined with 10 wt.% silica no gelation occurred. This experiment 

illustrates that both polyethylene glycol and poly(glycidol) was needed to form the hydrogel 

bonded network. 

The hydrogen-bonded nanocomposite hydrogel system based on poly(glycidol) and 

polyethylene was a lot weaker than the poly(glycidol) oxime crosslinked hydrogels. It was then 

envisioned that since the silica has failed to produce a highly elastic and strong hydrogel, a hybrid 

hydrogel system between poly(glycidol) and polyethylene glycol would produce the desired 

hydrogel. It was recently reported that the crosslinking of a 3 arm or 4 arm polyethylene glycol 

with a linear polyethylene glycol via nucleophilic thiol-yne click reaction resulted in hydrogels 

with high elasticity and high strength.59 Hence the branched architecture of poly(glycidol) 

combined with the linear PEG component should give us a similar type of hydrogel network.  

Linear polyethylene glycol aminooxy and ketone derivatives were synthesized by utilizing 

the same reaction conditions employed for the functionalization of poly(glycidol). Hydrogels were 

then fabricated by combining the aminooxy functionalized poly(glycidol) with the ketone 

functionalized linear polyethylene glycol in a 1:1 mole ratio of functional groups, at a total polymer 

concentration of 25 wt.%. Only 30% and 60% aminooxy functionalized poly(glycidol) was used 

for this experiment, while polyethylene glycol derivatives with an average molecular weight of 

2000 g/mol and 4000 g/mol were used as the crosslinkers. By utilizing a linear crosslinker, the 
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molecular weight between the cross linkages will be significantly increased with should impart 

high elasticity into the hydrogel network. However, the crosslinking density will also decrease due 

to the significantly reduced reactive group density of the linear polyethylene glycol derivatives.  

Compression studies was carried out on the poly(glycidol)-polyethylene glycol (PG-PEG) 

hydrogel network (Figure IV-12). The first set of hydrogels were made from 60% aminooxy-

poly(glycidol) and 2000 g/mol polyethylene glycol diketone. These hydrogels had lower 

compressive strength, averaging 0.14 MPa, compared to 0.73 MPa for the 60% pure poly(glycidol) 

hydrogels. Despite the decline in strength observed for this hydrogel, the strain at failure for this 

hydrogel network increased by 50%. This increase in elasticity is further evident by the decrease 

in the compression modulus from 1.57 MPa for the pure 60% poly(glycidol) hydrogel to 0.12 MPa 

for the 60% poly(glycidol)-polyethylene glycol hydrogel. By increasing the molecular weight of 

the polyethylene glycol linker to 4000 g/mol, a greater than 100 % increase was observed in the 

strain at fracture followed by a significant decrease in the compression modulus. The compressive 

strength of these hydrogels fabricated with 4000 g/mol polyethylene glycol linkers was lower 

compared to the hydrogels synthesized from 2000 g/mol polyethylene glycol linkers. It should be 

 

Figure IV-12. Stress/strain data for the 60% AO-PG with 2 and 4 kDa Keto-PEG hydrogels. 
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noted that great effort was required to solubilize the ketone functionalized polyethylene glycol 

derivatives, due to their limited solubility in buffer. This could have contributed to the significant 

decrease in the strength of these hydrogel system. 

In an effort to circumvent the solubility challenges with the ketone functionalized polyethylene 

glycol, aminooxy functionalized polyethylene glycol was synthesized and combined with the 

ketone functionalized poly(glycidol) to make poly(glycidol)-polyethylene glycol hydrogels. 

Hydrogels synthesized from 60% keto-poly(glycidol) and 2000 g/mol aminooxy-polyethylene 

glycol showed improved strength and elasticity compared to the previous hydrogel network 

consisting of aminooxy-poly(glycidol) and keto-polyethylene glycol (Figure IV-13). The 

compressive strength of the 60% keto-poly(glycidol) - 2000 g/mol aminooxy-polyethylene glycol 

hydrogel was 0.22 MPa (up from 0.14 MPa) and the compression modulus was 0.23 MPa (up from 

0.12 MPa). The stress at failure for the 60% keto-poly(glycidol) - 2000 g/mol aminooxy-

polyethylene glycol hydrogel increased by 5% compared to the aminooxy-poly(glycidol) and keto-

polyethylene glycol hydrogels. Further increases in the elasticity was observed when the molecular 

 

Figure IV-13. Stress/strain curves for poly(glycidol)-PEG Hydrogels. 
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weight of the aminooxy polyethylene glycol linker was increased from 2000 g/mol to 4000 g/mol, 

while the compressive strength was relatively unchanged. The increase in elasticity is due to the 

increase in the molecular weight of crosslinker. Silica nanoparticles were added to the current 

hydrogel formulations to evaluate its effects on network properties. Compression studies on these 

nanocomposite hydrogels showed increased elasticity compared to the non-composite hydrogel 

formulations (Figure IV-14). Additionally, the compressive strength of the hydrogel was 

statistically similar, which indicates that the crosslinking density is similar for both the silica 

nanocomposite and non-composite hydrogel systems. Based on these results, it seems that the 

silica nanoparticles were able to form hydrogel bonds which held the network together, making 

the networks more elastic without any loss in strength. 

Hydrogels were also made from 30% keto-poly(glycidol) and 2000 g/mol aminooxy-

polyethylene glycol. These hydrogels showed significantly improved elasticity with a greater than 

100% increase in the strain at failure compared to pure 30% poly(glycidol) hydrogel (Figure IV-

 

Figure IV-14. Stress/strain data for 60% poly(glycidol)-PEG hydrogel with 10 wt.% silica 
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15). The strength of these hydrogels was 50% less compared to the pure 30% poly(glycidol) oxime 

hydrogel network. When the molecular weight of the polyethylene glycol crosslinker was 

increased, the elasticity increased, as evident by the 10% increase in the strain at failure compared 

to the pure poly(glycidol) hydrogel network. The increase in molecular weight of the polyethylene 

glycol linker had no effect on the overall strength of the hydrogel. The addition of silica 

nanoparticles to hydrogels synthesized with both the 2000 and 4000 g/mol polyethylene glycol 

linkers showed a remarkable effect on the elasticity and strength of the 30% PG-PEG hybrid 

hydrogel network. The most significant improvement was seen in the hydrogel network fabricated 

with 30% keto-poly(glycidol) and 4000 g/mol aminooxy-polyethylene glycol. The addition of 10 

wt.% silica nanoparticles resulted in nanocomposite hydrogels with up to 78% strain at failure, 

and a compressive strength of 0.3 MPa. 

 

Figure IV-15. Stress/strain data for 30% poly(glycidol)-PEG hydrogels with and without silica 

nanoparticles. 
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From the above series of experiments, it can be concluded that the poly(glycidol)-based 

oxime system is very versatile, with mechanical strength and elasticity that can be tuned in various 

ways to suit a desired application. Furthermore, the range of mechanical strength and elasticity is 

similar to some biological tissues and can be implemented into tissue regenerative strategies. 

 

Biodegradation Studies of Poly(glycidol) Oxime Hydrogels 

Biodegradation refers to the gradual breakdown of a material in a biological environment, 

mediated by a specific biological activity.60 biodegradable hydrogels are an attractive approach for 

regenerative medicine applications because they offer a temporary support structure for 

encapsulated cells but can degrade as the new tissue is formed. Ideally, a hydrogel would degrade 

at a rate that allows it to provide adequate support to cells without restricting the production of 

new tissue. To determine the suitability of the poly(glycidol) hydrogel network for use as a 

polymeric scaffold and delivery systems in regenerative medicine application, the biodegradation 

of the hydrogels has to be characterized. Characterization is necessary to access their clinical 

applicability. The biodegradation of hydrogels can occur via an oxidative, enzymatic and 

hydrolytic mechanism. The oxidative, esterolytic and hydrolytic degradation of poly(glycidol) 

hydrogel was explored and the results presented below. 

 

Oxidative Degradation 

The in-vivo oxidative degradation of polyether has been studies for a wide range of 

biomaterials containing polyether linkages. The in-vivo degradation can be replicated in vitro by 

using a combination of cobalt(II) chloride and hydrogen peroxide. The cobalt chloride reacts with 

H2O2 via a Fenton reaction to produce reactive hydroxyl radicals. The hydroxyl radicals abstract a 
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proton from the methylene carbon to form which initiates the oxidation. Chain scission then occurs 

by radical-radical combination of the alkyl-polymer radical and another hydroxy radical to form a 

hemiacetal. Collapse of the hemiacetal cause chain scission and produces an aldehyde and an 

alcohol end groups. 

 The oxidative degradation of 20%, 30% and 60% poly(glycidol) oxime hydrogel were 

evaluated by submerging a weighted dry hydrogel sample in the oxidative media consisting of 

cobalt chloride and hydrogen peroxide. The three samples were then incubated at 37 ℃ for three 

to four days. The in vitro incubation of the poly(glycidol) hydrogel in oxidative media show 

accelerated degradation compared to buffer control (Figure IV-16). This is in agreement with 

previous studies reporting that polyethers undergo oxidative degradation.61-64 The 20% hydrogel 

degraded after just 1 week while the 30% hydrogel degraded after 22 days. After 30 days, the 60% 

hydrogel was only 45% degraded. The faster rate of degradation for the 20% hydrogel network 

can be attributed to the lower crosslinking density, which makes this hydrogel more susceptible to 

oxidative degradation compared to the 30% and 60% hydrogel networks. This would also indicate 

that the rate of oxidative degradation can be tuned by varying the crosslinking density of the 

 

Figure IV-16. Oxidative degradation of poly(glycidol) hydrogels 
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hydrogel network. These observations suggest that in vivo, the reactive oxygen species secreted 

by macrophages can mediate the oxidative chain scission of the poly(glycidol) hydrogels resulting 

in the biodegradation of the hydrogel network. 

 

Enzymatic Degradation 

The biological environment in vivo is highly complex and can allow for multiple 

biodegradation pathways acting in parallel or in synergy. Macrophages can secrete reactive oxygen 

species that can mediate the oxidative biodegradation. They can also secrete hydrolytic enzymes 

such as carboxyl esterases, lipase, and cholesterol esterase that can facilitate the enzymatic 

cleavage of ester groups. Cholesterol esterase was shown to be the most effective of the hydrolytic 

enzymes in the degradation of poly(ester urethanes).65  

The enzymatic degradation of poly(glycidol) hydrogels was evaluated using cholesterol 

esterase. An enzyme concentration of 1 U/mL cholesterol esterase was used, and the media was 

changed every 3 to 5 days to maintain enzyme activity, verified with a nonspecific activity assay 

based on the enzymatic conversion of p-nitrophenyl butyrate into p-nitrophenol.66-67 Enzymatic 

biodegradation of poly(glycidol) hydrogels mediated by the hydrolytic enzyme cholesterol 

esterase, show significantly slower degradation compared to oxidative biodegradation (Figure IV-

17). Very little degradation was observed after 18 days. This could be due to the accessibility of 

the ester groups. It is envisioned however, that if the enzyme concentration was increased to 400 

U/mL, a concentration that is significantly larger than the estimated physiological level, faster 

degradation would be observed. Hence enzymatic degradation is not only affected by the 

crosslinking density of the hydrogel network, but also by the concentration of the active enzyme 

present in solution. It should be mentioned that the initial degradation of the 60% hydrogel was 
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faster than then 30% and 20% hydrogel, possibly due to the higher concentration of loosely 

crosslinked polymer on the outside of the hydrogel. The faster gelation rate of the 60% hydrogel 

create inhomogeneities in the hydrogel network.  

 

Hydrolytic Degradation 

Hydrolytic degradation of the poly(glycidol) hydrogel occurs thru the cleavage of the ester 

linkages with water. The resulting product is an alcohol and a carboxylic acid which can then lower 

the pH of the medium and accelerate the rate of degradation. For this reaction, the media has to be 

change frequently to ensure constant degradation conditions. While, hydrolytic degradation can be 

mediated with enzymes, it can also occur in the absence of enzymes. 

 The hydrolytic degradation of the poly(glycidol) hydrogels were evaluated by soaking the 

hydrogels in buffer and recording the mass lost over a period of 30 days. The rate of hydrolytic 

 

Figure IV-17. Showing the enzymatic degradation of various poly(glycidol) hydrogels with 1 

U/mL cholesterol esterase. 
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degradation was very slow for the 20%, 30% and the 60% (Figure IV-18). However, we did 

observe that the 60% hydrogel seems to be degrading faster than the 20% and 30%.  

Given that the crosslinking density of the 60% hydrogels is higher compared to the 30% 

and 20% this was an unexpected observation. A similar observation was seen in the enzymic 

degradation of these poly(glycidol) hydrogels. In light of this result, an experiment was designed 

to evaluate the swelling behavior of the hydrogel as it degrades. In this experiment, the hydrogel 

that degrades the fastest will swell the fastest due to increases in pore size as the gel degrades. The 

20% hydrogels were expected to degrade the fastest, as it possesses the lowest crosslinking density. 

This was observed for the 20% poly(glycidol) hydrogel network (Figure IV-19). The 30% 

hydrogel had a slower hydrolytic degradation rate, while the 60% hydrogel exhibited the slowest 

rate of hydrolysis. This observation is in agreement with previous observations which shows that 

hydrogels with higher crosslinking density tends to degrade slower that hydrogels with lower 

 

Figure IV-18. Hydrolytic degradation of poly(glycidol) oxime hydrogels in PBS buffer pH 7.4. 
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crosslinking densities. This observation also indicates that the rate of hydrolytic degradation can 

be tailored to changing the crosslinking density with the hydrogel network. 

 

 

Biocompatibility Studies of Poly(glycidol) Oxime Hydrogels 

The ability to encapsulate cell within the hydrogel network was explored. NIH 3T3 mouse 

fibroblast cells were selected as a starting point due the relatively high abundance of fibroblast 

cells in the human body. The fibroblast cells were incubated in the presence of 20% functionalized 

poly(glycidol) in media at 37 ℃. The gelation time was longer compared to buffer with gelation 

occurring within 1 hour after mixing the cells and the hydrogel precursors together. The cell laden 

hydrogels were incubated for 24 hrs. LIVE/DEAD staining of the cell-laden hydrogel showed that 

the encapsulation process had low toxicity toward these cells, as indicated by the high viability 

compared to control (Figure IV-20). The rounded shape of the cell indicate that the cells are not 

 

Figure IV-19. Changes in mass during hydrolytic degradation of poly(glycidol) oxime hydrogels 

80

130

180

230

280

330

0 20 40 60 80 100 120 140 160

M
as

s 
R

em
ai

n
in

g
 (

%
) 

Time (days)

20% Hydrogel

30% Hydrogel

60% Hydrogel



143 

 

attaching to the poly(glycidol) hydrogel network. This is consistent with observations that 

poly(glycidol), like polyethylene glycol, possess cell repellant properties. In order for the cell to 

proliferate, peptides that can mediate cell attachment can easily be incorporated into the hydrogel 

network by an oxime linkage. 

 

Swelling Studies of (Polyglycidol) Oxime Hydrogels 

The amount of water absorbed by the hydrogel and the amount that it is able to swell are 

important properties of hydrogels for use in regenerative medicine and drug delivery applications. 

For these applications, it is important to evaluate the ability to the hydrogel to swell and retain 

water as this could influence the diffusional properties of a solute through the hydrogel. The 

percentage swelling of a hydrogel is directly proportional to the amount of water absorbed within 

the hydrogel. Generally, the higher the percentage swelling of the hydrogel, the higher the water 

 

Figure IV-20. Fluorescent image showing LIVE/DEAD staining of the encapsulated NIH 3T3 

cell after 24 h in swollen 20% poly(glycidol) hydrogel. 
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content of the hydrogel, and hence the greater the diffusion rate into and out of the hydrogel. The 

water content of a series of hydrogels, with different hydrogel formulation were dividing swollen 

hydrogel weight by non-swollen hydrogel weight. From the results, it can be seen that as the 

degrees of functionalization is increased from 20% to 30% to 60% the swelling ratio decreased 

from 1.6 to 1.4 to 1.2 respectively (Figure IV-21). This indicates that the more tightly crosslinked 

the hydrogel network is the lower the equilibrium water content and swelling ratio. This result 

reinforces that seen during the hydrolytic degradation of the 20% hydrogel, where the degradation 

of the hydrogel loosens up the network crosslinks resulting in greater water content and higher 

swelling. These results also indicate that the swelling ratio of the hydrogels can be changed by 

varying the degrees of functionalization of the hydrogel precursors. 

 

Protein Release from Poly(glycidol) Hydrogels 

Hence to determine the suitability of the poly(glycidol) hydrogels for the delivery of Bone 

Morphogenetic Protein 2, model studies using lysozyme (LYZ) and bovine serum albumin (BSA) 

 

Figure IV-21. Showing the ratio of swelling of poly(glycidol) hydrogels. 
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to evaluate protein encapsulation efficiency and release profile were performed for the 20%, 30% 

and 60% poly(glycidol) hydrogels (Figure IV-22). The encapsulation efficiency of the 

poly(glycidol) hydrogel was affected by the shrinking of the poly(glycidol) as the polymer chains 

came together, expelling water in the process. Upon initial gelation, 100% of both the LYZ and 

the BSA was encapsulated in all of the hydrogel formulations. However, after 1 hour at rt the 

hydrogels shrink by 5 to 10% of its initial diameter expelling water and some of the previously 

encapsulated protein. These phenomena accounted for the high initial release observed with LYZ 

and BSA.  

Despite the initial burst release of proteins, due to hydrogel shrinking, the release of LYZ 

and BSA was significantly different. For LYZ, the change in crosslinking density of not have much 

of an influence on the release rate of LYZ. This observation indicates that the release of LYZ is 

governed solely by diffusion of the protein from the pores within the hydrogel network. According 

to the SEM, the pore structure within the different hydrogel formulation are very similar. Hence 

this explain with the release profile for LYZ form the different hydrogel formulation is so similar. 

BSA on the other hand did not diffuse out of the hydrogel as expected. This could be as a result of 

imine formation of the BSA amine groups with the ketone functionalized poly(glycidol). This was 

not expected as the reaction of the imine with carbonyls is slow and unstable under aqueous 

conditions. It could be that the hydrogel form binding pockets that helps to stabilize the formation 

of the protein imine linkage. Further studies are ongoing to determine the nature of the interaction 

between BSA and poly(glycidol) oxime hydrogels to elucidate the nature of the interaction that 

cause BSA immobilization in the hydrogel.  
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Overall, these finding indicate that these poly(glycidol) hydrogel are promising candidates 

for the synthesis of a biocompatible protein delivery system. 

 

 

 

 

 

 

 

 

 

 

 

Figure IV-22. Showing the release of lysozyme from polyglycidol hydrogel in PBS buffer 7.4 at 

37 ℃. 
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CONCLUSION 

 

In conclusion, we have prepared a series of polyglycidol hydrogels by oxime bond 

formation. The hydrogels could be formed readily under ambient conditions and in an aqueous 

environment within 15 minutes, making the methodology ideal for application in regenerative 

medicine and drug delivery. The mechanical properties water absorption, and swelling ratio of the 

polyglycidol hydrogels can be tuned by adjusting the degrees of functionalization of the hydrogel 

precursors. The gelation kinetics can be tuned by adjusting the pH of the PBS buffer solution 

within a pH range that is still applicable for tissue engineering applications. The gelation kinetics 

was can also be tuned by adjusting the degree of functionalization of the polymer precursors. The 

crosslinking density of the hydrogels network was found to be tunable based on the degree of 

functionalization of the hydrogel precursors and the pH of the PBS buffer solution. The 

polyglycidol hydrogel can be made more elastic by incorporating linear polyethylene glycol 

precursors as well as silica nanoparticles into the system. The ability to tune the properties of the 

polyglycidol hydrogel in addition to the ability to encapsulate cell will allow this material to be 

used for stem cell therapies in a research and clinical settings. 

 

 

 

 

 

 

 



148 

 

EXPERIMENTAL 

 

Materials 

Glycidol (Aldrich, 96%) and N,N-dimethylformamide (Aldrich, 99.8%) was freshly distilled from 

calcium hydride prior to use. 3-methyl-1-butanol (Aldrich, anhydrous, 99%), Tin (II) 

trifluoromethanesulfonate (Strem Chemicals, 99%), methanol (Acros, anhydrous, 99.8%), 

dichloromethane (Aldrich, anhydrous, 99.8%), triphenylphosphine (Aldrich, 99%), N-

hydroxyphthalimide (Aldrich, 97%), diisopropyl azodicarboxylate (Aldrich, 98%), and hydrazine 

(Aldrich, anhydrous, 98%) were used as received. Dialysis membrane were obtained from 

spectrum laboratories (Spectra/Por 7, molecular weight cut-off (MWCO) of 1000 Da. PTFE 

syringe filters were obtained from Thermo Scientific (0.45 µm, 30 mm, Teflon plus glass). All 

reactions were carried out under argon unless otherwise noted. 

 

Instrumentation 

Nuclear magnetic resonance (NMR) were acquired on a Bruker DRX-500 (500 MHz), Brucker 

AV-400 (400 MHz) or Brucker AV II-600 (600 MHz) instrument (equipped with a 5 mm Z-

gradient TCI cryoprobe). Chemical shifts are measured relative to residual solvent peaks as an 

internal standard set to δ 2.50 and δ 39.52 ((CD3)3SO). Quantitative 13C NMR was performed by 

using inverse-gated proton decoupled 13C NMR with a delay time of 10 seconds. A sample 

concentration of approximately 150 mg/mL was used for analysis. FT-IR spectra were recorded 

on a Thermo Nicolet IR 100 spectrophotometer and are reported in wave-numbers (cm-1). 

Compounds were analyzed as neat films on a NaCl plate (transmission). Size exclusion 

chromatography (SEC) were preformed using a Waters 1525 binary high pressure liquid 
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chromatography pump equipped with a refractive index detector (Waters 2414) and Styragel HR 

columns (7.8×300 mm Styragel HR 5, Styragel HR 4E, Styragel HR 3). SEC analysis was carried 

out in DMF (containing 1 mg/mL LiBr) with a flow rate of 1.0 mL/min at 45 °C. Water SEC was 

carried out using Waters UltrahydrogelTM columns (7.8×300 mm, UltrahydrogelTM 120, 

UltrahydrogelTM DP 120Å, UltrahydrogelTM 250). HPLC grade water (containing 1 mg/mL LiBr) 

was used as the eluent at a flowrate of 1 mL/min at 45 °C.  Molecular weights (Mn and Mw) and 

molecular weight distribution were calculated from poly(ethylene glycol) standards provided by 

Varian. Stress-strain measurements were performed using a Instron 5944 mechanical testing 

system. 

 

Synthesis of Branched Poly(glycidol) Homopolymer.  

 

Branched poly(glycidol) homopolymer was prepared using procedures similar to methods 

published previously.68  

 

Synthesis of Branched Poly(glycidyl aminooxy-co-glycidol) copolymer (Large Scale).  

To a 100 mL round bottom flask fitted with an argon balloon and containing a solution of 

branched polyglycidol (PG, 12.6 g, 3.31 mmol) in DMF (150 mL) was added N-

hydroxyphthalimide (19.5 g, 119 mmol) followed by triphenylphosphine (31.5 g, 119 mmol) at rt. 

The reaction was cooled with an ice-bath and diisopropylazodicarboxylate (24.4 mL, 119 mmol) 

was then added dropwise. The resulting mixture was allowed to slowly warm up to rt and stirred 

for 36 hrs.  The reaction was then concentrated under reduced pressure and precipitated twice in 

ether:ethyl acetate (1:1) to obtain 29.8 g of the desired polymer as an off-white powdery solid. 1H 
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NMR (600 MHz, (CD3)3SO) δ 7.74-7.48 (br m, 4H), 4.86 (br s, 1H, OH), 4.50-3.31 (br m, 5H, 

PG-scaffold), 1.76-1.66 (m, 1H), 1.47 (q, J = 7.1 Hz, 2H), 0.92 (d, J = 7.1 Hz, 6H). 

 

To a 500 mL round bottom flask equipped with a stir bar and an argon balloon was added 

N-oxyphthalimide poly(glycidol) (18.5 g). THF/Methanol (150 mL, (1:1)) followed by an excess 

of anhydrous hydrazine (9 mL, 280 mmol) was added and the reaction was allowed to stir for 18 

hrs at rt.  The reaction mixture was filtered through 0.45 µm PTFE filter to remove the white solid 

byproduct and allowed to stir for an additional 6 hrs at rt.  All volatile components were removed 

under rotary evaporation. The residue was suspended in methanol and filtered a second time. The 

filtrate was transferred to a dialysis tubing (MWCO = 1000 Da), and was dialyzed against water 

for 36-48 hrs. After dialysis, the product was concentrated to furnish 8.6 g of the desired polymer. 

1H NMR (600 MHz, (CD3)3SO) δ 4.86 (br s, 1H, OH), 4.50-3.31 (br m, 5H, PG-scaffold), 1.76-

1.66 (m, 1H), 1.47 (br s, 2H), 0.92 (br s, 6H). 

 

Synthesis of Levulinic acid Poly(glycidol) Derivative.  

To a 100 mL round bottom flask fitted with an argon balloon and containing a solution of 

poly(glycidol) (12.5 g, 3.30 mmol) in DMF (150 mL) was added levulinic acid (14 g, 119 mmol) 

followed by dimethyl aminopyridine (1.45 g, 11.9 mmol) at rt. Dicyclohexylcarbodiimide (24.5 g, 

119 mmol) was then added to the reaction and the resulting mixture was allowed to stir for 24 hrs.  

The reaction was filtered to remove the white precipitate followed by dialysis in deionized water 

to obtain 19 g of the desired polymer. 1H NMR (600 MHz, (CD3)3SO) δ 4.86 (br s, 1H, OH), 4.50-

3.31 (br m, 5H, PG-scaffold), 2.49 (br s, 2H), 2.26 (br s, 2H), 1.88 (s, 3H), 1.42 (br s, 1H), 1.16 

(br s, 2H), 0.64 (br s, 6H); 13C NMR (600 MHz, (CD3)3SO) ppm 207.3, 172.5, 79.2, 77.8, 76.6, 



151 

 

74.9, 72.1, 71.4, 71.5-68.0 (br overlapping), 67.3, 65.2, 63.1, 61.2, 38.1, 37.8, 30.0, 28.1, 24.7, 

21.8. 

 

Hydrogel Formation.  

A 1:1 molar ratio between the side chain aminooxy and γ-keto ester functional groups was 

used for all hydrogel preparation. In a typical procedure, p(GAO-co-G) and p(GKE-co-G) were each 

dissolve in PBS buffer to a concentration of 250 mg/mL. 200 µL of each derivative was added to 

separate side of to double syringe. The solutions were injected into a glass vial (with sigmacote) 

at which time gel formation was observed. The gel was then extracted from the vial for further 

characterization. To determine gel fraction, the synthesized gel was immersed in deionized water 

for three days with frequent changes. The hydrogels were then lyophilized and weighted. The gel 

fraction was calculated as the weight percentage of dry gel over total weight of the polymer 

precursors. 

 

Hydrogel Water Uptake Studies.  

The prepared gels were soaked in PBS overnight immediately following their gelation. The 

weight was then recorded and the gels were lyophilized to dryness and the dry weight recorded. 

The equilibrium water content was calculated by dividing the gels total water weight by the gels 

total weight. 

 

Hydrogel Degradation Studies.  

The prepared gels were placed in PBS pH 7.4 and incubated at 37 °C. The PBS solution 

was replaced every three days to prevent the build-up of solute. At pre-set time intervals, gels were 
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removed, blotted dry and weighted. The degradation was monitored by the percentage of weight 

remaining. 

 

Rheological Characterization.  

To measure the time course of gelation, the gel precursor solution was injected onto the 

bottom plate of the rheometer. The modulus was measured under a constant strain of 1% at a 

frequency of 1/s at 37 °C for 10 minutes. Gels were made in triplicates. 

 

Uniaxial Compressive Testing 

Stress-strain measurements were performed using a Instron 5944 mechanical testing 

system. The hydrogel samples were prepared in a 10 mL glass vial previously salinized with 

sigmacote, to prevent gels from adhering to the glassware. After 1-2 h of gelation, the hydrogels 

were removed and placed between two parallel platens for measurements. Each specimen had a 

cylindrical geometry with a diameter of 12 mm and a thickness of 7 mm. The machine was 

operated at a compression velocity of 5 mm min-1 with a load cell of 2000 N and the force-

displacement data were acquired at a frequency of 10 kHz. The elastic modulus was defined as the 

slope of the initial linear modulus. 

 

Cell Viability and Proliferation Studies.  

The cell compatibility of the poly(glycidol) hydrogel precursors to NIH 3T3 cells was 

evaluated using a MTT assay. NIH 3T3 cells were purchased from Sigma Aldrich and cultured in 

Dulbecco’s modified eagle medium with 10% bovine growth serum and 1% 

penicillin/streptomycin. They were cultured at 37 °C with 5% CO2 using standard protocol. The 
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cells were seeded in a 96 well plate at a density of 7000 cell per well. After 24 hrs, 20 µL of each 

poly(glycidol) hydrogel precursors was added at concentrations of 0.1, 1, 5 and 10 mg/mL. The 

cells were incubated for 24, 48 and 72 hrs. A t the end of each time period, 20 µL of MTT solution 

(5 mg/mL) was added to each well and incubate at 37 °C for 3 hours. 150 µL of 10% sodium 

dodecyl sulfate was added to each well and incubate overnight at 37 °C. Absorbance was measured 

at 570 nm. 

 

Cell Encapsulation with 3T3 cells.  

p(GAO-co-G) and p(GKE-co-G) were each dissolved in modified DMEM to a concentration 

of 250 mg/mL. a 200 µL solution of each derivative was added to separate side of a double-barrel 

syringe. The solutions were injected into a 24 well plate. 100 µL of DMEM containing 20,000 

cells were added to each well and stirred. After gel formation, encapsulated cells were incubated 

at 37 °C for 24 hrs. 

 

Gel Imaging.  

The cell viability was determined by a LIVE/DEAD viability/cytotoxicity kit. 1 µL of 

ethidium homodimer-1 and 0.25 µL of calcein AM from the kit were diluted with 500 µL of 

DMEM to make the staining solution. Each gel was stained with 150 µL of staining solution and 

incubated at 37 °C for 1 h. The stained gels were then washed with fresh medium prior to imaging 

with a fluorescent micro-scope. The cell viability was quantified by calculating the percentage of 

live cells relative to total number of cells. 
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CHAPTER V 

 

CONCLUDING REMARKS AND FUTURE DIRECTIONS 

 

GENERAL DISCUSSION AND CONCLUSION 

The overall aim of this research was to develop a biocompatible poly(glycidol)-based 

hydrogel platform that can be used for various applications in the field of regenerative medicine 

and drug delivery. The potential of poly(glycidol) for these application have been largely 

unexplored, as the fields are dominated by the use of poly(ethylene glycol). Poly(glycidol) is 

similar to poly(ethylene glycol), however it has many more hydroxyl groups available. All 

previous attempts to synthesize poly(glycidol)-based hydrogels involve the use of hyperbranched 

poly(glycidol) (DB = 0.55-0.70), synthesized by anionic ring-opening polymerization. However, 

these highly branched materials have significantly less free hydroxyl groups, available for 

functionalization. We presented a novel series of poly(glycidol)-based hydrogels, synthesized 

from branched poly(glycidol)s (DB < 0.5) with lower branching and hence more free hydroxyl 

groups. These lower branched polymers are synthesized using our in-house cationic ring-opening 

polymerization, and possesses a more linear architecture, which is advantageous for network 

formation. 

The properties of our hydrogels reflected a significant improvement over many currently 

existing poly(ethylene glycol)-based network technologies. Prior to click chemistry, PEG 

hydrogels for regenerative medicine applications were mainly synthesized by photopolymerization 

of various PEG acrylate derivatives. Nguyen and coworkers1 reported a comprehensive study on 

the mechanical properties of PEG based hydrogels synthesized from photopolymerization of 
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poly(ethylene glycol) dimethacrylate. They were able to modulate the mechanical properties of 

PEG-hydrogels by varying the molecular weight and the concentration of PEG hydrogel 

precursors. Our study illustrates that branched poly(glycidol) hydrogel precursors, have the ability 

to tailor the mechanical properties without varying the molecular weight and concentration of 

hydrogel precursors is one of the advantages of using poly(glycidol) as an alternative to 

poly(ethylene glycol). The mechanical properties reported by Nguyen and coworkers were similar 

to the mechanical properties of our novel hydrogels, however again we see that the range over 

which the mechanical properties can be tailored is larger in our hydrogel network compared to 

theirs. Compression modulus for PEG hydrogels varied from 0.2 to 0.7 MPa for polymers with 

molecular weight between 3.4-10 kDa, at concentrations of 10-40 wt. %, whereas the compression 

modulus of poly(glycidol) hydrogels varied from 1 to 3.5 MPa, for polymers with molecular 

weight between 2-4 kDa at a concentration of 25 wt. %. In addition to the mechanical properties, 

the structure and swelling properties of the PEG hydrogels were also modulated by molecular 

weight and concentration of the precursors. The swelling ratio for most of these PEG hydrogels 

varied from 10-30 compared to 1.3-1.6 for the poly(glycidol) oxime hydrogels. The range over 

which the swelling properties of the poly(glycidol) oxime hydrogels can be tuned is a lot smaller 

compared to most PEG hydrogels. 

There are a number of other PEG-based hydrogels that have been synthesized via alkene 

photopolymerization. Table V-1 summarizes some of these reports, highlighting the mechanical 

properties of these hydrogels. By comparing the data in this table to the data in Chapter IV, we can 

see that the use of branched poly(glycidol) in conjunction with the oxime click reaction produced 

hydrogels with comparable and better mechanical properties than most PEG-based hydrogels.  



162 
 

In recent years, the advent of click chemistries and PEG with multiarm, have led to the 

synthesis of PEG hydrogels that are more suited for regenerative medicine and drug delivery.  

Maynard and others8 reported the use of oxime click chemistry to synthesize PEG-based hydrogels 

Table V-1. Mechanical properties of PEG-based hydrogels in compression studies. 

PEG 

Derivative 
Concentration 

Molecular 

Weight 
Methods 

Mechanical 

Property  
Results 

PEG-DM2 10 3000 unconfined 

compression 

testing 

compressive 

modulus, 

compressive 

strength 

0.06 MPa, 0.0084 

MPa 

 20 3000 0.67 MPa, 0.12 MPa 

      

PEG-DM3 10 3400 
Unconfined 

compression 

testing 

Compressive 

modulus 

0.034 MPa 
 20 3400 0.36 MPa 
 30 3400 0.94 MPa 
 40 3400 1.37 MPa 
      

PEG-DM 

and PEG-

LA4 

10 3000 
Unconfined 

compression 

testing 

Compressive 

modulus 

0.06 MPa 

15 3000 0.17 MPa 

 20 3000 0.49 MPa 

   
 

  

PEG-DA5 15 2000 

Unconfined 

compression 

testing 

Compressive 

modulus, 

stress and 

strain at 

failure 

0.036 MPa, 0.36 

MPa, 0.71 

      
PEG-b-

PLA6 25 4600 Unconfined 

compression 

testing 

Compressive 

modulus 

0.25 MPa 

 50 4600 0.7 MPa 

 70 4600 0.9 MPa 

      

PEG-DM7 10 4600 Unconfined 

compression 

testing 

Compressive 

modulus 

0.05 MPa 

 15 4600 0.19 MPa 

  20 4600 0.27 MPa 

Abbreviations: PEG-dimethacrylate (PEG-DM), PEG-diacrylate (PEG-DA), PEG-latic acid 

(PEG-LA), PEG poly latic acid (PEG-b-PLA). 
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for biomedical applications. While the tunable properties of this hydrogel system were similar to 

the hydrogels reported here, the range over which the properties can be tuned were significantly 

larger. Furthermore, their use of glutaraldehyde can be detrimental to their targeted biomedical 

applications for example, in drug delivery, unreacted glutaraldehyde could degrade the active 

agents being released or alter the biological activity of the agent.9 While these hydrogels are 

biocompatible, no degradation studies were carried out to determine their biodegradability. 

 Dove and others,10 recently reported a series of PEG-based hydrogel synthesized by an 

efficient in situ nucleophilic thiol-yne click reaction. To overcome the limitation of linear PEG 

derivatives, they utilized multiarm PEG for hydrogel synthesis. In comparison to the branched 

poly(glycidol) oxime hydrogels, these PEG thiol-yne hydrogels have higher water content (90% 

vs 75%), and similar compressive strength (up to 2.4 MPa). The compression moduli of these 

 

 

Scheme V-1. Synthesis and Encapsulation of MSCs within RGD-functionalized Oxime-

Crosslinked PEG hydrogels. Adopted from ref. 1. 
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hydrogels are significantly lower due to their viscoelastic properties, while their % strain at failure 

were higher (> 90%) relative to the branched poly(glycidol) hydrogel. These are the strongest most 

elastic PEG hydrogels reported to date, and highlights the advantages of using branched polymers 

to access a wider range of advanced materials. 

 A little more than a decade ago, poly(glycidol) was first use to synthesized hydrogels for 

biomedical application. The initial set of reports, highlighted in chapter 1, utilized hydroxyl group 

chemistry in addition to photopolymerization to synthesized these hydrogels. While these 

materials had high potential for uses in regenerative medicine and drug delivery, there were a 

number of limitation barring their successful integration into biological systems. Table V-2 

summarizes some of these limitations, and highlights how the novel branched poly(glycidol) 

oxime hydrogel overcome these limitations. Overall, this is the first example of the use of click 

chemistry to fabricate poly(glycidol)-based. Furthermore, these are the only poly(glycidol) 

hydrogels with cartilage-like mechanical properties. While oxime click chemistry have been use 

by different groups for PEG hydrogel fabrication, the mechanical properties of the resulted 

poly(glycidol)-based hydrogel, are a significant improvement over currently existing PEG-based 

hydrogel. 

 

Figure V-1. (a) Nucleophilic base-catalyzed reaction between an alkyne and thiol; (b) Schematic 

of PEG precursors synthesized for crosslinking; and (c) Schematic of exemplar hydrogel 

networks. Ref. 10. 
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Table V-2. Table highlighting the comparison of current hydrogel technologies to the novel 

branched poly(glycidol) hydrogel technology. 

 

  Hydrogel Properties  
      

  
 
 

  

COMPARISON OF 
TECHNOLOGY 

 

  

Too high and non-tailorable  Swellability 
 

Tailorable 

Alkene and epoxide containing 

agents  
 Crosslinkers 

 

Aminooxy and ketone 

containing agents  

 Hydroxyl group chemistry or 

radical polymerization  
Crosslinking Mechanism  

 
Oxime Click chemistry  

 Low strength and stiffness 
 

 Mechanical Properties 
 

High strength and elasticity  

 Toxic byproducts hinder cell 

encapsulation  
 Biocompatibility 

 

 Non-toxic byproducts, water 

as a byproduct 

 Non-tailorable 
 

Crosslinking Density 
 

Tailorable   

 

Novel 

Hydrogel 

Technology 

Current 

Hydrogel 

Technologies 
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FUTURE DIRECTIONS 

 

Photoacid-mediated ring-opening polymerization of glycidol driven by visible light 

 We seek to develop a novel methodology of visible light regulated ring opening 

polymerization of glycidol in the presence of reversible merocyanine-based11 or similar 

photoacids. This will create new opportunities for the design and development of advanced 

polymer materials. Previous work using a reversible merocyanine-based photoacid was 

unsuccessful. This was attributed to the low acidity of the photoacid. As a future direction, we 

hope to increase the acidity of the photoacid through chemical modification, or seek out another 

photoacid with a pKa low enough to promote the ring opening polymerization of glycidol. 

 

 

 

Figure V-2. Synthesis and photochemical reaction of the protonated merocyanine (MEH) 

photoacid 1. 
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Poly(glycidol)-based cartilage scaffolds with tunable mechano-responsive behavior 

An overriding challenge in regenerative medicine is the development of articular cartilage 

regenerative materials with the same or similar mechanical properties and mechano-responsive 

behavior as native cartilage, which allow for an ideal regeneration of the native cartilage over 

time12-18. Among the current difficulties are the integration of growth factors and chondrocytes in 

a form that can respond to mechanical load and changes in hydrostatic pressure while meeting the 

mechanical requirements of articular cartilage. To overcome this challenge, we will be testing and 

optimizing the poly(glycidol) oxime hydrogel platform in order to identify and validate a series of 

hydrogels which will be successful as cartilage repair materials. We will test the materials in a 

rabbit model to evaluate their biocompatibility and integration into the articular cartilage. The 

detailed tests will reveal the regrowth in the defect area, depending on the strength and elasticity 

of the material with and without MSC cells and growth factors incorporated (Figure V-3). 

 

Figure V-3. Development of poly(glycidol) hydrogels for cartilage tissue engineering. 
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Furthermore, because the oxime “click” reaction works rapidly in water, another future 

direction of this project will involve the construction of layer-by-layer structures using hydrogel 

precursors with varying degrees of functionalization. These types of hydrogels with a variation in 

biomechanical strength will be tested to demonstrate their capability to facilitate stem cells growth 

and differentiation. We plan to implant three examples of the layer-by layer hydrogels, in which 

the basal layers will have compositions with increased intrinsic stiffness and are developed under 

(osteogenic) differentiation conditions that permit higher collagen I expression. The layer-by-layer 

materials will be easily fabricated because of the available amino-oxy and keto-groups on each 

fabricated hydrogel precursors. 
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