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Summary 

The biopolymer alginate has a vast potential for use within biomedical applications 

largely due to its ability to form ionically crosslinked hydrogels under gentle conditions. 

Furthermore, the versatile ways the polymer can be tailored give rise to the possibility 

of altering the alginates for specific needs and functions. In this thesis, the main focus 

was to explore how the alginate hydrogel could be tailored for use in drug delivery, and 

how the subsequent modification otherwise alters the properties and behavior of the 

gel. The hydrophilic environment of the alginate hydrogel can be problematic for 

delivery of both hydrophilic and hydrophobic drugs. For hydrophilic drugs, the 

compound may be released too fast, while for hydrophobic drugs both load and release 

may be difficult due to problems dissolving the compound. Cyclodextrins (CyDs) are 

cyclic oligosaccharides that are capable of forming inclusion complexes with various 

hydrophobic molecules and moieties. The CyDs can therefore help dissolve drugs that 

are otherwise difficult to dissolve in an aqueous environment. On the other hand, if a 

drug is easily dissolved in water, but has a moiety able to interact with the CyD cavity, 

this can prolong the release of drugs that would otherwise give a too fast release profile. 

To combine the hydrogel forming properties of the alginate with the ability of the CyDs 

to form inclusion complexes with various drugs, β-CyDs were grafted to alginate. This 

was done using a three-step procedure where alginates first are oxidized followed by 

linker attachment using reductive amination and finally attachment of CyD to the linker 

via Cu(I)-catalyzed click chemistry. M- and MG-blocks were also terminally 

functionalized with both β- and γ-CyDs by using first hydrazide and then click chemistry. 

In contrast, the reducing end of G-blocks were not successfully attached with CyDs, likely 

due to the G-blocks affinity towards the catalyst used in the click-chemistry reaction. In 

addition to this, alginate was also functionalized with either the RGD-peptide GRGDSP 

commonly used for cell attachment, or L-Tyrosine methyl ester (MeOTyr) used as a 

model small-size substitute. 
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As the properties of the alginate hydrogel is closely linked to the structure of the 

biopolymer, the mechanical properties and stability of CyD-functionalized Ca-alginate 

hydrogels were examined. Alginate modified with other molecules, such as peptides 

with cell-binding motifs were also studied. Generally, the modified hydrogels formed 

less stable and weaker gels than their unmodified counterparts. However, this could be 

controlled to a certain degree by creating hydrogels from mixtures of both 

functionalized and non-modified alginate, as well as controlling the degree of oxidation 

for the grafted alginates. A strategy using chemoenzymatic modification was also 

compared to using purely chemical modifications. This showed a potential to slightly 

increase the mechanical properties of the modified gels as seen for stress needed to 

rupture the gels. However, non-modified Ca-alginate hydrogels still showed markedly 

higher stiffness and stability in the form of resistance to breakage and dissolution. 

Leakage studies of the grafted Ca-hydrogels in saline treatment solutions showed that 

grafted material leaked out of the hydrogels.  

Finally, the CyD-grafted alginate was tested as a drug delivery system for a partially 

water-soluble molecule, methyl orange, and the hydrophobic anti-cancer drug, 

paclitaxel. Grafted alginate gel-beads were able to take up and release more methyl 

orange compared to non-grafted beads. For paclitaxel, the grafted material helped 

dissolve the hydrophobic drug in the aqueous hydrogel environment and facilitated 

release. The released paclitaxel and degradation products were shown to have a 

cytotoxic effect on prostate cancer cells. To conclude, the CyD-grafted alginate can aid 

alginate hydrogels in delivering both partially hydrophilic molecules with hydrophobic 

moieties and hydrophobic drugs.  
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Symbols and abbreviations 

Alg Alginate 

API Active pharmaceutical ingredient 

CuAAC Cu(I)-catalyzed alkyne-azide cycloaddition reaction 

CyD Cyclodextrin 

DOSY Diffusion ordered spectroscopy 

DPn Degree of polymerization 

DS Degree of substitution 

E Young’s modulus / Elastic modulus 

Epim Epimerized 

FG Fraction of guluronic acid residues in an alginate sample 

FM Fraction of mannuronic acid residues in an alginate sample 

G’ Storage modulus 

GDL Glucono-δ-lactone 

GRGDSP Peptide sequence: Glycine-Arginine-Glycine-Aspartic acid-Serine-
Proline 

MeOTyr L-tyrosine methyl ester

MO Methyl orange

Mw Molecular weight

NMR Nuclear magnetic resonance

P0 Periodate/monomer molar ratio. Expressed as for example 2% or 
0.02. 

POA Partially oxidized alginate 

POM Partially oxidized mannuronan 

pKa Acid dissociation constant 

Ptx Paclitaxel 

SEC-MALS Size exclusion chromatography with multi angle light scattering 
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1. Background

A vast number of compounds in the form of drugs or active pharmaceutical ingredients 

have been found and utilized to solve various health issues. However, appropriate 

delivery of these molecules to the correct place in the body, at the correct time and 

concentration remains challenging. Problems include poor solubility of the drug, adverse 

side-effects, poor bioavailability and non-specific targeting [1,2]. To ensure that a drug 

has the optimal effect in a desired location, a carrier vehicle is often needed for delivery 

[3]. For example, to ensure delivery to specific target sites, stimuli-responsible systems 

using for example pH, light, enzymes, magnetic or temperature triggers have been 

investigated [4,5]. Drug delivery vehicles can be formed by many different materials and 

with many different techniques, examples include delivery via micelles, organic or 

inorganic nanoparticles, hydrogels, emulsions, microspheres, drug-eluting stents, solid 

dispersions and supramolecular chemistry [1,2,5,6].  Delivery routes can be done with 

injections, surgical implantation, ocular, inhalation, transdermal, mucosal or oral 

administration [5]. The anti-cancer drug paclitaxel has for example traditionally been 

delivered by intravenous injection in Cremophor EL (Taxol), which can cause adverse 

effects such as hypersensitivity reactions. New drug delivery systems for paclitaxel have 

therefore been developed, for example Abraxane where paclitaxel is bound to human 

serum albumin, delivered as a nanoparticle colloidal suspension [7].  A more thorough 

and in-depth discussion of general drug delivery systems can be found in references as 

for example [1,2,5,6,8–14]. The work presented here focus on how to functionalize 

alginates, how this influences hydrogel properties and how the modified alginate 

hydrogels can be utilized as a drug delivery system. 

Alginates, a polymer mainly harvested from marine algae, shows good potential for use 

as a drug delivery system due to its ability to form 3D structured water-swollen 

hydrophilic networks with divalent cations at physiological conditions, as well as its 

general biocompatibility and possibility for tailoring the polymer with different 

functionalities [15–17]. These properties also make alginates good candidates for 
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encapsulating cells and constructing artificial extracellular matrixes for tissue 

engineering [16,18,19]. 

However, challenges remain for fully unlocking the potential of using alginates as a drug 

delivery system and for tissue engineering. While alginate hydrogels have good potential 

to be used as a localized drug delivery system, load and release of bioactive compounds 

from the hydrogel can be challenging [20,21]: For small hydrophilic molecules, release 

from the gel can happen too fast. On the other hand, hydrophobic drugs may not be 

soluble in the hydrogel and subsequently not released in a proper manner to the target 

site.  

Modifying the alginate to suit load and release of specific drugs may thus be necessary 

for creating an optimal drug delivery system. Likewise, if the purpose of the alginate 

hydrogel is for creating an artificial extracellular matrix, the polymer may need to be 

altered so that for example cells can attach to the network. Changing the structure of 

the alginate can alter fundamental properties such as the structural integrity, 

mechanical strength, and stability of the hydrogel. Hence, these properties need to be 

studied and optimized for the intended use. 
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2. Aim

The overarching aim of this work was to better understand how alginates can be tailored 

for use in drug delivery application of both small partially hydrophilic molecules and very 

hydrophobic molecules, and how the altered alginate structure influences hydrogel 

properties. The topic was motivated based on the gentle and excellent hydrogel-forming 

ability of alginate on one side, and the hydrophilic characteristics of the gel on the other 

side. As cyclodextrins (CyDs) are well known for forming inclusion complexes with a large 

variety of molecules [22,23], shielding hydrophobic moieties from a hydrophilic bulk 

phase, it was hypothesized that covalently binding CyDs to alginate would facilitate load 

and release of different compounds into and from the modified alginate hydrogel.  

This thesis therefore investigates three main topics: First, the possibility of grafting CyDs 

to partially oxidized alginate was investigated (Paper I). This was followed up (Paper IV) 

by examining if the CyDs could also be attached to the reducing end of alginate block-

oligomers. The resulting structural changes in the alginate molecule led to studying the 

second topic of this thesis: How modified alginates affected the mechanical properties 

of the alginate hydrogel (Paper I, II and III). Here, also L-tyrosine methyl ester (MeOTyr) 

and the cell adhesion peptide GRGDSP was included as chemical modifications to 

compare the mechanical properties to the CyD grafted alginate. Lastly, the capacity of 

the CyD-functionalized alginate hydrogel for controlling load and release of the color 

compound methyl-orange and anti-cancer drug paclitaxel was examined (Paper I and 

III). 
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3. Introduction

Alginate is a polymer mainly found in brown algae where it gives structural support to 

the plant [24]. The biopolymer is also produced by certain bacteria where it is excreted 

and can be used in for example biofilm formation [25–27]. The compound was first 

described by Stanford [28], and has since been used for a wide range of products ranging 

from additives in the food industry to biomaterials for medical applications 

[16,18,19,24,29–32]: In the food industry alginate is for instance used as a thickener and 

stabilizing agent. Dentists can use alginate to make a mold of teeth, and the polymer is 

also used in the cosmetic industry (in for example toothpaste), in the textile printing 

industry and in the surface treatment of paper. Alginates have been chemically modified 

with cell adhesion-ligands (for example RGD-motif) to function as extracellular matrix 

for tissue engineering purposes [33–35], and been explored for delivery of various 

molecules such as anti-cancer agents and insulin [36,37]. Examples for the use of 

alginate in drug delivery systems will be further outlined in section 3.4. 

Alginate is well suited for a variety of applications largely due to its ability to form a 

hydrogel at physiological conditions, its general biocompatibility, versatile nature and 

possibility for tailoring the functionality using chemical or enzymatic modification 

[15,16,18,19]. To fully comprehend why alginates are useful, it is important to 

understand the fundamental characteristics of the biopolymer. 

3.1 Structure and Molecular Weight of Alginate 

Alginate is an unbranched (1 → 4)-linked polysaccharide made from two types of 

monomers: β-D-mannuronic acid (M) and its C5-epimer α-L-guluronic acid (G) [38], see 

Figure 1 for chemical structure. The monomers can be arranged as sequential 

M-monomers (M-block), sequential G-monomers (G-block) and alternating M- and

G-monomers (MG-block) as illustrated in Figure 1 [39–42]. G-units have 1C4 chair

conformation and M-units have 4C1 [43,44], while the glycosidic bond between the

G-monomers is axial-axial and equatorial-equatorial between the M-monomers. The

pKa of β-D-mannuronic acid and α-L-guluronic acid is 3.38 and 3.65 [45], respectively.
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Hence, at physiological pH (7.4 [18]) the carboxyl-group on the alginate monomers are 

negatively charged. 

Figure 1. Alginate structures. A: Example of M-block consisting of β-D-mannuronate. B: Example of G-

block consisting of α-L-guluronate. C: Example of MG-block consisting of alternating β-D-mannuronate 

and α-L-guluronate. Constructed in ChemDraw 20.0, based on [24]. 

The alginate functionality is closely linked to the sequence and composition of the two 

monomers it is made from, which varies for different types of alginates [24,40,46]: 

Alginates isolated from different types of seaweed for instance, varies in sequence and 

composition. E.g. alginates from Laminaria hyperborea contains more G than alginates 

from Lessonia or Macrocystis species [47]. Furthermore, variation can be seen for 

alginate harvested from different tissues of the same plant, and due to seasonal 
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changes. Bacterial alginates are more extreme in composition than the seaweed 

alginates with G ranging from 5 % to 85 %, but the alginates are acetylated on the M 

[47,48]. The fraction of M (FM) or G (FG) units can be elucidated with 13C- or 1H-nuclear 

magnetic resonance (NMR) spectroscopy [39,44,49,50]. The anomeric region between 

4.0 and 5.5 ppm reveals structural differences between H-1 and H-5 for the uronic acids 

and allows the calculation of FM and FG. Diads (FMM, FGG, FMG, FGM,) and triads (FGGM, FMGM, 

FGGG, FMGG,) can also be found, and average G-block length can be calculated. Details on 

alginate block structure has lately been elucidated using specific lyases and 

chromatography on the digested fractions [51–53]. The very long G-blocks found in 

seaweed alginates has been shown to heavily influence the properties of the biopolymer 

with regards to its functionality [51,52].   

Alginate chains can vary in length, and thus in molecular weight. For alginate samples 

the average molecular weight is therefore used for characterization. This average is 

often given as either the weight average ( Mw�����) or the number average (Mn����) as shown in 

equations 1 and 2, where wi is the weight of the molecules with molecular weight Mi, 

and Ni the number of molecules with molecular weight Mi [38]. The molecular weight 

distribution and average molecular weight of an alginate sample can be determined with 

Size-Exclusion Chromatography with Multi Angle Light-Scattering (SEC-MALS) [38]. 

𝑀𝑀𝑤𝑤����� = ∑ 𝑤𝑤𝑖𝑖𝑀𝑀𝑖𝑖𝑖𝑖
∑ 𝑤𝑤𝑖𝑖𝑖𝑖

(1) 

𝑀𝑀𝑛𝑛���� = ∑ 𝑁𝑁𝑖𝑖𝑀𝑀𝑖𝑖𝑖𝑖
∑ 𝑁𝑁𝑖𝑖𝑖𝑖

(2) 

Viscosity describes a liquids’ resistance to flow [38]. The viscosity of alginate solutions 

can be important for aspects such as ease of handling, homogeneity of alginate 

hydrogels, how easy it will be to inject an alginate drug delivery system and the 

distribution of molecules in the solution/gel state [10,16,54,55]. The viscosity of an 

aqueous alginate solution will depend on the concentration and molecular weight of the 

alginate. Generally, increasing these two parameters increases the viscosity of the 
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solution [56]. The viscosity of an alginate solution will also depend on the ionic strength 

of the solution and how this balance the negatively charged alginate chains [56–58].  

3.2 Chemical and Enzymatic Modification of Alginate 

The alginate has different functional groups that can be used to chemically modify the 

alginate, such as the hydroxyl- and carboxyl-groups. Grafting to the carboxyl-groups can 

be done using for example carbodiimide chemistry. However, carbodiimide chemistry 

has previously been shown to give low substitution degree for primary amines, such as 

for the cell adhesive RGD-peptide [35]. In addition, the reaction gives the by-product 

N-acylurea. Esterification is another example of modification that can be done due to

the carboxyl-groups [59]. For the hydroxyl-groups, alginates have been modified by

sulfation to achieve interaction with proteins [60]. Periodate oxidation allows opening

of the sugar ring and the formation of reactive aldehyde groups that are accessible to

reductive amination [33]. Hydrazides are also good candidates for functionalizing of

partially oxidized alginate, due to their reactivity to aldehyde groups [61–65]. Here,

hydrophobic groups were covalently attached to the alginate with the goal to

incorporate both hydrophilic and hydrophobic drugs in the alginate hydrogel. A

comprehensive discussion of the chemical modifications is given in Section 4 and

introduction to the methods used in the thesis given in the following sections.

3.2.1 Partial Oxidation 

Partial oxidation of alginate is yet another way functional groups can be incorporated 

into the biopolymer chain. Partial oxidation of alginate with sodium (meta)periodate 

cleaves the bond between C2 and C3 of the alginate monomer [50,56,66]. As the 

periodate reacts with vicinal diols both the reducing end and non-reducing end may also 

be cleaved [67]. The reaction stoichiometry was shown to be 1:1 up to an oxidation limit 

of about 50% where formation of inter-residue hemiacetals hinders the reaction 

[66,68,69]. When working with alginate oligomers periodate consumed by the end 

groups should also be considered when performing the reaction [67].  
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In addition to creating reactive groups for further modification, partially oxidized 

alginate also creates hydrogels with decreased mechanical properties compared to 

non-modified alginate gels [50,68]. This can be explored to tailor the mechanical stability 

of the alginate. Chemically, such reactions cleave the monomer ring-structure. As a 

consequence, the oxidized monomers cannot contribute to the gel network as normal 

(see section 3.3). In addition, partially oxidized alginate is more prone to degradation 

[67,70,71]. Partial oxidation of alginate has also been observed to give decreased 

molecular weight and a more flexible polymer chain, and thus decreased intrinsic 

viscosity [56]. Hence, partially oxidized alginate can be used to tailor both the 

mechanical properties and degradability of the alginate hydrogel.  

3.2.2 Functionalization of Partially Oxidized Alginate 

Covalent coupling to the aldehyde units created by partial oxidation of alginate can be 

done using reductive amination, where an amine can react with the introduced carbonyl 

units [33,72], see Figure 2. For a reaction to take place between a primary amine and an 

aldehyde, the carbonyl group should be protonated while the amine group should be 

deprotonated [72]. Thus, the pH chosen for the reaction is an important parameter.  An 

intermediate imine is formed, which with the help of a reducing agent can form a stable 

N-C linkage. Previously this reaction was performed using NaCNBH3 as the reducing

agent [73], which can produce hydrogen cyanide. An alternative non-toxic reducing

agent is the 2-methylpyridine borane complex [74,75].

A grafting procedure for alginate using partial oxidation and reductive amination with 

this reducing agent was recently developed [33]. The amine can be linked to either of 

the two aldehyde units created by the partial oxidation [33]. The remaining non-grafted 

carbon can exist as either an aldehyde- or hydroxyl-group after the reductive amination 

with 2-methylpyridine borane complex, as the reducing agent does not exclusively 

reduce the imine [33,71,74].  



10 

Figure 2. Overview of (1) partial oxidation of alginate with sodium (meta)periodate, followed by (2) 

covalent coupling of an amine using reductive amination. Adapted from Dalheim et al. 2016 [33]. 

The reductive amination-reaction described can be used to tailor the functionality of the 

alginate by for example adding peptides to the biopolymer, or by adding “linker 

molecules” with the purpose for further modification using other types of reactions. 

Reductive amination can also be used to covalently bind molecules to the reducing end 

of polysaccharides such as alginate [76].  

3.2.3 Cu(I)-catalyzed azide/alkyne cycloaddition reaction  

Azide- and alkyne moieties can react giving 1,4 or 1,5 disubstituted triazoles in the 

classical Huigsen reaction where high temperature is often needed [77,78]. By using 

Cu(I) as a catalyst, strictly 1,4 disubstituted 1,2,3-triazoles are made [78,79]. 

Furthermore, the reaction is also possible at much lower temperature, and can be used 

at various pH and with various solvents, including water [78]. This reaction is called the 

Cu(I)-catalyzed azide/alkyne cycloaddition reaction [78,79], abbreviated CuAAC, and is 

an example of what is known as click-chemistry. An overview of the reaction is illustrated 

in Figure 3. Click-reactions are a term denoted to various reactions characterized by their 

quick, easy, and robust method of synthesis resulting in molecules with 

carbon-heteroatom linkages that are stable at physiological conditions [80]. 

Furthermore, click-chemistry is ideally stereospecific and give products with high yield 

that are easy to isolate. Other parameters include a non-hazardous solvent such as 

water or a solvent easily isolated after the reaction is done. 

The Cu(I) can be introduced into the Cu(I)-catalyzed azide/alkyne cycloaddition reaction 

in many different ways, for example by using CuSO4/sodium ascorbate [78]. This ensures 
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that the Cu(II) is reduced to Cu(I) during the reaction. To further enhance the efficiency 

of the reaction ligands such as tris(benzyltriazolyl)methyl amine (TBTA) can be used to 

stabilize the Cu(I) [81,82]. The success of the reaction can easily be determined with 
1H-NMR as it results in an easily distinguishable peak at about 8 ppm of the formed 

triazole [83]. The 1,2,3-triazole created in the final product is very stable, and the triazole 

linker will not be degraded easily [84,85]. Metal independent click-chemistry also exist, 

which is an attractive alternative for biological systems. Cu-free click chemistry has for 

example been used to modify alginate with RGD-peptide [86] and to make a covalent 

cross-linked alginate hydrogel [87].  

Figure 3. Overview of the Cu(I)-catalyzed azide/alkyne cycloaddition (CuAAC) reaction, using 

CuSO4/sodium ascorbate system as the Cu(I)-source. Adapted from Hein and Fokin 2010 [82]. 

3.2.4 Enzymatic Modification of Alginate 

Both bacteria such as Pseudomonas aeruginosa and Azotobacter vinelandii, and brown 

seaweed produces alginate. Alginate is first polymerized as M-units, and then 

epimerases can introduce G-units into the polymer chain [88–91]. By isolating pure 

mannuronan (no G-units) from genetically modified bacteria, one can thereafter use 

specific mannuronan C-5 epimerases to tailor the sequence of the alginate [35,92,93]. 

Based on the bacterial synthesis of alginate, seven different mannuronan C-5 

epimerases were found, cloned, and isolated from A. vinelandii that can be used to 

introduce G-monomers into the mannuronan chain [94]. The epimerases are named 

AlgE1-7. These enzymes are based on two modules; A and R, where the A-module is 

thought to bind to the substrate while the R-module helps regulate activity and product 

formation [95]. The epimerases have distinct epimerization patterns. For example, AlgE4 

can be used to introduce alternating MG-units [96] whereas AlgE1 would introduce long 
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G-blocks [93]. Hence, specific block structures can be made by using the different

epimerases, that allows for the tailoring of functional properties such as gel stiffness,

syneresis and stability [92,93,97]. For example, by introducing alginates containing only

MG- and long G-blocks by using the epimerases AlgE4 and secondly the epimerase AlgE1, 

alginates with excellent properties for the formation of crosslinks with calcium can be

made as calcium is known to crosslink both G- and MG-blocks [93,98]. The epimerase

AlgE64 is a recombinant enzyme made from a combination of AlgE4- and

AlgE6-modules, but smaller in size, and providing both MG- and G-blocks [99]. The

epimerases are not yet commercially available and hence detailed knowledge on their

production is needed for their use.

3.3 The Alginate Hydrogel 

A hydrophilic polymer network able to absorb and retain water is classified as a hydrogel 

[100]. They are advantageous to use as biomaterial due to their resemblance to living 

tissue. Examples include contact lenses, wound dressings, drug delivery systems and 

artificial scaffolding for tissue engineering [10,101]. Alginates can form hydrogels at 

physiological conditions due to their ability to form crosslinks with certain divalent 

cations [19,102,103]. The crosslinking sections are often described with the “egg-box” 

model, due to the space formed between two block-structures where the divalent 

cation can be bound [102,103]. This is illustrated in panel A, Figure 4. The crosslinking 

mechanism is a cooperative process where for example G-blocks in two different 

alginate chains can bind Ca2+ [103,104]. The difference in the cavity formed between 

block structures due to variance in axial and equatorial linkages between the M- and 

G-monomers is considered to play a role in addition to the electrostatic interactions

[103,105,106].
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Figure 4. Alginate hydrogel formation with Ca2+ based on [24,32]. A: Alginate eggbox model showing a 

section of G-block binding Ca2+. B: External gelation of alginate done by dripping dissolved alginate into a 

solution with Ca2+. C: Internal gelation of alginate; Ca2+ is slowly released from an inert form. 

The biopolymer shows distinct affinities towards divalent cations which largely depends 

on the guluronate content [105–107]; where for example the affinity for the following 

divalent cations is ranged as Ca2+ < Sr2+ < Ba2+ < Cu2+ < Pb2+. The G-blocks are largely 

responsible for the crosslinks [108], but MG-blocks are also able to contribute to the 

crosslink network by binding calcium-ions [98,109]. M-blocks have also been found to 

bind Ba2+ [98]. The divalent cations chosen as the crosslinking ion can influence 

properties such as the strength, stability and permeability of the alginate hydrogel. An 
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alginate hydrogel made with barium-ions will for example be stronger than a gel made 

with calcium-ions [98]. Consideration of the toxicity profile of the divalent cations must 

also be taken into account when choosing a gelling ion [18,110]. Ca2+ and Sr2+ are for 

example non-toxic, while Ba2+ is toxic at certain concentrations. The concentration of 

Ba2+ that can be utilized in hydrogels for biomedical purposes is thus limited by its 

toxicity.  

The gelling ions can be introduced to the alginate using different methods [24]. Alginate 

hydrogels can be made by dripping dissolved alginate into a solution containing the 

gelling ion, for example a solution of CaCl2 (Figure 4). The gelling ion will thus diffuse into 

the alginate and introduce crosslinks. However, this can create an inhomogeneous 

hydrogel where there is a larger concentration of alginate and gelling ion at the exterior 

layer of the gel compared to the middle of the gel [111]. Certain factors such as using a 

combination of Na+ and Ca2+ in the gelling bath can decrease the heterogeneity of the 

hydrogel [111,112]. 

To make a more homogenous gel, internal gelation can be used instead. In this instance 

an inert form of the gelling ion is mixed with the dissolved alginate, whereby an activator 

can then be mixed into the solution releasing the inert gelling ions. The gelling ion will 

then slowly be released throughout the alginate solution. A common way to do this is to 

use D-glucono-δ-lactone (GDL) and CaCO3 [55] (Figure 4). In this instance, protons are 

released when the GDL is slowly hydrolyzed, and this will react with the CaCO3 ensuring 

the calcium-ions to be released and bind to the alginate. In other words, the GDL acts as 

a 1-proton donor while the CaCO3 acts as a 2-proton acceptor. The hydrogel pH can be 

controlled by the molar ratio of GDL/CaCO3, where a 2:1 ratio gives gels with a neutral 

pH [113]. Other factors are also important for creating homogenous gels such as the size 

of CaCO3 particles [55]. Saturating the Ca-alginate hydrogel with Ca-ions can be done by 

placing the gel in a Ca-bath, and generally increases the gel strength for Ca-limited gels 

with available gelling zones [113,114].  

Recently, a new system for the gelation of alginate was introduced named competitive 

ligand exchange crosslinking (CLEX) [115]. Here, an alginate solution with Ca-EDTA is 
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mixed with an alginate solution containing an ion that has a higher affinity towards EDTA 

compared to the Ca-ions. Thus, Ca2+ is released and is free to act as a crosslinker ion. 

The principle is also applicable for chelator-ion combinations. This method gives good 

control over the gelation time in addition to being biocompatible.  

3.3.1 Mechanical Properties 

Chemical and enzymatic modification of alginate changes the properties of the alginate 

hydrogel. Such changes should be taken into consideration when tailoring the hydrogel 

for use in drug delivery as these changes can alter viscosity, gelation time, structural 

integrity, and stability. If the purpose of the hydrogel is to act as a scaffolding for tissue 

regeneration it might be beneficial for the gel to disintegrate in a timely manner so that 

it can be replaced by the desired tissue [116]. Acquiring knowledge about the 

mechanical properties of the alginate hydrogel is therefore very important. 

One way to study the mechanical properties of hydrogels is to perform compression 

studies on the gel and examine how the gel is deformed when force is applied [32]. 

Initially when compressing a material, the stress (σ) is proportional to the strain (ε). From 

this, the Young’s modulus or Elastic modulus (E) can be determined (σ = E ⋅ ε) [38,117]. 

If the force is applied until the gel breaks this can give additional information about how 

much force the hydrogel can withstand before the gel network breaks (stress at rupture) 

[32].  

From literature, Young’s modulus was measured for both alginate beads made by the 

diffusion method (external gelation) and alginate hydrogel cylinders made by internal 

gelation [98]. For the studies done on alginate beads, the hydrogels were found to be 

inhomogeneous and therefore not well suited to compression measurements. Alginate 

hydrogel cylinders made by internal gelation were however found to be suitable due to 

homogeneity and reproducible results.  

The type and concentration of both alginate and crosslinking ion can affect the 

mechanical properties of the alginate hydrogel, as well as the rate of deformation 

[24,32,52,97,98,117,118]. In other words, the number, length, and type of crosslinks can 
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influence the mechanical properties of alginate hydrogels. An alginate hydrogel made 

from chains rich in G-blocks will generally have higher Young’s modulus values 

compared to a gel made of alginate chains with fewer G-blocks [52].  

For alginates characterized by a high content of G-residues (FG = 0.7), Ba2+ and Sr2+ 

increased Young’s modulus [98]. In contrast, for alginates with a high content of M-

residues (FG = 0.4) only Ba2+ increased Young’s modulus. Concerning the concentration 

of alginate, decreasing the polymer concentration was previously reported to decrease 

the gel strength [118]. Young’s modulus for alginate hydrogels can be dependent on the 

molecular weight up to a certain point. This cut-off point is reported to depend on the 

method for which the alginate hydrogels has been made. For Ca-alginate gels made by 

diffusion, Young’s modulus generally drops with decreasing molecular weight starting 

from about 240 kDa [118]. For Ca-limited gels made by internal gelation using 

GDL/CaCO3, the Young’s modulus is reported to be dependent on the molecular weight 

up to about 350 kDa [114]. 

Rheology measurements can also be used to examine the transition from solution to gel 

state and give information about the storage modulus (G’) of the hydrogel. The storage 

modulus can be related to Young’s modulus (G = E/3) [32]. For Ca-alginate gels made by 

internal gelation with GDL/CaCO3 the ratio of these compounds will influence the 

gelation time [119], as well as the particle size of CaCO3 [55]. The gelling kinetics and 

mechanical properties can also be influenced by addition of G-blocks [120]. 

3.3.2 Syneresis 

During the transition from solution to gel the alginate chains form junction zones with 

the divalent ions, realigning the chains and forming a more orderly network [121]. The 

formation of the network may expel water from the hydrogel; the polymer 

concentration will be higher in the alginate hydrogel than the starting liquid volume [32]. 

This loss of water is called syneresis and will be different depending on the type of 

alginate used to make the hydrogel. Increased syneresis was observed when increasing 

the amounts of MG-blocks, Ca2+-ions and molecular weight [93,97,118,121]. On the 
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other hand, syneresis decreases with G-block length due to a less flexible network that 

cannot easily be reorganized [118]. 

3.3.3 Degradation of Alginate 

The glycosidic bonds in alginate can be cleaved by alkaline β-elimination or acid 

hydrolysis [122]. Degradation at neutral pH is slow and the molecular size used is often 

larger than what can be cleared with the renal system, about 50 kDa [123]. As alginate 

above this size limit was found to remain in the body, it can be assumed that no 

enzymatic degradation of alginate takes place in the human body. Enzymes with the 

ability to degrade alginate were however found in various microorganisms, marine 

algae, and molluscs (an important phylum of invertebrate animals) [124].  

Modification of alginate has shown to change the degradation rate of alginate in both 

alkaline and acidic medium, via β-elimination and acid hydrolysis, respectively 

[71,116,125]. Partially oxidized alginate is more susceptible to β-elimination, while 

grafted partially oxidized alginate, using the reductive amination reaction, show similar 

degradation in alkaline media compared to non-modified alginate. In acidic conditions, 

grafted partially oxidized alginate displayed an increase in degradation compared to 

alginate [71]. 

3.3.4 Swelling and Stability 

When the objective of an alginate hydrogel is to be placed inside the body, the stability 

of the hydrogel against swelling and dissolution is an important factor to consider [32]. 

A Ca-alginate hydrogel placed in the body may be subjected to shear forces, exchange 

of gelling ions with sodium ions and subsequent swelling due to influx of water 

[118,126]. Thus, swelling is largely dependent upon the ability of the gel network to 

counteract the osmotic pressure [93,117]. Swelling of the hydrogel can increase the pore 

size in the gel, and thus its permeability [126].  

Both the type of alginate and gelling-ion used can affect the stability of the gel 

[98,118,127]. Higher G-content generally increases the stability of the Ca-alginate 

hydrogel [118]. Furthermore, Ba2+ and Sr2+ decrease swelling of alginate beads with a 
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high G-content due to their strong crosslinking of G-blocks, which was not seen for high-

M alginate [98]. It has also been shown that alginate chains with low molecular weight 

and high in M-content tends to leak out of the gel first [128]. Stability of alginate 

hydrogel were improved by elongating the MG-segments in the polymer chain by using 

enzymatically modified alginate [93,127].  

3.4 Alginate hydrogels as Drug Delivery Vehicles 

Bioactive agents usually need to be delivered by an appropriate vehicle to avoid issues 

such as low solubility, degradation, and clearance from the body before reaching the 

target site [2,5]. Delivery of bioactive molecules to the body is done for a vast number 

of reasons, and the bioactive agents consequently differ largely in physical and chemical 

properties. As such, it follows that there is no universal delivery vehicle. When 

considering an appropriate delivery vehicle there are many factors which are important 

[2,5]. Some of the more important factors are: How the pharmaceutical agent can be 

loaded into the vehicle, how the vehicle should be delivered and the body’s response to 

the drug delivery system. In the following, some general considerations of hydrogels and 

alginate hydrogels as drug delivery systems are given before examples of the use of 

alginate in drug delivery is further outlined. 

The alginate hydrogel is generally considered biocompatible and inert, although immune 

activation was observed for soluble alginates with a high content of mannuronate [129–

132]. The size of alginate microspheres and grafting with specific moieties have also 

been shown to influence how the immune system responds to the hydrogel and reduced 

fibrosis can be obtained by increasing the size of the microbeads to about 1.5 mm 

[133,134]. Fibrosis surrounding the alginate hydrogels may hinder diffusion in and out 

of the gel and can be detrimental when the purpose of the gel is to deliver 

biotherapeutic agents to the body. Factors such as the choice of alginate and size/shape 

of the formed hydrogel should therefore also be considered when using alginate as an 

implantable or injectable delivery vehicle.  
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3.4.1 Systemic or Local Delivery 

When designing a delivery system, it must be decided whether the delivery should be 

systemic (circulated throughout the entire body) or local (to a specific place in the body) 

[9]. Compared to systemic delivery, localized delivery can be advantageous due to less 

elimination/degradation of the drug before it reaches the target site, fewer detrimental 

side effects caused by the drug being delivered to the wrong place and a possibility of 

lowering the administered dose. 

For hydrogels local delivery can be done by placing or injecting the gel at the appropriate 

site [135]. Injection as opposed to surgically placing the set gel in the body has certain 

advantages; a pre-gel solution will be able to fill up empty spaces and will in most cases 

be less invasive [9,136]. For injectable in situ gelling hydrogels the transition from 

solution to gel state is important to consider [137]. Ideally, the gelation time should be 

long enough for effortless injection, and short enough that the hydrogel is set at the 

appropriate place in the body (and not diluted by body fluids so that no gel forms) [9].  

3.4.2 Load and Release of Bioactive Compounds 

Loading water-soluble molecules and cells into the alginate hydrogel can be done by 

mixing the aqueous alginate solution with the appropriate agent to be loaded, and 

thereafter initiate gelation (see section 3.2.4) [47]. Alternatively, small water-soluble 

molecules can be loaded in the gel by diffusion from a solution into the hydrogel [138]. 

However, for molecules which are not easily dissolved in water, loading can be 

problematic. In addition, release of both hydrophilic and hydrophobic compounds from 

the alginate hydrogel can be challenging. Depending on the problem to be solved, 

optimal release may be over a short or long time period [9]. It is important that a 

therapeutic concentration is reached, meaning that the concentration of the drug is high 

enough to achieve the wanted effect (but not so high as to be toxic). 

For poorly water-soluble molecules it may only be possible to load the hydrogel with a 

very low concentration of drug or it might precipitate or crystallize once loaded into the 

gel and not be released [139]. Small hydrophilic molecules on the other hand, may be 
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released too fast [20]. As a vast majority of drugs are poorly soluble in water [2,140], it 

would be very beneficial to be able to both load and deliver hydrophobic drugs from the 

alginate hydrogel. In this way the gel could function as a depot of drugs, ideally giving 

controlled localized release of the drug over time [10]. 

The alginate hydrogel is an aqueous network where components can move into, through 

and out of the gel. The transport of molecules out of/into the alginate gel will depend 

on the network structure, and the physical and chemical properties of the molecule 

[118,138,141,142]. The compound can either diffuse out of the gel or be released from 

the gel network due to a change in the polymer network (for example increased pore 

size), destruction of the hydrogel or degradation of the polymer itself [9,143]. Controlled 

destruction of the hydrogel is also interesting for other applications, for example in 

tissue engineering where new tissue should replace the hydrogel matrix [116]. The 

release characteristics are further complicated if the compound to be released can 

interact with the hydrogel network [9]. 

Tanaka et al. [138] reported that for alginate Ca-beads (2 or 4 %) made by external 

gelation (Figure 4) molecules with Mw below ~20 kDa were found to freely diffuse in 

and out of the gel similar to their diffusion in water. The proteins albumin, γ-globulin 

and fibrinogen with Mw ranging from 69 – 341 kDa were not able to diffuse into the gel 

beads and were hindered when diffusing out of the beads as seen in a separate 

experiment. The diffusion of the proteins was further reduced by increasing alginate 

concentration, indicating that the increase in alginate concentration reduced the pore 

sizes of the hydrogel. The smallest Immunoglobulin (Ig), IgG with Mw of 150 kDa has 

been found to diffuse into 2% (w/v) Ca- or Ca/Ba-alginate gel beads [93,142,144]. 

However, Ca-beads made of alginate with a high-M fraction as well as epimerized 

alginate (introduction of MG by AlgE4, then G-residues by AlgE1) were found to be less 

permeable towards IgG compared to alginate beads made with alginate with a high-G 

fraction [93]. This indicates that not only the crosslinking zones formed by G-block 

crosslinked with calcium ions determine the permeability of the hydrogel. Changing the 

gelling ion can also affect the permeability of the alginate gel, as the calcium ions are 
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known to crosslink both MG- and G-blocks, barium ions crosslink both G- and M-blocks 

and strontium ions G-blocks only [98,104]. The gelling ions as well as the presence of 

non-gelling ions also influence the distribution of alginate in the hydrogels [24,98]. 

Another study showed that bovine serum albumin (BSA, Mw ~ 70 kDa) diffused quicker 

out of homogenous Ca-alginate beads compared to inhomogeneous beads with alginate 

concentrations above 1.9% [141]. The charge on BSA also influenced the release, where 

increased negative charge on the protein gave faster diffusion out of the gel. The study 

also showed that BSA diffused faster out of gels with alginate with high G-content, 

indicating that both the gel structure and crosslinking as well as the molecular charge 

influence the permeability.    

3.4.3 Examples of alginates in drug delivery systems 

Alginates are commonly used in food as stabilizer or thickener, and in oral formulations 

of drugs, hence oral administration is considered as safe [16,17,24,145].  In biomedical 

applications, alginate hydrogels are commercially available as wound dressings, also 

with the delivery of nanosilver as antimicrobial agent [9]. Furthermore, injectable 

alginate hydrogels have been used for the restoration of heart tissue after ischemic 

heart failure with positive effects in large animals and have been evaluated positively 

for safety and efficacy in dilated cardiomyopathy in clinical trials [146,147].  

As soluble formulations, small molecular weight alginates in the form of G-blocks of 

80 - 95 % G and mean DP 10 – 12, has been shown to have activity by itself towards 

mucus barrier penetration allowing increased uptake of drugs via mucus membranes 

[148,149]. This has allowed for the development of OligoG (tradename of G-blocks by 

Algipharma) as a treatment towards cystic fibrosis, with currently finished Phase 2b 

clinical trials [150]. Oligomers of G-blocks also interfere with bacterial biofilm formation 

[151]. This is also relevant for cystic fibrosis where the establishment of the alginate 

producing bacteria Pseudomonas aeruginosa, together with other bacteria in the lungs 

of the patients is a major cause of the problems associated with the disease [152]. 

Hence, G-blocks have been suggested to also make an impact on the biofilm formation 

in cystic fibrosis [153,154]. 
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Alginate hydrogels have been proposed as relevant drug delivery systems as is also 

shown by the many reviews on the topic [9,10,17,145,155–157]. The general 

biocompatibility, gentle gel-formation and tunable properties of alginates and alginate 

hydrogels makes the hydrogels popular for use in drug delivery systems, giving the 

possibility of targeted delivery by implantation close to the place of delivery without 

adverse side-effects or destruction of the drug to be delivered [9,10,17,145,155–157]. 

However, the hydrophilic environment of the hydrogels can make it problematic for load 

and release of hydrophobic drugs [10]. In addition, hydrophilic drugs may be released 

too fast, and macromolecules may be too large in size for release without destruction of 

the hydrogel network.  

Ca-alginate hydrogels have for example been suggested for the local delivery of SiRNA 

for the silencing of genes [158]. The amount and kinetics of SiRNA released was reduced 

with the incorporation of polycations (chitosan or polyethyleneimine) into the alginate 

and increasing amounts of SiRNA was released with a photo-crosslinked alginate 

hydrogel. One newer example includes injectable alginate hydrogels that were studied 

for delivery of the hydrophilic drug taurine with the purpose of inducing regeneration of 

retinal pigment epithelium cells for the treatment of age-related macular degeneration 

[159].  Although positive results were obtained in mice and rabbits, it is difficult to 

extract the results since both dry and wet gels were used, and also in co-encapsulation 

systems with retinal pigment epithelial cells [159].     

As the specifications of a drug delivery vehicle largely depends on the active 

pharmaceutical ingredient and where it should be delivered, it is often necessary to 

chemically modify the alginate or to combine it with other polymers to tailor the alginate 

hydrogel for specific needs. Bouhadir and coworkers used low molecular weight alginate 

that was oxidized and subsequently grafted with adipic dihydrazide to incorporate a 

drug and to cross-link the polymers into hydrogels [36]. The drug, daunomycin, an 

antineoplastic agent, was then released from the hydrogels after the hydrolysis of the 

covalent linkage between the drug and the polymer. By using this strategy, the release 

profile of daunomycin could be varied from 2 days to 6 weeks [36]. Jeon and coworkers 
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reported the engineering of photocrosslinked and biodegradable alginate hydrogels 

[160]. In this study, alginate macromers of methacrylated alginate was tuned with 

different degree of methacrylation to yield hydrogels with controlled swelling behavior, 

elastic moduli, and degradation rates. The gels were suggested for delivery of bioactive 

factors, but the follow-up studies included rather encapsulated cells than smaller 

molecules [160,161].  

Alginate microparticles and nanoparticles are also promising candidates for delivery 

systems [162,163]. Alginate microparticles have been designed for release of the 

anti-cancer drug paclitaxel for the use by inhalation to combat lung cancer [162]. The 

alginate microparticles (3.0 ± 0.7 μm) were fabricated by an emulsification technique 

with an encapsulation efficiency of paclitaxel of 61 ± 4 %. The in vitro release profile 

showed a slower release rate for microparticles compared to pure paclitaxel and the 

paclitaxel loaded microparticles were shown to inhibit the growth of cancer cell lines in 

vitro [162]. Another strategy was used for the preparation of nano-sized drug carriers 

for the co-delivery of multiple types of drugs [163]: Inorganic/organic hybrid 

alginate/CaCO3 nanoparticles were prepared by co-precipitation with drugs, allowing 

the co-encapsulation of the hydrophilic drug doxorubicin hydrochloride and the 

hydrophobic drug paclitaxel. The nanoparticles showed sustained release of the drugs, 

and tumor cell inhibitory effects in vitro [163]. 

The ionic crosslinking of alginate is the main feature accounting for the popularity for 

the alginate hydrogel as immobilization matrix for cells and drugs. As alginate forms 

ionically crosslinked hydrogels under physiological conditions, immobilized cells retain 

their viability and function after encapsulation. The porous hydrogel network allows for 

the exchange of oxygen, nutrients and waste products, maintaining the cell viability and 

function in vitro and in vivo over prolonged periods [47]. Alginate hydrogels have 

throughout the last three decades been investigated as an immune protective 

membrane in cell therapy for the treatment of Type 1 diabetes [164–166] and also for 

the treatment of acute liver failure [167]. The use of alginate hydrogels in cell therapy 

has been hampered by an immune mediated fibrotic response to the alginate hydrogel 
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resulting in fibrotic tissue surrounding alginate microbeads [134,168]. However, 

chemical modification of alginate by grafting with triazole or zwitterions has also shown 

a reduction of fibrotic responses to the alginate microcapsules in mice [169] and 

monkeys [170]. 

3.5 Cyclodextrins 

The ability of cyclodextrins (CyDs) to form inclusion complexes with hydrophobic 

molecules and moieties makes them attractive and potent molecules for drug delivery 

purposes. The CyDs are for example used to enhance the solubility of hydrophobic 

molecules, protect drugs from degradation, give control over release and mask 

unpleasant taste [140,171]. Thus, the CyDs are not only popular in the pharmaceutical 

industry but are also utilized in for example food industry. Cyclodextrins are a group of 

cyclic oligosaccharides prepared from starch consisting of (1→4) linked 

α-D-glucopyranose units [23]. The most common cyclodextrins are α-, β- and γ-CyD, 

which differ due to the different number of monomers they are made from (6, 7 and 8, 

respectively), see Figure 5. Many different CyDs derivatives have also been made. To 

enhance the water solubility of β-CyD for example (18.5 mg/ml at 25°C [172]), the 

hydroxyl-groups can be substituted with 2-hydroxypropyl. The resulting HP-β-CyD has a 

much higher water solubility at >1200 mg/ml.  
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Figure 5. The most common cyclodextrins; α-, β- and γ-CyD. Structures were obtained from ChemDraw 

and values from reference [140]. 

The CyDs are shaped like a cone, where the cavity inside the cone is hydrophobic 

compared to the hydrophilic exterior [23,172]. This is due to the orientation of the 

molecule where the hydroxyl-groups are oriented at both ends of the cone, where the 

primary hydroxyl groups form a narrow end, and the secondary hydroxyl-groups form a 

wide frame at the opposite end [23]. This enables the CyDs to incorporate hydrophobic 

groups or molecules inside their cavity, and thus masking them from a hydrophilic bulk 
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phase. The complex between CyD and the molecule in the cavity is called an inclusion 

complex, where the CyD is referred to as the host molecule and the entity located in the 

CyD cavity is denoted the guest molecule [23,173]. The inclusion complex can be formed 

by one cyclodextrin and one guest molecule (1:1 inclusion complex), or several 

cyclodextrins and one guest molecule. Other cyclodextrin:host ratios are also possible, 

for example a 2:1 inclusion complex where two cyclodextrins form a complex with one 

guest molecule, for instance with two different moieties on one compound. This is 

illustrated in Figure 6. Often, only one part of a molecule will fit in the cyclodextrin cavity. 

This is for example seen with the anticancer drug doxorubicin as shown in reference 

[174]. 

Figure 6. Inclusion complex with two CyDs (host) and one guest molecule (host:guest ratio 2:1) containing 

two moieties suitable for interacting with the CyD cavity. Based on [140,174].  

The inclusion complex between the cyclodextrin and the guest molecule is dynamic; the 

guest can both associate and dissociate with the host, as seen in eq. 3, where G denotes 

the guest molecule, CyD the cyclodextrin and CyD*G the inclusion complex formed 

between the two. The stability constant Ka is used to describe this equilibrium. The 

equilibrium between a 1:1 inclusion complex can thus be written as seen in eq. 4, where 

K is the association constant, [G] denotes the concentration of guest molecule, [CyD] the 

concentration of cyclodextrin and [CyD*G] the concentration of the inclusion complex 

formed between the two. 
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𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐺𝐺 ⇌ 𝐶𝐶𝐶𝐶𝐶𝐶 ∗ 𝐺𝐺 (3) 

𝐾𝐾1:1 = [𝐶𝐶𝐶𝐶𝐶𝐶∗𝐺𝐺]
[𝐶𝐶𝐶𝐶𝐶𝐶][𝐺𝐺]

(4)

Many factors are considered to drive the formation of the inclusion complex 

[140,171,174,175]. For example, the size of the cavity and how well it fits with the guest 

molecule can help to determine which cyclodextrin to use for a certain guest molecule. 

Release of water from the cavity into the bulk water-phase in exchange for a more 

hydrophobic compound sequestered in the cavity is considered to be the main driving 

force for complex formation. The guest molecule can be stabilized in the cavity by 

dipole-dipole forces, dispersive forces, van der Waals interaction, charge-transfer 

interactions, electrostatic interactions, and hydrogen bonding.  

The different CyDs naturally have affinities for different types of molecules. The cavity 

of the β-CyDs is for example well suited to aromatic- and heterocyclic-moieties [140]. 

For efficient complex formation between the CyDs and guest molecule, their 

concentration should be such that they are easily dissolved [140]. On the other hand, a 

highly diluted mixture will make it more difficult for the guest molecule and CyDs to be 

close enough to form an inclusion complex. Dissolving a hydrophobic drug in water so 

that it might form an inclusion complex with CyDs (and thus enhancing its solubility) is 

not always straightforward. A more suitable solvent for the drug may be used to first 

dissolve the drug [140], before mixing it with an aqueous CyD-solution. Ideally, the 

drug-solvent should then not compete for the CyD cavity or otherwise be detrimental. 

Such a co-solvent could for example be ethanol.  

For enteral use β-CyDs are considered safe [140]. However, for parenteral use β-CyDs 

are toxic. Modification of β-CyDs can give a non-toxic version of the molecule, for 

example by substituting hydroxyl-groups with 2-hydroxy-propyl (HP-β-CyDs) suitable for 

parenteral administration. The toxicology profile of new modifications of β-CyDs must 

therefore be investigated for both enteral and parenteral use. 
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4. Results and Discussion

In this chapter the main findings in the four papers included in this thesis will be 

summarized and discussed. The papers are listed in the section named “List of Papers”. 

Paper I, II and III are published, while Paper IV is a manuscript under preparation that 

will be included as a part of a larger story of ongoing work at NTNU on the chemical 

modification of reducing ends of block polysaccharides.  

4.1 Summary of papers

Paper I, “Efficient Grafting of Cyclodextrin to Alginate and Performance of the Hydrogel 

for Release of Model Drug”, investigates the grafting of β-cyclodextrins (β-CyD) to 

partially oxidized alginate (POA), combining the gelation ability of the alginate with the 

inclusion complex ability of the cyclodextrins. Successful grafting was achieved in a 

three-step synthesis using periodate oxidation, reductive amination and 

copper(I)-catalyzed azide-alkyne cycloaddition, shown by 1H-NMR and DOSY. The 

obtained degree of grafting ranged from 1.6 – 4.7% mol β-CyD/mol uronic acid residues, 

depending on the applied reaction parameters. The chosen synthesis methodology 

allows the degree of grafting to be regulated, resulting in a material that has tunable 

properties. The final degree of grafting was shown to depend largely on the amount of 

linker (4-pentyn-1-amine) grafted to periodate oxidized alginate, hence depending on 

the degree of oxidation and also the efficiency of the binding of the linker to the 

aldehyde of the oxidized alginate upon reduction. A proof-of-concept study was 

performed to examine if the CyD-grafted alginate could alter the binding and release of 

a model molecule loaded into the alginate hydrogel. Ca-alginate gel beads made from a 

mixture of β-CyD-grafted alginate and unmodified alginate showed higher initial binding 

and had an increased and prolonged release of methyl orange compared to non-grafted 

beads. The stability of the Ca-alginate gel beads was also affected by varying the 

amounts of the grafted and unmodified alginates, which was further explored in Paper 

II.
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In Paper II, “Mechanical Properties of Ca Saturated Hydrogels with Functionalized 

Alginate”, mechanical properties and stability of chemically and enzymatically modified 

alginate hydrogels were investigated, including the CyD-grafted alginate made with the 

strategy from Paper I. The other functionalized alginates used were grafted with either 

the RGD-peptide GRGDSP commonly used for cell attachment, or L-Tyrosine methyl 

ester (MeOTyr) used as a model small-size substitute. Furthermore, a chemoenzymatic 

method was also used to graft partially oxidized alginate with L-Tyrosine methyl ester, 

to investigate if this would alter the gel-forming abilities of grafted alginate. 

Functionalization was achieved in this study via periodate oxidation followed by 

reductive amination, previously shown to give a high and controllable degree of 

substitution, with an additional third step for the CyD-grafted alginate as investigated in 

Paper I. Young’s modulus and the stress at rupture of the Ca-hydrogels were in general 

lowered when exchanging non-grafted alginate with the functionalized alginate. Still, 

the gel strength could be adjusted by the fraction of modified alginate in the mixed 

hydrogels as well as by the degree of oxidation. No notable difference in deformation at 

rupture was observed while syneresis was influenced by the degree of oxidation and 

possibly by the nature and amount of the grafted molecules. Grafted epimerized 

alginate showed better gelling properties in higher Young’s modulus and higher 

resistance to deformation at rupture than the corresponding grafted stipe alginate. The 

mixed hydrogels were less stable than hydrogels with only non-grafted alginate, and 

functionalized alginate was released from the hydrogels. Furthermore, the hydrogels in 

general rather disintegrated than swelled upon saline treatments. It is evident that 

functionalization via periodate oxidation and subsequent grafting has considerable 

effect on alginates gelling properties with reducing the ability to form stable and strong 

gels upon crosslinking with calcium. 

In Paper III, “Alginate hydrogels functionalized with β-cyclodextrin as a local paclitaxel 

delivery system”, the CyD-grafted alginate was examined for its use as an injectable drug 

delivery hydrogel system with the poorly water-soluble anticancer drug paclitaxel which 

has the ability to form inclusion complexes with cyclodextrins. The rheological and 
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mechanical properties of the prepared hydrogels were characterized, as well as in vitro 

release of the paclitaxel and in vitro activity on PC-3 prostate cancer cells. Introduction 

of β-CyD-moieties into the hydrogel reduced the mechanical properties of the gels 

compared to nonmodified gels, in line with the observations in paper II. However, the 

gelation kinetics were not markedly different. The β-CyD-modified alginate helped to 

reduce undesired crystallization of the paclitaxel seen as absence of crystals in the gels 

with β-CyD-modified alginate compared to gels with non-modified alginate. Also, the 

β-CyD-modified alginate facilitated paclitaxel diffusion out of the gel network. 

Remarkably, the β-CyD grafted alginate showed increased capacity to complex paclitaxel 

compared to free HPβ-CyD. Although the paclitaxel is not an ideal payload for 

β-CyD-based systems because of its relatively poor retention within β-CyD hydrophobic 

cavity, and because it is difficult to quantify due to rapid degradation, our findings 

support that the β-CyD-grafted alginate can modulate release of the paclitaxel from the 

gels. Release of both paclitaxel and degradation products were measured from the gels 

and were shown to have cytotoxic effects on prostate cancer cells (PC-3) in in vitro 

cultures. The results indicate that functionalized alginate with β-CyDs has potential as a 

hydrogel for drug delivery. The hydrogel system could also be applied in future work for 

delivery of other hydrophobic drugs and molecules that can form inclusion complexes 

with β-CyD. 

Lastly, in Paper IV, “Alginate Oligomers Terminally Functionalized with β- and 

γ-Cyclodextrins”, both β- and γ-CyDs were attached to the reducing ends of M- and 

MG-blocks. A two-step reaction was performed to functionalize the reducing end of 

14-mer M-, G- or MG-oligosaccharide block structures using 1) hydrazide chemistry

followed by 2) Cu(I)-catalyzed azide-alkyne cycloaddition (CuAAC) with β- and γ-CyDs.

Based on 1D 1H-NMR spectra, 32, 42 and 58 % of the reducing end of the 14-mer MG-,

M- or G-block structures, respectively, were coupled with alkyne hydrazide.

Furthermore, 27-28 % and 37-45% of the reducing ends of the MG- and M-oligomers

were coupled with CyDs, respectively. G-blocks were not successfully modified with

CyDs, likely due to the block structures high affinity for the Cu-catalyst, reducing the
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efficiency in the Cu-catalyzed click reaction. In addition, alkyne hydrazide was covalently 

bound to partially oxidized alginate, giving a grafting degree of 7.2 % (mol linker/mol 

monomer), indicating higher grafting degree with this linker compared to the 

4-pentyn-1-amine linker used in paper I.

Hence, three main topics can be withdrawn from the four papers: Grafting of 

cyclodextrins to alginate/alginate oligomers (section 4.2), mechanical properties of 

modified alginate hydrogels (section 4.3) and drug delivery abilities of the cyclodextrin 

grafted alginate (section 4.4). These topics will be examined consecutively in the 

following sections.  

4.2 Chemical and Enzymatic Modification of Alginates 

In Paper I, the purpose was to combine the hydrogel forming ability of alginates with the 

ability of the cyclodextrins to form inclusion complexes. The easiest way of combining 

these aspects may at first seem to be to simply mix CyDs into an alginate solution before 

starting gelation. However, when mixing β-CyDs with alginate and letting the gel set by 

external gelation in Ca2+, we showed that the free β-CyDs quickly diffused out of the 

hydrogel (Paper 1). Furthermore, the non-bound cyclodextrins did not alter the load and 

release of the color compound methyl orange, which is known to form inclusion 

complexes with CyDs [176]. The other option is then to covalently attach the CyDs to the 

alginate network, ensuring that they do not diffuse out of the hydrogel in an untimely 

manner. Traditional methods of grafting molecules to alginate by carbodiimide 

chemistry have suffered from low grafting degrees and the formation of by-products 

[18,35,177].  

Higher grafting degrees of compounds with an amine-functional group is possible to 

obtain, as was previously shown by Dalheim et al. [33] for peptides and for the model 

molecule L-Tyrosine methyl ester (Figure 7): The alginate is first partially oxidized 

creating reactive dialdehyde units in the alginate chain. The oxidized monomers can 

then react with an amine-functional group using reductive amination. Cyclodextrins 

have previously been grafted to dextran using Cu(I)-catalyzed click chemistry (CuAAC) 
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[83]. A strategy combining these synthesis pathways was therefore chosen to graft CyDs 

to alginate. The hypothesis was that this would give a straightforward grafting 

procedure with high controllable grafting degrees and without unwanted by-products. 

A schematic of the synthesis is given in Figure 7. The use of Cu-free click reactions are 

further discussed later in this chapter and in section 4.5. 

Figure 7. Schematic of the synthesis of partially oxidized alginate grafted with β-CyDs, RGD-peptide 

GRGDSP or L-Tyrosine methyl ester. The alginate first underwent partial oxidation and reductive 

amination (A) to attach either the linker 4-pentyn-1-amine, RGD peptide or L-Tyrosine methyl ester (B). 

β-CyD was then covalently bound to the linker via Cu(I)-catalyzed click chemistry (C). Cyclodextrin is not 

scaled properly in comparison to the alginate residues. 

The degree of grafting was tunable based on several parameters. As the linker attaches 

to the aldehyde unit of the alginate, the degree of oxidation of the alginate is important 

and influences the final grafting degree. However, the cleaved ring-structure of oxidized 

alginate monomers is detrimental to the overall hydrogel forming ability of the alginate 

[50,68]. Thus, the oxidation should be high enough to ensure a high grafting degree 
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giving desired effect of the functionalization, while being low enough so that the 

partially oxidized alginate still is able to form a hydrogel. The molar ratio between the 

periodate used to oxidize the alginate and the alginate monomers were therefore set to 

0.08, giving a theoretical oxidation degree of 8% oxidized monomers. To indirectly 

confirm that the reactions had run to completion (all IO4 consumed), a titration test was 

performed: 0.5 ml of the reaction mixture was mixed with 5 ml 0.5 M cold phosphate 

buffer (NaH2PO4), pH 7.0 and 0.75 ml 60% (w/v) potassium iodide (KI). If unreacted 

periodate was present, this would result in yellow coloration (no color change is 

observed if all periodate has been consumed). Direct verification of oxidization degree 

with 1D 1H-NMR is difficult due to the complex peak pattern [50]. The same authors 

showed that reduction of the partially oxidized alginate (using P0 between 2-8%) with 

sodium borohydride gives a distinguishable peak for unoxidized monomers with a 

neighboring oxidized and reduced unit, making it possible to calculate the oxidation 

degree, which showed similar values as the theoretical oxidation degrees.  

Originally, 4-pentyn-1-amine was chosen as the linker molecule between the alginate 

chain and cyclodextrins due to the belief that it would be long enough for easy 

attachment of CyDs, while short enough to not be detrimental to the hydrogel [83]. This 

gave a grafting degree between 1.6 – 5.6% mol linker/mol monomer. The amount of 

linker added to the reaction was based on the theoretical oxidation degree. By 

increasing the linker added to the reaction from 5 molar equivalents to 20 equivalents, 

while the reaction time was lowered from 96 to 48 hours, the grafting degree was 

calculated to be 2.2%. Thereafter the reaction time was again increased to 84 hours 

using 20 molar equivalents linker, giving a grafting degree of 5.6%. These results showed 

that both the amount of linker and reaction time influence the grafting degree. 

Nevertheless, the linker was successfully attached to the partially oxidized alginate 

making it possible to go forward with grafting the cyclodextrins to the chemically 

modified alginate.  

An attempt was also made to attach the linker 4-pentyn-1-amine to the reducing end of 

alginate oligomers. However, successfully reacting this linker with the reducing end was 
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not achieved. In contrast to this, it was recently shown in literature that adipic acid 

dihydrazide can efficiently be conjugated to oligosaccharides derived from chitosan [62]. 

Grafting of the reducing end of alginate oligomers is still ongoing work at NTNU [64]. 

Based on this, a hydrazide linker with an alkyne functionality (alkyne hydrazide) was then 

chosen to act as the linker between alginate oligomers and CyDs in the hope that the 

hydrazide linker would be more efficient in reacting with the reducing end. The linker 

alkyne hydrazide was successfully grafted to different oligomers derived from alginate 

(DP = 14). For the different MG, M or G-block structures, 32, 42 or 58 % of the reducing 

ends of the blocks, respectively, reacted with the linker.  Hence, this indicates that the 

reaction also depends on the type of alginate oligomer used in the reaction. The better 

reactivity of alkyne hydrazide compared to 4-pentyn-1-amine may be due to higher 

nucleophilicity of the alkyne hydrazide [62].  

An experiment with partially oxidized alginate and alkyne hydrazide was also performed 

to examine if this linker attached with a higher grafting degree than 4-pentyn-1-amine. 

This experiment is reported in Paper IV. This worked very well and gave a degree of 

substitution of 7.2% (mol linker/mol monomer). Hence, for future work alkyne hydrazide 

should be further explored for attachment to both partially oxidized alginate and 

alginate oligomers, for example if the alkyne moiety on the linker is needed for CuAAC. 

This, however, was outside the scope of the work presented in this thesis.  

The same method of partial oxidation and reductive amination was also used to 

functionalize alginate with the RGD-peptide GRGDSP (for cell attachment) and 

L-Tyrosine methyl ester (as model small size substitute, MeOTyr). The grafting degree

was again determined by 1H-NMR to be 3.9 and 7.0% (mole substituent per mole uronic

acid residue), respectively. Furthermore, a chemoenzymatic method was also used for

grafting to examine if hydrogels made from both enzymatically and chemically modified

alginate would behave differently compared to hydrogels made from only chemically

modified alginate. Here, mannuronan was partially oxidized and grafted with L-Tyrosine

methyl ester. This was followed by epimerization of the grafted mannuronan with the

mannuronan C-5 epimerase AlgE64 that convert M- to G-units in the unmodified part of
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the chain, specifically introducing MG- and G-blocks. The grafting degree of the 

epimerized sample (EpimPOAMeOTyr) was determined to be 7.9% while the G-content 

was determined to be 49%, as reported in Paper II. 

The size of the β-CyD cavity fits well with the size of the aromatic ring and heterocyclic 

moieties which many drug molecules contain [140,178–180], and therefore this was the 

chosen type of CyD for modifying the alginate polymer. β-CyD was introduced in the last 

step of the synthesis strategy, the CuAAC-reaction [80]. This step showed robust and 

high substitution degrees when using N3-β-CyD and the linker 4-pentyn-1-amine 

attached to partially oxidized alginate, see Paper I. Furthermore, the reaction results in 

a distinguishable peak at 7.8 ppm in the 1H-NMR spectrum, due to the formation of a 

triazole unit after a successful reaction between the alkyne moiety and azide group [83]. 
1H-NMR was used to confirm and calculate the degree of grafting. Diffusion ordered 

spectroscopy (DOSY) was also initially used to confirm that the CyDs were covalently 

attached to the alginate; if the CyDs are grafted to the alginate, the diffusion of the CyDs 

and alginate are expected to be the same. A DOSY and 1H-NMR spectrum of one sample 

of partially oxidized alginate grafted with β-CyD is shown in Figure 8. A full range 1-8 

ppm spectra are given in supplementary file S1 in paper II. For non-successful grafting, 

the diffusion of CyD would be lower than for the alginate sample, as shown for MeOTyr 

by Dalheim et al. [33]. The highest achieved grafting was 4.7% mol β-CyD/mol sugar 

residues.  

Grafting of other types of CyDs could also be interesting for future investigation. HP-β-

CyD is for example safe for parenteral use and is more water-soluble compared to β-CyD 

[140,172]. CyDs with a larger or smaller cavity may be better suited to certain drugs 

compared to β-CyDs. There is also potential for tailoring the release of different drugs 

loaded into the same hydrogel if the drugs have different affinities for the grafted CyDs. 

Furthermore, other molecules than CyDs can also potentially be attached to the alginate 

using the aforementioned reaction steps, if the reactive group needed for the click 

reaction is possible to attach to the alternative compound. 
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Figure 8. 1H NMR of stipe alginate and partially oxidized alginate grafted with β-CyD are shown. In 

addition, a closer look is shown of the interesting region of the grafted alginate with an assignment of the 

protons of the different chemical groups, as well as DOSY (upper left corner).  
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With regards to the alginate oligomers (Paper IV), CuAAC was also used to attach either 

β-CyDs or γ-CyDs to the reducing ends of the oligomers, by reacting them with the alkyne 

moiety of the alkyne hydrazide linker. Even though all block structures were successfully 

conjugated with alkyne hydrazide, only M- and MG-oligomers successfully attached to 

the CyDs. Here, the M- and MG-oligomers had both β-CyD and γ-CyD attached to them. 

The amount of oligomers that were attached with CyDs was calculated to be 45% for the 

M-βCyD block, 37% for the M-γCyD block, 27% for the MG-βCyD block and 28% for the

MG-γCyD block based on the 1H-NMR spectrum. In other words, most of the available

alkyne hydrazide reacted with the CyDs.

1H-NMR showed no triazole peak when analyzing the G-oligomers, giving evidence that 

the CyDs had not reacted with the alkyne linker. Since the catalyst (Cu(I)) for the CuAAC-

reaction is supplied as Cu2+-ions, a likely explanation is that the G-oligomers forms an 

ionic complex with the Cu2+-ions before Na-ascorbate can reduce it. Previously, it was 

shown that G-oligomers have a higher affinity towards Ca2+-ions compared to alginate 

[120]. Thus, this seems to be the case also for Cu2+-ions, where we hypothesize that for 

grafting of alginate enough Cu1+ is free to act as catalyst in the CuAAC-reaction, while 

for G-oligomers the Cu-ions are complexed so fast by the oligomers that not enough 

Cu1+ is available to catalyze the reaction. Successful reaction with G-oligomers might be 

done by first reacting the linker with CyDs, and thereafter reacting the oligomer with the 

CyD-linker. Cu-free click-reactions also exist [86,181,182] and are viable options for 

modifying both the alginate and its oligomers.  

4.3 Mechanical Properties of Modified Alginate 

The mechanical properties of alginate gels are highly dependent on type of alginate and 

crosslinking ion. Due to partial destruction of the gelling units when partially oxidizing 

the alginate, it was expected that the modified alginate would have reduced ability to 

gel with divalent ions [50,68]. The results presented in Papers I, II and III showed the 

modified alginate still contributed to the hydrogel network, although to a lesser degree 

compared to non-modified alginate (Alg). Furthermore, the mechanical properties of 
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the alginate hydrogels could be tailored using a mix of modified and non-modified 

alginate, for example by using a mix of Alg/POA with a mix ratio of 1:1. 

Compression measurements were used to find the Young’s modulus and stress and 

deformation at rupture for gels made by internal gelation, where gels were either 

saturated or unsaturated with Ca2+ (Paper II and III). Syneresis (loss of water) and 

stability of the gels were also studied. The Ca-saturated hydrogels, as presented in Paper 

II, made from solely partially oxidized alginate (POA) or mixtures of POA/Alg were 

studied to examine the effect of oxidation and the subsequent destruction of the gelling 

segments. Further studies were then done on grafted alginate, to determine if the 

functional groups would further alter the properties of the hydrogel. The functionalized 

alginates were grafted with either: 

• β-cyclodextrin for help with load and release of bioactive molecules

• the RGD-peptide GRGDSP for cell attachment

• L-Tyrosine methyl ester as model small-size substitute (MeOTyr)

In Paper III, comparison of Alg/POA and Alg gels showed that the transition time from 

solution to gelation was similar at ~25 minutes, indicating that the introduction of 

oxidized alginate does not affect how fast the alginate converts from a solution to a gel. 

However, the storage modulus stabilized quicker for alginate gels compared to Alg/POA 

gels with different mix ratios of oxidized and non-modified alginate. The alginate gel 

reached plateau levels at 4-6 hours compared to 8-12 hours for the Alg/POA gels (Paper 

II). Based on this it seems that it requires a longer time to arrange the alginate chains 

into a stable gel network for the Alg/POA gels compared to non-modified alginate gels. 

This could be because it is more difficult to form stable junction zones due to less or 

shorter G-blocks available for crosslinking caused by the oxidation reaction. In addition, 

as the POA chains are more flexible, it could also be easier for the polymer chains to 

rearrange, giving a longer network rearrangement time [24]. On the other hand, the 

POA chains could be disrupting the existing G-blocks from forming crosslinks, and thus 

ensuring a longer time before plateau levels are reached for Alg/POA gels. 
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It was possible to make hydrogels from the modified alginate by either dripping 

dissolved alginate into a CaCl2 solution (Paper I) or by internal gelation using GDL/CaCO3. 

Properly shaped Ca-saturated hydrogel cylinders made with internal gelation were 

possible to make from the 2 and 4% partially oxidized alginate, while hydrogel cylinders 

made purely from 8% oxidized alginate were deformed upon completion and very 

difficult to handle. This is in agreement with previous work on partially oxidized alginate 

and was expected due to the destruction of gelling units and increased chain flexibility 

caused by the ring opening of oxidized sugar units [50,68,116]. Partial oxidation of 

alginate can thus lead to reduced G-block length, and it has already been established 

that a block length of at least eight G-units is needed for crosslinking with Ca2+ [128,183]. 

Interestingly, Ca-alginate gels made purely of epimerized 8% oxidized alginate grafted 

with L-Tyrosine methyl ester (epimPOAMeOTyr) were able to form intact gel cylinders. 

Hydrogel cylinders made of differently modified alginates, as well as non-modified stipe 

alginate, are depicted in Figure 9. 

Figure 9. Hydrogel cylinders made by internal gelation using GDL/CaCO3 with 1% (w/V) alginate. Stipe 

alginate = non-modified alginate reference. Abbreviations: POA = partially oxidized alginate. P0 = degree 

of oxidation. POA-βCyD = POA grafted with β-cyclodextrin. Epim POA-MeOTyr = epimerized mannuronan 

grafted with MeOTyr. 
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Furthermore, Young’s modulus was also measured for Ca-saturated gels of 8% oxidized 

material, gels made of 8% oxidized material grafted with MeOTyr or β-CyD, and the 

epimerized 8% oxidized POA-MeOTyr sample. Here, Young’s modulus was very low for 

all gels (0.7 – 2.5 kPa). It is also important to note that the molecular weight of the 

different modified alginates were not the same after undergoing the partial oxidation 

and grafting procedures, and lowering the molecular weight can decrease Young’s 

modulus when the molecular weight is below 240 - 350 kDa [114,118]. As the molecular 

weight for the modified alginate samples were between 65 - 126 kDa this could also 

have had an impact on the measured values. However, variation in molecular weight is 

not believed to play a large role in these gels. Rather, it is the oxidation and grafting 

procedure which is responsible for the altered mechanical properties of these gels. Gels 

made of 2 or 4% oxidized alginate for instance, gave a Young’s modulus of about 9 kPa, 

and had a molecular weight of 99 and 93 kDa, respectively. In contrast, the 8% oxidized 

alginate had a molecular weight of 97 kDa, similar to the 2 and 4% POA, but a Young’s 

modulus of about 1 kPa.  

Alginate hydrogels often undergo syneresis upon ionic crosslinking, that is to say they 

shrink and release water, giving a higher polymer concentration in the gel [32]. The main 

driving force for syneresis is considered to be the formation of junction zones [121]. 

Generally, syneresis is decreased by increased G-block length due to a less flexible 

network that cannot easily be reorganized [118]. For the gels made of purely 8% oxidized 

material, as well as the POA grafted with MeOTyr or β-CyD, and the epimerized 8% 

oxidized POA-MeOTyr, the syneresis was higher (46 – 67%) than the 1.0% w/v stipe 

alginate reference gel (30%). In comparison, the syneresis of the 0.5% w/v stipe alginate 

reference sample was 46%. Again, these results indicate that more rearrangement of 

the gel network is possible for hydrogels made of 8% oxidized alginate compared to 

non-modified alginate, likely due to both decreased G-block length as well as more 

flexible polymer chains [50,56,68]. Interestingly, gels made of solely 2% oxidized alginate 

showed similar syneresis compared to the 1.0% (w/v) reference sample, showing the 

large scope varying the oxidation degree can give over the properties of the alginate gel. 
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It is also important to note that, as the same Ca2+ concentration was used for all POA 

hydrogels, the modified alginate gels would have more Ca2+ present compared to 

G-units in comparison to the non-modified alginate gels, which may have contributed to

a higher syneresis [55].

Syneresis also increases with increasing molecular weight [121]. No correlation of this 

was found for the gels made of purely modified alginate. For example, 2 and 8% oxidized 

samples had very similar molecular weights at 99 and 97 kDa, respectively, but showed 

very different syneresis. In contrast, the stipe alginate sample (Mw = 133 kDa) had about 

the same amount of syneresis of approximately 30% as the 2% POA sample (Mw = 99 

kDa). Overall, this shows that the mechanical properties of the Ca-alginate hydrogels 

examined here were determined largely by the chemical and enzymatic modification of 

alginate as opposed to the variation seen in molecular weight. More experiments of 

modified Ca-gels with different Ca/G-ratios should be done to fully understand the 

impact of modified alginate on the syneresis.  

A distinguishable difference in the stress needed to rupture the epimerized gels were 

observed, with a value of 3 kg as opposed to 0.1 – 0.6 kg for the gels made of solely 

modified alginate (P0 = 8%). Overall, this shows that there is an effect when using a 

chemoenzymatic strategy where the G-units are introduced into the chain after grafting. 

In this way, only M-units are oxidized. However, the epimerized hydrogels still showed 

a large decrease in mechanical properties compared to non-modified alginate, showing 

that the gelling segments have been compromised even after converting M- to G-units 

after the grafting procedure.  

For possible future work it should be kept in mind that divalent cations, such as Ba2+ and 

Sr2+, can contribute to create stronger and more stable gels [98,110]. Furthermore, as 

the viscosity for the modified alginate is decreased, the concentration used to make the 

gels can be increased without leading to problems handling the liquid gel mix. This could 

likely give hydrogels with both increased mechanical properties and functionality. Lastly, 

it would also be interesting to mix block-structures and alginate with and without 

modification, to see if this has any effect on the mechanical properties of the formed 
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hydrogels, since G-blocks for instance may help alter gelling kinetics and mechanical 

properties [120].  

For the Ca-alginate hydrogels made from a mix of modified and non-modified alginate, 

the compression studies also showed that the tailored alginate generally lowered the 

mechanical properties of the gels, see Figure 10. Young’s modulus, stress at rupture and 

syneresis was here largely influenced by both the oxidation degree and ratio of modified 

and non-modified alginate.  

Figure 10. Young’s modulus measured for different types of 1.0% w/v Ca-saturated alginate hydrogels (n= 

4-10). One reference sample with 0.5% w/v alginate is also shown. Abbreviations: Ref. = reference gels.

0.25 / 0.50 / 0.75 = Weight fraction of oxidized or grafted alginate in the gel compared to total amount of

alginate in hydrogel.  POA2/4/8 = partially oxidized alginate with theoretical oxidation degree of 2, 4 or

8%. Alg = Stipe alginate. βCyD = β-cyclodextrin. POA-MeOTyr = POA grafted with L-Tyrosine methyl ester.

POAβCyD = POA grafted with β-cyclodextrin. POA-GRGDSP = POA grafted with peptide GRGDSP.

EpimPOA-MeOTyr = epimerized mannuronan grafted with MeOTyr.

Regarding the mixed hydrogels containing both POA and alginate, the syneresis for the 

4% and 8% oxidized samples were lower (15 – 23 %) compared to the reference samples. 

This is in contrast with the gels made of solely modified alginate (P0 = 0.08). Even though 
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the mixed gel system gains more flexibility to rearrange due to the oxidized units, it 

seems that the network is less compact compared to non-modified alginate gels due to 

lessened ability to form junction zones. There may be an incompatibility between the 

oxidized and non-modified alginate, both decreasing the effective formation of junction 

zones seen in the reference gels and the flexibility of the POA chains seen in the pure 

modified gels (P0 = 0.08). In other words, there may be less junction zones formed, and 

thus less syneresis.  

Comparing the 1% (w/v) alginate hydrogels were the ratio between non-modified and 

oxidized alginate (Alg/POA) was 1:1 with the 0.5% (w/v) unmodified stipe alginate gels 

gives valuable information to examine if the modified alginate can contribute to the gel 

network. If the mechanical properties of the Alg/POA (1:1) gels would be similar to the 

0.5% (w/v) reference sample, it could be assumed that the oxidized alginate did not take 

part in the network formation. However, the Alg/POA (1:1) gels all gave a higher Young’s 

modulus (24-28 kPa) compared to the 0.5% (w/v) reference sample (E = 6 kPa). With 

regards to the stress at rupture, gels with P0 = 2% showed a higher resistance to stress 

before rupturing, while the 4% and 8% POA gels showed similar or lower stress at 

rupture, respectively. The stress needed to rupture the hydrogels depends on the 

energy needed to fracture the junction zones, while Young’s modulus depends on the 

amount, size, and stability of junction zones [24,32]. In addition, the length and flexibility 

of the segments between the junction zones also influence Young’s modulus. Overall, 

this indicates that the oxidized alginate is still able to take part in the gel network, but 

the junction zones in POA/alginate gels are easier to destroy compared to non-modified 

alginate. This is likely due to shorter and/or fewer junction zones due to ring opening of 

the oxidized monomers.  

A further decrease in Young’s modulus was seen for calcium saturated gels when 8% 

oxidized alginate was grafted with either β-CyD, MeOTyr or GRGDSP and mixed with 

stipe alginate so that the amount of modified alginate was 25 or 50%, see Figure 10. No 

difference was observed for mixed gels were 75% of the alginate was grafted.  The 

further decrease in Young’s modulus for the Ca-saturated gels may be due to steric 
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hindrance of gel network formation/rearrangement caused by the grafted substituents, 

and thus impeding optimized interaction with the Ca-ions. Most of the mixed gels 

containing grafted alginate (either with β-CyD, MeOTyr or GRGDSP) showed similar 

values as the mixed gels with 8% oxidized alginate when measuring the stress and 

deformation needed to rupture the mixed gels.  

For the mixed gels containing grafted POAMeOTyr and POA-GRGDSP an increase in 

syneresis compared to the mixed partially oxidized alginate gels were observed, while 

POAβCyD showed similar syneresis compared to POA gels. This may be due to the bulky 

CyD-group contributing to a less flexible network compared to the two other less bulky 

substituents. Overall, the oxidation degree seems to be the more prevalent modification 

giving decreased mechanical properties, while some effect may also be attributed to 

grafting substituents on the partially oxidized alginate. Tailoring the functionality of 

alginate hydrogels using the oxidation and grafting procedure will therefore be a balance 

between achieving the desired functionality while still retaining good mechanical 

properties. 

All the previously described gels were made by internal gelation using GDL/CaCO3, 

followed by saturating the gel system with Ca2+ by placing the gels in a Ca-bath for 24 

hours. In addition to this, some Ca-unsaturated alginate hydrogels were also examined. 

Generally, the same trend was seen where substituting non-modified alginate with POA 

reduced Young’s modulus and stress at rupture. The effect of calcium increase was 

clearly seen, as the saturated alginate hydrogels gave a Young’s modulus of about 30 

kPa compared to 8 kPa for the Ca-unsaturated alginate gel. This was expected as the 

hydrogel network is formed on the basis of crosslinking with Ca2+. The effect of Ca-

concentration has previously been shown in literature [55,114,121]. Furthermore, the 

unsaturated gels showed no large difference in Young’s modulus when comparing 

Alg/POA and Alg/POAβCyD. 

In addition to these results, the hydrogels in this work that were unsaturated in Ca2+ 

were much less syneretic compared to the Ca-saturated gels, as was expected as Ca2+ is 

needed in the formation of junction zones. This concurs with previous work where 
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Ca-saturation has been shown to give more syneretic gels [121]. While the deformation 

the Ca-saturated hydrogels could undergo before rupture was largely similar to the 

reference gel, this was not the case for the gels that were unsaturated with Ca2+. 

Interestingly, the Ca-unsaturated Alg/POA (1:1 w/v) and Alg/POA (1:3 w/v) showed 

about 40% and 20% deformation at rupture, respectively, compared to about 60% for 

both the Ca-unsaturated and Ca-saturated reference sample. Again, this points to a less 

stable network when more oxidized alginate is mixed in.   

To better understand how the functionalizes hydrogels could be used within drug 

delivery it was also important to study the stability of these gels in aqueous medium. 

Low-molecular weight alginate rich in M-content is already known to leak out of 

Ca-alginate hydrogels, and when placed in a saline bath (0.15 M NaCl) gels tend to 

dissolve due to exchange of Ca2+ with Na+ [128,184]. In this work it was also shown that 

grafted alginate leaked out of gels made of a mixture of non-modified and grafted 

alginate (mixed gels). The fraction of grafted alginate, in this case grafted with MeOTyr, 

decreased with the number of saline baths, see Figure 11A. This shows that not only is 

low-molecular weight alginate rich in M-content leaked out initially, but grafted material 

is also released in the initial stages. Furthermore, the mixed hydrogels lost more material 

in the NaCl treatments compared to the stipe alginate gels. The most drastic difference 

was seen for the mixed gels where 75% of the alginate was; the mixed partially oxidized 

alginate gel lost 49 wt% and the POAMeOTyr gels lost 40 wt% after the two first NaCl 

treatments. The stipe alginate only lost 4 wt% after all four treatments.  

Generally, Young’s modulus decreased for all gels after each NaCl treatment. The mixed 

gels were always easier to destroy than the stipe alginate reference gels (it was not 

possible to work with the mixed gels after 2-4 treatments). Swelling (relative weight 

gain) happened in the same manner for all hydrogels, except for the Alg/POA (1:3, P0 = 

0.08) hydrogel. This gel system disintegrated (observed as a decrease in weight). For the 

remaining hydrogels, swelling increased after the initial treatments followed by 

dissolution of the gels. The swelling data are shown in Figure 11B. Pictures of alginate 

and Alg/POAβCyD beads, and their stability in NaCl-solution is also shown in Figure 13 
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P3. Previous work has shown continued swelling of Ca-alginate beads, by measuring the 

diameter of the beads, for seven consecutive NaCl treatments [93,98]. The exchange of 

Ca2+ with Na+ and the ability of the gel network to counteract the osmotic pressure 

effects the swelling of the alginate hydrogel [93,117]. Both the fast disintegration of the 

mixed hydrogels compared to the reference gels, as well as the higher amount of leaked 

material is likely due to the formation of shorter or fewer junction zones, due to the 

reduced number of gelling units in the modified alginate. Thus, the mixed gels are less 

able to withstand swelling. 

As it was evident that grafted material could leak out quickly from the hydrogels, toxicity 

studies with PC-3 cells were performed. Here, the cells were exposed to solutions of 

both partially oxidized alginate mixed with free β-CyD and POAβCyD. This was done due 

to the knowledge that β-CyD can give hemolysis and cytotoxicity (dependent on dose) 

[185]. For POAβCyD solutions, cell viability was ≥ 90 for concentrations up to 5 mg/ml (1 

mM β-CyD), see Figure 11C. Above this threshold, cell viability decreased in a 

concentration dependent manner. Furthermore, the POAβCyD polymers gave two times 

higher cytotoxicity compared to free β-CyD mixed with partially oxidized alginate. As 

substituent on CyDs are known to alter the complexation capability of the CyDs, and 

complexation with cellular cholesterol is linked to cytotoxicity, these results may 

indicate that POAβCyD is more effective in complexing the cholesterol in the cell wall 

compared to non-modified β-CyD [185,186]. For hydrogels made of alginate and 

POAβCyD, cells exposed to hydrogels left in cell medium for 72 hours did not show a 

substantial toxicity, indicating that while a POAβCyD showed higher toxicity compared 

to free β-CyD, the gels made with POAβCyD did not leak out enough grafted material to 

give the same effect on toxicity.  



48 

Figure 11. Leakage and swelling studies of grafted alginate hydrogels. A: Fraction of alginate grafted with 

L-Tyrosine methyl ester (FMeoTyr) leaked out from 1.0% w/v alginate/POA-MeOTyr (P0 = 0.08) mixed

hydrogels (n = 5) after immersing the gels in consecutive baths of 0.15 M NaCl. B: Swelling (w/w0) of 1.0%

w/v alginate/POA (P0 = 0.08) and alginate/POA-MeOTyr (P0 = 0.08, DS = 7.0%) mixed hydrogels (n = 5) 

after consecutive NaCl treatments. One NaCl treatment: immersing the gels in 0.15 M NaCl for 24 hours.

C: Cells were incubated with alginate functionalized with β-CyD (POAβCyD) solution and free β-CyD mixed 

with POA solution. Abbreviations: POA = partially oxidized alginate. P0 = degree of oxidation. βCyD =

β-cyclodextrin. POA-MeOTyr = POA grafted with L-Tyrosine methyl ester. POAβCyD = POA grafted with

β-cyclodextrin.



49 

4.4 Load and Release of Compounds from Alginate Hydrogels 

Functionalized with CyD 

The benefit of the alginate hydrogel is its easy and gentle gelation, as well as its general 

biocompatibility [18]. However, the aqueous hydrogel also gives certain limitations on 

the load and release of different compounds. In this work, load and release of two 

different compounds were studied, methyl orange (presented in Paper I) and paclitaxel 

(presented in Paper III). Structures and molecular weight of these two compounds are 

given in Figure 12. The two compounds were selected to represent different extremes: 

Methyl orange is a smaller and more water-soluble molecule (water solubility ~15 mM 

at 20°C [187]) compared to paclitaxel (0.35 - 12 µM at 37°C in PBS-buffer [188]). Methyl 

orange is a color compound known to form an inclusion complex with CyDs [176,189] 

and was used as a preliminary test to examine if the β-CyD-grafted alginate (POAβCyD) 

was able to retain the functionality of the non-modified CyDs. It was possible to study 

the release both by visual inspection of the alginate beads and release medium, as well 

as quantify the amount of methyl orange released. Thereafter, it was interesting to 

examine the load and release of an actual drug, and paclitaxel was chosen as it also has 

the ability to form an inclusion complex with CyDs [190,191]. Furthermore, it is a highly 

hydrophobic anticancer drug and therefore difficult to load into an aqueous delivery 

system (such as a hydrogel).  
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Figure 12. Structure and molecular weight of methyl orange and paclitaxel. Structures and molecular 

weights were obtained from ChemDraw. See also [176,192]. 

The two molecules methyl orange and paclitaxel thus gave insight into how the 

CyD-grafted alginate would handle load and release of both a small, relatively 

water-soluble compound and a larger hydrophobic molecule. As molecules with 

molecular weight below ~20 kDa are shown in literature to freely diffuse out of alginate 

hydrogels [138], the permeability of the gel is not expected to contribute to slowing 

down the release of either methyl orange or paclitaxel, and thus differences in load and 

release can be contributed to the CyDs. 

For methyl orange, loading of the compound into the gel was done by dripping an 

alginate solution into a bath containing gelling ions and the color compound. Methyl 

orange could then simply diffuse into the beads.  The concentration of methyl orange in 

the release medium was measured for each treatment.  

The gel beads containing POAβCyD gave a higher release of methyl orange in the release 

medium (Figure 13, P1-2). For the first treatment POAβCyD-gels released 0.5 – 0.6 µmol 

compared to 0.3 µmol for the non-modified alginate gels. From the second treatment, 

release of methyl orange was only measured from POAβCyD-gels, ranging from 0.5 – 0.6 

µmol for the second treatment and 0.1 – 0.4 µmol for the two last treatments. In 

addition, by visually inspecting the gel beads and release medium it was clear that gel 

beads containing POAβCyD gave both a higher and longer release over time as seen in 
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Figure 13, P3. This also strongly indicated that the load of methyl orange in grafted gel 

beads were higher compared to non-modified alginate (Alg) beads.  

The concentration of methyl orange in the load solutions after the hydrogel beads were 

removed after loading was not possible to determine, possibly due to too high 

concentration of methyl orange. Even so, assuming a homogeneous distribution of 

methyl orange in the loading solution containing the alginate beads (140 μmol/L), the 

amount of methyl orange in the gel volume (3 mL) would be 0.4 μmol. The released 

methyl orange from the grafted beads (Figure 13) are 6.3 and 4.5 times higher than this 

for the beads containing 50% or 25% β-CyD-grafted alginate, respectively. This again 

indicates an accumulation of methyl orange in the beads with β-CyD-grafted alginate. 

The study made with methyl orange and POAβCyD suggests that the modified hydrogel 

is a good system for slowing down the release of small water-soluble molecules if there 

is sufficient affinity for the CyDs, and also for loading more of the compound into the 

gel. The affinity the compound shows for the CyD cavity is an important factor and will 

influence the CyD-drug complex association and dissociation and subsequently the 

migration of the compound out of the hydrogel.  
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Figure 13. Release of methyl orange (MO) from Ca-alginate beads in consecutive NaCl treatments (0.9% 

(w/v) NaCl, one hour). A: Picture of loading solutions (L) and NaCl treatments (numbers 1–6) after removal 

of the beads. B: Quantified amount of MO in the treatment solutions. Lines are drawn to guide the eye. 

C: Beads after removal from the load-solution containing methyl orange (load) and gelling ions, and after 

consecutive immersion in the indicated number of 0.9% (w/v) NaCl treatment. Beads made of alginate 

(a), alginate + free β-CyD (b), alginate/β-CyD-grafted alginate (3:1 w/w) (c) and alginate/ β-CyD-grafted 

alginate (1:1 w/w) (d).  
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For paclitaxel the process of loading the drug into the hydrogel was more complicated 

due to the hydrophobic nature of the drug. A preliminary test was done to examine if 

the grafted alginate would help dissolve the paclitaxel. Paclitaxel was dissolved in 

ethanol before mixing with the alginate solution, and final paclitaxel and ethanol 

concentration in the alginate solutions were 28 µM and 3.7 % (v/v), respectively. The 

solutions consisted of either 1.5 % (w/v) Alg, 1.5 % (w/v) Alg/POAβCyD (1:1 w/w) or 2.0 

% (w/v) Alg/POAβCyD (1:1 w/w). Initially, none of the samples showed signs of 

aggregation of the paclitaxel. After 20 hours of gentle mixing at ambient temperature 

all samples showed signs of paclitaxel crystallization. However, a much higher amount 

of paclitaxel crystals was observed in the non-modified alginate solution compared to 

the POAβCyD containing samples as seen in Figure 14. This strongly indicated that the 

grafted CyDs were able to form an inclusion complex with paclitaxel, thereby improving 

the solubility of the drug. Paclitaxel crystals can be stable for several months and are 

generally seen as detrimental for drug release [139]. 
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Figure 14. Light microscopy pictures (40x) of paclitaxel mixed into different alginate solutions (1.5% w/v 

or 2.0 % w/v polymer) immediately (A), after 2 ± 1 hours (B) and after 20 ± 1 hours (C). Solutions consisting 

of both alginate and β-CyD grafted alginate had a ratio of 1:1 (w/w). Abbreviations: Alg = stipe alginate. 

POAβCyD = β-CyD grafted alginate. 

After the initial assessment had shown that the POAβCyD increased the solubility of 

paclitaxel in aqueous medium, the next step was to examine the load and release of the 

drug from alginate hydrogels. Here, the alginate hydrogels were made by internal 

gelation using the CaCO3/GDL system. Paclitaxel was first dissolved in ethanol before the 

drug was mixed into the alginate solution, on the basis that this would give the most 

homogenous distribution of the drug throughout the gel. Thus, it could be of interest to 

see if the paclitaxel could be dissolved directly with the POAβCyD polymer in aqueous 

solution. However, as the amount of ethanol used here (up to 5.4% v/v) did not give 

precipitation of alginate and should not be detrimental to the inclusion complex 

between paclitaxel and cyclodextrin [140], no large issues with using ethanol as 
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co-solvent is presumed for this work. Instead, the co-solvent should help dissolve the 

paclitaxel so that the drug is more readily available to interact with the grafted CyDs.   

Alginate was mixed with paclitaxel, and thereafter gelation was started using the 

internal gelation method. The same amount of paclitaxel was added to the alginate 

samples before gelation start, and thus the final concentration of paclitaxel in the 

hydrogels were 25 µM. The gels were made of either alginate, Alg/POAβCyD (1:1 or 1:3 

w/w) or alginate mixed with free HP-β-CyD or β-CyD. Crystal formation of paclitaxel was 

easily visible under a microscope (see Figure 15) and was also here used as a visual guide 

for determining the effect of CyDs on solubilizing the drug. As was the case with methyl 

orange, the Alg/POAβCyD hydrogels had a different effect on load capacity of the 

paclitaxel compared to hydrogels mixed with free CyDs. Very small amounts of crystals 

were observed for the Alg/POAβCyD hydrogels (1:3, 1.1 mM β-CyD), compared to the 

other hydrogels. As this included the Alg/POAβCyD hydrogels (1:1, 0.8 mM β-CyD), it 

seems that a paclitaxel:β-CyD molar ratio of 0.02 or lower should be used to deter 

paclitaxel crystallization for this particular system.  

Interestingly, even though the concentration of CyDs in the gels mixed with HP-β-CyD 

(7.2 mM) was much higher compared to the Alg/POAβCyD hydrogels, more paclitaxel 

crystals were found in these gels. Again, this indicates that the POAβCyD is more 

efficient at dissolving paclitaxel. This could be due to a more effective 

paclitaxel:POAβCyD complex compared to paclitaxel:βCyD complex. Substitution β-CyDs 

with methyl groups for example, are shown to influence the solubility of cholesterol 

[185]. Furthermore, addition of water-soluble polymers to a drug/cyclodextrin solution 

can enhance the solubility of the drug, depending on the type and concentration of the 

polymer [193,194]. Even so, this would be interesting to investigate for the Alg + HPβCyD 

and Alg/POAβCyD systems used here. The enhanced efficacy of the Alg/POAβCyD gel 

may be due to an ability of the alginate to further stabilize the paclitaxel:βCyD complex 

since the polymer is already associated with the βCyDs. An increase in paclitaxel 

solubility has also been observed when comparing β-CyD-grafted hyaluronic acid with 

non-modified β-CyDs [195]. However, other effects such as differences in viscosity 
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cannot be ruled out either. Initially, the Alg + HPβCyD solution had a higher viscosity 

compared to the Alg/POAβCyD solution, which may make it more difficult for the 

paclitaxel to find and interact with the cyclodextrin cavity. 

Figure 15. Paclitaxel crystals in alginate hydrogels. Gels shown at days 0 = one day after gelation start, but 

before addition of release medium, 1 = one day after the initial release medium was added to the system, 

and 21 = 21 days after the initial release medium was added to the system. The scalebar (white line) is 

equivalent to 500 µm. Abbreviations: Alg = alginate. POAβCyD = β-CyD grafted alginate. βCyD = β-

cyclodextrin. HPβCyD = 2-hydroxypropyl β-cyclodextrin. 

Release of paclitaxel from the different hydrogel systems were also done to examine if 

there was a difference in release from POAβCyD hydrogels and non-modified alginate 

hydrogels, and also to see if the released paclitaxel would affect cell viability. First, the 
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hydrogels used to examine loading capability of paclitaxel were immersed in 

physiologically relevant medium at 37°C, where 200 µl of the release medium was 

examined after 1, 3, 6, 9, 15 and 21 days. Paclitaxel was released from all the gel systems, 

as is shown in Figure 16 A. In addition, the degradation products 7-epitaxol, 

10-deacetyltaxol and baccatin III were also found [196], see Figure 16 B-D. In addition to

paclitaxel, 7-epitaxol is also known to have anti-cancer properties [196].  To get a

complete picture of the amount the drug released, all of its degradation products should

ideally be quantified as well. However, these degradation products were not possible to

quantify here due to lack of standards. Furthermore, paclitaxel can result in even more

degradation products than found here [197]. In addition, the release medium and

presence of CyDs can affect the type and amount of degradation product formed [196].

A further limitation for this experiment was that of the 300 µl release medium added to

the gel samples at the start of the study, 200 µl were removed and replaced with fresh

medium at each outtake. This means that some paclitaxel from the previous time-point

was carried over to the next step. Hence, quantifying the precise amount of paclitaxel

released from the hydrogels is not straightforward.
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Figure 16. Drug release from hydrogels into physiologically relevant release medium at 37°C for 21 days. 

The concentration of paclitaxel (A) and integrals of the paclitaxel degradation products 7-epi-taxol (B), 10-

deacetylytaxol (C) and baccatin III (D) found in release medium (mean +/- SD, n=3). Abbreviations: Alg = 

alginate. POAβCyD = β-CyD grafted alginate. βCyD = β-cyclodextrin. HPβCyD = 2-hydroxypropyl 

β-cyclodextrin. 

Ideally, release studies should be done under sink conditions: The release medium 

should not limit the release of compounds from the gel due to saturation of the released 

drug compound, and thus the volume of the release medium should be three times 

higher than the volume required to solubilize the drug [188,198]. For PBS buffer, the 

solubility of paclitaxel is within the range of 0.35 - 12 µM at 37°C [188]. As the 

concentration of paclitaxel in the release medium would be 10 µM if everything was 

released at once, true sink conditions are not present. However, the solubility may be 

different in the release medium used, especially as the medium contained ethanol (< 1% 

v/v) since the gels were loaded with paclitaxel dissolved in ethanol.  
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Even so, a difference was seen in the amount of paclitaxel and degradation products 

released from the POAβCyD hydrogels compared to the other alginate gels. At day one, 

more paclitaxel was found in the release medium from the Alg gels (756 ± 248 nM) 

compared to the POAβCyD hydrogels (328 ± 49 and 333 ± 25 nM). After 21 days, on 

average 5% paclitaxel was found in the gels with highest amount of grafted alginate 

(Alg/POAβCyD, 1:3), and 18% paclitaxel was found in the Alg/POAβCyD (1:1) gels, see 

Figure 17. In comparison, 24% paclitaxel was found in the alginate gels. Small amounts 

of the degradation products were also found in most of the gels. As less drug was found 

in the POAβCyD gels compared to the alginate gels, this again suggests that the 

POAβCyD polymer helps to dissolve and transport paclitaxel out of the hydrogel.   

For the HP-β-CyD gels more paclitaxel was also found in the release medium at day one, 

as well as higher amount of degradation products up to day six. This supports the 

conclusion that more drug is released from the gels containing free HP-β-CyD compared 

to the other samples, including the hydrogels mixed with free β-CyD. As both the 

concentration and water solubility of HP-β-CyD was higher (7.2 mM, water solubility > 

860 mM) compared to that of β-CyD (0.9 mM, water solubility = 16 mM) [172], it was 

expected that HP-β-CyD would be more helpful in facilitating release of paclitaxel. When 

looking at the paclitaxel present in the hydrogels with either free HP-β-CyD or β-CyD, a 

large variation was seen in the leftover paclitaxel. This implies that there is a large 

variation in the amount of β-CyD or HP-β-CyD that diffuses out of the gel, and for more 

reproducible and predictable release the POAβCyD should be used instead.  
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Figure 17. Paclitaxel remaining in the alginate hydrogels after being exposed to physiologically relevant 

medium for 21 days. Values shows amount of paclitaxel found in dissolved gels relative to the amount of 

the paclitaxel loaded into the hydrogels. Mean +/- SD, n=3. Abbreviations: Alg = alginate. POAβCyD = β-

CyD grafted alginate. Β-CyD = β-cyclodextrin. HPβ-CyD = 2-hydroxypropyl β-cyclodextrin. 

Release of the anticancer drug was examined in in vitro cell culture using prostate cancer 

cell line PC-3, as is shown in Figure 18. Based on the previous observations with regards 

to the mechanical integrity of the hydrogels, as well as the drug:CyD ratio that gave the 

most benefit in previous experiments, alginate hydrogels were made with a 

concentration of 2% (w/w) polymer and a ratio of Alg/POAβCyD of 1:1. 

Alg/POAβCyD (1:1 w/w) and Alg hydrogels were loaded with 25 µM paclitaxel and 

immersed in culture medium. Cells were then exposed to the culture medium to 

determine how much paclitaxel was released from the gels. The paclitaxel release was 

6.2 ± 2.7% for the alginate hydrogel and 11.2 ± 2.5% for the Alg/POAβCyD gel. The higher 

release from the Alg/POAβCyD gel can be explained by the visible formation of drug 

crystals in the Alg gels; due to increasing the solubility of paclitaxel in the POAβCyD gels 

the initial release was higher for these gels compared to the non-modified gels.  

To determine how the release would look over a longer time, hydrogels loaded with 

paclitaxel (0.9, 7.2 and 25 µM), drug-free hydrogels and paclitaxel itself was exposed to 

PC3-cells for 72 hours. Neither Alg/POAβCyD or Alg hydrogels without paclitaxel gave an 
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effect on the cell metabolic activity, while paclitaxel gave a decrease in metabolic activity 

dependent on the drug concentration. For the gels containing 0.9 and 7.2 µM paclitaxel, 

crystals were not visible in either type of hydrogel and release was comparable between 

the two systems. However, for gels loaded with 25 µM, paclitaxel crystals were again 

observed in the Alg gels but not in the Alg/POAβCyD gels. The Alg/POAβCyD gels gave a 

cell metabolic activity of 51.1 ± 19% compared to 71.8 ± 14.3% for the Alg gels. Even 

though the difference in release between the two gel systems were not statistically 

significant, when considering the other experiments, this is likely due to the help from 

the POAβCyD to dissolve the drug and facilitate release of paclitaxel, while the release 

form the Alg gels are hindered by paclitaxel crystal formation. 

Figure 18. Metabolic activity of PC-3 cells. A: Cells were exposed to serial dilutions of 1-hour release media 

for paclitaxel loaded gels (25 µM) for 72 hours. B: Cells were exposed to the 50 µl gels loaded with 0, 0.9 

and 7.2 µM paclitaxel for 72 hours (total volume of medium 4.5 ml). C: cells were exposed to 50 µl gels 

loaded with 25 µM paclitaxel for 72 hours (total volume of medium 125 ml). Cell metabolic activity is 

expressed as fluorescent intensities relative to a control (cells not exposed to paclitaxel were defined as 

100%) after subtraction of non-cell-derived background. Data are expressed as mean ± SD, n = 2-8. 
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4.5 General considerations of alginate-CyD as drug delivery 

system 

Alginate grafted with CyD can be attractive materials for the use in drug delivery 

systems, combining the activity of the alginate as an ionic crosslinking material or active 

oligomer with the ability of CyD to form inclusion complexes with drugs. Some examples 

of previously published alginate-CyD systems suggested for drug delivery is shown in 

Table 1. The formulations and applications span widely from hydrogels and 

nanoparticles, and topical applications to anti-cancer-treatment, respectively.   

Different strategies of forming alginate-CyD systems include grafting of β-CyD to the 

carboxyl group of the uronic acids in the alginate polymers or oligomers [199–204], and 

by mixing alginate with HP-β-CyD for topical applications [205]. Further studies include 

grafting hydrophobic molecules onto the alginate chain and mixing it with HP-β-CyDs or 

polymeric β-CyDs which have been done for the formation of inclusion complexes with 

the hydrophobic moiety [206]. Crosslinking β-CyDs and alginate have been performed 

using epichlorohydrin [207] and substitution of alginate hydroxyl-groups with α-CyDs by 

activating the OH-groups with CNBr has also been performed [208]. For the direct 

covalent coupling of β-CyD to alginate, grafting of β-CyD to the carboxyl group of the 

alginate residues [199–204], or to G-blocks [209] has been investigated.  
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Table 1. Examples of different CyD-Alginate drug delivery systems. 

Overview of System Drug Ref. 

Nanosystem. Alginate + piperazine NPs conjugated with ptx:β-CyD 
complexes and trastuzumab (monoclonal antibody that binds to 
HER2). Targeted for cancer cells that overexpress human epidermal 
growth factor receptor-2 (HER2), internalized by endocytosis. 
Tested in vitro. 

Paclitaxel [210] 

Compact polyelectrolyte complex (CoPECs). β-CyD-functionalized 
chitosan/alginate CoPEC. Drug delivery with anti-inflammatory 
properties. Load and release of hydrophobic drug piroxicam 
possible, but concentration of drug too low to increase the intrinsic 
inflammatory properties of the β-CyD-chitosan/alginate CoPEC. For 
inflammatory chronic diseases. Tested in vitro. 

Piroxicam [211] 

in situ gel-system. Alginate + HP-β-CyD for ocular delivery of the 
anti-inflammatory drug nepafenac. Tested ex vivo. 

Nepafenac [212] 

Hydrogel. Alginate hydrogel mixed with HP-β-CyD/drug for topical 
alopecia treatment. Tested in vitro + ex vivo. 

Minoxidil [205] 

Nanoparticles. Alginate-β-CyD NPs for release of anticancer drug. 
Tested in vitro. 

5-fluorouracil [213] 

Nanoflowers. Cationic β-CyDs/alginate/chitosan polyelectrolyte 
complex. Tested in vitro. 

5-fluorouracil [214] 

Micro- and nanoparticles. Alginate-chitosan-β-CyD MPs and NPs 
loaded with anti-tuberculosis compounds. Tested in vitro. 

Isoniazid and 

Isoconazole nitrate 
[215] 

Hydrogel. Release of anti-emetic drug by mechanical compression 
of β-CyD-crosslinked alginate gel. Tested in vitro. 

Ondansetron [201] 

It has previously been shown that grafting of alginate using reductive oxidation and 

subsequent reductive amination results in higher degree of grafting than using 

carbodiimide chemistry [33]. Hence, in this thesis we aimed at investigating the chemical 

modification of alginate with CyD and increasing the degree of grafting from previous 

studies by using a strategy of grafting linker and using click-chemistry on oxidized 

alginate (Paper I). Furthermore, we performed grafting of CyD to the reducing end of 

block oligomers (Paper IV). The study presented here on the CyD-grafted alginate are in 

the beginning phases, and as such several challenges still needs to be examined or 

optimized. First of all, even though the grafting procedure worked well, it could 

potentially be optimized further by choosing another linker such as the alkyne hydrazide 

linker detailed in section 4.2. In addition, Cu-free click chemistry would also be 
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interesting to explore as this eliminates the problems with Cu/alginate oligomers 

interaction, as well as ensuring no toxic Cu-ions remain in the finished product 

[86,182,216]. The CyD-grafted alginate made here was treated with Ambersep GT74 

resin to remove residual copper-ions, but for future use an ICP-MS element test of the 

sample could be beneficial to characterize if any copper-ions remained in the sample 

after this step to further verify the purification. As long as the copper-ions are removed 

before placing the material in the body, the CuAAC-reaction poses no problem for 

attaching CyDs to alginate polymers.  

For the CyD-grafted alginate hydrogels, further optimization of the loading process of 

paclitaxel into the hydrogel could be beneficial. Here, factors such as mixing time before 

gelation, temperature and viscosity could possibly influence the amount and 

homogeneity of dissolved paclitaxel loaded into the CyD-grafted alginate hydrogel. 

Viscosity of the system can for example be largely controlled by the mix ratio used of 

non-modified alginate and CyD-grafted alginate. For ease of mixing and delivery, it is 

important to control the starting viscosity of the material. A high viscosity could 

potentially help hinder settling of the drug but also make mixing and injection difficult. 

The CyD-grafted alginate showed a lower viscosity compared to the non-modified 

alginate used here, likely due to being partially depolymerized during the synthesis, and 

as such a higher concentration of grafted alginate could be used compared to 

non-modified alginate which again would lead to a higher amount of CyD present in the 

gel. Partially depolymerization of the non-modified alginate could also be explored so 

that even more grafted material potentially could be included in the hydrogel system. 

However, it is extremely important that the effect of these changes on the mechanical 

properties of the hydrogels is also controlled, as is outlined in section 3.3. 

The delivery method of the hydrogel should also be further assessed. For use as an 

injectable system, it is necessary to verify that the gelation time is so that the hydrogel 

solution can be injected with ease, but it is also important that the gel forms and stays 

where it is injected, e.g. the gel should not be washed away by bodily fluids or by moving 

parts, but be able to stay and settle at the injection site.  
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The degradation of the hydrogel in vivo is also an important parameter to control for 

controlled delivery of drugs. In this study, we investigated the in vitro stability of the 

hydrogels, showing that the gels would release grafted materials and disintegrate upon 

exposure to physiological saline solution (Paper I and II). It is not obvious how this 

compares to in vivo stability, as small concentrations of calcium (1-2 mM) in vivo would 

stabilize the ionic crosslinks of the hydrogel [118]. Hence, the disintegration of the gel 

in vivo needs further investigations, but can be tailored by the fraction of oxidized and 

grafted alginate as shown in Paper II, as well as the selection of gelling ions [98].  

For a drug delivery system related to multiple injections, it may be desirable to have a 

system that can be cleared from the body over time, firstly by disintegration of the gel 

and secondly by the clearance of the polymers. For the clearance of the alginate or 

grafted alginates from the body, no enzymatic degradation in humans is known [123]. 

Hence, the degradation of the polymers will be by natural hydrolysis and potentially by 

the exposure to radicals. Hydrolysis of alginate is slow at physiological pH, and recent 

work has shown that despite increased degradation rate of oxidized alginates, the 

reduction upon grafting results in polymers with similar degradation rates as native 

alginate for hydrolysis [71]. Alginates with a low molecular weight, about 50 kDa, is 

naturally removed from the body by renal clearance [123], hence degradation of the 

polymer will increase the clearance of alginate. Also, by using oligomers for the grafting 

as shown in paper IV these could potentially be used for modulation of drug solubility 

by themselves or by implementing in the hydrogel systems to control both drug loading, 

release and disintegration of the hydrogels [52,217]. However, the influence of the CyDs 

on the clearance of alginate oligomers is not known and needs further investigation. 

Paclitaxel was the only drug tested in the CyD-grafted alginate hydrogels created here. 

However, as was also shown with the molecule methyl orange, other substances or 

drugs that are able to form inclusion complexes with β-CyD may be interesting to test 

with this system. β-CyD is capable of forming inclusion complexes with aromatics and 

heterocycles and is commonly used in the pharmaceutical industry [140]. Some 

examples of other alginate-CyD systems are summarized in Table 1, demonstrating the 
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many different drugs that can complex with CyDs. Anti-cancer drugs other than 

paclitaxel that are able to form an inclusion complex with CyDs, such as doxorubicin, 

cisplatin and zerumbone, are for example interesting [218].  

By using other CyDs than β-CyD, the system can be tailored to other drugs and release 

profiles, enhancing the versatility of the system even further. It would also be interesting 

for future work to take a closer look at the release profile of paclitaxel (or other relevant 

drugs) from the CyD-grafted alginate and use different release models [219] to 

determine the kinetics of release the CyD-functionalized hydrogel gives. Eventually, the 

CyD-grafted alginate/paclitaxel system should also be benchmarked against 

commercially available delivery systems of paclitaxel, such as Taxol [2,220]. Previous 

literature has already shown that hydrogels can be made by crosslinking polymers using 

CyDs and appropriate guest molecule attached to different polymers [221,222]. This 

could also be interesting to examine using alginate hydrogels, and to study whether this 

can be used to alter for example gel strength or stability. Potentially the ratio between 

CyDs and guest molecule could be adjusted so that also drug molecules could interact 

with the gel. Furthermore, the CyD-grafted alginate could potentially be used for other 

purposes than drug delivery, for example for waste cleanup where both the CyDs and 

alginate may help sequester hazardous substances [223,224]. 



67 

5. Conclusion

The scope of this work was to understand if CyD could be grafted to alginate while still 

preserving the functionality of both molecules, and to further test the material 

properties in a drug delivery system. Alginate was grafted with CyD in a three-step 

reaction with oxidation (1) followed by linker attachment using reductive amination (2) 

and finally attachment of CyD to the linker via click chemistry (3). This resulted in a 

grafting degree of 1.6 – 4.7% mol CyD/mol sugar residues for lateral substitution. In 

addition, terminal functionalization of M- and MG-oligomers was achieved using alkyne 

hydrazide and click-chemistry with a coupling degree ranging from 27 – 45% of the 

reducing ends. The grafting of G-oligomers was not successful as the Cu2+ necessary for 

the click reaction complexed with the G-oligomers and was therefore not available for 

the reaction. Although the synthesis can be further optimized, the grafting is tunable 

and results in none or minimal byproducts. Additionally, alginate was functionalized 

with either the RGD-peptide GRGDSP commonly used for cell attachment, or L-Tyrosine 

methyl ester (MeOTyr) used as a model small-size substitute. 

The grafted alginates, including CyD and peptide-grafted alginates, were still able to 

form calcium-crosslinked hydrogels. Gels made with a chemoenzymatic method, 

functionalized with MeOTyr, were visually more well maintained and needed a higher 

stress to rupture compared to the gels consisting of only chemically modified alginate. 

Even so, all grafted alginates still showed a large decrease in mechanical strength and 

stability compared to non-modified alginate. For gels made with a mixture of 

non-modified and grafted alginates, increasing the oxidation degree or fraction of 

modified alginate in the gel systems decreased the mechanical strength, giving Young’s 

modulus in the range of 1-31 kPa. Furthermore, grafted material was found to leak out 

of the gels. Overall, the mechanical properties and stability were possible to tune by 

mixing different ratios and type of functionalized alginate and non-modified alginate. 

The CyD-functionalized alginate hydrogels were able to interact with the hydrophobic 

anticancer drug paclitaxel and the more water-soluble color compound methyl orange, 
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likely by CyD forming inclusion complexes with these compounds. For methyl orange, 

the grafted CyDs helped retain the compound in the hydrogel and gave a higher and 

longer release compared to non-modified gels. With regards to paclitaxel, the 

CyD-grafted alginate helped stabilize the drug and hinder crystal formation, which is 

important for facilitating release of the drug. In addition, the CyD-functionalized 

hydrogels showed a greater impact on cell metabolic activity and had less drug 

remaining in gels after end of release studies when compared to non-modified alginate 

gels, depending on paclitaxel concentration.  

Overall, it was shown that CyD grafted alginates could be synthesized and retain their 

initial properties of ionic gelation and drug inclusion, and impact on drug loading and 

release was demonstrated for both methyl orange and paclitaxel. Albeit showing effects 

on paclitaxel crystal formation and release, the limited retention of paclitaxel in the 

β-CyD hydrophobic cavity and rapid degradation of paclitaxel makes other CyD-drug 

combinations relevant to test. Future work should also include in vivo studies (e.g. tumor 

models in mice) of the materials and relevant drugs as in vitro effectiveness of drug 

release gives limited information on in vivo performance. Furthermore, the 

compatibility of the material with the host tissue and immune system as well as the in 

vivo degradation and potential accumulation and toxicity of the grafted polymers needs 

to be determined before relevant clinical testing. 
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Controlling the rate of release of molecules from a hydrogel is of high interest for various drug delivery 
systems and medical devices. A strategy to alter the release profiles of soluble and poorly soluble active 
ingredients from hydrogels can be to combine the hydrogel forming ability of alginate with the inclusion 
forming ability of cyclodextrins (CyD). Here, β-CyD was grafted to alginate in a three-step synthesis 
using periodate oxidation, reductive amination and copper(I)-catalyzed azide-alkyne cycloaddition. 
A grafting degree of 4.7% mol β-CyD/mol sugar residues was obtained. The grafting degree was 
controlled by varying the reaction parameters where the amount of linker used in reductive amination 
was especially influential. Ca-alginate gel beads grafted with β-CyD showed increased uptake of the 
model molecule methyl orange. Release experiments showed that the grafted material had a prolonged 
release of methyl orange and an increased total amount of released methyl orange. These results show 
that the β-CyD grafted alginate is still able to form a hydrogel while the grafted cyclodextrins retain 
their ability to form inclusion complex with methyl orange. Further testing should be done with this 
system to investigate capability for drug delivery applications.

Hydrogels may be described as water molecules entrapped with in a hydrophilic polymer network (typically 
1–3% dry matter) with the mechanical properties of a solid1. The hydrophilic nature of a hydrogel limits its 
applicability as carrier of a large range of active compounds (e.g. drugs) as they most often are poorly soluble in 
water. The use of hydrogels as a vehicle for the release of poorly soluble drugs is thus hampered by the hydrophilic 
nature of the hydrogel, which leads to limited drug loading and, consequently, limited drug release. In the case of 
hydrophilic drugs, high loading degrees and high release rates are largely governed by the diffusion rates of the 
drug. In alginate-based hydrogels, the permeability of the gel network limits the drug loading and release rate. In 
addition, the shape, charge and size of the molecule of interest also influence the loading degree and release rate2. 
CyDs are known to alter the apparent physiochemical properties of hydrophobic molecules and molecules with 
hydrophobic moieties due to the formation of guest-host complexes and can, for example, improve the bioavaila-
bility of drugs and change their release profiles from drug delivery devices3. In this context, CyD-grafted alginates 
could provide a system that combines the gelling properties of alginate with the ability of CyDs to form inclusion 
complexes with molecules presenting hydrophobic moieties (e.g. drugs).

Alginate is a linear polysaccharide that consists of (1 → 4) linked α-l-guluronic acid (G) and β-d-mannuronic 
acid (M), and can be isolated from brown algae and certain bacteria4. Specific sequences of monosaccharide in 
alginate are usually described as block structures: M-blocks consisting of consecutive sequences of M-residues, 
G-blocks consisting of consecutive sequences of G-residues, and MG-blocks describing sequences of alternating 
M and G-residues. The relative amounts of each block structure varies in different types of alginates5, which, 
together with the molecular weight, determines the different properties of alginates2. The single most important 
property of alginates is their ability to form hydrogels by crosslinking with divalent cations, such as calcium 
ions. While G-blocks are largely responsible for this key trait6, MG-blocks can also play a significant role in 
Ca-crosslinking7. Alginates are in general considered to be non-toxic and with low immunogenicity and are 
widely used in biomedical and pharmaceutical applications8. Recent studies have focused on fibrotic reactions
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towards alginate-based capsules where fibrosis is believed to be connected to early inflammatory responses, but 
the mechanisms are currently not understood9,10.

CyDs are macrocycles produced from starch made up of at least six α-(1 → 4) linked glucopyranose residues11. 
Native, unmodified CyDs with 6, 7, and 8 glucopyranose units in the macrocycle (named α-, β- and γ-CyD, 
respectively), are commercially available as fairly cheap bulk chemicals12. The CyDs can be described as trun-
cated cones with a relatively hydrophobic cavity and a hydrophilic exterior. This gives CyDs the ability to form 
inclusion complexes in water with various hydrophobic molecules and moieties11,13–16. As drug-CyD inclusions 
complexes usually have a higher aqueous solubility compared with the pure drug, the apparent solubility of the 
drug is typically increased by CyDs. This feature, together with fast dissolution rates allows CyD to increase the 
bioavailability of a large range of drugs. Furthermore, by forming inclusion complexes, CyDs protect drugs from 
being prematurely degraded and metabolized17. CyDs are in general considered as biocompatible in relation to 
their participation as functional elements in materials and devices intended for medical uses as exemplified by 
recent publications18–20. Cyclodextrins have even shown to improve the biocompatibility of e.g. drug delivery 
systems21. CyDs have for example been used to enhance the apparent solubility of poorly water-soluble drugs in 
a PVP/PEG crosslinked hydrogel22. However, in systems of synthetic polymers such as PEG, the hydrogels are 
formed via covalent crosslinks between the polymer chains, often under the use of harsh chemical conditions 
or ultra violet light22,23. Since alginate crosslinks with divalent cations, the hydrogels can be formed in aqueous 
solution and at physiological conditions4.

Alginates have been used as excipients in drug delivery24,25, and can be chemically modified to obtain drug 
delivery systems with altered release rates and profiles25. Grafting alginate with CyDs should enable the hydrogel 
to host higher concentrations of poorly soluble drugs and other active small molecules that otherwise would 
readily diffuse out of the gel. Furthermore, molecules capable of inclusion complex formation with CyDs should 
display sustained release properties (irrespective of their solubility) compared to non-modified alginate gels.

Various strategies have been used to covalently attach β-CyD to polymer chains, including photo initiated 
free radical polymerization for synthetic polymers26 and carbodiimide chemistry, reductive amination, click 
chemistry or combinations of these for polysaccharides27–31. In the case of alginates, carbodiimide chemistry 
has been used to link CyD to its carboxyl group either via an amine functionalized CyD28,29,32,33 or via a linker 
having a primary amine27. Carbodiimide chemistry is commonly used to conjugate various primary amines to 
the carboxylate groups in alginate34. However, the reaction gives by-products that have been shown to associate 
with the alginate35. Also, the grafting degree of alginate using carbodiimide chemistry has been limited to 0.1 to 
0.2% of monomers substituted for peptides8,35. The secondary hydroxyl-groups on alginate have also been used 
to covalently graft α-CyDs on the polysaccharide backbone, by using the cyanogen bromide method36. In our 
previous work, periodate oxidation and reductive amination was shown to be an efficient alternative to carbod-
iimide chemistry for grafting of peptides37. This approach resulted in high and tunable grafting degrees without 
by-product formation. Hence, grafting up to the level of degree of oxidation (e.g. 8% grafting for 8% oxidized 
material) has been obtained37. The copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) reaction has been 
used to covalently bind β-CyD to an alkyne-linked dextran31. The CuAAC-reaction is a versatile click-reaction 
that gives 1,4-disubstituted-1,2,3-triazoles as the end product38–40.

Despite recent developments of various methods, grafting of suitable functional moieties to alginate in 
aqueous solution is still far from optimal. Development of a controlled and tunable grafting method without 
by-product formation in aqueous solution would be highly advantageous. The aim of the present paper is to 
combine the latest developments in polysaccharide-grafting methods with aqueous-solution click-chemistry to 
graft CyDs to alginates31,37.

Materials and Methods
Materials.  Alginates from Laminaria hyperborea stipe (FG = 0.7, NG>1 = 11–14, Mw  = ~100 kDa) were 
obtained from FMC Health and Nutrition, Sandvika, Norway. 6-O-monodeoxy-6-monoazido-β-CyD (N3-β-
CyD) was synthesized as described previously31. Tris(benzyltriazolylmethyl)amine (TBTA) was synthesized 
according to literature41 (used for sample B and C) or bought from Sigma Aldrich (used for sample A). All other 
chemicals were obtained from commercial sources and were of analytical grade. Deionized water (water purified 
with the MilliQ system from Millipore, Bedford, MA, USA) was used in all solutions.

Coupling of linker to alginate.  Periodate oxidation followed by reductive amination was used to covalently 
bind the linker 4-pentyn-1-amine to the alginate chain (see Fig. 1, step (1) and step (2)). In step (1) the alginate 
was partially oxidized using periodate ions (IO4

−), based on previously published protocols42–44.
Alginate was dried overnight in a desiccator. The weight of the dried alginate was adjusted for water content 

(10% residual water)45 and dissolved in water corresponding to a final concentration of 7.0–8.8 mg/ml, depend-
ing on the viscosity of the solution. n-propanol was added to the samples to a final concentration of 10% (v/v), 
followed by degassing with nitrogen gas (N2). Henceforth, the samples were protected from light. Sodium (meta)
periodate (NaIO4) was added from a freshly made stock solution of 0.25 M to a periodate/monomer molar ratio 
(P0) = 0.08. The samples were incubated at 4 °C under gentle mixing until the reactions had run to completion 
(46–72 hours). To confirm that the reactions had run to completion (all IO4 consumed), a titration test was per-
formed: 0.5 ml of the reaction mixture was mixed with 5 ml 0.5 M cold phosphate buffer (NaH2PO4), pH 7.0 and 
0.75 ml 60% (w/v) potassium iodide (KI). If unreacted periodate was present, this would result in yellow color-
ation (no color change would be observed if all periodate has been consumed). The solutions were then titrated 
with 2.5 mM sodium thiosulfate (Na2S2O3). Close to the titration end-point, a few droplets of 10 mg/ml starch was 
added to the samples giving a blue color. Titration was then continued until the blue color disappeared.

Finally, the samples were dialyzed against deionized water until the measured conductivity was below 4 μS. All 
oxidized alginates were lyophilized after dialysis and thereafter stored at −18 °C.
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In step (2) (Fig. 1) the linker, 4-pentyn-1-amine was covalently linked to the oxidized alginate by reductive 
amination based on the protocol developed by Dalheim et al.24. Periodate oxidized alginate (POA) was dissolved 
in deionized water and methanol was added according to final concentrations of 3 mg/ml and 12% (v/v) respec-
tively. 1.2 M 4-pentyn-1-amine in MeOH was added to a concentration of 6 mM or 24 mM, corresponding to 
5 and 20 molar equivalents, respectively, of the linker relative to the amount of oxidized residues (P0 = 0.08). 
0.25 M 2-picoline borane complex in MeOH was then added according to a final concentration of 24 mM (20 
molar equivalents relative to P0). The pH was adjusted to 5.8 with 1 M acetate buffer, pH 5.0. The reactions were 
incubated at room temperature under gentle mixing for 48–96 hours. The samples were dialyzed (MWCO 12–14 
000 kDa) against two shifts of seven liters 50 mM NaCl and subsequently against deionized -water until the con-
ductivity was below 4 μS. The final products were freeze dried and stored at −18 °C until further use.

Grafting of β-CyD to alginate.  The grafting of β-CyD to alginate was achieved by using the Cu(I)-catalyzed 
azide-alkyne cycloaddition click-reaction31, see Fig. 1, step (3). Alginate with covalently bound 4-pentyn-1-amine 

Figure 1.  Scheme of the three-step synthesis of alginate (here shown for a G residue) grafted with β-CyD; 
(1) partial oxidation of alginate with metaperiodate, (2) grafting of the alkyne linker to either C2 or C3 of the 
oxidized alginate residues37 (3) grafting of N3-β-CyD to the alkyne linker with the Cu(I)-catalyzed azide alkyne 
cycloaddition click-reaction31. β-CyD is not appropriately scaled compared to the alginate.
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(product step (2)) was dissolved in deionized water to 3.5–7.4 mg/ml. In the following procedure, the amount of 
added reactants is given as molar equivalents relative to the theoretical oxidation degree 8%. Two equivalents of 
N3-β-CyD were added into the alginate solution. Dimethyl sulfoxide (DMSO) was then added slowly to a final 
concentration of 40% (v/v). Freshly made 0.1 M sodium ascorbate was added to a final concentration of 0.3 equiv-
alents and thereafter 0.11 equivalents of 0.02 M TBTA in DMSO were added. The mixture was deoxygenated with 
nitrogen gas for about five minutes, and subsequently 0.1 equivalents of 0.06 M CuSO4 were added. Thereafter, the 
mixture was again deoxygenated for about three minutes. The sample vials were closed, and the reaction mixture 
incubated at 50 °C under gentle mixing for 40–51 hours. All samples were dialyzed first against 50 mM NaCl and 
then against deionized water, as described above, until conductivity was below 2 μS and freeze dried.

To remove residual copper ions, the β-CyD grafted alginate was treated with Ambersep GT74 resin. 2–15 mg/ml 
β-CyD grafted alginate in deionized water was added to 8 g resin per g polymer. Samples were shaken for 24–72 hours, 
and the resin was removed by filtration. Samples were thereafter dialyzed, lyophilized and stored at −18 °C.

NMR.  All alginate samples were subjected to a mild acid hydrolysis as previously described46 to reduce the 
viscosity prior to NMR analysis. Approximately 10 mg sample was dissolved in ~600 μl 99.9 atom % D2O together 
with 5 μl 3-(trimethylsilyl)-propionic-2,2,3,3-d4 acid sodium salt (TSP; chemical shift reference) and 20 μl 0.3 M 
triethylene-tetra-amine hexaacetate (TTHA; chelate divalent cations). The NMR experiments were carried out 
on a BRUKER AVIII-HD 600 spectrometer equipped with TXI (H/C/N) probe or a BRUKER Avance DPX 400 
spectrometer (Bruker, BioSpin AG, Fällanden, Switzerland) equipped with a 5 mm z-gradient DUL (C/H) probe). 
The amount of 4-pentyn-1-amine linker and β-CyD grafted to the alginate was determined from 1D 1H spectra, 
recorded at 90 °C on the 400 MHz spectrometer for all samples.

Diffusion-Ordered SpectroscopY (DOSY) was used to measure the diffusion of the coupled products. A 2D 
DOSY was measured using a Bruker BioSpin stimulated echo pulse sequence with bipolar gradients (STEBPGP). 
Gradient pulses of 2 ms duration (δ) and 32 different strengths varying linearly from 0.03 to 0.57 T·m−1 were 
applied and the diffusion delay (Δ) was set to 80 ms. The DOSY spectrum was recorded at 25 °C on the 600 MHz 
spectrometer. The spectra were recorded using the TopSpin software versions 1.3, 2.1 or 3.2 (Bruker BioSpin 
AG, Fällanden, Switzerland) and processed and analyzed with the TopSpin software versions 3.0 and 3.2 (Bruker 
BioSpin AG, Fällanden, Switzerland).

SEC-MALS.  The molecular weight of the grafted alginates was measured with Size Exclusion Chromatography 
with MultiAngle Light Scattering detection (SEC-MALS) according to previous published protocols43. The setup 
consisted of a mobile phase reservoir, an on-line degasser (Degasi Classic, Biotech), an HPLA isocratic pump 
(LC-10AD, Shimadzu), an autoinjector (SCL-10A VP, Shimadzu), a precolumn and one or two serially connected 
columns (TSK 6000 PW and TSK gel PWH guard column, Toso Haas, for the stipe alginate and TSK 4000 + 2500 
PWXL for the modified alginates). The column outlet was connected to two serially connected detectors, a 
multiangle laser light scattering photometer (λ0 = 0.633 nm) (Dawn DSP, Wyatt, USA) followed by a differential 
refractometer (P-10 cell) (Optilab DSP, Wyatt, USA). 0.15 M NaNO3 with 0.01 M EDTA, pH 6.0 was used as the 
mobile phase for the stipe and partially oxidized alginate. 20% acetonitrile was added to the mobile phase for the 
alginate grafted with linker and β-CyD. The samples were dissolved in the mobile phase and filtered (pore size 
0.8 μm) prior to injection. The analysis was carried out at ambient temperature with a flow rate of 0.5 ml/min. 
Injection volume and sample concentration was adjusted to obtain an optimal light scattering signal without 
influencing the RI profile (overloading). Astra software v. 6.1.1 (Wyatt, USA) was used to collect and process the 
obtained data, using a refractive index increment (dn/dcµ) of 0.150 ml/g for alginate samples43.

Hydrogel formation of β-CyD grafted alginate and release of methyl orange.  Hydrogel for-
mation of the β-CyD grafted alginate was performed by dripping the alginate solution into a CaCl2 solution 
(100 mM). For the release experiment, four different samples of 1.8% (w/v) alginate solutions were made; one 
with only unmodified L. hyperborea stipe alginate, one where the unmodified alginate was mixed with free β-CyD 
(1.7 mg/ml), and two where unmodified alginate was mixed with 25% and 50% (w/w) β-CyD-grafted alginate, 
respectively). The pH of the alginate solutions was adjusted to 5.5–6.0. The weight of the β-CyD was taken into 
account in making the 1.8% (w/v) solutions with grafted alginates. Beads were made by dripping 3 ml of the algi-
nate solution with a pipette into 50 ml of 100 mM CaCl2 with 0.15 mM methyl orange, pH 3.5. The beads were left 
in this solution for 13 hours to ensure saturation of both gelling Ca2+ ions and methyl orange.

The release of methyl orange from the beads was evaluated through a series of saline treatments, as follows. 
The gel beads were immersed in 18 ml 0.9% (w/v) NaCl and left on a turn-over table for one hour (first saline 
treatment). The beads were then recovered from the solution and immersed in another 18 ml 0.9% (w/v) NaCl 
(second saline treatment). This procedure was performed for a total of six times. The concentration of methyl 
orange in the saline treatment solutions (after removal of the beads and adjusting the pH to 8–10) was measured 
as absorbance at 460 nm in a Nuncleon Flat Bottom Black Polystyrol 96-well plate (Thermo Fischer Scientific) 
using a multifunctional plate reader (Infinite 200 PRO, TECAN). Absorbance was converted to concentration 
using a calibration curve for absorbance at 460 nm as a function of the concentration of methyl orange in 0.9% 
(w/v) NaCl. Methyl orange can be used as an indicator due to its color change at different pH values: At acidic 
pH methyl orange gives a red solution, while at alkaline pH the compound gives a yellow color (the pKa value for 
methyl orange is 3.4947. The solutions for the calibration curve were also pH-adjusted so that the predominant 
form of methyl orange was the same as for the saline treatment solutions.

https://doi.org/10.1038/s41598-019-45761-4


5Scientific Reports |          (2019) 9:9325  | https://doi.org/10.1038/s41598-019-45761-4

www.nature.com/scientificreportswww.nature.com/scientificreports/

Results and Discussion
β-CyD was grafted to alginate (FG = 0.7) using a three-step strategy as shown in Fig. 1. The initial, (1) partial 
periodate oxidation, was followed by (2) grafting of a linker (4-pentyn-1-amine) by reductive amination and (3) 
grafting of β-CyD to the linker by the Cu(I)-catalyzed azide-alkyne cycloaddition click-reaction.

Tunable grafting of linker to alginate.  The degree of oxidation can be used to tune the final degree of 
grafting. In step (1) of the synthesis (Fig. 1), the alginate was subjected to an amount of periodate corresponding 
to a degree of oxidation of 8% (P0 = 0.08), which was a compromise between preserving the hydrogel formation 
and sufficient grafting. Higher degrees of oxidation can be obtained by adding more periodate at the expense of 
gelling properties48,49. The completeness of the reaction was checked by titration, showing that no unreacted peri-
odate was present in the reaction mixtures. The partially oxidized alginate was also analyzed by 1H NMR-spectra 
of L. hyberborea (Supplementary Information A).

The linker chosen here for grafting CyD to alginate was based on previous work done on synthesizing 
β-CyD-dextran polymers31 and the grafting of amine-moieties to partially oxidized alginate37. In addition to using 
a linker to graft CyDs to alginate, an attempt to shorten the time of synthesis was also performed with partially 
oxidized alginate directly reacting with NH2-CyDs using reductive amination. However, grafting NH2-βCyDs 
or triazole-propylamine-βCyDs directly to partially oxidized alginate was not successful. Therefore, the linker 
4-pentyn-1-amine was chosen as it had the required amine-group for use in the reductive amination reaction
as well as an alkyne group which was essential for the click-reaction. Furthermore, it was hypothesized that
4-pentyn-1-amine would have long enough linker to offer easy access to the alkyne moiety during the click reac-
tion, as well as giving sufficient accessibility to the CyD cavity after grafting without affecting the gelling proper-
ties of the alginates significantly.

The degree of grafting for the linker in step (2) was analyzed by NMR spectroscopy and calculated as % mol 
linker/mol uronic acid residues, by comparing the integrals of the anomeric (H-1) protons of alginate and one of 
the peaks originating from the linker (see Fig. 2). An overview of the results for the reductive amination is shown 
in Table 1.

Parameter selection for the reductive amination reaction was based on a recent study where RGD-peptides 
were grafted to periodate oxidized alginates using reductive amination37. The reductive amination reaction is pH 
dependent and the optimal pH is, in many cases, a compromise to achieve efficient protonation of the carbonyl 
group and simultaneous deprotonation of the amino group50. In our recent work, the optimal pH for coupling of 
amino acids and peptides to periodate oxidized alginates was found to be 5.837. However, the pKa values of the ter-
minal amino group in peptides is in the range 6.8–8.0 while the pKa value of the amino group on many aliphatic 
primary amines is similar to the pKa of 4-pentyn-1-amine,10.651, thus affecting the optimal pH of the reaction. 

Figure 2.  1H NMR and DOSY (upper left corner) of partially oxidized alginate grafted with β-CyD. The 
assignment of the protons of the different chemical groups are indicated. The 1H NMR-spectrum was recorded 
at 400 MHz and 90 °C in D2O. The DOSY spectrum was recorded at 600 MHz and 25 °C in D2O. Dotted lines 
indicates the diffusion coefficient of the molecules.
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Nevertheless, pH 5.8 was also used in this study as it has been observed that protonation of the carbonyl oxygen 
is more important to the reductive amination reaction than deprotonation of the amino group37. To compensate 
for the suboptimal pH, a higher molar equivalent of the linker relative to the concentration of oxidized residues, 
as well as a prolonged reaction time, were used. Increasing the concentration of 4-pentyn-1-amine to 20 molar 
equivalents resulted in a grafting degree of 5.6%. This demonstrates that the amount of alkyne linker grafted to the 
alginate chains can be tuned by varying the concentration of the substituent. Increasing the reaction time from 48 
to 84 hours (using 20 molar equivalents of substituent) also resulted in a higher degree of grafting.

Efficient click-chemistry for the grafting of β-CyD to alginate.  Figure 2 shows a typical 1H 
NMR-spectra of β-CyD grafted alginate (product of step (3)). The linker, (4-pentyn-1-amine) gives rise to signals 
in the region 2.0–3.0 ppm and the click reaction between 4-pentyn-1-amine and N3-β-CyD results in a triazole 
unit (see Fig. 1, step (3)) which gives a distinguishable singlet peak at 7.8 ppm. The presence of this peak clearly 
indicates that the click reaction was successful. Furthermore, the β-CyD grafted alginate was analyzed by DOSY 
to indirectly verify that β-CyD was covalently linked to the partially oxidized alginate37. As can be seen in Fig. 2 
(insert), signals from both the linker and the triazole group appear to have the same diffusion coefficient as the 
alginate, indicating that they are covalently coupled. DOSY also confirms that non-reacted components were 
removed.

The amount of β-CyD bound to the linker was calculated as % mol β-CyD/mol linker based on the 1H 
NMR-spectra recorded for the samples after complete synthesis, using the integral of one peak for the linker and 
the integral of the triazole singlet peak. The concentration of alginate and reaction time were varied to study the 
effect on the click-reaction (Table 1). Increasing the reaction time from 40 to 48 hours and the concentration of 
4-pentyn-1-amine linked alginate from 3.5 to 7.4 mg/ml increased the grafting degree from 84% (sample C) to 
90% (sample B). Further increasing the reaction time in step (3) from 48 hours to 51 hours, using a concentration 
of 7.2 mg/ml alginate (sample A), gave full substitution of CyD on the linker (100% (mol CyD/mol linker). Taking 
into account the starting degree of grafting of the linker (see Table 1), this corresponded to a final degree of graft-
ing (% mol β-CyD/mol uronic acid residues) of 1.6% for sample A, 2.0% for sample B, and of 4.7% for sample 
C. These results show that the copper-catalyzed click-reaction is very efficient and robust, which is in line with 
observations reported in literature40. Consequently, the most important factor for determining the final degree of 
grafting is the amount of alkyne linker grafted to the alginate chain.

Molecular weight.  The weight- and number-average molar mass for the unmodified stipe alginate, perio-
date oxidized stipe alginate (POA), linker grafted POA (POA-linker; product of step (2)) and βCyD grafted POA 
(POA-βCyD; product of step (3)) are presented in Table 2. The concentration profiles and molecular weights are 
given in Supplementary Information B.

As seen in Table 2 both the oxidation and the reductive amination reaction was accompanied with some 
degradation of the alginate. Similar results have also been observed37 previously. Partial periodate oxidation gives 
the alginate polymer a more flexible nature due to the ring opening of the oxidized residues42,43,52. The ring open-
ing further enhances the susceptibility to degradation of the alginate53. However, after the reduction has taken 
place, the stability of the polymer at physiological pH is expected to be comparable to that of native alginate54. 
Degradation caused by the click-reaction is not apparent from the weight-average molar mass as seen in Table 2. 
Indeed, an increase in molar mass is observed for the β-CyD-grafted alginate. If no degradation occurs during the 
click-reaction, an increase in molar mass is expected as a result of the grafting of CyDs on the alginate.

Hydrogel formation of β-CyD grafted alginate and release of methyl orange.  The objective of 
this study was to combine the gelation ability of the alginate with the capability of CyDs to form inclusion com-
plexes. Therefore, a proof-of-concept study was carried out to evaluate whether the new grafted material retained 

Sample A B C

Reductive amination

Linker (molar equivalents relative to P0) 5 20 20

W(POA) (g) 3.0 0.14 0.10

Reaction time (hours) 96 48 84

Substitution (% mol linker/mol monomer) 1.6 2.2 5.6

Yield (g) 2.9 0.14 0.11

Click-reaction

Reaction time (hours) 51 48 40

W(POA-linker) (g) 2.0 0.14 0.070

Concentration of alginate (mg/ml) 7.2 7.4 3.5

Substitution (% mol CyD/mol linker) 100 90 84

Yield (g) 2.5 0.097 0.067

Final grafting degree
(% mol CyD/mol uronic acid residues) 1.6 2.0 4.7

Table 1.  Degree of grafting for the reductive amination and click-chemistry reactions with varying reaction 
parameters. The influence of the amount of linker and reaction time was investigated for the reductive 
amination reaction and concentration of alginate and reaction times for the click-reaction. The final degree of 
CyD grafted to the partially oxidized alginate is given.
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the intrinsic properties of both the alginate and the CyD. The β-CyD-grafted alginate was by itself able to form 
Ca-alginate beads. However, the gel was very labile and easily deformed upon handling. The disruption of the 
alginates’ gelling ability can largely be ascribed to the structural changes in the alginate molecule upon periodate 
oxidation, namely opening of the sugar ring between C2 and C3, which forms flexible “hinges” in the polymer 
chain42,43,52. This basically disrupts the G-blocks sequences and, consequently, the polymers’ potential for ionic 
crosslinking. Furthermore, the oxidation of G-units have previously been found to occur faster than the oxida-
tion of M-units in the alginate chain55, underlining that the effective length of the ion-binding G-blocks is most 
likely shortened due to the oxidation. Therefore, Ca-alginate beads in this study were made from a mixture of the 
β-CyD-grafted alginate and a strong gelling alginate (unmodified L. hyperborea stipe alginate). This resulted in gel 
beads with good initial integrity suitable for release studies.

The stability of the gel beads was evaluated by visual inspection of the beads after immersing them in con-
secutive saline solutions. The beads containing β-CyD-grafted alginate were more labile and dissolved faster 
compared to pure alginate beads (Fig. 3). Disintegration was visible for beads with 50% (w/w) β-CyD-grafted 
alginate after the fourth saline treatment, while beads made of 25% (w/w) were more stable. In contrast, the 
beads made from only unmodified alginate with or without free β-CyD remained largely intact after all six saline 
treatments. This clearly shows that the content of grafted material influences the stability of the beads. Swelling 
and disruption of the Ca-alginate gel beads when placed in saline solutions was expected, as calcium-ions are 
exchanged by sodium-ions, leading to a weakening of the gel network followed by swelling56. Both reduction of 
G-block sequence length and numbers upon grafting and reduced molecular weight of the polymer can reduce
gel strength of the grafted material2, resulting in weaker and less stable gels compared to the unmodified alginate.
The bulky nature of the CyD may also destabilize the gel network by preventing the formation of junction zones 
due to steric hindrance27. Swelling of alginate drug delivery systems have been shown to depend on which body
fluid they come into contact with24. A destabilized gel may be favorable in a system where clearance of the gel
over time is wanted. However, in order to stabilize by the alginate gel, other gelling ions (e.g. Ba2+ or Sr2+) could
be used, which are known to form stronger crosslinks and depend on shorter G-blocks57,58. In addition, using a 
chemo-enzymatic strategy and introducing the G-blocks after the chemical modification may lead to a more sta-
ble gel35,59. Degradation of the alginate or the grafted alginate is expected to be negligible since alginate hydrolysis 
is slow at neutral pH and so is the hydrolysis of grafted alginates54.

The ability of β-CyD-grafted alginates to form inclusion complexes was studied using methyl orange as a 
model compound. β-CyDs can form inclusion complexes with methyl orange where the inclusion complex in 
neutral/basic media can be both 1:1 (Ka = ~3000 M−1) and 1:2 (Ka < 100 M−1)60. The association constant for 
the 1:2 inclusion complex is low compared to the 1:1 inclusion complex and can therefore be neglected. Visual 
inspection of the beads after each saline treatment revealed that the beads containing the β-CyD-grafted alginate 
retained their color longer than both reference beads (unmodified alginate with and without free β-CyD, Fig. 3). 
After the third saline treatment, there was no observable color left in the reference beads, while the β-CyD-grafted 
alginate beads retained their color until dissolution of the beads. This strongly suggests β-CyD retain the ability to 
form inclusion complexes with methyl orange is upon grafting to alginates.

The release of methyl orange from the beads was assessed by the content in the saline solutions (Fig. 4). Visual 
inspection clearly showed a continued discoloration from the beads with β-CyD-grafted alginate. In contrast to 
this, saline solutions from beads not containing β-CyD or free β-CyD were near to colorless after the first saline 
treatment. The concentration of methyl orange in the saline solutions was quantified by measuring the absorbance 
at 460 nm. The quantitative measurements confirmed the observations that the release of methyl orange continued 
throughout the saline treatments for the beads with β-CyD-grafted alginate. More methyl orange was released 
from beads with 50% β-CyD-grafted alginate than beads with 25% β-CyD-grafted alginate. However, the beads 
with 50% β-CyD-grafted alginate were largely destabilized by extensive saline treatment and were fully dissolved 
in the last treatment solution, as discussed previously. Hence, it cannot be excluded that some of the methyl orange 
in the treatment solution was still bound to the β-CyD-grafted alginate that dissolved from the gel bead.

Earlier studies have shown that the inclusion complex between β-CyD and methyl orange has a different 
absorbance than pure methyl orange60, which could influence the results when quantifying the methyl orange in 
the saline solutions. However, in this study no significant changes in absorbance were observed. The association 
constants of polymer-bound CyD towards various guest molecules has previously been shown to change com-
pared to free CyD and guest molecule alone31,61. This has not yet been tested with the β-CyD-grafted alginates.

The data indicate that the beads containing β-CyD-grafted alginate were able to absorb significantly more 
methyl orange compared to the beads made of only alginate and alginate with free β-CyD. Assuming a homo-
geneous distribution of methyl orange in the loading solution containing the alginate beads (140 µmol/L), the 
amount of methyl orange in the gel volume (3 mL) would be 0.4 µmol. As seen in Fig. 4, the released methyl 

Sample Mw (kDa) Mn (kDa)

L. hyperborea Alginate 135 79

POA 89 48

POA-linker 63 36

POA-βCyD 70 42

Table 2.  Molecular weight data derived from SEC-MALS data: weight- and number-average molar mass (Mw 
and Mn). POA: partially oxidized alginate. POA-linker: POA coupled with 4-pentyn-1-amine. POA-βCyD: 
β-CyD-grafted alginate.
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orange from beads with 50% β-CyD-grafted and 25% β-CyD-grafted alginate is 6.3 and 4.5 times higher, respec-
tively, indicating an accumulation of methyl orange in the beads with β-CyD-grafted alginate proportional to the 
amount of grafted material.

The ratio of methyl orange released from the beads and the amount of grafted β-CyD in the modified alginate 
beads can give further information on the release system. The amount of grafted β-CyD was 1.0 and 2.0 µmol for 
the beads with 25% and 50% β-CyD-grafted alginate, respectively. The total amount of methyl orange released 
from the 25% modified alginate beads was 1.8 µmol. This gives a ratio between the cyclodextrin and methyl 
orange of approximately 1:2. In the beads where 50% of the alginate was modified, 2.5 µmol is released and hence 
closer to 1:1 ratio between β-CyD and methyl orange.

The gel beads with unmodified alginate and free β-CyD displayed a similar release profile of methyl orange 
as those made of unmodified alginate only (Fig. 4), indicating that the free β-CyD did not retain methyl orange 
in the gel network as observed for the grafted β-CyD. NMR analysis of the methyl orange load solution for the 
beads made from alginate and free β-CyD showed that β-CyD (1135 Da) had leaked out of the beads and into 
the surrounding solution (data not shown). Previously, IgG (150 kDa) has been shown to diffuse into Ca-alginate 
microbeads62. Hence, the alginate gel by itself has limited ability to immobilize smaller molecules as also demon-
strated in this study. However, via grafting of β-CyD, methyl orange could be retained in the beads before being 
released upon treatments with saline solution. This system could be interesting for different fields and further 
studies are needed to understand its full potential, such as drug delivery, tissue engineering and water treatment 
with alginate binding divalent ions and CyD binding smaller non-polar molecules63.

Figure 3.  Ca-alginate beads made of unmodified L. hyberborea stipe alginate (−/+free β-CyD), and beads 
containing β-CyD grafted alginate mixed with unmodified L. hyberborea stipe alginate in two different ratios. 
The pictures were taken after removal of all the beads from the load-solution containing methyl orange (load) 
and gelling ions, and after immersion in consecutive solutions of 0.9% (w/v) NaCl (treatment 1–6).
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Conclusion
Alginate was successfully grafted with β-CyD through a three-step synthesis, combining the gelation ability of 
the alginate with the inclusion complex ability of the cyclodextrins. The obtained degree of grafting ranged from 
1.6–4.7% mol β-CyD/mol uronic acid residues, depending on the applied reaction parameters. The chosen syn-
thesis methodology allows the degree of grafting to be regulated, resulting in a material that has tunable proper-
ties. The final degree of grafting was shown to depend largely on the amount of linker (4-pentyn-1-amine) grafted 
to periodate oxidized alginate. A reduction in molecular weight was observed during the oxidation and reductive 
amination step. The proof-of-concept study showed that the grafted CyDs retained their ability to form inclusion 

Figure 4.  Release of methyl orange (MO) from Ca-alginate beads in consecutive saline treatments (0.9% 
(w/v) NaCl, one hour). Upper panel (P1): Picture of loading solutions (L) and saline treatment solutions 
(numbers 1–6) after removal of the beads. Middle panel (P2): Quantified amount of MO in the treatment 
solutions. Lower panel (P3): Accumulated release of MO. Beads made of unmodified alginate (A), unmodified 
alginate + free β-CyD (B), 75% (w/w) unmodified alginate +25% (w/w) β-CyD-grafted alginate (C) and 
50% (w/w) unmodified alginate +50% (w/w) β-CyD-grafted alginate (D). Guidelines are drawn between the 
measurements.
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complex with methyl orange. Gel beads made from a mixture of β-CyD-grafted alginate and unmodified algi-
nate had an increased and prolonged release of methyl orange compared to non-modified beads. The stability 
of the Ca-alginate gel beads was also affected by varying the amounts of the grafted and unmodified alginates. 
Altogether, the β-CyD grafted alginate can potentially be used as an adaptable release system and further investi-
gating is being done on the use of β-CyD-grafted alginate for controlled drug release.
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Supplementary Information A – 1H-NMR of L. hyperborea and partially 
oxidized alginate 
 

The 1H NMR-spectra of partially oxidized alginate and L. hyperborea stipe alginate are 
shown in figure S1. Peaks are assigned according to literature1. 

 

Supplementary figure S1. 1H NMR-spectra of partially oxidized alginate (POA, 400 MHz, 
90°C) and L. hyperborea (300 MHz, 90°C). Peaks denoted with an “O” refers only to the 
oxidized material.  
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Supplementary Information B: SEC-MALS data 

The concentration profiles and slice molecular weights are shown in figure S2 for 

one sample of unmodified alginate, partially oxidized alginate, partially oxidized 

alginate coupled with linker, and β-CyD-grafted alginate.

 

Supplementary figure S2: SEC-MALS data. Concentration profiles (solid lines) and slice molecular 

weights (dotted lines). Data at peak ends were removed due to noise or large deviations possibly due 

to aggregates prior to analysis. E: unmodified alginate. F: partially oxidized alginate. G: POA coupled 

with 4-pentyn-1-amine. H: β-CyD-grafted alginate. 
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Abstract: In this work, the mechanical properties and stability of alginate hydrogels containing
functionalized alginates (peptide and β-cyclodextrin) were studied. There is an increasing interest
in the modification of alginates to add functions such as cell attachment and increased solubility
of hydrophobic drugs, for better performance in tissue engineering and drug release, respectively.
Functionalization was achieved in this study via periodate oxidation followed by reductive amination,
previously shown to give a high and controllable degree of substitution. Young’s modulus and the
stress at rupture of the hydrogels were in general lowered when exchanging native alginate with the
modified alginate. Still, the gel strength could be adjusted by the fraction of modified alginate in the
mixed hydrogels as well as the degree of oxidation. No notable difference in deformation at rupture
was observed while syneresis was influenced by the degree of oxidation and possibly by the nature
and amount of the grafted molecules. The mixed hydrogels were less stable than hydrogels with only
native alginate, and modified alginate was released from the hydrogels. Furthermore, the hydrogels
in general rather disintegrated than swelled upon saline treatments.

Keywords: Alginate hydrogels; periodate oxidation; reductive amination; mechanical properties;
stability; cyclodextrin; peptide

1. Introduction

Hydrogels are 3D-structured water-swollen polymer networks that have been used as scaffold
materials in tissue engineering, drug delivery vehicles and in the encapsulation of cells. They are
considered suitable biomaterial candidates in these fields as they share many properties with biological
tissue [1]. The elastic moduli of biological tissues dependent on the type of tissue [2], and it is,
therefore, important to have control over the mechanical properties of the hydrogels used in the various
biomaterial applications. Furthermore, the degradability of the hydrogels should also be adjustable.
A degradable hydrogel may for example be beneficial if used in tissue engineering, where the goal is
tissue regeneration and, hence, replacement of the hydrogel [3]. Alginates form hydrogels by ionic
cross-linking of the polymer chains by certain divalent cations such as calcium and barium ions. The
gelation can be done at very gentle conditions, e.g., under physiological conditions [4]. Also, alginates
show low toxicity and are in general considered as highly biocompatible [5,6], which makes them
suitable for in vivo applications.
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Alginates are linear polysaccharides that consist of two monomers; β-D-mannuronic acid (M)
and its C-5 epimer α-l-guluronic acid (G). It can be isolated from brown algae and certain bacteria.
The monomers are 1→4 linked, and can be arranged as stretches of M-units (M-blocks), stretches
of G-units (G-blocks), and stretches with alternating M- and G-units (MG-blocks) [4]. The G-blocks
are very important for ionic gelation [7,8] and was originally thought to be solely responsible for
the selective binding of certain divalent cations (Mg2+ << Ca2+ < Sr2+ < Ba2+ [9]). More recent
research has shown that also MG-blocks and M-blocks display ion selectivity for Ca2+ and Ba2+,
respectively [10]. Furthermore, the MG-blocks are involved in formation of junction zones upon
gelation, either as MG/MG junctions or GG/MG junctions [11]. The composition of the alginate (M/G
ratio) and the sequence of M and G residues is important for the mechanical and stability properties of
alginate hydrogels. A high G-content is shown to result in mechanically stronger hydrogels compared
to alginates with lower G-content [12]. Furthermore, increasing amount and length of MG-blocks
have been found to increase both the mechanical strength [11,13] and the stability [12,13] of alginate
hydrogels. Recent work has also demonstrated that long G-blocks found in algal alginates (DP > 100)
account for their high mechanical strength, in comparison to engineered alginates with similar G
content and average length of G-blocks [14]. Alginates varying in composition and sequential structure
may be obtained from different sources [15], e.g., different algae or bacteria and different parts of the
algae such as stipe and leaf. Furthermore, alginates with defined composition and sequence may be
engineered in vitro from mannuronan [16] using a set of isolated bacterial epimerases [12,17].

Alginates may be chemically modified in order to add different functionalities. For example,
bioactive peptide sequences, known to bind cellular receptors and induce cellular responses are
commonly attached via the carboxyl group of the alginate by carbodiimide chemistry [18–20]. We have
recently developed an alternative protocol for functionalization, using partial periodate oxidation and
reductive amination with 2-methylpyridine borane complex [21] which gives high and controllable
degrees of substitution. Previous work has also shown the use of partial periodate oxidation and
reductive amination on alginate, but with the use of the toxic reducing agents sodium cyanoborohydride
(NaBH3CN) or sodium borohydride (NaBH4) [22–24]. Periodate ions will react with vicinal diols,
and in alginates this results in cleavage of the bond between C2 and C3 in the uronic acid residues
(ring opening) and formation of an aldehyde group on both C2 and C3 [25]. Various substituents
containing primary amines may further be covalently attached to the oxidized residues by reductive
amination. Due to the ring opening, the alginate molecule becomes more flexible [26–28] and more
prone to depolymerization [29] than non-oxidized alginates. The gel-forming properties as well as
the mechanical properties of alginate hydrogels is much affected upon partial periodate oxidation
(typically 1–8% oxidized residues) [30,31], which is thought to be a combined effect of the above
mentioned altered properties as well as disruption of G-blocks and MG-blocks by the oxidized residues.
In studies of cell attachment [21] and release of hydrophobic molecules [32] using peptide-grafted
and β-cyclodextrin grafted alginates, respectively, prepared via this strategy, the hydrogels were
made using a mixture of unmodified and modified alginates. The objective of this study is to further
investigate the mechanical properties and stability of hydrogels containing oxidized and functionalized
alginates alone and in combination with a strong gel-forming unmodified alginate. Three different
substituents varying in size (Figure 1B) as well as in field of application were applied: methyl tyrosine
ester as a small size substituent used as a model molecule, the bioactive hexapeptide GRGDSP as a
larger substituent relevant for cell attachment and the bulky β-cyclodextrin substituent relevant for
drug release. It was hypothesized that the mechanical properties and stability can be adjusted for
different applications by varying the fraction of modified and unmodified alginate.
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Figure 1. A: General reaction scheme for periodate oxidation (step 1) followed by reductive amination 
(step 2 and 3) of alginate (here represented by an MGM-fragment). B: Structure of the different 
substituents grafted onto alginate by reductive amination. I: L-methyl tyrosine ester (MeOTyr), II: the 
hexapeptide GRGDSP, III: 4-pentyn-amine, used as a linker for further grafting of β-cyclodextrin (β-
CyD). C: Grafting of β-CyD to pentyn-amine linked alginate via the copper catalyzed azide alkyne 
cycloaddition click-reaction. The scaling of alginate and β-CyD is not similar. 

Table 1. Characterization of the functionalized alginates in this study: P0 = mole periodate per mole 
uronate residue), degree of substitution (DS, mole substituent per mole uronate residue%), average 
molecular weight (Mw). POA: Oxidized alginate. POA-MeOTyr: Oxidized alginate grafted with 
methyl tyrosine ester. POA-β-CyD: Oxidized alginate grafted with beta cyclodextrin, POA-GRGDSP: 
Oxidized alginate grafted with the hexapeptide GRGDSP. Epim POA-MeOTyr: oxidized 
mannuronan grafted with methyl tyrosine ester and, thereafter, epimerized to a G-content of 49%. 

Material P0 DS (%) Mw (kDa) 
L. hyperborea stipe alginate 0.00 - 133 

POA 0.02 - 99 
POA 0.04 - 93 
POA 0.08 - 97 

POA-MeOTyr 0.08 7.0 114 
POA-β-CyD 0.08 1.6 65 

POA-GRGDSP 0.08 3.9 134 
Epim POA-MeOTyr 0.08 7.9 126 

2.2. Ca-Saturated Alginate Hydrogels of Functionalized Alginates 

Alginate hydrogels were prepared from the different modified alginates (Figure. 2A–F). The 
hydrogels were saturated with calcium ions by dialysis, implying that maximum crosslinking of the 
alginate within the hydrogel was obtained. Oxidized alginates having 2% and 4% oxidized residues 
formed nice gels that maintained their shape upon handling. For the 8% oxidized material, on the 

Figure 1. (A): General reaction scheme for periodate oxidation (step 1) followed by reductive amination
(step 2 and 3) of alginate (here represented by an MGM-fragment). (B): Structure of the different
substituents grafted onto alginate by reductive amination. I: l-methyl tyrosine ester (MeOTyr), II:
the hexapeptide GRGDSP, III: 4-pentyn-amine, used as a linker for further grafting of β-cyclodextrin
(β-CyD). (C): Grafting of β-CyD to pentyn-amine linked alginate via the copper catalyzed azide alkyne
cycloaddition click-reaction. The scaling of alginate and β-CyD is not similar.

2. Results

2.1. Preparation and Characterization of the Functionalized Alginates

L. hyperborea stipe alginate (hereafter denoted stipe alginate, 65% G, 133 kDa) was used throughout
the study as the starting material for modification based on its strong gel-forming properties. The
stipe alginate was oxidized using periodate ions according to a final periodate/uronic acid molar
ratio (P0) = 0.02, 0.04 and 0.08 (reaction scheme in Figure 1A). Periodate oxidation is shown to be
stoichiometric for P0 up to at least 0.08 [31,33] and a final degree of oxidation corresponding to P0 is,
therefore, assumed (Table 1). An 8% periodate oxidized stipe alginate (POA, P0 = 0.08) was further
grafted with methyl tyrosine ester (POA-MeOTyr) and GRGDSP peptide (POA-GRGDSP) obtaining a
degree of substitution of 7.0% and 3.9% mole substituent per mole uronic acid residues, respectively
(Figure 1B). The general reaction scheme of periodate oxidation followed by reductive amination and
the structure of the different substituents is shown in Figure 1A,B, respectively. Furthermore, an 8%
oxidized mannuronan was grafted with MeOTyr, giving a degree of substitution of 7.9%. Thereafter,
the grafted mannuronan was epimerized (epim POA-MeOTyr) with AlgE64, giving a G content of 49%.
The obtained G-content is similar to a previous study were AlgE64 was used to epimerize partially
oxidized (P0 = 0.08) and reduced mannuronan [34].

β-CyD was grafted to POA (P0 = 0.08) in two steps. First, a linker (4-pentyn-amine) was coupled
to the oxidized alginate by reductive amination (Figure 1A,B) giving a degree of substitution of 1.6%,
upon which pentyn amine coupled POA was fully grafted with β-CyD via the copper catalyzed
click-reaction (Figure 1C) giving a final degree of substitution of 1.6%.
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Table 1. Characterization of the functionalized alginates in this study: P0 = mole periodate per mole
uronate residue), degree of substitution (DS, mole substituent per mole uronate residue%), average
molecular weight (Mw). POA: Oxidized alginate. POA-MeOTyr: Oxidized alginate grafted with methyl
tyrosine ester. POA-β-CyD: Oxidized alginate grafted with beta cyclodextrin, POA-GRGDSP: Oxidized
alginate grafted with the hexapeptide GRGDSP. Epim POA-MeOTyr: oxidized mannuronan grafted
with methyl tyrosine ester and, thereafter, epimerized to a G-content of 49%.

Material P0 DS (%) Mw (kDa)

L. hyperborea stipe
alginate 0.00 - 133

POA 0.02 - 99
POA 0.04 - 93
POA 0.08 - 97

POA-MeOTyr 0.08 7.0 114
POA-β-CyD 0.08 1.6 65

POA-GRGDSP 0.08 3.9 134
Epim POA-MeOTyr 0.08 7.9 126

The degree of substitution was throughout this work analyzed by 1H NMR spectroscopy
(Supplementary file 1, S1) and calculated as mole substituent per mole uronic acid residues as
previously described [21,32]. The calculations are based on earlier annotations of the proton NMR
spectra of alginates [35,36], periodate oxidized alginates [31], MeOTyr grafted alginates [21], GRGDSP
grafted alginates [20] and β-CyD grafted alginates [32]. The degree of substitution obtained here is in
well accordance with what we have previously reported using the same methods for grafting of stipe
alginate [21,32].

The molar mass of the materials was analyzed using SEC-MALS (Supplementary file 2, S2) and the
obtained average molecular weights (Mw) are summarized in Table 1. The opening of the sugar ring
makes oxidized alginates more prone to degradation via β-elimination and as previously observed,
the oxidation was accompanied by some degradation [21,29]. A slight increase in Mw was observed
upon grafting of MeOTyr and the peptide GRGDSP that, taking into account the added weight of the
substituents, indicate minimal degradation during grafting. Grafting of β-CyD was, on the other hand
accompanied with a reduction of Mw from 97 to 65 kDa, despite the high molecular weight substituent.
Depolymerization was predominantly happening during grafting of the pentyn-amine linker [32],
which can be attributed to the low degree of substitution. Grafting has been shown to reverse the
degradability of the oxidized alginate back to that of unmodified alginate [37] and degradation is
therefore, more pronounced during grafting of pentyn-amine compared to the more efficient reactions
with MeOTyr and GRGDSP.

2.2. Ca-Saturated Alginate Hydrogels of Functionalized Alginates

Alginate hydrogels were prepared from the different modified alginates (Figure 2A–F). The
hydrogels were saturated with calcium ions by dialysis, implying that maximum crosslinking of the
alginate within the hydrogel was obtained. Oxidized alginates having 2% and 4% oxidized residues
formed nice gels that maintained their shape upon handling. For the 8% oxidized material, on the
other hand, the gel cylinders were largely affected by the oxidation and only very weak and largely
deformed hydrogels could be formed. Ca-hydrogels of the epimerized POA-MeOTyr formed highly
syneretic gels that showed a higher degree of shape stability after gel formation (Figure 2E) compared
to the other hydrogels made of only 8% periodate oxidized alginate.
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Figure 2. Ca-saturated alginate hydrogels (1.0% w/v). (A): POA (P0 = 0.02), (B): POA (P0 = 0.04),
(C): POA (P0 = 0.08), (D): Mixed hydrogels of POA (P0 = 0.08) and stipe alginate in fractions of WPOA

= 0.25, 0.50 and 0.75. (E): Epim POA-MeOTyr solely, (F): Mixed hydrogels of Epim POA-MeOTyr
and stipe alginate (WPOA* = 0.50). (G): Hydrogels of solely stipe alginate. Abbreviations: POA:
Partially periodate oxidized alginate. P0: Fraction of oxidized residues (degree of oxidation). Epim
POA-MeOTyr: Mannuronan grafted with l-Tyrosine methyl ester and thereafter epimerized.

Young’s modulus, syneresis, stress and deformation at rupture were measured on the oxidized and
grafted materials by uniaxial compression measurements (Table 2, Supplementary file 3). In general,
the syneresis was high, but less for oxidized and grafted materials than for the only oxidized material.
However, Young’s modulus was low for all the hydrogels. This was also the case for the stress and
deformation at rupture, i.e., for the highest deformation before the gels failed and at the force at the
same deformation (see example in Supplementary file 3). However, both Youngs modulus and stress
at rupture increased when MeOTyr was grafted to the alginate, in contrast to β-CyD that resulted
in decreased gel strength. The epimerized alginate showed a slightly higher Young’s modulus than
the corresponding hydrogels of oxidized and grafted alginates of stipe alginate. However, the stress
at rupture for the epimerized alginate gels were 5–6 times higher than for the corresponding gels of
POA-MeOTyr made from stipe alginate.

Table 2. Mechanical properties of Ca-saturated alginate hydrogels (1.0% w/v) of modified material
solely, based on 8% oxidized stipe alginate (POA), grafted with MeOTyr (POA-MeOTyr), β-CyD
(POA-β-CyD) or epimerized alginate grafted with MeOTyr (EpimPOA-MeOTyr).

Alginate POA POA-MeOTyr POA-β-CyD Epim
POA-MeOTyr

Young’s modulus, E (kPa) 1.2 ± 0.5 1.9 ± 0.7 0.7 ± 0.1 2.5 ± 0.3
Syneresis (%) 67 ± 7 46 ± 6 59 ± 3 54 ± 1

Stress at rupture (kg) 0.29 ± 0.06 0.55 ± 0.04 0.13 ± 0.01 3.01 ± 0.04
Deformation at rupture (%) 52 ± 3 60 ± 2 46 ± 3 63 ± 2

2.3. Mechanical Properties of Mixed Ca-Gels of Oxidized Alginate and Stipe Alginate

To investigate the effect of varying the fraction of modified alginate in the hydrogel as well as the
materials’ degree of oxidation, Ca-saturated hydrogels were prepared from mixtures of stipe alginate
(FG = 0.65) and oxidized alginates (POA) in different ratios. Also, Ca-limited gels were investigated
for gelling kinetics and rheology. The total alginate concentration in both cases was 1.0% w/v, unless
otherwise specified.
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In general, the Ca-saturated hydrogels prepared from mixtures with stipe alginate resulted in
nicely formed gels that maintained their shape upon handling (see Figure 2D). Oxidation of the alginate
led in general to a reduction in Young’s modulus (E) and stress at rupture, whereas syneresis and
deformation at rupture were less affected by the oxidation (Figure 3). For hydrogels where the weight
fraction of POA (WPOA) was 0.25, Young’s modulus was not significantly different from the pure stipe
alginate gel (see Table S4.1 in Supplementary file 4), varying around 30 kPa for all three degrees of
oxidation. Mixing in oxidized alginate where 2% of the residues had been oxidized (P0 = 0.02) did not
have a large effect on E, while hydrogels prepared from this material alone (WPOA = 1.00) showed a
substantial decrease in the Young’s modulus of 9 kPa. The hydrogels containing POA prepared with P0

= 0.04 showed a more gradually decrease in E, while for the hydrogels composed of different amounts
of POA P0 = 0.08 a substantial decrease in E was observed for gels having 50 to 75% POA (dry mass).

Gels 2018, 4, x FOR PEER REVIEW  6 of 19 

 

2.3. Mechanical Properties of Mixed Ca-Gels of Oxidized Alginate and Stipe Alginate 

To investigate the effect of varying the fraction of modified alginate in the hydrogel as well as 
the materials’ degree of oxidation, Ca-saturated hydrogels were prepared from mixtures of stipe 
alginate (FG = 0.65) and oxidized alginates (POA) in different ratios. Also, Ca-limited gels were 
investigated for gelling kinetics and rheology. The total alginate concentration in both cases was 1.0% 
w/v, unless otherwise specified. 

In general, the Ca-saturated hydrogels prepared from mixtures with stipe alginate resulted in 
nicely formed gels that maintained their shape upon handling (see Figure 2D). Oxidation of the 
alginate led in general to a reduction in Young’s modulus (E) and stress at rupture, whereas syneresis 
and deformation at rupture were less affected by the oxidation (Figure 3). For hydrogels where the 
weight fraction of POA (WPOA) was 0.25, Young’s modulus was not significantly different from the 
pure stipe alginate gel (see Table S4.1 in Supplementary file 4), varying around 30 kPa for all three 
degrees of oxidation. Mixing in oxidized alginate where 2% of the residues had been oxidized (P0 = 
0.02) did not have a large effect on E, while hydrogels prepared from this material alone (WPOA = 1.00) 
showed a substantial decrease in the Young’s modulus of 9 kPa. The hydrogels containing POA 
prepared with P0 = 0.04 showed a more gradually decrease in E, while for the hydrogels composed 
of different amounts of POA P0 = 0.08 a substantial decrease in E was observed for gels having 50 to 
75% POA (dry mass). 

 

Figure 3. Mechanical characterization of 1.0% w/v mixed Ca-saturated hydrogels of stipe alginate and 
POA (n = 5–10). A: Young’s modulus (E), B: Syneresis (%), C: Deformation at rupture (%) and D: Stress 
at rupture (kg) as a function of fraction of POA (WPOA) for ○: POA P0 = 0.02, ∆: POA P0 = 0.04 and □: 
POA P0 = 0.08. Gels made of solely POA (WPOA = 1.00) is given for P0 = 0.02 and P0 = 0.04 (not syneresis 
for POA P0 = 0.04). Data for P0 = 0.08 is given in Table 2. x: 1.0% (w/v) stipe alginate gels, • 0.5% (w/v) 
stipe alginate gels. Abbreviations: POA = partially oxidized alginate. P0 = degree of oxidation. 

Hydrogels with various fractions of 4% and 8% oxidized alginate were in general less syneretic 
than the stipe alginate reference. The syneresis decreased with increasing degree of oxidation, and to 
a certain extent with increasing amount of oxidized alginate (WPOA, Figure 3B). In comparison, 
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Figure 3. Mechanical characterization of 1.0% w/v mixed Ca-saturated hydrogels of stipe alginate and
POA (n = 5–10). (A): Young’s modulus (E), (B): Syneresis (%), (C): Deformation at rupture (%) and
(D): Stress at rupture (kg) as a function of fraction of POA (WPOA) for #: POA P0 = 0.02, ∆: POA P0 =

0.04 and �: POA P0 = 0.08. Gels made of solely POA (WPOA = 1.00) is given for P0 = 0.02 and P0 = 0.04
(not syneresis for POA P0 = 0.04). Data for P0 = 0.08 is given in Table 2. x: 1.0% (w/v) stipe alginate
gels, • 0.5% (w/v) stipe alginate gels. Abbreviations: POA = partially oxidized alginate. P0 = degree
of oxidation.

Hydrogels with various fractions of 4% and 8% oxidized alginate were in general less syneretic
than the stipe alginate reference. The syneresis decreased with increasing degree of oxidation, and
to a certain extent with increasing amount of oxidized alginate (WPOA, Figure 3B). In comparison,
decreasing the total alginate concentration resulted in a higher degree of syneresis, as shown for 0.5%
w/v stipe alginate hydrogels in Figure 3B. For the mixed gels with POA P0 = 0.02, the degree of syneresis
was not largely affected by the relative amount of POA.

The deformation at rupture (%) was only slightly reduced in the mixed hydrogels, relative to the
stipe alginate reference hydrogel (Figure 3C). The force needed to rupture the gels (stress at rupture)
was, on the other hand, highly dependent on the relative amount of POA as well as the degree
of oxidation (Figure 3D). Mixing in POA resulted in a lower stress at rupture that decreased with
increasing degree of oxidation and with the relative amounts of POA (Figure 3D).
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Some selected mixed gels with stipe alginate and 8% oxidized alginate (Figure 4) were further
studied in a rheometer where the gelling kinetics were followed over time by recording shear modulus
upon release of Ca2+ from CaCO3 following hydrolysis of glucono-δ-lactone (GDL) [38]. Ca-limited
gels were chosen due to limited syneresis and, hence, good contact between the gel and the probe,
as well as the general relevance of Ca-limited gels as softer gel materials than Ca-saturated gels.
As expected, the shear modulus (G’) decreased upon exchange of stipe alginate with oxidized alginate
from 1205 to 535 Pa and 227 Pa for stipe alginate in 50% and 75% mixture with oxidized alginate,
respectively. The gelling kinetics were slower for the mixed gels than for the stipe alginate alone, where
8–12 h were needed to reach plateau levels for the mixed gels versus 4–6 h for the stipe alginate.
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Coupling of MeOTyr, β-CyD or GRGDSP to the oxidized residues resulted in a lower Young’s 
modulus compared to hydrogels with similar amounts of POA for WPOA* = 0.25 and 0.50. The different 
substituents showed similar effect on Young’s modulus, independent of their degree of substitution. 
At WPOA* = 0.75, no difference was observed compared to hydrogels with 75% w/w POA. Neither 
deformation nor stress at rupture was largely affected by grafted alginates relative to POA. With 
regards to the deformation at rupture, only the hydrogels grafted with MeOTyr showed a significant 
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and for the stress at rupture the hydrogels grafted with MeOTyr showed a significant difference 
compared to the POA hydrogels at WPOA* = 0.25 (Table S4.20 in Supplementary file 4). POA-MeOTyr 
and POA-GRGDSP showed a higher syneresis compared to POA. This was not observed for POA-β-
CyD that had lower or similar syneresis to the oxidized alginate. The epimerized alginate grafted 
with MeOTyr behaved similarly to the stipe alginate grafted with MeOTyr in mixture with non-
modified stipe alginate (WPOA* = 0.50), and no significant difference was found between the hydrogels 

Figure 4. Shear modulus over time for 1.0% w/v mixed stipe alginate and functionalized POA (P0 = 0.08)
upon mixture with CaCO3 and GDL (at 0 h, 15 mM CaCO3), resulting in unsaturated Ca–alginate gels.
Fraction of POA, WPOA = 0.00 (solid line), fraction of POA, WPOA = 0.50 (-.-.-.-.-.-.-), fraction of POA,
WPOA = 0.75 ( . . . . . . ). POA = partially oxidized alginate.

2.4. Mechanical Properties of Mixed Ca-Saturated Hydrogels with Functionalized Alginate

Ca-saturated hydrogels of 8% oxidized alginate as well as 8% oxidized alginate grafted with
MeOTyr, β-CyD and GRGDSP were further characterized to investigate the effect of the grafted groups
on the mechanical properties of the hydrogels (Figure 5). The weight fraction of functionalized POA
(WPOA*) was varied between 0.00 and 0.75. All materials were oxidized to 8%, but the final degree of
substitution varied for the different grafted molecules (see Table 1).

Coupling of MeOTyr, β-CyD or GRGDSP to the oxidized residues resulted in a lower Young’s
modulus compared to hydrogels with similar amounts of POA for WPOA* = 0.25 and 0.50. The different
substituents showed similar effect on Young’s modulus, independent of their degree of substitution.
At WPOA* = 0.75, no difference was observed compared to hydrogels with 75% w/w POA. Neither
deformation nor stress at rupture was largely affected by grafted alginates relative to POA. With regards
to the deformation at rupture, only the hydrogels grafted with MeOTyr showed a significant difference
compared to the POA hydrogels at WPOA* = 0.50 (see Table S4.19 in Supplementary file 4), and for
the stress at rupture the hydrogels grafted with MeOTyr showed a significant difference compared
to the POA hydrogels at WPOA* = 0.25 (Table S4.20 in Supplementary file 4). POA-MeOTyr and
POA-GRGDSP showed a higher syneresis compared to POA. This was not observed for POA-β-CyD
that had lower or similar syneresis to the oxidized alginate. The epimerized alginate grafted with
MeOTyr behaved similarly to the stipe alginate grafted with MeOTyr in mixture with non-modified
stipe alginate (WPOA* = 0.50), and no significant difference was found between the hydrogels except
with regards to the deformation at rupture data assuming that p-values less than 0.05 are significant
(see Table S4.21 Supplementary file 4 for p-values).
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Figure 5. Mechanical characterization of 1.0% w/v mixed Ca-saturated hydrogels of stipe alginate and
functionalized POA (P0 = 0.08, n = 7–10). (A): Young’s modulus (E), (B): Syneresis (%), (C): Deformation
at rupture (%) and (D): Stress at rupture (kg) at different weight fractions of functionalized POA (WPOA*).
Abbreviations: POA = partially oxidized alginate. βCyD =β-cyclodextrin. POA-MeOTyr = POA grafted
with l-Tyrosine methyl ester. POA-βCyD = POA grafted with β-cyclodextrin. POA-GRGDSP = POA
grafted with peptide GRGDSP. EpimPOA-MeOTyr = epimerized mannuronan grafted with MeOTyr.

2.5. Stability of Mixed Hydrogels and Leakage of Material upon Saline Exposure

The stability of stipe alginate/POA (P0 = 0.08) and stipe alginate/POA-MeOTyr mixed hydrogels
was studied with regards to Young’s modulus, swelling and leakage material through a series of
consecutive saline treatments (0.15 M NaCl, 24 h each) (Figure 6). Young’s modulus (E) was gradually
reduced for every saline treatment for all hydrogels studied. For all the different mixed hydrogels, E
decreased gradually with increasing number of saline treatments, approaching about 2 kPa before the
gels lost their cylindrical form and hence, it was not possible to perform compression measurements
(at 2–4 treatments of saline). Hydrogels with 75% POA or MeOTyr grafted POA was difficult to handle
after the second treatment. At all points, the highest Young’s modulus value was obtained for the stipe
alginate gels, which, furthermore, showed only slightly reduced structural integrity upon the fourth
saline treatment.

The swelling, which we characterized as the relative weight gain, is shown in Figure 6A. In general,
minor swelling occurred upon the first saline treatment, after which it increased slightly before the
hydrogel dissolved. The exception was gels containing 75% POA, for which the weight decreased
upon the saline treatments due to disintegration of the gels.
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As expected from the stability data, the mixed hydrogels had a higher amount of leaked material
upon saline treatments than the stipe alginate gel (Figure 6C). A small amount of material leaked from
the stipe alginate hydrogels upon the first four saline treatments (1–7%). In the fourth treatment, the
gels started to lose their structure. In comparison, the mixed gels leaked more material and could
withstand fewer saline treatments. The leakage was highest for gels with the highest content of
modified alginate, e.g., 75% w/w POA or POA-MeOTyr with 44 and 52 wt% total leaked material in the
first and second treatment for gels with POA or POA-MeOTyr, respectively.Gels 2018, 4, x FOR PEER REVIEW  9 of 19 
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Figure 6. Stability of 1.0% w/v alginate/POA (P0 = 0.08) and alginate/POA-MeOTyr (P0 = 0.08, DS = 7.0%)
mixed hydrogels (n = 5) after consecutive NaCl treatments. One NaCl treatment: immersing the gels
in 0.15 M NaCl for 24 h. (A): Young’s modulus (E), (B): Swelling (w/w0) and (C): leaked material
(wt%) relative to theoretical total mass of alginate in the gels. Data points at zero saline treatment
represents the initial values before immersing the gels in the first saline bath. x: L. hyperborea stipe
alginate, �: alginate/POA WPOA = 0.25, ∆: alginate/POA WPOA = 0.50 #: alginate/POA WPOA =

0.75, N: alginate/POA-MeOTyr WPOA–MeOTyr = 0.50 �: alginate/POA-MeOTyr WPOA–MeOTyr = 0.75.
Abbreviations: POA = partially oxidized alginate. POA-MeOTyr = POA grafted with l-Tyrosine
methyl ester.

The leaked material was further characterized using 1H NMR spectroscopy and SEC-MALS in
regards of composition and molecular weight, respectively (Figure 7). Initially, low molecular weight
molecules leaked out of the hydrogels however, Mw increased gradually in the subsequent saline
treatments approaching the Mw of the stipe alginate starting material (133 kDa). The leaked alginate
from hydrogels with 75% w/w POA or POA-MeOTyr had a higher Mw than for the other gels (87 kDa
for WPOA = 0.75 compared to 32 kDa for WPOA = 0.50 in the first saline treatment).

The alginate that leaked from the mixed hydrogels during the first saline treatment had a low
guluronic acid content (FG~0.4–0.5) compared to that of the starting material (FG = 0.65 for the stipe
alginate). The G-content then increased, reaching that of the starting material in the second or third
treatment. Similarly, the average G-block length of the leaked alginate tended to increase upon the
consecutive saline treatments. The amount of leaked material from the stipe alginate hydrogels during
the first saline treatment was too small for further analysis. In the subsequent leakage materials, both
the G-content and average G-block length corresponded to that of the stipe alginate.

The MeOTyr coupled alginate used in this study had a degree of substitution of 7.0%, hence,
a fraction of uronic acid residues coupled to a MeOTyr molecule (FMeOTyr) of 0.07. NMR analysis of the
leaked material from hydrogels with WPOA-MeOTyr = 0.50 and 0.75 indicated that the leaked alginate in
the first saline treatment had a higher FMeOTyr than the starting material (0.11 and 0.10 for WPOA-MeOTyr
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= 0.50 and 0.75, respectively). In the consecutive treatments, FMeoTyr decreased, reaching 0.05 in the
third saline treatment of mixed hydrogels with WPOA-MeOTyr = 0.50.
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Figure 7. Characterization of leaked alginate from 1.0% w/v alginate/POA (P0 = 0.08) and
alginate/POA-MeOTyr (P0 = 0.08) mixed hydrogels (n = 5) after immersing the gels in consecutive
solutions of 0.15 M NaCl. (A): Weight average molecular weight (Mw), (B): Fraction of G residues
(FG), (C): Average G-block length larger than one (NG>1) and (D): Fraction of MeOTyr (FMeoTyr) x: L.
hyperborea stipe alginate, �: alginate/POA WPOA = 0.25, ∆: alginate/POA WPOA = 0.50 #: alginate/POA
WPOA = 0.75, N: alginate/POA-MeOTyr WPOA-MeOTyr = 0.50, �: alginate/POA-MeOTyr WPOA-MeOTyr =

0.75. Abbreviations: POA = partially oxidized alginate. POA-MeOTyr = POA grafted with l-Tyrosine
methyl ester.

3. Discussion

The use of functionalized alginates (e.g., peptide grafted alginates) in alginate-based biomaterials
is increasing and it is generally accepted that various tissue engineering- and drug release strategies
will have different requirements regarding the stability and mechanical properties of the applied
hydrogels. The differentiation of stem cells can for example be affected by mechanical properties [39].
The data presented here provide an increased understanding of how functionalization via periodate
oxidation and subsequent grafting with peptide or cyclodextrins affect the mechanical properties and
stability of alginate hydrogels. Furthermore, the data show, in principal, how mechanical properties
of chemically modified alginate in mixtures with a strong gel forming alginate can be adjusted by
varying the extent of modification and relative amount of functionalized alginates. Alginate with 8%
oxidation was used for the grafting studies to better examine the differences between hydrogels made
of both modified alginate and non-modified alginate, while also giving the benefit of a higher degree
of functionality compared with a starting point of 2 or 4% oxidation.

3.1. Mechanical Properties

Rheological and mechanical studies on hydrogels composed of only periodate oxidized alginate has
been performed by several groups, including ours [30,31,40]. The alginate characteristics (composition,
G-block length, degree of oxidation and molecular weight) and Ca2+ concentration varied in the
different studies, yet the general conclusion is that the ability to form hydrogels as well as the mechanical
properties is highly affected upon partial oxidation (1–10%), and that increasing the degree of oxidation
results in lower elastic moduli (G’) [30,31]. Periodate ions are known to react faster with G-residues
than M-residues (approximately 50% faster) [41], leading to a relatively larger influence on the G- and
MG-blocks than on M-blocks. Previous studies have shown that the G-block length is reduced when
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using periodate oxidation on alginates [31]. Hence, oxidized alginates are expected to contain shorter
G-blocks and consequently form shorter junction zones with the gelling ions. It is known that for
alginate hydrogels, the shortest G-block length to form stable junctions with Ca2+ is 8 [42,43], whereas
Sr2+ only requires a G-block length of 3 [42]. Hence, periodate oxidation may reduce the length of
consecutive G units to below the critical values for crosslinking with calcium ions. A more in-depth
characterization of the local hydrogel structure, in regards of size and multiplicity of the junction
zones is possible by scattering techniques such as small angle X-ray scattering [44,45]. This is however
beyond the scope of our work.

The mechanical properties were here characterized by Young’s modulus (E), which is dependent
on the number, stability and length of crosslinks (junction zones) as well as the length and flexibility of
the elastic segments between junction zones [46]. Some selected materials were also characterized by
rheology for Ca-limited gels, where shear modulus (G´) is proportional to E. Ca-saturated hydrogels
where the weight fraction of POA (WPOA) was 0.25 or 0.50, showed similar or slightly reduced Young’s
modulus’, respectively, compared to the reference stipe alginate gel for all degrees of oxidation.
In comparison, reducing the total alginate concentration from 1.0% to 0.5% w/v in stipe alginate gels
resulted in a large decrease in Young’s modulus from 31 kPa to 6 kPa. It follows that, despite the
partial disruption of G- and MG-blocks, the oxidized alginate makes a substantial contribution to
the junction zones. A large decrease in Young’s modulus was observed using WPOA = 0.75 of the 8%
oxidized alginate. Mixing ratios from 0.50 to 0.75 could then be exploited to give a range of mechanical
strengths. For the calcium-limited gels (unsaturated gels), mixing ratios of 0.50 and 0.75 resulted in 56%
and 81% reduction in shear modulus (G´, Figure 4), respectively, that may point to a further reduction
in gel strength in mixed gels when calcium is limited. The 8% oxidized alginate did not form gels
under Ca-limited conditions and formed very weak gels upon Ca-saturation without the support of
the non-modified alginate, further demonstrating the reduced ability to form strong junction zones
upon introduction of the oxidized residues. Interestingly, coupling MeOTyr to the oxidized alginate
resulted in slightly higher Youngs modulus and stress at rupture compared to the oxidized material
only. This may be due to hydrophobic interactions between MeOTyr contributing to the mechanical
properties of the gel.

Grafting resulted in a reduction in Young’s modulus for WPOA 0.25 and 0.50 relative to the
oxidized alginate. In the mixed gels, the potential contribution from hydrophobic interactions is
probably reduced due to steric hindrance with the presence of non-modified alginate. Addition of free
β-CyD did not have the same effect as grafted β-CyD (see Figure 5), suggesting that covalent coupling
induce steric restrictions that negatively affect the number of junction zones formed in the mixed
gels. No difference was observed for the different substituents (see Table D17 Supplementary file 4 for
statistical values), despite that the degree of substitution ranged from 1.6% for POA-β-CyD to 7.0% for
POA-MeOTyr (both with P0 = 0.08). The lower molecular weight of POA-β-CyD may, however, limit
its contribution to interchain junctions [47], resulting in a reduction of gel strength despite the low
degree of substitution.

The stress at rupture was substantially lowered by both increasing the fraction of POA and
increasing the degree of oxidation. Rupture strength is directly linked to the energy required to fracture
the network junctions, and shorter junction zones in periodate oxidized alginates concomitantly result
in a lower stress at rupture. Grafting of substituents to POA did not further decrease the force needed
to induce rupture, suggesting that the substituents do not affect the strength of the junction zones.

The deformation at rupture, measured as the length of compression relative to the initial height of
the hydrogels (%), is a measure for how much deformation the hydrogel can withstand before rupture.
All the mixed hydrogels were largely compressed to the same level and was thus minimally affected
by the relative amount of POA, the degree of oxidation of the incorporated oxidized alginate nor
the introduction of substituents. However, as lower force was needed for them to rupture, alginates
functionalized through periodate oxidation and reductive amination form more fragile hydrogels.
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Using a chemoenzymatic strategy, by introducing the chemical modifications on mannuronan
and secondly introducing the G-blocks by epimerization, has previously been shown to be efficient in
maintaining the mechanical properties of the Ca–alginate hydrogels [12]. The same strategy has been
used for the grafting of bioactive peptides to alginate using carbodiimide chemistry [20]. Mannuronan
C-5 epimerases are shown to work on both oxidized alginates as well as alginate in the gel state [34].
In this work, the grafted alginate produced with a chemoenzymatic strategy (EpimPOA-MeOTyr) was
hypothesized to give better mechanical properties compared to the non-epimerized POA-MeOTyr
due to the grafting only taking place on the M-residues. Here, the EpimPOA-MeOTyr showed better
gelling properties relative to the corresponding grafted stipe alginate (POA-MeOTyr), resulting in
more defined gels and with stress at rupture close that to unmodified stipe alginate (3 versus 4 kg,
respectively). However, Young’s modulus was low and comparable to the corresponding POA-MeOTyr
made of stipe alginate (Table 2). For mixed hydrogels, the unmodified stipe alginate dominated the
mechanical properties and no significant differences were seen between the grafted epimerized alginate
and the corresponding POA-MeOTyr made of stipe alginate.

3.2. Syneresis

Ionically crosslinked alginate gels are in general smaller than the starting volume of the liquid
that was used to cast the gel. The negative change in volume upon gel formation is referred to as
syneresis. The main driving force of syneresis is thought to be the growth of junction zones [48] and
release of water. In alginates, both the length of the G-blocks and the presence of alternating sequences
(MG-blocks) will affect the syneresis. Long G-blocks give little syneresis as the network is not easily
reorganized [47]. Alternating sequences are, on the other hand, associated with high syneresis [12,17].
This has been attributed to the formation of MG/MG junctions leading to a partial network collapse
upon Ca2+ saturation [13]. Hydrogels containing POA oxidized to 4 and 8% expressed less syneresis
than the stipe alginate reference gel and the syneresis decreased slightly with increasing amount of the
oxidized alginate. Opening of the sugar ring upon periodate oxidation increases the local flexibility,
which could promote reorganization and, hence, syneresis, but reduces the effective junction zones,
possibly both in number and length. Hence, it seems like oxidized alginates have a reduced ability to
contribute to growth of effective junction zones that surpass the increased flexibility. An oxidation
degree of 2% showed similar syneresis to the unmodified stipe alginate hydrogel, indicating that this
low oxidation degree did not alter the properties of the modified alginate compared to the parent
alginate markedly. A lower total concentration of alginate in the pre-gel solution gave as expected
higher syneresis [49] (shown for 1.0% and 0.5% w/v stipe alginate hydrogels in 3B). Mixing-in oxidized
alginate can therefore, not be seen as an effective decrease in concentration.

Grafting of molecules to the oxidized residues could possibly add steric hindrance during
network reorganization and consequently reduce the syneresis. For hydrogels with 50% w/w POA or
functionalized POA, the opposite was observed and syneresis increased in the order POA-β-CyD ≈
POA < POA-GRGDSP < POA-MeOTyr. This order corresponds well with the degree of substitution
for the different materials (POA-β-CyD < POA-GRGDSP < POA-MeOTyr), indicating that higher
level of grafting leads to a more compact hydrogel. Syneresis is known to increase with an increasing
concentration of the crosslinking ion and molecular weight of the alginate [47,48]. The substituents
could possibly affect the diffusion of calcium ions or exclusion of water and hence, syneresis, or there
may be interactions between the substituents leading to a more compact gel network. POA-β-CyD was
more degraded during preparation than the other alginates (Mw = 65 kDa, compared to 114 kDa for
POA-MeOTyr), which together with the low DS (1.6%, Table 1) can account for the observed syneresis
being similar to or slightly lower than POA.

3.3. Stability and Leakage

Alginate gel stability in saline solution is relevant for the use and handling of alginate gels and
for the use at physiological conditions. The optimal stability of an alginate hydrogel depends on the
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application. For slow release of a drug from an alginate hydrogel, a robust long-lasting gel could be
beneficial. On the other hand, for some tissue engineering applications, a less stable hydrogel which is
more readily replaced with tissue would be better suited [3]. Ca–alginate hydrogels are vulnerable to
destabilization upon exposure to saline due to the exchange of calcium with sodium ions that result in
destabilization of the gelling zones and leakage of alginate. Swelling of Ca–alginate gels is previously
described by the balance of exchange of Ca2+ with Na+ and influx of water and the gel network ability
to withstand the osmotic pressure [17,50]. The stability of the mixed hydrogels was investigated
as the change in Young’s modulus and weight (swelling) and leakage of alginate upon consecutive
saline treatments. A gradual decrease in Young’s modulus was observed for all the different gel types,
reflecting the gradual exchange of Ca2+ with non-crosslinking Na+ [17] resulting in a destabilization of
the junction zones. To create more stable and long-lasting hydrogels, the gelling ions strontium or
barium could be introduced as these ions bind more strongly to the G-blocks in the alginate and are
depending on shorter G-blocks to form stable crosslinks [10]. In contrast, pre-treatment of the gels in
saline bath could be a means for achieving faster degradation.

The mixed hydrogels were less stable than stipe alginate gels as they were able to withstand
fewer saline treatments. As the total concentration of alginate was the same in all gels and, hence, also
the charge density, the exchange of Ca2+ with Na+ and flux of water is expected to be approximately
the same in the hydrogels. However, the reduction in G-blocks and, hence, crosslinking leads to a
destabilization of the network. The mixed hydrogels and the stipe alginate gels were disintegrating
rather than the typical swelling, observed as increase in volume and weight, previously seen for
alginate gel beads upon consecutive saline treatments [10,17]. In addition, large amounts of alginate
were released (leaked) from the mixed gels compared to the stipe alginate gels. A small amount of
swelling and leakage of alginate from Ca-hydrogels from L. hyperborea alginate with similar composition
and sequence parameters as the stipe alginate used here has been reported [13,42]. Also, the leakage
material from previous studies was shown to contain shorter chains of high M containing alginate [42].
Here, an accumulation of modified alginate in the leakage material was seen, which is connected to the
destruction of the crosslinking zones in the grafted alginate.

4. Conclusions

The mixed hydrogels with POA and L. hyperborea stipe alginate gave lower Young’s modulus
and stress at rupture than control gels made of unmodified L. hyperborea stipe alginate only, but
the mechanical properties could be controlled by the fraction of modified alginate in the hydrogels
as well as the degree of oxidation. Grafted epimerized alginate showed better gelling properties
(higher Young’s modulus and deformation at rupture) than the corresponding grafted stipe alginate.
For hydrogels with a mixture of modified and unmodified stipe alginate, the mechanical properties
were largely influenced by the unmodified stipe alginate. Decreased syneresis was observed upon
increasing the degree of oxidation, but was only slightly affected by the relative amount of the modified
alginates. Also, the data suggests that syneresis was influenced by the nature and amount of the
grafted molecules. The mixed hydrogels were less stable than gels with only unmodified alginate, and
the grafted chains were leaking out first. Furthermore, the mixed hydrogels were found to disintegrate
rather than swell upon saline treatments. It is evident that functionalization via periodate oxidation
and subsequent grafting (via reductive amination and Cu-catalyzed click-chemistry) has considerable
effect on alginates gelling properties. This must be taken into account, and can be utilized upon
designing alginate hydrogels as biomaterials.

5. Materials and Methods

5.1. Materials

Alginate from Laminaria hyperborea stipe was obtained from FMC Health and Nutrition, Drammen,
Norway. Its composition obtained from NMR spectroscopy and molar mass (Mw) obtained from
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SEC-MALS are given in Table 3. The hexapeptide GRGDSP was purchased from CASLO ApS, Denmark
and 6-O-monodeoxy-6-monoazido-β-cyclodextrin (N3-β-CyD) was synthesized in-house [51] by
Thorbjørn Nielsen at Aalborg University. All other chemicals were purchased from commercial
sources and were of analytical grade. Mannuronan was obtained from FMC Health and Nutrition
([η] = 1548 mL/g), FG =0.00.

Table 3. Chemical characterization of the starting material used for chemical modification and as
unmodified alginate in alginate hydrogels. Composition is described by the fraction of M and G (FM and
FG), fraction of diad and triplet sequences (e.g., FGGG: fraction of alginate consisting of guluronic
triplets) and the average length of G-blocks (NG>1).

Alginate Mw (kDa) FG FM FGG FMG/FGM FMM FMGG/FGGM FMGM FGGG NG>1

L. hyperborea stipe
alginate 133 0.65 0.35 0.53 0.12 0.23 0.05 0.10 0.48 11

5.2. Periodate Oxidation and Preparation of Functionalized Alginates

Stipe alginate and mannuronan were oxidized upon addition of sodium periodate as previously
described [31]. l-Tyrosine methyl ester (MeOTyr) was grafted to both the oxidized stipe alginate and
mannuronan as previously described [21]. In addition, the peptide GRGDSP was grafted to stipe
alginate in the same manner. In short, the alginates were oxidized using a concentration of periodate
ions that corresponded to a P0 of 0.08. The periodate oxidized alginates were further reacted with
MeOTyr or GRGDSP using 2-methylpyridine borane complex (picoline borane) as the reducing agent.

β-CyD was grafted to periodate oxidized alginate (P0 = 0.08) in two steps, as previously
described [32]. A linker, 4-pentyn-1-amine, was first grafted to the periodate oxidized alginate by
reductive amination. Thereafter, β-CyD was linked to 4-pentyn-1-amine coupled alginate via the
Cu(I)-catalyzed azide alkyne cycloaddition click-reaction [51].

The l-Tyrosine methyl ester grafted mannuronan was epimerized with AlgE64 [34] to obtain an
alginate were the G-units were introduced into the chain after the grafting procedure. Briefly, MeOTyr
grafted mannuronan was dissolved in water, and the enzyme and epimerization buffer were then
added. The ratio between the enzyme and grafted alginate used was 1 mg enzyme per 25 mg grafted
mannuronan. The final concentrations in the reaction mixture were 2.4 mg/mL grafted mannuronan,
50 mM MOPS, 75 mM NaCl and 2 mM CaCl2. The reaction mixture was incubated at 37 ◦C, and after
48 h the reaction was stopped by adding 10 mL EDTA (100 mM, pH = 7). The product was dialyzed
until conductivity measured below 1 µS.

5.3. Preparation of Calcium–Alginate Hydrogels

Internally set calcium alginate gel cylinders (Ca-limited or unsaturated gels) were prepared by
adding CaCO3 and the slowly hydrolyzing d-glucono-δ-lactone (GDL), as previously described [38].
Briefly, the release of proton from GDL and the subsequent lowering of pH destabilize the CaCO3

and cause release of calcium ions that will bind to the alginate. Alginates were dried overnight in a
desiccator with phosphorus pentoxide (Sicapent, Sigma-Aldrich, Oslo, Norway) and dissolved in MQ
water. A dispersion of CaCO3 (4 µm, ESKAL 500, KSL Staubtechnik GMBH, Lauingen, Germany) was
added to the alginate solutions and the solutions were thereafter degassed, using vacuum suction.
GDL was then added to the mixtures to start the gel formation. The mixtures were stirred carefully for
a few seconds before they were poured into the wells of a 24-well plate (16/18 mm, Costar, Cambridge,
MA, USA) and left at room temperature for 20 h. The final concentrations were 1.0% (or 0.5%) w/v
alginate, 15 mM CaCO3 and 30 mM GDL. The amount of calcium added is calculated to theoretically
crosslink all G present, however, it is shown that the gel strength and syneresis of calcium gels further
increase with calcium concentration [38]. Hence, Ca-saturated hydrogels were made by immersing the
gel cylinders in 50 mM CaCl2 and 0.2 M NaCl (800 mL for 8 cylinders) for 24 h at 4 ◦C to ensure excess
of calcium in the gels.
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5.4. Syneresis and Mechanical Properties

The syneresis (the volume of gels relative to the initial volume of solute) was determined as the
weight reduction of the calcium-alginate hydrogels with respect to the initial weight and calculated
according to S = (1 − w/w0) × 100, where w0 and w is the initial and final weight respectively. The
initial weight was calculated based on the volume of the wells, assuming no significant change in
density from water for 0.5–1.0% alginate.

The mechanical properties of the alginate gel cylinders were characterized by uniaxial compression
using a Stable MicroSystems, TA XT plus Texture Analyser with a P/35 probe at room temperature and
a compression rate of 0.1 mm/s. The weight of the loading cell was five kg. Young’s modulus (E) was
calculated from the initial slope (typically 0.1–0.3 mm) of the force/deformation curves (F/A) = E × ∆l/l
(l = length of gel before measurement, ∆l = change in length) and corrected for syneresis: Ecorrected

= Emeasured × (Cinitial/Cfinal)2 [52]. All data were collected and processed with the “Texture Expert
Exponent 32” software. Stress at rupture and deformation at rupture (or ultimate compression strength)
was determined in experiments where the hydrogels were compressed to the point of rupture, and the
reported data are the maximum value on the force-deformation curve (See Supplementary file 3).

5.5. Rheological Characterisation of Unsaturated Gels

1.0% (w/v) Ca-limited (unsaturated) alginate gels were prepared as described above (4.3) by
internal gelation with final concentration of 15 mM CaCO3 and 30 mM GDL. Immediately after addition
of GDL and rapid and careful mixture to avoid bobble formation, 0.65 mL sample was loaded to a
rheometer and recordings started 10 min after adding GDL to the alginate solution. The development of
shear modulus (G´, Pa) was followed over time in room temperature by Kinexus Rheometer (Malvern
instruments, Uppsala, Sweden) using a 2 cm flat probe and a flat plate geometry with 1 mm gap and
recorded at a frequency of 1 Hz.

5.6. Stability

The stability of the hydrogels was analyzed through a series of consecutive saline treatments of
Ca-saturated gel cylinders. For each gel type, five gels were immersed in 100 mL 0.15 M NaCl (20 mL
per gel) and left for 24 h at 4 ◦C with gentle stirring (first saline treatment). Swelling is defined as
volume increase, however, as alginate gels increase in volume by absorbing the surrounding solution
that correspond to subsequent increase in weight, swelling of the gels were characterized as w/w0,
where w0 is the initial weight before the first saline treatment and w is the weight after the respective
saline treatments. Compression measurements (1 mm compression) were then performed before
the hydrogels were immersed in a new 0.15 M NaCl solution (second saline treatment). This was
repeated until the gels had lost their cylindrical form and it was not possible to perform mechanical
measurements on them (2–4 treatments).

5.7. Analysis of the Leaked Alginate

After removing the hydrogels, the separate NaCl treatment solutions was added 2 mL of a 150 mM
EDTA solution. The saline treatments solutions were further dialyzed, using a MWCO of 3.5 kDa
against two shifts of 0.05 M NaCl and then MQ water until the conductivity was below 4 µS/cm. The
samples were freeze dried and further prepared for NMR and SEC-MALS analysis as described below.

5.8. NMR

1D 1H NMR spectroscopy was used to analyze the degree of substitution as well as the uronic
acid composition of the alginates. The samples were subjected to mild acid hydrolysis as previously
described [53] to reduce the viscosity prior to the NMR analysis. 6–10 mg of the samples were then
dissolved in 600 µL D2O (99.9%) and added 5 µL 3-(Trimethylsilyl)propionic 2,2,3,3-d4 acid (TSP,
Sigma-Aldrich, Oslo, Norway) as an internal standard and 15 µL Triethylenetetraamine-hexaacetic
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acid (TTHA, Sigma Aldrich) as a chelating agent for residual divalent ions. The latter was not added to
samples already added EDTA (analysis of leaked alginate). 1D 1H spectra were recorded at 90 ◦C on a
Bruker Ascend 400 MHz Avance III HD spectrometer, equipped with a 5-mm SmartProbe z-gradient
probe and SampleCase (Bruker BioSpin AG, Fällanden, Switzerland). The spectra were recorded
using TopSpin 3.2 software (Bruker BioSpin, Fällanden, Switzerland) and processed and analyzed with
TopSpin 3.5 software (Bruker BioSpin).

5.9. SEC-MALS

Size exclusion chromatography with multi angle light scattering (SEC-MALS) was used to measure
the molecular weight, as previously described [28]. The system consisted of a mobile phase reservoir,
an on-line degasser, an HPLC isocratic pump (LC-10ADVP, Shimadzu, Kyoto, Japan), an autoinjector
(SCL-10AV, Shimadzu), a pre-column and two serially connected columns: TSK 6000 PWXL and TSK
5000 PWXL (Toso Haas, Stuttgard, Germany). The columns were followed by two serially connected
detectors; a Dawn DSP laser light scattering photometer (Wyatt Technology, Santa Barbara, CA, USA)
(λ0 = 0.664 nm) and an Optilab DSP differential refractometer (Wyatt Technology, Santa Barbara, CA,
USA). 0.15 M NaNO3 with 0.01 M NaEDTA, pH 6 was used as the mobile phase. 20% acetonitrile was
added to the mobile phase for the alginate grafted with β-CyD. All samples were dissolved in the
mobile phase (0.25–7.5 mg/mL) and filtered (pore size 0.8 µm) prior to injection. The injection volume
was adjusted to obtain an optimal light scattering signal and to avoid overloading. Astra software
v. 6.1 (Wyatt Technology, Santa Barbara, CA, USA) was used to collect and process the obtained data,
using a refractive index increment (dn/dcµ) of 0.150 mL/g for alginate samples [28].

5.10. Statistical Analysis

The Tukey honest significant differences test was done using R to examine significant differences
between the hydrogels with regards to the Young’s modulus, syneresis, deformation at rupture
and stress at rupture measurements. For the comparison of the POA-MeOTyr gels with regards to
epimerized and non-epimerized alginate the Welch t-test was used to compare the two sets of gels. The
statistical values can be found in Supplementary file 4. Data is shown as mean ± standard deviation.
Samples with p-values less than 0.05 were considered statistically significant.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/2310-2861/5/2/23/s1.
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Supplementary file 1 (S1) 

 
1H NMR spectra including bulk assignment of the grafted alginates are given in Figure S1. The 

samples were subjected to mild acid hydrolysis as previously described [46] to reduce the viscosity 
prior to the NMR analysis. 6-10 mg of the samples were then dissolved in 600 µl D2O (99.9%) and 
added 5 µl 3-(Trimethylsilyl)propionic 2,2,3,3-d4 acid (TSP, Sigma Aldrich) as an internal standard 
and 15 µl Triethylenetetraamine-hexaacetic acid (TTHA, Sigma Aldrich) as a chelating agent for 
residual divalent ions. The latter was not added to samples already added EDTA (analysis of leaked 
alginate). 1D 1H spectra were recorded at 90 °C on a Bruker Ascend 400 MHz Avance III HD 
spectrometer, equipped with a 5-mm SmartProbe z-gradient probe and SampleCase (Bruker BioSpin 
AG, Fällanden, Switzerland). The spectra were recorded using TopSpin 3.2 software (Bruker BioSpin) 
and processed and analyzed with TopSpin 3.5 software (Bruker BioSpin). 

The degree of substitution was calculated as mole substituent per mole uronic acid residues as 
previously described [21,29]. The calculations are based on earlier annotations of the proton NMR 
spectra of alginates [32,33], periodate oxidized alginates [28], alginates grafted with methyl tyrosine 
ester (MeOTyr) [21], GRGDSP grafted alginates [20] and β-cyclodextrin (β-CyD) grafted alginates 
[29].  

 
 

 
Figure S1: 1H NMR of A: partially oxidized (P0 = 0.08) L. hyperborea stipe alginate(65 % G) grafted with 
MeOTyr, B: partially oxidized (P0 = 0.08) mannuronan grafted with MeOTyr and epimerized with 
AlgE64, C: partially oxidized (P0 = 0.08) L. hyperborea stipe alginate grafted with GRGDSP peptide and D: 
partially oxidized (P0 = 0.08) L. hyperborea stipe alginate grafted with β-CyD. The bulk assignment of the 
protons of the different chemical groups are indicated. The exact annotations of the proton NMR spectra 
can be found as following: alginates [32,33], periodate oxidized alginates [28], MeOTyr grafted alginates 
[21], GRGDSP grafted alginates [20] and β-CyD grafted alginates [29]. The 1H NMR-spectrum was 
recorded at 400 MHz and 90 °C in D2O.  



Supplementary file 2, S2 
The molar mass of the materials was analyzed using SEC-MALS, as previously described [25]. 

The system consisted of a mobile phase reservoir, an on-line degasser, an HPLC isocratic pump (LC-
10ADVP, Shimadzu), an autoinjector (SCL-10AV, Shimadzu), a pre-column and two serially 
connected columns: TSK 6000 PWXL and TSK 5000 PWXL (Toso Haas). The columns were followed 
by two serially connected detectors; a Dawn DSP laser light scattering photometer (Wyatt, USA) 
(λ0 = 0.664 nm) and an Optilab DSP differential refractometer (Wyatt, USA). 0.15 M NaNO3 with 0.01 
M NaEDTA, pH 6 was used as the mobile phase. 20% acetonitrile was added to the mobile phase for 
the alginate grafted with β-CyD. All samples were dissolved in the mobile phase (0.25-7.5 mg/mL) 
and filtered (pore size 0.8 µm) prior to injection. The injection volume was adjusted to obtain an 
optimal light scattering signal and to avoid overloading. Astra software v. 6.1 (Wyatt, USA) was used 
to collect and process the obtained data, using a refractive index increment (dn/dcµ) of 0.150 mL/g for 
alginate samples [25].  

Chromatograms and slice molecular weights for the samples are given in Figure S2.1 – S2.4.  
 
 

 
Figure S2.1: SEC-MALS data for from left to right: Laminaria hyperborea stipe alginate (65 %G) (red), 
periodate oxidized stipe alginate P0 = 0.02 (green), P0 = 0.04 (black), P0 = 0.08 (blue). Mobile phase: 0.15 M 
NaNO3 with 0.01 M NaEDTA, pH 6. Concentration profiles are represented with lines and slice molecular 
weights with dots.   



 

Figure S2.2: SEC-MALS data for from left to right: GRGDSP grafted stipe alginate P0 = 0.08, DS = 7.0 % 
(POA-GRGDSP) (red) and MeOTyr grafted stipe alginate P0 = 0.08, DS = 7.0 % (POA-MeOTyr) (black). 
Mobile phase: 0.15 M NaNO3 with 0.01 M NaEDTA, pH 6. Concentration profiles are represented with 
lines and slice molecular weights with dots.   

 

Figure S2.3: SEC-MALS data for β-CyD grafted stipe alginate P0 = 0.08, DS = 1.6 % (POA-GRGDSP). 
Mobile phase: 0.15 M NaNO3 with 0.01 M NaEDTA, pH 6 with 20 % acetonitrile. Concentration profiles 
are represented with lines and slice molecular weights with dots.   

 

 

 

   



 

 

Figure S2.4: SEC-MALS data for MeOTyr grafted mannuronan, P0 = 0.08, DS = 7.9 %, epimerized with 
AlgE64, 49 % G (epim POA-MeOTyr). Mobile phase: 0.15 M NaNO3 with 0.01 M NaEDTA, pH 6. 
Concentration profiles are represented with lines and slice molecular weights with dots. 

 



Supplementary file 3 
The mechanical properties of the alginate gel cylinders were characterized by uniaxial 

compression using a Stable MicroSystems, TA XT plus Texture Analyser with a P/35 probe at room 
temperature and a compression rate of 0.1 mm/s. The weight of the loading cell was five kg. Young’s 
modulus (E) was calculated from the initial slope (typically 0.1 – 0.3 mm) of the force/deformation 
curves (F/A) = E x ∆l/l (see figure C1) and corrected for syneresis: Ecorrected = Emeasured x (Cinitial/Cfinal)2 [48]. 
All data were collected and processed with the “Texture Expert Exponent 32” software. Strain and 
stress at rupture (or ultimate compression strength) was determined in experiments where the 
hydrogels were compressed to the point of rupture. Reported data of stress at rupture is the 
maximum value on the force-deformation curve (see figure S3.1), while the deformation at rupture is 
reported as the compression distance at the point of rupture (mm) relative to the initial gel height 
(mm).  

Uniaxial compression curves for the different gels are given in Figure S3.2 – S3.8.  
 

 
 

Figure S3.1: Stress (kg) – deformation (distance, mm) curves for compression of 1.0 % w/v L. hyperborea 
stipe alginate gel cylinders (n = 9). Area A shows the initial linear elastic region (typically 0.1 – 0.3 mm) used to 
find the initial slope from which Young’s modulus is calculated. Area B shows point of rupture used to find the stress 
(kg) and deformation at rupture (%), calculated as the compression at rupture (mm) relative to the initial gel height 
(mm). 

 



 
Figure S3.2: Stress (kg) – deformation (mm) curves for compression of 1.0 % w/v mixed Ca-saturated hydrogel 
cylinders of L. hyperborea stipe alginate and various fractions of POA P0 = 0.02 (WPOA). A: WPOA = 0.25 (n= 9), B: 
WPOA = 0.50 (n= 9), A: WPOA = 0.75 (n= 6) and D: WPOA = 1.00 (n= 4) 

 

 
Figure S3.3: Stress (kg) – deformation (mm) curves for compression of 1.0 % w/v mixed Ca-saturated hydrogel 
cylinders of L. hyperborea stipe alginate and various fractions of POA P0 = 0.04 (WPOA). A: WPOA = 0.25 (n= 8), B: 
WPOA = 0.50 (n= 9), A: WPOA = 0.75 (n= 8) and D: WPOA = 1.00 (n= 5) 



 

Figure S3.4: Stress (kg) – deformation (mm) curves for compression of 1.0 % w/v mixed Ca-saturated hydrogel 
cylinders of L. hyperborea stipe alginate and various fractions of POA P0 = 0.08 (WPOA). A: WPOA = 0.25 (n= 7), B: 
WPOA = 0.50 (n= 8), A: WPOA = 0.75 (n= 7) and D: WPOA = 1.00 (n= 4) 

 

 
Figure S3.5: Stress (kg) – deformation (mm) curves for compression of 1.0 % w/v mixed Ca-saturated hydrogel 
cylinders of L. hyperborea stipe alginate and various fractions (WPOA-MeOTyr) of POA grafted with L-Tyrosine methyl 
ester (POA-MeOTyr). A: WPOA-MeOTyr = 0.25 (n= 10), B: WPOA-MeOTyr = 0.50 (n= 10), A: WPOA-MeOTyr = 0.75 (n= 10) 
and D: WPOA-MeOTyr  = 1.00 (n= 10) 



 
Figure S3.6: Stress (kg) – deformation (mm) curves for compression of 1.0 % w/v mixed Ca-saturated hydrogel 
cylinders of L. hyperborea stipe alginate and various fractions (WPOA- βCyD) of POA grafted with β-cyclodextrin (POA-
βCyD). A: WPOA-βCyD = 0.25 (n= 10), B: WPOA-βCyD= 0.50 (n= 10), A: WPOA-βCyD = 0.75 (n= 9) and D: WPOA-βCyD  = 
1.00 (n= 4) 

 

 

Figure S3.7: Stress (kg) – deformation (mm) curves for compression of 1.0 % w/v mixed Ca-saturated hydrogel 
cylinders of A: L. hyperborea stipe alginate and EpimPOA-MeOTyr (epimerized mannuronan grafted with MeOTyr) 
WEpimPOA-MeOTyr  = 0.50 (n = 5), B: L. hyperborea stipe alginate and EpimPOA-MeOTyr, WEpimPOA-MeOTyr  = 1.00 (n = 
4) and C: L. hyperborea stipe alginate and POA grafted with GRGDSP (POA-GRGDSP), WPOA-GRGDSP  = 0.50 (n = 8). 



 

Figure S3.8: Stress (kg) – deformation (mm) curves for compression of A: 0.5 % w/v L. hyperborea stipe 
alginate gel cylinders (n = 9), B: 1.0 % w/v L. hyperborea stipe alginate gel cylinders (n = 9) and C: 1.0 % w/v L. 
hyperborea stipe alginate gel cylinders with free β-CyD (n = 9). 



Supplementary file 4 
Statistical data for the modified alginate gels are here given with regards to the Young’s 

modulus, syneresis and compression and stress at rupture. 
 

Table S4.1. Statistical data of the partially oxidized alginate gels with regards to the pure 
stipe alginate 1% gels. The values for Young’s modulus and syneresis are given as the mean 
of the gels. Abbreviations: n = number of gels. SD = standard deviation. POA = partially 
oxidized alginate. 

Oxidation 
degree (%) 

Fraction of 
POA 

Young's 
modulus 

(kPa) 
SD n p-value 

Syneresis 
(%) SD n p-value 

2 

0.25 28.4 2.9 9 0.50 30.4 1.4 9 1.0 
0.50 28.1 0.6 8 0.41 27.1 0.6 8 <0.01 
0.75 24.9 2.8 6 <0.01 27.3 0.8 6 0.059 
1.00 8.7 5.4 5 <0.01 28.1 3.1 3 0.84 

4 

0.25 32.2 1.7 8 1.00 16.7 0.8 8 <0.01 
0.50 26.1 1.4 8 <0.01 21.1 0.8 8 <0.01 
0.75 19.6 2.6 7 <0.01 19.8 0.8 7 <0.01 
1.00 8.9 1.8 5 <0.01 39.2 3.6 5 <0.01 

8 
0.25 29.3 1.3 6 0.96 23.0 0.6 6 <0.01 
0.50 23.8 2.4 8 <0.01 15.2 0.8 8 <0.01 
0.75 7.1 5.2 7 <0.01 17.7 1.1 3 <0.01 

Table S4.2. Statistical data of the partially oxidized alginate gels with regards to the pure 
stipe alginate 1% gels. The values for deformation at rupture (compression) and stress at 
rupture are given as the mean of the gels. Abbreviations: n = number of gels. SD = standard 
deviation. POA = partially oxidized alginate. 

Oxidation 
degree (%) Fraction of POA Deformation (%) SD n p-value 

Stress at 
rupture (N) SD n p-value 

2 

0.25 62.2 2.0 7 1.0 35.8 2.5 7 1.0 

0.50 59 1.8 7 0.94 27.3 4.7 7 <0.01 

0.75 59.4 2.4 6 0.99 25.5 4.7 6 <0.01 

1.00 61.3 3.4 5 1.0 15.1 5.5 5 <0.01 

4 

0.25 58.4 2.7 8 0.73 26.8 5.5 8 <0.01 

0.50 55.7 5.2 8 0.017 17.3 6.3 8 <0.01 

0.75 56.9 1.0 6 0.21 14.3 1.8 6 <0.01 

1.00 53.2 1.8 5 <0.01 7.3 0.7 5 <0.01 

8 

0.25 57.9 2.4 6 0.60 21.3 3.2 6 <0.01 

0.50 53.9 3.1 7 <0.01 11.3 3.3 7 <0.01 

0.75 53.3 3.9 7 <0.01 7.1 1.7 7 <0.01 

Table S4.3. Statistical data of the partially oxidized alginate gels with regards to the pure 
stipe alginate 0.5% gels. The values for Young’s modulus and syneresis are given as the mean 



of the gels. Abbreviations: n = number of gels. SD = standard deviation. POA = partially 
oxidized alginate. 

Oxidation 
degree (%) 

Fraction of 
POA 

Young's modulus 
(kPa) 

SD n p-value Syneresis 
(%) 

SD n p-value 

2 

0.25 28.4 2.9 9 <0.01 30.4 1.4 9 <0.01 

0.50 28.1 0.6 8 <0.01 27.1 0.6 8 <0.01 

0.75 24.9 2.8 6 <0.01 27.3 0.8 6 <0.01 

1.00 8.7 5.4 5 0.92 28.1 3.1 3 <0.01 

4 

0.25 32.2 1.7 8 <0.01 16.7 0.8 8 <0.01 

0.50 26.1 1.4 8 <0.01 21.1 0.8 8 <0.01 

0.75 19.6 2.6 7 <0.01 19.8 0.8 7 <0.01 

1.00 8.9 1.8 5 0.89 39.2 3.6 5 <0.01 

8 

0.25 29.3 1.3 6 <0.01 23.0 0.6 6 <0.01 

0.50 23.8 2.4 8 <0.01 15.2 0.8 8 <0.01 

0.75 7.1 5.2 7 1.0 17.7 1.1 3 <0.01 

Table S.4.4. Statistical data of the partially oxidized alginate gels with regards to the pure 
stipe alginate 0.5% gels. The values for deformation at rupture (compression) and stress at 
rupture are given as the mean of the gels. Abbreviations: n = number of gels. SD = standard 
deviation. POA = partially oxidized alginate. 

Oxidation 
degree (%) 

Fraction of POA Deformation 
(%) 

SD n p-value Stress at 
rupture (N) 

SD n p-value 

2 

0.25 62.2 2.0 7 0.047 35.8 2.5 7 <0.01 

0.50 59 1.8 7 <0.01 27.3 4.7 7 0.021 

0.75 59.4 2.4 6 <0.01 25.5 4.7 6 0.28 

1.00 61.3 3.4 5 0.028 15.1 5.5 5 0.55 

4 

0.25 58.4 2.7 8 <0.01 26.8 5.5 8 0.031 

0.50 55.7 5.2 8 <0.01 17.3 6.3 8 0.96 

0.75 56.9 1.0 6 <0.01 14.3 1.8 6 0.23 

1.00 53.2 1.8 5 <0.01 7.3 0.7 5 <0.01 

8 

0.25 57.9 2.4 6 <0.01 21.3 3.2 6 1.0 

0.50 53.9 3.1 7 <0.01 11.3 3.3 7 <0.01 

0.75 53.3 3.9 7 <0.01 7.1 1.7 7 <0.01 

Table S4.5. Statistical data comparing the partially oxidized alginate gels with regards to the 
oxidation degree. Data for the 1% and 0.5% pure stipe alginate gels are also given. The values 
for Young’s modulus are given as the mean of the gels. Abbreviations: n = number of gels. SD 
= standard deviation. POA 0.02 = 2% partially oxidized alginate. POA 0.04 = 4% partially 
oxidized alginate. POA 0.08 = 8% partially oxidized alginate. 

Fraction of POA Gel A / Gel B Young's modulus 
(kPa) SD n p-value 

0 1% gel / 0.5% gel 31.4 / 6.3 2.7 / 1.0 8 / 9 <0.01 

0.25 POA 0.02 / POA 0.04 28.4 / 32.2 2.9 / 1.7 9 / 8 0.17 



POA 0.02 / POA 0.08 28.4 / 29.3 2.9 / 1.3 9 / 6 1.0 

POA 0.04 / POA 0.08 32.3 / 29.3 1.7 / 1.3 8 / 6 0.72 

0.50 

POA 0.02 / POA 0.04 28.1 / 26.1 0.6 / 1.4 8 / 8 0.95 

POA 0.02 / POA 0.08 28.1 / 23.8 0.6 / 2.4 8 / 8 0.084 

POA 0.04 / POA 0.08 26.1 / 23.8 1.4 / 2.4 8 / 8 0.88 

0.75 

POA 0.02 / POA 0.04 24.9 / 19.6 2.8 / 2.6 6 / 7 0.032 

POA 0.02 / POA 0.08 24.9 / 7.1 2.8 / 5.2 6 / 7 <0.01 

POA 0.04 / POA 0.08 19.6 / 7.1 2.6 / 5.2 7 / 7 <0.01 

1.00 POA 0.02 / POA 0.04 8.7 / 8.9 5.4 / 1.8 5 / 5 1.0 

Table S4.6. Statistical data comparing the partially oxidized alginate gels with regards to the 
oxidation degree. Data for the 1% and 0.5% pure stipe alginate gels are also given. The values 
for syneresis are given as the mean of the gels. Abbreviations: n = number of gels. SD = 
standard deviation. POA 0.02 = 2% partially oxidized alginate. POA 0.04 = 4% partially 
oxidized alginate. POA 0.08 = 8% partially oxidized alginate. 

Fraction of POA Gel A / Gel B Syneresis (%) SD n p-value 

0 1% gel / 0.5% gel 29.7 / 45.7 0.7 / 1.7 9 / 9 <0.01 

0.25 

POA 0.02 / POA 0.04 30.4 / 16.7 1.4 / 0.8 9 / 8 <0.01 

POA 0.02 / POA 0.08 30.4 / 23.0 1.4 / 0.6 9 / 6 <0.01 

POA 0.04 / POA 0.08 16.7 / 23.0 0.8 / 0.6 8 / 6 <0.01 

0.50 

POA 0.02 / POA 0.04 27.1 / 21.1 0.6 / 0.8 8 / 8 <0.01 

POA 0.02 / POA 0.08 27.1 / 15.2 0.6 / 0.8 8 / 8 <0.01 

POA 0.04 / POA 0.08 21.1 / 15.2 0.8 / 0.8 8 / 8 <0.01 

0.75 

POA 0.02 / POA 0.04 27.3 / 19.8 0.8 / 0.8 6 / 7 <0.01 

POA 0.02 / POA 0.08 27.3 / 17.7 0.8 / 1.1 6 / 3 <0.01 

POA 0.04 / POA 0.08 19.8 / 17.7 0.8 / 1.1 7 / 3 0.58 

1.00 POA 0.02 / POA 0.04 NA NA NA NA 

Table S4.7. Statistical data comparing the partially oxidized alginate gels with regards to the 
oxidation degree. Data for the 1% and 0.5% pure stipe alginate gels are also given. The values 
for deformation at rupture (compression) are given as the mean of the gels. Abbreviations: n 
= number of gels. SD = standard deviation. POA 0.02 = 2% partially oxidized alginate. POA 
0.04 = 4% partially oxidized alginate. POA 0.08 = 8% partially oxidized alginate. 

Fraction of POA Gel A / Gel B Deformation (%) SD n p-value 

0 1% gel / 0.5% gel 61.4 / 67.4 1.1 / 3.6 8 / 9 <0.01 

0.25 

POA 0.02 / POA 0.04 62.2 / 58.4 2.0 / 2.7 7 / 8 0.43 

POA 0.02 / POA 0.08 62.2 / 57.9 2.0 / 2.4 7 / 6 0.32 

POA 0.04 / POA 0.08 58.4 / 57.9 2.7 / 2.4 8 / 6 1.0 

0.50 

POA 0.02 / POA 0.04 59.0 / 55.7 1.8 / 5.2 7 / 8 0.64 

POA 0.02 / POA 0.08 59.0 / 53.9 1.8 / 3.1 7 / 7 0.088 

POA 0.04 / POA 0.08 55.7 / 53.9 5.2 / 3.1 8 / 7 1.0 

0.75 POA 0.02 / POA 0.04 59.4 / 56.9 2.4 / 1.0 6 / 6 0.96 



POA 0.02 / POA 0.08 59.4 / 53.3 2.4 / 3.9 6 / 7 0.026 

POA 0.04 / POA 0.08 56.9 / 53.3 1.8 / 3.9 6 / 7 0.66 

1.00 POA 0.02 / POA 0.04 61.3 / 53.2 3.4 / 1.8 5 / 5 <0.01 

Table S4.8. Statistical data comparing the partially oxidized alginate gels with regards to the 
oxidation degree. Data for the 1% and 0.5% pure stipe alginate gels are also given. The values 
for stress at rupture are given as the mean of the gels. Abbreviations: n = number of gels. SD = 
standard deviation. POA 0.02 = 2% partially oxidized alginate. POA 0.04 = 4% partially 
oxidized alginate. POA 0.08 = 8% partially oxidized alginate. 

Fraction of POA Gel A / Gel B Stress at rupture (N) SD n p-value 

0 1% gel / 0.5% gel 37.1 / 20.0 2.4 / 3.3 8 / 9 <0.01 

0.25 

POA 0.02 / POA 0.04 35.8 / 26.8 2.5 / 5.5 7 / 8 <0.01 

POA 0.02 / POA 0.08 35.8 / 21.3 2.5 / 3.2 7 / 6 <0.01 

POA 0.04 / POA 0.08 26.8 / 21.3 5.5 / 3.2 8 / 6 0.30 

0.50 

POA 0.02 / POA 0.04 27.3 / 17.3 4.7 / 6.3 7 / 8 <0.01 

POA 0.02 / POA 0.08 27.3 / 11.3 4.7 / 3.3 7 / 7 <0.01 

POA 0.04 / POA 0.08 17.3 / 11.3 6.3 / 3.3 8 / 7 0.16 

0.75 

POA 0.02 / POA 0.04 25.5 / 14.3 4.7 / 1.8 6 / 6 <0.01 

POA 0.02 / POA 0.08 25.5 / 7.1 4.7 / 1.7 6 / 7 <0.01 

POA 0.04 / POA 0.08 14.3 / 7.1 1.8 / 1.7 6 / 7 0.061 

1.00 POA 0.02 / POA 0.04 15.1 / 7.3 5.5 / 0.7 5 / 5 0.093 

Table S4.9. Statistical data comparing the partially oxidized alginate gels with regards to the 
fraction of modified alginate in the gels. The values for Young’s modulus are given as the 
mean of the gels. Abbreviations: n = number of gels. SD = standard deviation. POA = partially 
oxidized alginate. 

Oxidation degree 
(%) Fraction of POA Young's modulus 

(kPa) SD n p-value 

2 

0.25 / 0.50 28.4 / 28.1 2.9 / 0.6 9 / 8 1.0 

0.25 / 0.75 28.4 / 24.9 2.9 / 2.8 9 / 6 0.40 

0.25 / 1.0 28.4 / 8.7 2.9 / 5.4 9 / 5 <0.01 

0.50 / 0.75 28.1 / 24.9 0.6 / 2.8 8 / 6 0.57 

0.50 / 1.0 28.1 / 8.7 0.6 / 5.4 8 / 5 <0.01 

0.75 / 1.0 24.9 / 8.7 2.8 / 5.4 6 / 5 <0.01 

4 

0.25 / 0.50 32.2 / 26.1 1.7 / 1.4 8 / 8 <0.01 

0.25 / 0.75 32.2 / 19.6 1.7 / 2.6 8 / 7 <0.01 

0.25 / 1.0 32.2 / 8.9 1.7 / 1.8 8 / 5 <0.01 

0.50 / 0.75 26.1 / 19.6 1.4 / 2.6 8 / 7 <0.01 

0.50 / 1.0 26.1 / 8.9 1.4 / 1.8 8 / 5 <0.01 

0.75 / 1.0 19.6 / 8.9 2.6 / 1.8 7 / 5 <0.01 

8 

0.25 / 0.50 29.3 / 23.8 1.3 / 2.4 6 / 8 0.02 

0.25 / 0.75 29.3 / 7.1 1.3 / 5.2 6 / 7 <0.01 

0.50 / 0.75 23.8 / 7.1 2.4 / 5.2 8 / 7 <0.01 



Table S4.10. Statistical data comparing the partially oxidized alginate gels with regards to the 
fraction of modified alginate in the gels. The values for syneresis are given as the mean of the 
gels. Abbreviations: n = number of gels. SD = standard deviation. POA = partially oxidized 
alginate. 

Oxidation degree 
(%) Fraction of POA Syneresis (%) SD n p-value 

2 

0.25 / 0.50 30.4 / 27.1 1.4 / 0.6 9 / 8 <0.01 

0.25 / 0.75 30.4 / 27.3 1.4 / 0.8 9 / 6 <0.01 

0.25 / 1.0 30.4 / 28.1 1.4 / 3.1 9 / 3 0.34 

0.50 / 0.75 27.1 / 27.3 0.6 / 0.8 8 / 6 1.0 

0.50 / 1.0 27.1 / 28.1 0.6 / 3.1 8 / 3 1.0 

0.75 / 1.0 27.3 / 28.1 0.8 / 3.1 6 / 3 1.0 

4 

0.25 / 0.50 16.7 / 21.4 0.8 / 0.8 8 / 8 <0.01 

0.25 / 0.75 16.7 / 19.8 0.8 / 0.8 8 / 7 <0.01 

0.25 / 1.0 16.7 / 39.2 0.8 / 3.6 8 / 5 <0.01 

0.50 / 0.75 21.4 / 19.8 0.8 / 0.8 8 / 7 0.81 

0.50 / 1.0 21.4 / 39.2 0.8 / 3.6 8 / 5 <0.01 

0.75 / 1.0 19.8 / 39.2 0.8 / 3.6 7 / 5 <0.01 

8 

0.25 / 0.50 23.0 / 15.2 0.6 / 0.8 6 / 8 <0.01 

0.25 / 0.75 23.0 / 17.7 0.6 / 1.1 6 / 3 <0.01 

0.50 / 0.75 15.2 / 17.7 0.8 / 1.1 8 / 3 0.28 

Table S4.11. Statistical data comparing the partially oxidized alginate gels with regards to the 
fraction of modified alginate in the gels. The values for deformation at rupture (compression) 
are given as the mean of the gels. Abbreviations: n = number of gels. SD = standard deviation. 
POA = partially oxidized alginate. 

Oxidation degree 
(%) Fraction of POA Deformation (%) SD n p-value 

2 

0.25 / 0.50 62.2 / 59.0 2.0 / 1.8 7 / 7 0.73 

0.25 / 0.75 62.2 / 59.4 2.0 / 2.4 7 / 6 0.89 

0.25 / 1.0 62.2 / 61.3 2.0 / 3.4 7 / 5 1.0 

0.50 / 0.75 59.0 / 59.4 1.8 / 2.4 7 / 6 1.0 

0.50 / 1.0 59.0 / 61.3 1.8 / 3.4 7 / 5 0.98 

0.75 / 1.0 59.4 / 61.3 2.4 / 3.4 6 / 5 1.0 

4 

0.25 / 0.50 58.4 / 55.7 2.7 / 5.2 8 / 8 0.94 

0.25 / 0.75 58.4 / 56.9 2.7 / 1.0 8 / 6 1.0 

0.25 / 1.0 58.4 / 53.2 2.7 / 1.8 8 / 5 0.12 

0.50 / 0.75 55.7 / 56.9 5.2 / 1.0 8 / 6 1.0 

0.50 / 1.0 55.7 / 53.2 5.2 / 1.8 8 / 5 0.95 

0.75 / 1.0 56.9 / 53.2 1.0 / 1.8 6 / 5 0.72 

8 

0.25 / 0.50 57.9 / 53.9 2.4 / 3.1 6 / 7 0.46 

0.25 / 0.75 57.9 / 53.3 2.4 / 3.9 6 / 7 0.26 

0.50 / 0.75 53.9 / 53.3 3.1 / 3.9 7 / 7 1.0 

Table S4.12. Statistical data comparing the partially oxidized alginate gels with regards to the 
fraction of modified alginate in the gels. The values for stress at rupture are given as the 



mean of the gels. Abbreviations: n = number of gels. SD = standard deviation. POA = partially 
oxidized alginate. 

Oxidation degree 
(%) 

Fraction of POA Stress at rupture (N) SD n p-value 

2 

0.25 / 0.50 35.8 / 27.3 2.5 / 4.7 7 / 7 <0.01 

0.25 / 0.75 35.8 / 25.5 2.5 / 4.7 7 / 6 <0.01 

0.25 / 1.0 35.8 / 15.1 2.5 / 5.5 7 / 5 <0.01 

0.50 / 0.75 27.3 / 25.5 4.7 / 4.7 7 / 6 1.0 

0.50 / 1.0 27.3 / 15.1 4.7 / 5.5 7 / 5 <0.01 

0.75 / 1.0 25.5 / 15.1 4.7 / 5.5 6 / 5 <0.01 

4 

0.25 / 0.50 26.8 / 17.3 5.5 / 6.3 8 / 8 <0.01 

0.25 / 0.75 26.8 / 14.3 5.5 / 1.8 8 / 6 <0.01 

0.25 / 1.0 26.8 / 7.3 5.5 / 0.7 8 / 5 <0.01 

0.50 / 0.75 17.3 / 14.3 6.3 / 1.8 8 / 6 0.97 

0.50 / 1.0 17.3 / 7.3 6.3 / 0.7 8 / 5 <0.01 

0.75 / 1.0 14.3 / 7.3 1.8 / 0.7 6 / 5 0.15 

8 

0.25 / 0.50 21.3 / 11.3 3.2 / 3.3 6 / 7 <0.01 

0.25 / 0.75 21.3 / 7.1 3.2 / 1.7 6 / 7 <0.01 

0.50 / 0.75 11.3 / 7.1 3.3 / 1.7 7 / 7 0.70 

Table S4.13. Statistical data of the partially oxidized alginate gels with regards to the pure 
stipe alginate 1% gels. The values for Young’s modulus are given as the mean of the gels. 
Abbreviations: n = number of gels. SD = standard deviation. POA = partially oxidized 
alginate. βCyD = β-cyclodextrin. POA-MeOTyr = POA grafted with L-Tyrosine methyl ester. 
POA-βCyD = POA grafted with β-cyclodextrin. POA-GRGDSP = POA grafted with peptide 
GRGDSP. 

Unmodified alginate 
mixed with: 

Fraction of 
modified alginate 

Young's modulus 
(kPa) SD n p-value 

free βCyD NA 30.4 2.3 9 1.0 

POA-MeOTyr 

0.25 21.1 2.4 10 <0.01 

0.50 15.0 2.1 10 <0.01 

0.75 7.7 0.4 10 <0.01 

POA-βCyD 

0.25 21.9 4.4 10 <0.01 

0.50 14.5 1.2 10 <0.01 

0.75 6.7 1.2 9 <0.01 

POA-GRGDSP 0.50 14.0 0.9 8 <0.01 

Table S4.14. Statistical data of the partially oxidized alginate gels with regards to the pure 
stipe alginate 1% gels. The values for syneresis are given as the mean of the gels. 
Abbreviations: n = number of gels. SD = standard deviation. POA = partially oxidized 
alginate. βCyD = β-cyclodextrin. POA-MeOTyr = POA grafted with L-Tyrosine methyl ester. 
POA-βCyD = POA grafted with β-cyclodextrin. POA-GRGDSP = POA grafted with peptide 
GRGDSP. 



Unmodified alginate 
mixed with: 

Fraction of modified 
alginate Syneresis (%) SD n p-value 

free βCyD NA 25.0 1.4 9 <0.01 

POA-MeOTyr 

0.25 25.4 0.5 10 <0.01 

0.50 22.9 2.6 10 <0.01 

0.75 20.9 0.8 10 <0.01 

POA-βCyD 

0.25 19.5 1.1 10 <0.01 

0.50 15.2 1.0 10 <0.01 

0.75 15.6 2.1 9 <0.01 

POA-GRGDSP 0.50 19.0 1.8 8 <0.01 

Table S4.15. Statistical data of the partially oxidized alginate gels with regards to the pure 
stipe alginate 1% gels. The values for deformation at rupture (compression) are given as the 
mean of the gels. Abbreviations: n = number of gels. SD = standard deviation. POA = partially 
oxidized alginate. βCyD = β-cyclodextrin. POA-MeOTyr = POA grafted with L-Tyrosine 
methyl ester. POA-βCyD = POA grafted with β-cyclodextrin. POA-GRGDSP = POA grafted 
with peptide GRGDSP. 

Unmodified alginate 
mixed with: 

Fraction of 
modified alginate 

Deformation (%) SD n p-value 

free βCyD NA 64.6 2.9 9 0.87 

POA-MeOTyr 

0.25 58.0 2.3 10 0.78 

0.50 61.6 6.8 10 1.0 

0.75 58.3 2.5 10 0.88 

POA-βCyD 

0.25 61.3 7.1 10 1.0 

0.50 54.0 1.8 10 <0.01 

0.75 48.6 3.3 9 <0.01 

POA-GRGDSP 0.50 58.0 2.1 8 0.85 

Table S4.16. Statistical data of the partially oxidized alginate gels with regards to the pure 
stipe alginate 1% gels. The values for the stress at rupture are given as the mean of the gels. 
Abbreviations: n = number of gels. SD = standard deviation. POA = partially oxidized 
alginate. βCyD = β-cyclodextrin. POA-MeOTyr = POA grafted with L-Tyrosine methyl ester. 
POA-βCyD = POA grafted with β-cyclodextrin. POA-GRGDSP = POA grafted with peptide 
GRGDSP. 

Unmodified alginate 
mixed with: 

Fraction of 
modified alginate 

Stress at rupture 
(N) SD n p-value 

free βCyD NA 38.4 4.9 9 1.0 

POA-MeOTyr 

0.25 15.8 3.6 10 <0.01 

0.50 9.9 4.6 10 <0.01 

0.75 6.9 1.9 10 <0.01 

POA-βCyD 

0.25 24.0 2.0 10 <0.01 

0.50 10.9 1.2 10 <0.01 

0.75 2.8 0.4 9 <0.01 

POA-GRGDSP 0.50 13.0 1.8 8 <0.01 



Table S4.17. Statistical data comparing the partially oxidized alginate gels with regards to the 
fraction of modified alginate in the gels. The values for Young’s modulus are given as the 
mean of the gels. Abbreviations: n = number of gels. SD = standard deviation. POA = partially 
oxidized alginate. βCyD = β-cyclodextrin. POA-MeOTyr = POA grafted with L-Tyrosine 
methyl ester. POA-βCyD = POA grafted with β-cyclodextrin. POA-GRGDSP = POA grafted 
with peptide GRGDSP. 

Fraction of 
modified alginate Gel A / Gel B Young's 

modulus (kPa) SD n p-value 

0.25 

POA 0.08 / POA MeOTyr 29.3 / 21.1 1.3 / 2.4 6 / 10 <0.01 

POA 0.08 / POA βCyD 29.3 / 21.9 1.3 / 4.4 6 / 10 <0.01 

POA MeOTyr / POA βCyD 21.1 / 21.9 2.4 / 4.4 10 / 10 1.0 

0.50 

POA 0.08 / POA MeOTyr 23.8 / 15.0 2.4 / 2.1 8 / 10 <0.01 

POA 0.08 / POA βCyD 23.8 / 14.5 2.4 / 1.2 8 / 10 <0.01 

POA 0.08 / POA GRGDSP 23.8 / 14.0 2.4 / 0.9 8 / 8 <0.01 

POA MeOTyr / POA βCyD 15.0 / 14.5 2.1 / 1.2 10 / 10 1.0 

POA MeOTyr / POA GRGDSP 15.0 / 14.0 2.1 / 0.9 10 / 8 1.0 

POA βCyD / POA GRGDSP 14.5 / 14.0 1.2 / 0.9 10 / 8 1.0 

0.75 

POA 0.08 / POA MeOTyr 7.1 / 7.7 5.2 / 0.4 7 / 10 1.0 

POA 0.08 / POA βCyD 7.1 / 6.7 5.2 / 1.2 7 / 9 1.0 

POA MeOTyr / POA βCyD 7.7 / 6.7 0.4 / 1.2 10 / 9 1.0 

Table S4.18. Statistical data comparing the partially oxidized alginate gels with regards to the 
fraction of modified alginate in the gels. The values for syneresis are given as the mean of the 
gels. Abbreviations: n = number of gels. SD = standard deviation. POA = partially oxidized 
alginate. βCyD = β-cyclodextrin. POA-MeOTyr = POA grafted with L-Tyrosine methyl ester. 
POA-βCyD = POA grafted with β-cyclodextrin. POA-GRGDSP = POA grafted with peptide 
GRGDSP. 

Fraction of 
modified alginate Gel A / Gel B Syneresis 

(%) SD n p-value 

0.25 

POA 0.08 / POA MeOTyr 23.0 / 25.4 0.6 / 0.5 6 / 10 0.066 

POA 0.08 / POA βCyD 23.0 / 19.5 0.6 / 1.1 6 / 10 <0.01 

POA MeOTyr / POA βCyD 25.4 / 19.5 0.5 / 1.1 10 / 10 <0.01 

0.50 

POA 0.08 / POA MeOTyr 15.2 / 22.9 0.8 / 2.6 8 / 10 <0.01 

POA 0.08 / POA βCyD 15.2 / 15.2 0.8 / 1.0 8 / 10 1.0 

POA 0.08 / POA GRGDSP 15.2 / 19.0 0.8 / 1.8 8 / 8 <0.01 

POA MeOTyr / POA βCyD 22.9 / 15.2 2.6 / 1.0 10 / 10 <0.01 

POA MeOTyr / POA GRGDSP 22.9 / 19.0 2.6 / 1.8 10 / 8 <0.01 

POA βCyD / POA GRGDSP 15.2 / 19.0 1.0 / 1.8 10 / 8 <0.01 

0.75 

POA 0.08 / POA MeOTyr 17.7 / 20.9 1.1 / 0.8 3 / 10 0.044 

POA 0.08 / POA βCyD 17.7 / 15.6 1.1 / 3.3 3 / 9 0.50 

POA MeOTyr / POA βCyD 20.9 / 15.6 0.8 / 3.3 10 / 9 <0.01 

 

  



Table S4.19. Statistical data comparing the partially oxidized alginate gels with regards to the 
fraction of modified alginate in the gels. The values for deformation at rupture (compression) 
are given as the mean of the gels. Abbreviations: n = number of gels. SD = standard deviation. 
POA = partially oxidized alginate. βCyD = β-cyclodextrin. POA-MeOTyr = POA grafted with 
L-Tyrosine methyl ester. POA-βCyD = POA grafted with β-cyclodextrin. POA-GRGDSP = 
POA grafted with peptide GRGDSP. 

Fraction of 
modified alginate 

Gel A / Gel B Deformation 
(%) 

SD n p-value 

0.25 

POA 0.08 / POA MeOTyr 57.9 / 58.0 2.4 / 2.3 6 / 10 1.0 

POA 0.08 / POA βCyD 57.9 / 61.3 2.4 / 7.1 6 / 10 0.86 

POA MeOTyr / POA βCyD 58.0 / 61.3 2.3 / 7.1 10 / 10 0.76 

0.50 

POA 0.08 / POA MeOTyr 53.9 / 61.6 3.1 / 6.8 7 / 10 <0.01 

POA 0.08 / POA βCyD 53.9 / 24.0 3.1 / 1.8 7 / 10 1.0 

POA 0.08 / POA GRGDSP 53.9 / 58.0 3.1 / 2.1 7 / 8 0.65 

POA MeOTyr / POA βCyD 61.6 / 24.0 6.8 / 1.8 10 / 10 <0.01 

POA MeOTyr / POA GRGDSP 61.6 / 58.0 6.8 / 2.1 10 / 8 0.74 

POA βCyD / POA GRGDSP 24.0 / 58.0 1.8 / 2.1 10 / 8 0.54 

0.75 

POA 0.08 / POA MeOTyr 53.3 / 58.3 3.9 / 2.5 7 / 10 0.28 

POA 0.08 / POA βCyD 53.3 / 48.6 3.9 / 3.3 7 / 9 0.38 

POA MeOTyr / POA βCyD 58.3 / 48.6 2.5 / 3.3 10 / 9 <0.01 

Table S4.20. Statistical data comparing the partially oxidized alginate gels with regards to the 
fraction of modified alginate in the gels. The values for stress at rupture are given as the 
mean of the gels. Abbreviations: n = number of gels. SD = standard deviation. POA = partially 
oxidized alginate. βCyD = β-cyclodextrin. POA-MeOTyr = POA grafted with L-Tyrosine 
methyl ester. POA-βCyD = POA grafted with β-cyclodextrin. POA-GRGDSP = POA grafted 
with peptide GRGDSP. 

Fraction of 
modified alginate Gel A / Gel B Stress at 

rupture (N) SD n p-value 

0.25 

POA 0.08 / POA MeOTyr 21.3 / 15.8 3.2 / 3.6 6 / 10 0.021 

POA 0.08 / POA βCyD 21.3 / 24.0 3.2 / 2.0 6 / 10 0.80 

POA MeOTyr / POA βCyD 15.8 / 24.0 3.6 / 2.0 10 / 10 <0.01 

0.50 

POA 0.08 / POA MeOTyr 11.3 / 9.9 3.3 / 4.6 7 / 10 1.0 

POA 0.08 / POA βCyD 11.3 / 10.9 3.3 / 1.2 7 / 10 1.0 

POA 0.08 / POA GRGDSP 11.3 / 13.0 3.3 / 1.8 7 / 8 0.99 

POA MeOTyr / POA βCyD 9.9 / 10.9 4.6 / 1.2 10 / 10 1.0 

POA MeOTyr / POA GRGDSP 9.9 / 13.0 4.6 / 1.8 10 / 8 0.52 

POA βCyD / POA GRGDSP 10.9 / 13.0 1.2 / 1.8 10 / 8 0.93 

0.75 

POA 0.08 / POA MeOTyr 7.1 / 6.9 1.7 / 1.9 7 / 10 1.0 

POA 0.08 / POA βCyD 7.1 / 2.8 1.7 / 0.4 7 / 9 0.14 

POA MeOTyr / POA βCyD 6.9 / 2.8 1.9 / 0.4 10 / 9 0.091 

 

  



Table S4.21. Statistical data comparing the gels with epimerized POA-MeOTyr with gels 
containing non-epimerized POA-MeOTyr (WPOA* =0.50). The values are given as the mean 
and standard deviation of the data for the epimerized gels. Abbreviations: n = number of 
gels. POA-MeOTyr = POA grafted with L-Tyrosine methyl ester. 

Young's 
modulus (kPa) p-value Syneresis 

(%) p-value Deformation 
at rupture (%) 

p-
value 

Stress at 
rupture 

(kg) 
p-value 

12.9 ± 3.5,  
n = 6 

0.21 
21.7 ± 1.7,  

n = 6 
0.27 

53.3 ± 1.9, 
n = 6 

0.0039 
1.2 ± 0.4,  

n = 6 
0.54 

Statistical data for the modified alginate gels are here given with regards to the Young’s 
modulus, syneresis and compression and stress at rupture. 

 





 

 

Paper III  
 

 





R E S E A R CH A R T I C L E

Alginate hydrogels functionalized with β-cyclodextrin as a local
paclitaxel delivery system

Line Aanerud Omtvedt | Kåre Andre Kristiansen | Wenche Iren Strand |

Finn Lillelund Aachmann | Berit Løkensgard Strand | Daria Sergeevna Zaytseva-Zotova

NOBIPOL, Department of Biotechnology and

Food Science, NTNU Norwegian University of

Science and Technology, Trondheim, Norway

Correspondence

Daria Sergeevna Zaytseva-Zotova, NOBIPOL,

Department of Biotechnology and Food

Science, NTNU Norwegian University of

Science and Technology, Trondheim, Norway.

Email: daria.zaytseva-zotova@ntnu.no

Funding information

The Research Council of Norway, Grant/

Award Numbers: 221576-MARPOL,

250875-Epimerases, 269273/O70-3Dlife

Abstract

Modification of drug delivery materials with beta-cyclodextrins (β-CyD) is known to

increase solubility of poorly water-soluble drugs, protect drugs from degradation and

sustain release. In this study, we developed a hydrogel drug delivery system for local

paclitaxel delivery using the natural polysaccharide alginate functionalized with

β-CyD-moieties. Paclitaxel was chosen due to its ability to form inclusion complexes

with cyclodextrins. The rheological and mechanical properties of the prepared hydro-

gels were characterized, as well as in vitro release of the paclitaxel and in vitro activ-

ity on PC-3 prostate cancer cells. Introduction of β-CyD-moieties into the hydrogel

reduces the mechanical properties of the gels compared to nonmodified gels. How-

ever, gelation kinetics were not markedly different. Furthermore, the β-CyD-modified

alginate helped to reduce undesired crystallization of the paclitaxel in the gel and

facilitated paclitaxel diffusion out of the gel network. Remarkably, the β-CyD grafted

alginate showed increased capacity to complex paclitaxel compared to free HPβ-

CyD. Release of both paclitaxel and degradation products were measured from the

gels and were shown to have cytotoxic effects on the PC-3 cells. The results indicate

that functionalized alginate with β-CyDs has potential as a material for drug delivery

systems.

K E YWORD S

alginate, cytotoxicity, drug delivery system, hydrogel, paclitaxel, β-cyclodextrin

1 | INTRODUCTION

Local drug delivery gives an advantage compared to systemic therapy

due to increased drug concentration at delivery site, less detrimental

systemic side effects, and ease of administration.1 Local drug delivery

strategies include micro- and nanocarriers, implants, and injectable

depots. Injectable systems are advantageous due to their minimally

invasive delivery, capacity to fill the cavity they are placed in, and abil-

ity to form a drug-loaded depot that can protect payload from enzy-

matic degradation and sustain drug release over a long period of

time.2 Many injectable in situ forming hydrogels have been developed,

and their superior efficacy in animal models over conventional sys-

temic therapy has been demonstrated.3 As an example, an injectable

hydrogel has been used for local delivery of paclitaxel for the treat-

ment of glioblastoma in mice.4 To design an efficacious hydrogel-

based injectable system many parameters should be controlled,

including biocompatibility, mechanical, and viscoelastic properties.3

Alginate, a polysaccharide found in brown algae, is an excellent

candidate for an injectable hydrogel system. The polymer has the abil-

ity to form a hydrogel by crosslinking with divalent ions at
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physiological conditions, and the sol/gel transition is gentle enough

that cells and biomolecules will be functional after entrapment in the

hydrogel.5 Furthermore, alginate can be tailored to present different

functional groups6-10 and the mechanical properties can be

adjusted.11-13 In addition, the polymer is biocompatible and non-

toxic.14 Different approaches for using alginate as an injectable deliv-

ery system are currently being investigated, often in combination with

other polymers or components in the quest to achieve optimal deliv-

ery capability.15-20

The hydrophilic nature of the hydrogel presents certain chal-

lenges for drug delivery.21,22 Small water-soluble molecules will often

quickly diffuse out of the hydrogel matrix, giving a high burst release.

On the other hand, hydrophobic molecules can be difficult to load into

the hydrogel and their release in a controlled manner also possesses a

challenge. To gain better control over the loading and release of ther-

apeutic agents from a hydrogel, cyclodextrins (CyDs) can be incorpo-

rated into the gel.23,24

CyDs are well known cyclic structures built from glucopyranose

units produced by enzymatic treatment of starch.25 Due to the cyclic

structure of the formed CyD molecules, the cavity of the ring struc-

ture is hydrophobic while the exterior is hydrophilic. The cavity can

then give a local environment in the hydrogel that is better suited for

entrapment of hydrophobic molecules and moieties.24,26,27

Paclitaxel is a highly hydrophobic anticancer drug that can form

inclusion complexes with CyDs, including β-CyD.28,29 It should be

noted however that paclitaxel has a limited penetration into the

hydrophobic cavity of β-CyD and the obtained inclusion complex is

characterized by a low binding constant.29,30 Given intravenously,

paclitaxel is not specifically targeted to the tumor, and thus only low

therapeutic levels of the drug can be achieved at the tumor site.31,32

Moreover, paclitaxel has been shown to have poor penetration across

the blood–brain-barrier in preclinical models.31,33 Hence, paclitaxel

use in treatment of brain tumors and brain metastases is limited,

although it was shown to be active against various tumor types.33

Interestingly, it has been shown recently that in addition to the antip-

roliferative activity, paclitaxel has a capacity to promote antitumor

immunity.34 This makes paclitaxel a very promising candidate for drug

delivery systems. To enhance the therapeutic potential of paclitaxel

several delivery strategies and formulations of paclitaxel have been

developed,35,36 including only a few injectable hydrogel systems

based on alginate.37,38

CyDs have previously been grafted to alginate by attachment to

the carboxyl- or OH-group,39-46 often for drug delivery applications.

Examples include photoresponsive CyD-grafted alginate hydrogels

where UV-light can be used to control the inclusion complex between

CyDs and azobenzene moieties, giving control over gel morphology

and subsequent release from the gel,39 release of the antiemetic drug

ondansetron by mechanical stimulation of a cyclodextrin-crosslinked

alginate gel,41 and release of the poorly soluble anti-inflammatory

agent hydrocortisone acetate from β-CyD grafted alginate

hydrogels.43

We have recently shown that functionalization of alginate hydro-

gels with β-CyD moieties allows to slow down the release rate of a

small model compound methyl orange.9 Based on this finding, we

hypothesized that with the β-CyD-grafted alginate, it might be possi-

ble to modulate the release of paclitaxel. While numerous studies

have investigated the entrapment of paclitaxel in hydrogel systems, to

the best of our knowledge, this study for the first time describes a

paclitaxel delivery system based on alginate hydrogels functionalized

with β-CyDs. In this study, we focused on, first, the development of

an injectable hydrogel system and characterized it with respect to rhe-

ological and mechanical properties. Second, in vitro release of the pac-

litaxel and in vitro cytotoxicity toward PC-3 prostate cancer cells was

studied.

2 | MATERIAL AND METHODS

2.1 | Materials

Alginate (Alg) from Laminaria hyperborea stipe (FG = 0.7, NG > 1 = 11,
�Mw =126 kDa) was obtained from FMC Health and Nutrition,

Sandvika, Norway. For cell studies, ultrapure stipe alginate from

Novamatrix™, Norway (UPLVG, FG = 0.67, NG>1 = 13, �Mw

=221 kDa) was used. 6-monoazido-6-monodeoxy-β-cyclodextrin was

kindly provided from Aalborg University.47 The oxidized and grafted

alginate materials were made in-house from stipe alginate and ultra-

pure stipe alginate at NTNU as previously described.9 The following

materials were synthesized for this work: partially oxidized alginate

(POA, PO = 8%, �Mw =102 kDa), POA grafted with β-CyD (POAβCyD,

DS = 3.7% mol CyD/mol monomer, �Mw =55kDa). For the cell stud-

ies, POA ( �Mw =127 kDa) and POAβCyD (DS = 3.4% (mol/mol), �Mw

=61 kDa) were produced from UPLVG. Hydroxypropyl-β-cyclodextrin

(HPβ-CyD, CAVASOL® W7 HP) and β-CyD (CAVAMAX® W7) were

obtained from Wacker Chemie AG (Burghausen, Germany). Physi-

logical buffer was made according to literature,48 without bovine

serum albumin. High glucose Dulbecco's Modified Eagle Medium

without sodium pyruvate (DMEM), fetal bovine serum (FBS),

penicillin–streptomycin solution, phosphate buffered saline pH 7.4

(PBS), 0.25% Trypsin–EDTA solution were from Sigma-Aldrich. Ala-

marBlue™ cell viability reagent was from Invitrogen. All the other

chemicals used were obtained from commercial sources and were

analytical or high-performance liquid chromatography (HPLC) grade

and were used without further purification.

2.2 | Methods

2.2.1 | Preparation of hydrogels

The calcium alginate hydrogels were prepared (with different ratios of

unmodified alginate mixed with modified alginates) by internal gela-

tion by mixing alginate solution, CaCO3 (d = 4 μm) and the slowly

hydrolyzing glucono-δ-lactone (GDL, freshly prepared), as previously

reported.49 After addition of the CaCO3 alginate solutions were

degassed to prevent air bubbles in the hydrogel. The final
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concentration of components in the gelling solution was 1% (w/v)

alginate, 15 mM CaCO3, and 30 mM GDL. The hydrogels for the cell

studies were made differently as described in the methods

section detailing the cell experiments.

2.2.2 | Gelation kinetics

In addition to testing a stipe alginate sample (Alg), a 1:1 (w/w) mixture

of the stipe alginate and POA (Alg/POA [1:1]) were tested. Within 3 min

after dissolution of GDL (at time point zero), an aliquot of the sample

was applied onto the lower plate and gelation was followed by Kinexus

Rheometer (Malvern instruments, Uppsala, Sweden) using a 2 cm flat

probe and a flat plate geometry with 0.1 mm gap, 0.005 strain, and

0.5 Hz frequency. The gelation kinetics was determined by repeated

measurement of storage modulus G', loss modulus G", and phase angle δ

at 1-min intervals within the first 20 min and at 5 min intervals for

approximately 5 hr. At least two repetitions were done for each sample.

2.2.3 | Syneresis and compression measurements

Young's modulus, stress at rupture, deformation at rupture and synere-

sis of the Alg, Alg/POA (1:1), a 1:3 (w/w) mixture of the stipe alginate

and POA (Alg/POA [1:3]), and a 1:1 (w/w) mixture of the stipe alginate

and POAβCyD (Alg/POAβCyD (1:1)) samples were assessed. Addition-

ally, since the molecular weight of monomers with attached CyDs is

higher than for ungrafted monomers, we evaluated a 1:0.8 (w/w) mix-

ture of the stipe alginate and POA (Alg/POA [1:0.8]) sample which con-

tained the same molar amount of alginate units as a Alg/POAβCyD

(1:1) sample. Hereafter, a freshly made GDL solution was added to the

alginate mixture to initiate gelation, the mixture was immediately

aliquoted into silicone forms (1.5 mL/well) and left to mature for 1 day.

The next day gel cylinders were carefully wiped down to remove sepa-

rated water and mass measured. Syneresis was determined as 100 �
(W0 � W)/W0, where W0 and W are initial and final weights of the cyl-

inders, respectively. Diameter and height of the cylinders were mea-

sured with digital calipers prior to compression measurements. The

response of the gels to uniaxial compression was evaluated using a Sta-

ble Micro Systems TA-XT2 texture analyzer equipped with a P/35

probe, 5 kg pressure capacity load cell, and at a compression rate of

0.1 mm/s and 1 g trigger force. The stress deformation curves were

recorded at room temperature.50 Young's modulus (Pa) was calculated

as G � (h/A), where G is the initial slope (N/m) of the curve, h is the

height of the cylinder (m), and A is the area (m2) of the cylinder. At least

four cylinders of each gel type were measured.

2.2.4 | Release studies of paclitaxel from
Ca-alginate gels into physiological buffer

The alginate hydrogels were loaded with 25 μM paclitaxel and release

of paclitaxel was studied in the physiological buffer. Five different 1%

(w/v) alginate solutions were prepared for gelation: Alg,

Alg/POAβCyD (1:1) containing 0.8 mM β-CyD residues,

Alg/POAβCyD (1:3) containing 1.1 mM β-CyD residues, Alg + free

β-CyD (0.9 mM β-CyD), and Alg + free HPβ-CyD (7.2 mM HPβ-CyD).

The solutions were divided into 1.5 mL polypropylene tubes. Pacli-

taxel dissolved in ethanol was mixed into the solutions to a final con-

centration of 25 μM paclitaxel, 2.5% (v/v) ethanol, and an end volume

of 200 μL of gel (paclitaxel was added after mixing the solution with

CaCO3 and degassing but before adding GDL). Three parallels of each

sample were made. Samples were left to gel at room temperature for

23 hr (day 0). Physiological buffer of 300 μL was then added, and gels

were incubated at 37�C.

After 1, 3, 6, 9, 15, and 21 days, 200 μL supernatant was removed

and pictures of the gels were taken with light microscopy (40� magni-

fication). Thereafter, 200 μL fresh physiological buffer was again

added to the gel-vials. The 200 μL supernatant was diluted in acetoni-

trile (1:1). Internal standard docetaxel in the samples was 5 μM. Gels

were weighed and dissolved in 400 μL EDTA (100 mM) overnight

after sample collection at day 21. The dissolved gels were then diluted

with acetonitrile (1:1 the weight of the gels was taken into account),

and internal standard docetaxel was added to a final concentration of

5 μM. All samples were stored at �20�C. Samples were thawed and

centrifuged for 15 min at 23,000�g before analyzed with ultra-high

performance liquid chromatography coupled to tandem quadrupole

mass spectrometry using an ACQUITY I-class UPLC system coupled

to a Xevo TQ-S triple quadrupole mass spectrometer (Waters, Milford,

MA) (Appendix S1).

2.2.5 | Stability of paclitaxel

For the stability studies, 195 μL physiological buffer was mixed with

5 μL paclitaxel dissolved in ethanol (375 μM). This gave 9.4 μM pacli-

taxel aqueous solutions with 2.5% (v/v) ethanol as a starting point.

This was done to mimic the making of the hydrogels were 195 μL was

water containing alginate and gelling components, while 5 μL of pacli-

taxel dissolved in ethanol was mixed in to give a final volume of

200 μL. physiological buffer or water was used as the aqueous

medium and left at 37�C for 0, 1, 3, 6, 9, 15, or 21 days. Samples were

then diluted 1:1 with acetonitrile and stored in freezer. Samples with

physiological buffer were then centrifuged (15 min 23,000�g), and

the supernatant analyzed with liquid chromatography coupled to tan-

dem quadrupole mass spectrometry (Appendix S1). Samples with

water were directly analyzed without further sample preparation.

2.2.6 | Cell line and subculture

PC-3 human prostate carcinoma cell line (ATCC® CRL-1435™) was

chosen as a model cells for in vitro studies. Cells were cultured in the

DMEM supplemented with 10% FBS and 1% (v/v) penicillin–

streptomycin at 37�C and 5% CO2, 95% air, and complete humidity.

Cells were maintained in exponential growth phase until they were
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detached by trypsin–EDTA solution, counted, and seeded into experi-

mental plates/flasks.

2.2.7 | Cytotoxicity of β-CyD-grafted alginate

The test solutions of 40 mg/mL of POAβCyD and the solution of free

β-CyD (13.2 mM) in 40 mg/mL POA were prepared in PBS sup-

plemented with 1 mM CaCl2 and 0.5 mM MgCl2 and sterilized

through 0.2 μm syringe PES filters prior use. Nine 1:1 serial dilutions

of the solutions were then made in 40 mg/mL POA to ensure equal

concentration of alginate in all tested solutions after serial dilutions.

PC-3 cells were seeded in a concentration of 5 � 105 cells into

each well of 96-well clear bottom TC-treated black plates (100 μL/well)

and incubated at 37�C overnight. After 24 hr, old medium was replaced

with 50 μL/well of nine 1:1 serial dilutions of the test solutions. PC-3

cells were incubated with the test solutions for 2 hr, after which the

plates were centrifuged at 150�g for 5 min. Then, the tested solutions

were carefully aspirated and 100 μL of fresh culture medium was

added. The plates were incubated for additional 48 hr and cell meta-

bolic activity was assessed using resazurin assay. Maximal tested con-

centrations were 13.2 mM of free β-CyD and 40 mg/mL of POAβCyD

(5.65 mM of β-CyD-moieties). The 40 mg/mL POA a solution was used

as a control. All the samples and controls were run in four replicates.

2.2.8 | Hydrogels for cell studies

Hydrogels based on ultrapure Alg and on Alg/POAβCyD (1:1) were

prepared for cell studies under sterile conditions. Hydrogels contained

2% (w/v) alginate, 30 mM CaCO3, 60 mM GDL, and paclitaxel. Ultra-

pure alginate solutions and GDL solutions were sterilized through

0.2 μm syringe PES filters. CaCO3 particles (0.7 μm) were autoclaved

at 121�C for 30 min and then suspended in a sterile deionized water.

Paclitaxel was pre-dissolved in ethanol. For burst release studies,

hydrogels (V = 200 μL) were loaded with 25 μM paclitaxel. For the

cytotoxicity studies, hydrogels (V = 50 μL) were loaded with 0, 0.9,

7.2, and 25 μM paclitaxel. After fabrication, the gels were left to gel at

4�C for at least 1 day.

2.2.9 | Burst release in culture medium

PC-3 cells were seeded in a concentration of 3200 cells/well into

96-well plates (50 μL/well) and incubated at 37�C overnight. Next

day, the 200 μL gels containing 25 μM paclitaxel were incubated with

300 μL of DMEM supplemented with 10% FBS at 37�C for 1 hr. After

1 hr, the medium was aspirated, diluted (six 1:1 serial dilutions), and

added to the PC-3 cells (50 μL/well). After 72 hr, PC-3 cells metabolic

activity was assessed using resazurin assay. The obtained values of

cell metabolic activity were used to determine concentration of the

released drug. To generate a standard curve, 0–200 nM paclitaxel

solutions in media were used (Figure A1, Supporting Information S1).

All the samples and controls were run in triplicates.

2.2.10 | Cytotoxicity of paclitaxel-loaded hydrogels

PC-3 cells were seeded in a concentration of 1 � 105 cells into each

well of 6-well plates (3 mL/well) and incubated at 37�C. After 24 hr,

1.45 mL of fresh medium and 50 μL hydrogels (or free paclitaxel

solution) were added into each well of PC-3 seeded plates, and

plates were incubated at 37�C for 72 hr. After 72 hr, cell metabolic

activity was assessed using resazurin assay. Hydrogels contained

0, 0.9, and 7.2 μM of paclitaxel. Free paclitaxel (final concentrations

in the plate were 1, 5, 10, 40, and 80 nM) was used as a positive con-

trol. Drug-free medium and the hydrogel without the drug were used

as negative controls. All the samples and controls were run in tripli-

cate. Gels were examined by optical microscopy before and after

experiment.

For the gels loaded with 25 μM paclitaxel, 300 cm2 tissue culture

treated flasks were used and the total (volume of medium was increased

up to 125 mL). PC-3 cells were seeded in a concentration of 3 � 106

cells into 300 cm2 tissue culture treated flasks (50 mL/flask) and incu-

bated at 37�C overnight. Next day, 75 mL of fresh medium and 50 μL

of gels loaded with 25 μM paclitaxel were added into the flasks. Cells

were incubated with gels at 37�C for 72 hr and cell metabolic activity

was assessed using resazurin assay. Drug-free medium was used as a

negative control. All the samples and controls were run in triplicates.

Gels were examined by optical microscopy before and after experiment.

2.2.11 | Resazurin cell metabolic activity assay

Cells were incubated with 50% diluted AlamarBlue™ reagent at 37�C

for 1–8 hr, as it is recommended by a supplier. Then, 100 μL aliquots

were transferred into black 96-well plates with clear bottom and fluo-

rescence was read with Spectra Max i3x (Molecular Devices) at

560 nm excitation and 600 nm emission wavelengths. Cell metabolic

activity was expressed as percentage of fluorescent intensities relative

to a control (cells not exposed to paclitaxel were defined as 100%)

after subtraction of non-cell-derived background.

2.2.12 | Statistical analysis

Statistical analysis was performed using Microsoft Office Excel 365 or

SigmaPlot Version 14.0 (Systat Software Inc., CA) and differences

between groups were compared applying a two-tailed t-test. The sig-

nificance level was set at 0.05. Differences between more than two

groups were tested using one-way (or two-way when necessary) anal-

ysis of variance (ANOVA). After ANOVA, the Tukey's post hoc test or

a two-tailed t-test was used for comparison. All results are expressed

as means ± SD.
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3 | RESULTS AND DISCUSSION

We have previously shown that CyDs grafted to alginate were able to

interact with the model compound methyl orange, a small guest mole-

cule that can form inclusion complexes with β-CyD.9 This new study

relies on the hypothesis that introduction of β-CyD moieties into algi-

nate mediates the uptake of highly hydrophobic drugs like paclitaxel

and their release from the alginate hydrogel. For this study the algi-

nate was functionalized with β-CyD moieties in a three-step synthesis

as previously described.9 The partial oxidation of alginate performed

in the first step is known to lead to noticeable structural changes, such

as partial depolymerization and ring opening (cleavage of the C2–C3

bonds).11,51-53 Such changes in the alginate structure have been

shown to affect the gelation capability of the polymer and mechanical

properties of the hydrogels fabricated from this polymer.11,12,40,54

Therefore, we conducted a series of experiments to characterize gela-

tion kinetics and mechanical properties of the hydrogel system based

on the modified alginate.

F IGURE 1 Gelation kinetics and mechanical properties of the 1% (w/v) calcium-unsaturated alginate hydrogels. (a) Gelation kinetics of Alg
and Alg/POA (mean, n = 3). Young's modulus, rupture strength, deformation at rupture and syneresis of the Alg and Alg/POA hydrogels:
(b) Effect of 1:1 and 1:3 (w/w) mix of Alg/POA on properties of the hydrogels (mean ± SD, n = 4–8); (c) Comparison of the mixed hydrogels
containing equal number of unmodified alginate monomers (mean ± SD, n = 4–8). #—it was not possible to measure dimensions of the gels due to
extreme softness of the Alg:POA (1:3) mixed gels, therefore theoretical area of the cylinders was used to calculate Young's modulus
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3.1 | Gelation kinetics and mechanical properties
of Ca-alginate hydrogels

The well-established system of alginate gelation, using slowly releas-

ing calcium ions from CaCO3 particles induced by the slow release of

H+ from GDL, was used to allow for slow gelation of alginate.55 Using

this technique, it is possible to make soft alginate gels with homoge-

neous and reproducible structure at physiological conditions, while

the end products of the reaction, namely CO2 and D-glucuronic acid,

are nontoxic.49 Importantly, this method allows to have control over

gelation kinetics of alginate by varying the release rate of calcium ions

from the calcium carbonate particles. The size of CaCO3 particles have

previously been shown to largely influence the gelation kinetics.49 For

an injectable hydrogel, the gelation time will influence how easy it is

to inject the gel, as well as its propensity to gel at the injection site

instead of leakage before the gel network can form.56,57

The rate of gelation was followed by oscillation rheometry show-

ing similar values for the sol–gel transition time for the gels with stipe

alginate only (Alg) and in 1:1 w/w mix with oxidized alginate

(Alg/POA (1:1)) (25.1 ± 2.8 min and 24.3 ± 2.4 min, respectively)

(Figure 1a). Hence the gelation kinetics seems not to be influenced

when mixing in the modified alginate. The sol–gel transition time in

the studied conditions was about 25 min, but it can be significantly

extended/reduced by minor modification of the gelling solution com-

position to fulfill time-requirements for systemic administration. As

expected, the storage modulus (G0
max) of the Alg/POA (1:1) mixed gel

was significantly lower than for the Alg hydrogels: 266 ± 17 Pa for

(1:1) mixture and 875 ± 108 Pa for the unmodified alginate. The pro-

nounced difference in storage modulus reflects the reduced capacity

of the oxidized material to form ionic crosslinks which has also been

shown previously, where the storage modulus was measured for

12 hr.12

To further investigate the mechanical properties of the formed

gels, the gels were cast in cylinders and mechanical properties investi-

gated by compression measurements (Figure 1b). The Ca-unsaturated

hydrogels casted from Alg maintained their shape upon handling,

whereas introduction of POA resulted in softer and weaker gels. Gel

elasticity (Young's elastic modulus), deformation and stress at rupture,

as well as volume reduction upon gel formation (syneresis) of the

formed hydrogels were measured in a series of compression tests.

Increase in POA content showed a clear trend toward weaker hydro-

gels with lower Young's modulus, stress at rupture, deformation at

rupture, and syneresis compared to the gels made from unmodified

alginate alone. This trend was previously also observed for the same

type of mixed Alg/POA gels for Ca-saturated hydrogels.12 To see if

introduction of β-CyD would influence the mechanical properties rela-

tive to the oxidized sample, two samples containing equal molar ratio

of uronic acid residues between stipe alginate and modified alginates

(POA or POAβCyD) were prepared (Figure 1c). Mechanical properties

of Alg/POAβCyD (1:1) gels (E = 5.1 kPa, stress at rupture = 0.93 kg)

were not significantly different from the Alg/POA (1:0.8) gels

(E = 5.9 kPa, stress at rupture = 0.96 kg), indicating that introduction

of linker and β-CyD moieties onto POA did not significantly change

gel-forming properties of the material for the Ca-unsaturated hydro-

gels. When comparing the Alg/POAβCyD (1:1) gels with the Alg/POA

(1:1) gels (E = 3 kPa, stress at rupture = 0.23 kg), the stress needed to

rupture the Alg/POA gels were lower compared to the grafted gels.

The opposite is observed for Ca-saturated gels12 where Young's mod-

ulus decreased for Alg/POAβCyD gels (1:1, ~15 kPa) compared to

Alg/POA gels (1:1, 24 kPa), while the stress at rupture was approxi-

mately the same (~1 kg). This was also observed for mixed hydrogels

grafted with other substituents than β-CyD. This indicates that for

Ca-unsaturated gels Young's modulus for mixed Alg/POAβCyD gels is

not largely affected by grafting, but for Ca-saturated gels the covalent

coupling of β-CyD affects the network formation/rearrangement due

to steric effects, and may hinder optimal interaction with Ca-ions for

the crosslinking units of the alginate.

3.2 | Loading of paclitaxel into alginate gels

To load paclitaxel into alginate hydrogels, the drug was solubilized in

ethanol and mixed with alginate solution before gelation was initiated.

All the loaded drugs were maintained within the gel, hence, the final

concentration of paclitaxel in the gels was 25 μM. The strategy of

internal gelation was chosen as this has been shown to give homoge-

neous distribution of polymer in the gels.49 Similarly, it was assumed

that homogenous distribution of paclitaxel within the gels would also

be achieved in addition to facilitate formation of inclusion complexes

between the drug and POAβCyD. Here, precipitation of paclitaxel was

utilized as an indirect indicator of inclusion complex formation.

Crystallization of paclitaxel is known to occur in both aqueous

solution and hydrogels58 and was clearly observed in the alginate gels

(Figure 2). The Alg/POAβCyD (1:1) and Alg/POAβCyD (1:3) hydrogels

loaded with 25 μM of paclitaxel showed variable crystallization of the

drug (Figures 2 and A2, Supporting Information S1): Paclitaxel crystals

were present in the 1:1 hydrogels, whereas very little crystal forma-

tion was observed for the 1:3 gels. The resulted paclitaxel:β-CyD

molar ratios were 0.03 and 0.02 for 1:1 and 1:3 gels, respectively. This

indicates that a paclitaxel:β-CyD molar ratio of 0.02 or lower should

be used to prevent paclitaxel crystallization in the alginate hydrogels.

Crystals of paclitaxel were also present in the gels mixed with free

β-CyD (0.9 mM) and also HPβ-CyD (7.2 mM) (Figure 2) where the

drug:cyclodextrin molar ratios were 0.03 and 0.004, respectively.

Interestingly, although drug:cyclodextrin molar ratio in HPβ-CyD sam-

ple was 10 times lower than in the Alg/POAβCyD (1:3) hydrogels,

more crystallization was observed in the gels containing HPβ-CyD.

This could indicate that the nongrafted CyDs are showing limited use-

fulness in helping dissolve the paclitaxel in the studied conditions or

may have inferior inclusion complex ability with paclitaxel compared

to POAβCyD. This is surprising, in particular for HPβ-CyD which was

chosen due to its higher water solubility compared to β-CyD, as well

as its more frequent use in pharmaceutics due to it being suitable for

parenteral injection.59 The phenomenon of the increase in complexa-

tion ability of β-CyD upon grafting has been also observed for β-CyD-

grafted hyaluronic acid.60 Authors reported paclitaxel:cyclodextrin
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molar ratios of 0.011, 0.00026, and 0.007 for the hyaluronic acid

grafted β-CyD, β-CyD, and dimethyl-β-CyD, respectively.

The paclitaxel crystals have been reported to be stable in aqueous

environment up to 2 months and are seen as a limitation for achieving

a therapeutic effect from the drug.58 Therefore, the presence of crys-

tals is not desirable, especially for controlled drug release systems.

Here, paclitaxel crystals could be observed in the gels after 21 days

after exposure to physiological buffer with same observations of the

different gels as mentioned above (Figure 2).

3.3 | Release of paclitaxel from alginate gels

The ability of the developed hydrogel system to release paclitaxel was

studied in vitro in the physiological buffer (Figure 3). Paclitaxel con-

centration was measured based on a standard curve of paclitaxel dis-

solved in extraction solvent, however the presence of paclitaxel

degradation products (7-epi-taxol, 10-deacetyltaxol, and baccatin III)

in the release samples was obvious throughout the time of the experi-

ment (21 days) and was measured as areas due to lack of standards. In

F IGURE 2 Paclitaxel crystals in alginate hydrogels loaded with 25 μM paclitaxel. Hydrogels shown at days 0 (1 day after gelation), 1 and 21.
(a) Alg. (b) Alg/POAβCyD (1:1 (w/w), 0.8 mM β-CyD moieties). (c) Alg/POAβCyD (1:3 (w/w), 1.1 mM β-CyD moieties). (d) Alg + β-CyD (0.9 mM
β-CyD). (e) Alg + HPβ-CyD (7.2 mM HPβ-CyD). Scale bar 500 μm
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the experiment, 200 μL of 300 μL medium was removed at each time

point and analyzed, and 200 μL new medium added. This means that

measured paclitaxel and degradation products from day 3 to 21 also

includes remains from previous time points, hence a mix of newly and

previously released drug.

After 1 day, the concentration of paclitaxel (Figure 3a) found in

physiological buffer was much lower for the samples containing

β-CyD-grafted polymer (328–333 nM) than the concentration

observed for Alg and Alg + HPβ-CyD samples (756 and 665 nM,

respectively) and was comparable with the sample Alg + β-CyD,

which contained free β-CyD (315 nM). When looking at the degrada-

tion products (Figure 3b–d), a slight increase could be seen for the

Alg/POAβCyD (1:3) sample relative to the Alg gels. For baccatin III

(Figure 3d) both grafted samples generally showed higher areas of this

degradation product compared to Alg samples. The Alg/POAβCyD

(1:3) gels showed significantly higher areas of baccatin III compared to

Alg sample at days 6, 9, and 15 (p value less than 0.01 for all samples,

n = 3). This could indicate that the grafted alginate influences the

release and/or degradation of the paclitaxel. For the degradation

products, no accurate quantification can be made due to the lack of

standards, however, it can be seen that 7-epi-taxol largely follows the

release of paclitaxel, whereas 10-deacetyltaxol and baccatin III show

higher amounts at the early timepoints (day 1–6) relative to later (day

9–21). Interestingly, it has been shown previously that the epimer

7-epi-taxol still shows anti-cancer properties.61

At day 1, Alg and Alg + HPβ-CyD showed higher concentrations

of paclitaxel in physiological buffer than other gels. For Alg samples,

the observed increase cannot be explained by higher initial release

from this sample, because the areas of the degradation products did

not increase accordingly, and vice versa, they were not significantly

different from those for Alg/POAβCyD (1:1) and Alg/POAβCyD (1:3)

samples. The similar increase in paclitaxel concentration at day 1 was

observed in one of the control samples that contained POA instead

of grafted material (Alg/POA (1:3)) (Figure A3, Supporting

Information S1).

For the Alg + HPβ-CyD sample more degradation products were

found at day 1–6 compared to the other samples, indicating faster

release of paclitaxel in presence of free HPβ-CyD compared to the

F IGURE 3 Drug release from hydrogels into physiological buffer at 37�C for 21 days. (a) Concentration of paclitaxel in release medium.
(b,c) Integrals of the paclitaxel degradation products found in release medium: (b) 7-epi-taxol, (c) 10-deacetylytaxol, and (d) baccatin III. Mean
± SD, n = 3
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other samples. Furthermore, the release of paclitaxel from Alg + HPβ-

CyD was much higher compared to the gels containing free β-CyD.

There are several important factors to consider here: higher concen-

tration of HPβ-CyD than that of β-CyD (7.2 vs. 0.9 mM, respectively)

and higher water solubility of HPβ-CyD (>860 mM compared to

16 mM for β-CyD).62 It was therefore expected to be easier for HPβ-

CyD to transport paclitaxel out of the gel via diffusion compared to

the β-CyD.

At the end of the release study, the remaining paclitaxel in the

gels were measured (Figure 4). All samples contained unreleased pacli-

taxel, with more in the Alg gels compared to grafted gels. Looking at

the average values, about 5% of the loaded drug was found in the

Alg/POAβCyD (1:3) hydrogels, about 18% in the Alg/POAβCyD (1:1)

hydrogel and about 24% in the Alg hydrogel. For the degradation

products found in these gels, only baccatin III and 10-deacetyltaxol

were found in the Alg gels whereas also 7-epi-taxol was found in the

Alg/POAβCyD gels (Figure A4, Supporting Information S1).

For the Alg gels mixed with free β-CyD or HPβ-CyD, the variation

in the amount of remaining paclitaxel in the gels was very large, com-

pared to the other gels. This may reflect differences in the release of

free CyD from the gels and hence drug released or potential differ-

ences in initial crystallization (Figure A2, Supporting Information S1).

On average, the paclitaxel remaining in the Alg gels with free β-CyD

was higher (20%) than in the Alg gels with free HPβ-CyD (9%), which

again indicates faster release from the gels in presence of free HPβ-

CyD and agrees with the observations made in the release study. In

these gels, baccatin III, 10-deacetyltaxol, and 7-epi-taxol were also

found at day 21 (Figure A4, Supporting Information S1).

Taken together, our results indicate that more paclitaxel is solubi-

lized in the gels with grafted alginate (Figure 2), and more is released

over time, relative to nongrafted alginate and alginate gels with free

β-CyD (Figures 3 and 4). In total, 82–95% of the paclitaxel was

released into physiological buffer and/or underwent degradation at

day 21 for the grafted material (Figure 4). Inclusion complexes

between β-CyDs and paclitaxel are characterized by low association

constants as paclitaxel molecules have a limited penetration into the

hydrophobic cavity of cyclodextrin.29,30 On the other hand, one can

expect faster release rate of paclitaxel in presence of β-CyDs. Indeed,

paclitaxel in vitro release from the different drug delivery systems

functionalized with β-CyD moieties has been reported to be

30–100% during the first 24 hr.60,63,64

Other factors that may influence the release of paclitaxel from

the gels could be different mechanical properties of the gels with dif-

ferent concentration of the grafted material (see the Section 3.1). The

gels in which POAβCyD is substituted with POA can be considered as

a good control for mechanical properties of the gels. For the Alg/POA

(1:3), which also showed high concentrations of both paclitaxel and

degradation products in physiological buffer, concentration of the

remaining drug was found to be ~11%, whereas more drug (~ 26%)

was found in the stiffer Alg/POA (1:1) gel (Figure A5, Supporting

Information S1). Stiffer gels are recognized by a higher crosslinking

density, that could influence both degradation of the gels12 as well as

gel permeability. Although no direct degradation of the gels was mea-

sured in this study, differences in stability were observed as the

grafted alginate samples were more difficult to handle than the non-

modified samples. Also, slight decrease in gels weight was found at

day 21 (Figure A6, Supporting Information S1). The permeability of

the gels in this study is not known, although one may speculate that

lower crosslinking density will lead to more permeable gels. However,

for Ca-saturated alginate gels, the opposite is found, as alginates with

a low content of guluronic acid were shown to be less permeable to,

for example, albumin, than alginate with a higher content of guluronic

acid and thus higher crosslinking density.65 The alginate gel network

as such is not expected to influence the release of paclitaxel, as

Ca-saturated alginate hydrogels are open for diffusion for larger mole-

cules such as antibodies (IgG, 150 kDa).13 Hence, paclitaxel, as a non-

polar and small molecule (854 Da), is expected to readily diffuse

through the alginate hydrogels. However, differences in release could

also be caused by differences in the drug loading procedure (see the

discussion above). The crystallization of paclitaxel must also be con-

sidered. For a system containing only paclitaxel dissolved in aqueous

medium (no gel), only very little of the free drug (less than 10%) has

F IGURE 4 Paclitaxel remaining in the
alginate hydrogels after being exposed to
physiological buffer for 21 days. Values
show amount of paclitaxel found in
dissolved gels relative to the amount of
the paclitaxel loaded into the hydrogels.
Mean ± SD, n = 3
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been shown to be released within 10 days in PBS pH 7.4, which is

likely due to the low solubilization/crystallization of paclitaxel in

water.66

It should also be noted that the release study was not conducted

under sink conditions. The release medium used for drug release stud-

ies should ideally obtain sink conditions, that is to say the volume of

the medium should be three times higher than the volume required to

solubilize the drug to ensure free diffusion out of the drug delivery sys-

tem.67,68 The solubility of paclitaxel in physiological buffer has not been

tested in this study. But one could expect that paclitaxel solubility in

physiological buffer is comparable to the solubility in PBS buffer, which

is reported67 to be within the range of 0.3–10 μg/mL (0.35–12 μM) at

37�C. If all the paclitaxel releases at once from the tested hydrogel, the

concentration in physiological buffer will reach 10 μM, which corre-

sponds to the reported solubility limit. However, the release media

used in our study also contained traces of ethanol (below 1% (v/v) from

the gels), which increases the solubility of paclitaxel.

As degradation of paclitaxel seemed to be a major issue in deter-

mining release from the gels, stability studies of paclitaxel were per-

formed in the physiological buffer and water for comparison

(Figure 5). At day 1, about 90% of the paclitaxel was found in both

water and physiological buffer. Thereafter, the degradation was espe-

cially prevalent in the physiological buffer where only 33%, 11%, and

2% of the initial concentration could be found after 3, 9, and 15 days,

respectively. In water, about 80% of the paclitaxel remained in the

solution after 3 days and to the end of the study. Hence, limited deg-

radation was seen in water. The degradation products

10-deacetyltaxol and baccatin III6169 were found in both solutes

(Figure A7, Supporting Information S1), whereas the epimer 7-epi-

taxol was found only in physiological buffer. This underlines the diffi-

culties in determining release of paclitaxel in relevant fluids. Here, we

identified three degradation products, but more degradation products

of paclitaxel are reported,69 hence illustrating the complexity in deter-

mining released paclitaxel. Since the degradation of paclitaxel was also

observed in water, it was therefore decided to cast paclitaxel-loaded

hydrogels at 4�C for further experiments.

3.4 | Cytotoxicity of paclitaxel-loaded hydrogels

The effect of the released drug was further studied in in vitro cell cul-

ture on the prostate cancer cell line PC-3. For the cell studies, the

total concentration of alginate in the gels was increased from 1%

(w/v) up to 2% (w/v) while keeping the ratio of Alg/POAβCyD 1:1

(w/w) and paclitaxel loading remained unchanged. This allowed for a

drug:cyclodextrin molar ratio in the gels below 0.02 and thus to avoid

crystallization of paclitaxel within the gels. Another benefit of increas-

ing the alginate concentration was higher stiffness of the gels and

their reduced vulnerability to syneresis in culture medium (Figure A8,

Supporting Information S1).

The potential toxic effect of the grafted polymer by itself was first

studied, followed by examining the burst release effects. Thereafter,

the cytotoxicity of the paclitaxel-loaded hydrogels on metabolic activ-

ity of PC-3 cells was studied. The reasoning behind studying cytotox-

icity of the functionalized polymer itself was as follows: Firstly,

although cyclodextrins are widely used as excipients in pharmaceutic

applications, it has been shown previously that β-CyDs can cause

dose-dependent hemolysis and cytotoxicity.70 Secondly, formation of

the Alg/POAβCyD gel is not instant, meaning that upon injection

in vivo the surrounding tissue and cells can interact with nongelled

polymers. And lastly, possible leakage of POAβCyD from the gels over

time12 can lead to unwanted cytotoxic effects. To address this ques-

tion, PC-3 cells were exposed to nongelled POAβCyD polymer. Free

β-CyD dissolved in POA (β-CyD + POA sample) was used as a control.

The cells exposed to nongelled POAβCyD showed viability ≥90% for

concentrations up to 1 mM of β-CyD, which equals 5 mg/mL of the

polymer (Figure 6a). A decrease in the cells metabolic activity was

seen above this concentration in a concentration-dependent manner.

The cytotoxic effect of POAβCyD was nearly two times higher than

that one of free β-CyD dissolved in POA solution (β-CyD + POA sam-

ple). The half maximal inhibitory concentrations (IC50) were not

obtained in this experiment, because high viscosity of the polymers

(POAβCyD is highly viscous at concentrations >40 mg/mL) and low

water solubility of free β-CyD (water solubility is 16.3 mM62) limited

F IGURE 5 Stability of paclitaxel over
time in water (circle) and physiological
buffer (triangle) at 37�C
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further increase of samples concentration. It has been previously

reported that substituents can attenuate cytotoxicity of the native

CyDs.71,72 However, our results with POAβCyD show the opposite

effect. We hypothesize that the observed effect might be connected

to the difference in interaction between free βCyD and grafted βCyD

moieties with the cellular cholesterol, since the cytotoxicity of various

CyD derivatives is known to depend on their capacity to extract cho-

lesterol from the cell membrane.70

Next, we formed alginate gels loaded with paclitaxel and studied

burst release of the drug in culture media and hydrogels cytotoxicity

in vitro. To study the burst release of paclitaxel, Alg and

Alg/POAβCyD (1:1) hydrogels were loaded with 25 μM of paclitaxel

and incubated in the culture media for 1 hr. The concentration of the

released drug was then determined by exposing PC-3 cells to serial

dilutions of the collected media and subsequent conversion of the

obtained cytotoxicity values into the drug concentration using a stan-

dard curve. The standard curve was prepared using free paclitaxel in

media (Figure A1, Supporting Information S1). The effects of the col-

lected medium on metabolic activity of the PC-3 cells are shown on

Figure 6b. The release-medium from both grafted and nongrafted algi-

nates decreased cell metabolic activity in a concentration dependent

manner. The paclitaxel burst release was found to be 6.2 ± 2.7% for

Alg gel and 11.2 ± 2.5% for Alg/POAβCyD (1:1) gel. Under light micro-

scope, the Alg/POAβCyD (1:1) mixed gels did not contain visible crys-

tals of paclitaxel, whereas the Alg gels had clearly visible crystals.

Thus, it is very likely that the Alg gels released less drug during the

first hour due to crystal formation of the drug within these gels.

Next, to demonstrate efficacy of the developed delivery system

in vitro, free paclitaxel, empty gels and gels loaded with paclitaxel were

added to PC-3 cells and cell metabolic activity was determined after

72 hr of co-incubation (Figure 6c–d). Two gel types, namely Alg gels and

Alg/POAβCyD (1:1) gels, and three different loadings (0.9, 7.2, and

25 μM) as well as placebo (without drug) were compared. The gels of

both grafted and nongrafted alginate without paclitaxel showed no effect

F IGURE 6 Metabolic activity of PC-3 cells. (a) Cells were incubated with alginate functionalized with β-CyD (POAβCyD) solution and free
β-CyD mixed with POA solution; (b) cells were exposed to serial dilutions of 1-hr release media for paclitaxel loaded gels (25 μM) for 72 hr;
(c) Cells were exposed to the 50 μL gels loaded with 0, 0.9 and 7.2 μM paclitaxel for 72 hr (total volume of medium 4.5 mL); and (d) cells were
exposed to the 50 μL gels loaded with 25 μM paclitaxel for 72 hr (total volume of medium 125 mL). Cell metabolic activity is expressed as
fluorescent intensities relative to a control (cells not exposed to paclitaxel were defined as 100%) after subtraction of non-cell-derived
background. Data are expressed as mean ± SD, n = 2–8. * and ** denote statistically significant differences (p < 0.05 and p < 0.01, respectively)
between two groups
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on the metabolic activity of the cells (Figure 6c). The drug-loaded gels as

expected decreased metabolic activity of PC-3 cells in dose-dependent

manner relative to the loading concentration of paclitaxel. The Alg gel and

Alg/POAβCyD (1:1) mixed gels loaded with 0.9 μM paclitaxel decreased

cell viability down to 53.5 ± 4.8% and 60.4 ± 4%, respectively, whereas

the gels loaded with 7.2 μM paclitaxel decreased cell viability down to

28.2 ± 1.9% and 24.3 ± 1.9%, respectively. Thus, the difference between

two gel types (with and without POAβCyD) was not noticeable when 0.9

and 7.2 μM loadings were tested. These samples did not contain visible

crystals of paclitaxel neither inside Alg nor Alg/POAβCyD (1:1) gels. In

contrast, upon 25 μM paclitaxel loading, crystallization of the drug was

visible inside the Alg gels, but not within the gels comprising grafted

β-CyD. The mixed gels of Alg/POAβCyD (1:1) decreased cell metabolic

activity to 51.1 ± 19%, whereas the Alg gels reduced it to 71.8 ± 14.3%;

(Figure 6d). The Alg gels still contained undissolved paclitaxel crystals after

72 hr of incubation with cells, whereas the grafted gels remained trans-

parent. Although the difference between Alg and Alg/POAβCyD (1:1) gels

was not statistically significant (p = 0.11 (n = 2) and p = 0.2 (n = 2) for

two independent experiments), we assume that the observed slightly

higher cytotoxic activity of Alg/POAβCyD (1:1) gels could be related to a

slightly faster paclitaxel release from these gels as well as higher burst

release found in culture media.

In this work, we evaluated the in vitro biological activity of the

functionalized alginate hydrogels loaded with paclitaxel on prostate can-

cer cells. This cell model was chosen because paclitaxel is known to be

efficacious against various prostate cancer cells, including PC-3 cells.73

At present, however, paclitaxel is only approved for the treatment of

breast cancer, cancer of the ovaries, nonsmall cell lung cancer, and

Kaposi's sarcoma, and is being currently used off-label for the treatment

of castration-resistant prostate cancer and some other malignant

tumors.74 In situ forming hydrogel systems can serve as a local depot

slowly releasing paclitaxel and may be beneficial for the treatment of

patients with prostate tumors. A recent preclinical study demonstrates

therapeutic efficacy of local delivery system based on an injectable

polymer paste with paclitaxel in LNCaP human prostate cancer xeno-

grafts.75 In addition, the efficacy of the developed paclitaxel delivery

system would be interesting to study in models of brain tumor and brain

metastases. As mentioned earlier, paclitaxel has strong anticancer activ-

ity against glioma cells and many other cancers in vitro.33 However,

paclitaxel is a substrate for the P-gp/ABCB1, and therefore has limited

access to the central nervous system.33 Since local delivery systems

have already shown antitumor efficacy against glioblastoma,4 delivery

of drugs to brain tumors is a relevant follow-up of the studied gel sys-

tem. In addition, other poorly water-soluble chemotherapeutic agents

that can form inclusion complexes with β-CyD, for instance cisplatin,

doxorubicin, curcumin, camptothecin, and so on, may be considered as

potential payloads for the developed depot hydrogel.

4 | CONCLUSIONS

In this study, we developed a hydrogel-based delivery system employing

β-CyD functionalized alginate, where alginate acted as the gelling

material and the β-CyD moieties were responsible for formation of inclu-

sion complexes with a poorly soluble drug (paclitaxel). The introduction

of β-CyD-moieties into the delivery system generally decreased the

mechanical properties of the gels (compared to nonmodified alginate

hydrogels) and modulated paclitaxel behavior but did not influence gela-

tion kinetics. The significance of the present work is that it shows

increased capacity of β-CyD grafted alginate to complex paclitaxel as

compared to free HPβ-CyD. Although the paclitaxel is not an ideal pay-

load for β-CyD-based systems because of its relatively poor retention

within β-CyD hydrophobic cavity, and because it is difficult to quantify

due to rapid degradation, our findings support that the β-CyD-grafted

alginate can modulate release of the paclitaxel from the gels. The β-CyD-

grafted alginate prevented crystallization of the paclitaxel by retaining a

complexed dispersion of the drug and facilitated paclitaxel diffusion out

of the gel network. This effect was observed at paclitaxel:β-CyD molar

ratios not exceeding 0.02. Furthermore, the paclitaxel-loaded hydrogels

comprising modified alginate were shown to have cytotoxic activity. The

results indicate that β-CyD functionalized alginates have potential to be

used as a material for drug delivery systems. The hydrogel system could

also be applied in future work for delivery of other hydrophobic drugs

and molecules that can form inclusion complexes with β-CyD.
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Appendix S1 1 

 2 

Methods 3 

Ultra-high performance liquid chromatography (UHPLC) coupled to tandem 4 

quadrupole (TQ) mass spectrometry analysis 5 

Samples were thawed and centrifuged for 15 min at 23 000 g before the UHPLC-TQ 6 

analysis using an ACQUITY I-class UPLC system coupled to a Xevo TQ-S triple quadrupole 7 

mass spectrometer (Waters, Milford, MA, USA). 8 

 9 

Analytes were separated on a Waters ACQUITY UPLC® BEH C18 Column (130 Å, 50 mm 10 

×2.1 mm L×I.D. 1.7 µm), and the column manager was set to 45°C. Mobile phase A 11 

consisted of water and mobile phase B acetonitrile, both containing 0.10% (v/v) formic acid. 12 

Flow rate was set at 0.600 ml/min. Conditions were kept constant at 99.0% A for one minute, 13 

then a linear gradient was set from 99.0% A to 1.0% A in three minutes, followed by 1.0% A 14 

constant for a half a minute, before the gradient was brought back to 99.0% A in 0.10 15 

minute. Finally, the column was equilibrated for 0.90 minute before starting a new injection. 16 

Total run time was 4.5 minutes. Ethanol was used as needle wash, and injection volume was 17 

5 µl. 18 

The TQ mass spectrometer was equipped with an electrospray ionization source operating 19 

in positive mode. Capillary voltage and source offset voltages were set at 2.5 kV and 22 V, 20 

respectively. Source temperature was maintained at 150°C, desolvation gas temperature at 21 

500°C and gas flow rate at 1000 l/h. Cone gas flow rate was fixed at 150 l/h, and the 22 

nebulizer gas flow maintained at 6.0 bar. Collision gas flow was set to 0.15 ml/min of argon. 23 

Cone voltages (CV), collision energies (CE) and MS/MS transitions (precursor and daughter 24 

ions) of paclitaxel and docetaxel were optimized using intellistart by infusing 500 nM 25 

standard solutions at 10-20 µl/min combined with 0.05mL/min with equal amounts of mobile 26 

phase A and B from the UHPLC-system. 27 



   
 

2 
 

Paclitaxel was quantified by means of one selected precursor ion-product ion transition (m/z 28 

854.60-286.46, CV = 22 V, CE = 16 eV), and its identity confirmed by one qualifier transition 29 

(m/z 854.60-105.23, CV = 22 V and CE = 48 eV). Docetaxel was used as internal standard 30 

(m/z 808.37-226.12, CV = 20 V, CE = 12 eV). Degradation products Baccatin III (m/z 31 

587.25-327.16, CV = 30 V, CE = 10 eV), 7-epi-taxol (identical transition as paclitaxel) and 32 

10-deacetyltaxol (m/z 812.33-286.10, CV = 30 V, CE = 10 eV) was monitored, but not 33 

absolutely quantified. A 10-20 ms dwell time was calculated for each transition as 34 

recommended by the auto dwell function in MassLynx to ensure 20 data points across the 35 

peaks. UHPLC–MS/MS data were acquired and processed using MassLynx software (v4.1) 36 

and TargetLynx application manager.  37 
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38 

Fig. A1. Metabolic activity of PC-3 cells after incubation with paclitaxel for 72 hours. 39 

Cell metabolic activity is expressed as percentage of fluorescent intensities relative to a 40 

control (cells not exposed to paclitaxel were defined as 100%) after subtraction of non-cell-41 

derived background. Data are expressed as Mean ± SD. 42 

A single column fitting image 43 

  44 
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48 
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49 
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50 
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51 

Fig. A2. Paclitaxel crystals in alginate hydrogels. Hydrogels (a) Alg, (b) Alg/POA (1:1 52 

(w/w)), (c) Alg + β-CyD (0.9 mM β-CyD), (d) Alg/POAβCyD (1:1 (w/w), 0.8 mM β-CyD), (e) 53 
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Alg/POA (1:3 (w/w)), (f) Alg + HPβ-CyD (7.2 mM HPβ-CyD), and (g) Alg/POAβCyD (1:3 54 

(w/w), 1.1 mM β-CyD). Gels shown at (A) day 0 (one day after gelation), (B) day 1, (C) day 55 

3, (D) day 6, (E) day 9, (F) day 15, and (G) day 21. Three parallels: p1-3. Scale bar 500 µm.   56 

A 2-column fitting image 57 

 58 

59 

Fig. A3. Paclitaxel release from 1% (w/v) Ca-alginate hydrogels into physiological 60 

buffer at 37°C for 21 days. (A) Concentration of paclitaxel in release medium. (B-C) 61 

Integrals of the paclitaxel degradation products found in release medium: (B) 7-epi-taxol, (C) 62 

10-deacetylytaxol, and (D) baccatin III. Mean ± SD, n=3. Alg/POA (1:3) showed high 63 

paclitaxel concentration at day 1, while another POA control sample Alg/POA (1:1) did not. 64 

The mechanism behind these effects cannot be explained by the current set of data, but we 65 

could speculate that crystallization of the drug occurs differently in Alg, Alg/POA (1:1) and 66 
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Alg/POA (1:3) gels leading to the differences seen at day 1. When looking at the light 67 

microscopy pictures taken after the gels were set there appears to be more crystals present 68 

in the Alg/POA (1:1) gels compared to the Alg/POA (1:3) gels (S2 Fig). A possible 69 

explanation could be that more paclitaxel crystals initially formed in the 1:1 mixed gels 70 

compared to the 1:3 hydrogels, and due to this less paclitaxel was initially released. This 71 

indicated that the release is not only affected by cyclodextrins, but also by the initial amount 72 

of paclitaxel crystals formed when the gels are set. Furthermore, if this is true then the 73 

solubility of the paclitaxel in the alginate hydrogels cannot be solely controlled by addition of 74 

cyclodextrins, but may be influenced by factors such as mixing, viscosity and gelation. 75 

However, it is not possible to form a conclusion on this without more extensive testing. 76 

A 2-column fitting image 77 

 78 
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79 

Fig. A4. Degradation products of paclitaxel found in the hydrogels at day 21 of the 80 

release study into physiological buffer at 37°C. Integrals of 7-epi-taxol, 10-deacetylytaxol, 81 

and baccatin III. Mean ± SD, n=3. 82 

A  single column fitting image 83 

 84 
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85 

Fig. A5. Paclitaxel and paclitaxel degradation products remaining in the 1% (w/v) Ca-86 

alginate hydrogels gels at day 21 of the release into physiological buffer at 37°C. The 87 

percentage of paclitaxel found in dissolved gels with regards to the amount of the paclitaxel 88 

loaded into the hydrogels. 89 

A 2-column fitting image 90 

 91 
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 92 

 93 

Fig. A6. Weigh of the hydrogels at day 21 of the release study in physiological buffer 94 

at 37°C. Initial weight of the gels was approximately 200 mg. Mean ± SD, n=3. 95 

A 2-column fitting image 96 

 97 
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98 

Fig. A7.  Degradation products of paclitaxel in physiological buffer (A) and water (B). 99 

Integrals of baccatin III, 10-deacetylytaxol, and 7-epi-taxol. Mean ± SD, n=3. 100 

single column fitting image 101 
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A 102 

 103 

Fig. A8. Syneresis of the hydrogels. (A) Syneresis measured 24 hours after gel formation. 104 

(B) Syneresis measured 24 hours after gel formation followed by 72 hours incubation in 4.5 105 

ml of DMEM at RT. Gels were casted from solutions of 1% (w/v) alginate, 15 mM CaCO3 106 

and 30 mM GDL and of 2% (w/v) alginate, 30 mM CaCO3 and 60 mM GDL. Mean ± SD 107 

(n=4). POA = periodate oxidized alginate (Po=0.08). CaCO3 particles size 4 µm. 108 

A 2-column fitting image 109 

 110 
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