The effect of Heparin and Peptides Conjugation on the Structure and Functional Properties of Alginate in Solutions and Hydrogels.
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Abstract
[bookmark: _GoBack]Alginate decoration with more than one type of biomolecule is becoming a prevalent process in the pursuit to turn alginate hydrogels into synthetic Extra Cellular Matrices (ECMs). Here we present a systematic study of the structure-physical properties-function relationship of Alginate-G4RGDY-Heparin aqueous solutions and hydrogels. SAXS and rheology were utilized to characterize the systems’ nanostructure, viscosity (of the solutions) and storage modulus (of the hydrogels), and the bioactivity of these gels was explored by evaluating their ability to sustain the release of vascular endothelial growth factor (VEGF). We show that the mode and order of conjugating the heparin and the peptide to the alginate backbone greatly affect the modified alginate hydrogels structure-properties-function relations. Moreover, we show that a detailed structural analysis of the conjugated architecture in solution can be used as a tool to adapt the properties of alginate-heparin-peptide hybrid hydrogels.

1. Introduction
Alginate is a linear, hydrophilic, polysaccharide biopolymer consisting of β-D mannuronic and α-L guluronic acid blocks which occur in the cell walls of brown seaweed (1). Alginate hydrogels have been proven to be promising scaffolds for tissue regeneration and repair (2-4) (for bone (5), skin (6) and nerve regeneration (7, 8)). An emerging trend in designing such scaffolds is recapitulating the natural ECM traits by installing motifs capable of providing biochemical stimuli (9, 10).
Functionalization of alginate hydrogels is often achieved by covalently attaching bioactive molecules (e.g. peptides, proteins etc.) to the alginate backbone (11-13). While the pioneering work in creating alginate synthetic ECMs focused on binding single peptides to the alginate backbone; the first being the G4RGDS peptide (12); Nowadays, researchers focus on creating multifunctional hydrogels by functionalizing the alginate with more than one type of biological molecule (14). 
The amount and identity of the attached biomolecules are crucial for the scaffolds’ bioactivity, however, they are not the only factors determining its functionality. The scaffold’s stiffness as well as the ligand’s availability (e.g. density) have been shown to dictate the magnitude and arrangement of intracellular forces, hence affecting the materials’ cellular response to them (11, 15, 16). Therefore, understanding the structure-function relationship of multicomponent alginate hydrogels is an important step towards bettering their rational design.
In previous studies we have shown that covalently linking an RGD containing peptide to an alginate backbone affected the conformational state of the individual chain as well as chain assemblies of alginate in aqueous solutions (17, 18). We have shown that the amount of bound peptide determines the behavior of a polysaccharide peptide conjugates in solution, regardless of the specific nature of the polysaccharide (18). Furthermore, we have demonstrated that the sequence of the conjugated peptides is a significant factor in tuning the stiffness of the alginate/peptide hybrid hydrogels (19). 
Here, we aim to study the structure-function relationship of multifunctional alginate hydrogels, i.e. hydrogels composed of alginate chain decorated with more than one type of biomolecule. To this end, we chose to covalently bind to the alginate backbone both the G4RGDY peptide and heparin. 
Heparin is a glycosaminoglycan (GAG), a stiff linear polysaccharide consisting of 1-4 linked disaccharide repeating units of uronic acid and glucosamine residues (20, 21). It has been shown to stabilize growth factors from denaturation while increasing the affinity of the complex to cell receptors, an important trait for tissue engineering applications (11-13). A variety of methods have been employed for the covalent immobilization of heparin into hydrogels, in the production of ECM-mimetic materials (22, 23). Recently, conjugation of heparin to polysaccharides (i.e Alginate (14) and Chitosan (24)) have been suggested to improve their performance as synthetic ECMs (14, 25). It has been suggested that, when designing a hydrogel for promoting cell adhesion, growth, and function; synthesizing a surface that contains both RGD and heparin would provide a more desirable biomimetic materials than hydrogels containing only one of the individual components (26, 27). However, optimizing the function and physical properties of these multicomponent hydrogels could be a rigorous process; a better understanding of the interplay between the building block’s structure and the properties of the resulting hydrogels may be utilized to simplify it. 
Here we present a systematic study of the structure-physical properties-function relationship of Alginate-G4RGDY-Heparin aqueous solutions, and hydrogels. Using SAXS and rheology to characterize the systems’ nanostructure, viscosity (of the solutions) and storage modulus (of the hydrogels), we show that attaching heparin to an alginate-peptide molecule greatly affects its physical properties. Moreover, we show that a detailed structural analysis of the conjugated architecture in solution can be used as a tool to adapt the properties of alginate-heparin-peptide hybrid hydrogels.

2. Materials and methods
2.1. Materials
Alginate (HF420RBS 70% guluronate, sodium salt, =475 kDa) was a kind gift from FMC Biopolymers (Dramen, Norway). Heparin (183 USP units/mg, =18 kDa), ethylenediamine (EDA, technical 75-80%), NaOH, 2-[N-morpholio] ethanesulfonic acid (MES buffer)], N-hydroxysulfosuccinimide sodium salt (sulfo-NHS), and N-(3-dimetylaminopropyl)-N’-ethylcarbodiimide hydrochloride (EDC) were purchased from Sigma-Aldrich. The peptides G4RGDY (80–90% grade) were purchased from Bio-Sight/American Peptide Company (Vista, CA). Vascular Endothelial Growth Factor (VEGF) and the ABTS Enzyme-Linked Immune-Sorbent Assay (ELISA) Buffer Kit for VEGF were purchased from Peprotech Ltd.
2.2. Synthesis polymer- heparin-peptide.
Conjugation of heparin with alginate was performed following the literature (28, 29) with some modifications. In order to minimize hydrolysis of EDC, the reaction was carried out in a 0.1 M buffer of 2-morpholinoethane sulfonic acid (MES buffer). Firstly, heparin sodium salt and sodium alginate (1:500 mg/mg heparin:polymer) were dissolved in an MES buffer at a concentration of alginate 10 mg ml−1 with overnight stirring at room temperature. Then the carboxylic acid groups of alginate and heparin were activated using EDC and NHS (molEDC: molNHS = 0.6:1). After 5 min, ethylenediamine (3.1 × 10−2 M) was added to the solution under vigorous stirring at room temperature. After a reaction period of 4 h, the resulting polymer was dialyzed to remove excess unreacted EDC/NHS and aminated heparin molecules, using a SpectraPor dialysis membrane (3500 MWCO), against 1M NaCl for 24 h. The product was then frozen and lyophilized by freeze-drier for 72 h.
Conjugation of a peptide to the alginate was performed using carbodiimide chemistry, according to Rowley et al. (12, 30) Alginate-Heparin was dissolved in the stock MES buffer (0.1 M) to give a 1% w/v aqueous solution followed by stirring for 24 h. Sulfo-NHS was added in an amount that would give a ratio of sulfo-NHS:EDC of 1:2. The peptide was added after 5 min (1:100 mg/mg peptide:polymer), and the solution was then stirred continuously for 24 h. Thereafter, the solution was dialyzed against triply distilled water in 3500 MWCO dialysis tubes for 96 h and then lyophilized for 72 h. For analysis, the requisite amount of the dried conjugated polymer was dissolved in triply distilled water (18.2 mU/cm).



FTIR
For FTIR analysis, native and modified polysaccharides samples were prepared as thin films, to verify the conjugation of heparin and peptide to alginate chains. Measurements were performed in transmission mode on a Nicolet IS10 infrared spectrometer. The FTIR spectrum was taken in the range of 400– 4000 cm−1, by collecting and averaging 32 spectra, at a resolution of 4 cm−1 (31).
XPS
X-ray photoelectron spectroscopy is a complementary technique yielding information about the atomic composition of a material's surface, thus it can quantify the extent of protonation of sulfate and amino groups the thorough examination of the Sulfur and Nitrogen narrow scan. XPS was performed using an ESCALAB 250. The Avantage data system allows processing and analysis of all types of data.
Viscosity measurements
Viscosities of the polysaccharide solutions was determined using a HAAKE RotoVisco 1 (Thermo Scientific), equipped with an extended temperature cell for temperature control and a stainless steel cone-and-plate (d=60 mm and θ=0.5˚). The viscosities of the polysaccharide solutions were measured at constant room temperature (22 ± 1˚C) as a function of the shear rate in an upward sweep from 1 s-1 to 1000 s-1.
2.3. Gel preparation
Alginate was dissolved in double-distilled water; Modified alginate concentration in the gel was 1.5% wt/vol. A calcium source in the form of a pre-prepared 40mM CaCO3 solution was introduced next, followed by a fresh GDL solution. GDL induces the slow release of calcium ions from the CaCO3 complex, allowing the gelling of the alginate solution. The Ca2+: GDL molar ratio was 1:1. Rheology and SAXS measurements were done at least 12 h after GDL addition, to allow for the alginate solution to gel completely (32).
Small angle X-ray scattering (SAXS) 
Small angle X-ray scattering patterns of the polymer solutions and hydrogels were obtained with a SAXSLAB GANESHA 300-XL. CuKα radiation was generated by a Genix 3D Cu-source with an integrated monochromator, 3-pinhole collimation and a two-dimensional Pilatus 300 K detector. The scattering intensity q was recorded at a range of 0.012< q <3 Å-1 (corresponding to lengths of 10–800 Å). Measurements were performed under vacuum at ambient temperature. The scattering curves were corrected for counting time and sample absorption. Hydrogel specimens were placed in stainless steel sample cells with entrance and exit windows made of mica. Data analysis was based on fitting the scattering curve to an appropriate model by software provided by NIST (NIST SANS analysis version 7.0 on IGOR) (33) and model plot (34).
Rheology
The dynamic viscoelastic properties of the modified alginate gel samples were characterized by determining the frequency dependence of the storage and loss moduli, G'(ω) and G''(ω) at T=250C after inducing the gelation. Measurements were carried out with a Reologica StressTech HR stress-controlled rheometer equipped with an extended temperature cell for temperature control and stainless steel parallel plate (d=40 mm). The samples were allowed to equilibrate at room temperature for at least twelve hours before the rheological tests were performed.
Release studies and VEGF analysis by Enzyme Linked Immuno-Sorbent Assay (ELISA)
Vascular endothelial growth factor (VEGF) 1*10-4% w/v was added to the modified alginate solutions before the addition of the cross-linking agents. 
Modified alginate gels containing VEGF were placed in Dulbecco’s modified eagle medium (DMEM) with 0.1% w/v bovine serum albumin (BSA) (pH 7.2) and incubated on an incubator at 370C. The supernatant was collected and replaced by fresh DMEM with 0.1% BSA, at scheduled time points and kept frozen at -800C until all samples were collected and the amount VEGF in releasing media was determined by an Enzyme-Linked Immune-Sorbent Assay (ELISA). ELISA was performed, following the manufacturer's instructions (Human VEGF165 Standard ABTS ELISA Development Kit, ABTS ELISA Buffer Kit, Peprotech Ltd).




3. Results and discussion
3.1. Synthesis of alginate-peptide-heparin
Conjugation of a peptide and/or heparin to the alginate backbone was performed using carbodiimide chemistry as describe in section 2.2. Four molecules were synthesized: Alginate-G4RGDY (Alg-RGD); Alginate-Heparin (Alg-Hep); Alginate-G4RGDY-Heparin (Alg-RGD-Hep), where heparin was conjugated to Alg-RGD molecules; And Alginate-Heparin-G4RGDY (Alg-Hep-RGD) where the peptide G4RGDY was conjugated to Alg-Hep molecules. In addition, a mixture of Alg-Hep and Alg-RGD (denoted as Alg-RGD+Alg-Hep) were prepared. 
The binding of the heparin and the peptide to the alginate was confirmed by FTIR spectroscopy (Fig. S1) and XPS (Table S1).
3.2. Viscosity and nanostructure of modified alginate solutions
Alginate solutions were prepared by dissolving alginate powder in milli-Q water so the final concentrations were 2% w/v alginate.
Differences in the polymer network features are manifested in the polymer’s rheological behavior. Thus the steady shear viscosity as a function of the applied shear rate was monitored for the polysaccharide’s aqueous solutions. Viscosity measurements of 2%wt of polysaccharide (natural and modified) in aqueous solution are displayed in Figure 1. As can be seen, all tested polymers exhibit shear thinning behavior typical of viscous polymers at the semi-dilute concentration regime (18, 35-37), in which a Newtonian plateau (low shear rate) region is followed by a viscosity gradual decrease (higher shear rate). The lowest shear rate at which the decrease of viscosity becomes apparent is called the critical shear rate (͘c). 
Shear thinning of fluids and weak gels can be described by: (1)=k͘n-1 where  is the viscosity (Pa*s), ͘ is the shear rate (s-1), n is the power law exponent (for a Newtonian fluid n = 1) and k is a consistency index which is numerically equal to the viscosity at 1 s-1 (Figure S2, table S2) (38).
Alg-Hep behavior is similar to that of alginate, while, in agreement with our previous work (19), Alg-RGD shows a much higher k and a smaller n indicating a more pronounced shear thinning behavior; i.e. more entanglements. The scan of Alg-Hep-RGD lies between those of Alg-Hep and Alg-RGD indicating both molecules are affecting the polymers’ behavior. Moreover, comparing the viscosity of Alg-RGD-Hep and Alg-Hep-RGD to the viscosity of a mixture of Alg-Hep and Alg-RGD (denoted as Alg-RGD+Alg-Hep) suggests a synergistic effect rather than an additive one, likely due to intermolecular interactions between Alg-RGD and Alg-Hep that are not manifested when the heparin and RGD are bound to the same alginate. The order of the molecules conjugation (i.e., peptide before heparin or heparin before peptide) also had a significant effect on the solutions viscosity, as fitting the data to a power-law model yielded higher k and lower ͘c (table S2) for the molecules in which the peptide was the last conjugated molecule, suggesting a more entangled network if formed. 
[image: ]
Figure 1: Steady shear viscosity as a function of the applied shear rate modified alginate in water. Alg (  ), Alg-Hep (  ), Alg-RGD (  ), Alg-Hep-RGD (  ), Alg-RGD-Hep (  ), Alg-RGD+Alg-Hep (  ).






Differences in the rheological behavior of polymer solutions are usually manifested by differences of the structural features of the polymer’s network. Thus, SAXS measurements of the modified alginate in aqueous solution were conducted. The SAXS patterns of all of the investigated molecules are presented in Figure 2. The visible differences between the scattering curves indicate that indeed, there are structural differences between the tested solutions. 
Horkay and Hammouda (39) described the scattering pattern of polyelectrolyte in salt-free solutions as the result of three contributions: spatial concentration fluctuations (clustering) which is apparent as an upturn in the low q range, the thermal concentration fluctuations (high q) and a characteristic correlation peak (mid q) with a maximum, q0, corresponding to an average distance, d0=2/q0 which represents an average distance between the charged domains. This scattering pattern can be described by 
(2)    
 Where n and m are the clustering and solvation Porod exponents respectively, q0 is the peak position, if can be resolved, and ζ is a correlation length that corresponds to an average distance between neighboring entanglements within the same domain (39). The best fits to Eq.2 are presented as a black solid line in Figure 2, and the best-fit parameters are summarized in Table S3.
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Figure 2: Small-angle X-ray scattering curves of alginate solutions (A) modified alginate in water, (B) heparin and G4RGDY conjugation to alginate in a different order in water. Alg (  ), Alg-Hep (  ), Alg-RGD (  ), Alg-Hep-RGD (  ), Alg-RGD-Hep (  ), Alg-RGD+Alg-Hep (  ). The solid black lines represent fits to the model described by Horkay and Hammouda model (see supplementary).






As can be seen, the most pronounced differences between the scattering curves are in the mid- and low- q-regimes. The characteristic correlation peak (mid-q) is clearly seen in the scattering pattern of alginate, Alg-Hep, Alg-Hep-RGD and Alg-RGD-Hep; however, for Alg-RGD and Alg-RGD+Alg-Hep, while the correlation peak clearly exist, it could not be well resolved. Fit of the data to Eq.2 show that conjugating both peptide and heparin to alginate chains did not significantly change the value of d0. The larger d0 value obtained for Alg-RGD+Alg-Hep, is likely due to the fact the correlation peak could not be well resolved and not a true representation of the average distance between the charged domains. 
(table S3). The feature that is most affected by the alginate modification is the clustering. Alg-Hep-RGD, Alg-RGD and the Alg-RGD+Alg-Hep mixture all exhibit a clear upturn in the low q range. The clear distinction between the upturn and the correlation peak in the Alg-Hep-RGD curve is an indication that the clusters and the distance between the charged domains are of different length scales. While the overlapping between the peak and the upturn in the scattering patterns of Alg-RGD and that of the Alg-RGD+Alg-Hep indicates the presence of clusters of various sizes including some similar in size to d0. 
The SAXS and viscosity mesurements show that conjugating a peptide heparin or both to an alginate backbone effect the alginate spatial organization in aqueous solutions. Moreover, the results suggest that the order of the peptide conjugation plays a significant role in determining the network’s structure. 
Comparing the shear dependent viscosity to the SAXS patterns of each molecule, one can see that the solutions with the higher viscosities exhibit an upturn in the low q range of their scattering patterns. This observation implies that the higher viscosity of Alg-Hep-RGD, Alg-RGD+Alg-Hep and Alg-RGD is due to the presence of large dense clusters and not a homogeneous denser network. Thus, we propose the following spatial organization for the chain assemblies of modified alginates in aqueous solutions (Fig.3). Formation of large clusters is due to attractive inter-particles interactions. The fact large clusters are observed only for Alg-RGD and Alg-RGD+Alg-Hep indicate these interactions are either between two G4RGDY peptides or, more likely, between the peptide and the alginate backbone. Possible attractive interactions between the two molecules are hydrophobic interactions and hydrogen bonding, typical to polyphenol/polysaccharide interactions between the peptide’s Tyrosine and the alginate (17). However, for these interactions to take place the tyrosin needs to be accessible to the neighboring molecules. In the case of Alg-RGD-Hep and Alg-Hep-RGD, one would expect the stronger electrostatic repulsion between the molecules, as a result of the presence of heparin, to prevent the formation of “RGD induced” clusters (40, 41). The fact that some clusters are formed in the latter (Alg-Hep-RGD) suggests that some of the peptides may have bonded to the heparin instead of the alginate as a result of the peptide’s Glycine conjunction to the carboxyl group on the heparin. Alg-Hep has a similar structure to unmodified alginate since conjugation of heparin to the alginate backbone did not affect the electrostatic repulsion between the chains, as heparin is also a polyanion.
[image: ]Figure 3: Illustration and characterization of the proposed structure of the RGD (green) and heparin (red) cross-linked to alginate (blue) in aqueous solutions. The order of the peptide conjugation has a significant role in determining the network's organization.
3.3. Mechanical properties and nanostructure of modified alginate hydrogels
Alginate hydrogels were prepared as described in section 2.3; CaCO3 and GDL were added to the alginate solutions so that the final concentrations were 1.5% w/v alginate, 40 mM CaCO3 and 40 mM GDL. The gels were equilibrated for 12 h before any measurements were performed.
Rheological measurements were carried to quantify the mechanical properties (i.e. gel stiffness) of the different hydrogels. Frequency sweep scans of modified alginate hydrogels are presented in Figure 4A. As expected from a gels’ frequency sweep scan: both moduli G’ and G’’ are independent of the frequency of oscillation and G’>G’’ (Fig. 4a), i.e. the elastic nature of the sample is stronger than its viscous nature. Typically, gel stiffness is represented by its storage modulus G’. A difference in G' values of the different gels is clearly apparent (Fig. 4b) indicating that conjugation of heparin and G4RGDY affected the gels’ mechanical properties, with Alg-RGD and Alg-RGD+Alg-Hep being much stiffer than the rest of the gels.
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Figure 4: (A)Frequency sweep experiments curves of alginate gels. G'(full), G''(empty). Alg    (   ), Alg-Hep (   ), Alg-RGD (   ), Alg-Hep-RGD (   ), Alg-RGD-Hep (  ), Alg-RGD+Alg-Hep (   ). (B) storage modulus (G') of alginate modified in the frequency of 10 red/s.






In a previous study of alginate-peptide gels we attributed the increased stiffness of the gels to the presence of additional junctions zones formed due to attractive interactions between the alginate and neighboring peptides (17). The existence of these junction zones was revealed by SAXS, more precisely by following the methodology of plotting the scattering curves of the alginate-peptide gels in a Kratky form (33, 42) where a peak represents the presence of frozen inhomogeneities in the gel network. In order to identify whether the cause for the increased stiffness of the Alg-RGD and Alg-RGD+Alg-Hep also stems from the presence of additional/larger junction zones we performed SAXS measurements and presented the scattering curves of all gels in a Kratky plot (Fig. 5).
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Figure 5: Kratky plot of 1.5% alginate hydrogels. Alg (   ), Alg-Hep (   ), Alg-RGD (   ), Alg-Hep-RGD (   ), Alg-RGD-Hep (   ), Alg-RGD+Alg-Hep (   ).






The similarity between the scattering curves of alginate, Alg-Hep and Alg-RGD-Hep gels suggests that the modification to the alginate backbone do not interfere with the formation of calcium junction zones. The absence of a distinct peak implies these junction zones are relatively small and evenly distributed (12, 43-45). Contrary, the pronounced peak of the Alg-RGD and Alg-Hep-RGD gel scattering curves is evidence to the existence of additional (i.e. non calcium) larger zones. 
The scattering curve of the Alg-RGD+Alg-Hep gels is comparable to a mathematical addition of the scattering curves of Alg-RGD gel and Alg-Hep gels (Fig S3) suggesting the less pronounced peak is not due to the absence of large non calcium junction zones, but rather a testimony to an interpenetrating network structure where the Alg-RGD gel and Alg-Hep gels co-exist without affecting one another. Not surprisingly there is a correlation between a peak in the Kratky plot and the higher value of a gel’s storage modulus. Though the conclusion of additional junction zones is similar to our previous study, it should be notes that the nature of these junction zones is different. G4RGDY does not form micelles in water, thus the junction zones are not similar to those suggested for Alg-V6KRGDY or Alg-A6KRGDY, but it is also shorter and stiffer than the G6KRGDY, thus it does not disrupt the continuity of G blocks, hence does not prevent the formation of large calcium junction zone. Here, the additional junction zones are most likely the clusters formed by the attraction interactions (described above) between the RGD peptide and the alginate.
Taken together our results thus far indicate that the structural features of the modified alginate solutions persist to exist even after the gelation process, producing a correlation between the solution’s and the gel’s mechanical properties.

3.4. Kinetics of VEGF release 
The structural features and mechanical properties of alginate hydrogels designed as ECM mimetics have been shown to affect its functionality (i.e. bioactivity) (46). The presence of heparin within the hydrogels was expected to affect the capture and release of growth factors incorporated within the gel due to affinity binding of VEGF to the heparin residues (26, 47). Thus, in order to examine the structure-properties-function correlation in our system, we investigated the release rate of VEGF from the different hydrogels. VEGF was incorporated into the hydrogels during their gelation process, and release of the growth factor was monitored during a period of 7 days (Fig. 6B). 
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Figure 6: (A) The initial VEGF amount in the hydrogels (t=0) (B) Release profiles of VEGF from the Alg-Hep gel (   ), Alg-RGD-Hep gel (   ) and Alg-RGD+Alg-Hep gel (   ).



As expected, the presence of heparin affected the initial amount of VEGF captured in the hydrogels (Fig.6A). Moreover, the order of the molecules conjugation (i.e., peptide before heparin or heparin before peptide) also had an effect on the VEGF initial amount. While, our intention was to monitor the VEGF release from all five gels; two of them, Alginate and Alg-Hep-RGD hydrogels disintegrated after 48h (48, 49). 
The disintegration of ionically crosslinked alginate hydrogels is typically attributed to the presence of calcium chelators, monovalent ions, and non-cross-linking divalent ions, present in the tissue culture medium (48, 49). Here it implies that the interactions with accessible heparin and the VEGF are essential for these hydrogel’s stability in medium.
Due to the decomposition of alginate and Alg-Hep-RGD hydrogels, VEGF release profiles only from Alg-Hep, Alg-RGD-Hep and Alg-RGD+Alg-Hep gels (Fig. 6B). In all three gels, most of the encapsulated VEGF was released within 3 days. The Alg-RGD+Alg-Hep gels showed lower VEGF release in the duration of the study compared to the two other gels. Comparing the release profiles of Alg-Hep and Alg-RGD-Hep shows the release of VEGF from Alg-Hep is slightly faster than from Alg-RGD-Hep. 
The differences in the release rates can be attributed to the presence of clusters in the gels, since there is an opposite correlation between the two (i.e, the slowest release was from the gels with the highest density of clusters), as diffusion of the growth factors through these clusters may be inhibited due to the high polymer density.

4. Conclusions
We explored the role of conjugation manner of alginate modified with both heparin and the G4RGDY peptide. SAXS and rheology measurements showed that large clusters were formed only in the systems in which RGD was accessible to easily interact with a neighbouring alginate backbone (i.e. Alg-RGD and Alg-RGD+Alg-Hep). These large clusters also lead to higher viscosity and a more pronounced shear thinning behavior of those solutions, indicating that the order of the heparin and the peptide conjugation to the alginate backbone plays a significant role in determining the structure-mechanical-properties relations of these modified alginate solutions. 
 SAXS of the modified alginate gels shows the large clusters formed in solutions remained intact during the calcium-induced gelation process, leading to gels with higher storage modulus and slower release rates of VEGF incorporated within them. Therefore, the mode and order of conjugating different molecules to the alginate backbone should be considered when designing such multicomponent alginate hydrogels. A detailed structural analysis of the conjugated architecture in solution can be used as a tool to adapt the properties of alginate-heparin-peptide hybrid hydrogels.
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