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GPC data 

 

Figure S1: GPC Chromatograms obtained for gelatin type B, gel-MOD and gel-MOD-

AEMA 

The GPC chromatogram indicates that no peak broadening occurs throughout the course of the 

modification. As a consequence it can be concluded that no crosslinking nor chain extension 

takes place between residual primary amines and carboxylic acids present in gelatin during the 

EDC/NHS assisted modification. Furthermore, a fluoraldehyde assay performed on the gelatin 

derivatives (data not shown) indicates that the first modification was quantitative, as no primary 

amines could be retrieved both for gel-MOD as well as for gel-MOD-AEMA.  
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Determination of the mechanical properties of hydrogels based on functionalized gelatins via 
rheology 
When comparing the reported gelatin derivatives to the state-of-the-art (see Fig. S2 and Table 

S1), it becomes clear that the gel-MOD-AEMA derivative is a material suitable for a range of 

applications when considering mechanical properties. For instance, the obtained range of 

storage moduli (7724-147000 Pa) corresponds to the mechanical properties typically observed 

for brain  (3000 – 12000 Pa), prostate (6600 – 22000 Pa), intervertebral discs (8400 – 94000 

Pa), and comes close to the mechanical properties of nasal cartilage (234000 Pa).  

Additionally, when comparing the obtained mechanical properties with those of gelatin- 

containing formulations characterized by a similar concentration range, gel-MOD-AEMA 

outperforms all currently reported gelatin derivatives applied in the absence of alternative 

crosslinkers. (eg. Gel-SH: 2000 – 23000 Pa)1 (see Fig. S2  and Table S1) However, when 

gelatin is used as part of a co-network, higher storage moduli have been reported at similar 

gelatin concentrations. It is however anticipated that a similar phenomenon is likely to occur 

for the herein reported gel-MOD-AEMA. Furthermore, by using gel-MOD-AEMA, it is 

possible to obtain shear moduli close to values reported for crosslinked collagen gels, despite 

the less pronounced physical interactions present in gelatin in comparison to collagen. 

 



 

Figure S2: Overview of storage moduli of different types of tissue (black), and different 

biomaterials, including collagen (green) and gelatin containing formulations (grey). Mechanical 

properties of the materials reported in the present paper (red). (legend of the figure can be found 

together with the references and numerical data in Table S1.) 

 

 

 

 

 

 

Table S1: Overview of the storage moduli of different types of tissues, different biomaterials 

and the reported gelatin derivatives based on literature reports. 

Tissue 

min 
compre
ssive 
storage 
modulu
s E' (Pa) 

max 
compre
ssive 
storage 
modulu
s E" (Pa) 

min shear 
storage 
modulus G' (Pa) 
(when indicated 
with*, calculated 
using E’ = 

2G’(1+µ))2 

max shear 
storage 
modulus G' (Pa) 
(when indicated 
with*, calculated 
using E’ = 

2G’(1+µ))2 Symbol 

Vitreous fluid3     2.8 32 

 

 

adipose tissue45 1000 4000 333.3333* 1333.333* 
 

 

Dermis6 4000 4000 1333.333* 1333.333*   

Cervix7 4700 10300 1566.667* 3433.333*   

brain tissue8     3000 12000   

prostate9 19800 65600 6600* 21866.67*   

1 10 100 1000 10000 100000 1000000 10000000

Storage modulus G' (Pa)



IVD10           

Nucleus Pulposus10 25000 60000 8333.333* 20000*   

Annulus fibrosus10 160000 260000 53333.33* 86666.67*   

fibrous tissue10 150000 280000 50000* 93333.33*   

human nasal cartilage11       234000 
 

 
hyaline cartilage1112 794000 800000 264666.7* 266666.7*   

Cornea13 
530000

0 
200000

00 1800000 6800000   

Presented Material           

gel-MOD (5-15 w/v%)     5698 47450   

gel-MOD-AEMA (5-15 w/v%)     7724 147100   

Biomaterial      

porcine atelocollagen - 4S star PEG14 160 3909 53.33333* 1303*   

Collagen1510 3210 10000 1070* 3333.333*   

thiol-ene photo-click collagen-PEG16 
  190 4810    

lysine crosslinked collagen17 180000 980000 60000* 326666.7*   

gelatin (5w/v%) physical18     60     

gelatin-NB - 4 arm thiolated PEG (5 wt%)19     200 7000   

physically crosslinked porcine gelatin Mn 43 
kDa20     300 2000   

gelatin (5w/v%) enzymatically crosslinked18     527 907   

gel-MA/UV labile crosslinker (6W/V%)21     600 3000   

gel-MA (DS 49)22     600 10000   

gel-MA hydrosylate + crosslinkers23     1100 2300   

gel-MA (DS 66) (5-15W/V%)2425     1500 35000   

gel-MA (DS 66) (5-20w/v%)24     1500 107000   

gelatin EDC crosslinked5     1760 16000   

gel-SH (15w/v%)1     2000 23000   

thiol-ene PEG; gel-MA interpenetrating 
networks26     5000 30000   

gel-MOD (DS 100) (5 to 15wt%)1125     5000 60000   

gel-MOD  (DS 100)  (5 to 30wt%)11     5000 368000   

hyaluronic acid/gelatin27     7000 20000   

chitosan-alginate-hyaluronate12     7000 17000   

gel-acrylamide (5-15w/v%)24     7000 64000   

gel-acrylamide (5-20w/v%)24     7000 152000   

purified gelatin, EDC crosslinking28     16300 39200   

gel-MOD/chondroitin sulfate-MOD (5-
15w/v%)29     17500 190000   

gelatin/hyaluronic acid cryogels crosslinked 
using EDC/NHS (10%)6 270000 480000 90000* 160000*   

 

 

Gelatin is a material characterized by UCST behavior. This means that below this temperature, 

the material will be present under the form of triple helices thereby forming a physical hydrogel. 

When the material is irradiated in this state, the functional groups will be in close proximity, 



thereby enabling an efficient crosslinking reaction. Additionally, these crosslinks make sure 

that the triple helix structure is “locked”, thereby providing additional structural integrity, even 

when surpassing the UCST.1830 However, when the gelatin is heated above its UCST, the 

material is present as random polymer chains. When the crosslinking is induces, random bridges 

will be formed inside this random network, thereby making it insoluble. Additionally, when 

afterwards decreasing the temperature below the UCST, the triple helix formation will be 

hampered, and the increase in mechanical properties due to this phase transition will be very 

limited. 1830 (see Fig. S3) 

 

Figure S3. Influence of triple helix formation during physical gelation on the final mechanical 

properties. 

Effect of gelatin functionalization and -concentration on the hydrogel gel fraction, 
water uptake capacity & network density 
 

Rubber Elasticity theory 
 

The network density of a hydrogel can be calculated using the average molecular weight, the 

equilibrium swelling ratio and the mechanical properties using the rubber elasticity 

theory.24,31,32 This theory allows to calculate an estimation of several important parameters 

including the polymer volume fraction in the swollen state (v2,s), the volumetric swelling ratio 



(Q), the average molecular weight between crosslinks ( Mc ), the network mesh size (ξ) and the 

crosslink density (ρx).  

Q and v2,s are both indications for the amount of liquid that can be imbibed inside a hydrogel 

which can be calculated starting from the mass swelling ratio q:24,33 

𝑣2,𝑠 =
𝑉𝑝

𝑉𝑔
 =

1

𝑄
=  

(
1

𝜌𝑔𝑒𝑙𝑎𝑡𝑖𝑛
)

(
𝑞
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Herein, Vp and Vg represent respectively the polymer volume and the hydrogel volume at 

equilibrium swelling, while 𝜌𝐻2𝑂  and 𝜌𝑔𝑒𝑙𝑎𝑡𝑖𝑛 represent the density of water and gelatin 

respectively. The density of water is 1 g/cm³ while the density of gelatin was estimated to be 

around 1.36 g/cm³ based on previous reports from literature.22,24,34,35Since all network chains 

within the characterized hydrogels follow the Gaussian statistics model (Fig. S4), the obtained 

volumetric swelling ratio could be applied to determine Mc  using the following equation:36, 32  
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𝑐𝑅𝑇
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) ∗  (1 −

2 Mc

𝑀𝑛
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𝑄
1

3⁄
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in which G is the shear modulus (atm), c is the concentration of gelatin in the solution, R is the 

universal gas constant (L*atm*K-1*mol-1), T is the temperature (K) and Mc  is the average 

molecular weight between crosslinks (Da). Literature states that the shear modulus of hydrogels 

can be derived from the mean peak value of the storage modulus G‘, since the contribution of 

the loss modulus G“ to the shear modulus can be considered negligible for all analyzed hydrogel 

samples.24,37,38  



  

 

Figure S4. Plot of log G vs log Q for all analyzed hydrogel films used in the rubber elasticity 

theory calculations (Eq (5)). 

To obtain the average weight between crosslinks ( Mc ), equation (5) can be rewritten as: 

Mc =
1

(
𝐺

𝑐𝑅𝑇𝑄
−1

3⁄
)+(

2

𝑀𝑛
)

                                                               (6)    

Once the average molecular weight between crosslinks  ( Mc ) is known, an estimation of the 

average mesh size on the equilibrium swelling (ξ) can be obtained using the following 

equation:30  

 

ξ =  (
2𝐶𝑛 Mc

𝑀𝑟
)

(1
2⁄ )

∗ 𝑙 ∗ 𝑄(1
3⁄ )                                           (7) 

with Cn being the Flory characteristic ratio which corresponds to 8.26 for gelatin based on 

reports from literature30 , Mr is the average molecular weight of one repeating unit or one amino 

acid (assumed to be around 94.7 g/mol).30,39 and l is the length of a bond along the polymer 

backbone. Furthermore, it should be noted that equation (7) is derived from the Flory-Rehner 

theory which is only strictly valid for simple systems like vinyl polymers. Therefore, the factor 

2 has to be replaced by a factor 3 since the repetitive unit contains 2 bonds in contrast to 1 bond 



in vinyl polymers.30 For the same reason, the bond length along the polymer backbone was 

approximated as the average bond length of one bond along the polymer backbone, taken as the 

arithmetic mean of one carbonyl C-C bond (1.53 Å)  one C-N bond next to the carbonyl (1.32 

Å) and a C-N bond (1.47 Å).30,40 

The crosslink density ρx is a measure for the number of crosslinks present per unit of volume 

and can be calculated from Mc  and  , where   corresponds to the specific volume of gelatin, 

which was determined to be 0.735 cm³/g according to a previous study.24 

ρ𝑥 =  
1

 Mc  
                                                                         (8) 

 

 

Voxel size calculations 
 

The voxel size was calculated by approximating the illumination point spread function based 

by a three dimensional gaussian volume. To calculate this Gaussian volume the 1/e width in the 

lateral (𝜔𝑥𝑦) and axial (𝜔𝑧) dimension was calculated using the following formulas as  

described in literature.41  

𝜔𝑥𝑦 =  
0.325 λ 

√2 𝑁𝐴0.91
 𝑁𝐴 (𝑖𝑓 𝑁𝐴 > 0.7)                                               (9) 

𝜔𝑧 =
0.532 λ

√2
 (

1

𝑛− √𝑛2−𝑁𝐴2
)                                                 (10) 

The numerical aperture (NA) corresponds to 0.85 as provided by Zeiss. The refractive index 

was estimated to be 1.33 as the solutions consist primarily out of water.. 



 

Structuring defects at low precursor concentrations 

 

Figure S5. Incomplete structures recorded in 7.5 w/v% gel-MOD-AEMA solutions in the 

presence of 2 mol% P2CK at 100 mm/s and 100 mW laser power. (The PBM logo has been 

used with permission from the Polymer Chemistry and Biomaterials research group of Ghent 

University.) 

When structuring in low concentrations of gel-MOD-AEMA, structuring is visible. Even after 

development, structures remain present in contrast to structures produced in 7.5w/v% gel-MOD 

solutions. However, the gel-MOD-AEMA structures are incomplete due to poor mechanical 

properties, resulting in partial washing away of the structure during development. 

References 

(1)  Van Vlierberghe, S.; Schacht, E.; Dubruel, P. Eur. Polym. J. 2011, 47 (5), 1039–1047. 

(2)  Meyvis, T. K. L.; Stubbe, B. G.; Van Steenbergen, M. J.; Hennink, W. E.; De Smedt, S. 

C.; Demeester, J. Int. J. Pharm. 2002, 244, 163–168. 

(3)  Nickerson, C. S.; Park, J.; Kornfield, J. A.; Karageozian, H. J. Biomech. 2008, 41, 1840–

1846. 

(4)  Comley, K.; Fleck, N. A. Int. J. Solids Struct. 2010, 47 (21), 2982–2990. 

(5)  Comley, K.; Fleck, N. A. J. Biomech. 2010, 43 (9), 1823–1826. 

(6)  Chang, K.-H.; Liao, H.-T.; Chen, J.-P. Acta Biomater. 2013, 9 (11), 9012–9026. 

(7)  Dewall, R. J.; Varghese, T.; Kliewer, M. A.; Harter, J. M.; Hartenbach, M. Ultrason 

Imaging 2011, 32 (4), 214–228. 

(8)  Cheng, S.; Clarke, E. C.; Bilston, L. E. Med. Eng. Phys. 2008, 30, 1318–1337. 

(9)  Zhang, M.; Nigwekar, P.; Castaneda, B.; Hoyt, K.; Joseph, J. V.; Di Sant’ Agnese, A.; 



Messing, E. M.; Strang, J. G.; Rubens, D. J.; Parker, K. J. ultrasound Med. Biol. 2008, 

34 (7), 1033–1042. 

(10)  Yao, J.; Ko, C. W.; Baranov, P. Y.; Regatieri, C. V.; Redenti, S.; Tucker, B. a.; Mighty, 

J.; Tao, S. L.; Young, M. J. Tissue Eng. Part A 2015, 21 (7–8), 1247–1260. 

(11)  Hoch, E.; Schuh, C.; Hirth, T.; Tovar, G. E. M.; Borchers, K. J. Mater. Sci. Mater. Med. 

2012, 23 (11), 2607–2617. 

(12)  Hsu, S.; Whu, S. W.; Hsieh, S.; Tsai, C.; Chen, D. C.; Tan, T. Artif. Organs 2004, 28 (8), 

693–703. 

(13)  Wang, H.; Prendiville, P. L.; McDonnell, P. J.; Chang, W. V. J. Biomech. 1996, 29 (12), 

1633–1636. 

(14)  Collin, E. C.; Grad, S.; Zeugolis, D. I.; Vinatier, C. S.; Clouet, J. R.; Guicheux, J. J.; 

Weiss, P.; Alini, M.; Pandit, A. S. Biomaterials 2011, 32 (11), 2862–2870. 

(15)  Pietrucha, K. Int. J. Biol. Macromol. 36 299-304 2005, 36, 299–304. 

(16)  Holmes, R.; Yang, X. B.; Dunne, A.; Florea, L.; Wood, D.; Tronci, G. Polymers (Basel). 

2017, 9, 226. 

(17)  Liu, C. Z.; Xia, Z. D.; Han, Z. W.; Hulley, P. a; Triffitt, J. T.; Czernuszka, J. T. J. Biomed. 

Mater. Res. B. Appl. Biomater. 2008, 85 (2), 519–528. 

(18)  Giraudier, S.; Hellio, D.; Djabourov, M.; Larreta-Garde, V. Biomacromolecules 2004, 5 

(5), 1662–1666. 

(19)  Mũnoz, Z.; Shih, H.; Lin, C.-C. Biomater. Sci. 2014, 2 (8), 1063. 

(20)  Gornall, J. L.; Terentjev, E. M. Soft Matter 2008, 4 (3), 544. 

(21)  Tsang, K. M. C.; Annabi, N.; Ercole, F.; Zhou, K.; Karst, D. J.; Li, F.; Haynes, J. M.; 

Evans, R. A.; Thissen, H.; Khademhosseini, A.; Forsythe, J. S. Adv. Funct. Mater. 2015, 

25 (6), 977–986. 

(22)  Hu, X.; Ma, L.; Wang, C.; Gao, C. Macromol. Biosci. 2009, 9 (12), 1194–1201. 

(23)  Schuster, M.; Turecek, C.; Varga, F.; Lichtenegger, H.; Stampfl, J.; Liska, R. Appl. Surf. 

Sci. 2007, 254 (4), 1131–1134. 

(24)  Billiet, T.; Gasse, B. Van; Gevaert, E.; Cornelissen, M.; Martins, J. C.; Dubruel, P. 

Macromol. Biosci. 2013, 13 (11), 1531–1545. 

(25)  Van Hoorick, J.; Declercq, H.; De Muynck, A.; Houben, A.; Van Hoorebeke, L.; 

Cornelissen, R.; Van Erps, J.; Thienpont, H.; Dubruel, P.; Van Vlierberghe, S. J. Mater. 

Sci. Mater. Med. 2015, 26 (10), 247. 

(26)  Daniele, M. A.; Adams, A. A.; Naciri, J.; North, S. H.; Ligler, F. S. Biomaterials 2014, 

35 (6), 1845–1856. 

(27)  Chen, Y.-C.; Su, W.-Y.; Yang, S.-H.; Gefen, A.; Lin, F.-H. Acta Biomater. 2013, 9 (2), 

5181–5193. 



(28)  Xing, Q.; Yates, K.; Vogt, C.; Qian, Z.; Frost, M. C.; Zhao, F. Sci. Rep. 2014, 4, 4706. 

(29)  Van Vlierberghe, S.; Samal, S. K.; Dubruel, P. Macromol. Symp. 2011, 309–310 (1), 

173–181. 

(30)  Ma, S.; Natoli, M.; Liu, X.; Neubauer, M. P.; Watt, F. M.; Fery, A.; Huck, W. T. S. J. 

Mater. Chem. B 2013, 1 (38), 5128. 

(31)  Martens, P.; Anseth, K. . Polymer (Guildf). 2000, 41 (21), 7715–7722. 

(32)  Lee, K. Y.; Bouhadir, K. H.; Mooney, D. J. Biomaterials 2004, 25 (13), 2461–2466. 

(33)  Ganji, F.; Vasheghani-Farahani, S.; Vasheghani-Farahani, E. Iran. Polym. J. 2010, 19 

(5), 375–398. 

(34)  Sutter, M.; Siepmann, J.; Hennink, W. E.; Jiskoot, W. J. Control. Release 2007, 119 (3), 

301–312. 

(35)  Veis, A. The macromolecular Chemistry of gelatin; Academic press: New York, 1964. 

(36)  Van Vlierberghe, S.; Dubruel, P.; Lippens, E.; Cornelissen, M.; Schacht, E. J. Biomater. 

Sci. Polym. Ed. 2008, 0 (0), 1–22. 

(37)  Mironi-Harpaz, I.; Wang, D. Y.; Venkatraman, S.; Seliktar, D. Acta Biomater. 2012, 8 

(5), 1838–1848. 

(38)  Kuijpers, A. J.; Engbers, G. H. M.; Feijen, J.; De Smedt, S. C.; Meyvis, T. K. L.; 

Demeester, J.; Krijgsveld, J.; Zaat, S. A. J.; Dankert, J. Macromolecules 1999, 32 (10), 

3325–3333. 

(39)  Mark, J. E. Polymer Data Handbook; Mark, J. E., Ed.; 1999. 

(40)  Corey, R. B.; Pauling, L. Proc. R. Soc. B 1953, 141 (902). 

(41)  Zipfel, W. R.; Williams, R. M.; Webb, W. W. Nat. Biotechnol. 2003, 21 (11), 1369–

1377. 

 

 


