
In Vivo Tracking of biomaterial degradation of hydrogels synthesized with protein polymer-based contrast agents 
 

E. A. Waters1, L. Karfeld-Sulzer2, E. Kohlmeir3, H. Kissler4, X. Zhang4, D. Kaufman4, A. Barron1,2, and T. Meade1,3 
1Chemistry, Northwestern University, Evanston, IL, United States, 2Chemical and Biological Engineering, Northwestern University, Evanston, IL, United States, 

3Biochemistry, Molecular and Cell Biology, Northwestern University, Evanston, IL, United States, 4Transplant Surgery, Northwestern University Feinberg School of 
Medicine, Chicago, IL, United States 

 

Introduction  Biomaterial scaffolds can be employed both for controlled-release drug delivery and to provide extracellular matrices to 
support cellular therapies.  However, evaluation of the properties of these biomaterials over time in a living organism requires 
noninvasive imaging techniques.  MRI is well suited to this task, with its  high resolution and excellent soft tissue contrast.  
Development of a biomaterial scaffold with a covalently incorporated T1 shortening agent would improve the contrast between the 
material and the surrounding tissues and would ensure that the contrast agent does not leach out of the material at a different rate than 
the material itself degrades.  We have developed a novel system of artificial protein polymers generated by controlled cloning and 
recombinant protein expression in E. Coli.  These proteins are water soluble and have evenly spaced lysine residues which can be 
modified with Gd(III) chelators, after which they can be enzymatically cross-linked into hydrogels.   The relaxivity of the Gd(III) 
chelates can be modified by varying the lysine spacing in the polymer and the number of repeats.  In this study, we show that a 
hydrogel containing these polymers can be detected in vivo, and visualize the degradation of the gel over the course of 21 days. 

Methods  Hydrogels were synthesized containing 0.1 mM of a protein polymer with 120 
repeats of the amino acid sequence GKAGTGSA and Gd(III) chelates bonded to ~ 25% of 
the lysine residues.1  Hydrogel grafts were implanted subcutaneously in the right hind flank 
of three C57/BL6 mice.  The mice were serially imaged five to seven times on a 4.7T 
Bruker Biospec 4740 MR imager over a period of 21 days after surgery. After scout images 
were acquired to localize the graft, transverse and coronal stacks of fat-suppressed, 
respiratory gated images were acquired with 0.2 x 0.2 x 1 mm3 resolution, with 4-8 slices in 
the stack as needed to span the whole graft.  A spin echo pulse sequence was used, with TR 
= 300 ms, TE = 14 ms, 1 signal average, and 2:36 scan time.  Images were analyzed using 
Amira 4.0 software.  The graft was manually planimetered on each slice, and the areas were 
summed and multiplied by slice thickness to calculate the graft volume.  Graft volumes 
were calculated from both transverse and coronal stacks and averaged to reduce the effect of 
partial-volume errors.  The rate of graft degradation was determined by fitting a line to the 
portion of the data acquired after day 6, when volume reduction was first observed. 

Results  The polymers incorporated into the hydrogel grafts had a per-
Gd(III) relaxivity of 14 s-1mM-1 and a per-molecule relaxivity of  450 s-

1mM-1.  The implanted grafts were clearly visualized in all mice at all 
timepoints.  Representative images from one mouse are shown in Figure 
1. Figure 2 shows the graft volume over time in each of the mice.  In 
general, the grafts remained constant in size until day 6 after 
implantation, after which they began to degrade linearly at a constant 
rate of 3.6±0.4 mm3/day (R2 = 0.95, 0.99, 0.97 for mice 1-3, 
respectively).    

Discussion While biomaterial scaffolds hold great promise for a variety 
of therapeutic applications, the inability to noninvasively track them 
over time represents a major limitation.2  We have developed a highly 
customizable system to generate reproducible protein polymers with 
covalently bound Gd(III) chelates, and incorporate them into hydrogel grafts.  In this proof-of-concept study, we have showed that the 
degradation of a graft containing one such polymer can be tracked with MRI in a mouse model.  We plan in future to study drug 
delivery and cell tracking applications using contrast agent-containing  hydrogels. 
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Figure 1:  Sample images from Mouse 1 
showing degradation of the hydrogel graft 
on days 2-18 after implantation. 

Figure 2:  Volume change over time of grafts implanted in three 
mice, demonstrating successful MRI tracking of graft degradation. 
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