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Abstract

Composite hyaluronic acid (HA) hydrogels containing gelatin are used in regenerative medicine as 

tissue-mimicking scaffolds for improving stem cell survival. Once implanted, it is assumed that 

these biomaterials disintegrate over time, but at present there is no non-invasive imaging 

technique available with which such degradation can be directly monitored in vivo. We show here 

the potential of chemical exchange saturation transfer magnetic resonance imaging (CEST MRI) 

as a label-free non-invasive imaging technique to monitor dynamic changes in scaffold 

composition in vivo. The CEST properties of the three individual hydrogel components (HA, 

gelatin-GelinS, and polyethylene glycol diacrylate) were first measured in vitro. The complete 

hydrogel was then injected into the brain of immunodeficient rag2−/− mice and CEST MR images 

were obtained at day 1 and 7 post-transplantation. In vitro, GelinS gave the strongest CEST signal 

at 3.6 ppm offset from the water peak, originating from the amide protons present in gelatin. In 

vivo, a significant decrease in CEST signal was observed at 1 week post-implantation. These 

results were consistent with the biodegradation of the GelinS component, as validated by 

fluorescent microscopy of implanted hydrogels containing Alexa Fluor 488-labeled GelinS. Our 

label-free imaging approach should be useful for further development of hydrogel formulations 

with improved composition and stability.
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1. Introduction

Hydrogels are hydrated, water-insoluble polymeric networks, cross-linked with water-

soluble precursors [1], which are widely used to improve stem cell engraftment by providing 

a supportive three-dimensional tissue-mimicking microenvironment. A large number of in 

vitro and in vivo studies have demonstrated the feasibility of hydrogel-scaffolded cell 

transplantation for the regeneration or replacement of cartilage, cornea, liver, islets, and 

nerves [2]. Hyaluronic acid (HA), a major extracellular matrix component in the fetal 

mammalian brain, has been chemically modified in many ways to make a hydrogel scaffold 

with tunable properties [3]. Among these various modifications, thiol-modified HA 

hydrogels have favorable properties for use with cell transplantation, including excellent 

biocompatibility and ease of injection [4]. For the delivery of neural stem cells, reports have 

shown that an HA-based hydrogel composed of cross-linked thiol-modified heparin, gelatin, 

and HA significantly promoted the survival of neural progenitor cell (NPC) lines in vitro 

and in vivo after delivery into the ischemic stroke cavity in mouse brain [5], and improve the 

survival of several NPC lines in either immmunodeficient or immunocompetent animals [6].

Once transplanted, the microenvironment of the scaffolded, encapsulated cells may become 

subject to changes due to interactions between either stem cells and the gel or between the 

gel and the surrounding host tissue. Those interactions may cause changes in the physical 

and/or chemical properties of the scaffold, such as gel degradation or scaffold disassembly. 

It would be important to be able to monitor changes in scaffold composition non-invasively 

over time, as stem cells are particularly sensitive to changes in environmental cues, 

including the physical microenvironment and mechanical stress [7–10]. Indeed, a recent 

imaging study using Alexa Fluor-labeled HA reported that the clearance kinetics of 

biomaterials affects stem cell retention and therapeutic efficacy [11]. However, optical 

imaging is limited to small animal studies and does not directly report on the molecular 

structure of the hydrogel.

We investigated whether chemical exchange saturation transfer magnetic resonance imaging 

(CEST MRI) [12] is capable to observe dynamic changes in hydrogel scaffolds in vivo. 

CEST MRI is an emerging contrast mechanism for the detection of certain molecules with 

rapidly exchangeable protons that can be saturated with specific radiofrequency pulses [13]. 

Importantly, unlike optical imaging, MRI is ubiquitous in clinical imaging without 

limitations of tissue penetration depth. It has previously been shown that CEST MRI is able 

to monitor the viability of cells encapsulated in a hydrogel [14]. In this study, we 

hypothesized that the individual components of an injectable hydrogel (HA, gelatin-GelinS, 

and polyethylene glycol diacrylate) may have exchangeable protons that can provide CEST 

MRI contrast, and that this exchange would be dependent on the structure and integrity of 

the overall hydrogel.

2. Materials and Methods

2.1. Hydrogel preparation and fluorescent labeling

HA hydrogels (Hystem C, Glycosan BioSystems, Salt Lake City, UT) were prepared 

according to the manufacturer’s instructions by cross-linking thiol-modified sodium 
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hyaluronate (HA) and gelatin (GelinS, 300 g bloom) with polyethylene glycol diacrylate 

(PEGDA, Mw=3,400g/mole). HA, GelinS and PEGDA were dissolved in 0.1 M phosphate 

buffered saline (PBS) at the concentration of 10 mg/ml, 10 mg/ml and 20 mg/ml, 

respectively. The hydrogel was prepared at a volume ratio HA:GelinS:PEGDA=2:2:1. HA is 

the backbone of the hydrogel, which forms a network after crosslinking thiol-modified 

gelatin (GelinS) with PEGDA (Fig. 1a). The three gel components were mixed 20 minutes 

prior to use to allow for sufficient cross-linking [6]. Alexa Fluor 488-conjugated C5 

maleimide (C5 dye, Invitrogen, Carlsbad, CA) was used to label either GelinS or HA. C5 

dye was dissolved in degassed water, and the concentration of dye was measured using a 

Nanodrop (Thermo Fisher Scientific, Waltham, MA) in FITC dye mode. To determine 

optimal reaction conditions between maleimide and gelatin, different concentrations of 

maleimide were used to label GelinS and HA (as a control) before each was mixed with the 

other two non-labeled components. In these experiments, solutions of 160 µM, 16 µM, and 

1.6 µM dye are referred to as high, medium, and low concentration dye solutions, 

respectively. Two µl of dye solution was added to 48 µl of either GelinS or HA solutions and 

incubated overnight at 4 °C. The hydrogel was then prepared by combining HA, GelinS, and 

PEGDA at the ratio mentioned above. Gelatin with 300 g bloom or 90–110 g bloom (Sigma, 

St. Louis, MO) was dissolved in 10 mM PBS at the same protein concentration as that of 

GelinS, as determined using a BCA protein assay kit (Thermo Fisher Scientific, Waltham, 

MA).

2.2. Measurements of hydrogel fluorescence intensity

Hydrogels with GelinS or HA labeled with Alexa Fluor 488-conjugated C5 maleimide were 

prepared at HA:GelinS:PEGDA=20:20:10 µl. A total of 50 µl of hydrogel was loaded into 

the wells of 96-well plates, and rinsed by PBS for 10 minutes before measuring the starting 

fluorescence intensity with a Multilabel reader (model 1420, Perkin Elmer, Waltham, MA, 

USA). The fluorescence intensity of the hydrogel was measured after collagenase 

(Clostridium histolyticum, type IV, Sigma, St. Louis, MO) treatment and again after rinsing 

with PBS for 10 minutes. To determine the natural decay of fluorescence from C5 

maleimide-labeled hydrogel, 2 µl of hydrogel was loaded on the bottom of 24-well plates 

filled with 1 ml PBS, and the fluorescent intensity was measured for seven days. Images 

analysis of mean gray values was performed using Image J (NIH, Bethesda, MD).

2.3. Collagenase treatment and measurement of collagenase activity

GelinS was incubated with 0.1–100 U/ml Clostridium histolyticum collagenase type IV in 10 

mM PBS overnight at 37°C. A precast 12% Tris-HCL gel (Bio-Rad, Hercules, CA, USA) 

was used for sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) of 

collagenase-treated and untreated gelatin. An EnzChek gelatinase/collagenase assay kit 

(Invitrogen, Carlsbad, CA) was used to measure collagenase activity in the supernatant of 

brain tissue. Brains were removed, manually homogenized in 10 mM PBS, pH=7.4, and then 

centrifuged at 16,000 g at 4°C for 20 minutes. Clostridium histolyticum collagenase was 

used as standard reference.
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2.4. CEST MRI

In vitro CEST MRI was performed using an 11.7 T Bruker Avance spectrometer (Bruker, 

Billerica, MA) equipped with a 15 mm birdcage coil. Samples were loaded into 

microcapillaries oriented parallel to the z-axis of the magnet. Images were acquired with the 

following parameters: Slice thickness=1 mm, field of view (FOV)= 1.4x1.3 cm, 

matrix=128x64 (109x203 µm in plane resolution), RARE factor=16), repetition time/echo 

time (TR/TE)=6000/9.3 ms including a magnetization transfer (MT) module B1=4.7 µT/4 s 

(−5 to +5 ppm, 0.2 ppm steps) around the water resonance (0 ppm). For B0 corrections, the 

same parameters were used except TR=1500 ms, and B1 =0.5 µT/0.5 s with sweeps from −2 

to +2 ppm (step=0.1 ppm). In vivo CEST MRI was performed using a 9.4 T Bruker BioSpec 

(Bruker, Billerica, MA) scanner equipped with a 25 mm volume coil. The scan parameters 

were: slice of thickness=1 mm, FOV=1.5×1.5 cm, matrix=128x48 (117x312 µm in plane 

resolution, RARE factor=4, TR/TE=5000/16 ms, including an MT module B1=3.0 µT/3 s 

(−4 to +4 ppm, 0.3 ppm steps) For B0 corrections the same parameters were used except 

TR=1500 ms and B1=0.5 µT/0.25 s with sweeps from −1.5 to +1.5 ppm (step=0.1 ppm). 

Data processing was performed using custom-written scripts in Matlab (MathWorks, Natick, 

MA).

2.5. Hydrogel implantation

All animal procedures were approved and conducted in accordance with our institutional 

guidelines for the use and care of laboratory animals. Injectable gel was prepared by mixing 

hydrogel components. Injection was initiated 25 minutes after mixing of the components. 

Immunodeficient, rag2−/− mice (n=4, male, 8–12 weeks old, Taconic Farms, Hudson, NY) 

were anesthetized with 2% isoflurane, shaved, and placed in a stereotaxic device (Stoelting 

Co. Wood Dale, IL). Three µl of complete hydrogel or hydrogel without GelinS was injected 

bilaterally into the striatum (AP=0; ML=2.0; DV=3.0 mm) at a rate of 0.5 µl/min, using a 

31G microinjection needle attached to a 10 µl Hamilton syringe (Hamilton, Reno, NV). The 

needle was withdrawn slowly two minutes after the injection was complete. Mice were 

imaged at day 1 and day 7 after transplantation and thereafter processed for histology. In 

another set of experiments, hydrogels with either complete hydrogel or hydrogel without 

GelinS, both labeled with Alexa Fluor 488-conjugated C5 maleimide, were injected into the 

striatum of rag2−/− mice (n=4, male, 8–12 weeks old, Taconic Farms) using the same 

coordinates. Mice were sacrificed at day 1 or day 7, and the fluorescence intensity of the 

implanted hydrogel was quantified on cryosections as described below.

2.6. Histology and fluorescent microscopy

Animals were perfused with 4% paraformaldehyde and brains were dissected, 

cryoprocessed, and cut into 25-µm sections. For cresyl violet staining, sections of spinal 

cord or brain containing hydrogel implants were stained with 0.1% cresyl violet (Waldeck 

GmbH, Munster, Germany) solution for 10 minutes, dehydrated through a 70%, 95%, and 

100% alcohol series, and then xylene. For hematoxylin and eosin (H&E, Sigma, St.Louis, 

MO) staining, sections were first stained with hematoxylin solution for 10 minutes. Coloring 

was developed in warm tap water for 10 minutes before staining with eosin for 1 minute, 

and sections were dehydrated as described above. Microscopic images were acquired with 
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an Olympus BX40 microscope (Olympus, Tokyo, Japan). For measurement hydrogel 

fluorescence intensity, images obtained at the same exposure time were quantitatively 

assessed using by calculating gray values using Image J software (NIH, Bethesda, MD).

2.7. Statistical Analysis

Statistical analysis was performed with an unpaired t-test (Mann-Whitney test) using prism 

4.03 software (GraphPad, San Diego, CA). A paired Student’s t-test was used for 

quantifying the CEST signal from the same animal at day 1 vs. day 7. Differences were 

considered statistically significant for p<0.05.

3. Results

3.1. CEST MRI properties of the individual hydrogel components

CEST imaging of the hydrogel phantoms was performed separately for each of the hydrogel 

components (HA, GelinS, and PEGDA). The highest CEST MRI contrast was obtained for 

GelinS, with high MTR asymmetry values at 1.8 and 3.6 ppm (Fig. 1b). HA also produced a 

strong CEST signal, with a peak at around 1 ppm (Fig. 1b). The contrast for PEGDA was 

negligible. As the signal of GelinS at 3.6 ppm is farther away from the water peak, it is more 

specific as compared to the HA peak. On the phantom CEST MR images, this resulted in a 

strong contrast for GelinS (Fig. 1c). After mixing the three components of the hydrogel 

(HA:GelinS:PEGDA=2:2:1), the overall hydrogel CEST contrast was lower due to a dilution 

effect for GelinS. These results indicate that GelinS can be effectively visualized with CEST 

MRI, and hence this component was chosen for further in vivo studies. As GelinS is the 

thiol-modified form of gelatin, we investigated whether the thiol modification could affect 

the CEST signal from gelatin. To this end, we included non-modified denatured gelatin from 

porcine skin with different bloom grades at the same protein concentration (12.5 mg/ml). 

The non-modified gelatin showed the same two signal peaks as that for GelinS, in a bloom 

grade-dependent manner (Fig. 1d). Thus, the CEST signal is gelatin-specific.

3.2. In vivo CEST MRI of implanted hydrogels

Complete hydrogel (HA:GelinS:PEGDA=2:2:1) or hydrogel without GelinS (HA: 

PEGDA=2:1) was bilaterally injected into the striatum. At one day after implantation, a 

significantly stronger CEST signal at 1.8 and 3.6 ppm could be observed at the GelinS site 

(Fig. 2a). Statistical analysis revealed that at both frequencies, there were significant 

differences in signal strength between the GelinS and non-GelinS hydrogels (p<0.05 at 1.8 

ppm and p<0.01 at 3.6 ppm, Fig. 2b). As the 3.6 ppm data sets are farther from the water 

resonance frequency (0 ppm), it is a more specific marker for CEST contrast compared to 

1.8 ppm. At day 7, the overall differences in signal became insignificant. There was a trend 

of decreasing CEST signal at 7 days, indicating a gradual decomposition of the hydrogel 

within the brain. However, cresyl violet staining demonstrated that the overall structure of 

the hydrogel was well-preserved (Fig. 2c).

3.3. Degradation of gelatin in vitro does not affect the CEST signal

Having evidence that the CEST contrast is primarily derived from gelatin and that there is a 

decay of CEST signal in vivo, we hypothesized that there must have been a substantial 
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change in the gelatin content or structure. Hence, we assessed the effect of degradation of 

gelatin on the CEST signal following incubation with collagenase. As shown by SDS-PAGE 

(Fig. 3a), non-digested GelinS was composed of different sizes of collagen segments. After 

digestion by collagenase, the resultant collagen strands were too small to be detected in the 

acrylamide gel. We found that 0.1 U/ml of collagenase was sufficient to completely digest 

GelinS by overnight incubation. Digested and undigested (control) GelinS samples were 

then processed for CEST MRI. Digestion of gelatin did not affect the CEST signal, with 

both peaks at 1.8 and 3.6 ppm remaining unaffected (Fig. 3b). These results indicate that the 

CEST signal from gelatin depends on the content of gelatin instead of its structure, and that 

the in vivo loss of CEST signal in implanted hydrogels is due to the physical clearance of 

gelatin from the hydrogel scaffold.

3.4. Measuring gelatin content in the hydrogel

To verify the loss of the gelatin component in the hydrogel, we first established an assay for 

gelatin content measurement by conjugating thiol-reactive, fluorescently tagged (Alexa 

Fluor 488 C5) maleimide to GelinS, which enables the correlation of fluorescence intensity 

with the content of gelatin in the hydrogel. For all three groups (high, medium, and low 

maleimide-fluorescent concentration), we found a significant increase in fluorescence 

intensity after incubation with collagenase (Fig. 4a, p<0.01), indicating dissociation of the 

fluorescent tag as a result of gelatin degradation within the hydrogel. Consistently, after 

rinsing with PBS, there was a significant decrease in fluorescence intensity (p<0.01). The 

fluorescence intensity in the hydrogel with labeled HA was stable in either the collagenase 

treated or non-treated groups (Fig. 4a). These data demonstrate that the fluorescence 

intensity in the hydrogel can serve as a marker for gelatin content, validating its further use 

for in vivo studies.

Next, we evaluated the natural decay of fluorescence from C5 maleimide-labeled gelatin to 

further evaluate the robustness of the fluorescence labeling method to report on gelatin 

levels. A natural decay of fluorescence occurred over time in the labeled hydrogel (Fig. 4b). 

The fluorescence intensity of HA-C5 hydrogel was higher than that of the GelinS-C5 

hydrogel at day 1 (p<0.05), which can be explained by the larger number of binding sites on 

HA compared to GelinS (Fig. 1a). Quantification revealed an approximately 20% loss of 

original fluorescence intensity from each group over seven days (Fig. 4c). Incubation with 1 

U/ml collagenase overnight greatly quenched the GelinS-C5 hydrogel (p<0.01 between 

fluorescence intensity from collagenase-treated and untreated GelinS-C5 hydrogel groups) 

but not the HA-C5 hydrogel groups (Fig. 4b). After seven days, the fluorescence intensity 

decreased to less than 20% of the initial value (Fig. 4c), in stark contrast to the 

approximately 80% fluorescence intensity measured for the non-collagease-treated group 

(p<0.05). The specific and significant loss of fluorescence in the collagenase-treated GelinS-

C5 hydrogel further validates this experimental system. Altogether, these data confirm the 

validity of using C5-labeled maleimide labeling of gelatin as an indicator of the gelatin 

content within the hydrogel.
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3.5. Decomposition of gelatin in the hydrogel scaffold in vivo

After implantation of hydrogels containing either C5-labeled GelinS or C5-labeled HA into 

mice brain, a significant decrease in the fluorescent signal was found for the labeled gelatin 

hydrogel for day 7 as compared to day 1 (Fig. 5a, p<0.05). Quantification of the 

fluorescence intensity revealed an approximately 60% loss of fluorescence in the GelinS 

labeled group, significantly higher than the loss observed in the HA-C5 hydrogel group (Fig. 

5b, p<0.05). This is consistent with our imaging findings that the gelatin is disintegrating 

and cleared from the hydrogel over time. We also found a decrease of fluorescence intensity 

in the HA-C5 hydrogel group, albeit to a much lesser extent (Fig. 5a). To further 

substantiate possible decomposition of gelatin in the hydrogel, we measured the activity of 

collagenase in the brain using commercially available collagenase as a reference. The 

concentration of collagenase in the normal rag2−/− striatum was calculated to be around 10 

to 15 µU/ml (Fig. 5c).

4. Discussion

With the rapid development of novel biomaterials and hydrogel scaffolds aimed to enhance 

the efficacy of stem cell therapy, there is an urgent need for non-invasive imaging methods 

that can report on the fate of the implanted scaffolds, in particular if and for how long they 

stay intact or decompose, and how this may affect the survival and function of scaffolded 

stem cells. We describe here, for the first time, a label-free non-invasive imaging technique 

that can report on hydrogel decomposition in a clinically translatable fashion.

CEST MRI is a relatively new imaging approach in which exogenous or endogenous 

compounds, containing exchangeable protons at specific frequencies, are selectively 

saturated at specific frequencies to prevent them from contributing to the MRI signal. After 

transfer of their saturation to bulk water, from which the proton MRI signal is derived, the 

water signal is reduced; hence these exchangeable protons are detected indirectly. CEST 

imaging is now being recognized as an emerging technique for molecular and cellular MR 

imaging: it can be used to detect MRI reporter genes [15–17], enzyme activity [18], pH 

changes associated with cell death [14], and the occurrence of an immune response against 

foreign body materials [19].

In this study, we found that GelinS, a denatured type 1 collagen derived from porcine skin, 

provides good CEST contrast at 1.8 and 3.6 ppm (Fig. 1c), and can be detected in vivo (Fig. 

2a). The putative source of the CEST signal are the amide groups on type 1 collagen as 

unmodified gelatin produced a similar pattern of CEST contrast (Fig. 1d), and amide protons 

are known to produce specific CEST contrast at 3.6 ppm. [20]. The 1.8 ppm is derived from 

arginine protons, with gelatin containing 8–9% arginine [21].

We found a significant decrease in CEST contrast from the implanted hydrogel in mice 

brain over seven days (Figs. 2a,b). According to the in vitro phantom study (Fig. 1), the 

CEST contrast is primarily derived from gelatin, and therefore the decay in those signals 

strongly suggests that it is the gelatin component within the scaffold undergoing substantial 

changes in vivo at Day 7. We hypothesized that the disappearance of the CEST signal from 

the gelatin could be correlated with the integrity of the physical scaffold network of gelatin 
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in that a decrease in CEST signal would result from degradation of the gelatin network into 

shorter segments, even though gelatin may not necessarily be dissociated from the hydrogel 

scaffold. To test this hypothesis, we performed in vitro experiments on gelatin with and 

without collagenase digestion. To the contrary, we found that the two peaks of CEST signal 

at 1.8 and 3.6 ppm did not change after gelatin digestion (Fig. 3b), indicating that the length 

of the gelatin molecules does not affect the CEST signal. Hence, the decreased CEST 

contrast of the hydrogel must be a consequence of the physical clearance or leakage of the 

gelatin components from the hydrogel scaffold network.

The ideal method to verify the clearance of gelatin from the hydrogel would be to perform 

direct anti-gelatin specific immunostaining. However, several sources of antibodies against 

denatured collagen 1 from porcine skin failed to specifically stain the gelatin components in 

the hydrogel (data not shown), possibly as a result from a mixture of molecules of different 

sizes and the linearized antigen epitopes that are not specific to denatured gelatin. We 

therefore attempted an indirect method, i.e., the conjugation of a fluorescent dye to gelatin to 

detect its presence by fluorescence microscopy. In fact, the most common way to detect 

collagenase activity is the use of a fluorescently labeled substrate (gelatin) [22]. In our case, 

the gelatin content was immobilized in a hydrogel scaffold, making it applicable for solid 

phase-based assays.

Our finding that collagenase activity interacts with gelatin in the implanted hydrogel raises 

two questions: 1) What is the source of this collagenase activity, and 2) What are the 

implications for further optimization of hydrogel-based scaffold cell therapy? Members of 

the matrix metalloproteinase (MMP) family are the most likely sources of endogenous 

collagenase activity. In the brain, MMPs are secreted by microglia, astrocytes, and 

endothelial cells for extracellular matrix remodeling [23]. MMP-1 and MMP-2 have been 

reported to possess type I collagenase activity under many conditions [24–26], with most 

attention on their role as a type IV collagenase in cell invasion across the basement 

membrane. It is also possible that other MMPs may be involved due to the local 

neuroinflammation induced by a hydrogel [27]. As the addition of gelatin to the HA 

hydrogel is intended to improve the survival of scaffolded cells, the degradation of gelatin 

may impair its pro-survival ability, leading to only short-term neuroprotection conferred by 

this hydrogel[6]. In this case, it is preferable to modify the gelatin in such a way that it will 

not be degraded by MMPs, or to apply inhibitors of MMPs [28]. In this context, our label-

free CEST MRI method may be uniquely suited to investigate future improvements in 

hydrogel scaffold composition and materials.

This imaging technique can furthermore also be combined with direct cell imaging 

techniques, e.g. bioluminescent imaging, to investigate the correlation between hydrogel 

decomposition and hydrogel-scaffolded cell survival [6]. Alternatively, the therapeutic stem 

cells could be labeled with a superparamagnetic iron oxide MR contrast agent before 

scaffolding them [29], in order to provide concurrent cell-induced hypointense vs. scaffold-

induced CEST contrast [30].
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5. Conclusions

We identified gelatin, a widely used component in tissue hydrogels, as a chemical structure 

that provides a strong CEST MRI contrast at 1.8 and 3.6 ppm. As the gelatin CEST contrast 

is unaffected by direct collagenase digestion, the changes in contrast are a result from local 

gel decomposition and tissue clearance. Our label-free method allows monitoring of the fate 

of implanted scaffolds in vivo, which should prove useful for the further use of hydrogel 

biomaterials in regenerative medicine.
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Fig. 1. 
In vitro CEST MRI of individual HA hydrogel components. (a) Chemical structure of the 

entire cross-linked hydrogel. (b) Z-spectrum and MTR asymmetry map of the three 

individual hydrogel components (red=GelinS, blue=HA, green=PEGDA). (c) CEST contrast 

of the three individual hydrogel components at 1.8 and 3.6 ppm. (d) CEST contrast of 

different compounds: HA, GelinS, 300 g bloom gelatin, 90–110 g bloom gelatin), and PBS 

(control).
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Fig. 2. 
In vivo CEST MRI of implanted hydrogels. (a) CEST MR images were acquired at 1.8 ppm 

and 3.6 ppm for HA hydrogel implants with and without GelinS at day 1 and day 7 post-

injection. Hydrogel implants are indicated by dashed squares. (b) Quantification of CEST 

contrast in the hydrogel implants. Values shown are means ±SEM. (n=4). (c) Histological 

assessment at day 7 after transplantation using H&E-cresyl violet staining, in which the 

scaffold appears purple. Scale bar=1 mm.
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Fig. 3. 
Effect of gelatin decomposition on CEST contrast of GelinS. (a) GelinS was digested with 

overnight collagenase (Col) incubation at different concentrations (0, 0.1, 1, 10, and 100 

U/ml) and then run by SDS-PAGE. (b) CEST MRI contrast of digested (GelinS+Col., 1 

U/ml) and non-digested GelinS (GelinS-Col.) samples. As control, the same amount of 

collagenase without GelinS was measured (PBS+Col.).
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Fig. 4. 
Quantification of GelinS content in the hydrogel. (a) Alexa Fluor 488 C5-maleimide was 

reacted with GelinS or HA at low, medium, and high concentrations before synthesizing the 

complete hydrogel, which was then incubated with collagenase (1 U/ml) to achieve gelatin 

degradation. Fluorescence intensity was read before and after rinsing with PBS. (b) GelinS-

C5 or HA-C5 hydrogels were incubated at 37°C for a week with and without the presence of 

collagenase (Col., 1 U/ml), and changes in fluorescence intensity were measured. (c) 

Measured fluorescence intensity at day 7, normalized to day 1 (D7/D1). Significance level 

was set at **p<0.01. Values shown are means ±SEM (n=5).
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Fig. 5. 
Decomposition of gelatin in vivo. (a) Hydrogels with either HA-C5 or GelinS-C5 conjugated 

to Alexa Fluor 488 were injected into mice brain, and the fluorescence intensity of the 

hydrogel was measured at day 1 or day 7. Scale bar=200 µm. (b) Measured fluorescence 

intensity at day 7, normalized to day 1 (D7/D1). Significance level was set at *p<0.05. 

Values shown are means ±SEM (n=4). (c) Measurement of collagenase activity in brain 

extracts of rag2−/− mice (n=4).
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