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Abstract (250) @250 

We present a fast, simple, and novel solution to the problem of non-invasively imaging transplanted 

protein-based scaffolds – facilitating high-resolution, long-term tracking with X-ray CT. This was 

achieved via bulk iodination of tyrosine residues under mild conditions (pH 7.4) using potassium tri-

iodide and phosphate buffered saline. This addresses the problem of visualising implanted protein-

based biomaterials, which are difficult to locate with typical non-invasive imaging approaches due to 

similarities with endogenous tissue. This method promises to address previously unanswered 

questions on their correct delivery to the target site, degradation rate, migration, and structural 

integrity – accelerating optimisation and safe translation of new collagen-based therapies.  

To illustrate the utility of this approach, we label a clinically approved, commercially 

available collagen-based hernia repair mesh (based on decellularised porcine dermis), and show 

maintained morphological and mechanical properties post-labelling. In a mouse model of hernia 

implantation, the labelled hernia mesh retained significant X-ray visibility above unlabelled control 

material and muscle at all time points up to 3 months post-implantation, together with an 

unchanged degradation rate and inflammatory response. Supporting translation of this technology, 

contrast was stable over 15 months in saline at room temperature, and X-ray exposures below those 

typically used in the clinic still showed good contrast of the labelled scaffolds versus surrounding 

tissues in vivo. 

We further show that this labelling technique is compatible with a range of therapeutically 

relevant formats including bovine, porcine and jellyfish collagen, as well as silk sutures, illustrating 

this technique’s utility across a range of surgical and regenerative medicine applications. 



  

Introduction 

The use of extra-cellular matrix (ECM) materials is widespread in regenerative medicine (1), with 

collagen-based products clinically established for the repair of urogenital damage, skin wounds, 

bone defects, hernia, post-surgical reconstruction, and cardio-vascular disease (2-7). As the main 

structural protein in the ECM, collagen makes up around a third of the total polypeptide mass of the 

human body (8). Here it provides tuneable mechanical and biochemical properties through its 

numerous pre and post-translational modifications, ligand attachment sites (9), tissue-specific 

proteoforms, and supramolecular assemblies (10).  

Close matching of collagen-based materials to the needs of a given therapy, target tissue or 

implantation site can thus be achieved either through the endogenous variety and complexity of 

various decellularised donor tissues (dermis, aortic valves (11), lung (12), heart (13, 14) etc.), or by 

synthetic bottom-up engineering to allow complete design of the material (15, 16). A range of 

manufacturing technologies including 3D printing, electrospinning, moulding, microfluidic 

encapsulation, acoustic cell-patterning, crosslinking, and composite and modular assembly also 

allow artificial control of its degradation rate, structure, and patterning across multiple length scales 

(3, 17-20). Multiple sources contribute to the good availability of collagen, with porcine, bovine, 

marine, and recombinant proteins remaining suitable for human use due to their low 

immunogenicity (4, 15).  

Despite being one of the most well-established biomaterials, research into collagen for 

tissue engineering applications has continued to grow over three-fold in the last 20 years (15) - in 

part due to its versatile role as a scaffold for emerging technologies. In this way, unmet needs in 

spinal cord damage (21), cartilage and connective tissue defects, tooth (22) and heart regeneration 

(19) are being approached through its combination with stem cells, differentiated cells, growth 

factors, nanoparticles, and advanced patterning and fabrication technologies. However, for these 

and other novel approaches to become mature clinical products, their behaviour and safety post-

implantation will need to be validated– a challenge that is difficult to meet without the use of non-

invasive imaging (23, 24). However, the physical similarity between collagen-based implants and 

native tissue often makes this challenging, with each producing comparable signal on most medical 

imaging modalities including MRI, CT, and ultrasound. This leaves details of successful delivery and 

integration, mis-delivery, mechanical failure, or detachment difficult to monitor in either preclinical 

models, or patient populations.  

To address this, we demonstrate a fast and simple labelling approach for producing 

radiopaque, X-ray visible collagen. Here we took inspiration from the radiochemistry literature, 

adapting two existing iodination reactions previously used to attach radioactive iodine isotopes (123I, 
124I, or 131I) to tyrosine residues in soluble proteins such as antibodies (25). To our knowledge, this is 

the first time either of these reactions have been applied for the purpose of producing X-ray CT-

based contrast, or adapted for use on macromolecular protein scaffolds with or without use of a 

stable iodine isotope.  

Firstly, we tested a modified version of the potassium tri-iodide reaction (26), popularised by 

Pressman and colleagues in the late 1940s (27-29). To adapt this for non-radio-labelling purposes, 

we used a preparation of Lugol’s iodine as a source of potassium tri-iodide (KI3), keeping the original 

optimised pH of the reaction at 7.4. Secondly, we evaluated McFarlane’s method of the 1950s, 

which uses iodine monochloride (ICl) at a pH 8.5. Both produce mono (3-iodo-tyrosine) and di-iodo 

tyrosine (3,5-iodo-tyrosine), in varying ratios depending on reaction time and iodine concentration, 

with the higher pH of McFarlane’s reaction also contributing toward the iodination of histidines (30). 

Tyrosine was deemed to be a suitable target for iodination in collagen due to its low but consistent 



molar fraction (0.3 and 2%) of the amino acid residues across the tissues of various mammalian and 

aquatic species (31, 32). Unlike proline and glycine which are arranged periodically along the whole 

length of collagen, tyrosine is concentrated at the end of chain, and not known to be involved in the 

hydrogen bonding interactions that determine collagen’s triple-helical structure - making it a good 

labelling target with low potential for disrupting stability and function (8). To demonstrate the 

retention of relevant material and biological properties post-labelling we present the results of 

mechanical testing, scanning electron microscopy (SEM), Energy Dispersive X-ray spectroscopy (EDS) 

and ex vivo histological analysis.  

To illustrate the utility of this labelling method, we apply it here to improve the radiological 

visibility of hernia meshes, which is currently poor and is known to affect their clinical management 

(33). Labelling of meshes with a radiopaque marker has previously been suggested as a solution to 

this (34), providing an obvious illustration of this method’s utility. With mesh-based hernia repair 

being the most performed surgical technique worldwide at around 20 million operations per year 

globally (and with a ~10% complication rate), this provides existing demand for implementation of 

this imaging strategy (35). To this end, we demonstrate tracking of an iodinated collagen-based 

hernia mesh in vivo up to three months post implantation, with comparable biological response of 

the labelled mesh versus an unmodified off-the-shelf control established via histology. 

In summary, this method presents a fast, simple, and cheap route of labelling pre-formed 

collagen-based biomaterials for detection with one of the most widely-available clinical imaging 

modalities - X-ray CT. We show that this labelling method is achievable under mild and scalable 

conditions, maintaining the biocompatibility and strength of the starting material. To demonstrate 

the utility of this method, we label a clinically approved, commercially available collagen-based 

hernia mesh, and quantify its improved contrast in a mouse model up to three months post 

implantation using non-invasive CT imaging. For future application, we also demonstrate that this 

labelling method enables X-ray CT detection of a range of other protein-based materials used 

surgically and in tissue engineering, including silk sutures and egg shell membrane. 

 

Results 

 

Potassium Triiodide and Iodine Monochloride methods enhance radiopacity of collagen scaffolds 

The efficacy of both candidate iodination reactions (Potassium Triiodide - KI3, and Iodine 

Monochloride - ICl) was evaluated on samples of a representative clinically approved collagen 

scaffold produced from decellularised porcine dermis (XenMatrix™ hernia mesh, Bard). Two buffers 

were compared per reaction, chosen for their suitable pH range and established use in protein 

biochemistry – Phosphate buffered saline (PBS) and HEPES for the KI3 method (at pH 7.4), and 

Glycine and Tris buffers for the ICl method (at pH 8.5) (36), see figure 1A. Each reaction/buffer 

combination increased the radiopacity of the labelled materials, with significant increases in HU 

being measured with X-ray CT versus unlabelled control samples (Fig 1B). For the KI3 method, PBS 

showed superior labelling to HEPES buffer, consistent with its previously-reported acceleration of 

tyrosine iodination (37).  

Assuming a radiopacity of iodine of 14-16 HU per mg Iodine / mL (38), a tyrosine weight 

fraction of 1.96% for porcine collagen type 1 (UniProt ref: A0A287BLD2), and a protein weight / 

volume fraction for decellularised porcine dermis of 40% (39), then total di-iodination of tyrosine 

residues would give an expected increase in radiopacity of 154-175 HU. This was comparable to the 



increase in HU measured for KI3 with HEPES buffer (112 HU) and PBS (160 HU), see figure 1B. 

Fluorescence spectroscopy gave a characteristic 300 nm peak for tyrosine in control (unmodified) 

samples, which decreased significantly in intensity by 98% following labelling with either KI3/PBS or 

ICl/Glycine reactions (Figure S1, n=3, p<0.005 2-tailed t-test). This is consistent with previously 

reported decreases at the 300nm tyrosine fluorescence peak following iodination of tyrosine 

residues (40, 41), and complete conversion of tyrosine to di-iodotyrosine in soluble collagen under 

similar conditions (42).  

Interestingly the iodine monochloride reaction showed significantly higher levels of CT 

contrast (p<0.05 versus KI3/PBS, students 2-tailed t-test; 210 HU for Glycine buffer, 226 HU for Tris 

buffer), suggesting additional sites of modification. This is consistent with previous reports of 

histidine iodination occurring in addition to tyrosine iodination above pH 8  (30, 43), with mono-

iodination of histidine in addition to di-iodination of tyrosine giving a predicted increase of 220-251 

HU.  

Homogeneity of labelling, and iodine incorporation throughout the scaffold, was confirmed 

by plotting line profiles of signal intensity for samples labelled with each of the four reaction 

combinations (Fig 1C). To assess the stability of labelling, samples were incubated at 37oC in human 

serum for 16 days, with measurements of radiopacity taken at intervals using X-ray CT (Fig 1D). No 

decrease in contrast was measured over this period, suggesting stable iodine retention within the 

material under biologically-relevant conditions.  

To ensure greater selectivity of modification and minimise alterations to the biological 

function of collagen, the milder conditions of the potassium tri-iodide method were chosen for use 

throughout the rest of this study, unless otherwise indicated. Potassium triiodide, in the form of 

Lugol’s Iodine as used here, also has the advantage of being clinically established in its own right as 

an antiseptic, further increasing the feasibility of translating its use here for tracking labelled 

materials in patients.  

To demonstrate the versatility of this labelling method we next labelled four additional 

protein-based materials of interest (Fig. 1F-J). NeuraGen (Fig. 1G) is an FDA-approved hollow tube 

formed of porous bovine collagen, implanted for the repair of peripheral nerve damage (44), and 

now being studied in combination with autologous stem cell therapy (45). However, its implantation 

has been reported to be surgically challenging, requiring the location and removal of implants when 

unsuccessful (46). Labelling with KI3/PBS gave an increase in radiopacity of ~200 HU (Fig. 1G), and 

stability of labelling was confirmed up to 15 months at room temperature in saline (Fig. S2). We also 

labelled egg-shell membrane (ESM) (Fig. 1H), which contains a number of proteins alongside type I 

and type IV collagen (47). ESM is typically discarded as a waste product from the food industry, but 

due to its favourable biocompatibility and material properties is attracting attention as a new 

scaffold for tissue engineering and cell therapy (48-50). Again, an increase of ~200 HU was achieved 

with KI3/PBS (Fig 1H), and stability of labelling was preserved over 15 months post-labelling, with no 

significant decrease over this period (Figure S3). We next demonstrated that a commercially-

available hydrogel of “Type 0” Jellyfish-derived collagen could also be labelled and imaged (Fig 1I), 

which has been suggested as a more sustainable alternative to the established porcine and bovine 

collagen typically used in clinical applications (51, 52). Finally, we labelled a commercially-available 

silk-suture (Ethicon, 3-0), which showed an increase in HU of over ~1200 (Fig. 1J), consistent with the 

unusually high tyrosine content of silk worm silk (Bombyx mori), at 5 to 6-fold that of collagen 

(UniProt: P05790 · FIBH_BOMMO). 

 



Figure 1. A. Schematic of collagen labelling showing colour-coded collagen fibrils and chains 

respectively, with iodination of a tyrosine residue following reaction with KI3 or ICl. B. Increased 

radiopacity of porcine collagen scaffolds (XenmatrixTM) vs unlabelled controls, following Potassium 

Tri-iodide (Lugol’s) reaction or Iodine monochloride reaction (ICl) in the indicated buffers (unpaired, 

2-tail t-test). C. Cross-sample intensity profile shows relative homogeneity of sampling for each of 

the reaction conditions. D. Increased radiopacity was retained up to 16 days of incubation at 37oC in 

human serum. E. Representative X-ray CT sections showing unlabelled and labelled (potassium tri-

iodide reaction in PBS) hernia mesh sample following incubation in human serum. F-J. 3D rendered 

X-ray CT images of unlabelled (left tube) and labelled (right tube, potassium tri-iodide reaction in 

PBS) Hernia mesh, nerve guide, egg shell matrix, jellyfish collagen hydrogel, and silk suture.  



 

Figure 2. A. Surface morphology is comparable between control (unlabelled) collagen scaffolds and 

those labelled using Potassium triiodide and Iodine monochloride methods, as seen with scanning 

electron micrographs at two levels of magnification. B. Stress strain curves of labelled and unlabelled 

meshes, one line per replicate. C. No significant difference was found between labelled and 

unlabelled scaffolds in elongation percentage at point of fracture (2-tailed t-test). D. Labelled 

meshes required a significantly higher max force to induce fracture in primary tests, but not retests 

(p<0.05, 2-tailed t-test), indicating increased strength. N=5, lines show the mean, error bars show 

the standard deviation. 

 

Surface morphology and material strength are preserved post-iodination. 

To establish the preservation of native surface structure, collagen scaffolds (XenmatrixTM hernia 

mesh) labelled with potassium tri-iodide (PBS buffer), and iodine monochloride (glycine buffer) were 

analysed using SEM and compared to unmodified samples. No change in large- or small-scale 



structure could be seen after labelling with either reaction (Fig 2A), consistent with the mild reaction 

conditions. EDS analysis confirmed the presence of iodine only in the labelled samples (Fig. S4-7). 

Dynamic mechanical analysis testing of control and potassium tri-iodide (PBS) labelled 

collagen scaffolds (XenmatrixTM hernia mesh) showed broadly comparable stress-strain curves (Fig 

2B), and percent elongation at fracture (Fig 2C). The ultimate tensile strength (UTS) was however 

significantly increased in labelled vs unlabelled meshes (Fig 2D; 8.46 ± 0.24 (SD) MPa vs 6.32 ± 1.19 

MPa, p<0.005 2-tailed t-test), though within the range of 2.53 ± 0.25 MPa to 28.54 ± 1.99 MPa 

reported for bovine and porcine-derived biological hernia meshes in the literature (53). This 

difference was not significant upon re-testing the material (7.72 ± 1.31 vs 6.84 ± 1.33, p=0.32), 

suggesting that the effect of iodination on material behaviour was at least partially reversible with 

stretching. Similarly, a small but significant increase in Young’s modulus was measured upon 

labelling from 15.3 to 18.1 (p<0.01, student’s 2-tailed t-test), which again was reversible post-

stretching. FT-IR and Differential Scanning Calorimetry showed comparable spectra for labelled and 

unlabelled materials, albeit with minor peak shifts presumably due to the incorporation of iodine 

(Fig S8,9). 

Iodinated hernia meshes remain trackable up to 3 months in vivo 

To demonstrate the utility of this labelling approach for a clinically-relevant scenario, we 

subcutaneously implanted immunocompetent mice with labelled (KI3/PBS) and unlabelled samples 

of the collagen-based hernia mesh (XenmatrixTM). X-ray CT imaging at intervals from the day of 

implantation to 3 months (12 weeks) post-implantation showed significant differences in radiopacity 

(HU) between labelled and unlabelled meshes (p<0.0001 at all time points, unpaired 2-tailed t-test), 

and between labelled meshes and muscle within the same animal (p<0.0001 at all time points, 

paired 2-tailed T-test), confirming the retention of radiopacity over time (Fig 3A-C). No difference in 

radiopacity between unlabelled meshes and muscle was found (p>0.05, paired 2-tailed t-test), 

consistent with the existing challenge in identifying commercially-available meshes from 

surrounding tissue. Illustrating the utility of this approach in detecting migration of materials from 

the site of implantation, one labelled mesh was found to move laterally between the day of 

implantation and the subsequent imaging time point of 1 week post-implantation (Fig 3D) – a 

phenomenon which occurs clinically following the failure of surgical attachment of meshes to the 

surrounding tissue. 

Mesh visibility is preserved with reduced scan time and clinically-relevant X-ray doses 

To assess the feasibility of imaging the labelled material under clinically-relevant x-ray doses, we 

imaged the implanted meshes with a range of scan times at 2 and 3 months post-implantation. At all 

scan times between 4 minutes and 4 seconds, labelled meshes showed good visibility on CT sections 

(Fig 4A) and a significantly higher HU than both muscle and unlabelled meshes following region of 

interest analysis (Fig 4B). To put these results into perspective, average clinical volumetric CT doses 

of 25 and 17 mGy (with 1 mGy equalling 1 Joule of energy absorbed per kg) were reported for 

abdominal imaging in Europe and the US respectively (54), which corresponded most closely to our 

18 second / 16.4 mGy scan. This X-ray dose was sufficient to produce comparable quantification of 

intensity (HU) to the 4-minute scan for mesh and muscle, and to visualise the migrated mesh at 3 

months post-implantation in 3D following intensity-based 3D rendering (Fig 4D). 



 

Figure 3 Iodinated hernia mesh samples (Xenmatrix) show increased visibility on X-ray CT vs 

unlabelled samples and muscle over 3 months post implantation on A. 3D reconstructions, B. axial 

CT cross sections, and C. region of interest quantification of x-ray absorbance (HU). Holm-Šídák 

multiple comparison tests show significantly higher radioapacity of labelled meshes vs muscle 

(paired), and vs unlabelled samples (unpaired) at all time points. N≥3 per time point, error bars show 



standard deviation. D. CT renderings showed lateral mesh migration in one animal post 

implantation. 

 

 

Figure. 4. Labelled meshes retained their increased visibility vs muscle and control mesh with 

decreasing scan times, as shown here with A. axial CT sections at 3 months post-implantation, and 

region of interest quantification of radiopacity at B. 2 months, and C. 3 months post-implantation, 

with Holm-Šídák multiple comparison tests. N≥3 per time point, error bars show SD. D. Laterally 

migrated mesh visualised on a 3D rendered 18 second CT scan at 3 months post-implantation using a 

clinically relevant X-ray dose of 16.4 mGy. 

Labelled meshes show comparable immune response to unlabelled meshes in vivo 

To assess the effect of iodination on the immune response to implanted meshes, samples were 

explanted at 2, 4, and 12 weeks post implantation, and H and E staining was performed on 

histological sections (Fig 5 A). Neutrophil and lymphocyte numbers were counted at 40× 

magnification by a trained histopathologist on n≥5 sections per time-point and sample (Fig. 5B), 

showing comparable numbers between labelled and unlabelled meshes at each time point (p>0.05 

2-tailed unpaired T-tests). Infiltration of native tissue into the meshes was comparable in labelled 



and unlabelled meshes, with representative sections at at 12 weeks post-implantation shown in Fig 

C,D. 

Degradation rates comparable for labelled and unlabelled meshes 

To further investigate the biological response to labelled meshes, samples were explanted at 2, 4, 

and 12 weeks, and stained using Picro Sirius Red stain for collagen (Fig 5 E,F). Labelled and 

unlabelled meshes appeared similar at each time point, with quantification of stained area showing 

no significant difference in coverage between mesh types at any time point. A trend decrease in 

coverage was seen over time for both meshes. No change in overall mesh volume for labelled 

meshes was measured based on semi-automatic intensity-based segmentation of the labelled 

implants (Fig S10), consistent with the overall preservation of collagen coverage seen histologically. 

 



 

Figure 5. A. Macroscopic H and E stained sections of explanted meshes at 2, 4, and 12 weeks post-

implantation. Scale bar = 1mm. Representative sections showing comparable infiltration of 

endogenous tissue at the mesh boundary at 12 weeks for B. labelled, and C. unlabelled meshes. D. . 

No significant difference was found between mean neutrophils and lymphocytes counts at 40x 

magnification in H and E stained tissue sections at 2, 4, and 12 weeks post implantation (2-tailed 

unpaired T-test, error bars show SD). Labelled meshes showed comparable collagen coverage to 

unlabelled meshes up to 3 months post-implantation, as seen with E. Threshold quantification and F 

representative images of the collagen-stained area (p>0.05 for all time points, 2-tailed unpaired t-

test, n≥5 regions of interest) and F. representative microscopic images showing Sirius-red stained 

sections.  

 



Discussion 

This report builds on the growing interest in labelling biological polymers for non-invasive 

imaging (55), adapting an obsolete radio-labelling technique for use with stable iodine and X-ray CT 

imaging of macromolecular protein-based biomaterials. Previous studies have demonstrated a range 

of approaches for labelling biomaterials for in vivo imaging, including incorporation of radionuclides 

for nuclear imaging (56, 57), contrast agents for MRI (58-60), as well as high-Z elements for CT 

imaging (60-62). As it is desirable to have a well-characterised and homogenously labelled product, 

amino-acid specific attachment has been pursued through a range of bioconjugation and click 

chemistry approaches – incorporating dyes, nanoparticles, and metal chelates for nuclear imaging 

and MRI (63-65). However, these reports have typically been restricted to functionalising small 

soluble proteins, with little having been done previously on pre-formed protein scaffolds. Here there 

has also been a trend toward developing tyrosine-specific strategies (66-71); being less abundant 

than the more-established targets of cysteine and lysine, modification of tyrosine provides a route 

towards more selectively-modified products, with less potential for the disruption of original 

biological function (68). By modifying tyrosine directly with the imaging agent as demonstrated here 

however, we sidestep the employment of a bulkier, higher molecular weight carrier molecule for 

iodine as is necessary when using an functional linker to attain specificity (71, 72). While the labelling 

approach demonstrate here does lacks the versatility of such bioconjugation approaches (working 

only with iodine, not other imaging agents of choice), or recent advances in chelate-free labelling 

(73), it in turn avoids the limitations of poor commercial availability and complex synthesis 

associated with many bioconjugate or click chemistry reagents. 

A recent approach for labelling and imaging collagen with CT involved tethering gold 

nanoparticles directly to the polymers using the EDC/NHS coupling reaction (61), which provided 

information on scaffold degradation using ex vivo. Lacking the specificity of some of the 

aforementioned click chemistry approaches, EDC/NHS coupling can target both aspartate and 

glutamate, as well as the protein c-terminus, which due to their greater abundance in collagen could 

result in a ~20-fold higher degree of modification than a tyrosine-specific reaction, risking greater 

alteration of biological function. Secondly the cost of the gold nanoparticles needed for visualisation 

of larger scale implants would likely preclude its in vivo clinical application (61). In contrast, 

iodination as demonstrated here provides a cheaper and more scalable approach to achieving X-ray 

visibility, with incorporation of fewer, and lower MW modifications minimising material alteration 

compared to this, and other nanoparticle-based methods used for MR (59, 60) and CT (60, 61). The 

use of CT also has the benefit of lower patient radiation dose compared to radionuclide-based 

approaches to polymer labelling (56), which without the limitations of label half-life also allows 

imaging at much later times post-transplantation – an important consideration when implants, such 

as hernia meshes, are often designed to remain in situ over months or years. In terms of spatial 

resolution, CT imaging comparable to MRI in the clinic, and superior to PET or SPECT, as well as 

typically being cheaper and more widely-available than these alternatives (74). 

Despite more recent radio-iodination reactions such as the chloramine-T, Bolton-Hunter, 

and Iodo-bead-based methods superseding the potassium tri-iodide, and iodine monochloride-based 

reactions used here (25), the disadvantages that led to the abandonment of these earlier techniques 

relate specifically to the use of radioactive iodine (123I, 124I 131I). With the main limitation of the KI3 

and ICl reactions being incorporation of non-radioactive or carrier iodine alongside, and in 

competition with the incorporation of radioactive iodine, this becomes a non-issue when using a 

single, stable isotope. Their slower rate of iodination versus more modern techniques also becomes 

less problematic when used with stable rather than short half-life isotopes, leaving the use of 

iodination catalysts such as chloramine-T and iodo-beads again unnecessary. The elimination of 



these more expensive catalysts also improves scalability and cost effectiveness of labelling, as 

macroscopic protein-based implants such as the hernia mesh material used here contain orders of 

magnitude more material than the solutions of soluble proteins, such as antibodies, for which these 

radio-iodination reactions were originally designed. However, scope for future work remains in 

investigating the use of other methods of tyrosine iodination, with an ethanol-based approach 

having previously provided efficient iodination of complex biological polymers such as wool (75).  

With hernia meshes being among the most established biomaterials used in the clinic (~20 

million implantations per year globally (35)), the in vivo results demonstrated here show promise for 

translating into improved healthcare outcomes for a considerable population. Complication rates 

with implanted meshes are commonly over 10%, reaching above 60% where comorbidities such as 

diabetes, obesity, chronic heart disease, and infection, increase the risk of relapse or complications 

(76, 77). This can include infection, perforation, tearing, detachment, and migration of the mesh- 

typically necessitating either their removal, reattachment, or repair. The similarity of biological 

meshes to native tissue exacerbates the challenge of locating the mesh, making them difficult to 

delineate from surrounding tissue on the standard CT exam that patients receive, or indeed visually 

during surgery (33). The ability to non-invasively and longitudinally visualise mesh placement in 

patients over time should therefore make a useful contribution to diagnosis of complications, and 

surgical planning.  

Currently, the only contrast-enhanced hernia mesh on the market is a synthetic (PVDF - 

polyvinylidene difluoride) material, loaded with iron-oxide nanoparticles to reduce signal intensity 

on T2-weighted MR images (78). Though quite effectively increasing the visibility of implants, 

including phenomena such as mesh shrinkage (79), the use of MRI on patients with hernia 

recurrence is less typical than CT (33). One reason for this is the smaller bore size, and lower weight 

limits of MRI vs CT scanners (80, 81), which becomes a limiting factor given that obesity is one of the 

main risk factors for initial hernia occurrence, as well as recurrence post-repair. Unfortunately, the 

bulk-iodination technique demonstrated here works only on protein-based materials, leaving the 

production of radiopaque synthetic polymer based meshes an area of ongoing research.  

However, the compatibility of this labelling technique with other, non-ECM biomaterials 

such as silk provides ample scope for future implementation of this method. As one of the strongest 

naturally-occurring materials (82), orders of magnitude above collagen, there is a growing interest in 

silk for tissue engineering. Though most commonly used a surgical material, a variety of cellular and 

acellular applications are now emerging, including tendon and ligament grafts, cardiac patches, and 

vascular constructs (83). Having approximately 6-fold the tyrosine content of collagen, we found a 

corresponding 6-fold higher radiopacity of silk in the proof-of-concept labelling demonstrated here. 

Like collagen, silk is difficult to visualise with current medical imaging modalities, with previous 

methods of incorporating imaging agents including cross-linking (84) and incorporation of platinum 

coatings (85) – both likely to alter the material properties to a greater degree than iodination of 

tyrosine.  

In summary, we present a fast, cheap, and scalable method to produce X-ray visible protein 

scaffolds, relying on the iodination of tyrosine. The utility of this approach was demonstrated on a 

commercially available hernia mesh comprised of decellularised porcine dermis, which showed 

higher radiopacity up to three months post implantation, compared to unlabelled stock materials. 

Both labelled and unlabelled materials showed a similar response in vivo, indicating the retention of 

biocompatibility post-labelling. Labelling was also demonstrated on a range of other commercially-

available biomaterials, illustrating its potential for tracking protein-based tissue engineering 

constructs in general. Implanted meshes remained visible in vivo at scan times and radiation doses 

equivalent to and below those used clinically, further demonstrating the translatability of this 

technique. 
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Methods 

Buffer preparation 

Glycine 200mM pH 8.6. Tris-HCl 200mM pH 8.6. DPBS (Gibco), HEPES 200mM pH 7.4.  insert more 

details 

Animals 

Female C57BL/6 mice were purchased from Charles River were 3 weeks old at point of implantation. 

Mice were housed 5 per individually ventilated cage, at 21oC with normal day/night cycles. All animal 

studies were licensed under UK Home Office regulations and approved by the UCL Biological Services 

Ethical Review Committee, with all regulated were in compliance with UCL experimentation 

guidelines and regulations. 

Material labelling 

For the triiodide labelling method, 5x10mm hernia mesh samples (Xenmatrix, Bard), or 40x40mm 

Egg shell membrane were added to either 1mL of HEPES buffer (200 mM, pH 7.4), or PBS (phosphate 

buffered saline, pH 7.4, GIbco) with 400 µL Lugol’s iodine solution (Sigma Aldrich, 32922), and 

incubated for 24 hours, before being transferred into 0.9% w/v NaCl solution. For the iodine 

monochloride (McFarlane’s) labelling method, mesh samples (5×10mm) were added to either 1 mL 

of glycine buffer (200 mM, pH 8.6) or Tris-HCl buffer (200 mM, pH 8.6), containing 10 uL of iodine 

monochloride (Alfa Aesar, 39104), and incubated for 24 hours, before being transferred into 0.9% 

w/v NaCl solution. Washing was done with 3 changes of fresh saline with 1 hour incubation each on 

a tube rotator (20 rpm), with a final 24 hour incubation also with rotation. Neuragen nerve guide 

(Integra Life Sciences) was labelled as above with Lugol’s/PBS in 1.5 cm lengths, before washing as 

above. Silk sutures (Permahand, Ethicon, 3-0 16mm diameter) were de-waxed for 5 minutes in 

xylene, washed twice with 70% ethanol, and twice with PBS, and labelled with the above Lugol’s/PBS 

method, before washing as above. Purified collagen (Research Grade Jellyfish Collagen, Jellagen), 

100 μL at 4mg/mL, was labelled as above with the Lugol’s/PBS method, and precipitated with 

ethanol, before washing as above.  

Egg shell Membrane production 
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Labelling stability 

To determine labelling stability in human serum, samples produced using each of the four labelling 

methods described above (Lugol’s/HEPES, Lugol’s/PBS, ICl/glycine ICl/Tris) were incubated in 1.5 mL 

of human serum (Standard Pooled Human Serum, Cambridge Bioscience) at 37oC for 16 days. CT 



imaging was perfomed at 0, 1, 2, 5, 7, 9, 12, and 16 days, with region of interest analysis to quantify 

X-ray absorbance. 

 

Histology 

Implanted material was dissected out at 6 weeks post implantation, and freeze-embedded in OCT 

media (optimal cutting temperature). Samples were cryosectioned (Leica, Bright 5040) at 15 µm and 

5 µm onto glass slides (Thermo-Fisher, Superfrost Plus), and left to air dry at room temperature. 

Tissue was then fixed on the slides in 4% buffered formaldehyde solution for 5 minutes, before 

washing in phosphate buffered saline (×3). Staining was done using an automated H and E protocol 

using a Tissue-TEK DRS autostainer (Sakura).  Neutrophils and Leukocytes were counted manually at 

40× magnification from representative slides at each timepoint using a AE2000 microscope, with five 

random fields per animal. Digital images were taken at 5 mega-pixel with an eyepiece camera (Dino-

Eye-Lite). Collagen staining was done using a Picro Sirius Red kit (Abcam, ab150681) according to the 

manufacturer’s instructions. Representative images of collagen matrixes were taken at 10× 

magnification, and threshold analysis was done manually using ImageJ’s (NIH) measure function to 

measure % of area coverage (Appendix 2). 

 

SEM and EDS spectroscopy 

Collagen scaffold samples were mounted on specimen stubs fitted with adhesive carbon pads, 

sputter-coated with carbon and examined using a Zeiss Evo50 (Oxford Instruments, Cambridge, UK) 

scanning electron microscope, with micrographs obtained at an acceleration voltage of 20 kV. Point 

EDS spectra were acquired using and Oxford Instruments x-act EDS detector running INCA software. 

 

Tensile Strength Testing 

Tensile strength of labelled and unlabelled hernia mesh samples (n=5) was evaluated at room 

temperature using a uniaxial testing device (AGS-X 200kN, Shimadzu), with the following 

measurement of dimensions prior to testing: 8.298±0.50 mm wide, 14.9±0.24 mm long and 

2.16±0.08 mm thick. Each specimen was clamped an average of 3.12±0.44 mm on each end of the 

long axis before starting the test.  During the test the samples were pulled apart at 5mm/min in the 

Y-axis while recording force and displacement until failure, which was defined as a drop by 50% in 

the force needed to continue pulling the sample apart. After the initial ‘fresh’ test, the samples were 

trimmed at the fracture point and rehydrated in PBS for 20 minutes prior to clamping and retesting 

under the same conditions (labelled ‘Re-test’ in the results). 

Statistical Analysis 

All statistical analysis was performed in Graph Pad Prism 6, according to the details in the main text. 

Mesh implantation 

Mice were anesthetised with 2% isoflurane in 100% O2 and surgically implanted with 4×4mm 

squares of Xenmatrix mesh (BD Bard) subcutaneously under the scruff (n=10 each for labelled and 

unlabelled mesh). 

Zhiping to check and add details? 

In vivo imaging 



Mice were anesthetised with 2% isoflurane in 100% O2, and maintained under anaesthesia during 

imaging with a preclinical micro-CT device (Quantum GX2, PerkinElmer). Mice were scanned at 

0,7,14,21,28,35,56, and 84-day timepoints with 4-minute high resolution scans (Voxel size 72 μm, 90 

kVp, filters Cu 0.06+Al 0.5). On the 56- and 84-day timepoints mice were also imaged with 18-second 

(Standard), 8-second (High speed), and 3.9-second (High speed) scans for comparison, also at 90 kVp 

with Cu 0.06+Al 0.5 filters. 3D ROI analysis was done using Analyze 14.0 software (AnalyzeDirect, 

Overland Park, KS) using manually-drawn volumes of interest on labelled and unlabelled meshes, 

and corresponding upper thigh muscles for each animal. Intensity-based semi-automatic 

segmentation was used to analyse mesh volume over time, which was only possible on the labelled 

mesh due to its greater radiopacity versus surrounding tissue. Insert details for scans done on the 

old CT scanner too 
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