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Abstract

Tears in the rotator cuff are challenging to repair because of the complex, hypocellular, 

hypovascular, and movement-active nature of the tendon and its enthesis. Insulin-like Growth 

Factor-1 (IGF-1) is a promising therapeutic for this repair. However, its unstable nature, short 

half-life, and ability to disrupt homeostasis has limited its clinical translation. Pegylation has 

been shown to improve the stability and sustain IGF-1 levels in the systemic circulation without 

disrupting homeostasis. To provide localized delivery of IGF-1 in the repaired tendons, we 

encapsulated pegylated IGF-1 mimic and its controls (unpegylated IGF-1 mimic and recombinant 
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human IGF-1) in polycaprolactone-based matrices and evaluated them in a pre-clinical rodent 

model of rotator cuff repair. Pegylated-IGF-1 mimic delivery reestablished the characteristic 

tendon-to-bone enthesis structure and improved tendon tensile properties within 8 weeks of repair 

compared to controls, signifying the importance of pegylation in this complex tissue regeneration. 

These results demonstrate a simple and scalable biologic delivery technology alternative to tissue-

derived grafts for soft tissue repair.
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1 | INTRODUCTION

Rotator cuff injuries are a significant health care burden in the United States with over 

200,000 repair procedures done annually at an estimated $474 million dollars spent on 

related healthcare costs.1,2 Despite improvements in surgical repair techniques, the failure 

rate of these repairs varies widely from 20% to 95%.3,4 Failure occurs at the suture-repair 

tissue interface because the tendon and its fibrocartilaginous interface to bone (enthesis) 

heals poorly with weak fibrous tissue.5,6 To improve surgical repair outcomes tissue-derived 

grafts are employed. However, limited availability, risk of infection, unpredictable graft 

degradation, and non-specific graft induction ability limit the widespread use of these 

grafts.7 Likewise, the use of stem cells in rotator cuff repair models shows promise however 

their large-scale manufacturing and delivery for clinical application is challenging.7–10,12,13 

Growth factors on the other hand are easier to deliver, yet their short half-life requires 

multiple injections reducing patient compliance and is unstable in aqueous environments. 

Therefore, there is a need to protect the growth factors and provide sustained release to 

improve its delivery in the clinic. Delivery matrices made from synthetic polymers can 

be tailored for sustained release of growth factors and manufactured at scale for clinical 

translation.

Several growth factors are expressed in healing rotator cuff tissue and Insulin-like Growth 

Factor-1 (IGF-1) is highly expressed through-out the repair process.15–17 IGF-1 plays a key 

role in inflammation resolution and extracellular matrix (ECM) synthesis.18,19 However, 

previous studies have shown that although tendon lesions were filled with new collagenous 

tissue upon IGF-1 injection, the tendon biomechanical failure loads did not improve.19 This 

indicates the need for sustained presence of IGF-1 for augmenting new collagen tissue 

formation and maturation to provide superior tissue function in the repaired rotator cuff. 

However, since IGF-1 has a short half-life (~10 min in plasma) multiple injections would be 

required to achieve sustained therapeutic dose.20 Moreover, IGF-1 being a close homologue 

of insulin can bind to insulin receptors increasing risk of hypoglycemia and growth hormone 

suppression.21 Pegylation of IGF-1 has been shown to maintain sustained anabolic activity21 

without causing adverse effects of hypoglycemia and growth hormone suppression by 

limiting fast association of IGF-1 ligand to IGF-1- and Insulin- receptor, and IGF-I-binding 

proteins.21–23 We therefore utilized a pegylated IGF-1 mimic (PEG-IGF-1m), which is 
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a synthetic peptide that has been engineered to provide site(s) for pegylation. To ensure 

controlled, localized, and protected delivery of PEG-IGF-1m, the growth factor needs to be 

encapsulated in a carrier matrix. Common biodegradable poly(lactic-co-glycolic acid)-based 

delivery systems is limited by burst release, brittle nature, and acidic degradation byproduct 

accumulation which can cause loss of encapsulated biologic stability.24 We therefore 

developed an elastomeric co-polymeric matrix from poly(L-lactide)-co-poly(ε-caprolactone) 

(PLA-CL), which showed controlled, conformationally stable macromolecular release and 

degradation with less acidic byproduct accumulation. This matrix also maintained pliability 

for implantation in the movement-active rotator cuff.25 In the current study, a PLA-CL 

formulation of 45 kDa (Mn) with a lactide-to-caprolactone ratio of 27:73 we optimized 

previously25 was implemented to encapsulate and deliver pegylated- and unpegylated-

Insulin-like Growth Factor-1 Mimics (PEG-IGF-1m and IGF-1m) and recombinant human 

Insulin-like Growth Factor-1 (rh-IGF-1) control in a pre-clinical animal model of rotator 

cuff repair. This molecular weight and higher CL ratio were chosen to allow faster 

water penetration (from increased rubbery domains of CL) and thereby faster hydrolytic 

degradation without acidic degradation product accumulation; a higher CL ratio would also 

help minimize burst release and generate pliable elastic matrices that supports surgical 

implantation in the rotator cuff.25

Histology and microCT of the isolated tissues were used to assess tissue microstructure 

and uniaxial tensile test was used to assess tissue biomechanical function. We found 

that pegylated-IGF-1 mimic (PEG-IGF-1m) biotherapeutic delivery showed structural 

regeneration of the tendon-enthesis with improved collagen organization and maturity, 

columnar arrangement of fibrochondrocytes with significant recovery of the tendon failure 

mechanics and tensile properties within 8 weeks of repair. Our work reports the first 

demonstration of the use of a sustained and controlled IGF-1 biotherapeutic delivery 

technology in the rotator cuff resulting in both structural regeneration of enthesis and 

biomechanical recovery of native tendon material properties. The pegylated IGF-1m matrix 

sustained release system has the potential for prolonged localized delivery of IGF-1 in the 

clinic over-coming dosing limitations and the adverse effect on insulin and growth hormone 

homeostasis.

2 | MATERIALS AND METHODS

To model growth factor release, we encapsulated a model protein, bovine serum albumin 

(BSA, 5 wt.%, Sigma-Aldrich, St. Louis, MO) in several formulations of the PLA-CL 

copolymer with molecular weights (Mn) ranging from 15 to 45 kDa and lactide-to-

caprolactone ratios ranging from 15:85 to 30:70 (LA:CL). The PLA-CL copolymers were 

custom fabricated to achieve as close to our design specification as possible by PolySciTech, 

Akina, Inc., West Lafayette, IN. Casting solution concentration in the range of 5–20 polymer 

wt.% in dichloromethane (DCM, Fisher Scientific, Hampton, NH) was used to fabricate 

300 μm thick protein-loaded matrices via film casting (4°C, 48 h). The formulation of 

45 kDa (Mn) and 27:73 LA:CL ratio at 20 wt.% casting solution concentration in DCM 

that resulted in the best quality matrices and macromolecular release profiles was selected 

for encapsulation of the IGF-1 biotherapeutics in the in vivo rotator cuff repair studies. 

In the matrix degradation and macromolecular (BSA) release studies control matrices did 
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not contain the encapsulated protein (w/o BSA). All chemicals and materials used in this 

study were obtained from Fisher Scientific, Hampton, NH, unless specifically mentioned 

otherwise; they were of high purity research grade and used as received.

2.1 | Protein-encapsulated matrix fabrication

Protein-encapsulated PLA-CL matrices were fabricated using a solvent-casting process 

using previously optimized methods.25 For assessing protein encapsulation and release, 

pulverized lyophilized protein, Bovine Serum Albumin (BSA) was dispersed at 5 wt.% 

protein vs. polymer in pre-dissolved PLA-CL solutions in dichloromethane (DCM) and 

vortexed and sonicated at 4°C for approximately 5 min each until uniform dispersions were 

obtained. Protein-dispersed polymer solutions in dichloromethane (DCM) at 5, 10, and 20 

wt./vol.% polymer concentrations were poured on to 60 mm diameter Teflon evaporation 

dishes (Fisher Scientific, Hampton, NH) and placed under vapor saturated conditions on a 

leveled platform at 4°C for 2 days. Vapor saturated conditions, created by covering each 

Teflon dish with a lid, slowed the evaporation process aiding in the formation of structurally 

intact films without defects from the 45 kDa (Mn) 27:73 LA:CL ratio polymer at 20 wt.% 

casting solution concentration (Figure 1A). THE REsulting copolymer film was dried for a 

minimum of 2 days at room temperature under vacuum to ensure removal of any residual 

solvent, stored temporarily in a desiccator, and quickly used for experimentation. Complete 

drying of film matrices was ensured by lack of significant measured weight-change over this 

period and up to 1 week when dried under vacuum at room temperature, and comparing 

to film matrix weight-change after lyophilization, which were all indistinguishable from 

each other. For the in vivo studies, pulverized lyophilized rh-IGF-1 and pegylated IGF-1 

biotherapeutic were both independently loaded at 5 wt%, and IGF-1m was loaded at 2.4 

wt% by dispersed in 45 kDa (Mn) poly (L-lactic acid)-co-poly(ε-caprolactone) (PLA-CL, 

27:73) and dissolved in dichloromethane (DCM) to form thin film matrices using the same 

protocol as mentioned above. Both the protein and the growth factor-loaded films were cut 

to obtain 3 mm × 3 mm matrices. The mean thickness of each film was 300 μm, which 

provided adequate volume to load the protein on the small footprint of 3 mm × 3 mm that 

could be sutured with reasonable ease on the tendon during rotator cuff repair in the in 

vivo studies. It also allowed unhindered existence of the matrix within the narrow bursal 

clearance space between the rotator cuff tendon and the acromion upon implantation without 

significant impingement, an acceptable degradation rate, and controlled protein release.

2.2 | Protein release and secondary structure analysis

Model protein BSA release was monitored by incubating the matrices in 7.4 pH 1X 

phosphate buffered saline (PBS, spiked with 0.05 wt.% sodium azide and 0.01% Brij 

35) at 37°C under gentle agitation over the course of 4 and 8 weeks, respectively. BSA 

was chosen as a model factor for delivery from biodegradable polymeric system as it has 

precedence in use as a model factor in traditional PLGA-based controlled release systems 

and allows comparison of release kinetics and degradation conditions with previously 

reported literature.24,26 Additionally, the primary test growth factor candidate in this study, 

the PEG-IGF-1m has a molecular weight 41.2 kDa, (~11.2 kDa IGF-1-Mimic +30 kDa 

PEG) relatively closer to that of BSA. PBS mimicked the physiological pH and osmolality 

conditions. Evaporative losses were minimized during the study by sealing the incubation 
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vials tightly with parafilm and conducting the study in a humidity saturated environment. 

The model protein released from the matrices was measured in triplicate at 0, 0.5, 1, 3, and 8 

h as well as at 5, 10, 14, 24, and 28 days. Briefly, at each time-point, the release buffer was 

removed from the matrix incubation vial and used for protein measurements (quantitation 

and conformation). The minimal necessary release buffer volume was included in each vial 

to allow release protein concentration at detectable levels, yet large enough to maintain sink 

conditions. Our experimental procedure measured absolute release.

The concentration of protein released within the sample incubation buffer was assessed at 

the designated time points using the bicinchoninic acid (BSA) assay (Fisher Scientific, 

Hampton, NH). Standard curves were constructed using protein standards assayed 

concurrently with the released protein. Using this calibration, the unknown protein 

concentration was determined spectrophotometrically. Likewise, the conformation of 

released proteins was measured using Circular Dichroism (CD) spectroscopy in the far-UV 

under controlled temperature conditions (Jasco Spectroscopic Co., Japan). The CD data are 

presented as ellipticity, calculated based on the protein concentration and the path length of 

the cell.

2.3 | Matrix microstructure

The matrix microstructure was visualized in 3-D using the fluorescent dye, fluorescein 

(Sigma-Aldrich, St. Louis, MO) and confocal laser scanning microscopy (Zeiss, Germany). 

To do this, the matrices were first saturated with an ethanolic solution containing 1 mg/ml 

fluorescein at room temperature. The matrices were then dried in a vacuum at room 

temperature for 3 days and rehydrated in PBS buffer supplemented with 0.1 mg/ml of 

fluorescein at the time of imaging. A 100% ethanolic solution was used for saturating 

the matrices with fluorescein because of the solubility of fluorescein in this solvent and 

insolubility of the protein BSA in it. Green fluorescence from accessed fluorescein lit up all 

fluid accessible regions in the polymeric matrix microstructure including the protein regions 

that were accessible. To determine pore size, the image analysis of z-sections of the matrix 

was conducted using imageJ software. The images were converted to binary images and 

the pixel intensity was thresholded to delineate pores, whose brightness is lower than those 

occupied by the polymeric phase. The pore sizes were determined and plotted as frequency 

distribution in Figure S1.

2.4 | In vivo rotator cuff repair study design

The protocol for all the in vivo studies was approved by the Institutional Animal Care and 

Use Committee (IACUC) of the University of Connecticut Health Center. National Institute 

of Health (NIH) guidelines for the care and use of laboratory animals (NIH Publication #85–

23 Rev. 1985) were observed. To assess histological repair outcomes, 28 age-matched male 

Sprague Dawley rats (475 ± 25 g, Charles River, Wilmington, MA) underwent unilateral 

supraspinatus tendon detachment and trans-osseous repair at the insertion site. The animals 

were randomly divided into four groups (n = 3/group at 4 weeks and n = 4/group at 8 

weeks) for repair via: (i) suture only (repair control), (ii) suture with bare matrix (matrix 

control), (iii) suture with IGF-1-mimic-loaded matrix (IGF-1m matrix), and (iv) suture with 

pegylated-IGF-1-mimic-loaded matrix (PEG-IGF-1m matrix) (Figure S2). Animals were 
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allowed 4 or 8 weeks of cage activity post repair. In addition, uninjured animals (n = 7) 

and sham (surgical approach alone) animals (n = 7) served as native tissue controls. An a 

priori power analysis using semi-quantitative histology data from a comparable rat rotator 

cuff study9 was performed. This resulted in a sample size of 3–4 per treatment with a 

power of 80% for a p-value of .05 determining significance. Biomechanical repair outcomes 

were assessed using the same model. The animals were randomly divided into native tissue 

control, repair control, recombinant IGF-1 (rh-IGF-1), and PEG-IGF-1m groups (n = 6–8/

group/time point at 4 and 8 weeks) (Figure S2).

2.5 | Rotator cuff tear repair surgery and matrix implantation procedure

Rats were placed in a ventral/lateral recumbency position after sterile preparation of the 

surgical site and induction of anesthesia. The left shoulder was adducted, and a 1–3 cm 

subcutaneous incision centered perpendicular to the acromial arch was made, followed by 

minimal dissection of the deltoid muscle along the lateral border of the acromion exposed 

the acromioclavicular (AC) joint. The AC joint was gently elevated using a skin hook to 

expose the underlying supraspinatus tendon (SST) insertion (Figure 2A). A double-needled 

5–0 Prolene suture (Covidien, Dublin, Ireland) was used to create a modified Mason Allen 

suture starting at the mid-substance of the SST and completing the configuration with the 

other needle and tagging the tendon (Figure 2A). The SST was completely detached from 

the humerus at the insertion using a #11 blade to create a full-thickness defect. (Figure 2B). 

The tendon footprint was prepared using a 0.5 mm diameter surgical burr (Fine Science 

Tools, Foster City, CA) to remove any residual fibrocartilage. A posterio-anterior trans-

osseous bone tunnel was next created in the humeral head approximately 2 mm lateral to the 

articular surface and 2 mm distal to the supraspinatus footprint using a 0.5 mm Kyocera drill 

bit (Grainger, Lake forest, IL) (Figure 2C). The tendon-tagging sutures were then passed 

through the bone tunnel and tied to the humerus, re-approximating the torn tendon back 

onto its prepared footprint (Figure 2C). This trans-osseous technique compresses the tendon 

to the footprint with a broad area of fixation, minimizes avulsion failures, and improves 

fixation strength and footprint bone preservation.27 For matrix and growth factor-augmented 

repairs, the tied suture ends from the footprint-re-approximated tendon were sub-chondrally 

anchored on the anterior and posterior sides of the SST insertion (Figure 2D) and then used 

to create a cross mattress stitch on the engineered matrix (Figure 2E), which was thereby 

independently secured on the bursal side of the SST insertion in a “piggy-back” manner 

(Figure 2F). The deltoid was reflected over the humerus and closed and the overlying skin 

was approximated and closed with an absorbable Vicryl suture (Ethicon, Somerville, NJ). 

For sham surgery controls only the surgical approach and wound closure procedure was 

followed.

2.6 | Rotator cuff tissue preparation for histology and biomechanics

The animals were euthanized at 4 and 8 weeks using carbon dioxide inhalation. For 

histology, the harvested rotator cuff tissue comprising of the humeral head with the 

attached supraspinatus and infraspinatus tendon-muscle units supported on the scapula was 

adducted and tied at approximately 60° to maintain the orientation of the rotator cuff 

tendon constant across groups (Figure S3A). Samples were fixed in 10% Neutral Buffered 

Formalin, decalcified in DeltaCAL slow decalcifier (Mercedes Scientific, Lakewood Ranch, 
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FL), and embedded in paraffin using standard techniques modified for the tissue (Figure 

S3B). Samples to be embedded in PMMA were stored in 70% ethanol at 4°C until the 

time of embedding (Figure S3B). Coronal sections 5 μm thick at the same depth optimized 

by observing anatomical landmarks of glenoid and the shape of the growth plate and 

the humeral head were selected for all histological staining and analyses. Sections were 

stained with hematoxylin and eosin (HE), Masson’s trichrome (MT), Safranin O (SO), and 

Picrosirius Red (PR) for assessing tissue morphology and quality, fibrocartilage formation, 

and collagen fiber organization, respectively. Imaging of colorimetric stained sections was 

done under an in-house light microscope (Leica Dmi8, Wetzlar, Germany). An inverted 

light microscope (Olympus IX73SC, Tokyo, Japan) fitted with a circular polarizer was 

used for imaging Picrosirius red-stained sections. For the assessment of mineralization, 

PMMA-embedded sections were used and stained with Von Kossa (VK) to visualize the 

mineral and toluidine blue (TB) to visualize cells and matrix, respectively.

For biomechanical assessments, only the supraspinatus muscle tendon-unit was removed 

from the scapula keeping the attachment site to the humerus intact.

2.7 | Histomorphometric assessment of tendon-to-bone insertion maturity

Histomorphometry scores for inflammation (granulation tissue, vascularity, and cellularity) 

and insertion integrity (continuity, regularity, and fibrocartilage) were graded blindly by a 

trained institute pathologist using a modified methodology adapted from a tendon-to-bone 

interface maturity scoring scale described previously (Table 1).12,28 Overall, Masson’s 

Trichrome-stained images were obtained under a 40X objective at the tendon-to-bone 

interphase for the qualitative assessment of granulation tissue, vascularity, and cellularity 

at 4 and 8 weeks after repair. Percentage granulation tissue was assessed specifically by 

identifying the densely cellular and vascular area stained dark red in MT-stained sections 

under 10× objective.29 This area was estimated with respect to the total callus area of the 

tissue sample to obtain percentage of granulation tissue within each sample. The SO-stained 

sections were visualized at 10X objective and then at 10× objective × 0.25 numerical 

aperture to assess continuity, regularity, and fibrocartilage, respectively (Table 1). Continuity 

is defined by a seamless transition of cells from the soft tissue to bone with the absence of 

a distinct boundary between soft tissue and bone (Figure S4A–a). Regularity is defined by 

the presence of cells that have a common pattern or orientation in the way they are arranged 

at the insertion (Figure S4B–a). Fibrocartilage is defined by the presence of lacunae-

presenting rounded cells with pink/red pigmentation surrounding the cells (metachromasia) 

signifying the presence of the characteristic glycosaminoglycan matrix (Figure S4C). 

ImageJ based histomorphometry tools were used to measure percentage metachromasia, 

collagen birefringence, collagen fiber diameter and cellular orientation at the tendon-to-bone 

interface. For percentage metachromasia, Safranin O-stained sections were imaged at 40× 

objective, and the total area of new fibrocartilage formation was calculated by measuring the 

metachromatic regions in each specimen using a color thresholding function in the ImageJ 

software (National Institutes of Health, Bethesda, Maryland) using previously established 

methods.8 This metachromatic area was divided by the total area of the enthesis to get the 

ratio of metachromasia in each sample. To measure collagen birefringence, Picrosirius Red-

stained sections imaged under a polarizing microscope (Leica Dmi8, Wetzlar, Germany) at 
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40× objective were used. Two-to-three ROIs of 250 μm2 dimension were demarcated at the 

tendon and its enthesis and converted to 8-bit gray scale image (black, 0; white, 255); the 

gray scale values were measured and recorded.8 Picrosirius Red-stained sections were also 

used to estimate collagen fiber diameter from its hue which changes with decreasing fiber 

diameter as Red (thick) > Orange > Yellow > Green (thin). To determine the proportion of 

different colored collagen fibers, the polarized images of PSR stained sections was resolved 

into its hue, saturation and value components using an ImageJ.30 Only the hue component 

was retained and a histogram of hue frequency was obtained from the resolved 8-bit hue 

images which contain 256 colors. The following hue definitions were used; red 2–9 and 

230–256, orange 10–38, yellow 39–51, green 52–128. The number of pixels within each hue 

range was determined and expressed as percentage of the total number of collagen pixels. 

Visualization and measurement of cellular orientation was done using the OrientationJ plug-

in in ImageJ using previously established methods of images of Safranin O-stained sections 

(Figure S6A,B, respectively).31 Cell orientation is demonstrated using an orientation map 

function which shows a hue-saturation-brightness (HSB) color-coded map to show the 

angles of the oriented cells (Figure S6A). Coherency Coefficient (CC) gives the degree to 

which the cells are aligned with-respect-to each other (Figure S6B), and this value lies in the 

range of 0–1, with 0 being completely isotropic with no dominant cellular direction and 1 

being completely anisotropic with all cells oriented in a particular direction.

2.8 | Bone morphometry

From the biomechanics samples, supraspinatus tendon-muscle units with humerus intact 

were isolated, wet in a PBS-soaked gauze and stored at 4°C for scanning using 

microcomputed tomography (μCT40, Scanco Medical AG, Bassersdorf, Switzerland) within 

24 h. The humerus was potted in a cryovial containing 10% agarose gel ensuring the 

supraspinatus tendon-muscle hung from it without touching the walls of the cryovial. 

The scans were done at medium resolution at an energy of 55 kV, intensity of 145 μA, 

1000 projections, and 300 ms integration. The images were segmented to measure tendon 

minimum cross-sectional area and trabecular bone morphometry parameters. The trabecular 

bone was segmented proximal to the growth plate in all samples. A trabecular morphometry 

segmentation program was used to determine bone mineral density (BMD), bone volume 

fraction (BV/TV), trabecular number (Tb. N), trabecular thickness (Tb. Th), and trabecular 

spacing (Tb. Sp).

2.9 | Biomechanics

The supraspinatus muscle was carefully removed from the tendon using the blunt side of 

a #15 blade after microCT scanning. The humerus was affixed into a custom 3-D printed 

bone fixture designed by the Thomopoulos lab. Likewise, the tendon was secured in an 

optimized custom 3-D printed fixture, which minimizes grip failure of rat tendons without 

using any adhesives. The unit was then affixed to a 250 N load cell on a mechanical testing 

set up (Mach-1 V500C, MA001, Biomomentum, Canada) and the samples were submerged 

in a saline bath at room temperature to undergo quasistatic uniaxial tensile testing. The 

sutures were cut prior to testing. The samples were preloaded to 0.1 N, followed by ramp-to-

failure at 0.1% strain/s. A camera attached to the testing setup was used to determine the 

strain from the displacements relative to the initial gauge length and to visually determine 
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the mode of failure. The minimal cross-sectional area measured from the microCT was 

used to calculate stress. Structural properties, failure load, stiffness, and work to failure 

(area under the curve through failure load), were determined from the load-deformation 

curves.32 Material properties, strength, modulus, resilience (area under the curve through 

yield), and toughness (area under the curve through failure), were determined from stress–

strain curves.32 After the biomechanical assessments, the samples were scanned again using 

microCT to determine the mode-of-failure.

2.10 | Statistical analysis

All statistical analyses were performed on Prism 9 (GraphPad Software, San Diego, CA). 

Two-way analyses of variance (ANOVA) were performed to evaluate effects of treatment 

(repair controls, rh-IGF-1, PEG-IGF-1m) and time (4 and 8 weeks). Tukey’s post hoc 

test was used when the 2-way ANOVA test resulted in significance (p ≤.05) between the 

treatment groups. Šídák’s multiple comparisons post hoc test was used when the 2-way 

ANOVA test resulted in significance (p ≤ .05) between the time-points. Three levels of 

significance were used to demonstrate the magnitude differences: p ≤ .05, p ≤ .01, and p ≤ 

.001, respectively.

3 | RESULTS

3.1 | Engineered matrices were porous and allowed controlled release of structurally 
intact model protein

Toward ultimately testing the implantable delivery matrices for the therapeutic release of 

IGF-1 mimics in vivo, the matrices prepared via a thin-film fabrication process were initially 

tested for the encapsulation and release of the model protein Bovine Serum Albumin 

(BSA) in vitro. These formed films were highly pliable and approximately 300 μm thick 

(300 ± 30 μm) (Figure 1A). Confocal Microscopy revealed that these films had a highly 

porous microstructure (~90% pore surface area <50 μm2) that appeared to form because of 

aggregation of discrete microspherular units (diameters between 20 and 100 μm) (Figure 

1B) (Figure S1), and which occupied the entire thickness of the film. This is due to the 

crystallization from solution that occurs when the solvent evaporation rate is low enough 

for polymer macromolecules to diffuse to the crystal growth front and overcome the energy 

barrier of deposition forming spherulites as described previously.25,33 Matrices prepared 

from a 20 wt.% solution of 45 kDa PLA-CL (27:73) were structurally intact, degraded 

with ~30% reduction in molecular weight in the first 4 weeks with minimal pH change 

in vitro and underwent remodeling without eliciting excessive inflammatory reaction in 

vivo.25 Based on these results, 20 wt.% solution of 45 kDa PLA-CL (27:73) matrices 

were chosen for further experimentation. Based on spectrophotometric measurements of 

the released protein, these matrices released the BSA payload in an initial low burst of 

less than 15% of loading within the first 24 h, followed by controlled and continuous 

release over 4 weeks (Figure 1C). The secondary structure of the protein was preserved 

during the protein encapsulation and release processes even after 8 weeks of incubation 

at 37°C in the release buffer, with the released BSA showing closely matching double-

minima of the predominantly α-helical secondary structure of BSA around 210 and 220 

nm in circular dichroism measurements (Figure 1D).34 These data are consistent with our 
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pH measurements of the release buffer, which remained unaltered from physiological pH 

throughout the duration of the study. Since the secondary structure of the encapsulated 

BSA was preserved through 8 weeks in physiological conditions, it was assumed that the 

optimized polymeric matrix formulation would also preserve the secondary structure of 

the encapsulated IGF-1 biotherapeutics and was selected for further experiments. Since the 

matrix in this study was designed only to serve a drug delivery and not intended to have a 

load-bearing function, no mechanical testing was performed.

3.2 | Reduced fibrosis and improved structural regeneration of the tendon and 
transitional fibrocartilaginous enthesis via pegylated-IGF-1 mimic delivery

A lyophilized rh-IGF-1, IGF-1 mimic (IGF-1m), and its pegylated-version (PEG-IGF-1m) 

were encapsulated independently in the optimized PLA-CL matrix, which was implanted 

on the bursal side of the supraspinatus tendon-enthesis following complete transection of 

the tendon at the enthesis, debridement of the tendon foot-print at the enthesis, and trans-

osseous repair for reattachment of the transected tendon (Figure 2). The implanted matrices 

remained localized at the repair site even after 8 weeks as evaluated previously.25 Masson’s 

trichrome staining was used to assess the tissue repair response. Specifically, the rotator cuff 

tissue was assessed for overall tissue hypertrophy, granulation tissue, vascularity, cellularity, 

and new collagen deposition in all groups. At 4 weeks, new hyper-cellular and vascular 

granulation tissue was seen interspersed with neotendinous tissue indicative of the reparative 

process underway in the tendon-to-bone interface region in all the matrix-augmented groups 

(Figure 3A–C). The tendon-to-bone interface did not show any gap formation in any of 

the repaired groups (Figure 3A–C). By 8 weeks, the granulation tissue at the tendon-to-

bone interface had remodeled into more organized tissue in all matrix augmented groups 

indicating that tissue healing response at this site was also minimally affected, if at all, 

by the byproducts of matrix degradation by this time point (Figure 3D–F). The collagen 

fibers and the cells within the organized interfacial tissue were distinctly denser and more 

aligned, with the rounder cell morphology throughout the tendon-to-bone boundary in the 

PEG-IGF-1m treatment group (Figure 3F) compared to the matrix control (Figure 3D) and 

IGF-1m (Figure 3E) groups. Overall, cellularity was increased in all the surgical repair 

groups at 4 weeks (when compared to sham controls) (Table 2), and gradually reduced to 

moderate levels by 8 weeks, with the PEG-IGF-1m treatment group (Figure 4D,Di, Table 

2) showing reduced cellularity at the insertion than all the other repair groups (Figure 

4B,Bi,C,Ci) (Table 2). On the other hand, granulation tissue and vascularity were higher in 

the matrix control group when compared to the other groups at 4 weeks and reduced to 

repair control levels by 8 weeks (Table 2).

The presence of fibrocartilage at the interface at 8 weeks was further assessed using Safranin 

O staining. Whereas, granulation tissue with infiltrating fibroblasts was seen at the repair 

interphase in all groups at 4 weeks in the Masson’s trichrome-stained sections (Figure 

3, Figure S7), repair groups showed improved remodeling into more organized interfacial 

tissue by 8 weeks in the Safranin O-stained sections (Figure 4). However, the PEG-IGF-1m 

group showed the most reorganization of the repaired tissue interface into fibrocartilage, 

with the reestablishment of the characteristic columnar arrangement of fibrochondrocytes, 
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emergence of metachromasia surrounding these chondro-typic cells, and the tidemark 

(Figure 4D,Di), which were comparable to the native enthesis (Figure 4A,Ai).

Collagen organization was qualitatively and semi-quantitatively assessed from images of 

Picrosirius Red-stained sections that appear with characteristically different coloration 

caused by the birefringence of polarized light depending on the degree of molecular order 

in collagen. Improvement in tendon collagen organization was seen particularly in the 

PEG-IGF-1m treatment group compared to the repair control, matrix control, and IGF-1m 

treatment groups by 8 weeks as noted by its significantly higher collagen birefringence by 

this time point (Figure 5D). The PEG-IGF-1m group also showed inter-digitating aligned 

collagen fibers anchoring into the cortical bone at both 4 and 8 weeks, as indicated by 

white arrows in the Picrosirius Red-stained polarized light images in Figure 5B–d and h. 

The collagen fiber diameter of the treated groups was assessed based on the differential 

birefringence color (red, orange, yellow, or green) resulting from the differential binding of 

picrosirius dye to collagen fibers. The larger, more mature collagen fibers appear bright red 

when bound to the picrosirius dye and with decreasing fiber diameter they exhibit orange, 

yellow, and green (newly deposited collagen) birefringence. The native tendon showed 34X 

and 1.73X increase in the larger diameter red and orange collagen fibers, respectively, 

as the rats matured from 4 to 8 weeks (Figure S5). Distinct maturation was seen in the 

PEG-IGF-1m-treated groups which showed 88% smaller diameter green collagen fibers at 

4 weeks which matured to 77% and 3% larger diameter orange and red fibers, respectively, 

by 8 weeks (Figure S5). Cellular orientation was calculated from ImageJ-processed images 

(OrientationJ plugin) of Safranin O-stained sections (Figure 5C) in terms of a coherency 

coefficient (or in other words the degree of anisotropy of cells with respect to each 

other). A coherency coefficient of 1 indicates perfect anisotropy of cells and 0 indicating 

isotropy. Cellular orientation (anisotropy) was improved significantly in the IGF-1m and 

PEG-IGF-1m treatment groups compared to the matrix control at 8 weeks (Figure 5C,E). 

Overall, the PEG-IGF-1m treatment group showed distinct improvements in the healing 

response with improved structural regeneration of the tendon in terms of tissue-typic aligned 

collagen fiber anchoring into bone and improved cellular orientation at the enthesis as seen 

in the images in Figures 3–5. This response was also reflected in the semi-quantitative 

histomorphometric scoring, which showed an improved insertion maturity score in the 

PEG-IGF-1m treatment group, closest to that of the native enthesis, compared to all the 

other matrix-augmented groups by 8 weeks (Table 2).

3.3 | Regenerative versus scar tissue healing in PEG-IGF-1m versus rh-IGF-1 treatment 
groups resulting in differential failure mode and mechanics in the enthesis

To further evaluate the biomechanical properties of the PEG-IGF-1m treatment repaired 

tissue, which showed improved structural healing, we conducted a second animal 

study designed to compare this group to the standard recombinant human IGF-1 (rh-

IGF-1) delivered via the same engineered matrix and surgical repair controls. Distinctly 

different repair responses were noted in the rh-IGF-1 and PEG-IGF-1m treatment groups, 

respectively. The former healed with a scar-like tissue characterized by a larger cross-

sectional area (CSA) that was approximately 200% higher in comparison to native tendon 

(Figure 6A–b,e, B), whereas the latter had a more tendon-typic shiny-whitish appearance 
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with a smaller CSA compared to the rh-IGF-1 treatment group, but was still approximately 

80% larger than native tendon CSA (Figure 6A–c,f, B).

Depending on the repaired tissue type and quality, three distinct failure mechanisms were 

observed among the tested samples: midsection failure for scar-like repair tissue, and 

bony avulsion, or enthesis failure (specifically at the interface between the unmineralized 

and mineralized fibrocartilage, respectively) for tissues with a more regenerative healing 

response (Figure 7A,B). The native tissue failed via both catastrophic avulsion and enthesis 

failure modes (avulsion: enthesis failure, 50:50; Figure 7B). A similar combination of 

failure modes was seen in the PEG-IGF-1m treatment group (avulsion: enthesis failure; 

25:75 at 4 weeks and 20:80 at 8 weeks, Figure 7B). The scar-like repair tissue in the 

rh-IGF-1 treatment group failed exclusively at the tendon mid-substance (100%, Figure 

7B) along with a significant post-yield behavior (Figure 8A). In contrast, the repair control 

showed mixed modes of failure albeit with predominantly mid-substance failure at 8 weeks 

(avulsion:enthesis failure:midsubstance failure, 17:50:33 at 4 weeks, and 29:0:71 at 8 weeks, 

Figure 7B).

The regenerate tissue in the PEG-IGF-1m treatment group had sharper yield curves and their 

failure loads were approximately 69% and 90% of native rotator cuff tendon loads at 4 and 

8 weeks, respectively (Figure 8B–a). This group also showed approximately 43% higher 

failure loads compared to the repair controls at 8 weeks (p ≤ .05, Figure 8B–a). Likewise, 

the stiffness was approximately 55% higher (p ≤ .01, Figure 8B–b) and work-to-failure 

was approximately 156% higher than the repair controls at 8 weeks (p ≤ .001, Figure 

8B–c), respectively. In line with these observations, there was significant improvement in 

tissues properties such as strength (approximately 44% and approximately 122% higher at 

4 and 8 weeks) when compared to the repair control (p ≤ .05 and .001 at 4 and 8 weeks, 

respectively) and reached approximately 60% of native tendon values by 8 weeks (Figure 

8B–d). This was accompanied by an improvement in the Young’s Modulus (approximately 

20% and 63% at 4 and 8 weeks, respectively, ns, Figure 8B–e), and toughness, an indication 

of how much energy a material can absorb before rupturing. (approximately 10.5% and 

60% at 4 and 8 weeks, p ≤ .001 at 8 weeks, Figure 8B–f) compared to the repair controls 

rh-IGF-1 treatment group on the other hand showed detrimental healing outcomes with 

failure loads ~71% (at 4 weeks) and 61% (at 8 weeks) lower than the native tendon values 

(p ≤ .05, Figure 8B–a). Likewise, there was also 85 and 89% reduction in stiffness at 4 

and 8 weeks in the rh-IGF-1 treatment group when compared to native tendon (p ≤ .05, 

Figure 8B–b). Similarly, there was significant reduction in tissues properties such as strength 

at both time points (approximately 80% reduction at 4 and 8 weeks, p ≤ .05, respectively, 

Figure 8B–d), Young’s Modulus (approximately 90% and 87% reduction at 4 and 8 weeks, 

p ≤ .05, respectively, Figure 8B–e), and toughness (approximately 70 and 80% reduction at 4 

and 8 weeks, p ≤ .05, respectively, Figure 8B–f), when compared to the native tendon tissue.

4 | DISCUSSION

Our engineered PLA-CL matrices demonstrated controlled release of a structurally 

preserved model protein over the target period of 4 weeks, while simultaneously undergoing 

controlled degradation as reported in our earlier work.25 The degradation byproducts or the 
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dispersion of lyophilized protein into the organic polymer-dissolved solvent phase did not 

result in significant polymer or solvent-induced structural perturbations of our model protein 

as noted by CD spectroscopic observation. This may be because of lesser conformational 

flexibility of a lyophilized protein when in an anhydrous organic solvent environment 

(compared to an aqueous/organic mixture), which preserves its secondary structure and 

prevents denaturation.35 Hydrolytic breakdown of the polypeptide in the matrix interior may 

also be catalyzed by carboxylate or other acidic degradation products (low pH).36 However, 

the lower LA content and the controlled degradation of the PLA:CL matrix enabled by 

slow degrading caprolactone may have resulted in less accumulation of acidic products and 

thereby helped maintain the protein conformation.25 The tested matrices rapidly degraded by 

4 weeks (~30%) due to preferential hydrolysis of the lactide-rich regions within the polymer, 

and subsequently maintained a stable molecular weight due to the emergence of highly 

crystalline caprolactone-rich regions.25 The degradation over the 4-week period follows a 

near-linear trend. IGF-1 release was not assessed, however Model protein BSA release and 

water absorption showed a similar profile with respect to time indicating that diffusion may 

have primarily driven release.25 For more information about water absorption, weight loss 

and model protein BSA release across a range of mol. Wt and casting concentrations, the 

reader is directed to our previous report.25

PEG-IGF-1m and IGF-1m and rh-IGF-1 were encapsulated independently within the 

optimized PLA-CL matrix for controlled delivery through the active tissue healing period of 

4 weeks. Our work reports the first demonstration of the in vivo delivery and tissue repair 

response of pegylated-IGF-1 in the rotator cuff via a biodegradable polymeric matrix to 

achieve sustained and controlled delivery of these therapeutics. The PEG-IGF-1m treated 

groups demonstrated a distinct regenerative response in the rotator cuff, with improved 

tissue granulation and vascularity scores at both 4 and 8 weeks, an indication of reduced 

inflammation and improved wound healing in the repair tissue.37 It also promoted the 

reestablishment of an organized fibrocartilaginous tissue along with the characteristic 

tidemark and interdigitating collagen fiber insertions, all hallmarks of the native tendon-

to-bone insertion. Biomechanical assessment of the repaired rotator cuff tendon-to-bone 

interface showed that the mode of failure was strongly correlated to the tissue quality as 

previously reported.38 The PEG-IGF-1m treatment group tissue failed at the enthesis (75% 

and higher) or by avulsion failure extending into the trabecular bone of the humeral head 

(20%–25%), like the native supraspinatus tendons that failed catastrophically by a 50:50 rate 

of avulsion versus enthesis failures. We also observed that the area of attachment avulsed 

was much smaller than the apparent attachment area in these groups tested, with denser fiber 

bundles found in the PEG-IGF-1m repair group tissue, as was also reported previously for 

healthy native tendon tissue.38 On the other hand, the rh-IGF-1 treatment repair tissue was 

fibrotic and bulky with disorganized collagen that does not allow efficient load transfer and 

failed exclusively via mid-substance tears.

The two significant mechanical properties that are critical to prevent tears or retears of 

the rotator cuff tendon are strength and toughness (energy absorption capability of the 

tissue which protects against failure following onset of injury or retears post-repair).38,39 

The toughness of the PEG-IGF-1m treatment group tissue reached 80% native tendon 

toughness, whereas the repair controls tissue showed only 31% toughness values compared 
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to the native tendon. The toughness of the rh-IGF-1 treatment group tissue was even lower, 

reaching only 21% of native tendon values at 8 weeks. Although both repair controls and 

rh-IGF-1 treatment groups showed lower toughness compared to the native control and 

PEG-IGF-1m treatment groups, the rh-IGF-1 treatment group showed significantly more 

plastic deformation with very low Young’s Modulus (approximately 13% of native tendon, 

p ≤ .05, at 4 and 8 weeks, respectively) compared to repair control that exhibited a Young’s 

Modulus of approximately 45% of native tendon, p ≤ .05, at 4 and 8 weeks, respectively). 

Even with a higher displacement values the significantly low failure loads resulted in poor 

toughness in these groups. This and the significance post-yield behavior show that the 

deposited provisional tissue during repair did not get reinforced with strength as the tissue 

matured.

On the other hand, there was improvement in the toughness (78%, p ≤ .05), strength 

(32%, ns), and Young’s Modulus (33.83%, ns) in the PEG-IGF-1m treatment group as the 

tissue matured, although significant differences were only seen in the toughness values. 

The superior biomechanical properties of the PEG-IGF-1m treatment group agrees well 

with its structural regeneration seen histologically, in which an organized tendon and 

fibrocartilaginous enthesis with the tissue-typic columnar arrangement of fibrochondrocytes 

and interdigitating collagen fibers anchoring to cortical bone were observed at both 4 

and 8 weeks. We also observed increasing collagen birefringence (a measure of tissue 

anisotropy) and distinct maturity pattern (increasing collagen fiber thickness) in the PEG-

IGF-1 m-treatment group. Overall, the regeneration of this compliant zonal structure may 

have allowed efficient load transfer from the pliable tendon to the stiff bone. The organized 

collagen may absorb the load as energy and protect against retears.38,40 The time point 

of healing is also critical as most retears occur within 3 months of repair.3,41 Therefore, 

biological augmentation of rotator cuff repair using PEG-IGF-1m delivery may offer 

significant protection from retears during this critical time window.

This superior healing response in the pegylated growth factor mimic-treatment group 

than its bare IGF-1 analogue and the rh-IGF-1 may be due to a concentration-dependent 

immunomodulatory effect. IGF-1 has been shown to induce macrophage polarization to 

M2 macrophages which suppress inflammation by producing IL-10 and TGFβ.18 However, 

at high concentrations, these factors maybe fibrotic in nature.42 This is supported by 

previous studies in the literature, where equivalent dose of PEG-IGF-1 and rh-IGF-1 

injection resulted in slow increase and sustained elevated serum concentration of PEG-IGF-1 

compared to a transient increase and sharp drop in serum concentration of rh-IGF-1.21 The 

large PEG residue slows association rates to IGF-1- and Insulin- receptor and IGF-I-binding 

proteins21 to achieve this slow sustained activity. Therefore, the targeted IGF-1 release 

profile of slow controlled release without burst through the active tissue repair period of 4 

weeks after injury may be achieved by the engineered matrix, with the pegylation furthering 

allowing slow activation of cells.22 This controlled local delivery would further minimize 

any unnecessary systemic side effects. Another conducive factor maybe the improved 

bioactivity from increased stability of the insulin-like growth factor-1 provided by the 

pegylation43 and encapsulation. Further studies are needed to gain insight into the potential 

released concentration-dependent tissue regenerative response.
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This study is not without limitations. The first limitation is that the acute tear-repair model 

only represents a fraction of the rotator cuff injuries presented to the clinic and does 

not mimic chronic degenerative rotator cuff tendinopathy and injury.14,44 However, there 

is increasing evidence of tears which are less degenerative and more trauma-based due 

to increase in activity levels in the older population.45 Moreover, this rodent model is 

an established one for the pre-clinical testing of therapeutics.12,46,47 The second is the 

exclusion of release study of IGF therapeutics. However, Since pegylation of IGF-1 has been 

shown to have therapeutic effect in muscle injury models, we designed the scope of the 

study to investigate any the potential regenerative effect of this factor delivery on repaired 

tendon-enthesis compared to its unpegylated controls. We observed improved remodeling 

of the collagen in PEG-IGF-1 versus other groups which is likely due to early inflammation-

modulation on this tissue. Future studies evaluating the release of growth factor therapeutics 

during acute time points and its effect on modulating inflammation may provide us with key 

information needed to understand the pro-regenerative effect of pegylated IGF-1 delivery. 

Nevertheless, the objective of evaluating the tissue regenerative response of the released 

growth factor during critical stage of proliferation and early remodeling is sufficiently 

addressed in this study.16,48

5 | CONCLUSION

In summary, a surgically implantable biodegradable polymeric IGF-1 biotherapeutic delivery 

matrix showed controlled, localized, and conformationally stable delivery of model protein 

and promoted regenerative tissue healing of the complex enthesis within 8 weeks of repair. 

These results are significant as they provide impetus for translation of a single-growth factor 

delivery biomaterial device for the regenerative healing of the rotator cuff in patients with 

full-thickness tears. It also lays the ground-work for the repair of partial-thickness tears, 

which are two or three times more common than full-thickness rotator cuff tears49 and have 

a 26% risk of tear progression within 2 years.50 Our technology of using anabolic growth 

factors to promote neotendon and fibrocartilage formation may delay the progression of 

these tears to full-thickness and may provide an off-the-shelf surgically viable therapeutic 

option for the treatment of other fibrocartilaginous interfaces as well, such as in the 

temporomandibular joint.
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FIGURE 1. 
Engineered polymeric matrices are highly flexible and porous and offer controlled release 

of the protein payload while helping maintain native protein conformation. (A) Flexible thin-

film-based matrices were fabricated via a solvent evaporation process in Teflon evaporation 

dishes. (B) Interconnected porous microstructure of the fabricated matrix with encapsulated 

protein particles present within the fused copolymeric microspherules (porosity is indicated 

by the surrounding green regions that are accessible to fluorescein solution); inset shows 

magnified image of microspherules with dispersed protein particles stained punctate green 

therein via infiltration of fluorescein solution (which was not observed in controls without 

encapsulated protein). (C) Model protein Bovine Serum Albumin (BSA) was released from 

the engineered matrices in a controlled manner over 4 weeks. n = 3 samples/timepoint. 

(D) Released protein conformation was close to model protein even as late as 8 weeks as 

measured via circular dichroism spectroscopy, n = 3 samples
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FIGURE 2. 
Modified Mason Allen suturing technique to implant the growth factor delivery polymeric 

matrix for rotator cuff repair and the gross morphological observation of the implanted and 

the remodeled matrix. The rotator cuff supraspinatus tendon was exposed by retracting the 

overlying deltoid muscle. (A) The supraspinatus (SS) tendon was tagged using a transverse 

suture which was introduced posterior to anterior, approximately 3 mm from the insertion. 

A second loop was passed with the anterior limb of the suture from medial to lateral, 

extra- (top) to intra- (bottom) articular through the anterior portion of the supraspinatus 

tendon, taking care to catch the transverse limb. This pass was replicated with the posterior 

limb of the suture. (B) The supraspinatus tendon from the humeral head was released by a 

sharp transection using a #11 blade and was separated from the neighboring infraspinatus 

and subscapularis tendons to expose the articular surface of the humeral head. (C) The 

humeral head was debrided with a surgical bur to remove any residual tendon left behind 

at the insertion footprint after transection. A bone tunnel was drilled through the greater 

tuberosity beginning at a site approximately 2 mm lateral to the articular surface and 2 mm 

distal to the supraspinatus tendon footprint. This tunnel was transverse from the posterior 

to the anterior along the superior border of the greater tuberosity and opened at a distal 

site above the subscapularis taking care not to damage other tendons during the process. 

The sutures were passed antero-posteriorly and vice versa through the bone tunnel. (D) The 

emerging suture limbs were tied down via five knots–first surgeon’s knot (two loops) + four 

regular knots. The emerging anterior suture limb from the knot was passed sub-chondrally 

from the proximal to the distal aspect of the greater tuberosity. This pass was replicated 

with the posterior limb of the suture. (E) The sub-chondrally emerging limbs were passed 

inferio-distally to emerge proximally in the opposite direction to create a cross-mattress 

stitch on the polymeric matrix. This flips the matrix during localization and ensures that the 

plain side of the matrix (without the cross-mattress suture) opposes the tendon surface. (F) 

The emerging suture ends from the matrix were used to create a transverse pass through 

the tendon mid-section and tied. Thus, the matrix was implanted as a non-load bearing 
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“piggy-back” patch on the bursal side of the supraspinatus tendon-to-bone insertion site. AC, 

acromion; SS, supraspinatus; IS, infraspinatus; SC, subscapularis; H, humerus
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FIGURE 3. 
Rotator cuff tendon-to-bone interface tissue repair response. Representative Masson’s 

trichrome-stained sections of Matrix Control (A and D), IGF-1m Matrix (B and E), and 

PEG-IGF-1m Matrix (C and F) treatment groups at 4 and 8 weeks, respectively. At 4 

weeks the tendon-to-bone interface in all the repair groups was populated with higher 

number of cells and blood vessels indicative of the normal wound healing response (black 

arrows indicate blood vessels); (A–C) At 8 weeks, the tendon-to-bone interface remodeled 

to more organized tissue (D–F); however, the PEG-IGF-1m treatment group (f) showed 

formation of highly dense, well-oriented collagen, and organized fibrocartilaginous tissue. 

n = 3 tissue samples/group at 4 weeks and n = 4 tissue samples/group at 8 weeks; 3–4 

consecutive sections at similar sample depths were tissue landmarks namely growth plate 

pattern, shape of humerus, and supraspinatus tendon footprint was nearly identical was 

chosen for evaluations. Scale bar 100 μm
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FIGURE 4. 
Formation of fibrocartilaginous tissue at the repair interface. Representative Safranin O-

stained sections showing the region of interest in (A, Ai) Native Tissue, (B, Bi) Matrix 

Control, (C, Ci) IGF-1m Matrix, and (D, Di) PEG-IGF-1m Matrix treatment groups at 8 

weeks. As can be seen, highly organized fibrocartilaginous tissue was observed along with 

its characteristic columnar arrangement of fibrochondrocytes, minimal metachromasia, and 

tidemark only in the PEG-IGF-1m treatment group (D, Di) closely resembling native tissue 

(A, Ai). n = 4 tissue samples/group. Scale bar 100 μm
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FIGURE 5. 
Polarized light imaging of Picrosirius Red stained sections at the enthesis showed robust 

collagen organization in IGF-1 mimics treated groups compared to the repair and matrix 

controls at 4 and 8 weeks. (A) Representative low-magnification figure shows selection of 

the enthesis region of interest. (B) Representative images showing collagen organization in 

Picrosirius Red-stained cross sections of the repair groups at 4 (A–D) and 8 (E–H) weeks 

at 40× objective; scale bar–500 μm), respectively. The organized collagen appears brighter 

than the disorganized collagen because of higher polarization and diffraction of light. White 

arrows indicate collagen fibers inserting into bone in the PEG-IGF-1m treatment group. 

(C) Representative Safranin O-stained images showing cell orientation (color-coded by 

direction) of the repaired groups at 8 weeks as illustrated using orientationJ, an imageJ 

plug-in. Higher directionality (the majority of cells with the same color code) was seen in 

the IGF-1 mimics treated groups (C, D) compared to controls (A, B), scale bar 100 μm. 
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(D) Semi-quantitative evaluation of collagen birefringence using two representative regions 

of interest (ROIs) of 250 μm2 for each replicate of Picrosirius Red-stained images was 

performed via ImageJ. (E) Quantification of coherency coefficient values reflecting cell 

orientation as illustrated in the images in (C) showed significant dominant directionality for 

the cells in the IGF-1 mimics treated groups compared to the matrix control (*p ≤ .05, 2-way 

ANOVA with Tukey’s multiple comparisons post-hoc test). Error bars represent standard 

deviation. n = 3 tissue samples/group at 4 weeks and four tissue samples/group at 8 weeks; 

3–4 consecutive sections at similar sample depths were chosen for evaluations
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FIGURE 6. 
Scar versus regenerative tissue healing in rh-IGF-1 versus PEG-IGF-1m Treatment Groups. 

(A) Diagnostic necropsy of representative repaired rotator cuff samples showing gross 

morphology of the repaired interface. rh-IGF-1 and PEG-IGF-1m treatment groups 

demonstrated distinctly different repair responses with the former healing with a larger 

cross-sectional area (CSA) scar tissue (red arrows in A-b, e) compared to the smaller CSA 

regenerate “tendon-like” whitish tissue seen in the latter (black arrows in A-c, f). Repair 

control also exhibited higher CSA scar tissue at 8 weeks (red arrow in A-d). (B) Minimum 

CSA quantified from microCT images. Representative coronal- (a) and transverse- (b) 

section images of a rotator cuff tendon from microCT (tendon is seen as the uniformly 

dimly lit gray region). The smallest transverse section area is used to quantify the minimum 

CSA shown in the graph. Two-way ANOVA followed by the Tukey’s post hoc test was 

used to compare the treatment groups and controls for significant differences. Significant 

differences compared to native rat rotator cuff tissue are indicated by “#” within the bar; (*p 
≤ .05, **p ≤ .01). n = 6–8 tissue samples/group/timepoint were used for analysis in B
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FIGURE 7. 
Distinct Failure Modes and Distribution in the Repaired Rotator Cuff Insertions. (A) The 

repaired rat supraspinatus enthesis exhibited two distinct failure modes: bony avulsion/

enthesis failures (Ai–Aiii) and tendon midsubstance failure (Aiv–Avi) depending on repaired 

tissue characteristics. The tissues that failed with either grip failure or growth plate fracture 

was excluded from the study (Avii, Aviii). (B) Failure mode distributions showed exclusive 

midsubstance failure in the rh-IGF-1 treatment group (100% at 4 and 8 weeks, respectively) 

that had fibrotic repaired tissue, a mixture of midsubstance and avulsion/enthesis failure 

in repair controls (Midsubstance: Enthesis: Avulsion = 33:50:17 at 4 weeks and 29:0:71 

at 8 weeks, respectively), and predominant avulsion/enthesis failure in the PEG-IGF-1m 

treatment group (Enthesis: Avulsion = 25:75 at 4 weeks and 20:80 at 8 weeks, respectively) 

similar to the native rat rotator cuff tissue (Enthesis: Avulsion = 50:50). n = 6–8 tissue 

samples/group/timepoint were used for analysis in B
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FIGURE 8. 
Treatment with the PEG-IGF-1m matrix significantly improved failure and material 

properties of the tendon at 4 weeks and 8 weeks of healing compared to the repair controls 

and rh-IGF-1 matrix repair groups. (A) Load versus displacement curves of repair control 

and treatment groups at 4 (dotted lines) and 8 (solid lines) weeks using mean ordinance 

method on OriginPro 9. The rh-IGF-1 matrix group (dark blue) showed broader load versus 

displacement curves, extensive post-yield behavior, and failure at lower loads at both 4 

and 8 weeks when compared to repair control (red) and PEG-IGF-1m (light blue). The 

latter showed significantly improved failure loads reaching approximately 80% of the native 

rotator cuff control failure loads by 8 weeks. B (a–c) Failure properties of the different 

treatment and control groups calculated from the load versus displacement curves. B (d–

f) Structural properties of the different treatment and control groups calculated from the 

stress–strain curves. Two-way ANOVA followed by the Tukey’s post hoc test was used to 

Prabhath et al. Page 28

J Biomed Mater Res A. Author manuscript; available in PMC 2023 July 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



compare for significant differences between the treatment groups and controls. Significance 

differences compared to native rat rotator cuff tissue are indicated by “#” within the bar; 

(*p ≤ .05, **p ≤ .01; ***p ≤ .001. A significant difference (p ≤ .05) between timepoints 

is indicated by “t” within the bar. n = 6–8 tissue samples/group/timepoint were used for 

analysis in B
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