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1. INTRODUCTION:

   

2. KEYWORDS:

 

 

3. ACCOMPLISHMENTS:

What were the major goals of the project? 

The study addresses two focus areas of research with pressing clinical need: 1. Optimization 

of the skin-implant interface for osseointegrated (OI) implants, and 2. Prevention of infection 

at the skin-implant interface. The goal is to address both these issues while maintaining 

residual limb skin integrity and durability. We address the issue of skin-to-implant healing 

and attachment for osseointegrated (OI) prostheses by focusing on integration and durability 

of their microbially, mechanically and biologically challenging skin-to-implant interface. 

This study focuses on an OI prosthetic implant anchored in the long bone of a residual limb 

and exiting through the skin. Implant and soft tissue infections (29-38%) and implant 

loosening (13-29%) are common complications for both upper and lower extremity bone-

anchored implants, resulting in revision surgeries and increased morbidity. These 

complications develop due to lack of a tight, impervious seal at the skin-percutaneous 

implant interface, resulting in exposure of soft tissue and vasculature, thereby increasing 

chances of infection as well as implant loosening. For both focus areas, we explore the 

possibility of creating a tight, durable skin-implant interface for OI implants using 

mesenchymal stem cells (MSCs) derived from naturally occurring porcine integumentary 

and connective tissues or human induced pluripotent stem (iPS) cells, which have the 

intrinsic potential to form an impervious seal at hard and soft tissue junctions. We 

hypothesize that comparative analysis of the differentiation and adhesion properties of 

naturally occurring cells of the integumentary system, present at hard and soft tissue 

junctions at the dermis, nails or hoof, periodontal ligament, adipose tissues, as well as iPS 

cells could enable us to engineer durable and impervious cell-based scaffolds for placement 

at the skin-implant interface.  

Osseointegration, implants, titanium, scaffold, MSCs, iPS cells, differentiation, adhesion, 

tissues, bone, cartilage, adipose, muscle, ligament, tendon, dermis 



Research-Specific Aims and Tasks 
Mos. 

 Percent 

complete

d Site 2

Su

b- 

site

2a
 Administrative Aims and Tasks: 

1. Establish subaward agreement between HJF and MMRF

2. Develop and sign USU-MMRF CRADA

3. Recruit and hire support personnel

a. Stem Cell Biologist (USU)

b. Research Associate (USU)

c. Stem Cell Biologist (MMRF-UMN)

1-4 100% 

100% 

100% 

a. 100%

b: 100%

c: 100%

 

 Specific Aim 1 Specific Aim 1: in ex vivo culture (a) steer 

differentiation for human and swine MSC, iPS cells and mature site-

specific (gingival and hoof/nail bed) cells to adhesive/epithelial 

phenotypes, (b) Characterize and rate the ingrowth of these cells 

into scaffold and their adhesive potential to metal substrate. 

1-24 100% X 

Major Task 1: Develop cell culture 1-16 100% 

Subtask 1.1: In vitro isolation and characterization of porcine cells. 1-16 100% 

Subtask 1.2: In vitro development and characterization of human 

cells. 
1-16

100% 
X 

Major Task 2: In vitro: evaluate cell adhesion to metal substrate 7-16 100% X 

Subtask 2.1a: Test porcine cells for adhesion 7-16 100% X 

Subtask 2.1b: Test human cells for adhesion 7-16 100% X 

Major Task 3: Scaffold development for cell growth and anchorage to 
underlying tissue. 5-24 100% X 

Subtask 3.1: Complete scaffold design (constructs) for “sleeve” & 
“transition designs 

5-16 100% X 

Subtask 3.2: Seed and grow porcine cells on flat collagen sheets, 
assemble scaffolds 17-24 100% 

Subtask 3.3: Seed and grow human cells on flat collagen sheets, 
assemble scaffolds 

17-24 100% X 

Major Task 4: Complete full statistical analysis, complete/submit 2-4 
manuscripts. 18-24 80% X 

Milestone(s) Achieved: Characterization of 3-4 cell choices for 
optimal adhesivity - in vitro; submission of 2-4 manuscripts. 1-24 90% X 

Specific Aim 2 Specific Aim 2: In vivo large animal (swine) testing of 

transdermal implants with and without subdermal cellular 

augmentation (SA2a), +/- septal /strain limiting scaffold (SA2b), and 

topical bacterial challenge (SA2c). 

25-60 15% X 

Major task 5: (SA2a) Implant 8 implants/animal with “best of” cells 

from Specific Aims 1 and 2 x 10 animals at University of Minnesota 
25-35 5% X 

Subtask 5.1: Implant initial 5 animals with 3-4 types of cell 
augmentation per animal 

25-27 0% X 

Subtask 5.2: Initial evaluation of skin integration - assessment of initial 
results; experiment modification as necessary. 

28-29 0% X 



What was accomplished under these goals? 

Specific Aim 1: Ex vivo culture (a) steer differentiation for human and swine MSC 

Subtask 1.1: In vitro isolation and characterization of porcine cells 

Isolation of Hoof and Tendon MSC cells 

Objective: Development of biobank of isolated, expanded and characterized swine multipotent 

mesenchymal stem cells in order to complete the large animal study.  

Methods: Porcine MSCs were isolated from female Gottingen, Yucatan or Yorkshire minipigs 

under USUHS Surgery and Veterinary Medicine tissue sharing protocol (LAM-17-540 entitled 

“Education and Training Protocol for Techniques in Animal Care and Use”). All tissues were 

collected in sterile collection media (1:1 DMEM-F12, containing 2% FBS and 2X antibiotics; 

namely penicillin, streptomycin and fungizone), as described in previous reports.  

Results: In this past year, we increased the size of our swine cell biobank by isolating and freezing 

mainly the two most pertinent Swine MSCs cell types (Hoof- and Tendon-derived pMSCs). We 

updated our inventory shown in Table 1.  

Conclusion: We successfully isolated enough Hoof- and Tendon-derived MSCs to accomplish the 

entire large animal study.     

Table 1: Inventory of Hoof- and Tendon-derived MSC cells localized at USU 

Tendon MSC Number of vials Total of frozen cells Hoof MSC Number of vials Total of frozen cells 

Passage 0 5 2,300,000 Passage 0 3 1,200,000 

Passage 1 31 25,000,000 Passage 1 15 20,000,000 

Passage 2 10 5,940,000 Passage 2 12 11,000,000 

Passage 3 35 189,000,000 Passage 3 22 11,000,000 

Passage 4 1 450,000 Passage 5 6 6,800,000 

Passage 5 4 3,100,000 



Large scale ex vivo expansion tendon-derived swine MSCs for in vivo application 

Objective: We tested the efficiency of Human Platelet Lysates and heparin (HPL+H) on cellular 

proliferation rate of multipotent MSCs derived Achilles tendon in order determine the maximum 

cell density that could be obtained after 10 and 15 days of culture.  

Methods: The Tendon-derived MSCs (passage 1) were thaw and seeded at 350,000 cells in a 10 

cm culture dish in standard MSC growth media (GM) (1:1 DMEM-F12, supplemented with 2% 

FBS and antibiotics (2x) consisting of penicillin, streptomycin and fungizone) After 24h the GM 

was exchanged with fresh GM supplemented with 2% of HPL (StemCell) plus 2 IU/ml of sodium 

heparin (StemCell) every 72h for 10 days at which point adherent confluency was ~ 90%. Cells 

were trypsinized, collected washed and counted. Cells were expanded for another 5 days by 

passaging at 1:3 ratio (Figure 1).  

Results: The addition of Human Platelet Lysates and heparin promoted robust Tendon-derived 

MSC growth. The number of MSC cells increased 28-fold (1x107 total cells) and 200 fold (7 x107) 

after 10 and 15 days of ex vivo culture, respectively (Figure 2). Culturing swine MSCs rendered 

significant large number of undifferentiated adherent fibroblastic cell-type in only 15 days of 

culture, giving us enough material to pursue the in vivo experiment. 

Figure 1: Cell expansion diagram showing the experiment flow, the confluency and cell density 

to expect after 1, 4, 7, 10 and 15 days of culture.  



Figure 2: Tendon-derived MSC expansion characterization in sterile growth media supplemented 

with 2% of Human Platelets lysate and 2 IU/ml Sodium Heparin. Average of cell numbers at Day 

1, Day 10 and Day 15 of Tendon-derived MSCs cultivated in cMSC-GM+HPL+Heparin. 

Evaluation of platelet lysate and heparin as media additives on porcine MSCs marker 

transcription level. 

Objective: We tested the effect of Human Platelet Lysate and Heparin (HPL+H) on both Hoof 

and Tendon-derived MSC marker transcription using real time quantitative Polymerase Chain 

Reaction (RT q-PCR).  

Methods: Hoof-associated superficial flexor tendon and Achilles tendon-derived MSCs were 

cultivated in parallel with commonly used growth media DMEM-F12+10% FBS and antibiotics 

(cMSC-GM) and in cMSC-GM supplemented with 2% Human Platelet Lysate and Heparin (2 

IU/ml as final concentration) (cMSC-GM+HPL+H). We assessed comparative gene expression 

profiles for 2 housekeeping genes (B-actin and B2M) and 2 MSCs marker (CD90 and CD29) using 

quantitative Polymerase Chain Reaction (qPCR).  

Results: Remarkably, in addition of HPL+H promoted robust swine MSC growth (Figure 2), we 

wanted to validate that HPL+H does not affect gene expression of porcine MSCs markers. We 

compared the transcript expression of two housekeeping genes (B-actin, B2M) and two putative 

MSCs markers (CD90 and CD29) after 11 days in culture either in cMSC-GM or in cMSC-

GM+HPL+H (Figure 3). All transcripts were highly expressed independent of the culture 

conditions, and no marked changes in gene transcript expression were observed.  



Figure 3: Hoof and Tendon-derived MSC gene expression study. A. Forward (FW) and reverse 

(RV) primer sequences used for the qPCR study. B. Average of CT values obtained from 

quantitative Polymerase Chain Reaction (qPCR) using of B-actin, B2M, CD90 and CD29 primers 

and comparing Hoof and Tendon-derived MSCs cultured 12 days in cMSC-GM or cMSC-

GM+HPL+H. Data presented as mean +/- SD. 

Evaluation of platelet lysate and heparin as media additives on Tendon-derived MSCs 

cytoskeleton structure and morphology  

Objective: The objective of this study was to evaluate the effect of platelet lysate and heparin as 

media additive on cytoskeleton of tendon-derived MSCs selected for in vivo implantation. To do 

so, we optimized a cytoskeleton-staining protocol to stain filamentous actin (F-actin) on MSCs 

cultured in standard (DMEM) and platelet lysate and heparin supplemented (DMEM+HPL+H) 

MSC growth medium. The cytoskeleton of cells plays important roles in cell morphology, 

adhesion, growth, and signaling. The actin network has been shown to play a major role in the 

mechanical properties of cells.  

Methods: The Tendon-derived MSCs were seeded on a 0.2% gelatin-coated glass coverslip in 

either a standard MSC growth media (1:1 DMEM-F12, containing 2% FBS and 2X antibiotics) or 

MSC growth media supplemented of HPL+Heparin for 48h. Cells were fixed using cold 4% 

paraformaldehyde (Thermofisher) and permeabilized using 0.25% Triton-X100 (Thermofisher)-

Phosphate Buffered Saline (PBS, Gibco). Cells were stained with ActinGreen 488 Readyprobes 

reagent (Thermofisher) which has a high-affinity for filamentous actin, main components of the 

cytoskeleton. The coverslip was mounted in a microscope slide using EverBrite™ Hardset 

Mounting Medium (Biotium) containing Dapi dye. The microcopy slide was imaged on an 

epifluorescence microscope (Zeiss) using an oil-immersion 40X objectives.  

Conclusion: The ActinGreen staining highlights the structure and morphology of well-spread 

Tendon-derived MSC cytoskeleton by binding directly to actin filaments (grey) (Figure 4). Since 

implants will be coated with cells cultured in the presence of HPL, we assessed if this method of 

culture results in any cytoskeletal structural changes in MSCs that may be impact cell adhesion 

and differentiation. No significant difference was observed on cell cytoskeleton structure and 



morphology using standard (DMEM) or platelet lysate and heparin supplemented 

(DMEM+HPL+H) MSC growth medium. In both cases, the actin filaments appear long, thin and 

well organized (Figure 4).  

Figure 4: Tendon-derived MSCs cytoskeleton image using ActinGreen 488nm (grey) and Dapi 

(blue) staining. Scale bars equal 100 μm. 

One of the microscopy image obtained was submitted to “USU Research Day 2022- Art of Science 

Competition” and was awarded first place (see Appendix 1). 

Conclusion on using platelet lysate and heparin as media additives: The use of HPL+H has a 

highly stimulatory effect on swine MSC proliferation while maintains cytoskeleton morphology, 

and the expression of B-actin, B2M even CD90 and CD29 (MSC markers) and consequently can 

be used to rapidly accelerate the ex vivo growth of hoof-associated superficial flexor tendon and 

Achilles tendon-derived MSCs.  

Shipment of frozen cells from USU to the University of Minnesota 

Eleven vials were successfully shipped from USU to The University of Minnesota on July 26th 

2022 (see Table 2). A cell expansion standard operational procedure have been validated at USU 

and forwarded to the University of Minnesota. 



Table 2: Inventory of Tendon-derived MSC cells which have been shipped to the UMN 

Training and education 

During the performance period, our team mentored H2M Shruti Kamath, an EMPD2- upcoming 

medical student, in a variety of molecular and cell culture methodologies and techniques pertinent 

to studies in this proposal. Dr. Ronzier served as her mentor.  

Specific Aim 2: In vivo large animal (swine) testing of transdermal implants 

 A Material Transfer Agreement (MTA) was executed on March 17th 2020 between

Zimmer, Inc., and the Henry M. Jackson Foundation to provide 150 OsseoTi Transdermal

Collars to support projected in vivo studies.

 Transdermal implants were fabricated by Zimmer Biomet and received by the University

of Minnesota.

 The ex-vivo study to assess skin attachment onto titanium rods in the presence of cell-laden

hydrogel was completed and the samples have been provided to the University of

Minnesota imaging center for tissue clearance and imaging to analyze cellular responses.

The center is optimizing the staining protocols to minimize strong background fluorescence

which should be completed soon after which the samples will be imaged.

 Two swine cadaver pilot studies were performed to optimize surgical techniques and to

refine the IACUC protocol and address potential IACUC questions and concerns. These

studies determined the optimal spacing of the implants, incision placement, sizing of the

transdermal hole and the optimal procedure for applying scaffold treatments during surgery

(Figure 5). The scaffold treatment was stained to allow visual inspection of the placement

and ensure even distribution on the implant.

Tendon-derived MSCs 

Passage Pig # Freeze date 

Cell numbers 

in the shipped vial 

Expected cell numbers 

 after expansion Purpose 

P1 11 06/05/2020 500,000 100,000,000 Cell expansion protocol testing 

P1 19 11/25/2019 690,000 138,000,000 Implant coating for Large animal study 

P1 19 11/25/2019 690,000 138,000,000 Implant coating for Large animal study 

P1 19 11/25/2019 690,000 138,000,000 Implant coating for Large animal study 

P1 19 11/25/2019 690,000 138,000,000 Implant coating for Large animal study 

P1 20 11/20/2019 700,000 140,000,000 Implant coating for Large animal study 

P1 20 11/20/2019 700,000 140,000,000 Implant coating for Large animal study 

P1 20 11/20/2019 700,000 140,000,000 Implant coating for Large animal study 

P1 20 11/20/2019 700,000 140,000,000 Implant coating for Large animal study 

P1 20 11/20/2019 540,000 108,000,000 Implant coating for Large animal study 



 The large animal protocol for the in vivo study was approved by IACUC on May 06th 2022

(see Appendix 2) and approved by ACURO on July 05th 2022 (see Appendix 3). The

approved protocol is presented in Appendix 4.

 An ex-vivo cell culture study to assess skin attachment onto titanium rods in the presence

of cell-laden hydrogel was completed and the samples have been provided to University

Imaging Center at UMN for tissue clearance and imaging to analyze cellular responses.

Conclusion: Significant progress has been made in regards to developing the experimental 

design and surgical procedures in order to conduct the in vivo-large animal study. All materials 

have been procured.  Protocol optimization and mock surgical implantation procedures have 

been developed and optimized using pig cadavers at UM. Personal, facilities and supplies are 

in place to commence with the proposed in vivo studies once IACUC/ACURO approval is 

obtained and the custom-made titanium implants from Zimmer Biomet are received.  

Figure 5: A. Picture shows the placements of implants on the cadaver along with the incisions 

made for inserting the implant, post-insertion ~17mm of the implant post protrudes out of the 

skin whereas. B. A picture of the base of the implant with scaffold residue (black arrows) after 

the scaffold was injected through the space between the post and the skin and cross-linked using 

visible light (λ = 405 nm). C-D shows spatial distribution of colored scaffold (carmine was 

incorporated within scaffold for better visualization) demonstrating that there is a layer of cross-

linked scaffold around the central hole (where the metal post was) and underneath the skin 

between the tissue and the base plate of the implant (as marked by black arrow). 

A B 

C D 



Major Task 4: Complete full statistical analysis, complete/submit 2-4 manuscripts 

A peer-reviewed manuscript entitled “Culture and characterization of various porcine 

integumentary-connective tissue-derived mesenchymal stromal cells to facilitate tissue adhesion 

to percutaneous metal implants” was accepted for publication in an International peer-reviewed 

journal “Stem Cell Research and Therapy’ on November 19th 2021 and is available on-line as of 

December 19, 2021 (see Appendix 5). 



What opportunities for training and professional development has the project provided?   

During the past year, Dr. Ronzier from the USU team mentored H2M Shruti Kamath, an 

EMPD2- upcoming medical student, in a variety of molecular and cell culture methodologies and 

techniques pertinent to studies in this proposal.  

How were the results disseminated to communities of interest?    

 

What do you plan to do during the next reporting period to accomplish the goals?  

 Finalize the second manuscript entitled “Use of iMSCs-laden scaffolds for epithelial

attachment onto metal abutment for improved performance of osseointegrated devices for

amputees: in vitro and ex vivo analysis”.

 Complete ~ 25% of the large animal study and submit 6-week tissue integrated implants

for histological evaluation (uncoated implants, scaffold coated implants and scaffold-

coated/plus cell-coated implants).

Nothing to report 



What was the impact on the development of the principal discipline(s) of the project?    

 

What was the impact on other disciplines?    

 

What was the impact on technology transfer?    

What was the impact on society beyond science and technology? 

5.

Nothing to Report 

Nothing to Report 

Nothing to Report 

CHANGES/PROBLEMS:

Nothing to Report 

4. IMPACT: 



Changes that had a significant impact on expenditures 

Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or 

select agents 

Significant changes in use or care of human subjects 

 

Significant changes in use or care of vertebrate animals 

Not applicable 

Significant changes in use of biohazards and/or select agents 

 

6. PRODUCTS:  

• Publications, conference papers, and presentations

Journal publications.  

Nothing to Report 

Not applicable 

Not applicable 



Books or other non-periodical, one-time publications.  

Other publications, conference papers and presentations. 

Nothing to Report 

• Website(s) or other Internet site(s)

 Technologies or techniques

Publication: 

Dey D, Fischer NG, Dragon AH, Ronzier E, Mutreja I, Danielson DT, Homer CJ, 

Forsberg JA, Bechtold JE, Aparicio C, Davis TA. Culture and characterization of various 

porcine integumentary-connective tissue-derived mesenchymal stromal cells to facilitate 

tissue adhesion to percutaneous metal implants. Stem Cell Res Ther. 2021 Dec 

18;12(1):604. doi: 10.1186/s13287-021-02666-2. PMID: 34922628; PMCID: 

PMC8684200. 

Poster presentation: 

Mutreja1 I. et al. Human iMSC-laden photocurable hydrogel for improved durability of 

the skin/implant interface – An in vitro and ex vivo analysis. MHSRS 2022 poster 

presentation. 

Nothing to Report 

Nothing to Report 



• Inventions, patent applications, and/or licenses

• Other Products

7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

What individuals have worked on the project? 

Funding Support: The Ford Foundation (Complete only if the funding 

support is provided from other than this award.)  

Nothing to Report 

Nothing to report 
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Has there been a change in the active other support of the PD/PI(s) or senior/key 

personnel since the last reporting period?  

 

What other organizations were involved as partners?    

8. SPECIAL REPORTING REQUIREMENTS

COLLABORATIVE AWARDS: 

QUAD CHARTS:  

Nothing to report 

Organization Name: Stem Cell Institute – Professor Jakub Tolar’s lab 

Location of Organization: University of Minnesota, Minneapolis, MN 

Partner’s contribution to the project: Facilities, collaboration, personnel exchange (Isha 

Mutreja-Aparicio’s lab, Kirk Twaroski-Tolar’s lab). 



9. APPENDICES: 



Appendix 1: USU Research Day 17th-19th May 2022 – Art of Science Competition Winner 

announcement 



 

Appendix 2: IACUC protocol approved letter 

  



 

Appendix 3: ACURO protocol approved letter    



 

Appendix 4: IACUC protocol approved 



 

 



 



 

  



 

 



 

  



 

  



 

  



 

  



 

  



 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  



 

Appendix 5: Dr. Dey’s published manuscript.

 



 

 



 

 

  



 

  













 

 

 



 

 



 

 

 



 

 





 

 

 



 

 

 



 

 

 



 

 



 

 

 



 

 

 



 

Appendix 6: Dr. Mutreja’s MHSRS 2022 poster 

  



 

 

  



 

 




