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ABSTRACT OF THE DISSERTATION 

 

Enhancing Non-Viral Gene Delivery in Porous Hyaluronic Acid Hydrogels 

 

by 

 

Norman Franklin Truong 

Doctor of Philosophy in Chemical Engineering 

University of California, Los Angeles, 2018 

Professor Tatiana Segura, Co-Chair 

Professor Harold G. Monbouquette, Co-Chair 

 

The efficient and sustained delivery of therapeutic genes in vitro and in vivo has a wide 

range of applications in studying biology and in developing therapies for treating disease or 

repairing tissue. Porous hydrogels have been widely used as three-dimensional scaffolds for both 

cell culture and tissue repair due to their ability to mimic the structural and biochemical properties 

of native tissue. In addition, therapeutics such as DNA-loaded nanoparticles called polyplexes can 

be delivered from these scaffolds to infiltrating cells; however, the main challenge plaguing such 

efforts has been insufficient transgene expression from the delivery of the transgene. It is  

hypothesized that this is due to significant aggregation of inherently charged polyplexes upon 

encapsulation in the hydrogel. To mitigate this issue, our laboratory has previously developed a 

method called caged nanoparticle encapsulation to load polyplexes in porous hyaluronic acid 

hydrogels at high concentrations; however, low transgene expression has been observed both in 
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vitro and in vivo, prompting the search for alternative methods to enhance non-viral gene delivery 

from hydrogels.  

In considering this problem, we first developed two methods of loading polyplexes within 

porous hydrogel scaffolds and examined mechanisms of polyplex uptake. In the first method, we 

addressed the hypothesis that the high surface charge of polyplexes triggers aggregation by 

developing a PEGylated variant of the DNA-complexing polymer polyethyleneimine (PEI) to 

decrease the surface charge of polyplexes. While this technique did result in decreased polyplex 

aggregation upon encapsulation in the hydrogel, it also exhibited decreased internalization and 

transfection efficiency due to the decreased surface charge. In the second method, polyplexes were 

loaded into hydrogels by coating onto the hydrogel pore surfaces instead of encapsulation to 

improve DNA availability to infiltrating cells. This presentation resulted in long-term sustained 

transgene expression in vitro over a period of 30 days, which we concluded was due to the 

occurrence of re-transfection events.  

Lastly, we studied how material properties of a new promising class of injectable porous 

scaffolds known as microporous annealed particle (MAP) scaffolds can affect transgene 

expression. We found that building block size, stiffness, cell adhesion peptide concentration and 

presentation, and induced integrin specificity affect transgene expression upon polyplex 

transfection of cells cultured within MAP scaffolds, and that transfection of cells cultured in MAP 

scaffolds occur via different mechanisms that that of cells cultured two-dimensionally on tissue 

culture plastic. These findings provide further insight on how MAP scaffold design can be 

optimized for enhancing gene delivery.  

  



 iv 

The dissertation of Norman Franklin Truong is approved. 

Yvonne Y. Chen 

Stephanie Kristin Seidlits 

Harold G. Monbouquette, Committee Co-Chair 

Tatiana Segura, Committee Co-Chair 

 

 

 

University of California, Los Angeles 

2018 

  



 v 

 

 

 

 

To my family 

婆婆 

Mom and Dad 

Wesley 

 

 

 

  



 vi 

TABLE OF CONTENTS 

I	  Overview of dissertation and specific aims ....................................................................... 1	

1.1 Motivation and objectives ..................................................................................................... 1	

1.2 Dissertation outline and specific aims .................................................................................. 5	

II	 Design of cell-matrix interactions in hyaluronic acid hydrogel scaffolds .......................... 7	

2.1 Introduction ........................................................................................................................... 7	

2.2 Biological function ............................................................................................................... 9	

2.3 Incorporating bioactive signals ........................................................................................... 11	

2.3.1 Incorporation of cell adhesion motifs ...................................................................... 13	

2.3.2 Incorporation of hyaluronic acid fragments ............................................................. 15	

2.3.3 Incorporation of non-ECM motifs ........................................................................... 15	

2.3.4 Incorporation of growth factors and controlled release ........................................... 16	

2.3.5 Incorporation of gene-encoding nucleic acids ......................................................... 17	

2.4 Introducing spatial signals .................................................................................................. 18	

2.5 Introducing mechanical signals .......................................................................................... 19	

2.6 New HA scaffold syntheses ................................................................................................ 22	

2.7 Conclusion and future directions ........................................................................................ 24	

III	 Non-viral gene delivery from hydrogel scaffolds for tissue repair ................................... 25	

3.1 Introduction ......................................................................................................................... 25	

3.2 Plasmid design .................................................................................................................... 28	

3.3 Gene carrier considerations and loading of DNA therapeutics into hydrogel scaffolds .... 30	

3.3.1 Naked plasmid ......................................................................................................... 31	

3.3.2 Condensed plasmid using cationic polymer- and lipid-based gene carriers ............ 32	

3.3.3 Dependence of gene transfer on cell-scaffold interactions and cytoskeletal 

mechanics .......................................................................................................................... 34	

IV	 Encapsulation of PEGylated polyethyleneimine polyplexes reduces aggregation in 

hyaluronic acid hydrogels ............................................................................................................. 37	

4.1 Introduction ......................................................................................................................... 37	

4.2 Materials and Methods ........................................................................................................ 40	

4.2.1 Materials .................................................................................................................. 40	



 vii 

4.2.2 Synthesis of sPEG-PEI ............................................................................................ 41	

4.2.3 Polyplex formation and characterization ................................................................. 41	

4.2.4 Agarose gel retardation assay .................................................................................. 42	

4.2.5 Cell culture ............................................................................................................... 42	

4.2.6 Cytotoxicity of sPEG-PEI and LPEI polyplexes ..................................................... 42	

4.2.7 In vitro 2-D bolus transfection ................................................................................. 43	

4.2.8 Internalization of DNA over different periods of polyplex exposure ...................... 44	

4.2.9 Internalization of DNA and transgene expression under inhibition of endocytosis 

pathways ........................................................................................................................... 44	

4.2.10 Hyaluronic acid modification ................................................................................ 45	

4.2.11 Polyplex lyophilization by caged nanoparticle encapsulation (CnE) .................... 46	

4.2.12 Porous hydrogel design template using PMMA microspheres .............................. 46	

4.2.13 Porous and nonporous hydrogel formation and characterization .......................... 46	

4.3 Results and Discussion ....................................................................................................... 48	

4.3.1 sPEG-PEI synthesis ................................................................................................. 48	

4.3.2 Polyplex Characterization ........................................................................................ 48	

4.3.3 Cell-polyplex interactions ........................................................................................ 50	

4.3.4 Visualization of polyplex aggregation ..................................................................... 53	

4.4 Conclusion .......................................................................................................................... 56	

4.5 Acknowledgements ............................................................................................................. 57	

V	 Sustained transfection from polyplex-coated porous hyaluronic acid scaffolds .............. 58	

5.1 Introduction ......................................................................................................................... 58	

5.2 Materials and Methods ........................................................................................................ 60	

5.2.1 Materials .................................................................................................................. 60	

5.2.2 HA modification ...................................................................................................... 60	

5.2.3 Porous hydrogel formation ...................................................................................... 61	

5.2.4 Polyplex formation and surface coating .................................................................. 62	

5.2.5 Polyplex visualization .............................................................................................. 62	

5.2.6 DNA release from hydrogels ................................................................................... 62	

5.2.7 Cell culture ............................................................................................................... 63	

5.2.8 3-D transfection from surface-coated hydrogels ...................................................... 63	



 viii 

5.2.9 Assessment of toxicity of polyplex administration .................................................. 64	

5.2.10 Assessment of effect of space availability on transfection and transgene expression

........................................................................................................................................... 65	

5.2.11 Assessment of cell re-transfection in porous hydrogels ........................................ 65	

5.2.12 Statistical analysis .................................................................................................. 66	

5.3 Results and Discussion ....................................................................................................... 66	

5.3.1 Characterization of surface-coated hydrogels .......................................................... 67	

5.3.2 Long-term transfection ............................................................................................. 70	

5.3.3 Assessment of mechanisms for long-term expression ............................................. 72	

5.3.4 Further Discussion ................................................................................................... 74	

5.5 Conclusion .......................................................................................................................... 76	

5.6 Acknowledgements ............................................................................................................. 76	

VI	 Physical and cell adhesion properties of microporous annealed particle (MAP) hydrogels 

control fibroblast spreading, proliferation, and gene transfer ....................................................... 77	

6.1 Introduction ......................................................................................................................... 77	

6.2 Methods .............................................................................................................................. 79	

6.2.1 Preparation of hyaluronic acid-norbornene (HA-Norb) .......................................... 79	

6.2.2 Synthesis of polyethylene glycol-tetrazine (PEG-tet) .............................................. 80	

6.2.3 HA microgel formation and purification ................................................................. 80	

6.2.4 Alexa Fluor 647 tetrazine synthesis and labelling of microgels .............................. 81	

6.2.5 Microgel size distribution ........................................................................................ 82	

6.2.6 Microgel annealing to generate MAP scaffolds ....................................................... 82	

6.2.7 Preparation of cell culturing devices ........................................................................ 82	

6.2.8 Cell culture and seeding HDFs in MAP scaffolds ................................................... 83	

6.2.9 Void space analysis .................................................................................................. 84	

6.2.10 Oscillation rheometry ............................................................................................. 84	

6.2.11 Cell staining and imaging ...................................................................................... 85	

6.2.12 Transfection of MAP gel culture and assay for transgene expression ................... 85	

6.2.13 Cell viability ........................................................................................................... 86	

6.2.14 Endocytic pathway inhibition ................................................................................ 86	

6.2.15 Cytoskeletal inhibition and activation ................................................................... 87	



 ix 

6.2.16 RhoGTPase and YAP/TAZ inhibition and activation ........................................... 87	

6.2.17 Statistical analysis .................................................................................................. 88	

6.3 Results and discussion ........................................................................................................ 88	

6.3.1 Analysis of gel physical properties .......................................................................... 88	

6.3.2 Cell culture and transfection in MAP gel ................................................................ 91	

6.3.3 Effects of MAP physical properties on transfection ................................................ 93	

6.3.4 Effects of MAP cell adhesion properties on transfection ........................................ 97	

6.3.5 Effect of integrin specificity on transfection ......................................................... 101	

6.3.6 Analyzing dependence of endocytic, cytoskeletal, RhoGTPase, and YAP/TAZ 

pathways on transfection ................................................................................................. 103	

6.4 Conclusion ........................................................................................................................ 108	

6.5 Acknowledgements ........................................................................................................... 109	

6.6 Supplementary Data .......................................................................................................... 109	

VII	  Conclusions and future directions .................................................................................. 111	

7.1 Introduction ....................................................................................................................... 111	

7.2 Specific aim 1 ................................................................................................................... 111	

7.4 Specific aim 2 ................................................................................................................... 113	

7.5 Specific aim 3 ................................................................................................................... 114	

VIII	  References ...................................................................................................................... 117	

 

  



 x 

LIST OF FIGURES AND TABLES 

Figure 1.1: Dissertation aims. ......................................................................................................... 4	

Figure 2.1: Hyaluronic acid scaffolds can be engineered in several ways to control encapsulated 

cell behavior. ................................................................................................................................... 8	

Figure 2.2: Structure of hyaluronic acid. ........................................................................................ 9	

Figure 2.3: Bioactive signals are commonly incorporated into HA hydrogels to direct cell 

behavior. ........................................................................................................................................ 13	

Table 3.1: Inductive hydrogel scaffold-mediated delivery of therapeutic genes in vivo. ............. 29	

Figure 4.1: sPEG-PEI chemistry. .................................................................................................. 40	

Figure 4.2: Characterization of sPEG-PEI polyplex-cell interactions. ......................................... 51	

Figure 4.3: Visualization of polyplex aggregation in polyplex-loaded HA hydrogels. ................ 55	

Figure 5.1: Confocal microscopy characterization of surface coating and cell seeding. .............. 68	

Figure 5.2: Characterization of DNA loading and release by surface coating. ............................ 69	

Figure 5.3: Transgene expression in surface-coated porous scaffolds. ........................................ 70	

Figure 5.4: Toxicity in 2-D culture and culture in porous-coated scaffolds. ................................ 71	

Figure 5.5: Investigation of mechanisms for sustained expression. ............................................. 74	

Figure 6.1: Characterization of MAP gel properties. .................................................................... 89	

Figure 6.2: Characterization of HDF cell culture and transfection in MAP gel. .......................... 92	

Figure 6.3: Effect of microgel diameter on HDF spreading and transfection in MAP gel. .......... 95	

Figure 6.4: Effect of MAP gel stiffness on HDF spreading and transfection in MAP gel. .......... 97	

Figure 6.5: Effect of RGD concentration on HDF spreading and transfection in MAP gel. ........ 99	

Figure 6.6: Effect of RGD clustering ratio (mmol RGD/mmol HA) on HDF spreading and 

transfection in MAP gel. ............................................................................................................. 100	

Figure 6.7: Effect of integrin specificity as controlled by cell adhesion ligand on HDF spreading 

and transfection in MAP gel. ...................................................................................................... 102	



 xi 

Figure 6.8: Analyzing dependence of endocytic, cytoskeletal, RhoGTPase, and YAP/TAZ 

pathways on transfection. ............................................................................................................ 105	

Supplementary Figure 6.1: Cell culture device mold. ................................................................ 109	

Supplementary Figure 6.2: Gaussia luciferase expression at days 2 and 6 normalized to 

proliferation level at time of transfection to remove effect of cell count differences at time of 

transfection. ................................................................................................................................. 110	

 

 

  



 xii 

ACKNOWLEDGEMENTS 

I am indebted to those whose efforts have made this dissertation possible. First, thank you, 

Tatiana; you have been an amazing advisor over the past five and a half years. Thank you for 

providing me with the space and support to pursue my ideas and interests. I have become a better 

scientist and person through your mentorship and through learning from your almost inhuman 

ability to balance work and family. 

I would also like to thank all my lab mates for their friendship and support, and of course 

for all the laughs and antics along the way. Cynthia, you were my first mentor in the lab, and I 

learned so much from you; thank you for being so kind and patient. Don, Allyson, Lina, Sasha Cai, 

and Lucas, thank you for sharing with our lab community your expertise and advice from a postdoc 

perspective, both about research and about life. Talar, Jon, Suwei, and Shiva, I appreciate your 

help and advice as the older grad students in our lab; I am glad we have been able to stay in touch 

throughout my time at UCLA. Sandy, Giovanny, Shayne, Victor, Elias, Rob, Kat, Yining, Lindsay, 

Peter, and Drew, you have been great lab mates and have made our lab a fun and enjoyable place 

to work. Sandy, I already miss our carpool chats. I would like to give a special thank you to Nikki; 

I am so grateful that we were able to go on this PhD journey together. I also cannot forget the 

undergraduate and high school students whom I have had the pleasure of mentoring, especially 

Adrian, Ben, Olivia, Nairi, and Mabel; I hope you learned as much from me as I did from working 

with you. I deeply appreciate your hard work, patience, and above all, your trust in me as your 

mentor. 

I would also like to extend my gratitude to the other mentors who have guided my research 

and career development along the way: Dr. Yvonne Chen, Dr. Stephanie Seidlits, Dr. James Liao, 

and Dr. Harold Monbouquette, for your questions, suggestions, and comments which have taught 



 xiii 

me to think more critically about my work and to always keep the overall context and significance 

of my work in mind; Dr. Luisa Iruela-Arispe and Dr. Julia Mack, for your guidance and generosity 

during my rotation as an NIH training fellow; and Dr. Karthik Rajagopal and Dr. Amin Famili, for 

your mentorship and career advice during my internship at Genentech.  

I am grateful for funding support from the National Institutes of Health (R01HL110592) 

and the NIH Biotechnology Training Grant (T32GM067555), without which this work would not 

have been possible. 

 

Jeff, you have supported me in more ways than you can imagine; thank you for everything. 

Thank you to my friends, especially Leo, Claire, Andrew, Carly, and Janise, for your 

kindness and support. 

And finally, a heartfelt thank you to my mother, father, 婆婆 , and brother for their 

unfaltering love and encouragement.  

 

Chapter II is a version of “Lam, J., Truong, N. F. & Segura, T. Design of cell-matrix 

interactions in hyaluronic acid hydrogel scaffolds. Acta Biomater. 10, 1571–1580 (2014). 

doi:10.1016/j.actbio.2013.07.025.”  

Chapter III is a version of “Youngblood, R.L., Truong, N.F., Segura, T. & Shea, L.D. It’s 

all in the delivery: Designing hydrogels for cell and non-viral gene therapies. In revision.” 

Chapter IV is a version of “Siegman, S., Truong, N. F. & Segura, T. Encapsulation of 

PEGylated low-molecular-weight PEI polyplexes in hyaluronic acid hydrogels reduces 

aggregation. Acta Biomater. 28, 45–54 (2015). doi:10.1016/j.actbio.2015.09.020.”  



 xiv 

Chapter V is a version of “Truong, N. F. & Segura, T. Sustained Transgene Expression via 

Hydrogel-Mediated Gene Transfer Results from Multiple Transfection Events. ACS Biomater. Sci. 

Eng. (2018). doi:10.1021/acsbiomaterials.7b00957. In press.” 

Chapter VI is a version of “Truong, N.F., Tahmizyan, N., Lesher-Perez, S.C., Chen, M., 

Darling, N.J., Xi, W. & Segura, T. Physical and cell adhesion properties of microporous annealed 

particle (MAP) hydrogels control fibroblast spreading, proliferation, and gene transfer. Submitted.” 

 

 

 

 

 

  



 xv 

VITA 

Education 
B.S. in Bioengineering and B.A. in Asian Studies, magna cum laude  
Rice University, Houston, TX | 2012 
 
Honors and Awards 
Biomaterials Area Graduate Student Award | American Institute of Chemical Engineers | 2016 
Student Travel Achievement Recognition Award | Society for Biomaterials | 2015 
NIH Biotechnology Training Grant | UCLA | 2013-2015 
NSF Graduate Research Fellowship, Honorable Mention | 2013 
Tau Beta Pi Engineering Honor Society | 2011- 
Rice Engineering Alumni Leadership Scholarship | 2011, 2012 
L.J. Walsh Engineering Scholarship | Rice University | 2010 
Trustees Distinguished Scholarship | Rice University | 2008-2012 
Century Scholars Research Program and Scholarship | Rice University | 2008 – 2010 
National Merit Scholar | 2008 
 
Research Experience 
09/2012 - 03/2018 Graduate student researcher | Principal investigator Tatiana Segura 
   Department of Chemical and Biomolecular Engineering, UCLA 
09/2014 – 03/2015 Drug delivery R&D intern | Manager Karthik Rajagopal 
   Genentech, South San Francisco, CA 
03/2014 – 06/2014 Graduate student researcher | Principal investigator Luisa Iruela-Arispe 
   Department of Molecular, Cell, and Developmental Biology, UCLA 
01/2010 – 05/2012 Undergraduate research assistant | Principal investigator Amina Qutub 
   Department of Bioengineering, Rice University 
05/2011 – 08/2011 Undergraduate research intern | Principal investigator Pin Wang 
   Department of Chemical Engineering, USC 
 
Publications 

1. Truong NF and Segura T. Sustained transgene expression via hydrogel-mediated gene 
transfer results from multiple transfection events. ACS Biomat Sci & Eng. 2018. In press. 

2. Bryson PD, Han X, Truong NF, Wang P. Breast cancer vaccines delivered by dendritic 
cell-targeted lentivectors induce potent antitumor immune responses and protect mice from 
mammary tumor growth. Vaccine 35:5842-49, 2017. 

3. Cam C, Zhu S, Truong NF, Scumpia PO, Segura T. Systematic evaluation of natural 
scaffolds in cutaneous wound healing. J Mater Chem B 3:7986-92, 2015.  

4. Siegman SN*, Truong NF*, Segura T. Encapsulation of PEGylated low-molecular-weight 
PEI polyplexes in hyaluronic acid hydrogels reduces polyplex aggregation. Acta Biomater 
28:45-54, 2015. 

5. Lam J*, Truong NF*, Segura T. Design of cell-matrix interactions in hyaluronic acid 
hydrogel scaffolds. Acta Biomater 10(4):1571-80, 2014. 

6. Truong NF, Nathan JC, Ochoa GA, Prevost MA, Yoon DH, Yun S, Oden ZM, Razavi M. 
Abdominal fat suspension device for maintaining normal cardiorespiratory function in 



 xvi 

patients undergoing conscious sedation during surgery: A feasibility study. The Texas 
Heart Institute Journal 41(4):368-72, 2014. 

*Co-first authorship 
Presentations 

1. Truong NF, Segura T. Sustained transgene expression via substrate-mediated gene transfer 
results from extended transfection events. 2016 American Institute of Chemical Engineers 
Annual Meeting, San Francisco, CA. 15 Nov 2016. Oral presentation. 

2. Truong NF, Segura T. Surface-associated DNA presentation for sustained gene delivery 
with porous hyaluronic acid hydrogels. 2015 Society for Biomaterials Conference, 
Charlotte, NC. 16 April 2015. Oral presentation.  

3. Truong NF, Cheng J, Segura T. Surface-associated DNA presentation for controlled gene 
delivery with porous hydrogels. 2013 Vasculata, North American Vascular Biology 
Organization, San Diego, CA. 30 July 2013. Poster presentation. 

4. Truong NF, Ochoa GA, Prevost MA, Yoon DH, Yun S, Oden ZM, Razavi M. A novel 
abdominal suspension device to maintain normal cardiorespiratory function in obese 
patients during surgery. 2012 Resuscitation Science Symposium, American Heart 
Association Conference, Los Angeles, CA. 4 Nov 2012. Poster presentation. 

5. Truong NF, Nathan JC, Qutub AA. Oxygen- and ROS-sensitive fluorescent micro- and 
nanoparticles: synthesis and characterization. 2011 Rice University Undergraduate 
Research Symposium, Houston, TX. 15 Apr 2011. Poster presentation. 

6. Ching G, Ryan D, Zaunbrecher R, Long B, Truong NF, Qutub AA. Defining metrics for 
the identification of morphological phenotypes during stimulation of endothelial cells. 2012 
Rice University Undergraduate Research Symposium, 13 Apr 2012. Poster presentation. 

 
Teaching Assistantships 
Fall 2016 CBE 115/215 Biochemical Reaction Engineering 
Winter 2016 CBE 104D Biotechnology Laboratory 
Spring 2013 CBE 101C Mass Transfer 
 
 
 
  



 1 

 

I  Overview of dissertation and specific aims 

 

 

 

 

 

1.1 Motivation and objectives 

The efficient delivery of therapeutic genes has a wide range of applications in studying 

biology and in developing therapies for tissue repair. In vitro applications may include studying 

the transdifferentiation and cellular transition of various types of cell lines, processes with 

durations on the order of weeks1–3. Because such processes are guided by the sustained expression 

of factors over an extended period of time, strategies to achieve sustained transgene expression for 

longer-term availability of the therapeutic signal are appealing. In vivo, local non-viral gene 

delivery can serve as a therapy for regenerative medicine applications by delivering a gene 

encoding for a therapeutic protein to tissues to promote a specific repair process. In addition, many 

of these target processes require specific levels of overexpression of a gene of interest as a function 

of time in order to maintain proper progress of the process. While this type of sustained expression 

may be achieved with stably integrated viral delivery methods, many of these delivery strategies 

also carry inherent additional risks associated with immunogenicity and insertional mutagenesis4. 

Therefore, methods that use non-integrating non-viral vectors for long-term expression would be 
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a safer and more appropriate approach for achieving transient expression for tissue repair 

applications.  

Naked DNA delivery has been shown to achieve transgene expression and guide 

regeneration in vivo5,6, but often results in poor delivery efficiency because the plasmid’s negative 

charge and large hydrodynamic radius trigger plasmid degradation, ineffective internalization and 

trafficking by the cell and induces immune responses due to the bacterial elements of the plasmids7. 

Instead, a number of different polymers used to complex with DNA to form nanoscale structures 

have been developed to enhance DNA uptake. One promising class of polymers that can be used 

as gene carriers are cationic polymers such as polyethyleneimine (PEI) which complex with DNA 

to form nanoparticles called polyplexes. While the delivery of naked DNA to the cell nucleus is 

largely viewed as inefficient, charged polyplexes can readily be associated with the plasma 

membrane, endocytosed by cells, after which the delivered DNA can ultimately be trafficked to 

the nucleus to result in enhanced levels of transfection.  

Sustained transgene expression can be achieved with a sustained polyplex-based gene 

delivery strategy that allows for long-term availability of DNA to cells from their substrate. 

Hydrogels, highly hydrated crosslinked polymer networks, show great promise as substrates for 

cell culture over more conventional two-dimensional stiff plastic substrates due to the ability to 

tune their mechanical properties to match conditions favorable for the cell lines of interest8. They 

can therefore serve as a more accurate in vitro model to study biological processes or to test new 

therapies. Hydrogels can also support and enhance the regeneration of tissues when delivered in 

vivo; this role is especially relevant in regenerative medicine applications such as in wound healing, 

stroke recovery, or cartilage and bone regeneration, especially when these scaffolds are also used 

to locally deliver therapeutic genes to infiltrating cells. One polymer that shows potential for 



 3 

scaffold-based therapies is hyaluronic acid (HA). HA is an anionic, non-sulfated 

glycosaminoglycan and a natural component of the extracellular matrix that exhibits high 

biocompatibility and low immunogenicity9. Its ability to be used as a “blank slate” makes it an 

appealing candidate for creating hydrogel scaffold implants that can be functionalized with various 

bioactive signals, including DNA, to direct a specific cellular or tissue response. Furthermore, 

porosity, can be introduced into HA hydrogels through techniques such as sphere templating10 and 

salt-leaching11 to facilitate cell infiltration into and proliferation throughout the hydrogel. 

Various bioactive signals can be loaded into hydrogels to be made available to infiltrating 

cells to instruct cell behavior as a function of their proliferation8. In particular, the hydrogel 

scaffold can serve as depots for polyplexes of DNA encoding for therapeutic genes which are 

encapsulated within the hydrogel to be released into the local cellular microenvironment, enabling 

sustained expression. However, such efforts have in the past resulted in insufficient transgene 

expression, which we hypothesize is due to significant aggregation of the charged polyplexes upon 

encapsulation in the hydrogel at high concentrations. To alleviate the extent of such aggregation, 

our group has previously developed a method of polyplex preparation and incorporation into 

hydrogels known as caged nanoparticle encapsulation12; however, insufficient transgene 

expression levels were observed, likely due to the decreased ability of polyplexes from this 

preparation to be released from the scaffold. These results prompted the search for alternative 

methods to enhance non-viral gene delivery from hydrogels.  

The broad objective of the research presented in this dissertation was to develop methods 

to enhance the efficacy of local non-viral gene delivery from HA hydrogel scaffolds and to study 

the role of scaffold properties in modulating transfection. As described in Figure 1.1, we 

investigate three strategies to enhance and study polyplex-mediated gene delivery in porous HA 
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scaffolds. There are two methods of loading DNA polyplexes in porous scaffolds: encapsulation 

within the gel phase and adsorption, or surface-coating, of polyplexes along the pore surfaces. 

While encapsulation allows for gene delivery to be dependent on the rate of cell-mediated 

degradation of the hydrogel, it introduces the issue of polyplex aggregation, which decreases 

transfection efficiency. Alternatively, the surface coating of hydrogel pores with polyplexes allows 

for easier availability of polyplexes to infiltrating cells. Aside from these two methods focusing 

on polyplex-matrix interactions, the transgene expression profile enabled by gene delivery can also 

be enhanced or modulated by the design of the plasmid vector used to deliver the transgene. Lastly, 

we focus on cell-scaffold interactions to enhance transfection efficiency in a new class of porous 

biomaterials known as microporous annealed particle (MAP) hydrogels.  

 
Figure 1.1: Dissertation aims. 
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1.2 Dissertation outline and specific aims 

After this introduction, chapters II and III provide relevant background for the original 

research in this dissertation. Chapter II reviews published studies in the development of HA 

scaffolds to elaborate on HA scaffold design to direct cell-matrix interactions through the 

incorporation of biochemical cues, mechanical cues, spatial cues, and different crosslinking 

chemistries. Chapter III describes design parameters specifically for functionalizing hydrogels for 

non-viral gene delivery for tissue repair. Through a review of the literature, we elaborate on the 

status of advancements in scaffold-mediated gene delivery.  

Chapters IV, V, and VI summarize the three research strategies for this dissertation:  

Specific Aim 1 (Chapter IV) 

One method for presenting DNA polyplexes in porous HA scaffolds is the encapsulation 

of polyplexes within the gel phase of the scaffold; however, the charged nature of both the 

polyplexes and the HA induces significant aggregation of polyplexes, decreasing transfection 

efficiency. We hypothesized that PEGylating the cationic polymer used to prepare polyplexes can 

decrease the overall polyplex surface charge and subsequently reduce aggregation upon 

encapsulation in HA hydrogels.  

Specific Aim 2 (Chapter V) 

 Here, we developed a surface coating method as an alternative approach to encapsulation 

as a method to load DNA polyplexes in HA hydrogels in order to bypass the problem of low 

transfection efficiency due to aggregation. We hypothesized that surface coating would result in 

sustained transgene expression and that this sustained expression was due to the occurrence of 

multiple transfection events. 

Specific Aim 3 (Chapter VI) 
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Our group has developed a new class of hydrogel biomaterials known as microporous 

annealed particle (MAP) scaffolds, a simultaneously porous and injectable scaffold material which 

enables the homogeneous distribution of cells in vitro seeding and has resulted in enhanced wound 

repair in mouse models in vivo13–15. The objectives of this aim were to understand how MAP 

scaffold material properties can modulate transfection and how transfection mechanisms in culture 

in MAP scaffolds differ from culture on tissue culture plastic. 
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II Design of cell-matrix interactions in hyaluronic acid hydrogel 

scaffolds 

 

 

 

 

 

2.1 Introduction 

Hyaluronic acid (HA), a naturally occurring glycosaminoglycan (GAG) and one of the 

primary components of the extracellular matrix (ECM), is increasingly being utilized in biomedical 

applications due to both its ability to serve as a blank slate and its biological activity. In particular, 

it is commonly used to form hydrogel scaffolds for tissue engineering16, which may in turn be 

employed for localized drug and DNA delivery purposes17,18. This chapter aims to give a brief 

overview of the biological functions of HA, knowledge needed to fully realize the potential that 

HA has for tissue engineering applications, before describing recent and novel ways in which HA 

scaffolds have been engineered to deliver various classes of signals to influence and ultimately 

command greater control over cell-matrix interactions and cell behavior (Figure 2.1).  
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Figure 2.1: Hyaluronic acid scaffolds can be engineered in several ways to control encapsulated 
cell behavior.  
(A) Bioactive signals can be incorporated into the scaffold in suspension or covalently bound to 
the polymer. (B) Tuning the mechanical properties by utilizing degradable crosslinkers and/or 
degree of crosslinking can regulate cell mechanosensing. (C) Spatial cues such as patterned 
bioactive signals, porosity control, and topographical patterns can direct cell migration. (D) New 
“click chemistries” have been employed to provide new ways to covalently crosslink the hydrogel 
network.9  
 

Hyaluronic acid is a linear polysaccharide that consists of two alternating units, B-1, 4-D-

glucuronic acid and B-1, 3-N-acetyl-D-glucosamine (Figure 2.2). This unmodified polymer has a 

molecular mass between 103 and 104 kDa, which can reach a length of 25 µm when fully extended. 

Its negative charge attracts positive ions and results in an osmotic balance that brings in water. 

This allows HA to exist as a highly hydrated molecule and paves the way for a myriad of uses in 

the body. 
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Figure 2.2: Structure of hyaluronic acid.  
Chemical modifications are commonly performed at (a) and (b). 
 

After synthesis in the inner face of the plasma membrane of fibroblasts, HA is translocated 

to the pericellular space and the interstitial matrix19. This characteristic makes HA distinct from 

other GAGs, which are typically synthesized in the Golgi and contain a protein core. Three 

transmembrane glycosyltransferase isoenzymes, HAS1-3, regulate the synthesis process. 

Hormones and growth factors, among other bioactive molecules, can also help regulate the 

production of HA. 

 

2.2 Biological function 

One property of hyaluronic acid that can potentially be exploited is that its biological 

function depends on its molecular weight. While it typically exists as a high molecular weight 

polymer over 106 daltons, it can be cleaved by the enzyme hyaluronidase (HAse) to obtain 

molecules of much lower molecular weights20. In fact, high and low molecular weight HA exhibit 

opposing effects on cell behavior. In addition to inhibiting cell proliferation, high molecular weight 

HA is also anti-angiogenic21. In fetal development of rat follicles, HA acts as a high molecular 

weight barrier that blocks endothelial cell migration and subsequent angiogenesis. However, 

cleaving the polymer into shorter fragments with hyaluronidase enables endothelial cells to 

migrate and initiate angiogenesis22. These high molecular weight polymers are also anti-

inflammatory and immunosuppressive23,24. This feature may be particularly important as the 
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amniotic fluid of fetuses have high concentrations of high molecular weight HA. In contrast, low 

molecular weight HA (< 3.5x104 Da) has been implicated as pro-inflammatory and pro-

angiogenic25. In particular, oligomers of the 6-20 kDa range activate antigen-presenting cells, such 

as dendritic cells, while slightly larger HA (2x104-4.5x105 Da) stimulates inflammatory 

cytokines26. In addition, fragments consisting of 4 to 25 disaccharide units are able to promote 

blood flow to injury sites and subsequent angiogenesis21,25,27.  

On the molecular level, HA primarily interacts with the cell-surface receptor cluster 

determinant 44 (CD44) and receptor for hyaluronate-mediated motility (RHAMM). CD44 plays a 

key role in tissue organization by mediating ECM remodeling, cell-cell interactions, and cell-

matrix interactions28,29. A normal wound healing model in CD44-knockout mice exhibited 

decreased cell migration, motility, and ECM turnover30. Interactions between HA and RHAMM 

can result in a variety of downstream signaling pathways that affect protein kinases like focal 

adhesion kinases, MAP kinases, phosphatidylinositol kinases, and tyrosine kinases as well as other 

molecules like RAS29,31,32. Furthermore, in vivo experiments blocking HA-RHAMM interactions 

inhibited fibroblast growth factor-induced neovascularization33. 

An issue worthy of consideration in HA hydrogel design is the pathological context of 

hyaluronic acid. For example, increased levels of HA in the extracellular environment have been 

correlated to several types of cancer malignancies34. In particular, 3-8-fold higher levels of HA 

were found in prostate cancer tissues, and elevated levels of Hyal-1, a hyaluronidase, were also 

observed in prostate cancer tissues when compared to normal tissues35. Excess HA synthesis by 

hyaluronan synthases in conjunction with elevated expression of HAse has also been shown to 

drive the development of a metastatic phenotype in prostate tumor cells and accelerate the 

metastatic progression of prostate cancer36. A reason for this correlation is that the degradation of 
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HA by HAse results in HA oligomers, which enhance the cleavage of CD4437. Therefore, the 

increased presence of HA oligomers in various tumor tissues can promote tumor cell mobility and 

invasion. For more information on the involvement of HA and HAses in cancer biology, readers 

may refer to other reviews focusing on these biological interactions38. 

Understanding the diverse ways in which HA functions in native tissue can give insight 

into designing more efficient and novel tissue engineering scaffolds. Because these scaffolds can 

be synthesized from a variety of synthetic and natural scaffolds, we will briefly touch on some of 

the differences between the main synthetic polymer used by researchers, polyethylene glycol 

(PEG), and our polymer of interest, HA. PEG is a non-toxic, non-immunogenic polymer that is 

often referred to as a “stealthy molecule” because it is not recognized by biological molecules like 

proteins. This polymer can be used as a blank slate by researchers who wish to control all 

interactions between cells and the hydrogel. Unlike HA, PEG is non-degradable, so degradable 

crosslinkers must be incorporated to create a non-permanent hydrogel. While HA will degrade into 

smaller fragments, PEG will remain in its original form until it is cleared by the body. For a more 

comprehensive look at PEG and other material-based hydrogels, we refer you to the following 

reviews39,40. 

This chapter reviews new and innovative ways traditional HA hydrogels have been 

modified to direct encapsulated cell behavior in vitro and promote wound healing in vivo. 

 

2.3 Incorporating bioactive signals 

Hyaluronic acid hydrogels are typically synthesized from high molecular weight HA. 

However, as mentioned above, high molecular weight HA is a natural barrier for angiogenesis and 

proliferation. Thus, to allow cellular infiltration and remodeling of the material by cells in vitro, 
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HA is crosslinked with protease-degradable peptides and modified with cell adhesion ligands. The 

sequence of the degradable peptide determines the ability by which different cells can infiltrate the 

material. For example, for mesenchymal stem cells, HA crosslinked with MMP-degradable 

peptides results in more infiltration than for gels crosslinked with plasmin-degradable peptides. 

For in vivo experiments, it appears that if the HA scaffold has significantly large pores, 

incorporation of protease degradable bonds and addition of adhesion ligands are not necessary for 

the cells to infiltrate the scaffold and remodel the material41. Because HA behaves as a barrier to 

cell adhesion and migration in vitro, it can be used as a blank slate to investigate the roles of 

different ligands on cell behavior and differentiation. 

Cell-matrix interactions of HA hydrogel scaffolds with embedded or infiltrating cells can 

be engineered to promote survival, proliferation, and/or differentiation. Traditionally, cell-matrix 

interactions in hydrogels for tissue regeneration are engineered with motifs found in the natural 

ECM of the relevant tissue. For example, the ubiquitous RGD sequence found in several cell 

adhesion proteins and tissues in the body as well as other adhesion peptides have been routinely 

introduced to promote cell adhesion to the material through integrin receptors. Further, since these 

peptides are unable to fully or specifically engage cell surface receptors, unlike their more 

structurally complex parents, approaches to engineer protein fragments or incorporate full-length 

proteins are also commonly employed. In addition, antibodies, small molecules, and nucleic acids, 

all of which are not typically present in the natural ECM, have been introduced to recruit a desired 

cell type or promote differentiation. Full-length proteins that do exist in the ECM, such as growth 

factors, are also commonly loaded into hydrogels. Common challenges in incorporating growth 

factors include doing so without damaging secondary structures and controlling the release kinetics. 
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This section focuses on recent advances in the field that continue to push the innovation of 

bioactive signal incorporation in HA hydrogels (Figure 2.3). 

 

Figure 2.3: Bioactive signals are commonly incorporated into HA hydrogels to direct cell behavior.  
Some signals, like peptide fragments and antibodies, can be covalently linked to the HA backbone 
whereas other signals, like heparin and DNA, are loaded into the hydrogel without any permanent 
bond. 
 

2.3.1 Incorporation of cell adhesion motifs  

Integrin binding anchors cells to the ECM and initiates signaling events that control cell 

behavior42–45 and remodel the matrix46,47. Two-dimensional studies in hydrogel scaffolds have 

shown that RGD presentation at the nanoscale level influences cell spreading and motility48–51, 

stem cell differentiation52, and nanoparticle internalization53. Up until recently, however, for cells 

seeded within hydrogel scaffolds, only RGD total content (µM-mM range) had been shown to 

modulate cell motility, spreading, and proliferation16,54,55. Our lab designed a HA hydrogel to alter 

the presentation of the RGD peptide and then studied the effect of peptide incorporation in stem 

cell integrin expression and gene transfer16,56. By pre-reacting a specific portion of the total 

hyaluronic acid with the RGD adhesion peptide, we were able to modulate the distribution of the 

peptide inside the hydrogel. Results from five degrees of clustering of three total peptide 
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concentrations (10, 100, 1000 µM) suggest an optimal degree of clustering for the spreading of 

encapsulated murine mesenchymal stem cells (mMSC) (Figure 2.4A-C). Furthermore, integrin 

expression can be modulated through this peptide-clustering parameter. In a separate study, we 

investigated the effect that RGD presentation had on gene delivery in our HA hydrogel system and 

found that an intermediate clustering promoted the transfection of encapsulated cells18. In both of 

these studies we found that the degree of clustering affected cellular behavior and that for a 

particular RGD concentration an optimal clustering amount can be obtained that is in between a 

completely homogeneous distribution and high clustering. The globular protein sonic hedgehog 

(SHH) was tethered to linear HA to compare the effect of tethered and soluble protein presentation 

to cells. The tethered form of SHH was significantly more potent than the soluble form while 

multivalent constructs enhanced this effect even more57. These studies show the importance of 

bioactive signal distribution on encapsulated cell behavior and how this parameter can be exploited 

to drive cell behavior. 

Aiming to bridge the gap between shorter peptide fragments and native proteins, groups 

have worked on engineering fibronectin fragments58. We have incorporated these fragments into 

our HA system and have seen a great effect on cell spreading. Compared to incorporating RGD 

peptide fragments, a much smaller number of the fibronectin fragments was needed to induce 

mMSC spreading9. Evidence of downstream signaling overlap between growth factors and 

integrins prompted a group to engineer a fibronectin fragment-functionalized hyaluronic acid 

hydrogel that released bone morphogenic protein-2 (BMP-2)59. This functionalization, when 

compared to blank HA hydrogels and standard cell-culture plates, improved in vitro mMSC 

attachment and spreading. In an in vivo ectopic bone formation mouse model, the combination of 

BMP-2 release with the fibronectin-functionalized hydrogel resulted in twice as much bone 



 15 

formation with better collagen fiber organization than a non-functionalized, BMP-2-loaded 

hydrogel. However, it would be been interesting to directly compare the effects of the fibronectin 

fragment with shorter peptide fragments in their in vivo bone formation model. The incorporation 

of protein fragments has been more thoroughly investigated in vitro to modulate epithelial to 

mesenchymal transition (EMT) or using other biomaterial scaffolds such as fibrin or fibrin 

mimics60–63. Although these approaches have not been applied to hyaluronic acid scaffolds, the 

chemistry is completely compatible with this system and could be easily translated. 

2.3.2 Incorporation of hyaluronic acid fragments 

As described earlier, the molecular weight of hyaluronic acid affects its biological activity, 

primarily by affecting its angiogenic potential with short fragments promoting angiogenesis25,27. 

Delivering 100 micrograms of low molecular weight HA (1-4 kDa) promoted revascularization of 

skin grafts. Two additional approaches to directly exploit and control this bioactive signal have 

focused on the crosslinking of different HA molecular weights into scaffolds such as upon 

degradation different HA fragments sizes are released or the direct tethering of HA fragments with 

different molecular weights onto the scaffold again such that upon release of the tether different 

fragment sizes are released. Both approaches demonstrated that the presence of HA oligomers 

(rather than high molecular weight HA) promoted endothelial cell attachment and proliferation in 

vitro or enhanced vascularization in vivo at weight percentages of ~10%64,65.  

2.3.3 Incorporation of non-ECM motifs 

An alternative approach inspired by cardiovascular stents used antibodies for targeted cell 

attachment. CD34 antibodies were functionalized onto hyaluronic acid hydrogels to specifically 

capture endothelial cells66. Attachment of endothelial cells was significantly greater than non-

CD34 expressing macrophages during cell seeding experiments. Furthermore, a dose-dependent 
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response of endothelial cell attachment to antibody-immobilization concentration was observed. 

This innovative antibody approach can be used to engineer more specialized cell recruitment 

scaffolds. 

2.3.4 Incorporation of growth factors and controlled release  

Delivering full-length proteins such as growth factors in scaffolds is desirable because 

systemic delivery does not allow for targeted treatments and may result in unwanted side effects. 

Traditional approaches include direct loading of the scaffold; however, these proteins can also be 

incorporated into scaffolds by utilizing intermediary molecules like heparin. This 

glycosaminoglycan has the ability to bind growth factors and gives researchers a method to 

indirectly incorporate heparin-binding proteins into their system. Furthermore, this GAG/growth 

factor interaction can be exploited for controlled release. 

A variety of growth factors have been loaded into hyaluronic acid-based hydrogel systems. 

For example, basic fibroblast growth factor (FGF-2) and bone morphogenic protein-2 were 

delivered over the course of 28-35 days67,68. After ensuring the bioactivity of the released FGF-2, 

scaffolds were loaded with 250 ng of FGF-2 and implanted subcutaneously in mice. Hydrogels 

released ~70% of the FGF-2 and promoted more neovascularization than control scaffolds as well 

as bolus FGF-2 injections. Additionally, a commercially available hyaluronic acid/heparin sulfate 

was loaded with 1.5 ng of insulin growth factor and injected into the stroke cavity of mice. 

Amazingly, a sustained release of IGF-1 occurred over 4 weeks after implantation69. 

Using a nanoparticle approach, heparin-decorated HA nanoparticles were synthesized to 

carry and release 200 ng of BMP-270. Heparin was immobilized on HA hydrogel nanogels and the 

BMP-2 release kinetics were modulated by nanoparticle composition. Near zero-order release 

kinetics were reached through a series of optimization experiments with ~46% of the BMP-2 
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released over 13 days. Furthermore, the heparin decoration increased BMP-2 loading capacity two-

fold and produced the efficient differentiation of MSC’s into chondrocytes in vitro. 

2.3.5 Incorporation of gene-encoding nucleic acids 

Gene delivery has been widely researched as a tool for gene therapy in tissue regeneration 

and cancer therapy. While both non-viral and viral vehicles have been used to deliver genes in the 

form of nucleic acids, non-viral systems such as hydrogel scaffolds loaded with DNA have a lower 

risk of causing an immune response and insertion mutagenesis. Although delivering naked DNA 

has been attempted, transfection efficiency was shown to be very low and much of the DNA 

diffused away from the local scaffold implant site. Hence, DNA is most commonly delivered in 

scaffolds when electrostatically complexed with polyethyleneimine (PEI) in the form of nanosize 

polyplexes, which also allow for higher loading of DNA into the scaffold. Our group had 

previously developed a technique called caged nanoparticle encapsulation (CnE), which uses the 

saccharides agarose and sucrose to protect the polyplexes from aggregation when incorporating 

them into hydrogels, allowing us to load up to 5 μg of DNA polyplexes per microliter of HA 

hydrogel without significant aggregation while still achieving gene transfer in vitro and in vivo71. 

Gene transfer efficiency in HA hydrogels was found to be a function of the DNA-to-PEI ratio 

during polyplex synthesis18. In addition, gene transfer efficiency was found to significantly 

correlate with nanoporous HA hydrogel stiffness, with the highest gene expression observed in the 

softest hydrogels. This is due to greater cell infiltration and migration through the softer hydrogels. 

Our group has also been able to encapsulate DNA/PEI polyplexes via CnE into nonporous HA 

scaffolds ex ovo. Using a chorionic chick embryo (CAM) assay, enhanced angiogenesis was 

observed with hydrogels loaded with pVEGF-containing polyplexes, demonstrating the efficacy 

and maintenance of activity of the CnE polyplexes12. In addition, DNA polyplex-loaded 
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microporous HA hydrogels containing cells seeded in the pores resulted in sustained gene transfer 

and expression over ten days72. In vivo implantation in a wound healing model in mice also showed 

transfection and subsequent gene expression in cells that had infiltrated the gel (unpublished data).  

 

2.4 Introducing spatial signals 

Topographical cues introduced into the environment have been observed to also 

significantly affect cell behavior (Figure 2.1C). Cells seeded along grooves and ridges tended to 

elongate and align along these topographical features, behaviors that were not observed on smooth 

surfaces, a phenomenon known as “contact guidance”73. However, the extent of multicellular 

organization can also be a function of spatial cues, and this has been shown in HA hydrogel cell 

culture74. HUVECs were seeded in microgrooves of varying diameters on HA-dextran hydrogels. 

After 24 h of culture, HUVECs that were cultured in channels of 30 µm and 50 µm in width self-

organized into 3-D vessels, while those cultured in channels of greater widths only organized into 

2-D monolayers covering the bottom of the channels. The investigators speculated that contact 

guidance on the spatial scale of no more than a few cells allowed cells to communicate and form 

interactive structures. In addition, co-culturing of HUVECs with fibroblasts resulted in elongated 

morphologies of the fibroblasts along the endothelial cords74.  

Varying porosity as a spatial signal to be introduced in HA hydrogels has also been studied. 

Our group subcutaneously implanted hydrogels without micron-size pores and hydrogels with 100-

µm pores in mice and observed substantial infiltration of the porous HA hydrogel by cells even 

after one week, while there was minimal infiltration of the nonporous hydrogel. It is speculated 

that designing porous hydrogels will allow for greater cell infiltration over time when compared 

to hydrogels without pores of the scale of cell diameter72. 
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Spatial control has been employed to not just affect morphology and multicellular 

organization, but also to control the direction of cell proliferation in culture. A strategy currently 

being investigated as a means of HA hydrogel design with stringent spatial control is to use light 

to photo-initiate pattern formation in a hydrogel, which is thought to mimic the heterogeneity of 

physical and chemical properties found throughout native tissues. By conjugating the caged and 

inactivated RGDS adhesion peptide sequence to the surface of a HA hydrogel, cell-adhesive 

regions were created by exposing those regions to near-UV light, thereby uncaging and activating 

the RGDS peptides present in those regions. This chemically patterned hydrogel supported 

patterned and robust 2D cell culture on the activated regions. Furthermore, this system could be 

manipulated temporally by introducing more cell-adhesive regions during cell culture, allowing 

for control over cell proliferation direction over time75. 

 

2.5 Introducing mechanical signals 

Mechanical properties of a cell’s substrate have profound effects on the progression of 

various cellular processes, and tissue scaffolds have been designed to direct cell mechanosensing 

and mechanoresponse76. Therefore, studying this type of cell-material interaction is a major point 

of consideration in hyaluronic acid hydrogel design. The mechanical properties of HA hydrogels 

can be varied by either adjusting the concentration of HA in the gel precursor solution or by 

controlling the degree of crosslinking in the gel, either by modulating the concentration of 

crosslinker or the extent of crosslinker reaction, depending on the type of chemistry used in 

crosslinking (Figure 2.1B). Generally, increasing the gel precursor solution’s HA concentration 

increases the storage modulus of the hydrogel, with stiffnesses ranging from hundreds of Pa to 

thousands of Pa.  
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Several groups have studied general cell behavior, such as cell attachment, spreading, and 

proliferation, as a function of gel stiffness in HA hydrogels. The stiffness of nonporous HA 

hydrogels can be controlled by modulating both HA concentration and crosslinking density. By 

decoupling the two parameters and seeding mesenchymal stem cells (MSCs) in the gel, migration 

and proliferation both increased with decreasing HA concentration from 5% to 3%, resulting in a 

storage modulus decrease from 1920 Pa to 177.1 Pa, and decreasing crosslinking density from a 

crosslinking ratio (r) of 0.5 to 0.25, resulting in a storage modulus decrease from 387.4 Pa to 177.1 

Pa16. The porosity of the gel is also another parameter worth considering in conjunction with 

varying stiffness, as cells cultured in nonporous gels exhibit different cell behavior than those 

cultured in porous gels. In another study, the stiffness of methacrylated HA macroporous hydrogels 

(250 µm) is tuned by using UV-initiated free radical polymerization at different UV exposure times 

for varying extents of crosslinking77. However, after seeding and culturing with MSCs, less cell 

spreading and proliferation were observed in 1.5 kPa gels versus stiffer gels (up to 7.4 kPa) by 

analyzing cell morphology and DNA content. This highlights a crucial difference between 

nonporous and macroporous gels; proliferation occurs in nonporous gels via the degradation of the 

gel by the cells, while cells cultured in macroporous gels proliferate and migrate along the surface 

of the pores, relying on two-dimensional surface interactions as mechanical signals. To further 

support this point, in 2D glioma culture, significantly more cell spreading, proliferation, and 

motility were observed on stiffer gels with storage moduli of up to 5 kPa than on 150-Pa gels; 

however, there was almost no gel infiltration and cell proliferation when glioma spheroids were 

cultured within 5-kPa 3D nonporous hydrogels, while gel infiltration was observed in 150-Pa 

gels78. However, it was interesting to note in this study that initial glioma cell attachment was not 

affected by gel stiffness. Furthermore, this study highlights the potential applications that HA 
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hydrogels have as a tunable biomimetic platform for studying cancer biology. In summary, HA 

hydrogels with relatively lower storage moduli are generally required to achieve spreading of a 3D 

culture, and if stiffer gels are used, micron-size pores must be introduced.  

Various studies have also investigated the effects of HA hydrogel stiffness on stem cell 

differentiation, inspired by research showing that the mechanics of the cellular microenvironment 

are an influencing factor in the direction and extent of differentiation of stem cells in vivo. Hence, 

hydrogels of different stiffnesses have been used that mimic stem cells’ native environment in 

order to direct a stem cell’s development toward a specific phenotype79. This has been applied to 

HA hydrogel applications; ventral mesencephalic neural progenitor cells (NPCs) differentiated 

furthest towards a neuronal phenotype in a 3D culture in HA hydrogels with a stiffness most 

closely resembling that of the neonatal brain, while the same NPCs differentiated into the astroglial 

phenotype when cultured for three weeks on HA hydrogels with a stiffness that resembles the adult 

brain80. Temporal control of the environment’s mechanics is a second approach that is of interest. 

Cardiomyocyte differentiation in hydrogels may progress in a more in vivo-like fashion if the 

mechanical properties of the hydrogel environment were designed to progressively stiffen over 

time at a rate closely mimicking that of the maturation of the cells’ native tissue environment81. 

This temporal control was due to a time-dependent Michael-type addition reaction modulated by 

HA molecular weight. It would be interesting to see a significant enhancement in differentiation 

in this system as compared to a constant-stiffness HA hydrogel. Another approach to detect extent 

of differentiation as a function of gel stiffness is by monitoring the secretion levels of angiogenic 

and cytokine proteins. Human mesenchymal stem cells were cultured over two weeks on HA 

hydrogels of a range of storage moduli from 1.5 kPa to 7.4 kPa (measured by dynamic mechanical 

analysis) and differences in the secretion levels between cases were noted. It was found that MMP-
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9 was initially more highly expressed in stiffer gels, while IL-8 secretion was overall stronger in 

softer gels. These results suggest that stiffness is a parameter that must be considered when 

designing hydrogels for the purpose of controlling stem cell differentiation77. 

Aside from controlling individual cell development and behavior, it has also been shown 

that multicellular organization can be influenced by modulating the mechanical signals from the 

hydrogel environment. Endothelial colony-forming cells (ECFCs) were seeded in HA hydrogels 

of two different viscoelasticities (Young’s modulus) to investigate the effect of gel mechanics on 

3D vascular tubulogenesis82. They observed significant increases in mean tube length, mean tube 

area, and percent of area covered by capillary-like structures with decreasing hydrogel 

viscoelasticity.  

 

2.6 New HA scaffold syntheses 

Numerous HA modifications and crosslinking schemes have been developed and used to 

form HA hydrogel scaffolds. Some of these methods are highlighted in other comprehensive 

review articles11,83. We would like to report here recent and intriguing scaffold formation 

chemistries (Figure 2.1D).  

Several novel strategies to synthesize HA hydrogels have employed click chemistry as the 

crosslinking mechanism, since such reactions generally demonstrate high specificity and are 

unreactive with other functional groups that may be present in the reaction environment. One such 

synthesis that was developed relies on a Diels-Alder click reaction between a furan-modified HA 

molecule and a bis(maleimide) PEG crosslinker. Because the functional groups here are not self-

reactive, the overnight reaction proceeds in a cleaner fashion and the end crosslinked product is 

much more predictable84. Another study utilized click chemistry between HA and chondroitin 
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sulfate modified with 11-azido-3,6,9-tri-oxaundecan-1-amine and propiolic acid-modified gelatin, 

catalyzed by Cu(I)85. A third study investigated using oxime chemistry to create injectable 

hydrogels. HA that was previously oxidized with NaIO4 to form aldehyde groups was then reacted 

with the crosslinker four-armed aminooxy-PEG (AO-PEG) to form oxime bonds86,87. As the 

reaction is acid-catalyzed, in vitro gelation is tunable, and in vivo gelation was achieved within 20 

minutes after injection. 

With the objective of developing a more clinically translatable product, a novel HA-blood 

hydrogel was synthesized for stem cell transplantation. Lysed whole blood was used as a 

crosslinker for reaction with N-hydroxysuccinimide (NHS)-modified HA88. The NHS groups react 

with primary amines found in whole blood to form hydrogels that would be able to be used to 

encapsulate stem cells. Blood was utilized as a crosslinker because of its ease of acquisition in the 

clinical environment and also because of the presence of fibronectin, vitronectin, and various 

growth factors in blood. The HA-blood hydrogel stiffness was tunable depending on the amount 

of blood used, and both cultured cell viability and proliferation after one week was higher than in 

HA-PEG hydrogels.  

While most HA hydrogel-forming chemistries today rely on reactions between reactive 

functional groups, one study developed a novel strategy relying on strong and selective 

supramolecular interactions using natural receptor-ligand pairs to mimic traditional crosslinking89. 

Specifically, the investigators formed hydrogels by the binding of cucurbituril-conjugated HA to 

diaminohexane-conjugated HA, bypassing the relative instability and possible toxicity of the usage 

of some functional groups.  
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2.7 Conclusion and future directions 

Hyaluronic acid hydrogels have been widely engineered and researched for their 

biocompatibility as well as the ability to incorporate a wide variety of cues to modify cell-material 

interactions and ultimately to influence and to allow for greater control over the behavior of cells. 

Recent studies have shown that incorporating various chemical, mechanical, and spatial cues can 

lead to a tuned individual cell as well as multicellular response, and in some cases, a cell-specific 

response. New and interesting HA hydrogel syntheses show potential in higher and cleaner 

reaction specificity. In addition, being able to control other HA gel-specific cellular functions not 

previously mentioned above, such as cell-mediated hydrogel degradation, is useful in designing a 

system with a multi-pronged approach and application90. As research in HA hydrogels continues 

to move forward, more intelligent and cleaner systems with a clearer, more cell-directed purpose 

will be developed.  
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III Non-viral gene delivery from hydrogel scaffolds for tissue 

repair 

 

 

 

 

 

3.1 Introduction 

 Tissue regeneration following disease or injury may require exogenous inputs to augment 

natural healing programs and suppress inhibitory processes. Given the essential role that the 

extracellular matrix (ECM) has in maintaining the physiological stability of the microenvironment 

and guiding tissue-specific function, biomaterial scaffolds have been employed in promoting tissue 

regeneration. Hydrogels, a class of biomaterial scaffolds, are highly hydrated crosslinked polymer 

networks that have been constructed from a wide range of both naturally and synthetically derived 

polymers39,91–93. Several key characteristics of hydrogels make them particularly well suited for 

tissue regeneration applications, namely their biocompatibility94–96; their permeability to oxygen, 

nutrient growth factors, and metabolic waste97,98; their tunable mechanical properties99–101; and 

their tissue-like viscoelastic characteristics102,103. 

While hydrogel designs largely depend on the location of implantation (e.g. tissue type to 

be repaired), several design parameters can be manipulated to mimic the native ECM and 
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consequently function to promote new tissue formation. On the most fundamental level, hydrogels 

should define a three-dimensional (3D) space for tissue formation, as the 3D architecture can 

support the infiltration and assembly of host cells into structures and induce gene expression 

programs associated with normal growth or development. Cell seeding and infiltration of the 

hydrogel scaffold can be facilitated by micron-scale porosity and/or cell-mediated degradation 

cues introduced into the hydrogel design. Furthermore, ECM derived adhesion peptides, ECM 

protein fragments or native ECM proteins can promote cell adhesion leading to a number of 

specific cell processes such as vascularization, bone regeneration, or the creation of a tissue-

specific niche. Trophic factors may also be necessary within the environment to drive cellular 

responses leading to tissue formation. Localized and sustained release of trophic factors from 

biomaterials has been a research focus for nearly 20 years104,105, yet substantial challenges remain 

regarding formulations that retain activity without developing immune responses106. Alternatively, 

the delivery of gene therapy vectors encoding for trophic factors or other tissue inductive factors 

may avoid some of the challenges associated with protein delivery while providing the opportunity 

for sustained and localized availability of the factor. Finally, tissue engineering and regenerative 

medicine appears to be crossing a tipping point with investments in industry and an increasing 

number of products and clinical trials. For translational purposes, the approach should consider 

manufacturing issues such as availability, reproducibility, processing strategies and generally the 

issues that will be needed for FDA regulatory approval and commercial viability. Here, we discuss 

the challenges and progress in the incorporation of non-viral vectors within hydrogels to induce 

the expression through bioactive cues that promote tissue repair. We focus on non-viral approaches 

due to the greater flexibility in vector design and refer interested readers to excellent reviews on 

viral vector delivery from biomaterials107,108.   
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The delivery of proteins has been employed to augment pro-repair mechanisms; however, 

to date, protein delivery for tissue regeneration applications has seen limited success despite 

several clinical trials, where most success has been observed with decellularized matrices. 

Therefore, alternative approaches to induce gene expression programs associated with normal 

growth or development are needed. One such approach is to target gene expression directly through 

the delivery of genes. In this approach, genes encoding for key transcription, tropic, or growth 

factors would be delivered from the scaffold to transfect transplanted or host cells, which would 

in turn express the delivered protein. This strategy has the potential to provide more control over 

the duration of expression, the activity of the delivery protein, and the delivery of multiple signals 

from the same hydrogel. Furthermore, the use of non-viral approaches avoids safety concerns 

surrounding the use of viral vectors, including immunogenicity associated with repeated injections 

and insertional mutagenesis109. However, it has been difficult to translate non-viral vectors to the 

clinical stage, mainly due to the primary challenge of achieving sufficient transgene expression to 

elicit a significant therapeutic response. 

Local gene delivery through implantable or injectable hydrogels has been investigated in 

two different manners---either as a depot which houses plasmid DNA for sustained release into 

surrounding tissue110 or as a DNA-loaded biomimetic scaffold that encourages cellular infiltration 

into the scaffold. In this second approach, cells infiltrate and degrade the scaffold, leading to 

transfection and local expression of the therapeutic gene. In general, the same scaffold design 

principles used for cell delivery can apply for gene delivery. In addition, the development of DNA-

loaded hydrogels must take into account the plasmid components, hydrogel properties that affect 

DNA loading and release, and the interactions between cells and the scaffold which affect gene 

transfer, with the ultimate goal of promoting effective transgene expression and a therapeutic 
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benefit.  

 

3.2 Plasmid design 

Not surprisingly, the design of the plasmid has significant impact on the level and duration 

of the resulting transgene expression and the therapeutic response of the expressed protein. Aside 

from designing the recombinant protein to be expressed, other elements of the expression cassette, 

such as the promoter and mRNA stabilization elements, are critical for effective, controlled, and 

long-lasting expression.  

The selection of the transgene to be delivered is highly dependent on the target regenerative 

process. From the first report of hydrogel scaffold-mediated non-viral gene delivery in vivo in 

1996 to date, it can be noted that most reported regenerative medicine strategies have delivered 

genes encoding for native-form secreted growth factors that are functional in the extracellular 

microenvironment, primarily targeting bone and vessel regeneration strategies (Table 2). While 

some of these studies have resulted in significant therapeutic responses, there is still much room 

for improvement in terms of transgene selection as well as of transgene optimization via 

engineering to enhance its potency. In fact, out of these studies, only one has delivered a gene 

encoding for a protein other than a growth factor111. Given the ease of diffusion of growth factors 

away from the target site, more investigation should be placed in delivering genes encoding for 

proteins which are active intracellularly in order to enhance the potency of what is delivered. 

Furthermore, this study also delivered a hypoxia-insensitive variant of transcription factor 

hypoxia-inducible factor 1-alpha as opposed to its native form, demonstrating the potential to 

enhance the potency of therapeutic genes through engineering111.  
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Gene delivered Year Scaffold 
material 

Delivery 
strategy 

Target Ref. 

Bone morphogenetic 
protein (BMP)-4 and 
parathyroid 
hormone 

1996 Collagen naked Bone regeneration 112 

Parathyroid 
hormone 

1999 Collagen naked Bone regeneration 5 

Hypoxia-inducible 
factor-1α (HIF-1α) 

2006 fibrin DNA/PLL Vessel formation 111 

Vascular endothelial 
growth factor 
(VEGF) 

2009 Collagen DNA/TMC Vessel formation 113 

VEGF 2010 Collagen-
chitosan 

DNA/TMC Vessel formation 114 

Fibroblast growth 
factor-2, BMP-2 

2012 Gelatin, 
collagen 

PEI-
linoleic 
acid 

Bone regeneration 115 

Platelet-derived 
growth factor 
(PDGF) 

2014 Collagen DNA/PEI Bone regeneration 116 

VEGF 2014 HA DNA/PEI Vessel formation (wound 
healing) 

117 

VEGF 2015 HA DNA/PEI Vessel formation (wound 
healing) 

118 

Table 3.1: Inductive hydrogel scaffold-mediated delivery of therapeutic genes in vivo. 
 

In addition to the target gene itself, other elements in the expression cassette such as 

promoters and post-regulatory elements can also control the transgene expression profile and 

therapeutic response. The magnitude of transgene expression from various constitutive and 

inducible promoters can vary widely both in comparison to one another and in different cell lines, 

suggesting that much attention should be placed in promoter selection119. Attention to these 

differences is needed in in vivo scaffold-mediated gene delivery applications as well, as 

demonstrated by a study which compared elongation factor 1-alpha, ubiquitin C, and 

cytomegalovirus (CMV) promoters in driving transgene expression from a scaffold in vivo120. In 
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particular, while the CMV promoter is a commonly used constitutive promoter in mammalian gene 

expression, it is known to exhibit methylation, resulting in transcriptional silencing in mammalian 

systems121. Furthermore, the development of hypoxia-inducible promoters to control gene 

expression in ischemic environments is particularly relevant to tissue regeneration applications122. 

Cell- or tissue-specific promoters may also be considered, especially with respect to the types of 

cells infiltrating the scaffold or being transplanted with the scaffold. Lastly, post-regulatory 

elements such as WPRE can also be added to the expression cassette to enhance mRNA 

stabilization to result in enhanced and longer expression123.  

Another source of transcriptional silencing in transgene expression in mammalian systems 

due to DNA methylation is the presence of elements of bacterial origin, namely CpG motifs in 

commonly used plasmid vectors. The use of minicircle vectors, which are circular DNA molecules 

free of any sequences of prokaryotic origin and typically only consist of the expression cassette, 

instead of conventional plasmids may enhance expression magnitude and duration in vivo in 

scaffold-mediated delivery124. These constructs eschew the risk of immunogenic responses to 

material of bacterial origin, therefore resulting in reduced inflammation and the avoidance of 

transgene silencing through methylation of bacterial motifs125,126. Scaffold-based and systemic 

administrations of minicircle DNA have resulted in enhanced and prolonged transgene expression 

in vivo127,128.  

 

3.3 Gene carrier considerations and loading of DNA therapeutics into hydrogel scaffolds 

Many DNA delivery systems have been developed for systemic administration, including 

delivery of naked DNA or packaging the DNA using a gene carrier into a nanostructure. Such 

carriers may include cationic polymers which interact with the negatively charged DNA to form 



 31 

nanoparticles called polyplexes, lipids to form liposomes or lipoplexes, or niosomes to form 

nioplexes, all of which generally significantly enhance the uptake of DNA compared to using 

naked DNA, resulting in greater transgene expression. For a more thorough survey of advances in 

developing non-viral gene carriers, we direct readers to this review129. However, delivering DNA 

as a therapeutic from hydrogel scaffolds for regenerative medicine applications concerns the local, 

not systemic, delivery of this therapeutic, and the design of such strategies present their own 

challenges and constraints. One key parameter in facilitating cell access to encapsulated DNA in 

the hydrogel is the cell-mediated degradation of the hydrogel by both infiltrating and transplanted 

cells to release and allow access to the loaded DNA. In fact, transgene expression in cells cultured 

in a hydrogel scaffold has been shown to be dependent on the rate of hydrogel degradation130.  

Challenges of loading DNA into hydrogel scaffolds are largely dependent on the delivery vehicle 

and physical nature of the final delivery formulation. Below we describe unique challenges posed 

by the loading of naked and condensed plasmids into hydrogel scaffolds.   

 

3.3.1 Naked plasmid 

The incorporation of naked plasmid is relatively straightforward, as the plasmid can be 

directly encapsulated within the hydrogel matrix during synthesis or in situ injection. Some of the 

earliest scaffolds developed for gene delivery, termed “gene-activated matrices”, combined 

plasmid DNA solution at high concentrations (about 1 mg DNA per scaffold) with neutralized 

collagen before freezing and lyophilization to form a DNA-loaded collagen scaffold5. The plasmid 

is relatively robust and these naked encapsulation approaches have resulted in a positive 

therapeutic effect in vivo. Although large quantities of naked DNA are required to observe gene 

transfer in vivo, gene transfer is observed yielding high levels of transgene expression. However, 
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there are several limitations that have limited the translation potential of naked DNA-loaded 

scaffolds.  First, bacterial unmethylated CpG motifs present in naked plasmids are recognized by 

Toll-like receptor-9, resulting in a strong immunogenic response131,132. Given that large quantities 

of DNA are needed to achieve high transgene expression, this immune response is problematic. 

Furthermore, naked plasmids are easily degraded by serum nucleases, limiting the long-term 

efficacy of the delivered plasmid133. Lastly, naked plasmids do not result in visible transfection in 

vitro, leaving all testing to be done in vivo.  

3.3.2 Condensed plasmid using cationic polymer- and lipid-based gene carriers 

In an effort to overcome the limitations associated with naked DNA, plasmids are 

commonly condensed with gene carriers into nanoparticles that result in enhanced transgene 

expression due to facilitated transport, protects the DNA from serum nucleases133, and can 

transfect cells both in vitro and in vivo. However, the materials used to condense DNA are typically 

highly positively charged, resulting in nanosized aggregates that are prone to aggregation, 

especially at the concentrations required for incorporation into a hydrogel material. DNA can be 

complexed with cationic polymers to form polyplexes or lipid-based polymers to form lipoplexes 

or nioplexes. There are two general methods to incorporate condensed DNA into hydrogel 

scaffolds: surface coating and encapsulation.   

Surface coating of condensed DNA relies on electrostatic interactions between the 

polyplexes and the scaffold material. Such methods often involve incubating a porous scaffold in 

a solution rich in condensed DNA before washing the scaffold to remove unbound particles134–136 

or hydrating a lyophilized hydrogel in a condensed DNA solution113,114,116,137.  

Encapsulating condensed DNA within hydrogels by mixing the condensed DNA into the 

gel precursor solution before crosslinking. The Shea lab has encapsulated lipoplexes in PEG and 
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fibrin hydrogels for in vitro cell culture130,138 and coated PLG scaffolds with lipoplexes for in vivo 

delivery to a spinal cord injury site139. More recently, nioplexes, which are similar vesicular 

particles formed from an aminolipid and a non-ionic surfactant complexed with a nucleic acid, 

have been encapsulated in methylcellulose and carrageenan hydrogels, demonstrating 80% release 

of nioplexes over 30 hours140. Released nioplexes were able to transfect plated HeLa cells to induce 

gene silencing upon delivery of anti-sense oligodeoxynucleotides and transgene expression upon 

delivery of pGFP plasmid.  Another recent study used PEI along with graphene oxide nanosheets 

to form nanoparticles with DNA encoding for VEGF and then encapsulating in a methacrylated 

gelatin hydrogel improved cardiac outcomes after implanting in a myocardial infarction model141.  

However, encapsulation poses an obstacle due to the tendency of polyplexes, lipoplexes, 

and nioplexes to aggregate at higher concentrations as they are incorporated into hydrogels; as a 

result, many studies have only been able to load lower concentrations of condensed 

DNA7,71,111,142,143. PEGylating the cationic polymer to reduce surface zeta potential of polyplexes 

has been demonstrated as one way to decrease aggregation of polyplexes in hyaluronic acid 

hydrogels, though at the expense of gene transfer efficiency136. The Segura lab has also previously 

developed an approach for concentrated loading of polyplexes called caged nanoparticle 

encapsulation (CnE) in which polyplexes are formed at low concentrations but lyophilized in the 

presence of agarose and sucrose to mitigate these charge-based interactions and to preserve particle 

integrity during the lyophilization before resuspending in low volumes of buffer12,71. This 

technique has been used to incorporate polyplexes into porous hyaluronic acid hydrogels produced 

using a sphere templating method and tested in a mouse wound healing model for in vivo gene 

transfer117,118. Similarly, trehalose, another saccharide, can also be used in the lyophilization 

process to preserve the stability and activity of polyplexes144.  
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3.3.3 Dependence of gene transfer on cell-scaffold interactions and cytoskeletal mechanics 

Cell interactions with the composition and mechanical properties of the matrix substrate 

have also been shown to modulate gene transfer, presenting opportunities to design scaffolds that 

enhance transfection. In addition to determining proliferation, migration, and differentiation 

behaviors of cells, substrate stiffness plays an important role in modulating gene transfer, with 

transgene expression increasing as a function of substrate stiffness in 2-D cell culture145. However, 

in 3-D culture of encapsulated cells and polyplexes in hyaluronic acid hydrogels, the inverse result 

was observed, with transgene expression increasing with decreasing hydrogel stiffness. This 

difference in outcomes is likely due to the dependence of cell proliferation and migration as well 

as polyplex release on the degradability of the hydrogel. This finding suggests that the efforts in 

designing biomaterials for gene delivery purposes should also take stiffness into consideration. In 

addition, surface charge and chemistry influence transfection efficiency, with cells cultured on 

charged hydrophilic surfaces with carboxyl groups exhibiting increased transfection and cells on 

uncharged methyl-coated surfaces showing decreased transfection146. Lastly, topography was also 

found to influence lipoplex-mediated transfection efficiency, with cells cultured on nanopillar-

coated surfaces observing highest level of transfection compared to blank and micropillar-coated 

surfaces147.  

Matrix composition can directly determine the efficiency of gene transfer through 

pathways related to integrin-mediated cell adhesion. For cells seeded in two dimensions, 

increasing concentrations of the RGD cell adhesion peptide leads to increases in transgene transfer 

and expression, while an increase in the physical spacing of the ligand on a substrate resulted in 

decreased transgene expression53. However, in cells cultured in three dimensions in a nonporous 

hyaluronic acid hydrogel, an intermediate RGD concentration of 100 µM and clustering ratio of 
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0.4 mmol RGD/mmol HA resulted in the highest levels of transfection18.  However, these effects 

on both cell behavior and transfection efficiency are specific to cell type and require optimization 

for the transplanted cell type or for the expected range of cell types of infiltrating cells. Different 

ECM components as substrates also have varying effects on gene transfer. For example, in mouse 

mesenchymal stem cells administered a bolus polyplex transfection, collagen I-coated surfaces 

inhibit gene transfer, while fibronectin-coated surfaces enhance gene transfer, and different ECM 

substrates trigger different internalization pathways by which polyplexes are trafficked into the 

cell148. A separate study showed that mouse fibroblasts exhibited increased gene transfer on 

surfaces coated with fibronectin over collagen in surface-mediated transfection in which 

polyplexes were coated on the substrate, but the inverse effect was found upon bolus polyplex 

administration149. Cell culture on surfaces coated with the a5b1 integrin-binding domain of 

fibronectin resulted in significantly enhanced expression due to polyplex-mediated transfection 

compared to cell culture on surfaces coated with a polymer of similar charge but lacking in cell-

binding domains, suggesting that the bioactive integrin-binding function of ECM components are 

at least partially responsible for such effects150.  

A better understanding of the mechanisms which govern gene transfer may lend insight on 

how to design more effective scaffold-mediated gene delivery methods. A study has elucidated the 

mechanisms by which cytoskeletal dyanamics and RhoGTPases control gene transfer and 

trafficking of polyplexes; introducing bioactive signals to manipulate these pathways may be a 

method of enhancing gene transfer151. For example, in a separate study, the inhibition of polo-like 

kinase-1 (PLK1) was identified as a means of enhancing gene transfer152. Microarray analysis has 

also been used to reveal genes which are upregulated in transfected cells as compared to non-

transfected cells using both polyplexes and lipoplexes; notable targets include genes involved in 
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integrin-mediated signaling, cytoskeletal mechanics, and membrane trafficking153–155. However, it 

is important to note that different mechanisms govern gene transfer in 2-D culture versus in 3-D 

hydrogel-supported cell culture, suggesting the importance of more thorough studies in studying 

how a particular scaffold design influences gene transfer through cell-matrix interactions156. 
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IV Encapsulation of PEGylated polyethyleneimine polyplexes 

reduces aggregation in hyaluronic acid hydrogels 

 

 

 

 

 

4.1 Introduction 

Scaffolds for tissue repair aim to promote the repair of diseased or injured tissues through 

the use of a biocompatible material that support cellular infiltration and contain bioactive signals 

that guide invading cells through tissue formation157,158. Because cells can sense and respond to 

mechanical properties of their environment, a general approach to designing a scaffold for tissue 

engineering is to choose a material that mimics the extracellular matrix and provides structural 

support that can resist tensile and compressive stresses159. In addition to the structural 

characteristics of the scaffold, the effective delivery of bioactive signals is necessary to induce 

regeneration. Delivery of growth factors from scaffolds is a commonly utilized approach; however, 

encapsulation or incorporation of growth factors into scaffolds can often result in protein 

denaturation or degradation and the delivery method must be optimized for each protein160. An 

alternative approach in guiding cellular response is through DNA delivery. Naked DNA delivery 
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has been shown to achieve transgene expression and guide regeneration in vivo5,6, but often results 

in poor delivery efficiency because the plasmid’s negative charge and large hydrodynamic radius 

triggers plasmid degradation, ineffective internalization and trafficking by the cell and induces 

immune responses due to the bacterial elements of the plasmids7. This motivated the use of 

encapsulated DNA inside nanoparticles as a means to improve DNA stability, delivery, 

intracellular trafficking and reduce immune interactions with the host. Cationic polymers are one 

type of DNA encapsulation approach that is commonly used. Through charge interactions of the 

positively charged polymer (amines) to the negatively charged DNA (phosphates) an aggregate 

forms (polyplex) that can protect the DNA from degradation and improve delivery. Poly(ethylene 

imine) (PEI) is one such cationic polymer that has been shown to successfully transfect cells both 

in vitro and in vivo and serves as the gold standard for non-viral gene delivery161.  

We have been interested in incorporating PEI/DNA polyplexes inside hyaluronic acid (HA) 

hydrogel scaffold to guide soft tissue repair. HA is an anionic, non-sulfated polysaccharide that is 

widely distributed throughout the ECM of connective tissues9. HA is an exciting scaffold candidate 

for tissue engineering therapies due to its high biocompatibility and low immunogenicity7,80,162. 

HA interacts with CD44, RHAMM, and ICAM-1 surface receptors that contribute to cell 

proliferation and migration, which are processes that are necessary for tissue regeneration to 

occur163,164. Moreover, HA chains have been known to promote matrix metalloproteinase (MMP) 

expression165–167. MMPs are typically present in high concentration as diseased sites and are 

upregulated in tissue repair and microenvironment remodeling and can therefore serve as a trigger 

for bioactive signal delivery168,169.  

Semi-synthetic HA hydrogels, which can be degraded my matrix metalloproteinases 

(MMPs) and hyaluronidases, have been previously developed for culturing stem cells in 
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3D142,170,171. Although we have previously demonstrated the ability to deliver DNA-PEI polyplexes 

from HA gels, direct polyplex encapsulation resulted in aggregation when concentrations 

exceeding 0.3 µg/µL71. To mitigate this issue, Lei et al. developed a caged nanoparticle 

encapsulation (CnE) technique that utilized neutral saccharides (sucrose) and polysaccharides 

(agarose) to protect the polyplexes from inactivation and aggregation during hydrogel formation, 

respectively12,71. This technique was coupled with the introduction of micron-sized pores within 

gels in an attempt to promote increased cell migration and infiltration to the scaffold. Although 

gene delivery was achieved both in vitro and in vivo, transgene expression levels remained 

low72,117,118. We hypothesize that CnE and acetone processing during micron-size pore hydrogel 

formation, which causes an increase in gel stiffness, reduces pore size, resulting in a slower rate 

of gel degradation and polyplex release.  

In order to maintain high DNA loading concentrations in HA gels without using CnE, it is 

necessary to overcome aggregation issues that occur during gelation and at high DNA polyplex 

concentrations. Herein, we present an approach to prevent polyplex aggregation within porous HA 

hydrogels. This approach utilizes polyethylene glycol modification of PEI to mitigate charge-

charge interactions between polyplexes and the scaffold (sPEG-PEI) (Figure 4.1A).  
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Figure 4.1: sPEG-PEI chemistry. 
Schematic of PEI conjugated to 8-arm PEG (sPEG-PEI) (A). Reaction scheme of sPEG-PEI 
synthesis (B). 1H-NMR spectra of sPEG-PEI (C). 
 
4.2 Materials and Methods 

4.2.1 Materials 

Peptides Ac-GCRDGPQGIWGQDRCG-NH2 (HS-MMP-SH) and Ac-GCGYGRGDSPG-

NH2 (RGD) were purchased from Genscript (Piscataway, NJ). Sodium hyaluronan (HA) was a gift 

from Genzyme Corporation (60 kDa, Cambridge, MA). High molecular weight linear 

poly(ethylene imine) (LPEI, 25kDa) and low molecular weight linear poly(ethylene imine) 

(LMW-PEI, 2.5kDa) were purchased from Polysciences (Warrington, PA). 8-arm poly(ethylene 

gycol) succinimidyl carboxyl methyl ester (PEG-SCM, 10kDa) was purchased from Creative 

PEGWorks (Winston Salem, NC). Vectors for the mammalian expression of Gaussia luciferase 

(pGluc) and secreted embryonic alkaline phosphatase (pSEAP) were purchased from New England 



 41 

Biolabs (Ipswich, MA) and BD Biosciences (San Jose, CA), respectively. Both vectors were 

expanded using a Giga Prep kit from Qiagen (Valencia, CA) per manufacturer’s protocol. All other 

chemicals were purchased from Fisher Scientific (Pittsburgh, PA) unless otherwise noted. 

4.2.2 Synthesis of sPEG-PEI  

LMW-PEI was conjugated to the 8-arm PEG-SCM to using amine to carboxylic acid 

chemistry. LMW-PEI (190.8mg, 0.07632 mmol) was dissolved in MES buffer (100uM, pH 5.5), 

and once fully dissolved the pH was increased to 7.4. After the PEI had fully dissolved, 50 mg of 

PEG-SCM (0.00477mmol) was dissolved in separate MES buffer pH 7.4. The PEG-SCM solution 

was added dropwise to the PEI solution while maintaining a constant pH, and the mixture was 

allowed to react overnight. The product was purified by dialysis (10,000 MWCO) against water 

for five days with two water changes per day to remove any unreacted PEI, and the product was 

analyzed using 1H-NMR (D2O). 1H-NMR (D2O) spectroscopy indicated attachment of PEI to 

every arm of the 8-arm PEG-SCM by assessing the ratio of the PEI peak (δ = 2.85) to the PEG-

SCM peak (δ = 3.6). 

4.2.3 Polyplex formation and characterization 

To form polyplexes, 3 µg of plasmid DNA was diluted in 150 µl of nuclease free water and 

the desired amount of either LPEI or sPEG-PEI, depending on the required N/P ratio (ratio of the 

number of nitrogen groups on the polymer to the number of phosphate groups on the DNA 

backbone), was diluted into a separate 150 µl of nuclease free water. For polyplexes formed at N/P 

7, 4 µg sPEG-PEI was used and 2.73 µg LPEI was used. For polyplexes formed at N/P 12, 6.87 µg 

sPEG-PEI was used and 4.69 µg LPEI was used. The PEI solution (either LPEI or sPEG-PEI) was 

drop wise added to the DNA while vortexing, and each sample was incubated at room temperature 

for 15 min. 150mM NaCl or PBS was then added to each polyplex solution and the size and ζ-



 42 

potential of the polyplexes were determined by photon correlation spectroscopy (Malvern 

Zetasizer, Malvern Instruments Ltd., U.K.). The measurements were performed at 25°C. 

4.2.4 Agarose gel retardation assay 

An agarose hydrogel retardation assay was performed in order to assess the N/P ratio at 

which the polyplexes are fully condensed. Polymer/pDNA complexes were prepared at N/P ratios 

1-7 in nuclease free water per the aforementioned protocol, with naked DNA containing no 

polymer as the control. The polyplexes were electrophoresed through a 1% (w/v) agarose hydrogel 

containing a 1/10,000 dilution of SYBR® Safe DNA Stain (Life Technologies, Grand Island, NY) 

in 1X Tris-acetate-EDTA (TAE) buffer at 80 V for 30 min. The hydrogel was then analyzed on a 

Hydrogel Doc EZ Imager (Bio Rad, Hercules, CA) to observe the fluorescence of each polyplex 

relative to naked DNA.  

4.2.5 Cell culture 

HEK293T cells were a kind gift from Lonnie Shea of the University of Michigan, and 

HEK293T-MMP2 cells were a kind gift from Jeffrey Smith from the Burnham Institute for 

Medical Research. Mouse-bone-marrow-derived mesenchymal stem cells (D1, CRL12424) were 

purchased from ATCC (Manassas, VA). HEK293T, HEK293T-MMP2, and D1 cells and cultured 

in Dulbecco’s modified Eagle medium (DMEM) (Invitrogen, Grand Islands, NY) supplemented 

with 10% bovine growth serum (BGS, Hyclone, Logan, UT) and 1% penicillin/streptomycin 

(Invitrogen) at 37°C and 5% CO2. The cells were passaged using trypsin following standard cell 

culture protocols every 2-3 days. 

4.2.6 Cytotoxicity of sPEG-PEI and LPEI polyplexes 

An MTT assay (CellTiter 96R AQueous One Solution Cell Proliferation Assay, Promega, 

Madison, WI) was used to quantify the metabolic activity of cells exposed to sPEG-PEI or LPEI 
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polyplexes in order to correlate metabolic activity to cell viability. 12,000 D1 cells were cultured 

in a 96-well plate for 16 hours, then transfected with 20 µL of either sPEG-PEI or LPEI polyplexes 

at DNA concentrations ranging from 0-0.2 µg/µL and N/P ratios 7 and 12. After a 2 day incubation, 

the media in each well was aspirated and cells were then incubated with 20 µL of MTT reagent 

and 100 µL of DMEM for 2 hours at 37°C. Following the 2 hour incubation, 25 µL of 10% sodium 

dodecyl sulfate was added to each well to stop the reaction, the solutions were transferred to a new 

plate, and the absorbance was measured at 490 nm using a standard plate reader. 

4.2.7 In vitro 2-D bolus transfection 

To assess the tranfection efficiency of sPEG-PEI compared to LPEI, pGluc or pSEAP 

polyplexes of N/P ratios 7 and 12 were created using both polymers. D1 cells were seeded on a 

48-well plate at a density of 40,000 cells/well in 500 µL of media, and allowed to incubate for 16 

hours. Following this incubation, the media from each well was removed and replaced with fresh 

media. 50 µL of polyplex solution (0.02 µg DNA/µL in 150 mM NaCl) was added to each well. 

The cells were allowed to incubate for 2 days, after which the media was collected and frozen at -

20C until assayed. To quantify secreted Gaussia luciferase levels in the media, the samples were 

thawed on ice and assayed using a BioLux Gaussia Luciferase Assay Kit (New England Biolabs, 

Ipswich, MA) as per the manufacturer’s protocol. Briefly, 20 µL of each sample were mixed with 

50 µL of substrate solution, pipetted for 2 to 3 seconds to mix, and read for luminescence with a 5 

s integration time using a Modulus Fluorometer (Turner BioSystems, South San Francisco, CA). 

To quantify secreted embryonic alkaline phosphatase levels in the media, the samples were thawed 

on ice and assayed using a pSEAP Assay Kit (Life Technologies, Grand Island, NY). Briefly, 100 

µL of sample was incubated with 200 µL of dilution buffer and incubated at 65°C for 30 min. 100 

µL of the diluted sample was then mixed with 100 µL of assay buffer and incubated for 20 min. 
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100 µL of reaction buffer was then added to each sample, incubated for 20 min, and samples were 

read for luminescence with a 1 s integration time.  

4.2.8 Internalization of DNA over different periods of polyplex exposure 

D1 mouse mesenchymal stem cells were seeded in a tissue culture-treated 48-well plate at 

a seeding density of 20,000 cells per well 16 h prior to transfection. 1.25 µg plasmid DNA was 

radiolabelled with 32P-dCTP (250µCi, PerkinElmer, Waltham, MA) using a Nick translation kit 

(Roche, Indianapolis, IN) according to the manufacturer’s protocol. The reaction mixture was 

purified using the DNA Clean and Concentrator kit from Zymo Research (Irvine, CA) and mixed 

with 498.75 µg non-radiolabelled DNA to make a 0.25% “hot” plasmid DNA solution. Polyplexes 

were then formed with the radiolabelled DNA and either sPEG-PEI or L-PEI at N/P ratios of 7 and 

12. 1 µg of DNA’s worth of polyplexes was added to each well and incubated at 37C for 2, 4, 8 h. 

At each of the timepoints, the cells were washed with PBS + CaCl2, CellScrub buffer (Genlantis, 

San Diego, CA) to remove any un-internalized polyplexes, and then PBS twice before trypsinizing. 

The cells were then harvested and added to 2 mL Bio-Safe II scintillation cocktail (Research 

Products International Corp., Mt. Prospect, IL) and measured using a scintillation counter at the 

UCLA chemistry facility. The readout was analyzed using a standard curve.  

4.2.9 Internalization of DNA and transgene expression under inhibition of endocytosis pathways 

D1 cells were seeded in a tissue culture-treated 48-well plate at a seeding density of 20,000 

cells per well 16 h prior to treatment. Clathrin-mediated endocytosis was inhibited with 10 µg/mL 

chlorpromazine (Fisher Scientific), caveolae-mediated endocytosis with 200 µM genistein (Sigma 

Aldrich, St. Louis, MO), and macropinocytosis with 100 µM amiloride hydrochloride (Sigma 

Aldrich, St. Louis, MO), for 1 h at 37C. Polyplexes were formed with either radiolabelled DNA 

as described above to track cell internalization or pGLuc as described above to assess transgene 
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expression and added to the wells in the presence of inhibitors for a 4-h incubation. The cells 

exposed to radiolabelled DNA were then washed with PBS + CaCl2, CellScrub buffer, and then 

PBS twice before trypsinizing, harvesting, and reading with a scintillation counter as described 

above. For the pGLuc transfections, the media was replaced with fresh media after 4 h. Gaussia 

luciferase expression was assayed as described above. 

4.2.10 Hyaluronic acid modification 

Sodium hyaluronan was modified to contain acrylate function groups via a two-step 

reaction as previously described25. HA (2 g, 60 kDa) was reacted with 36.77 g (211.07 mmol) 

adipic acid dihydrazide (ADH) at pH 4.75 with 4 g 1-ethyl-3-[3-dimethylaminopropyl] 

carbodiimide hydrochloride (EDC) overnight. The product was purified through dialysis (8000 

MWCO) against a NaCl gradient for 1 day. Further dialysis was done in DI water for 4 days. The 

purified product HA-ADH was then lyophilized and analyzed with 1H-NMR. All of the HA-ADH 

was then reacted with 4.46 g N-acryloxysuccinimide (NHS-Ac) in 10mM HEPES, 150mM NaCl, 

10mM EDTA at pH 7.4 overnight at room temperature before purification via dialysis against a 

NaCl gradient for 1 day and in DI water for 4 days. The purified product HA-Ac was then 

lyophilized and analyzed with 1H-NMR (D2O). 1H-NMR indicated a 54.67% modification of the 

carboxyl groups on the HA backbone to ADH groups by taking the ratio of peaks δ = 1.6 and 23, 

which correspond to the eight H of the methylene groups on the ADH to the singlet peak of the 

acetyl methyl protins in HA (δ = 1.88). After the second step in which HA-ADH was reacted with 

N-acryloxysuccinimide (NHS-Ac), 1H-NMR (D2O) spectroscopy confirmed 11.42% acrylate 

modification (HA-Ac) by taking the ratio of the multiplet peak at δ = 6.2 corresponding to the 

acrylate H to the singlet peak of the acetyl methyl protons in HA (δ = 1.88). 
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4.2.11 Polyplex lyophilization by caged nanoparticle encapsulation (CnE) 

 For CnE, plasmid DNA (8.3 µg) and either sPEG-PEG or LPEI (13.4 µg or 9.1 µg, 

respectively) were mixed in 3.5 mL water in the presence of 3.5mg (0.01 mmol) of sucrose 

(Ultrapure, MP Biomedicals, Santa Ana, CA) and incubated at room temperature for 15 min. Low-

melting point agarose (0.1 mg, Ultrapure Agarose, T – 34.5-37.5°C, Invitrogen, Grand Islands, 

NY) in 150 mL water was added before lyophilization. Each aliquot was intended for a 10 µL 

hydrogel.  

4.2.12 Porous hydrogel design template using PMMA microspheres 

 Chemically sintered microsphere templates were prepared as previously described26. 

Briefly, polymethyl methacrylate (PMMA) microspheres (53-63 µm, Cospheric, Santa Barbara, 

CA) were suspended in sintering solution (70% ethanol, 1% acetone) at a concentration of 

0.4444mg µL-1, and 75 µL of this bead solution was then added to each well of 6-mm diameter 

flexiPERM molds (Sigma-Aldrich, St. Louis, MO) adhered to glass slides treated with Sigmacote 

(Sigma-Aldrich, St. Louis, MO). The molds were sintered at 37°C for 2 hours before use. 

 

4.2.13 Porous and nonporous hydrogel formation and characterization 

 Porous and nonporous HA hydrogels were prepared as previously described25. Hydrogels 

were formed by Michael-addition of acrylate functionalized HA (HA-Ac) with bis-cysteine 

containing MMP peptide crosslinkers at pH 7.6-7.8. Prior to the reaction, a hydrogel precursor 

solution was made by mixing HA-Ac with a lyophilized aliquot of the cell adhesion peptide RGD 

for 30 min at 37°C. After incubation, HA-RGD was mixed with the remaining HA-Ac and 0.3M 

triethanolamine (TEOA, pH 8.8), for a final hydrogel concentration of 3.5% weight/volume% HA 

and 100uM RGD. Finally, lyophilized aliquots of the crosslinker (0.8mg HS-MMP-SH) were 
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diluted in 16 µL of TEOA buffer, pH 8.2, immediately before addition to the hydrogel precursor 

solution. This hydrogel precursor solution was then mixed with either lyophilized (CnE) or fresh 

(direct encaspulation) DNA/polymer polyplexes for hydrogels containing polyplexes. For direct 

encapsulation, DNA and sPEG-PEI or LPEI were mixed according to the aforementioned protocol. 

For nonporous hydrogels, 20uL of the hydrogel solution was added between 2 slides with a 1mm 

spacer to separate the two slides. Hydrogels were incubated at 37°C for 30 min, then hydrated in 

phosphate-buffered saline (PBS) and left in PBS until used. For the porous hydrogels, 20 µL of 

the hydrogel solution was then added directly on top of a PMMA microsphere template and 

perfused into the template by centrifugation at 500 g for 15min at 4°C. The template was then 

incubated at 37°C for an additional 20 min to induce complete crosslinking. Once complete, the 

hydrogels were removed from the flexiPERM molds and placed directly into 100% acetone for 48 

h to dissolve the PMMA microsphere template. The acetone solution was replaced 3 times a day 

for the 48 h wash. The hydrogels were then serially hydrated in PBS, and stored in PBS until used. 

 The storage and loss modulus of nonporous and microporous hydrogels were measured 

with a plate-to-plate rheometer (Physica MCR, Anton Paar, Ashland, VA) using a 8 mm plate 

under a constant strain of 0.1% and frequency ranging from 0.1 to 10 rad/s. Nonporous and porous 

hydrogels were synthesized according the aforementioned protocol and cut to 8 mm using an 8 

mm biopsy punch. To prevent the hydrogel from drying, a humidity hood was utilized and the 

stage was set to 37°C. 

4.2.14 Statistical analysis 

Statistical analyses were performed using Prism (GraphPad, San Diego, CA). Data were 

analyzed using a one-way analysis of variance (ANOVA) test followed by a Tukey post-hoc test. 

The results are presented as mean ± SD. Polyplex size data was analyzed using a t-test, and the 
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results are presented as mean ± SD. Single, double, and triple asterisks represent p < 0.05, p < 0.01, 

p < 0.001, respectively. A p value of < 0.05 was considered statistically significant.  

 

4.3 Results and Discussion 

4.3.1 sPEG-PEI synthesis 

sPEG-PEI was synthesized using the reaction between the activated carboxylic acid in 8-

arm PEG-Succinimidyl carboxyl methyl ester (PEG-SCM) and the amines in PEI. Due to insoluble 

nature of PEI at basic pH, LMW-PEI was first dissolved in acidic conditions and once fully 

dissolved the pH of this solution was slowly increased to 7.4 in order to prevent precipitation. The 

extent of conjugation was calculated through NMR by comparing the integration of the observed 

peaks of LMW-PEI and PEG-SCM at δ=2.85 and δ=3.6, respectively, which indicated that 94.9% 

of the PEG arms were conjugated with PEI (Figure 4.1C).  

4.3.2 Polyplex Characterization 

Polyplexes of either sPEG-PEI or LPEI with plasmid DNA were formed at an N/P ratio of 

7 and 12 to study the influence of polymer composition on particle size and stability. After the 

addition of salt to physiological salt conditions, sPEG-PEI polyplexes doubled in size but showed 

no significant increase in size thereafter until day 5. Conversely, LPEI polyplexes experienced a 

significant seven-fold increase after the addition of salt, and showed a 130-fold increase from the 

initial size just after day 1136. To assess polyplex zeta potential, sPEG-PEI and LPEI polyplexes 

were synthesized in either 150 mmol NaCl or PBS solutions. The average charge of sPEG-PEI 

polyplexes N/P 7 in 150 mmol NaCl and PBS was 10.47 mV and 2.16 mV, respectively, and for 

polyplexes N/P 12 in 150 mmol NaCl and PBS was 22.17 mV and 5.68 mV, respectively136. The 

average charge of LPEI polyplexes N/P 7 in 150 mmol NaCl and PBS was 25.00 mV and 11.03 
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mV, respectively, and for polyplexes N/P 12 in 150 mmol NaCl and PBS was 30.43 mV and 12.83 

mV, respectively136.  

The efficiency of the polymer/DNA interactions was evaluated by determining the amount 

of conjugate required to retard the migration of DNA through an agarose gel over a range of N/P 

ratios 0-7. Complete retardation of sPEG-PEI polyplexes was observed at an N/P ratio of 6 while 

complete retardation of LPEI polyplexes was observed at an N/P ratio of 4. In addition, the 

complete shielding of DNA by sPEG-PEI occurs at a higher N/P ratio than by LPEI136. 

These results indicate sPEG-PEI forms a smaller, more stable polyplex when complexed 

to pDNA compared to LPEI. The charges of the LPEI polyplexes were higher than their relative 

sPEG-PEI counterparts, which can be attributed to the higher number of nitrogen groups on the 

LPEI backbone compared to the sPEG-PEI backbone (25.25 nmol N/1 µg LPEI, 15.63 nmol N/1 

µg sPEG-PEI). The less charged nature of sPEG-PEI polyplexes may be the reason for smaller 

particle size upon addition of salt when compared to LPEI polyplexes, which aggregate with a 

much higher tendency in a highly charged environment. This is an important property difference 

that we hypothesize may be the underlying reason for differences seen in characterizing polyplex 

loading in hydrogels as well as in transgene expression profile differences upon transfection. 

Furthermore, the ability of LPEI to more tightly complex DNA may be due to the higher number 

of nitrogen groups on the LPEI backbone that can interact with the phosphate groups on the DNA 

backbone. This is supported by the complete shielding of DNA by LPEI occurring at a lower N/P 

ratio than by sPEG-PEI. The presence of PEG groups on sPEG-PEI may also interfere with 

complexation due to steric hindrance. 
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4.3.3 Cell-polyplex interactions 

An MTT assay was performed to compare the toxicity of sPEG-PEI to LPEI polyplexes 

(Figure 4.2A). Since the concentrations used in this study were high for in vitro culture systems, 

some toxicity was expected. Cells exposed to sPEG-PEI polyplexes of N/P 7 show no decrease in 

metabolic activity up to 200 ng/µL, while cells exposed to LPEI at N/P 7 had a significant decrease 

starting at 100ng/mL (p < 0.001). Similarly, cell exposed to sPEG-PEI polyplexes at N/P 12 show 

no decrease in metabolic activity up to 100 ng/µL, while cells exposed to LPEI N/P 12 had a 

significant decrease starting at 50ng/mL (p < 0.001). In addition, cell viability was overall higher 

with exposure to sPEG-PEI polyplexes than with LPEI polyplexes with equal dosing of DNA, 

indicating that the administration of sPEG-PEI as a complexing agent may be less cytotoxic than 

LPEI. Electrostatic interactions between sPEG-PEI and DNA are relatively weak compared to 

between LPEI and DNA, which may result in more free sPEG-PEI being present in the cellular 

microenvironment due to more random decomplexation, posing concerns of cytotoxicity. However, 

sPEG-PEI complexes were less cytotoxic than LPEI complexes. 
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            E 

 
Figure 4.2: Characterization of sPEG-PEI polyplex-cell interactions.  
MTT assay assessing cytotoxicity of polyplexes formed with sPEG-PEI and L-PEI (A). Relative 
GLuc expression after 48 h of a 2-D bolus transfection with polyplexes formed with sPEG-PEI 
and L-PEI (B). Internalized radiolabelled DNA over different polyplex exposure times (C). 
Internalized radiolabelled DNA after 4 h exposure to polyplexes with the inhibition of different 
endocytosis pathways (D). A 2-D bolus transfection was performed on 40,000 D1 cells per well, 
with GLuc expression assayed at 48 h after initial exposure to conditions. DNA was complexed 
with LPEI, sPEG-PEI, a simple mixture of nonfunctionalized 8-arm PEG and 2.5kDa PEI, 2.5 kDa 
PEI, and no carrier (E).  
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A bolus transfection using the Gaussia luciferase vector was performed to compare the 

transfection abilities of sPEG-PEI and LPEI polyplexes to D1 cells in 2D. Transgene expression 

at both N/P 7 and N/P 12 for sPEG-PEI were significantly lower than those for LPEI at the same 

N/P ratios (p < 0.001) (Figure 4.2B). In addition, a control bolus transfection experiment was 

performed to evaluate the transfection efficiency of a simple mixture of the components of sPEG-

PEI (non-functionalized 8-arm PEG and 2.5kDa PEI) compared to the reacted product sPEG-PEI 

(Figure 4.2E). While not significant, there was an increase in transgene expression with sPEG-PEI 

compared to the simple mixture, to using 2.5kDa PEI only, and to the use of no gene carrier 

polymer (naked DNA). 

To understand whether the difference in transgene expression between using sPEG-PEI 

and LPEI polyplexes was due to a difference in the extent of internalization of those polyplexes, 

D1 cells were plated and transfected over different exposure times using the four different polyplex 

compositions with radiolabelled DNA to determine how much DNA is being internalized at each 

time point (Figure 4.2C). It was observed that the mass of DNA internalized when transfecting 

with LPEI polyplexes was significantly higher over all exposure times than when transfecting with 

sPEG-PEI. A surprising observation in Figure 4.2C was the drop in internalized DNA at the 8-h 

time point compared to the 4-h time point when using LPEI as the cationic polymer for complexing. 

This decrease may suggest substantial amounts of DNA polyplexes that are unable to escape the 

endosome into the cytoplasm. Instead, this subset of total internalized polyplexes during the first 

4 hours was eventually exocytosed. 

In addition, to examine whether there is a difference in the dependence of the uptake of the 

different polyplexes on different internalization pathways, macropinocytosis, caveolae-mediated 
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endocytosis, or clathrin-mediated endocytosis was pharmacologically inhibited (Figure 4.2D). 

Dhaliwal et al reported no effects on cell viability after four hours of exposure to each of the 

inhibitors used in this study, permitting the use of these inhibitors to study internalization after 

four hours of exposure148. When caveolae-mediated endocytosis was inhibited with genistein, the 

amount of DNA internalized was significantly lower than a no-treatment transfection for both 

sPEG-PEI and LPEI polyplexes. There was no decrease in amount of internalized DNA observed 

when macropinocytosis was inhibited using amiloride or when clathrin-mediated endocytosis was 

inhibited with chlorpromazine with either sPEG-PEI or LPEI-mediated transfection. Within 

treatments, there was no difference in the relative amounts of DNA internalized among the 

different polyplex compositions.  

These results show that while the use of LPEI as the complexing polymer led to more DNA 

internalized, there was no difference in the dependence on specific endocytotic pathways for 

internalization between the two polymers. This suggests that the differences in both the chemical 

structure of the gene carrier polymers and the physical properties of the DNA polyplexes resulting 

from those polymers do not affect the dominant internalization pathway involved in polyplex 

uptake. Instead, this difference in extent of uptake may be due to the difference in surface charge 

densities of the two types of polyplexes, with the more highly charged LPEI polyplexes 

electrostatically binding more strongly to the cell membrane to result in higher uptake rates.  

4.3.4 Visualization of polyplex aggregation 

sPEG-PEI and LPEI polyplexes were incorporated into nonporous and porous hyaluronic 

acid hydrogels either by surface-association with the pore surfaces or by encapsulation within the 

gel phase. The storage (G’) and loss (G”) moduli of the hydrogels were analyzed using a plate-to-

plate rheometer. Results showed that the G’ and G” did not cross at any measured frequency (0.1 
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– 10 Hz) and were frequency-independent for both porous and nonporous hydrogels, both of which 

are consistent with typical hydrogel characteristics. We reported G’ of 523 ± 32 Pa and 222 ± 23 

Pa for our porous and nonporous hydrogels, respectively. This difference in mechanical stiffness 

was statistically significant between the two gel types. 

To assess aggregation, porous and nonporous hydrogels containing either sPEG-PEI or 

LPEI polyplexes were stained and imaged (Figure 4.3). Complexing DNA with sPEG-PEI resulted 

in noticeably less aggregation than with LPEI after encapsulating these DNA polyplexes in both 

nonporous and porous hydrogels. This observation is consistent with and without the use of the 

caged nanoparticle encapsulation (CnE) technique. This difference in aggregation behavior may 

be attributed to the decrease in surface charge density when using sPEG-PEI polyplexes, which 

may result in a lower tendency for the occurrence of particle-particle charge-based interactions. 

By using sPEG-PEI polyplexes, it is possible to load DNA into hydrogels via encapsulation at 

higher DNA loading concentrations when compared to LPEI polyplexes. By surface coating 

porous hydrogels with either sPEG-PEI or LPEI polyplexes, a more homogenous surface 

distribution of DNA polyplexes was observed throughout the hydrogel when compared to the 

aggregation seen in porous hydrogels with encapsulated LPEI polyplexes.  
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Figure 4.3: Visualization of polyplex aggregation in polyplex-loaded HA hydrogels.  
Fluorescently labelled DNA polyplexes were incorporated into porous and nonporous hydrogels 
and imaged.  
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With results indicating that DNA polyplexes complexed with sPEG-PEI at both N/P ratios 

of 7 and 12 were less toxic to cells at higher levels of DNA exposure, sPEG-PEI polyplexes can 

serve as a less toxic alternative to LPEI polyplexes in systems where polyplex toxicity presents 

issues. In two-dimensional cell culture, it was also seen that while sPEG-PEI polyplexes were less 

toxic, their usage also resulted in lower levels of transgene expression when compared to LPEI 

polyplexes at both N/P ratios of 7 and 12. These findings suggest that in order to obtain comparable 

levels of transgene expression when using sPEG-PEI polyplexes as LPEI polyplexes, it will be 

necessary to increase DNA polyplex loading concentrations.  

 

4.4 Conclusion  

In this study, using PEGylated PEI and surface-coating DNA along pores of porous 

hydrogels were explored as alternatives to LPEI-polyplex loading in hydrogels via caged 

nanoparticle encapsulation as means to decrease polyplex aggregation when loading DNA at 

higher concentrations. Using PEGylated PEI resulted in lower toxicity to cells upon exposure and 

less aggregation when encapsulating in HA hydrogels, but also led to decreased transgene 

expression levels, which was attributed to lower amounts of DNA being internalized by cells when 

complexed with sPEG-PEI. sPEG-PEI and LPEI polyplexes were both internalized via the same 

endocytosis pathway, suggesting that the difference in levels of internalization cannot be attributed 

to a difference in endocytosis pathway dependence. The options explored in this study can be used 

to further inform future development of gene delivery systems and tune individual transgene 

expression profiles for a wide range of therapeutic applications.  
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V Sustained transfection from polyplex-coated porous 

hyaluronic acid scaffolds 
 

 

 

 

 

5.1 Introduction 

As discussed earlier, porous HA hydrogels can serve as depots for the local delivery of 

polyplexes to infiltrating cells. Porosity, which facilitates cell proliferation and infiltration, can be 

introduced into HA hydrogels through techniques such as sphere templating10 and salt-leaching11. 

By developing a hydrogel with a porous architecture, DNA can be introduced in two phases – via 

encapsulation into the hydrogel itself and via surface association on the pore surfaces. We believe 

that these methods of DNA loading into hydrogel scaffolds are promising in achieving sustained 

transgene expression by enabling long-term DNA availability to cells.   

Encapsulation of DNA polyplexes within hydrogels has been previously reported for gene 

delivery12,71,117,118. DNA polyplexes are nanoparticles comprised of DNA, which is negatively 

charged, complexed with a cationic polymer, such as polyethyleneimine (PEI), which functions as 

a delivery vehicle and facilitates cellular uptake of DNA. One challenge of polyplex incorporation 

into hydrogels is the tendency of these charged particles to aggregate when incorporated into a 
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hydrogel precursor solution, resulting in inefficient and inconsistent gene transfer; our lab has 

addressed this problem by developing a method called caged nanoparticle encapsulation (CnE) for 

the incorporation of DNA polyplexes into HA scaffolds in the presence of agarose and sucrose to 

mitigate electrostatic interactions to decrease the extent of aggregation12,71. This technique has 

been extended to incorporate polyplexes into porous hydrogels formed via the sphere templating 

method for in vitro culture; however, relatively low levels of transgene expression were observed72. 

We speculate that the reason for this is the slow cell-mediated degradation of the hydrogel by the 

cells to release and access the encapsulated polyplexes. 

An alternative method for loading porous hydrogels with polyplexes is to associate the 

polyplexes on the cell culturing substrate surface, also referred to as a reverse transfection172. We 

hypothesize that coating the pores of porous HA scaffolds with polyplexes can be achieved by 

harnessing electrostatic interactions between the positively charged polyplexes and the negatively 

charged HA that makes up the scaffold, and that the resulting surface coating presentation of 

polyplexes enables greater access and facilitates availability of polyplexes to cells over time to 

enable long-term sustained transgene expression. While surface coating of DNA polyplexes to 

porous fibrin scaffolds was previously reported by Saul et al135, we herein report a thorough 

characterization of a surface-coated DNA presentation in HA porous scaffolds to this basic 

presentation method to enhance and further modulate transgene expression from loaded DNA 

polyplexes. Significant levels of transgene expression were observed for up to a month. 

Subsequently, we study mechanistic reasons for the sustained expression.  
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5.2 Materials and Methods 

5.2.1 Materials 

Peptides Ac-GCRDGPQGIWGQDRCG-NH2 (HS-MMP-SH) and Ac-GCGYGRGDSPG-

NH2 (RGD) were purchased from Genscript (Piscataway, NJ). Sodium hyaluronan (HA) was a gift 

from Genzyme Corporation (60 kDa, Cambridge, MA). Poly(methyl methacrylate) microspheres 

were purchased from Cospheric (Santa Barbara, CA). High molecular weight linear poly(ethylene 

imine) (LPEI, 25kDa) was purchased from Polysciences (Warrington, PA). The vector for the 

mammalian expression of Gaussia luciferase (pGluc) was purchased from New England Biolabs 

(Ipswich, MA). Both vectors were expanded using a Giga Prep kit from Qiagen (Valencia, CA) 

per manufacturer’s protocol. Human plasma fibronectin was purchased from EMD Millipore 

(Billerica, MA). All other chemicals were purchased from Fisher Scientific (Pittsburgh, PA) unless 

otherwise noted. YOYO-1 was purchased from Life Technologies (Carlsbad, CA).  

5.2.2 HA modification 

Sodium hyaluronan was modified to contain acrylate function groups via a two-step 

reaction as previously described117. HA (2.0 g, 60 kDa) was reacted with 36.77 g (211.07 mmol) 

adipic acid dihydrazide (ADH) at pH 4.75 with 4 g 1-ethyl-3-[3-dimethylaminopropyl] 

carbodiimide hydrochloride (EDC) overnight. The product was purified through dialysis (8000 

MWCO) against a NaCl gradient for 1 day. Further dialysis was done in DI water for 4 days. The 

purified product HA-ADH was then lyophilized and analyzed with 1H-NMR. All of the HA-ADH 

was then reacted with 4.46 g N-acryloxysuccinimide (NHS-Ac) in 10mM HEPES, 150mM NaCl, 

10mM EDTA at pH 7.4 overnight at room temperature before purification via dialysis against a 

NaCl gradient for 1 day and in DI water for 4 days. The purified product HA-Ac was then 

lyophilized and analyzed with 1H-NMR (D2O). 1H-NMR indicated a 65.94% modification of the 



 61 

carboxyl groups on the HA backbone to ADH groups by taking the ratio of peaks δ = 1.6 and 23, 

which correspond to the eight H of the methylene groups on the ADH to the singlet peak of the 

acetyl methyl protons in HA (δ = 1.88). After the second step in which HA-ADH was reacted with 

N-acryloxysuccinimide (NHS-Ac), 1H-NMR (D2O) spectroscopy confirmed 11.03% acrylate 

modification (HA-Ac) by taking the ratio of the multiplet peak at δ = 6.2 corresponding to the 

acrylate H to the singlet peak of the acetyl methyl protons in HA (δ = 1.88). 

5.2.3 Porous hydrogel formation 

Chemically sintered microsphere templates were prepared as previously described173. 

Briefly, polymethyl methacrylate (PMMA) microspheres (53-63 µm, Cospheric, Santa Barbara, 

CA) were suspended in sintering solution (70% ethanol, 1% acetone) at a concentration of 

0.4444mg µL-1, and 75 µL of this bead solution was then added to every well of flexiPERM molds 

(Sigma-Aldrich, St. Louis, MO) adhered to Sigmacote (Sigma-Aldrich, St. Louis, MO) glass slides. 

The molds were sintered at 37°C for 2 hours before use. 

Porous HA hydrogels were prepared as previously described117. Hydrogels were formed 

by Michael addition of acrylate functionalized HA (HA-Ac) with HS-MMP-SH peptide 

crosslinkers at pH 7.6-7.8. 20 µL of the hydrogel solution was then added directly on top of a 

PMMA microsphere template and perfused into the template by centrifugation at 500 g for 15min 

at 4°C. The template was then incubated at 37°C for an additional 20 min to induce complete 

crosslinking. Once complete, the hydrogels were removed from the flexiPERM molds and placed 

directly into 100% acetone for 48 h to dissolve the PMMA microsphere template. The acetone 

solution was replaced 3 times a day for the 48 h wash. The hydrogels were then serially hydrated, 

cut with a 4-mm-diameter biopsy punch, and stored in PBS until used. The storage modulus of the 

hydrogels was measured using a plate-to-plate rheometer (Physica MCR, Anton Paar, Ashland, 
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VA) with an 8-mm diameter plate under a constant strain of 0.8% and angular frequency ranging 

from 0.5 to 10 s-1.  

5.2.4 Polyplex formation and surface coating 

To form polyplexes, 3 µg of plasmid DNA was diluted in 150 µl of nuclease-free water, 

and the desired amount of PEI to achieve an N/P ratio (ratio of the number of nitrogen groups on 

the polymer to the number of phosphate groups on the DNA backbone) of 7 (2.73 µg) was diluted 

into a separate 150-µl volume of nuclease-free water. The PEI solution was slowly added to the 

DNA while vortexing, and the resulting mixture was incubated at room temperature for 15 min. 

1.5M NaCl solution was then added to the polyplex solution to achieve a final salt concentration 

of 150 mM. 

To coat hydrated hydrogels with polyplexes, hydrogels were incubated in 50µL/gel 

solutions of polyplexes at desired concentrations for 2 h with agitation every 20 min to allow for 

the polyplexes to electrostatically attach to the hydrogel pore surfaces. The hydrogels were then 

washed three times in PBS.  

5.2.5 Polyplex visualization 

The coated gels were stained with YOYO-1, a DNA stain, for 1 h before repeated washing 

with PBS and imaging using a Nikon confocal microscope.  

5.2.6 DNA release from hydrogels 

In order to determine the overall the extent of release of surface coated polyplexes, gels 

were formed and surface coated using the aforementioned protocols with 0.25% radiolabelled 

DNA polyplexes. 1.25 µg plasmid DNA was radiolabelled with 32P-dCTP (250µCi, PerkinElmer, 

Waltham, MA) using a Nick translation kit (Roche, Indianapolis, IN) according to the 

manufacturer’s protocol. The reaction mixture was purified using the DNA Clean and 
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Concentrator kit from Zymo Research (Irvine, CA) and mixed with 498.75 µg non-radiolabelled 

DNA to result in a 0.25% “hot” plasmid DNA solution. Polyplexes were then formed with the 

radiolabelled DNA and PEI at an N/P ratio of 7. After coating gels with radiolabelled polyplexes 

at different concentrations, the gels were then incubated in 500µL PBS at 37°C. At each timepoint, 

the PBS medium was harvested, added to 2 mL BioSafe II scintillation cocktail (Research Products 

International Corp., Mt. Prospect, IL) and measured using a scintillation counter at the UCLA 

chemistry facility. The readout was analyzed using a standard curve. The medium was replenished 

at each timepoint. At the last timepoint, the gels themselves were harvested and added to 

scintillation cocktail to be read.  

5.2.7 Cell culture 

Mouse-bone-marrow-derived mesenchymal stem cells (D1, CRL12424) were purchased 

from ATCC (Manassas, VA) and cultured in Dulbecco’s modified Eagle medium (DMEM) (Life 

Technologies) supplemented with 10% bovine growth serum (BGS, Hyclone, Logan, UT) and 1% 

penicillin/streptomycin (Life Technologies) at 37°C and 5% CO2. The cells were passaged using 

trypsin or replenished with fresh media following standard cell culture protocols every 2-3 days. 

5.2.8 3-D transfection from surface-coated hydrogels 

Gels were surface-coated with DNA polyplexes containing a vector for the expression of 

Gaussia luciferase driven by the cytomegalovirus (CMV) promoter (pCMV-GLuc) and washed 

according to the above protocol. Gels were then seeded with D1 cells by incubating gels in 250 

µL/gel of media with suspended cells at 1000000 cells/mL for 3 hr at 37°C with gentle flicking 

every 20 min, and washed to remove any unbound cells. Seeded gels were then transferred into 

fresh media and incubated at 37°C and 5% CO2. At various timepoints, conditioned medium was 

collected from all samples and frozen at -20°C, and Gaussia luciferase expression was determined 
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with the BioLux Gaussia Luciferase assay kit (New England Biolabs, Ipswich, MA) per 

manufacturer’s protocol. Briefly, 20 µL of each thawed sample were mixed with 50 µL of substrate 

solution, pipetted for 2 to 3 seconds to mix, and read for luminescence with a 5 s integration time 

using a Modulus Fluorometer (Turner BioSystems, South San Francisco, CA).  

To determine how many cells were seeded in the gels, porous hydrogels without polyplexes 

were seeded with D1 cells via the aforementioned method and allowed to incubate in media for 12 

h to allow for cell attachment. The CyQUANT assay (Life Technologies, Grand Island, NY) was 

used to quantify the number of cells seeded in the gel per manufacturer’s protocol. The same 

number of cells (43000 cells) that were seeded in the porous scaffolds were also seeded in 2D on 

tissue culture plastic as bolus transfection controls. These cells were then transfected via bolus 

administration of polyplexes 16 hours after seeding.  

5.2.9 Assessment of toxicity of polyplex administration 

To assess toxicity of repeated bolus transfections in 2-D culture, 20000 cells/well were 

seeded in tissue culture-treated 48-well plates. The cells were then administered bolus doses of 0.5 

ug DNA polyplexes encoding for GLuc once, twice, or three times every other day. The AQueous 

One solution cell proliferation assay (MTS) (Promega, Madison, WI) was then used at each time 

point to determine cell numbers in each condition in addition to a no-treatment condition by use 

of a standard curve to relate MTS absorbance values to cell count. In addition, Gaussia luciferase 

assay was performed at each of these time points to assess relative levels of transgene expression 

at each time point with each dosing program. 

To assess toxicity of surface-coated porous hydrogel scaffolds relative to non-coated 

porous hydrogels, porous hydrogels were surface coated with DNA polyplexes and seeded with 

cells as described above. At designated time points, the alamarBlue non-terminal cell viability 
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assay (Thermo Fisher) was used to assess live cell count by use of a standard curve to relate 

alamarBlue fluorescence values to cell count.  

5.2.10 Assessment of effect of space availability on transfection and transgene expression 

To test cell density’s effects on transfection, 20000 D1 cells were seeded in wells in 6-, 

12-, 24-, and 48-well plates and transfected with 0.5 µg DNA polyplexes 16 hours after seeding. 

Media was harvested and assayed for relative transfection levels with the Gaussia luciferase assay 

at specified time points. To test cell density’s effects on transgene expression after transfection, a 

bulk population of 1000000 cells were transfected with 50 µg DNA polyplexes 16 hours after 

seeding. The next day, cells were trypsinized and re-plated at different densities by seeding 20000 

cells/well in 6-, 12-, 24-, and 48-well plates. Cells were then cultured over time to assess transgene 

expression with the Gaussia luciferase assay at specified time points. 

5.2.11 Assessment of cell re-transfection in porous hydrogels 

D1 cells cultured on tissue culture plastic were transfected with DNA polyplexes. The next 

day, transfected and non-transfected cells were trypsinized, seeded in porous hydrogels (with or 

without loaded DNA by surface coating) as noted above, and cultured over 6 days to assess 

transfection efficiency. 

To determine whether there are indeed sustained higher levels of internalized DNA in cells 

cultured in surface-coated hydrogels, porous hydrogels were surface coated with 2.71 ug 

radiolabelled DNA polyplexes, then seeded with D1 cells. At various time points, gels were 

degraded in 5000 U/mL hyaluronidase for 1 h at 37C, (Sigma-Aldrich) and centrifuged to pellet 

the cells. The cells were then washed once with PBS, once with CellScrub buffer (Thermo Fisher) 

to remove membrane-bound polyplexes, and twice again with PBS before being transferred into 

BioSafe II scintillation cocktail for analysis of internalized DNA content by scintillation counting. 
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In addition, a control of non-surface-coated porous hydrogels seeded with D1 cells was 

administered one bolus transfection of 2.71 ug radiolabelled DNA polyplexes. Internalized DNA 

content at various timepoints was normalized to internalized DNA content at day 2. 

5.2.12 Statistical analysis 

Statistical analyses were performed using Prism (GraphPad, San Diego, CA). Data were 

analyzed using a one-way analysis of variance (ANOVA) test followed by a Tukey post-hoc test. 

The results are presented as mean ± SD. Polyplex size data was analyzed using a t-test, and the 

results are presented as mean ± SD. Single, double, and triple asterisks represent p < 0.05, p < 0.01, 

p < 0.001, respectively. A p value of < 0.05 was considered statistically significant. 

 

5.3 Results and Discussion 

In this study, a surface coating presentation of porous HA hydrogels as a method to load 

DNA into hydrogel scaffolds for long-term local non-viral gene delivery was studied and 

characterized, and a mechanistic analysis of possible causes of long-term gene delivery was 

explored. A comparison of transfection efficiency between encapsulation of polyplexes within a 

porous hydrogel scaffold and a surface presentation in a scaffold has already been presented, with 

a consistent conclusion drawn that a surface presentation of DNA results in significantly higher 

transgene expression levels than encapsulation allows in culture, primarily because a surface 

presentation allows for immediate exposure of cells to polyplexes as cells infiltrate the scaffold; 

rate of transfection is independent of cell-mediated gel degradation to result in cell-polyplex 

contact135,136.  
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5.3.1 Characterization of surface-coated hydrogels 

After generation of the porous HA hydrogel, the physical properties of the hydrogel were 

characterized. The storage modulus of porous HA hydrogels was 245 ± 26 Pa as measured using 

oscillation rheometry. The average pore diameter in the hydrogel was measured to be 83.7 ± 15.2 

µm, which is consistent with the size of the porogen used after accounting for swelling.  

Incubation of hydrogel scaffolds in a polyplex-rich solution was evaluated as a method for 

efficient DNA loading into hydrogels. Hydrogels incubated in this polyplex solution were stained 

with YOYO-1 and imaged to visualize the immobilized polyplexes on the hydrogels (Figure 5.1A). 

This method resulted in a relatively homogenous and spatially consistent distribution of polyplexes 

across the pore surfaces. In addition, no large polyplex aggregates were observed. Seeding of 

porous hydrogels with D1 cells by incubation in cell-dense media resulted in even distribution and 

spreading of cells throughout the hydrogel, as indicated by fluorescence microscopy at day 5 

(Figure 5.1B). Cells seeded 2-D or on polyplex-coated gels exhibited DNA polyplex 

internalization (Figure 5.1C, 1D).  
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Figure 5.1: Confocal microscopy characterization of surface coating and cell seeding.  
(A) Confocal microscopy image of a porous HA hydrogel (blue) surface-coated with DNA 
polyplexes (green). (B) Porous HA hydrogel (white) seeded with D1 mouse mesenchymal stem 
cells stained with DAPI (blue) and phalloidin (red) after 6 d of culture, imaged with confocal 
microscopy via a 3-D render of a 252-µm z-stack. (C) D1 cells cultured 2-D 48 h after transfection 
stained with DAPI (blue), phalloidin (red), and YOYO-1 for polyplexes (green). (D) D1 cells 
cultured in surface-coated porous gel 48 h after transfection with stained gel (magenta), DAPI 
(blue), phalloidin (red), and polyplexes (green). Arrowheads denote instances of internalization of 
polyplexes. Scale bars represent 100 µm.  
 

Varying the concentration of the DNA polyplex coating solution resulted in the modulation 

of DNA loaded into each hydrogel scaffold. The masses of DNA loaded into the 20-µL hydrogels 

using DNA polyplex coating concentrations of 0.05, 0.1 and 0.2 µg/µL are 1.03 ± 0.20, 1.66 ± 

0.26, and 2.71 ± 0.6 µg per hydrogel (Figure 5.2A).  

The release profile of polyplexes from the hydrogel in PBS was then quantified in order to 

understand the robustness of the polyplex-hydrogel interactions that govern the surface coating. 
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The amount of DNA released was quantified as a percent of the total DNA initially loaded into 

each gel, which varies depending on the coating condition. It was observed that less than 5% of 

loaded DNA was released over 7 days for hydrogels of the two highest loading amounts (Figure 

5.2B). In terms of absolute quantities of DNA release, hydrogels with the lowest DNA load 

exhibited the least release, while hydrogels with the highest DNA load exhibited the most. One 

driving force for the cause of this polyplex release from the hydrogel may be agitation from the 

induced of flow of medium around and to an extent through the porous hydrogel due to pipetting 

during the medium harvest step of this assay. To test this, porous hydrogels were formed, loaded 

with identical amounts of DNA polyplexes by surface coating, and incubated in PBS over time, 

with solution harvests either every day or every three days (Figure 5.2C). Daily harvesting resulted 

in more DNA released than with a less frequent harvest, with 0.3191 +/- 0.0321 µg DNA 

cumulatively released by day 15 with a daily harvest and 0.1335 µg +/- 0.0033 µg DNA released 

with harvests every three days. Daily harvests resulted in significantly more DNA polyplexes 

being released from the hydrogels, suggesting that actual release may be lower than reported in 

Figure 5.2B due to experimental design limitations. 

 

Figure 5.2: Characterization of DNA loading and release by surface coating. 
(A) Amount of DNA coated in porous HA hydrogels as a function of the concentration of DNA 
polyplex coating solution. (B) Cumulative DNA release from surface-coated hydrogels with 
different amounts of loaded DNA polyplexes. (C) DNA release from surface-coated gels, daily 
harvest versus harvest every 3 d. 
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5.3.2 Long-term transfection 

After characterization of the system, we then proceeded to implement the system for in 

vitro transfection. Porous hydrogels surface coated with DNA polyplexes encoding for Gaussia 

luciferase were seeded with D1 cells and cultured for 30 days. The CyQUANT assay confirmed 

that about 43000 cells were seeded in each scaffold. Transfection efficiency was monitored by 

quantifying transgene expression levels over time (Figure 5.3A). Seeded hydrogels loaded with 

more DNA resulted in increased transgene expression, expressed both in cumulative (Figure 5.3A) 

and per-day (Figure 5.3B) expression profiles. Significant transgene expression was observed over 

the course of the 30 days, with transgene expression on day 30 being only an order of magnitude 

below the first time point (Figure 5.3B). The 2D bolus condition was halted at day 8 due to the 

culture being overconfluent and presence of cell detachment. Overall, transgene expression from 

surface-coated hydrogels resulted in higher and more sustained expression levels than the 

analogous 2-D and porous gel bolus transfection models in which the same amount of DNA loaded 

into the hydrogel was administered as a bolus dose.  

 

Figure 5.3: Transgene expression in surface-coated porous scaffolds.   
(A) Cumulative and (B) per-day transgene expression of D1 cell culture in surface-coated porous 
HA hydrogels over time as a function of DNA concentration of gel coating solution, as compared 
to the per-day expression profile of bolus transfections 2D and in non-coated porous hydrogels. 
(C) Percent of peak expression at each timepoint. 
 

Toxicity of the surface coated scaffolds was then assessed in comparison to repeated bolus 

transfections of 2D cell culture and porous scaffolds not containing DNA. D1 cells cultured in 2D 
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that were repeatedly administered bolus polyplex transfections exhibited progressively decreasing 

cell numbers with each subsequent transfection, revealing the cumulative toxic effect of repeated 

bolus polyplex transfections (Figure 5.4A). In addition, the repeated bolus transfection did not lead 

to a sustained transgene expression profile, suggesting that toxicity effects of repeated bolus 

transfections significantly impact transgene expression (Figure 5.4B). In surface-coated porous 

hydrogel scaffolds, cell count was also impacted in comparison to noncoated scaffolds, with a 

decrease in viability similar to that of one- and two-dose 2D bolus transfections but not as 

significant as that of a three-dose 2D bolus transfection (Figure 5.4C). In addition, the effect of 

cell viability impact on transgene expression in surface-coated hydrogels was not as impacted 

(Figure 5.3B).  

In this study, PEI was used as a model polymer to study surface association of polyplexes 

in scaffolds as a method for long-term expression, and it is known to exhibit significant levels of 

cytotoxicity (Figure 5.4). This aspect can be improved on by using less toxic polymers to prepare 

polyplexes for surface coating; this will result in better overall viability but may still demonstrate 

long-term expression for at least 30 days.  

 

 

Figure 5.4: Toxicity in 2-D culture and culture in porous-coated scaffolds. 
(A) Live cell count (toxicity) and (B) relative GLuc expression following transfection of D1 2-D 
cell culture on TCP with bolus administration of 0.5 µg DNA polyplexes once, twice, or thrice at 
two-day intervals. (C) Live cell count of cell culture in surface-coated porous hydrogels. 
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5.3.3 Assessment of mechanisms for long-term expression 

To understand more clearly which mechanism is responsible for sustained transgene 

expression, we hypothesized that the sustained expression observed could be attributed to 

increased availability of space in this 3D culture system when compared to 2D cell culture, or the 

re-transfection of cells already being cultured in the hydrogel, both of which may affect transgene 

expression. We studied the effects of space availability on both transfection and on transgene 

expression resulting from transfection; if space availability is responsible for the observed 

sustained expression, lower seeding density should result in higher transgene expression. First, 

bolus transfections of 2D D1 cultures of equal number of cells plated at different plating densities 

resulted in decreased transfection with lower seeding density (Figure 5.5A). We believe that this 

decrease in transfection may be attributed to lower density of polyplex exposure due to settling of 

polyplexes over the increased surface area. Next, to test if space availability has any effect on 

transgene expression by cells after transfection, pre-transfected cells were trypsinized and seeded 

at different seeding densities. No significant difference in transgene expression levels between 

different plating densities of transfected cells was observed (Figure 5.5B). These findings suggest 

that the increased availability of space within the porous hydrogel cannot explain the increased 

and sustained transgene expression levels observed.  

Next, the hypothesis that the occurrence of re-transfection events within the hydrogel 

scaffold as cells proliferate and migrate through the scaffold was the main reason for the sustained 

expression profile was tested. Cells that were or were not transfected with GLuc on TCP were then 

trypsinized and used to seed a porous hydrogel that was or was not surface coated with DNA 

polyplexes. Previously transfected cells which were seeded in a surface coated hydrogel scaffold 

exhibited significantly higher transgene expression than cells which were not previously 
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transfected before seeding in a surface-coated hydrogel scaffold (Figure 5.5C). This finding 

suggests that cells are able to undergo re-transfection events from surface-coated polyplexes within 

the surface-coated hydrogel. To determine if there were higher levels of internalized DNA in cells 

cultured in surface-coated hydrogels, internalized DNA content was tracked using radiolabelled 

DNA in cells cultured in surface-coated hydrogels compared to cells cultured in non-coated 

hydrogels which were transfected through a conventional bolus transfection technique. Cells 

cultured in surface-coated hydrogels exhibited sustained levels of internalized DNA over the 19-

day culturing period, whereas cells that were cultured in non-coated hydrogels and administered a 

bolus transfection saw a statistically significant decline in internalized DNA (Figure 5.5D). This 

result strongly suggests that surface coating hydrogels with polyplexes allows for extended 

availability and internalization of polyplexes through the proliferation and migration of cells 

throughout the scaffold, which in turn suggests re-transfection as a mechanism for sustained 

expression. It is in agreement with the sustained transgene expression observed in surface-coated 

hydrogel culture in comparison to bolus administration of polyplexes (Figure 5.3A).  
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Figure 5.5: Investigation of mechanisms for sustained expression. 
(A) Cell density effects on transfection. 20,000 cells/well were seeded in a 6-, 12-, 24-, or 48-well 
plate and transfected with identical amounts of DNA to test effects on transfection of culture in 
differing levels of space availability. (B) Cell density effects on transgene expression. 20,000 pre-
transfected cells/well were seeded in a 6-, 12-, 24-, or 48-well plate to test effects on transgene 
expression in differing levels of space availability. (C) To assay ability of cell populations to be 
re-transfected, cells that were pre-transfected (+) or not pre-transfected (-) with GLuc were seeded 
in porous hydrogels that were surface-coated with DNA (+) or not surface-coated with DNA (-) 
and cultured over 5 d. Cumulative RLUs, representative of relative cumulative levels of GLuc 
expression in each of the conditions, are plotted. (D) Internalized radiolabeled DNA over time in 
cells cultured in surface-coated porous gels versus cells cultured in non-coated gels administered 
a bolus transfection. 
 

5.3.4 Further Discussion 

Surface association of polyplexes to cell-adhesive substrates was previously demonstrated 

in 2-D culture as a method to enhance the level and duration of transgene expression over the more 

conventional bolus transfection method172. Hydrogel surfaces have also been used as substrates 

for polyplex coating using both non-specific adsorption and biotin/avidin interactions174. Three-

dimensional implementations of surface adsorption of polyplexes was enabled with the 

development of porous scaffolds, allowing for the coating of pore surfaces of scaffolds as 
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previously reported by Jang et al134 and Saul et al135. The former study demonstrated surface 

association of DNA/PEI polyplexes to the surfaces of poly(lactide-co-glycolide) (PLG) disks as 

well as throughout a porous PLG scaffold and demonstrated higher levels of transgene expression 

than bolus transfections after 48 hours of polyplex exposure and cell culture134. However, this 

study did not continue to assess longer-term transgene expression outcomes in comparison to bolus 

transfection. Furthermore, surface association of DNA/PEI polyplexes to HA porous scaffolds in 

this study demonstrated less release over time than association to PLG scaffolds. In the latter study, 

porous fibrin scaffolds produced with the sphere templating method were coated with DNA/PEI 

polyplexes using a similar dip-coating method. The authors also observed significant levels of 

transgene expression over 27 days and reported comparable levels of DNA release from the 

scaffolds over time. This current study builds upon the work reported in these studies by 

demonstrating long-term transgene expression from a hydrogel and suggests that the long-term 

expression observed is due to re-transfection events occurring over time from surface-immobilized 

polyplexes.  

The mechanistic studies described above strongly suggest that the sustained long-term 

expression observed is at least in part due to re-transfection events taking place in the culture. We 

believe that this re-transfection takes place via a few methods. First, cells are able to be re-

transfected after some refractory period after the occurrence of the first transfection, which may 

be related to the average duration of internalization of polyplex DNA. Future studies may be done 

to elaborate on the length of this refractory period and on what factors affect the length of this 

period. Second, cells within the culture population that may not have been initially transfected may 

be transfected at a later period of time from migrating to areas within the gel with greater polyplex 

availability. Third, daughter cells of transfected dividing cells may exhibit transfection at later time 
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points. Further studies involving single-cell analysis and isolation of transfected cells by flow 

cytometry may be performed to confirm hypotheses regarding re-transfection mechanisms.  

This platform for transgene expression is especially useful for applications in which long-

term transgene expression is useful in vitro and in vivo, but where it is beneficial to employ 

nonviral methods of gene delivery to allow researchers to bypass the immunogenic risks associated 

with viral delivery methods. One notable example is the elucidation of transdifferentiation 

pathways for cell therapies, in which the fate of a subset of patient’s cells of a particular type can 

potentially be transitioned to a different cell type in need through induction of various factors175,176.  

 

5.5 Conclusion 

The need for a method of long-term sustained gene delivery by non-viral means is evident 

in developing therapies for treating disease. In this study, we have designed and characterized a 

system for sustained non-viral delivery through the surface-coating of HA porous hydrogels. Cells 

seeded in these hydrogels exhibited a transgene expression profile of 30 days. It is suggested that 

this is due to the occurrence of multiple re-transfection events. This platform can in the future be 

used for a wide range of in vitro and in vivo applications.  
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VI Physical and cell adhesion properties of microporous 

annealed particle (MAP) hydrogels control fibroblast 

spreading, proliferation, and gene transfer 

 

 

 

 

 

6.1 Introduction 

Non-viral gene delivery has been an invaluable tool used not only to study biological 

processes such as differentiation, but also as a therapy for regenerative medicine applications. 

However, the broader applicability of non-viral gene delivery is limited by overall low transfection 

efficiency. Thus, strategies to increase the efficiency of non-viral gene delivery are critical to 

improving biological studies both in vitro and in vivo. While there has been considerable research 

done on improving gene carriers129,177 and vector DNA constructs125, many studies have also 

explored the role the cellular microenvironment on key cellular processes which influence gene 

transfer. Such features of the microenvironment include substrate chemistry and charge146, 

extracellular matrix protein composition148,149, cell adhesion ligand presentation and 

concentration18,53, substrate stiffness18,145, and surface topography147. Importantly, these key 
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features triggered different responses when cells were seeded in two dimensions compared to in 

three dimensions. Culturing cells in three dimensions (3-D) in hydrogel scaffolds is crucial for 

biomedical applications, as it more accurately mimics the native tissue environment, serving as a 

more accurate in vitro model to study biological processes or to test new therapies8. The locally 

observed cellular microenvionment is especially relevant to the development of new hydrogel 

biomaterials used to locally deliver therapeutic genes to infiltrating cells for regenerative medicine 

applications such as in wound healing, stroke recovery, or cartilage and bone regeneration.  

One class of biomaterials recently developed by our laboratory for such tissue regeneration 

applications is the microporous annealed particle (MAP) hydrogel, which consists of microscale 

modular hydrogel-based building blocks that anneal to one another in situ upon injection to form 

a porous scaffold13,14. The microscale pores allow for homogeneous distribution of incorporated 

cells for culture in vitro. The MAP scaffold also promotes cell proliferation and infiltration 

throughout the scaffold differently from culture in nonporous hydrogels in vivo, as rates of cell 

spreading and infiltration are no longer dependent on the local cell-mediated degradation of the 

hydrogel. In addition, the MAP scaffold shows significant promise in promoting tissue 

regeneration in large part due to its inherent porous structure and the ability to seamlessly fill the 

wound cavity due to its injectability. In a murine cutaneous wound healing model, MAP scaffold 

injections accelerated tissue formation and vascularization13. Similarly, in a murine stroke model, 

the MAP scaffold reduced inflammation, increased peri-infarct vascularization, and induced 

migration of neuroprogenitor cells into the stroke site15. Coupling such a material with the 

therapeutic potential of non-viral gene delivery may yield positive outcomes for therapy 

development.  
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Here we investigated the effects of several different physical and cell adhesion properties 

of MAP hydrogels on non-viral gene delivery. Specifically, we explored how MAP scaffold 

properties such as modular block size, stiffness, cell adhesion ligand concentration and 

presentation, and integrin specificity can modulate both cell spreading and non-viral gene transfer 

to cells cultured within the scaffold. Since our laboratory has previously demonstrated that 

dimensionality affects the mechanisms by which cationic polymer-mediated gene transfer 

occurs156, we sought to understand if and how gene transfer in MAP cell culture would be different 

from that in 2-D cell culture on tissue culture plastic. In addition, the roles of endocytic pathways, 

cytoskeletal dynamics, and RhoGTPase-mediated signaling in transfection from cells cultured in 

MAP were investigated in comparison to 2-D culture. Ultimately, this enhancement of knowledge 

of these mechanisms will enable the development of strategies to enhance gene transfer from 

therapeutically relevant MAP hydrogels.  

 

6.2 Methods 

6.2.1 Preparation of hyaluronic acid-norbornene (HA-Norb) 

To modify hyaluronic acid (HA) to contain norbornene functional groups, 1 g of 60 kDa 

sodium hyaluronan (Genzyme, Cambridge, MA) and 3.111 g 4-(4,6-dimethoxy-1,3,5-triazin-2-

yl)-4-methyl-morpholinium chloride (DMTMM) (Thermo Fisher Scientific, Waltham, MA) were 

each dissolved in 40 mL 200 mM MES buffer pH 5.5. The two solutions were combined and stirred 

for 10 min to allow for activation of the carboxylic acid. 0.677 mL 5-norbornene-2-methylamine 

(TCI America, Portland, OR) was added dropwise to the reaction mixture, which was then allowed 

to react overnight at 25°C with constant stirring. The reaction product was then precipitated in 

ethanol, filtered to collect the solid, dissolved in 2 M NaCl in water, and dialyzed under running 
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deionized water for 24 hours. The final product was then filtered, flash-frozen, and lyophilized. 

The extent of modification was confirmed via 1H-NMR spectrometry. 1H NMR shifts of attached 

norbornene groups in the product in D2O are d = 6.33 and 6.02 (vinyl protons, endo), and 6.26 and 

6.23 ppm (vinyl protons, exo). The integrations of these peaks were normalized to the peak 

corresponding to the methyl group on the HA monomer at d = 2.0 ppm to determine percent of 

HA monomers modified to contain norbornene groups. 

6.2.2 Synthesis of polyethylene glycol-tetrazine (PEG-tet) 

PEG-tet was synthesized by combining 100 mg 4-arm 20kDa PEG-thiol (NOF America, 

White Plains, NY) and 15 mg methyltetrazine-PEG4-maleimide (Kerafast, Boston, MA), each 

dissolved in 0.5 mL dichloromethane (DCM). 1 µL of trimethylamine was added and the mixture 

was allowed to stir at 25°C for 4 hours while protected from light. The reaction product was 

precipitated in 50 mL of cold diethyl ether and allowed to dry under vacuum overnight.  

6.2.3 HA microgel formation and purification 

HA-Norb microgels were prepared using a batch water-in-hexane emulsion technique. 1 

mL of gel precursor solution was prepared in HEPES buffer pH 8.3 with HA-Norb at a final 

concentration of 3.5 wt%, lithium phenyl(2,4,6-trimethylbenzoyl)phosphinate photo-initiator 

(LAP; TCI America) at 2.2 mM, thiolated RGD peptide (RGDSPGERCG; Genscript, Piscataway, 

NJ) at 100, 250, 500, or 1000 µM, and tris(2-carboxyethyl)phosphine (TCEP) at 25% of the total 

thiol molarity (i.e. mmol TCEP:mmol thiols = 1:4). Once all the components were mixed, a 50 

mM stock of dithiothreitol (DTT) (Thermo Fisher Scientific) was added as the crosslinker to 

achieve a crosslinking ratio (mmol SH/mmol HA) of 14, 28, or 56. For RGD clustering, a portion 

of the HA-Norb was combined with the total amount of RGD peptide and pre-reacted by exposing 

the solution to UV light for 1 minute at 10 mW/cm2 in the presence of the appropriate amount of 
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LAP and TCEP, after which the remaining HA-Norb, LAP, and TCEP were added, along with 

DTT. To generate microgels containing different fibronectin fragments without clustering, the 

recombinant fragments, provided to us by Dr. Thomas Barker of the University of Virginia, were 

combined in lieu of RGD along with the other gel components as described above to a final 

concentration of 5µM. This final gel precursor solution was then pipetted into a round-bottom flask 

containing 10 mL 3% span-80 in hexane continuously stirring at 800 rpm, then mixed by pipetting 

up and down 9 times to generate a stable emulsion. The flask’s contents were then purged with 

argon and exposed to UV light at 15 mW/cm2 for 10 minutes to trigger the norbornene-thiol 

crosslinking reaction to form microgels.  

Next, the crosslinked microgels in hexane was transferred into a conical tube and 

centrifuged at 1000 x g and washed with hexane three times. The microgels were then transferred 

to 1% Pluronic F107 in PBS for 30 min to allow for swelling before sieving using 200µm, 100µm, 

60µm, and 20µm (PluriSelect, Leipzig, Germany) pore size strainers. During sieving, microgels 

were washed with 10mL 1% Pluronic in PBS and 50mL PBS. The collected microgels were then 

autoclaved and pelleted by centrifugation at 14000 x g for 5 minutes, after which the supernatant 

was removed and microgels were stored at 4°C until further use.  

6.2.4 Alexa Fluor 647 tetrazine synthesis and labelling of microgels 

To synthesize Alexa Fluor 647 tetrazine, 2.8 mg PEG dithiol (MW 3500 Da) (JenKem 

Technology USA, Plano, TX) and 0.41 mg methyltetrazine-PEG4-maleimide (Kerafast) were each 

dissolved in 1 mL dichloromethane and combined in a glass vial. 0.11 µL triethylamine (Sigma-

Aldrich) and 1 mg Alexa Fluor-647 maleimide (Thermo Fisher Scientific) were then added and 

the reaction was allowed to proceed overnight at 25°C protected from light. The reaction was then 

precipitated in 10 mL cold diethyl ether, centrifuged at 14000 x g for 5 minutes to pellet the 
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precipitate, and the diethyl ether was decanted. The residual diethyl ether was removed under 

vacuum overnight. The resulting product was dissolved at 1 mg/mL in dimethylformamide and 

stored at -20ºC. 

To fluorescently tag 200 µL microgels, Alexa Fluor 647 tetrazine was diluted in 100 µL 

PBS to a concentration of 0.015 mM and combined with the microgels. The mixture was then 

incubated at 37°C for 1 hour with agitation. Microgels were washed three times by filling tube 

with PBS, centrifuging at 14000 x g for 5 min to pellet beads, and aspirating liquid.  

6.2.5 Microgel size distribution 

After sieving and tagging with fluorophore, free microgels in PBS were imaged as z-stacks 

using confocal microscopy using a 10x objective to obtain a maximum intensity projection. These 

images were then analyzed using the particle analysis toolkit in ImageJ to obtain diameter 

measurements of 400 to 1700 microgels for each condition, which were subsequently plotted using 

the Seaborn visualization package in Python.  

6.2.6 Microgel annealing to generate MAP scaffolds 

A 5.32 mM solution of PEG-Tet in PBS was mixed with microgels at a 1:6 volumetric ratio 

of PEG-Tet to microgels and immediately centrifuged at 14000 x g for 3 min. Excess liquid was 

removed, and 15 µL of gel was pipetted into each well and allowed to anneal for 1 hour at 37°C.  

6.2.7 Preparation of cell culturing devices 

A custom negative mold was printed using a 3D, Form 2 stereolithography printer 

(Formlabs, Inc.). Cell culture devices were cast using soft lithography to produce a PDMS 

reservoir for cell culture. The culture wells were composed of a cylindrical culture section (3 mm 

in diameter and 5 mm tall), enabling a maximum of 35 µL of volume. Additionally. a conical 

media reservoir above the cylindrical culturing section was able to contain up to 150 µL of media. 
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Specific dimensions of the mold, and subsequently the PDMS wells, can be found in 

Supplementary Figure 6.1. To fabricate PDMS culturing devices, 70 g of Sylgard 184 PDMS (Dow 

Corning) was preparing according to the manufacturer’s instructions and poured into a 10 cm x 10 

cm square dish. The mold was placed in the PDMS, and the PDMS was degassed by applying a 

vacuum for 1 hour. Subsequently, the PDMS was allowed to cure at 60°C for 4 hours in a 

convection oven. The PDMS slab was then cut into three-well pieces and plasma-bonded to cover 

glass slides using a corona plasma gun. PDMS triplicate well-slides were then autoclaved prior to 

use for cell culture and experimental evaluation.  

6.2.8 Cell culture and seeding HDFs in MAP scaffolds 

Human dermal fibroblasts (HDF; Cell Applications, Inc., San Diego, CA) were maintained 

in culture in Dulbecco’s modified Eagle’s medium (Thermo Fisher Scientific) containing 10% 

fetal bovine serum (Thermo Fisher Scientific) at 37°C and 5% CO2. Media was changed every 2-

3 days.  

To seed cells in MAP scaffolds, 100 µL microgels were first equilibrated in supplemented 

media for 30 minutes before pelleting and removing supernatant. HDFs were trypsinized and 1.2 

x 105 cells were pelleted by centrifugation at 250 x g for 5 minutes. Media supernatant was 

aspirated and equilibrated microgels in PEG-Tet solution (as described in section 2.6) were then 

added to the cell pellet and mixed thoroughly by pipetting. Importantly, prior to gel/cell seeding, 

6 µL of sterile 1% agarose in PBS was added to the wells to coat the glass surface and allowed to 

cool to 25°C to prevent cell attachment to glass. 15 µL of gel plus cells was then pipetted into each 

well in the PDMS culturing device. The MAP gel was allowed to anneal for 1 hour at 37°C. After 

annealing, the wells were filled with 150 µL supplemented media containing 50 µg/mL primocin 

(InvivoGen, San Diego, CA). 
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6.2.9 Void space analysis 

Annealed MAP scaffolds of various microgel bead sizes were incubated with PBS 

containing 1 µg/mL 500 kDa tetramethylrhodamine isothiocyanate-dextran (TRITC-dextran) 

(Sigma-Aldrich, St. Louis, MO) to fill the void space in between microgels, as it is too large to 

penetrate the microgel’s polymer network. The labelled void space was imaged using confocal 

microscopy to obtain 200-µm z-stacks. The z-stacks were imported into IMARIS to generate 

surface renders, and void space volumes were quantified as a fraction of the total volume 

represented by the z-stack. A minimum of 4 measurements were made for each MAP scaffold.  

6.2.10 Oscillation rheometry 

Stiffness of both nonporous HA-Norb hydrogels and of annealed MAP gels were measured 

as the storage modulus (G’) using a plate-to-plate rheometer (Physica MCR, Anton Paar, Ashland, 

VA). To create a nonporous HA-Norb gel, 45 µL of the gel precursor solution was prepared as 

described in section 2.3 and pipetted onto a Sigmacote-treated (Sigma-Aldrich) glass slide. 1mm-

thick spacers were placed on either side of the slide and a second Sigmacote-treated slide was 

placed on top to sandwich the gel precursor solution and fastened into place using binder clips. 

The gel was exposed to UV light at 15 mW/cm2 for 1 minute, then flipped and exposed for another 

minute for uniform crosslinking. The crosslinked gel was transferred into PBS and allowed to 

swell overnight. A frequency sweep was performed on the hydrogels using a strain of 0.2% with 

an angular frequency range of 0.5 to 10 rad/s. To measure the storage modulus of an annealed 

MAP gel, 50 µL microgels with PEG-Tet were pipetted directly onto the rheometer stage. The 

measuring position was set to 1mm and the gel was allowed to incubate with humidity for 1 hour 



 85 

to allow for annealing. Once the gel was annealed, a frequency sweep was performed on the 

hydrogels using a strain of 1% with an angular frequency range of 0.5 to 10 rad/s.  

6.2.11 Cell staining and imaging 

MAP gels with cells cultured for 2 days were fixed in 1% paraformaldehyde for 15 minutes 

at 25°C. The cultures were permeabilized in 0.1% Triton X-100 in PBS and stained using DAPI 

(Sigma-Aldrich) for cell nuclei and rhodamine phalloidin (Thermo Fisher) for cell actin per 

manufacturer’s guidelines for 1 hour. Gels were washed with PBS before z-stack imaging with a 

Nikon confocal. 

6.2.12 Transfection of MAP gel culture and assay for transgene expression 

Transfection was performed two days after seeding cells in MAP gels to allow for adequate 

spreading. DNA polyplexes were prepared by complexing plasmid DNA encoding for Gaussia 

luciferase (GLuc) with jetPEI (Polyplus-Transfection, Illkirch, France) according to 

manufacturer’s instructions. Briefly, 0.25 µg DNA was diluted in 10 µL of 150 mM NaCl and 0.5 

µL jetPEI was diluted in a separate tube in 10 µL of 150 mM NaCl. The jetPEI solution was then 

added to the DNA solution, immediately vortexed, and allowed to incubate for 15 min at 25°C to 

allow for complexation. Amounts were scaled up depending on DNA dose and number of wells, 

but the polyplex volume administered to each well remained constant (20 µL of polyplexes were 

added to each well as a bolus administration). After 4 hours of polyplex exposure, the polyplex-

containing media was removed and replenished with fresh media.  

To verify that cells throughout the scaffold were uniformly transfected in the z-direction, 

plasmid DNA was mixed with the fluorescent dye, YOYO-1 (Thermo Fisher Scientific), at a ratio 

of 1:50 YOYO-1:base-pair DNA and was allowed to incubate for 30 min at 25°C. YOYO-1-

labeled DNA was then used to prepare polyplexes as mentioned above. MAP gels containing cells 
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and YOYO-1 polyplexes were then imaged using confocal microscopy to obtain z-stacks, and 

percent co-localization of YOYO-1 polyplexes with cell actin was quantified for each image in the 

z-stack to confirm consistent transfection in the z-direction. 

 Transfection was quantified by measuring expression of GLuc using the BioLux 

Gaussia Luciferase assay kit (New England Biolabs, Ipswich, MA) per manufacturer’s protocol. 

Conditioned media was collected from each well at each time point. Briefly, 20 µL of each sample 

was mixed with 50 µL of substrate solution, pipetted for 2 to 3 seconds to mix, and read for 

luminescence with a 5 second integration time using a Modulus Fluorometer (Turner BioSystems, 

South San Francisco, CA). 

6.2.13 Cell viability 

Cell viability was quantified using the PrestoBlue assay (Thermo Fisher Scientific) per 

manufacturer’s instructions. At specified times, the media in each well was replaced with a 

solution of 10 µL of the PrestoBlue reagent mixed with 90 µL of media. After 3 hours, 90 µL from 

each well were transferred into a 96-well plate and fluorescence was read using a BioTek plate 

reader at an excitation wavelength of 560 nm and an emission wavelength of 590 nm.   

6.2.14 Endocytic pathway inhibition 

 Analysis of endocytic pathways was performed using various small molecule 

inhibitors as described in another study156. All inhibitors were purchased from Sigma-Aldrich. 

Macropinocytosis was inhibited using 100 µM amiloride, caveolae-mediated endocytosis was 

inhibited using 200 µM genistein and 0.1 mM methyl-b-cyclodextrin, and clathrin-mediated 

endocytosis was inhibited using 10 µg/mL chlorpromazine and indirectly inhibited using 50 µM 

dynasore. Inhibitor pretreatment of cells was administered 2 days after seeding cells in MAP gels. 

For comparison to 2-D cell culture, 1.8 x 104 HDFs, which is the same number of cells seeded per 
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15-µL MAP gel, were seeded per well in a 48-well tissue-culture plate for 16 hours before 

pretreatment with inhibitors. For genistein, chlorpromazine, and amiloride, the pretreatment was 

administered for 0.5 and 1.5 hours for cells cultured in 2-D and MAP gels, respectively. For 

methyl-b-cyclodextrin and dynasore, cells were pretreated for 1 hour in both 2-D and MAP gels. 

After the initial pretreatment with pathway inhibitors, 0.25 µg polyplexes were added to each well 

for a 4-hour transfection in the presence of the inhibitors. The media was then replaced with fresh 

media. Transgene expression was analyzed on samples of media collected from the wells 2 days 

after transfection for all culture samples.  

6.2.15 Cytoskeletal inhibition and activation 

 All cytoskeletal inhibitors and activators were purchased from Sigma-Aldrich. 20 

µM cytochalasin D was used to inhibit actin polymerization, 10 µM nocodozole was used to 

depolymerize microtubules, and 10 mM butanedione monoxime was used to inhibit myosin 

ATPase. 20 nM endothelin I, 500 nM jasplakinolide, and 10µM paclitaxel were administered to 

activate actin/myosin, actin, and microtubule dynamics, respectively. 2-D cell cultures were 

prepared as described above. Pretreatment was administered for 1.5 hours for all inhibitors, 2.5 

minutes for endothelin I, and 2 hours for the other activators. After the pretreatment, 0.25 µg 

polyplexes were added to each well for a 4-hour transfection in the presence of the 

inhibitors/activators. The media was then replaced with fresh media. Transgene expression was 

analyzed on samples of media collected from the wells 2 days after transfection.  

6.2.16 RhoGTPase and YAP/TAZ inhibition and activation 

 All inhibitors and activators were purchased from Cytoskeleton, Inc. (Denver, CO) 

unless otherwise stated. RhoA, B, and C were inhibited using 1 µg/mL C3 transferase with a 4-

hour pretreatment, ROCK was inhibited using 10 µM Y27632 (Selleck Chemicals, Houston, TX) 
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for a 30-minute pretreatment, and PAK1 was inhibited using 10 µM IPA-3 (Sigma-Aldrich) for a 

30-minute pretreatment. To test RhoGTPase activation, 2-D and MAP gel cultures were serum 

starved for 8 hours prior to 4-hour pretreatment with 1 µg/mL Rho/Rac/Cdc42 activator or 1 

µg/mL Rho activator II. YAP was inhibited using 3 µM verteporfin (Sigma-Aldrich) for a 12-hour 

pretreatment. After the pretreatment, 0.25 µg polyplexes were added to each well for a 4-hour 

transfection in the presence of the inhibitors. The media was then replaced with fresh media. 

Transgene expression was analyzed on samples of media collected from the wells 2 days after 

transfection.  

6.2.17 Statistical analysis 

Statistical analysis and plotting were performed using Prism 6. Experiments were repeated 

two times with three independent gel samples in each experiment. Statistics assumed that gel 

samples, which were cast independently, were statistically independent from each other. Statistical 

significance was assessed using a 95% confidence interval using a one-way ANOVA with Tukey 

post-hoc test, unless otherwise noted. All error is reported as the standard deviation of error (SD).  

  

6.3 Results and discussion 

6.3.1 Analysis of gel physical properties 

To synthesize microgels, HA-Norb was first prepared using amine-carboxylic acid 

chemistry utilizing the carboxylic acid in the backbone of HA (one per monomer) and a free amine-

containing norbornene molecule. NMR analysis of the modified polymer revealed that 41.85% of 

the HA monomers were reacted to contain the norbornene functional group. HA microgels were 

produced using a water-in-hexane emulsion and UV light to trigger a thiolene reaction between 

the norbornene groups on the HA backbone and the thiols of the DTT crosslinker. The resulting 
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microgels were polydisperse with diameters ranging from 10 to greater than 200 µm, but are all 

spherical in shape. To narrow down the size range, microgels were purified to remove hexane and 

surfactant and swelled in PBS before sieving through pore size ranges of 20-60µm, 60-100 µm, 

and 100-200 µm to generate microgel populations of different sizes and of reduced polydispersity. 

A size distribution of each size range was obtained via analysis of confocal microscopy images 

(Figure 6.1A-B). The average diameters and standard deviations of these populations were 54.25 

± 29.11 µm, 86.04 ± 20.25 µm, and 150.76 ± 44.14 µm, respectively. Microgels with diameters 

outside the nominal sieving boundaries were also binned, which may be due to the ability of the 

viscoelastic microgels to squeeze through sieve pores. 

 

 

Figure 6.1: Characterization of MAP gel properties.  
A) Confocal microscopy images of Alexa Fluor 647-tagged HA microgels after swelling and 
sieving to collect gel between the 20-µm and 60-µm filters, between the 60-µm and 100-µm filters, 
and between the 100-µm and 200µm filters. B) Size distributions of gel collected between the 
different sieving ranges. Dashed lines indicate filter pore size. C) Z-stack of annealed MAP gel 
using gel collected between the 60- and 100-µm filters. D) Visualization of void space within the 
MAP scaffold by using high-molecular-weight TRITC-dextran to fill pores of MAP gel. E) 
IMARIS rendering of void space volume from z-stack in Figure 6.1D. F) Void space fraction of 
annealed MAP gel consisting of the different sieving ranges as calculated from IMARIS rendering 
of void space volume. Storage moduli of G) nonporous HA-Norb gel crosslinked at different 
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crosslinking ratios and H) annealed MAP gel with microgels crosslinked at different crosslinking 
ratios as measured by oscillation rheometry with average storage moduli noted above each 
condition. Statistical analysis was conducted using one-way ANOVA with correction for multiple 
comparisons using Tukey’s post-hoc test (* p < 0.05, ** p < 0.01, and *** p < 0.001). Error bars 
indicate standard deviation (SD).  
 

MAP scaffolds were generated by annealing microgels within a culture well using a click 

reaction of the norbornene groups at the surfaces of the beads and a separate 4-arm PEG-tetrazine 

(PEG-Tet) crosslinker. Concentrated fluorescently tagged microgels were mixed with PEG-Tet 

crosslinker and allowed to anneal to generate MAP scaffolds within custom PDMS culture devices 

(Figure 6.1C). To enable visualization and quantification of the void space between each scaffold, 

a high-molecular-weight fluorescent TRITC-dextran solution which does not penetrate the 

microgels was added to to fill the void space within the annealed gel.  Z-stack images were taken 

to obtain images of the void space between the microspheres (Figure 6.1D). Use of IMARIS to 

detect and render surfaces of these void spaces in three dimensions subsequently allowed us to 

measure void space fractions of these scaffolds (Figure 6.1E-F). No significant differences in void 

fraction between gels of different microgel diameters were observed, with void fractions ranging 

from 0.22 to 0.25. While the close random packing void fraction of a stiff monodisperse bead 

population is reported to be ~0.36, this value has been demonstrated to decrease with increasing 

polydispersity of the bead population, such as the ones observed in this study (polydispersity index 

0.537, 0.235, and 0.293 for the small, medium, and large microgel populations, respectively)178. 

Furthermore, the viscoelastic nature of the microgels may allow them to pack more densely than 

an identically distributed population of stiff beads. We speculate that packing density may increase 

with decreasing stiffness of microgels. In a previous study, Sideris et al. calculated the void fraction 

of MAP scaffolds formed with microfluidics-generated microgels as 11-15%14. This discrepancy 

with our results may be due to two factors. First, this earlier study computed void fraction by 
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analyzing two-dimensional images individually instead of performing analysis on a three-

dimensional render. Second, the inherent mechanical properties of the microgels used in this study 

were different, due to the different crosslinking chemistry and ratio of crosslinker used to form the 

microgels.  

We next characterized the rheological properties of the MAP scaffolds used in this study. 

Three crosslinking ratios of 14, 28, and 56 mmol SH:mmol HA were used to generate microgels 

to be used for annealing. Oscillation rheometry was performed on both the nonporous gel 

formulation as well as the annealed MAP scaffold. The storage modulus (G’) measurement of the 

nonporous gel formulation is representative of the local microgel stiffness experienced by a cell 

which is adhered to a microgel, while the storage modulus of the annealed MAP scaffold provides 

an overall characterization of the bulk rheological properties of the scaffold as a whole. We believe 

that taken together, these two measurements provide a more comprehensive characterization which 

is relevant to cell mechanosensing of the microenvironment. As expected, gels were stiffer with 

higher concentrations of crosslinker (Figures 6.1G-H).  

 

6.3.2 Cell culture and transfection in MAP gel 

Before beginning to evaluate which factors govern transfection and spreading for cells 

cultured inside MAP scaffolds, we first wanted to ensure seeded cells could be uniformly 

transfected after cell spreading had occurred within MAP pores. HA microgels were mixed with 

human dermal fibroblasts (HDF) and subsequently annealed to form a cell-seeded scaffold (Figure 

2A). To confirm cells throughout the scaffold were able to be transfected with a bolus polyplex 

administration, cells and polyplexes in the scaffold were simultaneously visualized by transfection 

with polyplexes labeled with YOYO-1, a nucleic acid dye, and subsequently fixing and staining 
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cell actin with phalloidin (Figure 6.2B). Percent co-localization of YOYO-1-tagged polyplexes 

with the labeled cytoskeletal actin was relatively consistent throughout the scaffold, confirming 

that cells throughout the scaffold, especially in the z-direction, were able to be uniformly 

transfected (Figure 6.2C-D).  

 

Figure 6.2: Characterization of HDF cell culture and transfection in MAP gel. 
A) 3-D rendering of z-stack of HDFs cultured in MAP gel 2 d after seeding. IMARIS was used to 
generate a volume render of the MAP gel of the left half of the image. B) 3-D render of HDFs 
cultured in MAP gel (MAP gel not shown) with YOYO-1-labelled polyplexes after 4 h of polyplex 
exposure. C). 3-D render of co-localization of YOYO-1 polyplexes and cell actin after 4-h 
transfection in MAP gel. Vertical axis represents the z-axis. D) Quantification of area of polyplex 
and actin co-localization as a function of z. E) Transgene expression after 4-h transfection of HDF 
culture in MAP gel as a function of DNA polyplex dose. Cumulative expression at last timepoint 
was analyzed using one-way ANOVA with correction for multiple comparisons using Tukey’s 
post-hoc test (* p < 0.05 and *** p < 0.001).. F) Relative cell viability as measured using the 
PrestoBlue assay as a function of DNA polyplex dose (* p < 0.05 between 0.5 µg and other two 
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conditions; + p < 0.05 between 0.5 µg and 0.125 µg). All error bars indicate standard deviation 
(SD). 
 

To measure and compare levels of transfection between conditions, plasmid DNA 

encoding for the secreted marker protein Gaussia luciferase was complexed with jetPEI, an 

efficient commercially available polyethyleneimine-derived cationic polymer, to form polyplexes. 

Levels of GLuc expression were easily tunable by controlling the amount of DNA polyplexes used 

during transfection, with more DNA achieving higher transgene expression (Figure 6.2E). 

However, administering high doses of DNA polyplexes initially had an adverse effect on cell 

viability, although viability was largely restored by day 6 (Figure 6.2F). Cell viability can also be 

improved with the use of less toxic cationic polymers to complex with DNA. 

 

6.3.3 Effects of MAP physical properties on transfection 

We next sought to understand how the physical properties of MAP hydrogels, specifically 

microgel bead size and stiffness, can be controlled to modulate cell spreading, proliferation, and 

transgene expression. Multiple studies have previously investigated the role of scaffold 

microarchitecture, namely pore size, on cell morphology and proliferation, albeit with different 

conclusions on the nature of the relationship depending on cell type, void fraction, and pore 

shape179–183. For example, HDFs seeded in silk fibroin scaffolds 200-250 µm diameter pores 

exhibited more proliferation than those seeded in scaffolds of smaller pore sizes182. In addition, 

pore shape and topography may also affect cell spreading and migration, as converging or 

diverging orientations of paths ahead of migrating cells in a matrix have been demonstrated to 

result in different patterns of cell cytoskeleton polarization and migration184. Here we tested the 

effects of changing microgel size to control scaffold architecture, which would not only increase 
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or decrease pore size while maintaining a constant overall porosity (Figure 6.1F) but would also 

modify the topographical curvature of the pore surfaces. Other methods of modifying the 

architecture include changing the shape of the microgels, which would also affect tortuosity and 

substrate curvature, although this was not evaluated here. 

To investigate microgel size, the three microgel distributions as described in Figures 1A-

B were used, while the other gel formulation parameters were kept constant at a crosslinking ratio 

(SH/HA) of 14, RGD concentration of 500 µM, and RGD clustering ratio of 2:1 mmol RGD:mmol 

HA. Seeding HDFs in gels of the smallest bead size (20-60 µm sieving range) resulted in less 

spreading, lower levels of proliferation, and decreased transgene expression than in gels of either 

of the two larger bead size ranges (60-100 µm and 100-200 µm sieving range) (Figure 6.3). The 

relatively low spreading and proliferation in MAP scaffolds made using the smallest microgel size 

may be due to the smaller pore size of these scaffolds, which can limit the extent of cell spreading. 

This finding may be extended to the MAP scaffold architecture, in which changing substrate 

curvature as determined by microgel and diameter may potentially modulate cell morphology, 

migration, proliferation, and subsequently transfection. 
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Figure 6.3: Effect of microgel diameter on HDF spreading and transfection in MAP gel.  
A) 3-D renders and B) aerial views of HDF spreading in MAP gels of different microgel sizes after 
2 d of culture. Scale bar = 150 µm. C) Quantification of average cell surface area in each size 
condition using IMARIS. D) Relative cell activity/proliferation 2 d after seeding using PrestoBlue 
assay. E) Cumulative transgene expression 2 d and 6 d after transfection. Statistical analysis was 
conducted using one-way ANOVA with correction for multiple comparisons using Tukey’s post-
hoc test (* p < 0.05, ** p < 0.01, and *** p < 0.001). Error bars indicate standard deviation (SD).  
 

The effects of substrate stiffness on various cellular processes have been well-documented. 

In general, adhesion, spreading, and proliferation of fibroblasts and other adherent cell lines 

increase with increasing substrate stiffness for cells cultured in 2-D185,186. The range of microgel 

stiffnesses tested in this study (nonporous G’ 1810 – 3646 Pa) corresponds with a subset of 

stiffnesses which was previously shown to result in a highly differential spreading response in 

mouse fibroblasts cultured in 2-D, with an approximate doubling in the cell circumference with an 

increase in substrate stiffness from 1600 to 3600 Pa186. However, cells encapsulated in a nonporous 
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hydrogel observe the inverse effect as a function of stiffness, likely due to higher resistance to cell-

mediated degradation of the hydrogel at higher stiffnesses, which can be controlled by modifying 

polymer backbone concentration or crosslinking ratio16,18. A similar relationship has been 

observed for transfection as a function of stiffness and dimensionality, suggesting a correlation 

between cell spreading and transfection18,145. Given this, we next sought to evaluate the effect of 

tuning MAP scaffold stiffness on cell spreading, proliferation, and transfection by increasing the 

microgel crosslinking ratio. Gel formulations resulting in a nonporous G’ range of 1810 to 3646 

Pa—corresponding to overall MAP G’ of 222 to 970 Pa (Figure 6.1G-H)—were tested. The other 

gel formulation parameters were kept constant at 100-200 µm microgel filter range, RGD 

concentration of 500 µM, and RGD clustering ratio of 2:1 mmol RGD:mmol HA. Increasing MAP 

stiffness by increasing the crosslinking ratio enhanced cell spreading and cell proliferation (Figures 

6.4A-D). Furthermore, transgene expression increased by 2.28-fold and 2.25-fold by 2 and 6 days 

after transfection, respectively, when the scaffold stiffness was increased 4.4-fold from 222 to 970 

Pa (Figure 6.4E). Overall, spreading, proliferation, and transfection appear to increase with 

increasing MAP scaffold stiffness, in agreement with results from studies of 2-D culture. This 

suggests that cell spreading and transfection in MAP scaffolds may be characterized as more 

similar to that in 2-D than in 3-D. 
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Figure 6.4: Effect of MAP gel stiffness on HDF spreading and transfection in MAP gel.  
A) 3-D renders and B) aerial views of HDF spreading in MAP gels of different storage moduli 
after 2 d of culture. C) Quantification of average cell surface area in each stiffness condition using 
IMARIS. D) Relative cell activity/proliferation 2 d after seeding using PrestoBlue assay. E) 
Cumulative transgene expression 2 d and 6 d after transfection. Statistical analysis was conducted 
using one-way ANOVA with correction for multiple comparisons using Tukey’s post-hoc test (* 
p < 0.05, ** p < 0.01, and *** p < 0.001). Error bars indicate standard deviation (SD).  
 

6.3.4 Effects of MAP cell adhesion properties on transfection 

A popular strategy to promote cell attachment to biomaterials is to incorporate integrin-

binding peptides such as RGD into the biomaterial formulation. It has previously been 

demonstrated that the concentration and presentation of cell adhesion motifs on a substrate can 

affect both cell spreading and subsequent gene transfer16,18,53,56. To understand how tuning cell 

adhesion characteristics of the MAP hydrogel can affect cell spreading and gene transfer, we 
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manipulated either the concentration or clustering presentation of RGD peptides throughout the 

gel. Kong et al. found that while increasing RGD concentration increased cell surface area, 

proliferation, and gene transfer in 2-D, maintaining a constant RGD concentration but with 

increased peptide clustering resulted in a decrease in proliferation rate and gene transfer without 

any effect on cell spreading53. To first test the effects of overall RGD concentration in MAP 

scaffolds, the gel was formulated to contain RGD peptides at an overall concentration of 100, 250, 

500, or 1000 µM. In all four of these conditions, the formulations were such that there were two 

RGD peptides conjugated to one HA molecule for the subset of HA molecules containing RGD 

(Figure 6.5A). Regardless of RGD concentration, all physical properties were kept constant, 

including the stiffness and size of microgels at a MAP G’ of 222 Pa and sieving range 100-200 

µm, respectively. HDFs cultured in MAP gels containing an RGD concentration lower than 500 

µM resulted in overall significantly less spreading, lower proliferation, and lower transgene 

expression than in gel with RGD concentrations of 500 or 1000 µM (Figure 6.5B-F). These results 

are consistent with what has previously been reported for the effects of RGD concentration on 

gene transfer in 2-D53. In contrast, it was found that an intermediate concentration of 100 µM RGD 

resulted in the highest transfection as compared to 10 and 400 µM for D1 mouse mesenchymal 

stem cells encapsulated within a 3-D nonporous hydrogel18, a difference which may be due to the 

use of a different cell line or the difference in cellular microenvironment between the MAP gel 

and a nonporous gel. 
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Figure 6.5: Effect of RGD concentration on HDF spreading and transfection in MAP gel.  
A) Schematic of RGD presentation in conditions of varying RGD concentrations, in which each 
square represents an HA molecule and each dot represents an RGD peptide. B) 3-D renders and C) 
aerial views of HDF spreading in MAP gels of different RGD concentrations after 2 d of culture. 
D) Quantification of average cell surface area in each RGD concentration condition using IMARIS. 
E) Relative cell activity/proliferation 2 d after seeding using PrestoBlue assay. F) Cumulative 
transgene expression 2 d and 6 d after transfection. Statistical analysis was conducted using one-
way ANOVA with correction for multiple comparisons using Tukey’s post-hoc test (* p < 0.05, 
** p < 0.01, and *** p < 0.001). Error bars indicate standard deviation (SD).  
 

To test the effects of RGD clustering, 1, 2, 4, or 12 RGD peptides were conjugated to one 

HA molecule for the subset of HA molecules containing RGD, while the overall RGD 

concentration of all four conditions was kept constant at 500 µM (Figure 6.6A). Again, all other 

physical properties were kept constant. Interestingly, there was no significant effect on cell 

spreading and overall viability as a function of RGD clustering, though 2 and 4 mmol RGD:mmol 
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HA did result in higher average cell surface areas (Figure 6.6B-E). However, transgene expression 

in the highest clustering ratio of 12 mmol RGD:mmol HA did exhibit the lowest cumulative 

transgene expression especially by 6 days (Figure 6.6F). Kong et al. did also report lower transgene 

expression at the highest clustering ratio tested and suggested that this may be due to the relatively 

large spacing between RGD ligand clusters adversely affecting integrin signaling and therefore 

overall growth rate53. 

 

Figure 6.6: Effect of RGD clustering ratio (mmol RGD/mmol HA) on HDF spreading and 
transfection in MAP gel.  
A) Schematic of RGD presentation in conditions of varying RGD clustering ratios, in which each 
square represents an HA molecule and each dot represents an RGD peptide. B) 3-D renders and C) 
aerial views of HDF spreading in MAP gels of different RGD clustering ratios after 2 d of culture. 
D) Quantification of average cell surface area in each RGD clustering condition using IMARIS. 
E) Relative cell activity/proliferation 2 d after seeding using PrestoBlue assay. F) Cumulative 
transgene expression 2 d and 6 d after transfection. Statistical analysis was conducted using one-
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way ANOVA with correction for multiple comparisons using Tukey’s post-hoc test (* p < 0.05, 
** p < 0.01, and *** p < 0.001). Error bars indicate standard deviation (SD).  
 

6.3.5 Effect of integrin specificity on transfection 

We next studied the role of integrin binding in guiding gene transfer. Previous studies have 

demonstrated that specific or preferential integrin activation has differential effects on stem cell 

differentiation187, epithelial cell phenotype58, and vessel regeneration188, demonstrating the 

importance of integrin specificity in cellular processes. This suggests that the current near-

ubiquitous strategy of incorporating RGD ligands into biomaterials may not be optimal for 

promoting specific cellular processes, given the primary ability of RGD to bind to av integrins58. 

Furthermore, presenting short integrin-binding peptides in biomaterials result in significantly 

reduced cell adhesion affinity when compared to identical molar concentrations of the same 

peptide included in its endogenous three-dimensional full-length protein structure188. Here, we 

sought to study the effects of integrin specificity on HDF spreading, proliferation, and gene 

transfer. To our knowledge, this is the first investigation of the role of specificity of integrin 

activation in modulating gene transfer.  

One method of determining integrin specificity is to control the conformational stability of 

the RGD-containing ninth and tenth domains of fibronectin (Fn III9-10) by introducing either a 

Leu-Pro point mutation at position 1408 (9*10) or a labile 4 x Gly linker (9(4G)10) between the 

two domains; these variants have been demonstrated to preferentially bind to a3/a5b1 or avb3 

integrins, respectively187,188. In place of RGD, these recombinant fibronectin fragments were 

covalently tethered to the HA-Norb backbone at a final concentration of 5 µM and used to form 

microgels. This concentration was chosen in light of previous studies which demonstrated 

spreading with fibronectin fragment concentrations of that magnitude, levels comparable to 
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spreading observed in environments with RGD concentrations on the order of 102 µM9,58. The 

stiffness and size of microgels were also kept constant at a MAP G’ of 222 Pa and sieving range 

100-200 µm, respectively. HDFs cultured in MAP gels which preferentially activate a3/a5b1 

integrins exhibited lower average cell surface area than in MAP gels which preferentially activate 

avb3 integrins (Figure 6.7A-C). However, a3/a5b1-activating gels interestingly resulted in higher 

overall proliferation and, notably, higher transgene expression after transfection despite less 

spreading (Figures 6.7D-E). 

  

 

Figure 6.7: Effect of integrin specificity as controlled by cell adhesion ligand on HDF spreading 
and transfection in MAP gel.  
A) 3-D renders and B) aerial views of HDF spreading in MAP gels of different cell adhesion ligand 
(fibronectin fragment 9*10 or fibronectin fragment 9(4G)10 after 2 d of culture. C) Quantification 
of average cell surface area in each integrin ligand condition using IMARIS. D) Relative cell 
activity/proliferation 2 d after seeding using PrestoBlue assay. E) Cumulative transgene expression 
2 d and 6 d after transfection. Statistical analysis was conducted using one-way ANOVA with 
correction for multiple comparisons using Tukey’s post-hoc test (* p < 0.05, ** p < 0.01, and *** 
p < 0.001). Error bars indicate standard deviation (SD). 
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 In investigating effects of both physical and cell-adhesive properties of MAP scaffolds on 

cell behavior, we noticed that the extent of cell spreading appeared to correlate with cell 

proliferation and that both properties appeared to correlate with transgene expression in studies of 

microgel size, stiffness, and RGD concentration. The trends were maintained even after 

normalizing expression to proliferation levels at time of transfection at day 2 (Supplementary 

Figure 6.2). This is consistent with previous 2-D studies of preosteoblasts and mesenchymal stem 

cells which found similar trends53,145,189. However, we speculate that proliferation more heavily 

influences gene transfer and transgene expression, given our finding that a3/a5b1-activating gels 

increased overall proliferation and transgene expression despite a decrease in spreading. This 

suggests that integrin-dependent differences in gene transfer may in fact be independent of the 

extent of cell spreading, with a stronger correlation to proliferation (Figure 6.7). The dependence 

of polyplex-mediated gene transfer on cell cycle has previously been reported in 2-D190. Transgene 

expression was 10x-50x higher when polyplex-mediated transfection occurred during S, G2, or M 

phases of cell division, perhaps due to nuclear membrane degradation during phases closer to the 

mitotic M phase. This suggests that if certain substrate characteristics can trigger increased cell 

proliferation, this can directly affect the ability of seeded cells to be effectively transfected and 

significantly increase downstream transgene expression. 

 

6.3.6 Analyzing dependence of endocytic, cytoskeletal, RhoGTPase, and YAP/TAZ pathways on 

transfection 

We finally wanted to study the role of various pathways and processes, specifically those 

contributing to endocytosis, cytoskeletal dynamics, and RhoGTPase- and YAP/TAZ-mediated 

pathways, in gene transfer in MAP gel culture in comparison to cells plated in 2-D on conventional 
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2-D tissue culture plastic. Previous studies have demonstrated in both 2-D and 3-D culture that 

transfection occurs preferentially through specific endocytic pathways and that the nature of the 

dependence differs as a function of dimensionality148,156. Micropinocytosis, caveolae-mediated 

endocytosis, and clathrin-mediated endocytosis were directly and indirectly inhibited using 

various chemical inhibitors which were administered before and during transfection. It was found 

that inhibition of micropinocytosis and caveolae-mediated endocytosis enhanced transgene 

expression in 2-D but decreased transgene expression in MAP gels (Figure 6.8A). Direct inhibition 

of clathrin-mediated endocytosis using chlorpromazine significantly decreased transgene 

expression in both 2-D and MAP culture conditions, while there was no significant effect with 

indirect inhibition of dynamin via dynasore treatment. Together these findings suggest that gene 

transfer in 2-D predominantly occurs through clathrin-mediated endocytosis, while the more 

consistent suppression of gene transfer in MAP culture across all endocytic pathways suggests that 

gene transfer in MAP is dependent not only on clathrin-mediated endocytosis, but also to some 

extent on micropinocytosis and caveolae-mediated endocytosis. A previous study investigating the 

effects of inhibition of endocytic pathways in D1 mouse mesenchymal stem cells observed a 

dependence of gene transfer on both caveolae- and clathrin-mediated endocytosis in both 2-D and 

nonporous 3-D hydrogels156; however, the dominant internalization route of polyplexes seems to 

be cell line dependent, suggesting that comparisons drawn between findings in different cell lines 

may not necessarily be true191. 
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Figure 6.8: Analyzing dependence of endocytic, cytoskeletal, RhoGTPase, and YAP/TAZ 
pathways on transfection. 
A) Effects of endocytic inhibitors on transgene expression two days after 4-h bolus transfection 
with polyplexes of HDFs cultured on tissue culture plastic (2-D) or in MAP gel. B) Effects of 
cytoskeletal inhibitors and activators on transgene expression 2 days after transfection. C) Effects 
of inhibitors and activators of RhoGTPases and inhibition of YAP on transgene expression 2 days 
after transfection. Statistical analysis was conducted using one-way ANOVA with correction for 
multiple comparisons using Dunnett’s post-hoc test (* p < 0.05, ** p < 0.01, and *** p < 0.001) 
as compared to no-treatment control for 2-D or for MAP. For each treatment, 2-D and MAP were 
compared to each other using unpaired two-tailed t tests (+ p < 0.05, ++ p < 0.01, and +++ p < 0.001). 
Error bars indicate standard deviation (SD). 
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The role of cytoskeletal dynamics in gene transfer in MAP gels and 2-D culture was studied 

by inhibiting actin, myosin, and microtubule dynamics (Figure 6.8B). Previous studies have 

illustrated the importance of cytoskeletal activity in gene transfer mechanisms, mostly in 2-D 

culture151,192,193. While there was no significant effect of inhibition of actin polymerization via 

cytochalasin D, expression significantly decreased with jasplakinolide administration. 

Jasplakinolide enhances the frequency of actin nucleation; however, it does so at the expense of 

actin polymeric organization, adversely affecting endosomal trafficking194. Therefore, 

jasplakinolide may not be a true promoter of actin polymerization in an organized fashion. 

Stabilization of microtubules with paclitaxel enhanced transgene expression both in 2D and in 

MAP gels, while inhibition of microtubule polymerization with nocodazole resulted in a decrease 

in expression, suggesting a strong dependence of polyplex trafficking on microtubule dynamics. 

Previous reports have also similarly identified the importance of microtubules in the trafficking of 

polyplexes towards the nucleus192,193,195.  

Next, the roles of the RhoGTPases Rho, Rac, and Cdc42 in the gene transfer process were 

investigated (Figure 6.8C). Rho proteins are GTPases which regulate a variety of cell processes 

but play an integral role in mediating integrin binding to the cell’s ECM and actin cytoskeletal and 

microtubule dynamics in response to that151,196. The Rho, Rac, and Cdc42 GTPases have 

previously been shown to regulate cell polarity, lamellipodial protrusion, and cell adhesion during 

migration in 2-D197. Inhibition, activation, and overexpression of RhoGTPases have also been 

found to modulate the intracellular processing of polyplexes in 2-D151. Here, inhibition of 

RhoA/B/C using C3 transferase significantly decreased transgene expression in MAP gels, with a 

nonsignificant effect in 2-D. A similar pattern was seen in the inhibition of ROCK, a downstream 
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effector of RhoA. However, inhibition of PAK1, a downstream effector of Rac and Cdc42, with 

IPA-3 increased transgene expression in 2-D but decreased expression in MAP gels, suggesting a 

difference in gene transfer mechanism between 2-D and MAP gels. Activation of Rho, Rac, and 

Cdc42 resulted in a significant increase in transfection in MAP gels but no significant effect in 2-

D. However, the activation of RhoA/B/C resulted in a decrease in transgene expression in both 2-

D and MAP gels, suggesting that the activation of Rac and Cdc42 may be more integral to gene 

transfer in MAP gels.  

Lastly, the role of YAP/TAZ (Yes-associated protein/Transcriptional coactivator with 

PDZ-binding motif), a key sensor and regulator of cell mechanotransduction198,199, in gene transfer 

was studied. YAP/TAZ relays extracellular mechanical cues to the nucleus, thereby triggering 

downstream pathways200. It has been shown to play an integral role in the stiffness-dependent 

differentiation of mesenchymal stem cells and in fibroblast activation and fibrogenesis as a 

function of substrate stiffness198,201, and YAP/TAZ nuclear localization has been shown to  be 

correlated with the extent of cell spreading200. Given that multiple studies have reported a 

consistent correlation between cell spreading and gene transfer, we next investigated whether gene 

transfer is dependent on YAP/TAZ-mediated signaling, which has not been studied prior to this 

study. YAP was inhibited with the administration of verteporfin, which upregulates a chaperon 

protein that localizes YAP in the cytoplasm and targets it for degradation202. Inhibiting YAP 

resulted in a dramatic decrease in transgene expression in both 2-D and MAP gels to near-zero 

levels (Figure 6.8C), demonstrating that YAP/TAZ signaling is integral to gene transfer. The 

dependence of gene transfer on stiffness and cell adhesion ligand presentation may also be 

mediated by YAP/TAZ, but further studies will need to be conducted to verify this.  
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6.4 Conclusion 

In this study, we performed in vitro studies to examine how MAP hydrogel properties can 

be tuned to enhance non-viral gene transfer from polyplexes. Microgel diameters of 60-200 µm, 

increased microgel stiffness, RGD concentrations of at least 500 µM, and an RGD clustering ratio 

of less than 12 mmol RGD:mmol HA resulted in the highest transgene expression. These 

modifications initially appeared to correlate both with cell spreading and cell proliferation. 

However, MAP gels which preferentially activated b1 integrins resulted in enhanced proliferation 

and transgene expression but decreased average cell spreading, decoupling the trend of 

proliferation from spreading and suggesting that transgene expression may be independent of cell 

spreading. By analyzing the role of endocytic pathways, cytoskeletal dynamics, and RhoGTPases 

and YAP/TAZ, which are important downstream mediators of integrin signaling, we found that: 

(1) clathrin-mediated endocytosis is less dominant in driving gene transfer in MAP gels than in 2-

D culture; (2) that as in 2-D culture, microtubule dynamics are integral to polyplex trafficking and 

efficiency of gene transfer; (3) Rac and Cdc42 may be important to the efficiency of polyplex-

mediated gene transfer; and (4) just as in 2-D culture, YAP activity is crucial to enabling gene 

transfer. Overall these findings demonstrate that MAP scaffolds can serve as a highly tunable 

platform for studying polyplex-mediated gene transfer in a homogeneously seeded, uniformly 

transfected 3-D culture environment. These findings will also inform future design criteria when 

integrating non-viral gene delivery with therapeutically relevant MAP scaffolds for tissue repair 

in vivo. 
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6.6 Supplementary Data 

 

Supplementary Figure 6.1: Cell culture device mold.  
A) PDMS cell culture device diagram containing dimentions in mm. B) 3-D render of device.  
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Supplementary Figure 6.2: Gaussia luciferase expression at days 2 and 6 normalized to 
proliferation level at time of transfection to remove effect of cell count differences at time of 
transfection. 
As a function of A) microgel sieving range, B) MAP stiffness, C) RGD concentration, D) RGD 
clustering ratio, and E) integrin activation specificity. (* p < 0.05, ** p < 0.01, and *** p < 0.001) 
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VII  Conclusions and future directions 
 

 

 

 

 

7.1 Introduction 

In the work presented in Chapters IV through VI of this dissertation, we pursued different 

strategies to enhance transgene expression through scaffold-mediated non-viral gene delivery and 

to study mechanisms governing the scaffold-mediated gene delivery methods used. In this chapter, 

we will revisit the objectives of the specific aims, discuss the aims’ major conclusions and 

significance, and present future experimental directions. 

 

7.2 Specific aim 1 

In this aim, we hypothesized that PEGylating the cationic polymer PEI used to prepare 

polyplexes can decrease the overall polyplex surface charge and subsequently reduce aggregation 

upon encapsulation in HA hydrogels. We PEGylated PEI by conjugating the ends of the arms of 

8-arm PEG with 2.5 kDa PEI to form sPEG-PEI. sPEG-PEI reduced polyplex surface charge and 

cell toxicity in comparison to linear 25 kDa PEI. sPEG-PEI subsequently reduced aggregation 
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upon complexation with DNA and encapsulation in HA hydrogels. However, transfecting sPEG-

PEI polyplexes also resulted in significantly decreased levels of transgene expression due to 

decreased polyplex internalization by cells. This result was not entirely unexpected; while the 

internalization pathways taken by sPEG-PEI polyplexes remained the same, the decreased surface 

charge of the resulting sPEG-PEI/DNA polyplexes likely resulted in lower extents of association 

with the plasma membrane, contributing to decreased overall internalization.  

Several strategies may be taken to improve this outcome. First, low-molecular-weight PEI 

was conjugated to multi-armed PEG, resulting in a PEGylated variant of branched PEI. Branched 

PEI has previously been demonstrated to have lower transfection efficiency than linear PEI191. 

Therefore, PEGylating linear PEI may result in increased transgene expression. Also, in this study 

we only tested one PEG:PEI ratio. Decreasing the overall ethylene glycol:ethylene imine molar 

ratio in the polymer by decreasing the molecular weight of PEG may result in a polymer with an 

intermediate chemical makeup which may sufficiently reduce aggregation but still lead to 

comparable levels of transfection.  

Another future direction for this project may be to develop system to introduce a 

“sheddable” PEG shell around a PEI-DNA core. This strategy may be executed by synthesizing a 

diblock PEG-PEI copolymer with a degradable linker between the PEG and PEI blocks. This 

polymer may be complexed with DNA to form polyplexes with a PEI-DNA core with PEG facing 

outward to reduce surface charge and ultimately to reduce polyplex aggregation upon 

encapsulation in hydrogels. The degradation of the PEG-PEI linker may be triggered by a 

byproduct of the hydrogel crosslinking reaction. Ultimately, once this polymer has been optimized 

for this use, it can be tested in in vivo applications such as in a murine subcutaneous or cutaneous 

wound healing model.  
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7.4 Specific aim 2 

In this aim, we hypothesized that surface coating porous HA hydrogel scaffolds would 

result in sustained transgene expression and that this sustained expression was due to the 

occurrence of multiple transfection events. We observed tunable, enhanced, and sustained 

transgene expression over 30 days of cell culture, a marked improvement over comparable bolus 

transfection techniques. Finally, we investigated mechanisms thought to be responsible for the 

sustained expression profile, finding, notably, that multiple transfection events are likely 

responsible for the observed sustained expression. However, we did observe nontrivial toxic 

effects on cell viability in the form of some initial cell death and slower cell growth over time. We 

believe that this aspect is where there may be significant room for improvement, as the linear PEI 

used here, though known for exhibiting high transfection efficiency, also is relatively toxic to cells. 

Future studies may be performed to test other gene carrier polymers and assess toxicity and 

transfection effects. We can then test different in vitro applications of this which require long-term 

transfection, such as for guiding cell differentiation. As surface coating of hydrogel pores grants 

more immediate access of infiltrating cells to polyplexes, an optimized formulation may be 

implanted in wound healing models to assess in vivo transfection via bioluminescence or 

immunostaining assays and ultimately to test for any therapeutic effects if delivering a therapeutic 

gene. 

 In studying the mechanisms by which sustained expression occurs, our conclusion that 

multiple transfection events are responsible for the sustained expression may be arrived at more 

confidently if experimental methods to assess individual cell transfection levels, e.g. flow 
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cytometry, were used in addition to overall culture transfection assays such as the one used in this 

study. Flow cytometry would allow us to determine whether the same cells exhibit repeated 

transfections or if a subset of cells that were not initially transfected are being transfected at a later 

time point due to the continuous polyplex availability.  

 

7.5 Specific aim 3 

The objectives of this aim were to understand how MAP scaffold material properties 

modulate transfection and how transfection mechanisms in culture in MAP scaffolds differ from 

culture on tissue culture plastic. While the effects of tuning substrate properties on gene transfer 

have been studied before in 2-D and nonporous 3-D encapsulated cell culture, cell behavior can 

vary dramatically as a function of dimensionality and the nature of the cellular microenvironment, 

and this relationship should be studied for each substrate modality. In the first objective, adjusting 

bead size, stiffness, RGD concentration, RGD clustering presentation, and induced integrin 

specificity affected transgene expression due to transfection. Extent of cell spreading and 

proliferation generally correlated with transgene expression levels; however, the preferential 

activation of a3/a5b1 integrins resulted in less spreading than when avb3 integrins were activated 

but increased proliferation and transgene expression, suggesting that integrin-dependent 

transfection may be more strongly correlated to proliferation than to spreading.  

This is the first report elucidating the effects of integrin specificity on gene transfer. To 

more deeply understand this dependence of transfection on integrin specificity, flow cytometry 

studies can be performed using fluorescently-labelled polyplexes to understand the differences in 

the distribution of polyplex internalization per cell. Lastly, mitotic checkpoint inhibitors or other 



 115 

proliferation inhibitors or suppressors can be used to halt proliferation to investigate whether 

transfection is dependent on proliferation or if these two processes are non-causally correlated.  

It would also be interesting to test the effects of stress relaxation on transfection. It was 

previously demonstrated that mouse mesenchymal stem cells cultured in alginate-based hydrogels 

exhibiting quick stress relaxation resulted in increased spreading, proliferation, and osteogenic 

differentiation203. We speculate that quick stress relaxation may also improve transfection 

efficiency. A potential application of this would be to culture stem cells in MAP gel and transfect 

with genes encoding for known differentiation factors to observe induced rates of differentiation 

or transdifferentiation and if these rates can be modulated by tuning material parameters.  

Furthermore, there are differences in the extents of dependence on particular endocytosis 

and cytoskeletal processes when compared to transfection of a 2-D culture: 1) clathrin-mediated 

endocytosis is less dominant in driving gene transfer than in 2-D culture; 2) that as in 2-D culture, 

microtubule dynamics are integral to polyplex trafficking and efficiency of gene transfer; 3) Rac 

and Cdc42 may be important to the efficiency of polyplex-mediated gene transfer; and 4) just as 

in 2-D culture, YAP activity is crucial to enabling gene transfer. This study provides insight on 

which pathways are crucial for gene transfer, and we can further devise strategies on how to 

upregulate such pathways through material engineering to enhance gene transfer. To our 

knowledge, this is the first study investigating the role of YAP/TAZ in gene transfer, and given its 

known key role in regulating cell mechanotransduction, we can next further understand 

mechanistically how changing MAP mechanical and bioactive properties affect YAP/TAZ activity 

to in turn influence transfection. In addition, it would be interesting to more deeply investigate the 

formation of actin stress fibers as a function of MAP properties and as a function of the inhibitor 

treatments to further elaborate on the mechanistic understanding of transfection.  
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Ultimately, we would like to develop methods for loading DNA into MAP scaffolds. The 

knowledge learned in this aim regarding how MAP material properties affect gene transfer will 

provide insight in the design of DNA-loaded MAP scaffolds for in vivo implantation studies for 

tissue repair.  
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