
 

 

    

  
 

 

 

 

 

  

   

 

   

     

        

       

  

 

   

 

    

 

Design, Synthesis, and Evaluation of Biodegradable 

Polymeric Nano-Carriers for Biomedical Applications 

By 

Mohamed Alaa Mohamed 

May 15th, 2019 

A dissertation submitted to the 

Faculty of the Graduate School of 

the University at Buffalo, The State University of New York 

in partial fulfillment of the requirements for the 

degree of 

Doctor of Philosophy 

Department of Chemical and Biological Engineering 



 
 

 

 

 

 

 

 

 

 

 

 

  

  

 

 

 

Copyright by 

Mohamed Alaa Mohamed 

2019 

i 



 
 

  

 

    

     

         

 

   

     

         

 

  

     

         

 

  

      

 

   

      

 

 

 

 

 

 

 

 

 

 

 

 

 

Committee Members 

Prof. Chong Cheng (Major Advisor) 

Department of Chemical and Biological Engineering 

University at Buffalo, The State University of New York, USA 

Prof. Stelios Andreadis 

Department of Chemical and Biological Engineering 

University at Buffalo, The State University of New York, USA 

Prof. Gang Wu 

Department of Chemical and Biological Engineering 

University at Buffalo, The State University of New York, USA 

Prof. Magda Akl 

Department of Chemistry, Mansoura University, Egypt 

Prof. Ahmed Elsokkary 

Department of Chemistry, Mansoura University, Egypt 

ii 



 
 

 

 

           

               

                   

             

          

           

             

             

              

              

                 

            

            

           

         

           

          

            

              

          

       

Acknowledgement 

I would like to acknowledge Allah for giving me the strength and the passion to accomplish 

this work. Thanks for his countless blessings throughout the entire life. I always feel him around 

me, helping to meet with the right people in the right place at the right time. My faith that he is 

always there to help gives me the patience and encouragement to confront scientific challenges. 

I would like to express my deepest thanks and appreciation to Prof. Chong Cheng for his 

valuable mentorship throughout my PhD research. Truly, words are not sufficient to express my 

extreme appreciation to the opportunity he has given to me to complete my PhD in his laboratory. 

His precious advice and guidance in personal and professional matters was the light to my way. 

Thanks to his expertise and the invaluable scientific discussions, I was able to accomplish my 

thesis. He is always there to help and support, and I really appreciate every moment he has given 

to me to reach scientific maturity. In reality, he has a substantial role on my academic development, 

and he spares no effort to help me to become among the best researchers in the scientific 

community. I will always feel thankful to him during the rest of my life. 

I would like to offer special thanks to Prof. Stelios Andreadis for the endless support and 

profound discussion in tissue engineering. His enthusiasm and encouragement was the spark to 

pursuit great progress in tissue engineering field. I really enjoyed the productive environment in 

his laboratory, and I’m very thankful for his kind sharing of ideas and experience throughout my 

dissertation research period. Also, I would like to express my gratitude to Prof. Gang Wu for 

serving in my committee. I feel very proud to be a student of such an esteemed committee. They 

have witnessed every step I have made toward the PhD degree, starting from qualifier exams to 

PhD defense, and I have learned from their insightful comments. 

iii 



 
 

            

           

               

         

               

               

             

       

           

         

           

              

             

          

          

          

              

           

             

   

          

             

          

I like to acknowledge my Egyptian advisors Prof. Magda Akl and Dr. Ahmed Elsokkary 

for their support and encouragement during my academic career. I would like to give a special 

recognition to Prof. Magda Akl for being the first person to believe on my qualifications. Her 

continuous support during my undergraduate and graduate study on the academic and personal 

aspects was still the motive for me to pursue great achievements. I sincerely thank her for all help 

she has made behind the scenes to facilitate my study in USA. My special thanks to the faculty 

members in Chemistry Department at Mansoura University, as well as Department of Chemical 

and Biological Engineering Department at University at Buffalo, for their profound knowledge 

and fantastic teaching skills that helped me in learning my graduate courses. 

I would like to thank our distinguished collaborator, Dr. Yun Wu from Department of 

Biomedical Engineering at University at Buffalo, for providing a wonderful guidance during my 

work in her lab on biomedical assessment of drug and gene co-delivery system. I sincerely thank 

her student Lingyue Yan for the great help she has provided, and the great suggestions she has 

offered. I would like to acknowledge Dr. Dinesh Sukumaran for providing training on nuclear 

magnetic resonance instrument. Special thanks to Dr. Qin Yueling for training me on transmission 

electron microscope. His kind sharing his outstanding expertise with me has helped to become a 

professional user of the instrument. I thank Dr. Bei Zongmin (Shirley) for her assistance on training 

on material characterization laboratory. Special gratitude to Prof. Paras Prasad and his post-doctor 

Ajay Singh from Chemistry Department at University at Buffalo for their helps in biomedical 

applications. 

I would like to thank current and previous members of Dr. Cheng laboratory including 

Amin Jafari, Haotian Sun, Runsheng Zhang, and Fayaz Haneef for being the best friends of mine 

during the past years. It is my honor and pleasure to work with such caring and intelligent lab 

iv 



 
 

             

         

              

         

              

          

              

              

          

           

     

 

 

 

 

 

 

 

mates. I extend my thanks also to undergraduate students who worked under my supervision in 

Research Experiences for Undergraduate (REU) program including Julia Caserto, Patrick Krohl, 

and Zachary Manzer. I would also like to give special thanks to all friends in Department of 

Chemical and Biological Engineering at University at Buffalo who have helped me during my 

PhD research. I like to give special thanks to my friend Aref Shahini who helped me during my 

work in Prof. Andreadis laboratory. 

I would like to add special thanks to my family for their unconditional love, support and 

encouragement through the entire life. At this moment, I would like to also thank my fiancé for 

the motivation and the selfless support during my PhD research. Finally, I would thank the 

Egyptian Ministry of Higher Education and Scientific Research for supporting me during the joint 

supervision program in Dr. Cheng laboratory. 

v 



 
 

  

 

   

     

     

     

     

   

         

   

   

   

    

     

     

     

     

     

     

     

         

Table of Contents 

Acknowledgement .................................................................................................................... iii 

List of Tables ...................................................................................................................... xxviii 

Abstract .................................................................................................................................xxix 

Table of Contents ...................................................................................................................... vi 

List of Schemes........................................................................................................................ xii 

List of Figures ......................................................................................................................... xiii 

Chapter 1: Stimuli-Responsive Scaffolds for Tissue Engineering Applications: From Chemistry 

to Biofabrication Technology .....................................................................................................1 

1.1. Introduction ......................................................................................................................2 

1.2. Hydrogels .........................................................................................................................6 

1.2.1. Chemically crosslinked hydrogels ..............................................................................7 

1.2.2. Physically crosslinked hydrogels ..............................................................................10 

1.3. Stimuli-responsive hydrogels ..........................................................................................18 

1.3.1. pH-Responsive hydrogels .........................................................................................19 

1.3.2. Thermo-responsive hydrogels...................................................................................21 

1.3.3. Photo-responsive hydrogels ......................................................................................22 

1.3.4. Electro-responsive hydrogels ....................................................................................24 

1.3.5. Mechanically-responsive hydrogels ..........................................................................26 

1.4. Modulation of cell microenvironment using stimuli-responsive scaffolds........................28 

vi 



 
 

         

       

       

         

    

     

    

   

    

     

   

      

         

    

     

    

       

       

      

    

       

        

1.4.1. Modulation of biochemical cues using stimuli-responsive scaffolds..........................29 

1.4.2. Modulation of biophysical cues ................................................................................46 

1.4.3. Modulation of structural properties ...........................................................................58 

1.5. Integration of stimuli-responsive scaffolds with biofabrication technology......................64 

1.5.1. Photolithography ......................................................................................................65 

1.5.2. Microcontact printing ...............................................................................................69 

1.5.3. Micromolding patterning ..........................................................................................73 

1.5.4. Microfluidic-assisted patterning................................................................................76 

1.5.5. 3D Bioprinting modalities ........................................................................................79 

1.6. Conclusions and future perspectives................................................................................85 

References.............................................................................................................................92 

Chapter 2: Fast Synthesis of Biodegradable Glycerol-Based Elastomers of Tunable Mechanical 

and Surface Properties Via Thiol-ene Click Chemistry for Skeletal Muscle Regeneration....129 

2.1. Introduction ..................................................................................................................131 

2.2. Experimental Section ....................................................................................................134 

2.2.1. Materials ................................................................................................................134 

2.2.2. Synthesis of GTP monomer ....................................................................................135 

2.2.3. Synthesis of PP monomers .....................................................................................135 

2.2.4. Preparation of glycerol-based crosslinked elastomers .............................................136 

2.2.5. Characterization .....................................................................................................137 

2.2.6. Swelling ratios of the elastomers ............................................................................138 

2.2.7. Protein absorption on the elastomers.......................................................................139 

vii 



 
 

        

     

           

         

    

       

         

     

     

        

        

         

         

        

         

         

          

           

    

   

      

        

2.2.8. In vitro enzymatic degradation of glycerol-based elastomers ..................................139 

2.2.9. Cell culture.............................................................................................................140 

2.2.10. Preparation of plates with elastomers for cell culture ............................................141 

2.2.11. Cell viability and proliferation on the elastomers ..................................................141 

2.2.12. Immunocytochemistry ..........................................................................................142 

2.2.13. RNA isolation cDNA synthesis and qRT-PCR......................................................142 

2.2.14. Spontaneous beating of myoblasts on the elastomers ............................................143 

2.2.15. Statistical analysis ................................................................................................144 

2.3. Result and Discussion ...................................................................................................144 

2.3.1. Synthesis and characterization of the elastomers .....................................................144 

2.3.2. Thermal properties of the elastomers ......................................................................153 

2.3.3. Mechanical properties of the elastomeric networks .................................................155 

2.3.4. Wettability, swelling behavior, and morphology of the elastomers..........................159 

2.3.5. Protein adsorption on the elastomers.......................................................................161 

2.3.6. In vitro enzymatic degradation of the elastomers ....................................................163 

2.3.7. Cell viability and proliferation on the glycerol-based elastomers ............................164 

2.3.8. Myogenic differentiation of human myoblast on the elastomers..............................167 

2.3.9. Myogenic differentiation of mouse myoblast on the elastomers ..............................174 

2.4. Conclusion....................................................................................................................178 

References...........................................................................................................................180 

Chapter 3: Synthesis, Characterization, and Biomedical Evaluation of Well-defined pH-

Sensitive PEG-b-PHEMA-b-PBA Based Crosslinked Micelles for Cancer Therapy .............187 

viii 



 
 

    

     

    

    

       

       

       

      

        

      

       

      

        

     

       

     

       

          

        

      

       

     

    

3.1. Introduction ..................................................................................................................189 

3.2. Experimental section.....................................................................................................192 

3.2.1. Materials ................................................................................................................192 

3.2.2. Measurements ........................................................................................................193 

3.2.3. Synthesis of MeO-PEG-Br macroinitiator...............................................................194 

3.2.4. Synthesis of MeO-PEG-b-PHEMA diblock copolymer...........................................195 

3.2.5. Synthesis of MeO-PEG-b-PHEMA-b-PBA triblock copolymer ..............................195 

3.2.6. Synthesis of MeO-PEG-b-P(HEMA-ene)-b-PBA ...................................................196 

3.2.7. Determination of CMC of MeO-PEG-b-P(HEMA-ene)-b-PBA ..............................197 

3.2.8. Preparation of blank and DOX-loaded MeO-PEG-b-P(HEMA-ene)-b-PBA NCMs 197 

3.2.9. Preparation of blank and DOX-loaded MeO-PEG-b-PHEMA(ene)-b-PBA CMs ....198 

3.2.10 Preparation of targeted cRGD-DOX-CM5.............................................................199 

3.2.11. In vitro pH sensitive release of DOX ....................................................................200 

3.2.12. Cell Viability Studies............................................................................................200 

3.2.13. In Vitro Cellular Uptake and Imaging ...................................................................201 

3.3. Result and discussion....................................................................................................201 

3.3.1. Synthesis and Characterization of PEG-b-P(HEMA-ene)-b-PBA............................201 

3.3.2. Preparation of NCM and CM samples of PEG-b-P(HEMA-ene)-b-PBA.................207 

3.3.3. Preparation of DOX-loaded PEG-b-P(HEMA-ene)-b-PBA based NCMs and CMs.210 

3.3.4. In vitro pH-responsive DOX release .......................................................................212 

3.3.5. In vitro cytotoxicity and cellular uptake..................................................................214 

3.3.6. Cellular uptake .......................................................................................................215 

3.4. Conclusion....................................................................................................................217 

ix 



 
 

   

      

       

    

    

    

    

      

       

       

      

       

      

   

      

    

   

        

        

        

     

      

     

References...........................................................................................................................218 

Chapter 4: ATRP Synthesis of Well-Defined pH-Responsive PEG-b-PDMAEMA-b-P(HEMA-

FBA)-Doxorubicin Conjugate for Drug and Gene Codelivery ...............................................224 

4.1. Introduction ..................................................................................................................226 

4.2. Experimental ................................................................................................................228 

4.2.1. Materials ................................................................................................................228 

4.2.2. Measurements ........................................................................................................229 

4.2.3. Synthesis of MeO-PEG-Br .....................................................................................230 

4.2.4. Synthesis of MeO-PEG-b-PDMAEMA diblock copolymer ....................................231 

4.2.5. Synthesis of MeO-PEG-b-PDMAEMA-b-PHEMA triblock copolymer ..................232 

4.2.6. Synthesis of MeO-PEG-b-PDMAEMA-b-P(HEMA-PFBA) triblock copolymer.....229 

4.2.7. Synthesis of MeO-PEG-b-PDMAEMA-b-P(HEMA-FBA) tri-block copolymer .....233 

4.2.8. Determination of cmc of MeO-PEG-b-PDMAEMA-b-P(HEMA-FBA) triblock 

copolymer ............................................................................................................234 

4.2.9. Synthesis of MeO-PEG-b-PDMAEMA-b-P(HEMA-FBA)-DOX conjugate ...........234 

4.2.10. Preparation of MeO-PEG-b-PDMAEMA-b-P(HEMA-FBA)-DOX-based micelle 

(DOX-MDC)........................................................................................................235 

4.2.11. Preparation of GTI2040/DOX-MDC nanocomplexes and gel retardation assay… 236 

4.2.12. Particle size and zeta potential measurement.........................................................236 

4.2.13. In vitro pH-sensitive release of DOX. ...................................................................237 

4.2.14. Cell culture...........................................................................................................237 

4.2.15. Cellular uptake analysis ........................................................................................237 

4.2.16. In vitro cytotoxicity ..............................................................................................238 

x 



 
 

     

     

       

        

      

     

     

    

   

 

 

 

 

 

 

 

 

 

 

 

 

 

  

4.2.17. Statistical analysis ................................................................................................239 

4.3. Result and discussion....................................................................................................239 

4.3.1. Synthesis of pH-responsive MeO-PEG-b-PDMAEMA-b-P(HEMA-FBA)-DOX ....239 

4.3.2. Physicochemical characterization of DOX-MDC and GTI2040/DOX-MDC...........249 

4.3.3. In vitro pH-sensitive DOX release ..........................................................................253 

4.3.4. Cellular uptake .......................................................................................................254 

4.3.5. In vitro cytotoxicity ................................................................................................256 

4.4. Conclusion....................................................................................................................258 

References...........................................................................................................................259 

xi 



 
 

   

  

       

      

  

      

  

      

 

 

 

 

 

 

 

 

 

 

 

 

  

List of Schemes 

Chapter 2 

Scheme 2.1: Schematic illustration of synthesis of glycerol-based and GTP-co-PP-co-BDBMP-

based elastomers with tunable properties. ...........................................................146 

Chapter 3 

Scheme 3.1: Synthesis of PEG-b-P(HEMA-ene)-b-PBA. ........................................................202 

Chapter 4 

Scheme 4.1: Synthesis of MeO-PEG-b-PDMAEMA-b-P(HEMA-FBA)-DOX ........................240 

xii 



 
 

   

  

 

       

      

    

         

        

       

         

          

      

       

      

          

        

       

        

            

      

     

      

List of Figures 

Chapter 1 

Figure 1.1: Schematic representation of chemical crosslinking strategies employed in the 

construction of 3D TE scaffolds, and the chemistries implicated in 

functionalization/conjugation of biomolecules. .......................................................8 

Figure 1.2: Schematic illustration of physical crosslinking strategies of hydrogels: (A) hydrogen 

bonding, (b) metal-ligand coordination, (c) host-guest complexation, (d) ionic 

interaction, (e) stereocomplexation, and (f) self-assembly.....................................11 

Figure 1.3: Manipulation of cell adhesion using photo-responsive substrates. (A) Photocleavage 

induce release of non-adhesive BSA protein to enable subsequent immobilization of 

cell-adhesive fibronectin. (B) Photoisomerization of azobenzene-containing SAMs 

for masking/demasking of cell adhesion RGD ligand within PEG layer. (C) 

Photoreversible assembly/disassembly of β-CD-azobenzene host-guest complex, 

where the guest azobenzene is modified with cell adhesive peptide. (D) Photo-

mediated isomerization of spiropyran, and thus switching the surface wettability to 

reversibly attach and release fibroblast L929 cells.. ..............................................32 

Figure 1.4: Modulation of cell adhesion using electro-responsive substrates. (A) Electro-cleavage 

of cell adhesion peptide upon oxidation of silyl hydroquinone to benzoquinone. (B) 

Electro-mediated assembly/disassembly of WGG-modified RGD (guest) to CB[8] 

(host) immobilized on gold substrate. (C) Electro-mediated masking/demasking of 

RGD ligand spatially. (D) Electro-mediated “On” and “OFF” switching of 

xiii 



 
 

       

         

      

      

         

        

          

     

     

     

      

        

         

        

      

       

      

     

          

        

       

     

biomolecular recognition between positively charged Biotin-KKKKC peptide and 

Avidin. (E) Electro-switchable cell adhesion: (a) functionalization of the substrate 

with alkoxyamine-RGD-alkyne via Huisgen cycloaddition; (b) electro-mediated 

oxidation of hydroquinone to benzoquinone induced oxime ligation between 

alkoxyamine and benzoquinone to form cyclic structure that enhance cell spreading; 

(c) electro-reduction induced opening of the cyclic structure.. ..............................34 

Figure 1.5: Irreversible modulation of biochemical cues involving photocleavage of caged 

functionalities. (A) Photo-induced biomolecular recognition: photocleavage of 

coumarin-caged thiol induced immobilization of streptavidin-maleimide via Michael 

addition reaction, and then enabled on-demand 3D patterning of biotin-modified 

protein within HA-based cryogel. (B) Photo-induced oxime ligation: (a) 

photocleavage of NPPOC-protected alkoxyamine terminals of multi-arm PEG 

crosslinker induced oxime ligation with multiarm PEG-aldehyde; (b) protein was 

treated with NPPOC-NHS linker, and then patterned within PEG hydrogel via photo-

induced oxime ligation. (C) Photo-induced enzymatic crosslinking: (a) 

photodeprotection of lysine-amine of FXIIIa substrate induced enzymatic 

crosslinking with glutamine-carboxamide of VEGF121 protein; (b) representative 

image of well-tuned 3D patterning using photolithography.. .................................41 

Figure 1.6: Reversible modulation of biochemical cues. (A) photoreversible patterning of proteins: 

(a) development of enzymatically cleavable PEG-based hydrogel via SPAAC in 

presence of NPPOC-photocaged alkoxyamine functionalities; (b) reaction of protein 

with CHO-oNB-NHS enabled photo-patternability via on-demand photocleavable 

xiv 



 
 

          

    

          

      

        

        

          

      

        

        

         

        

        

        

      

      

          

           

      

       

        

          

    

oNB moieties; (c) schematic representation of dual-protein patterning; (d) hMSC 

differentiation on vitonectin-patterned hydrogels showed positive osteocalcein 

staining on the patterned area only; (e and f) after photo-removal of vitronectin, the 

osteocalein staining was confined to the patterned islands. (B) Reversible 

manipulation of biochemical environments via ligand exchange using allyl sulfide 

functionalities: (a) PEG hydrogel formation via Cu catalyzed click reaction; (b) cage 

pattern formed by irradiation with 720 nm two-photon light; (c) bioactive ligand 

exchange mechanism; (d) hMSC stained with tracker red encapsulated on green 

rectangular fluorescent RGD-modified hydrogel, in which the fluorescent RGD in 

the middle part was replaced with non-fluorescent RGD.......................................44 

Figure 1.7: Irreversible modulation of mechanical stiffness via stimuli-induced softening of the 

hydrogel scaffolds. (A) Softening via enzymatic degradation: (a) development of 

MMP-cleavable PEG hydrogel via thiol-ene reaction; (b) stem cell-derived motor 

neurons on MMP-degradable PEG hydrogels showed high axon outgrowth, while 

those encapsulated on non-degradable PEG hydrogel failed to extend axons. (B) 

Softening of oNB-containing PEG hydrogel via photocleavage of oNB amide 

linkages using 365 nm light (a); motor neurons extended axons on the fully eroded 

channels, while failed to migrate through the non-fully degradable channels (b). (C) 

Photodegradable PEG hydrogel based on coumarin group was developed via Cu 

catalyzed click reaction (a); softening of PEG-based hydrogel via photocleavage of 

coumarin ester linkages (b); Spatiotemporal degradation using two-photon lights of 

740, 800, 860 nm eliminated the inherent fluorescence of coumarin from the 

degraded pattern (c).. ............................................................................................47 

xv 



 
 

        

       

       

            

       

        

        

        

          

        

       

        

           

      

           

      

       

       

          

        

      

      

     

Figure 1.8: Irreversible modulation of mechanical stiffness via stimuli-induced stiffening of the 

hydrogel scaffolds. (A) Tyrosinase-mediated stiffening: (a) the hydrogel developed 

via thiol-ene reaction of multiarm PEG-norbornene and bis-cysteine-bis-tyrosine 

peptide (CYGGGYC); (b) oxidation of tyrosine to DOPA dimer by tyrosinase; (c) 

live-dead staining of PSCs encapsulated on PEG-peptide hydrogel, before (top 

image) and after (bellow image) stiffening, showed more spreading of cells before 

stiffening. (B) Matrix stiffening modulated via photothermal release of Ca2+: (a) 

liposome loaded with gold and Ca2+ was encapsulated within Alginate gel; (b) 

liposome releases Ca2+ upon UV irradiation; (c) the released Ca2+ induced further 

crosslinking of alginate gel; (d) mechanical stiffness increased with increasing 

irradiation time, and NIH 3T3 spreading was hindered. (C) Mechanical modulation 

via stress stiffening: (a) functionalization of azide-terminated PICs of different chain 

lengths with cell-adhesive peptides via SPAAC; (b) influence of stress stiffening of 

functionalized PICs on hMSCs’ fate.. ...................................................................50 

Figure 1.9: Reversible modulation of mechanical stiffness using different types of pH-responsive 

hydrogels. (A) Mechanical modulation via pH-responsive PDPA50-PMPC250-

PDPA50 triblock copolymer based on ionizable functionalities. (B) Mechanical 

modulation via pH-induced thioester exchange: (a) development of thioester-

containing hydrogel via thiol-ene reaction; (b) changing the pH forms the thiolate 

anion and speed up the rate of thioester exchange; (c) oNB-caged 4-mercaptophenyl 

acetic acid could be introduced for dual-pH and photo modulation of matrix 

mechanics. (C) pH-induced reversible binding between phenylboronic acid- and cis-

diol-containing PEG macromonomers. (D) Mechanical modulation via pH-

xvi 



 
 

    

       

          

       

        

      

       

   

     

         

     

         

           

   

       

        

      

       

          

     

      

       

dependent folding/unfolding of DNA-incorporating hydrogels: (a) development of 

two different DNA-conjugated PIC via SPAAC; (b) hydrogel formation using DNA 

crosslinker incorporating the complementary sequence of the other DNAs. ..........54 

Figure 10: Reversible modulation of mechanical microenvironment using stimuli-responsive 

scaffolds. (A) Modulation of matrix mechanics using ion/salt-responsive scaffold, in 

which Ca2+ and sodium citrate was used to reversibly crosslink/de-crosslink alginate-

collagen gel. (B) Thermo-responsive hybrid microgel developed via SPAAC 

between azide-containing poly(HPMA-co-HEMA) copolymer, cyclooctyne-

terminated PNIPAM, and PEG-bis(cyclooctyne) reversibly switches the mechanical 

stiffness with temperature. (C) Photoreversible modulation of matrix mechanics 

based on host-guest pairing of azobenzene and β-CD-containing HA. (D) Redox-

responsive hydrogel switches between two mechanical states upon reduction of 

disulfide bond, which induce transition of folded protein domains to unfolded states. 

.............................................................................................................................57 

Figure 1.11: (A) Scheme depicting dynamic modulation of scaffold porosity using stimuli-

responsive porogens: (a) encapsulation of three stimuli-responsive porogens (gelatin, 

methacrylated hyaluronan, and alginate) within crosslinked gelatin; (b) dynamic 

macropore formation using temperature, EDTA, and Hyaluronidase stimuli for 

temporal sequential removal of porogens. (B) Dynamic manipulation of pore 

geometry using thermo-responsive hydrophilic PNIPAM-based copolymer and 

hydrophobic PMMA-based copolymer, to induce self-assembly of 3D structure with 

tubular aligned pores. (C) Illustration of topography manipulation using shape-

xvii 



 
 

      

          

          

         

       

     

       

     

         

         

       

         

       

        

         

        

       

      

           

       

       

          

           

morphing scaffolds: (a) the temporary planar scaffold cultured with HUVECs self-

rolled at physiological temperature to form permeant 3D tubular structure; (b) calcein 

staining of HUVECs shows tubular organization of cells on 3D tubular scaffold as 

compared to 2D planar scaffold. (D) Influence substrate topography on hMSCs 

migration: (a) substrates of different aspect ratio were developed by 

photolithography using photodegradable PEG hydrogel; (b) immunostaining for 

cytoskeleton components showed increasing alignment of hMSCs with increasing 

the aspect ratio.. ...................................................................................................62 

Figure 1.12: Integration of smart materials with photolithography: (A) Development of 

photopatterned GelMA hydrogel by spatial degradation of photocleavable oNB ester 

linkages (a); DAPI (blue)/α-actinin (green) staining of cardiomyocytes cultured on 

non-patterned (top images) and patterned GelMA (bottom images at days 1, 3, and 7 

(b). (B) 4D biofabrication of self-folding PEG bilayers: (a) irradiation through 

photomask to crosslink the first and second PEGDA layers of different molecular 

weights; self-folding of PEG bilayers into small (b) and large (c) cylindrical 

hydrogels with patterned holes; (d) Calcein AM staining of fibroblast cells 

encapsulated within cylindrical cell-laden hydrogel; (e) Multi-culture of Hoechest-

stained (blue) and calcein Am-stained (green) fibroblast within the hydrogel 

cylinder; (f and g) Calcein AM staining of β -TC-6 cells encapsulated on planar PEG 

monolayer and cylindrical PEG bilayers, respectively. (C) Development of 

micropatterned trilayers: (a) sequential deposition of poly(NIPAM-co-AA) and 

PSMA on Si wafer; (b) photopatterning of PEG macromere; (c) Seeding of F3T3 

cells at room temperature; (d) Folding of trilayers into tubular structure; (e) Bright 

xviii 



 
 

       

   

         

           

     

          

         

         

           

         

       

         

          

       

        

            

       

         

     

       

           

        

field images depicting spatial patterning of F3T3 cells inside the 3D rolled tubes.. 

.............................................................................................................................67 

Figure 1.13: (A) Pattern generation using soft lithographic techniques: (a) microcontact printing; 

(b) microfluidic channels; (c) micromolding. (B) Functionalization of cells using 

microcontact printed nano-/microparticles on PNIPAM-coated glass: (a) tran(a) 

transfer of nano-/microparticles from PDMS stamp to PNIPAM; (b) seeding of cells 

on the printed particles; (c) detachment of functionalized cells by decreasing 

temperature and dissolution of PNIPAM; fluorescence images of mESCs (green) 

seeded on the particles pattern (orange) before (d) and after (e) detachment. (C) 

Translocation of HDFBs cell strips from thermo-responsive tetronic hydrogel 

patterned with polydopamine to FN-coated glass by decreasing temperature (a), 

Live-dead and phase images of the translocated HDFBs strips on glass (b, c); 

migration of cells after 48 h of translocation (d). ..................................................70 

Figure 1.14: (A) Development of multicomponent hydrogels using stimuli-responsive PNIPAM-

based micromold: (a) crosslinking of first get at 4 °C; (b) shrinking of PNIPAM mold 

at 37 °C to create more spaces; (c) filling the new spaces with second gel and 

crosslinking at 37 °C; (d) patterning of two different microparticles using 

micromolds of circular, square, and microgrooves shapes. (B) Development of 

electroactive micropatterned hydrogel via photocrosslinking of GelMA-GNR 

solution in micropattenred PDMS mold, and then seeding cardiomyocytes on 

microgroove hydrogel (a); (b) F-actin staining of cardiac tissues at day 7 on non-

electroactive GelMA (left image) and electroactive GelMA-GNR (right image), 

xix 



 
 

           

       

        

         

          

         

        

       

      

        

          

      

           

         

        

       

       

          

         

          

   

respectively; (c) beating behavior of cardiac tissues on GelMA-GNR at 1 Hz (left 

image) and 2 Hz (right image), respectively..........................................................74 

Figure 1.15: Integration of stimuli-responsive polymers with microfluidic technique: (A) 

Development of thermo-responsive microfibers/tubes by coaxial flow of inner and 

outer solutions (a); reversible changes of tube diameters with temperature (b); 

Flourescence image of Hep G2 cells cultured on microfibers (c). (B) Development 

of pH-responsive cell-loaded microgels (a); Live-dead image of NIH 3T3 cells 

encapsulated within microgels (b); pH-triggered degradation of microgels, and hence 

release of NIH 3T3 cells (c)..................................................................................78 

Figure 1.16: 4D printing of stimuli-responsive materials. (A) 4D printing of thermo-responsive 

bioinspired tubes (a); bending of the tubes at different temperatures (b). (B) 

Development of vascular construct using thermos-responsive agarose template: (a) 

(a) layer-by-layer deposition of agarose rods and cells; (b) fabrication of hollow 

tubular construct of pig smooth muscle cells; (c) development of double-layered 

vascular construct using HUVSMCs (green) and HSFs (red); (d) and (e) 

hematoxylin-eosin and smooth muscle α-actin staining of double layered vascular 

construct, respectively. (C) 4D printing of dynamic polyurethane-based shape 

memory scaffold: (a) the printed scaffold was stretched to 50 % strain, then seeded 

with hMSCs, followed by shape recovery at 37 °C; (b) phalloidin (green) and DAPI 

(blue) staining before deformation (left image) and after shape recovery (left image), 

respectively. .........................................................................................................81 

xx 



 
 

      

        

      

          

       

        

         

          

        

        

           

         

        

        

    

   

 

  

 

          

             

              

Figure 1.17: 4D bioprinting of shape-morphing structures capable of self-transformation with 

intrinsic stimuli. (A) Biomimetic 4D printing of self-folding objects via anisotropic 

swelling: (a) 4D printing induce shear-induced alignment of cellulose microfibers; 

(b) anisotropic swelling in the longitudinal direction; (c) Blue staining of aligned 

printed fibers; (d) anisotropic swelling trigger folding of the printed pattern into 

flower-shaped structure. (B) 4D biofabrication of Ca2+ responsive cell-laden hollow 

tubes: (a) printing of AA-MA or HA-MA in presence/absence of cells; (b) 

crosslinking of the printed films via irradiation with visible light; (c) spontaneous 

folding into tubular structures in aqueous solution; (d) reversible unfolding (middle 

image)/folding (right image) in using Ca2+ and EDTA, respectively; (e) live/dead 

assay of cells encapsulated into self-folded tubes after 1 (left image), 2 (middle 

image), and 7 (right image) days of culture. (C) Self-folding via osmolarity gradient: 

(a) printing of droplet network using lipid-coated aqueous droplets of different 

osmolarities to trigger bending via swelling/shrinking; (b) and (c) self-folding of the 

printed strip and slower-shaped bilayers driven by different osmolarities, 

respectively. .........................................................................................................83 

Chapter 2 

Figure 2.1: 1H NMR of GTP and PP monomers......................................................................147 

Figure 2.2: (a) 1H NMR and (b) 13C NMR spectra of glycerol. ...............................................148 

Figure 2.3: 13C NMR spectra of (a) GTP and (b) PP monomers. .............................................149 

xxi 



 
 

             

          

       

         

   

          

       

        

             

      

       

        

           

     

         

     

      

       

         

  

Figure 2.4: ESI-MS spectra of (a) GTP and (b) PP monomers. ...............................................150 

Figure 2.5: FTIR spectra of (a) glycerol-based elastomers, (b) GTP-co-PP-co-BDBMP-based 

networks, (c) thiol crosslinkers, and (d) olefin-containing monomers..................152 

Figure 2.6: Raman spectra of (a) glycerol-based elastomers and (b) GTP-co-PP-co-BDBMP-based 

networks.............................................................................................................153 

Figure 2.7: DSC and TGA traces of glycerol-based elastomers (a and c, respectively), and GTP-

co-PP-co-BDBMP-based networks (b and d, respectively). (e) Table illustrating Tg 

and Td values of the elastomeric networks. .........................................................154 

Figure 2.8: (a) Schematic illustration of preparation of dog-bone mold elastomers for mechanical 

test; (b and c) Stress-strain behavior of glycerol-based and GTP-co-PP-co-BDBMP-

based networks. (d) Table summarizing Young’s modulus, elongation at break, 

tensile strength, and toughness of the elastomers. ...............................................157 

Figure 2.9: Stress-strain behavior of three repeats of GTP-co-HDT (a); GTP-co-BDBMP (b); 

GTP-co-TMPTMP (c); and GTP-co-ETTMP......................................................158 

Figure 2.10: (A and B) Water contact angle of glycerol-based elastomers and GTP-co-PP-co-

BDBMP-based networks; (C) Swelling degree of glycerol- and GTP-co-PP-co-

BDBMP-based elastomers. (D) Surface morphology of the elastomers: GTP-co-

HDT (a); GTP-co-BDBMP (b); GTP-co-TMPTMP (c); GTP-co-ETTMP; and GTP-

co-PP-co-BDBMP-based networks ([ene]GTP/[ene]total = 10-50%, e - i). (Scale bar 

10 μm)................................................................................................................160 

xxii 



 
 

         

             

                

            

          

      

              

        

        

     

            

        

        

            

       

           

         

       

   

Figure 2.11: Protein adsorption on glycerol-based networks. ..................................................162 

Figure 2.12: Enzymatic degradation of the elastomers at 4 different weeks.............................163 

Figure 2.13: (a) Live-dead of images of mouse myoblast on the elastomers at day one, three, and 

five of culture. (b) Quantification of live/dead assay images of mouse myoblast on 

the elastomers. (c) Proliferation of mouse myoblast on the glycerol-based elastomers 

analyzed by Alamar blue assay. ..........................................................................165 

Figure 2.14: (a) Phase images of mouse myoblast at day three of seeding on GTP-co-HDT; GTP-

co-BDBMP; GTP-co-TMPTMP; GTP-co-ETTMP; and TCP (scale bar 200 μm). (b) 

Proliferation of human myoblast on the glycerol-based elastomers analyzed by 

Alamar blue assay. .............................................................................................167 

Figure 2.15: (a) Flourescence images of human myoblast immunosained for MHC (red) and 

sacromeric α-actinin (green) after one week of differentiation on (A) GTP-co-HDT; 

(B) GTP-co-BDBMP; (C) GTP-co-TMPTMP; (D) GTP-co-ETTMP; and TCP (scale 

bar 200 μm). (b) quantification of % area covered by myotubes after one week of 

differentiation on the elastomers and TCP. .........................................................169 

Figure 2.16: Fluorescence images of human myoblast immunosained for MHC (red) and 

sacromeric α-actinin (green) after two weeks of differentiation on GTP-co-HDT, 

GTP-co-BDBMP, GTP-co-TMPTMP, GTP-co-ETTMP, and TCP (scale bar 200 

μm). ...................................................................................................................170 

xxiii 



 
 

            

         

            

          

          

         

            

         

            

     

           

         

        

          

            

          

          

    

           

          

        

   

Figure 2.17: (A) High magnification images of immunofluorescence staining for MHC and 

Sacromeric α-actinin (a), H&E staining (b), and immunostaining for desmin (c), after 

two weeks of differentiation of human myoblasts on the elastomers. (B and C) 

Quantification of myotube diameters and % area covered by myotubes after two 

week of differentiation on the elastomers and TCP. (D) qRT-PCR of myogenic 

regulatory factors MYF5, MYOD, MYOG, and MRF4 after 10 days of differentiation 

on the elastomers. The white circle represents MHC negative cells. White arrows 

show detached myotubes, blue arrows points to myotubes with more than 5 nuclei. 

(* denotes P < 0.05 as compared to TCP, while $ denotes P < 0.05 as compared to 

all other samples.) ..............................................................................................171 

Figure 2.18: (A) Fluorescence images of mouse myoblast immunosained for MHC (red), 

sacromeric α-actinin (green), and DAPI (blue) after one week of differentiation on 

glycerol-based elastomers (scale bar 200 μm). (B) Quantification of myotube 

coverage area after week one and two of differentiation. (C) H&E staining after two 

weeks of differentiation of mouse myoblast on the elastomers. Number of beating 

myotubes per mm 2 (D), and spontaneous beating frequency (E) of mouse myoblast 

on glycerol-based elastomers after 10 days of differentiation. White arrows points to 

the detached myotubes. ......................................................................................175 

Figure 2.19: Immunostaining for MHC (red), sacromeric α-actinin (green), and DAPI (blue) after 

two week of differentiation of mouse myoblast on (A) GTP-co-HDT; (B) GTP-co-

BDBMP; (C) GTP-co-TMPTMP; (D) GTP-co-ETTMP; and TCP (scale bar 400 

μm). ...................................................................................................................177 

xxiv 



 
 

   

 

           

       

      

          

     

          

            

   

        

        

        

      

       

         

        

    

             

       

Chapter 3 

Figure 3.1: 1H NMR spectra of (a) PEG-macroinitiator, (b) PEG-b-PHEMA, (c) PEG-b-PHEMA-

b-PBA, and (d) PEG-b-P(HEMA-ene)-b-PBA in DMSO-d6. Resonances from 

solvent are indicated with red arrows..................................................................204 

Figure 3.2: GPC curves of (a) MeO-PEG-Br macroinitiator, (b) PEG-b-PHEMA, (c) PEG-b-

PHEMA-b-PBA, and (d) PEG-b-P(HEMA-ene)-b-PBA. ....................................205 

Figure 3.3: (a) Fluorescence of pyrene at different concentration of PEG-b-P(HEMA-ene)-b-PBA, 

(b) Log C versus florescence intensity at 373 nm curve represent CMC value of PEG-

b-P(HEMA-ene)-b-PBA. ....................................................................................207 

Figure 3.4. DLS diagrams of PEG-b-P(HEMA-ene)-b-PBA-based nanoparticles: (a) NCM, (b) 

CM5, (c) CM10, and (d) CM20 in water.............................................................209 

Figure 3.5: TEM images of PEG-b-P(HEMA-ene)-b-PBA-based NCM and CM5. ..................210 

Figure 3.6: In vitro DOX release profile from PEG-b-PHEMA-(ene)-b-PBA-based DOX-NCM2, 

DOX-CM5, and DOX-CM10 at 37 °C at pH 5.5 and pH 7.4...............................213 

Figure 3.7: Cytotoxicity of (a) blank NCM and CM5 samples, and (b) DOX, DOX10-NCM, 

DOX10-CM5, cRGD-DOX10-CM5 against MCF 10A breast cancer cells after 24 h 

of incubation. .....................................................................................................215 

Figure 3.8: Confocal images of (a) MCF10A cancer cells, and (b) MCF10A normal cell after 2 h 

incubation with DOX10-NCM2, DOX10-CM5, and cRGD-DOX10-CM5. ............216 

xxv 



 
 

 

   

 

          

   

       

  

  

   

            

       

   

        

      

    

           

          

            

        

             

Chapter 4 

Figure 4.1: 1H NMR spectra of (a) MeO-PEG-Br, (b) MeO-PEG-b-PDMAEMA, and (c) MeO-

PEG-b-PDMAEMA-b-PHEMA. ........................................................................242 

Figure 4.2: GPC analysis of MeO-PEG-Br, MeO-PEG-b-PDMAEMA, MeO-PEG-b-

PDMAEMA-b-PHEMA, MeO-PEG-b-PDMAEMA-b-P(HEMA-PFBA), MeO-

PEG-b-PDMAEMA-b-P(HEMA-FBA), and MeO-PEG-b-PDMAEMA-b-

P(HEMA-FBA)-DOX. .......................................................................................243 

Figure 4.3: (a) 1H NMR and (b) 13C NMR spectra of PFBA. ...................................................244 

Figure 4.4: 1H NMR spectra of (a) MeO-PEG-b-PDMAEMA-b-P(HEMA-PFBA), and (b) MeO-

PEG-b-PDMAEMA-b-P(HEMA-FBA). .............................................................245 

Figure 4.5: 1H NMR spectra of MeO-PEG-b-PDMAEMA-b-P(HEMA-FBA)-DOX. ..............248 

Figure 4.6: GPC spectrum of MeO-PEG-b-PDMAEMA-b-P(HEMA-FBA)-DOX...................248 

Figure 4.7: Characterization of MeO-PEG-b-PDMAEMA-b-P(HEMA-FBA)-DOX based micelle: 

(a) particle size measurement, (b) zeta potential measurement, (c) and TEM analysis. 

Determination of critical micelle concentration: (d) fluorescence spectra of pyrene at 

different polymer concentrations, and (e) Log C versus I339/I334 plot of pyrene. ..250 

Figure 4.8: Physicochemical properties of GTI2040/DOX-MDC complexes formed at different 

N/P ratios: (a) particle sizes, (b) zeta potentials, (c) gel retardation assay, (d) particle 

xxvi 



 
 

         

        

              

      

            

     

         

            

       

        

        

           

            

       

        

      

 

 

 

size histogram of GTI2040/DOX-MDC (N/P = 30), and (e) zeta potential 

measurement of GTI2040/DOX-MDC (N/P = 30). .............................................251 

Figure 4.9: (a) Serum stability of GTI2040/DOX-MDC (N/P = 30), and (b) in vitro pH-sensitive 

DOX release at pHs 5.5 and 7.4. .........................................................................253 

Figure 4.10: CLSM images of MCF-7 cells after 2 h incubation with Free DOX/GTI2040, DOX-

MDC, GTI2040-MDC, and GTI2040/DOX-MDC..............................................254 

Figure 4.11: (A) Quantification of cellular uptake using flow cytometry analysis: (a) untreated 

cells, (b) GTI2040/DOX uptake after 4 h incubation with MCF-7 cells, (c & d) 

GTI2040/DOX-MDC uptake after 4 and 8 hrs incubation with MCF-7 cells, 

respectively. (B) Flow cytometry analysis of free DOX and DOX-MDC 

internalization into MCF-7 cells after 4 and 8 hrs incubation. (C) Normalized DOX 

fluorescence intensity after incubation of free DOX with MCF-7 cells for 4 h, and 

treatment of cells with DOX-MDC for 4 and 8 hrs. The intensity was normalized to 

the fluorescence intensity of untreated cells. .......................................................256 

Figure 4.12: Cytotoxicity of Free DOX, DOX-MDC, GTI2040/DOX-MDC, and blank MDC 

against MCF-7 cells after 48 h. ...........................................................................257 

xxvii 



 
 

   

  

      

    

      

      

      

    

  

       

  

   

 

 

 

 

 

 

 

List of Tables 

Chapter 3 

Table 3.1: DPn, Mw, Mn, and Ð values of PEG-b-PHEMA, PEG-b-PHEMA-b-PBA, and PEG-b-

P(HEMA-ene)-b-PBA, and PEG-b-P(HEMA-ene)-b-PBA .................................206 

Table 3.2: Preparation of PEG-b-P(HEMA-ene)-b-PBA-based micelles with tunable crosslinking 

density at core-shell interface. ............................................................................208 

Table 3.3: Preparation of DOX-loaded crosslinked PEG-b-PHEMA-(ene)-b-PBA micelles with 

pH-responsive behavior. .....................................................................................212 

Chapter 4 

Table 4.1: DPn, Mn, and Ð values of MeO-PEG-Br, MeO-PEG-b-PDMAEMA, MeO-PEG-b-

PDMAEMA-b-PHEMA, MeO-PEG-b-PDMAEMA-b-P(HEMA-PFBA), and MeO-

PEG-b-PDMAEMA-b-P(HEMA-FBA). .............................................................247 

xxviii 



 
 

 

 

          

           

          

          

          

          

            

             

         

             

           

             

            

        

           

   

          

              

            

         

          

Abstract 

Biodegradable polymers have attracted significant attention in the recent years because of 

their important biomedical applications in tissue engineering, drug delivery, gene delivery, and 

various biomedical devices. In tissue engineering field, combined with cells and bioactive factors, 

biodegradable polymers are employed as the scaffold to guide cell migration, proliferation and 

differentiation, thereby enabling the regeneration of injured tissues or the development of 

functional tissues-like structures for replacement of diseased organs. Significant progress has been 

achieved in the design of biodegradable scaffolds, benefiting from the advances in chemistry and 

biology. Thus, scaffolds that can be degraded by biological stimuli, such as enzymes, pH, and 

redox activity, are being developed for applications requiring local degradability of the 

biomaterials. Alternatively, other types of the scaffolds that can be degraded by light have been 

emerged for remote spatiotemporal control of degradability. In situ modulation of biochemical and 

biophysical properties of the scaffolds can be achieved by appropriate degradation of the scaffolds 

spatially and temporally. This allows studying the cell behavior in real time, and provides deeper 

understanding on the complex interdependent cellular signals. On-demand control over 

degradability has also enabled regulation of stem cells fate, and change of their differentiation 

commitments during culture. 

Development of biodegradable carriers for the delivery of chemotherapeutic cargos to 

tumor cells is also an intriguing area of research. Drug delivery systems aim to localize the 

chemotherapeutics in the tumor tissues, thus increasing their antitumor efficacy. This provides 

potential solutions to the drawbacks associated with chemotherapy through direct administration, 

such as non-specificity, low bioavailability, cytotoxicity to health tissues, and poor solubility. 
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Well-defined biodegradable polymeric carriers in the form of micelles, dendrimers, 

polymersomes, and polymer-drug conjugates enable permit physical encapsulation or chemical 

conjugation of anticancer drugs, and the resulting drug-loaded formulations are promising 

candidates for cancer treatment. Considerable efforts in drug delivery systems are currently 

focusing in the development of biodegradable nanocarriers for systemic delivery of antitumor 

drugs, which can bypass the physiological barriers of different tumor tissues. Researchers are also 

devoting their efforts to development of biodegradable injectable hydrogels as local depots for 

remote on-demand release of drugs using either chemical or physical stimuli, which is in addition 

to the fabrication of biodegradable patches for local delivery through skin. Furthermore, increasing 

attention has also been given to the design of biodegradable carriers for drug and gene co-delivery. 

This approach has demonstrated improved antitumor efficacy as compared to individual delivery 

systems. 

This thesis focuses on the development of biodegradable polymeric biomaterials with 

tunable physicochemical properties for biomedical applications. Specifically, well-defined 

polymer-based biomaterials are synthesized for tissue engineering, drug delivery, and drug and 

gene co-delivery. The thesis is organized into four chapters: Chapter 1 provides comprehensive 

overview over stimuli-responsive biomimetic scaffolds and their use in tissue engineering 

applications. The chapter starts with reviewing the toolbox of chemistries involved in development 

of physically or chemically crosslinked networks. Physical crosslinking strategies such as 

hydrogen bonding, ionic interaction, metal-ligand complexation, host-guest complexation, thermal 

crosslinking, and self-assembly are discussed. Next, different categories of stimuli-responsive 

scaffolds including pH-responsive, thermally-responsive, photo-responsive, electrically-

responsive, and mechanically-responsive are highlighted, with special focus on stimuli-responsive 
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functionalities, and structure reactivity relationships. Afterwards, spatiotemporal dynamic 

modulation of biochemical, biophysical, and structural cues using stimuli-responsive 2D and 3D 

scaffolds are presented. Reversible and irreversible modulation of cell-directing cues, such as 

mechanical and biochemical signals, is covered in this section. Furthermore, the interplay between 

stimuli-responsive scaffolds and advanced biofabrication technologies, such as lithography, 

microcontact printing, micromolding, microfluidics, and 3D bioprinting are discussed in details. 

The significance of integration of stimuli-responsive materials and biofabrication technology in 

the development of dynamic scaffolds with organizational feature similar to native tissues, as well 

as 4D culture is reviewed. 

Development of in vitro model of skeletal muscle tissue is vital for many studies, such as 

pre-clinical drug testing, investigation of new therapeutic targets and elucidation of disease 

mechanisms. However, long-term culture of myoblast is very often limited by delamination and 

detachment of myotubes. Therefore, the development of scaffolds of tunable properties to support 

long term culture of myotubes is a pressing need. Chapter 2 demonstrates the development of 

biodegradable elastomeric scaffolds of tunable mechanical and surface properties for skeletal 

muscle tissue engineering. New thiol-ene reactive monomers including glycerol tripentenoate 

(GTP) and pentenoyl pentenoate (PP) is synthesized, and their chemical structures are confirmed 

by 1H NMR, 13C NMR, and electrospray ionization mass spectroscopy (ESI MS) analysis. After 

that, thiol-ene click chemistry is employed to crosslink the GTP monomer with a series of di- and 

trifunctional thiols including 1,6-hexanedithiol (HDT), 1,4-butanediol bis(3-mercaptopropionate) 

(BDBMP), trimethylpropane tris(3-mercaptopropionate) (TMPTMP), and ethoxylated 

trimethylolpropane tri(3-mercaptopropionate) (ETTMP). The thiols are appropriately selected to 

enable collective tuning of biodegradability, surface wettability, and mechanical properties of the 
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scaffolds in one-step reaction. Thiol-ene crosslinking of GTP, PP, and BDBMP mixtures, of 

different molar ratios of [Ene]PP/[Ene]GTP in the feed results in elastomers of broad range of 

mechanical properties. The chemical structures of elastomers are characterized by Fourier 

transform infrared spectroscopy (FTIR) and Raman spectroscopy. Their thermal properties are 

revealed using differential scanning calorimetry (DSC) and thermogravimetric analysis, and the 

elastomers exhibit glass transition temperature (Tg) between -21 and -51 °C, and the degradation 

temperature (Td) in the range of 320 – 430 °C. The water contact angle of the elastomers varies 

between 51° and 81°, which is the optimal surface wettability range for cell attachment and 

spreading. Scanning electron microscopy (SEM) analysis shows the surface morphology of the 

elastomers. The hydration degree is also measured for all elastomers, and their swelling degree 

between 1.0% and 2.5% is obtained. The mechanical properties including Young’s modulus, 

elongation at break, and toughness are examined, and the elastomers display ultimate elongation 

of 15.2 – 445%. Cell viability and proliferation of human and mouse myoblast are investigated 

using live/dead assay and alamar blue assay, and the results confirm the biocompatibility of the 

scaffolds. The influence of physicochemical properties of the elastomers on myogenic 

differentiation of human and mouse myoblast cells are studied for short-term and long term-

culture. Immunostaining for myosin heavy chain (MHC) and sacromeric α-actinin, as well as qRT-

PCR analysis, demonstrate the elastomers support myogenic differentiation of cells and long-term 

culture of myotubes as compared to the matrigel-coated tissue culture plate (TCP). Analysis of 

beating behavior and contraction of myotubes reveals higher spontaneous beating rate and number 

of beating myotubes on the elastomers relative to the control (TCP). 

Polymeric micelles have long been used as drug carriers for effective delivery of 

chemotherapeutics to tumor tissues. However, their limited in vivo stability and dissociation after 
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injection are critical obstacles for their clinic applications, because excessive dilution by body fluid 

can drop their in vivo concentration below critical micelle concentration. This generally results in 

premature release of the drug before reaching the target site. Chapter 3 address this problem via 

the development of targeted pH-responsive poly(ethylene glycol)-b-poly(2-hydroxyethyl 

methacrylate)-b-poly(butyl acrylate) (PEG-b-PHEMA-b-PBA)-based crosslinked micelles. The 

backbone polymer is synthesized by sequential atom transfer radical polymerization (ATRP) of 2-

hydroxyethyl methacrylate (HEMA) and butyl acrylate (BA), followed by functionalization of 

hydroxyl groups of PHEMA block with 4-pentenoic anhydride to incorporate thiol-ene reactive 

motifs to the backbone. The chemical structures of all intermediates are characterized by 1H NMR 

and gel permeation chromatography (GPC) analysis. Self-assembly of MeO-PEG-b-P(HEMA-

ENE)-b-PBA in aqueous solution and thiol-ene crosslinking of their alkene groups at with pH-

sensitive 1,4-butanediol bis(3-mercaptopropionate) linker are performed to stabilize the micelles. 

Targeted pH-sensitive micelles are also developed by anchoring cRGD-thiol to the alkene groups 

during crosslinking. The crosslinking density at the core-shell interface is tuned by varying the 

[thiol]/[ene] molar ratio. Measuring the particle size by dynamic light scattering reveals a decrease 

of micelle size with increasing crosslinking density. Transmission electron microscope (TEM) 

analysis of crosslinked micelles (CM) and non-crosslinked micelles (NCM) shows their spherical 

morphology and mono-modal size distribution. The CM exhibit higher DOX loading efficiency 

relative to NCM. DOX release behavior is regulated by tuning the crosslinking density at core/shell 

interface. The higher cumulative release in pH 5.5 confirm the pH-sensitivity of the crosslinked 

micelle. The biocompatibility of MeO-PEG-b-P(HEMA-ENE)-b-PBA micelle against MCF 10 A 

cells is demonstrated by using MTT assay. Cytotoxicity study reveals that cRGD-DOX-CM 

sample possesses higher cytotoxicity as compared to DOX-CM sample. 
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Chemotherapy is the most used clinical modality for cancer treatment. However, its non-

specificity and cytotoxicity to health tissues limit its anticancer efficacy. Recently, combination of 

chemotherapy with gene therapy has emerged as a promising strategy with enhanced antitumor 

efficacy. Thus, the development of nanocarriers for co-delivery of multiple types of therapeutic 

agents to tumor tissues is of critical importance. Chapter 4 demonstrate the development of well-

defined pH-responsive triblock copolymer-based nanocarrier for codelivery of DOX and GTI2040 

gene to breast cancer cells. The triblock copolymer, MeO-PEG-b-PDMAEMA-b-PHEMA, is 

developed via two consecutive ATRP steps to polymerize 2-(dimethylamino)ethyl methacrylate 

(DMAEMA) and HEMA respectively using a poly(ethylene glycol) (PEG)-based macroinitiator 

in the first step. Then it is conjugated with DOX through incorporation of 4-formylbenzoyl group 

to the PHEMA block of the triblock copolymer, followed by the subsequent conjugation reaction. 

The chemical structures and composition of the intermediate and final polymer-DOX is 

characterized by 1H NMR and GPC analysis, and degree of polymerization (DPn) of DMAEMA 

and HEMA are 39 and 60, respectively. The critical micelle concentration (cmc) of the final 

conjugate, MeO-PEG-b-PDMAEMA-b-P(HEMA-FBA)-DOX, is assessed using pyrene probe, 

and a cmc value of 16 µg/mL is obtained. The conjugate is self-assembled into cationic micelle 

(DOX-MDC). The binding ability of negatively charged GTI2040 with DOX-MDC is confirmed 

by gel retardation assay. The particle size and zeta potential of GTI2040/DOX-MDC at different 

N/P ratio are measured by DLS. TEM analysis of GTI2040/DOX-MDC (N/P = 30) shows an 

average size of 136 nm, and the particles exhibit spherical morphology. The favorable DOX release 

at PH 5.5 relative to PH 7.4 demonstrates the pH sensitivity of imine linkage between DOX and 

the polymer. Cellular uptake studies are assessed by confocal laser scanning microscopy (CLSM), 

and GTI2040/DOX-MDC shows significant accumulation in MCF-7 cells. Quantification of 
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DOX-positive cells by flow cytometry after 4 h reveals that cells treated with GTI2040/DOX-

MDC exhibit 99% positive cells as compared to 54% positive cells for those treated with free 

DOX. The percentage of apoptosis is evaluated, and GTI2040/DOX-MDC display significant 

apoptosis relative to free DOX. 
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Chapter 1: Stimuli-Responsive Scaffolds for Tissue Engineering Applications: 

From Chemistry to Biofabrication Technology 

ABSTRACT 

Tissue engineering (TE) aims to create biologically functional tissue-like structures through 

combining cells, growth factors, and biomimetic materials. Native tissues orchestrate their 

functions by complex interdependent cascades of biochemical and biophysical cues that vary 

spatially and temporally during cellular processes. Polymer-based scaffolds with well-tuned 

structural, mechanical, and biochemical properties have been developed to guide cell behavior and 

provide insight on cell-matrix interaction. However, static scaffolds very often fail to mimic the 

dynamicity of native extracellular matrices (ECMs). Stimuli-responsive scaffolds have emerged 

as powerful platforms that capture vital features of native tissues owing to their ability to change 

chemical and physical properties in response to cytocompatible stimuli, thus enabling on-demand 

manipulation of cell microenvironment. The vast expansion in biorthogonal chemistries as well as 

stimuli-responsive functionalities has fuelled further the development of new smart scaffolds that 

can permit multiple irreversible or reversible spatiotemporal modulation of cell-directing cues, 

thereby prompting in-depth studies to interpret the decisive elements that regulate cell behavior. 

Integration of stimuli-responsive materials with current biofabrication technologies has allowed 

the development of dynamic scaffolds with organizational features and hierarchical architectures 

similar to native tissues. This review highlights the progress achieved using stimuli-responsive 

polymeric scaffolds in TE field, with particular emphasis on the interplay between chemistry, 

biomaterials design, and biofabrication technologies for manipulation of cell microenvironment. 
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1.1. Introduction 

Tissue engineering (TE) aims to generate constructs with biomimetic functions that can be 

used either for correcting or replacing damaged or diseased tissues, or for in vitro use as disease 

models in research.[1] It provides an alternative therapeutic strategy that eliminates the problems 

associated with organ transplantation including donor site morbidity, limited availability, and the 

possibility of disease transmission.[2] TE strategies are usually based on combining cells and 

signaling molecules with bioactive 3D scaffolds, which provide the structural support and 

biochemical cues directing cell behavior including proliferation, differentiation and new ECM 

synthesis that leads to tissue remodeling.[3] Development of instructive biomimetic scaffolds with 

tunable biological and physicochemical properties, to induce the cells to form specific neo-tissues, 

is one of the main goals in TE. 

The progress in TE has long been devoted to studying the cellular behavior in 

preprogrammed static 3D scaffolds, which are designed to mimic certain biophysical and 

biochemical features of native ECMs. However, native ECMs are heterogeneous and dynamic in 

nature, and change their compositions, structures, and physicochemical properties during 

biological events such as aging, fibrosis, wound healing, cancer progression, and so on.[4-7] In-

depth studies have revealed dynamic spatiotemporal changes of cell-directing cues on functional 

tissues, indicating that the traditionally developed 3D scaffolds with temporally homogeneous cues 

are unable to provide sustainable guidance to cells. Indeed, most of the reported 3D scaffolds direct 

cell fate only at specific-time points, and thereafter the scaffolds lose their instructive features 

because the presented signals are no longer effective in guiding the cells at new time points. 

Therefore, benefited from the advances in biorthogonal chemistries and the growing library 

of stimuli-responsive functionalities, there has been a substantial paradigm shift in the design 
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criteria of TE scaffolds. Accordingly, development of stimuli-responsive biomimetic TE scaffolds 

has attracted increasing attention, because they can emulate to great extent the dynamic nature of 

native ECMs by undergoing unidirectional or cyclical structural changes with physiologically 

benign stimuli. Moreover, stimuli-responsive scaffolds can permit user-defined spatiotemporal 

modulation of biophysical and biochemical cues to direct cell behavior, paving the way to 

understand complex interdependent cell signaling. In addition, integration of stimuli-responsive 

materials with the state-of-art biofabrication technologies has enabled engineering of complexity 

of cellular microenvironment over multiple length scales, and opened new avenues toward the 

development of functional tissue-like replacements with clinically relevant importance. 

Furthermore, scaffolds with tunable sensitivity to pH, temperature, light, mechanical, and 

electrical stimuli have been widely exploited for sustainable and on-demand delivery of bioactive 

cues to cells, as well as the generation of biochemical gradients to spatially regulate cell growth. 

Finally, reversible modulation of biophysical cues, such as mechanical stiffness and stress/strain 

behavior, has also been achieved using stimuli-responsive 3D platforms. 

Stimuli-responsive hydrogels have received great attention in TE field because of their 

biocompatibility, hydrophilicity, and unique physical properties that permit diffusion of oxygen, 

nutrients and bioactive molecules through their polymeric network. In addition, hydrogels are 

crosslinked macromolecules that retain large amounts of water, thereby acting as reservoirs of 

signaling molecules that influence cellular fate.[8, 9] Hydrogels can be classified into two major 

categories: chemically crosslinked hydrogels in which polymer chains are crosslinked through 

covalent bonds; and physically crosslinked hydrogels in which 3D structures are formed via weak 

forces like hydrogen bonding, hydrophobic and ionic interactions, metal-ligand coordination, host-

guest intercalation, and stereocomplexation.[10] The materials used in stimuli-responsive 
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hydrogel formation can be natural, synthetic or hybrids of natural and synthetic. The most common 

natural materials used for hydrogel formation include polysaccharides, such as chitosan (Cs), 

alginate, hyaluronic acid (HA), dextran, and agarose, and proteins (such as collagen, fibrin, elastin, 

and gelatin).[11] Natural materials are usually biocompatible, biodegradable and contain 

biological signals that affect cell behaviors; however, they typically possess poor mechanical 

properties, with batch-to-batch variability. Importantly, protein-based materials exhibit complex 

myriad of bioactive functionalities, resulting in difficulties in defining which bioactive signal 

elicits a specific cell response.[12] In contrast, synthetic materials offer reproducible and tunable 

physical, chemical and mechanical properties, but lack biological cues that promote tissue 

formation and regeneration[13]. Therefore, combining natural and synthetic materials is an 

intriguing research area that may open avenues toward fabrication of biomimetic scaffolds with 

tunable mechanical and biological properties.[14] 

Integration of stimuli-responsive materials with current biofabrication techniques 

including lithography, micromolding, microcontact printing, 3D bioprinting modalities, and textile 

fabrication methods have emerged as promising tools for the construction of 3D scaffolds 

mimicking the architecture of native tissues.[15-18] Some of these techniques can be linked to 

imaging modalities to reveal the recreated tissue architecture.[19, 20] Recent studies have 

demonstrated the development of 3D constructs with organizational feature similar to aortic valve, 

ear, skin, and blood vessels.[1] However, significant efforts are still needed to improve the spatial 

resolution and vertical buildup of the scaffolds. Furthermore, the development of new biomaterials 

that meet the requirement of biofabrication techniques, such as proper viscosity and rapid 

crosslinking process, is also important. 
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The main goal of this review is to summarize the state-of-art stimuli-responsive scaffolds 

that recapitulate critical features of native ECMs and can be modulated with external and/or 

internal stimuli to alter cellular microenvironment, thereby enabling real-time manipulation of 

cellular response as well as revealing cell-directing cues. The review highlights the multifaceted 

perspectives of stimuli-responsive scaffolds, spanning from biomaterials chemistry to 

biofabrication technology. More specifically, the review starts with brief, but essential, 

introduction to highlight the impact of stimuli-responsive scaffolds in TE field. Then, the next 

section summarizes the chemistry toolsets employed in fabricating chemically and physically 

crosslinked scaffolds, as well as imparting bioactivity to the scaffolds design. Subsequently, the 

third section discusses various categories of stimuli-responsive scaffolds including pH-, thermo-, 

photo-, electro, mechano-responsive platforms, with particular emphasis on the stimuli-responsive 

functionalities and structure-property relationship. Afterward, the fourth section highlights the 

vital role of stimuli-responsive scaffolds in modulation of biochemical and biophysical cell-

directing cues. Manipulation of cell attachment using stimuli-responsive 2D substrates, and 

controlled modulation of structural, mechanical, and biochemical characteristics in stimuli-

sensitive 3D platforms, are reviewed in this section. The fifth section highlights the integration of 

stimuli-responsive scaffolds with recent biofabrication technologies including microcontact 

printing, micromolding, lithography, textile fabrication technologies and bioprinting modalities, 

for building stimuli-responsive constructs with geometrical and dynamic features similar to native 

tissue. Given the multidisciplinary nature of the research involving stimuli-responsive scaffolds, 

it is impossible to include a detailed discussion on every aspect of such stimuli-responsive 

platforms in this review. 
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1.2. Hydrogels 

Hydrogels, 3D crosslinked networks with hydrophilic features that can retain large 

amounts of water, have been widely investigated as promising 3D scaffolds which closely mimic 

native ECMs. Bio-functionalization of hydrogels provides biological and mechanical cues for cells 

to guide their cellular behavior in 3D.[21, 22] According to gelation mechanisms, hydrogels can 

be classified into two major categories, including chemically crosslinked hydrogel and physically 

crosslinked hydrogels. Chemically crosslinked hydrogels involve covalent linking of polymer 

chains, whereas physically crosslinked hydrogels involve interaction of polymer chains through 

physical forces, such as hydrogen bonding, Vander Waal forces, hydrophobic and electrostatic 

interactions, and stereocomplexation.[23-26] It is worth mentioning that native ECMs are mainly 

composed of proteoglycans and fibrous structures of proteins, and many of the building units of 

ECMs, such as collagen, gelatin and elastin, can form hydrogels. Development of hydrogels that 

recapitulate the functions of ECMs is a main challenge toward the construction of 3D biomimetic 

TE scaffolds, and rationally designed hydrogel scaffolds should display cell-scaffold interactions 

somewhat similar to cell-ECM interactions. To achieve this goal, hydrogels with tunable network 

architectures must be developed to mimic structural, mechanical, and biological features of native 

tissues.[27] In this section, we will first introduce the chemistries involved in construction of 

chemically and physically crosslinked hydrogels. Then, the development of stimuli responsive 

scaffolds will be discussed. After that, modulation of physicochemical and biological 

characteristics of 3D scaffolds for TE and regenerative medicine will be presented. 
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1.2.1. Chemically crosslinked hydrogels 

Chemical crosslinking involves the formation of polymer network via covalent linkages 

between polymer chains. Various chemical reactions have been employed to synthesize covalently 

crosslinked hydrogels, such as radical polymerization, click reaction, enzyme mediated reaction, 

and Schiff-base chemistry. Figure 1.1 includes the most common chemical crosslinking strategies 

employed in the fabrication of 3D hydrogel scaffolds. The choice of crosslinking strategy and 

conditions defines the properties of the final products like swelling behavior, porosity, mechanical 

properties, and suitability for further modification.[28] Free radical polymerization is one of the 

most commonly used methods for the formation of covalently crosslinked hydrogels, generally 

using vinyl monomers or vinyl-functionalized polymers in presence of crosslinker and radical 

initiator for polymerization. Controlling the molar feed ratio of monomers to initiator provides 

appropriate control over mechanical and physical properties. The main advantage of this strategy 

is the availability of a wide range of monomers like 2-hydroxyethyl methacrylate (HEMA), N-

isopropylacrylamide (NIPAM), and PEG-based monomers.[29] Moreover, 

acrylated/methacrylated natural polymers like methacrylated gelatin (GelMA), methacrylated 

hyaluronic acid (HA-MA), and methacrylated heparin (Hep-MA) can be used for hydrogel 

formation with remarkable bioactivity.[30, 31] On the other hand, the requirement of thermal or 

photo-stimulation to initiate the crosslinking process can induce cytotoxicity.[32] It is worth to 

mention that several initiators can be used to initiate crosslinking process at mild conditions.[33, 

34] Difficulty in achieving well-ordered and homogeneous networks owing to multiple 

termination mechanisms is another drawback.[29] 
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Figure 1.1: Schematic representation of chemical crosslinking strategies employed in the 

construction of 3D TE scaffolds, and the chemistries implicated in functionalization/conjugation 

of biomolecules. 
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Hydrogel formation by Schiff base chemsitry involves reaction between aldehyde and 

amino groups bearing polymers at mild conditions.[35] Aldehyde-containing natural polymers can 

be obtained through partial oxidation of polysaccharides such as hyaluronic acid, dextran, 

chondroitin sulfate and gum arabic, and their subsequent reaction with amino group-bearing 

natural or synthetic polymers induces hydrogel formation.[35, 36] Similarly, the reaction of 

aldehyde- or ketone-containing polymers with polymer incorporating hydroxylamine yields 

hydrogel via oxime bond formation, and the reaction occurs at appreciable rate without using 

catalyst.[37] Additionally, the reaction between isothiocyanate and hydroxyl or amino group of 

polymers is also used for hydrogel preparation under mild conditions.[38] 

Click reactions are highly efficient and robust reactions that can allow formation of 

hydrogels with well-defined network under mild or even physiological conditions.[39] Click 

reactions include alkyne-azide cycloaddition, Diels-Alder reaction, thiol-ene reaction, and so on. 

Copper-catalyzed alkyne-azide cycloaddition is commonly used in bioconjugation, but the 

cytotoxicity of copper prevents its use in regenerative medicine.[40-42] Copper-free strain 

promoted alkyne-azide cycloaddition has been developed to synthesize non-cytotoxic 

poly(ethylene glycol) (PEG)-based hydrogel.[43] Diels-Alder reaction is another class of click 

reaction that occurs between diene and dienophile to form substituted cyclohexene. It is commonly 

used for hydrogel formation in aqueous solutions without employing catalysts.[44] However, the 

slow reaction kinetics prevents its use in processes that require rapidly formed hydrogels, e.g. in 

situ implantation.[45] Fast inverse electron demand Diels-Alder reaction provides a solution to 

this problem via the reaction of trans-cyclooctene with tetrazine.[46] “Thio” click chemistry is 

widely used in hydrogel formation, and it proceeds via base-catalyzed Michael addition or photo-

initiated thiol-ene reaction.[47] In particular, the latter reaction is efficient, rapid and generally 
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occurs under mild conditions. Another method of chemical crosslinking at ambient condition is 

native chemical ligation, which involves the reaction of thiol with thioesters.[48] 

Enzymatic crosslinking is another strategy for crosslinking of polymer chains at mild 

gelation conditions. Polymers with enzymatically reactive moieties like tyramine, tyrosine, 

dopamine, and aminophenol undergo rapid in situ gel formation upon oxidation using hydrogen 

peroxide in the presence of horseradish peroxidase catalyst.[49, 50] 

1.2.2. Physically crosslinked hydrogels 

Several approaches have been employed to prepare physically crosslinked hydrogels, such 

as hydrogen bonding, metal-ligand coordination, host-guest intercalation, ionic interaction, 

stereocomplexation, and molecular self-assembly (Figure 1.2).[51] In addition, cooperative 

physical interactions, such as crystallization and heat triggered crosslinking, can also be employed 

in the crosslinking process to enhance hydrogel stability.[52] Here, we highlight the non-covalent 

forces, as essential physical toolsets for imparting dynamicity to TE scaffolds, with particular 

emphasis on structure-property relationship. The vital role of these forces in manipulation of cell 

behavior will be discussed in later sections. 
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Figure 1.2: Schematic illustration of physical crosslinking strategies of hydrogels: (A) hydrogen 

bonding, (b) metal-ligand coordination, (c) host-guest complexation, (d) ionic interaction, (e) 

stereocomplexation, and (f) self-assembly. Image B, F: Copyright 2015. Reproduced with 

permission from Nature publishing group. Image C: Copyright 2012. Reproduced with permission 

from the Royal Society of Chemistry. Image D: Copyright 2014. Reproduced with permission 

from Elsevier Inc. Image E: Copyright 2015. Reproduced with permission from MDPI. 

1.2.2.1. Hydrogen bonding. Hydrogen bonding is the primary force behind the assembly 

of biological molecules, such as DNA, to form 3D structures with specific orientations. The 

interactions between hydrogen bonding motifs of nucleotide pairs provide stability of the DNA 

double helix.[53] In order to form hydrogels, multiple hydrogen bonds are required for 

crosslinking of the polymer chains.[54] Commonly, motifs with multivalent hydrogen bonding 

sites are used to form stable networks (Figure 1.2A), whose stability often depends on the 

following factors: 1) type of solvent (it is easier to form hydrogels by hydrogen bonding in organic 
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solvents than in aqueous system, due to competition of water molecules for hydrogen bonding 

sites, which in turn, minimizes the interactions between chains); 2) nature of donors and acceptors 

(aromatic, alkyl), and the angle between them which determines association strength (180° angle 

allows maximum association); 3) the sequence of donor and acceptor that also affects the 

association constant.[55] Meijer et al. utilized quadrupole hydrogen bonding motifs of 

ureidopyrimidinone (UPy) to prepare physically crosslinked hydrogels through the incorporation 

of UPy to the terminal of 3-arm poly(propylene oxide-co-ethylene oxide). The resulting hydrogel 

displayed viscoelastic behavior, and its mechanical properties decreased significantly by adding 

small amount of water.[56] Similarly, Hu et al. harnessed the strong hydrogen bonding between 

urethane-urethane linkages and urethane-ester linkages to develop hydrogels of high toughness, 

strength, and fatigue resistance, as well as water uptake of 75%.[57] Urea and guanine have also 

been used as hydrogen bonding motifs, and incorporation of hydrophobic moieties to the polymer 

chains affect the stability and morphology of the resulting hydrogel.[58, 59] 

1.2.2.2. Metal-ligand coordination. Supramolecular hydrogel is formed when two or 

more ligands, incorporated in a polymer chain, interact with metal ions to form coordination bonds 

(Figure 1.2B). Appropriate choice of metal ion and ligand defines hydrogel stability, as the 

coordination bond strength varies significantly (0 – 400 kJ/mol).[55] Schubert et al. demonstrated 

that terpyridine-bearing polymer complexed with Fe2+ to form supramolecular hydrogel that was 

thermally stable up to 160 °C, whereas complexation with Ru2+ increased thermal stability to 250 

°C.[55] Finally, poly(acrylic acid) (PAA) complexation with Fe3+ yielded a photo-responsive 

network that underwent reversible dissolution upon treatment with light in the presence of 

oxygen.[60] 
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1.2.2.3. Host-guest complexation. Host-guest complexation is a mode of physical 

interaction in which a cavity-bearing host molecule binds a guest molecule via a 

thermodynamically favorable interaction. For instance, α-, β-, γ-cyclodextrins (CDs) have cone-

like structures with hydrophilic outer surface and hydrophobic internal cavity that can 

preferentially bind to hydrophobic molecules. Van der Waal forces and hydrophobic interactions 

are the major forces in host-guest complexation; however, other forces such as hydrogen bonding, 

release of CD ring strain and solvent surface tension may also contribute to the complexation.[61, 

62] 

There are two major approaches for hydrogel formation by host-guest interaction. The first 

approach is threading design, which includes threading of linear polymers (such as PEG and 

poly(vinyl alcohol) (PVA)) inside the CD cavity, and chain entanglement as a result of sliding of 

CD ring along the linear polymer backbone.[63, 64] For example, Wang et al. prepared pH-

responsive hydrogel by complexation of PEG pendant groups of poly(poly(ethylene glycol) 

dimethacrylate-co-2-(dimethyl-amino)ethyl methacrylate) (poly(PEGDA-co-DMAEMA)) with α-

CD, at high pH (Figure 1.2C, right image). It was noticed that the hydrogel network was disrupted 

at lower pH due to the pH-sensitive nature of poly(DMAEMA).[65] Further studies confirmed 

that γ-CD could accommodate two chains of PEG in its cavity (Figure 1.2C, left image).[66] The 

second approach is pendant design, in which polymer backbone is functionalized with pendant CD 

host molecules so it can complex with other polymers incorporating the complementary guest 

molecules like azobenzene and adamantane.[67, 68] Besides CD, Cucurbit[n]urils is another host 

molecule commonly used for development of supramolecular host-guest hydrogels for TE.[69] 
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1.2.2.4. Ionic interactions. Hydrogel formation by ionic interaction involves crosslinking 

of charged polymer chains through mixing with oppositely charged species, which in turn forms 

coacervate clusters. For example, negatively charged sodium alginate crosslinks rapidly with 

positively charged calcium ions to form a stable hydrogel (Figure 1.2D). Such physically 

crosslinked hydrogels might display shear thinning behavior under mechanical stress, and restore 

its original shape upon stress removal.[54] Jiang et al. prepared injectable hydrogels by mixing 

(1:1 charge ratio) negatively charged hyaluronic acid and positively charged four-armed PEG-b-

poly(2-aminoethyl methacrylate).[70] Aida et al. reported hydrogel formation upon mixing of 

negatively charged composite of clay nanosheets/poly(acrylate) with positively charged G3-

dendron.[71] In another example, Gong et al. synthesized hydrogels by copolymerization of 

oppositely charged monomers, like p-styrenesulfonate and [2-(acryloyloxy)ethyl]trimethyl 

ammonium chloride (AETMAC).[72] Numerous examples for hydrogels formation, from chitosan 

and alginate, by ionic interactions have been reported in literature.[73-79] 

1.2.2.5. Stereocomplexation. Mixing solutions of optically active polymers, such as 

stereospecific poly(lactic acid) (PLA) or poly(methyl methacrylate) (PMMA), usually favors 

formation of stereocomplexes (Figure 1.2E). The most obvious example is mixing solutions of 

(D)-and (L)-PLA to produce hydrogel with desirable compatibility and degradability. Multivalent 

Van der Waal force is the driving force for helix formation upon mixing stereo-regular blocks of 

PLA.[55] In another example, Hennink et al. prepared hydrogel for protein delivery, through 

modification of dextran with stereoregular PLA, followed by self-assembly.[55, 80] PLA-induced 

stereocomplex formation concept has been used to promote the thermo-gelling properties of 
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pluronic. The modified pluronic displayed sol-gel transition at lower temperature and 

concentration, and displayed enhanced mechanical properties.[55, 81] 

1.2.2.6. Thermal crosslinking. Thermal crosslinking involves using temperature to 

physically crosslink polymer chains. For instance, PVA undergoes physical crosslinking by freeze-

thawing process because of crystallization, resulting in hydrogel formation. The degree of 

crosslinking, mechanical properties, and swelling characteristics can be tuned by running multiple 

freeze-thaw cycles, which increase the degree of crystallinity and alter the physical characteristics 

of the resultant hydrogel.[82] In addition, block copolymers with semi-crystalline domains like 

poly(caprolactone) (PCL) and poly(lactide) (PLA) forms hydrogel by the same approach.[83, 84] 

Moreover, thermally-induced hydrogel formation via other mechanisms is also employed for 

development of physically crosslinked network. For example, poly(N-isopropylacrylamide) 

(PNIPAM) and pluronic display thermo-responsive behavior, and form self-assembled hydrogels, 

by raising temperature above the lowest critical solution temperature (LCST).[85, 86] 

Furthermore, cooperative physical interactions such as coiled coil, β-sheet and triple helix 

can provide stability to thermally crosslinked networks. Such cooperative forces are commonly 

useful for hydrogel formation from collagen and silk.[87, 88] In one study by Kiick et al., triple-

helix-forming collagen-like peptide was conjugated to thermo-responsive elastin-like peptide, and 

the resultant conjugate underwent reversible thermal crosslinking at room temperature, due to 

structural reorganization of triple-helix crosslinks.[89] Moreover, incorporation of polymers with 

specific peptide sequences with thermo-sensitive structural changes, e.g. (AKAAAKA)2, promotes 

the temperature-triggered formation of hybrid hydrogels.[90] 
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1.2.2.7. Molecular self-assembly. Molecular self-assembly of small supramolecular 

structures in aqueous solution has been widely used for the formation of supramolecular hydrogels 

for applications as TE scaffolds (Figure 1.2F).[91, 92] Such supramolecular hydrogels are 

constructed by arrangement of hydrogelators in ordered 3D structures via non-covalent forces.[91] 

Supramolecular hydrogelators containing self-assembling motifs, such as small organic 

molecules,[93] peptides,[94] metal complexes,[95] saccharides,[96] and nucleobases,[97] self-

assemble in aqueous solution at concentration higher than critical gelation concentration to form 

hydrogels. The structure and functionality of supramolecular hydrogelators dictate the properties 

of the resulting hydrogels. Among all hydrogelators, peptide-based hydrogelators have received 

great attention for the construction of 3D structures to support cell growth. Biocompatibility, 

bioactivity, and the ability to harness a wide range of ECM-mimicking peptides are among the 

main advantages of such hydrogelators.[98, 99] 

Several stimuli, such as pH, ionic interactions, temperature, ultrasound, light, ionic 

strength, chemical reactions, and enzymes, are used to trigger the self-assembly process and 

promote sol-gel transition.[99] For example, Saiani and co-workers induced the formation of the 

fibrillar structure of Fmoc-diphenylalanine (Fmoc-FF; Fmoc = (fluoren-9-ylmethoxy)carbonyl) by 

simply decreasing the solution pH, which triggered protonation/deprotonation of the carboxylic 

group of phenylalanine, ultimately inducing self-assembly and supramolecular hydrogel 

formation. In addition, solution pH controlled the hydrogen bond strength between water 

molecules and hydrogelator.[100] In another study of Xu and co-workers, increasing the 

temperature of dipeptide Fmoc-D-Ala-D-Ala solution induced hydrogel formation by affecting the 

strength of hydrophobic interactions and hydrogen bonding as well as increasing entropy to 

promote self-assembly.[101] Finally, Cao et al. reported self-assembly of cysteine-containing 
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peptides, i.e. Ac-I3-CGK-NH2 (Ac = acetyl), under oxidative condition to form supramolecular 

hydrogels which possess tunable mechanical properties, with disulfide bonds incorporated 

between the self-assembled fibers.[102] 

Stupp and co-workers studied the influence of photocleavable o-nitrobenzyl (oNB) group 

on the self-assembly process of peptide amphiphiles (PAs) carrying bioactive epitope, Arg-Gly-

Asp-Ser (RGDS). TEM results showed that PAs undergo self-assembly to form fibrous network 

after photo-irradiation and cleavage of oNB group. However, PAs form spherical particles under 

similar self-assembling conditions in absence of UV irradiation. The researchers concluded that 

structural modification of β-sheet peptide domains with oNB group disrupts self-assembly and 

retards nanofiber formation. NIH/3T3 mouse embryonic fibroblast, cultured on hydrogel of PA-

containing RGDS epitope, displayed higher expression level of vinculin as compared to control 

Arg-Gly-Glu-Ser (RGES) epitope. Cell viability studies showed that the cells maintained their 

viability and proliferation ability after photo-irradiation.[103] 

Bond cleavage and formation by enzymes can also induce the formation of 3D 

supramolecular hydrogels. For instance, Xu and co-workers reported the formation of 

supramolecular hydrogel upon de-phosphorylation of Fmoc-tyrosine phosphate using alkaline 

phosphatase enzyme in aqueous solution.[104] Another study by Chen et al. demonstrated that the 

treatment of FEFKFEpYK with phosphatase, stimulated rapid formation of FEFKFEYK 

hydrogelator, which self-assembled into supramolecular hydrogel that enabled encapsulation of 

various cell types including HeLa, HepG2, and A549 cells.[105] As demonstrated by Palocci and 

co-workers, lipase was used to connect two precursors, Fmoc-Phe and Phe2, and the resulting 

Fmoc-(Phe3) hydrogelator promoted microglial cell proliferation and upregulated expression of 

neural growth factor (NGF).[106] 

17 



 
 

       

          

           

           

            

        

          

        

           

      

          

           

          

              

         

          

        

 

   

        

             

             

           

Galler et al. harnessed K(SL)3RG(SL)3KGRGDS hydrogelator to develop 3D hydrogel 

for encapsulation of dental pulp stem cells along with transforming growth factor β1 (TGFβ1), 

fibroblast growth factor basic (FGF2), and vascular endothelial growth factor (VEGF).[107] The 

hydrogelator is a triblock multi-domain peptide with amphiphilic middle block made of alternating 

units of hydrophilic (serine) and hydrophobic (leucine) amino acids, and side blocks made of 

oppositely charged amino acids (positively charged lysine and negatively charged aspartic acid). 

Self-assembly of peptide domains was triggered at pH 7.4 through screening of positively charged 

lysine using negatively charged heparin and 298 mM sucrose. The scaffold promoted cell 

attachment, proliferation and formation of soft connective tissues that mimic dental pulp. In 

another study, Zhao and co-workers developed 3D nanofibrous scaffold using self-assembling 

peptide RADA16-I, which is the oligopeptide consisting of alternating positively and negatively 

charged residues of arginine and aspartic acid, respectively. A mixture of RADA16-I peptide 

hydrogel and three different ovarian cancer cell lines (A2780, A2780/DDP, and SK-OV-3) in 

water with final RADA16-I and sucrose concentration of 0.5 % and 10 % w/v, respectively, was 

employed for encapsulation of cells. The results showed RADA16-I displayed adhesion properties 

similar to type I collagen and the 3D encapsulated cells exhibited higher anticancer drug resistance 

as compared with their analogues cultured in 2D petri-dish.[108] 

1.3. Stimuli-responsive hydrogels 

Stimuli-responsive scaffolds are defined as scaffolds that undergo significant physical or 

chemical changes upon small alteration of external stimuli or changes within their environment. 

Depending on the magnitude of the stimulus and the response sensitivity, several kinds of physical, 

chemical, and biological stimuli have been employed to trigger the changes within TE 
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scaffolds.[109] Bond cleavage, bond formation, swelling/deswelling, and conformational changes 

are the most common responses. In recent years, there has been a growing interest in the 

development of stimuli-responsive hydrogels that can respond to the external stimuli, rather than 

construction of static networks through conventional crosslinking strategies. Consequently, the 

focus has been shifted to exploring new chemistries to allow the construction of smart hydrogels 

with optimal control over the TE scaffolds regarding their biological and physicochemical features 

(such as growth factor presentation, cellular attachment, and spatiotemporal release of bioactives 

in a controlled fashion, degradability, as well as mechanical and electrical features).[27] This 

section largely focuses on the current strategies employed in designing stimuli-responsive 

scaffolds, which can respond to physical stimuli, such as temperature, light, mechanical stress, and 

electric signals, as well as chemical stimuli like pH. For the development of smart scaffolds that 

can respond to biological stimuli, we direct readers to an excellent published review in the 

literature.[110] 

1.3.1. pH-Responsive hydrogels 

Chemically or physically crosslinked hydrogel can display pH-responsive behavior by 

incorporation of ionic groups with the polymer backbone. Such ionic pendants undergo 

protonation/deprotonation process with changing pH, which in turn affects the degree of ionization 

and hence the net charge on the hydrogels. The ionic groups, typically as weak acidic or basic 

functionalities, can be introduced to the polymer chains through modification reactions or via 

appropriate selections of monomers with acid/base characteristics for polymerization. For 

instance, acrylic acid and methacrylic acid are among the widely used acidic monomers that 

undergo ionization/deionization by changing pH.[111, 112] Under slightly basic conditions, the 
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carboxylic groups of the resulting hydrogels become ionized and the repulsive force between the 

adjacent negatively charged groups increases the hydrodynamic volume of the hydrogel, leading 

to polymer swelling. On the other hand, under acidic condition, deionization of the carboxylic 

groups causes collapse of the network. Poly(N,N–dimethyl aminoethyl methacrylate) 

(PDMAEMA) is an example of polybase with pH-responsive behavior. Protonation of the amino 

groups occurs at pH less than the pKa value of monomer, whereas it loses the proton at pH higher 

than the pKa.[113] 

For designing hydrogels with pH-responsive behavior for TE applications, it is important 

to choose monomers with pKa close to the physiological pH. An associated strategy is the 

incorporation of hydrophobic moieties to the polymer backbone, thereby restricting the 

swelling/de-swelling transition via hydrophobic interaction. It has been demonstrated that 

hydrophobically modified DMAEMA-based hydrogels displayed swelling/deswelling transition at 

lower pH by increasing the length of the hydrophobic side chain.[114] The opposite results were 

obtained for hydrophobically modified PAA.[111] 

Biopolymer-based hydrogel is another class of pH-sensitive hydrogels. Chitosan and 

alginate are the most common biopolymers with pH-responsive behavior. Changing pH causes 

phase transition between swollen and de-swollen states due to protonation/deprotonation of amino 

and carboxylic groups of chitosan and alginate, respectively. The stiffness, swelling 

characteristics, and gelation kinetics of PEG-chondroitin sulfate hydrogel can also be controlled 

by altering pH.[115] In addition, pH-responsive polymers, such as poly(ortho ester) and poly(β-

amino ester), contain pH-sensitive cleavable moieties on the backbone, and this makes the polymer 

degradable by pH. Also, pH-responsive behavior of various amino acids, such as glutamic acid, 
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aspartic acid and histidine, makes them suitable candidates of monomers for peptide-based 

hydrogels that can be stimulated by pH changes.[109] 

Furthermore, besides ionization of acidic or basic functionalities, hydrogels incorporating 

dynamic covalent bonds (such as hydrazone bond, thioester bond, and phenyboronate 

complexation) or dynamic non-covalent bonds (such as hydrogen bonding) shift the equilibrium 

between two different states in response to pH, resulting in significant changes in mechanical and 

structural properties. [116-120] Finally, pH can also trigger conformational changes within DNA-

and protein-based hydrogels because of pH-dependent folding/unfolding of pH-sensitive 

domains.[120, 121] 

1.3.2. Thermo-responsive hydrogels 

Thermo-responsive hydrogels undergo sol-gel transition with temperature change, due to 

the alteration in the hydrophilic/hydrophobic balance within the networks.[122] The thermo-

gelation mechanisms include hydrophobic interaction, coil-helix transition and micellar packing 

and entanglement. Several interaction events are implicated in the thermal sensitivity of hydrogels: 

polymer-polymer, water-water and water-polymer interactions.[123] There are two major 

categories of stimuli-responsive hydrogels: positive and negative thermo-responsive gels. Positive 

thermo-responsive gels undergo network collapse by cooling below the upper critical solution 

temperature (UCST), whereas negative thermo-responsive gels display gelation upon heating 

above LCST.[124] 

Several synthetic polymers display thermo-responsive behavior in aqueous solutions. For 

instance, PNIPAM undergoes sol-gel phase transition above LCST (32 °C), resulting in more 

hydrophobic gel.[125] Modulation of LCST can be achieved by controlling the molecular weight 
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of the polymer, use of co-solvents, addition of salts, and alteration of the chemical structure.[126] 

Dadoo and G prepared hydrogel with thermo-responsive behavior by reacting dithiol-terminated 

PNIPAM and norbornene-functionalized HA. The hydrogels displayed significant mass loss at 37 

°C (> LCST) because of de-watering of hydrogels, whereas it restored its original weight at 4 

°C.[127] Another examples includes di- and triblock copolymers like PEG-b-PLGA, PEG-b-PPO-

b-PEG and PEG-b-PCL-b-PEG.[128] Above LCST, water molecules surround the hydrophobic 

blocks and subsequently the hydrophobic domains aggregate to minimize the contact with water. 

In another example, hybrid hydrogel of PNIPAM and poly(ethylene glycol) dimethacrylate 

(PEGDA) was synthesized, and its thermo-response and LCST could be tailored based on the ratio 

of the two components.[129] 

Natural polymers like chitosan display thermo-gelation transition upon mixing with β-

glycerol phosphate, forming a clear solution at room temperature and gel at 37°C.[130] On the 

other hand, gelatin exhibits as sols of random coils above 30°C and forms gels by decreasing the 

temperature below 25°C.[131] Thermo-responsive hydrogels can be good candidates for 

biomedical applications; however, careful control over the transition temperature, gelation time, 

and pH at transition are needed for clinical applications.[23] 

1.3.3. Photo-responsive hydrogels 

The incorporation of photo-activating moieties within hydrogel-forming polymer chains 

turn the gels photo-responsive, enabling applications in TE and regenerative medicine.[132] There 

are different modes of actions that can be stimulated by light such as photoisomerization, 

photocleavage, photodimerization, photorearrangement and photoconjugation.[132-134] For 

instance, azobenzene[122] group undergoes a reversible cis-trans isomerization upon UV 
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irradiation, while photochromic chromophores like coumarin[135], anthracene[136], and 

cinnamoyl group[137] undergo reversible dimerization upon UV irradiation. The shorter 

wavelength required to induce reversible photocleavage of coumarin, anthracene, and cinnamoyl 

dimers has potential cytotoxicity to cells, restricting TE application of photodimerization using 

these groups.[138] In contrast, azobenzene groups absorb light in 350 – 550 nm wavelength range, 

enabling isomerization using cytocompatible doses of UV/visible lights.[67] Photoisomerization 

has been intensively employed for modulation of cell microenvironment. For example, cells grown 

on hydrogels containing photo-sensitive spiropyran groups underwent reversible cell 

adhesion/detachment upon exposure to UV due to rapid transition of spiropyran from hydrophobic 

to hydrophilic structure.[139] In another study, it has been demonstrated that the storage modulus 

of PEG-based hydrogel, crosslinked by azobenzene-based crosslinker, decreased upon UV 

irradiation, and the hydrogel exhibited reversible transition from stiff to soft structure due to 

photoisomerization of azobenzene groups.[140] 

Besides photoisomerization and photodimerization, hydrogels incorporating photolabile 

oNB and coumarin groups were intensively investigated for on-demand tuning of biochemical and 

biophysical cues of the scaffolds.[141] Photocleavage of oNB ester or amide linkages within the 

hydrogels generates ketone and carboxylic acid, while photocleavage of coumarin ester linkages 

yields alcohol and carboxylic acid groups.[142-144] Cytocompatible doses of single-photon UV 

light (365 nm) or longer two-photon lights (>700 nm) are typically employed to induce 

photocleavage reaction. Substantial progress toward temporal and spatial modulation of cell niches 

has been achieved using coumarin and oNB derivatives as photocages to block the chemical 

reactivity of specific functional groups or to mask the bioactivity of biochemical agents.[145, 146] 

For example, photocaged RGD peptide attached to hyaluronic acid-based hydrogel has been used 
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to modulate the growth direction of cells, by selective cleavage of the photosensitive cage in certain 

location, to expose the RGD and consequently promote cell attachment. This strategy was 

employed successfully for patterning several cell types.[147] 

Furthermore, light-induced rearrangement of allyl sulfide in presence of thiolated molecules 

enabled well-tuned reversible tethering and removal of biochemicals as well as modulation of 

mechanical stiffness using light.[148, 149] Formation of thiyl radicals by light initiates the reaction 

with allyl sulfide, resulting in generation of new double bond for subsequent reactions. More 

details about the role of photo-responsive hydrogels in 4D cell culture will be discussed in later 

sections. 

1.3.4. Electro-responsive hydrogels 

Polyelectrolyte hydrogels display swelling/de-swelling or bending upon applying electric 

field, due to the generation of opposite potential as a result of movement of counter ions in 

solution.[122, 150, 151] The overall transition from one state to another depends on the pH of the 

solution, ionic strength, crosslinking density, the strength of the applied field, exposure time to the 

electrical stimulus, and the direction of hydrogel with respect to the electrodes.[152, 153] 

Moreover, the movement of charged hydrogels from/toward one electrode depends on the charge 

of the hydrogels. Positively charged hydrogels, such as chitosan/polyaniline, move toward the 

anode; whereas negatively charged polyelectrolytes, such as hyaluronic acid/PVA, move toward 

the cathode.[154, 155] Other charged polymers, either synthetic or bio-driven, such as PAA[153], 

poly(2-acrylamido-2-methyl-propane-sulfonic acid)[156] and sodium alginate[157], were also 

employed in development of electro-responsive scaffolds. In addition, conducting polymers, such 
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as polyaniline and poly(3,4-ethylenedioxythiophene), exhibit electro-responsive behavior, owing 

to switching the surface charge from oxidation state to reduction state.[158-160] 

Furthermore, redox-responsive functionalities, such as O-silyl hydroquinone and 

ferrocene, undergo reversible electro-mediated oxidation/reduction and change their chemical or 

physical properties.[161, 162] For instance, Peng et al. reported electro-assisted oxidation of 

hydrophobic ferrocene to hydrophilic ferrocenium, resulting in dissociation of the host-guest 

complexation with β-CD and hence gel-sol transition of ferrocene-β-CD-based hydrogels.[161] In 

another study, Xue et al. reported the synthesis of electrochemically active actuator hydrogel that 

displays a significant change in volume and mechanical properties upon electrochemical 

stimulation.[163] In their study, redox-sensitive 3,4-dihydroxyphenylalanine (Dopa) was 

incorporated to 2-naphthalenyl-glycine-phenylalanine-phenylalanine (NapGFF) hydrogelator, 

which self-assembles to form supramolecular peptide hydrogel. Electrochemical oxidation of the 

hydrogel converted Dopa to dopaquinone, and hence switched the hydrogel surface from 

hydrophilic to hydrophobic, which in turn resulted in volume change up to 50%, and 20-fold 

increase in the mechanical properties. 

Electro-responsive hydrogels have been widely used for delivery of biochemical in order 

to remotely control the released of therapeutic cargo using electric field. For example, the release 

of safranin from PAA/polypyrrole hydrogels using electric field was investigated by Takahashi et 

al.[164] Another study by Jensen et al. demonstrated peptide release from chondroitin sulfate 

hydrogel by electrical stimulation.[165] Cho et al. reported that electrical stimulation of PC12 cells 

seeded on gelatin/CNTs scaffolds promotes neuronal growth.[166] Alignment of muscle cells on 

electro-active PAA/fibrin hydrogel has also been achieved by applying electric field.[153] 
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1.3.5. Mechanically-responsive hydrogels 

Native ECMs have heterogeneous compositions that differ depending on type and location 

of the tissue. It generally comprises of a complex assembly of proteins such as collagen, fibrin, 

actin, and laminin, which responds to the mechanical forces applied by cells, therefore enabling 

reconstitution of cell microenvironment to guide their functions and fate.[167] In addition, the 

native tissues are inherently viscoelastic and exhibit time-dependent mechanical properties such 

as stress-relaxation and strain stiffening behaviors. Mechano-responsive hydrogels are an 

intriguing class of smart materials that undergo deformation upon subjecting the materials to 

mechanical force, due to the unique chemical and physical structures of the materials.[168-170] 

The mechanical force could be internal from cells or applied externally. Hydrogels with stress-

relaxation behavior exhibit a decrease in the initial stress that resists the applied strain from cells 

over time. This is mainly due to incorporation of week physical forces or covalent dynamic 

crosslinks within the network, which enables rearrangement and reorganization of the network to 

adapt to the applied force from the surrounding.[117] Based on hydrogen bonding, ionic 

interaction, host-guest complexation, several hydrogel systems with stress-relaxation behaviors, 

which undergo force-dependent reversible unbinding of the crosslinks have been developed.[171-

173] Moreover, networks containing adaptable covalent crosslinks, such as imine, Diels Alder, 

thioester exchange, disulfide bonds, have also been explored for capturing the viscoelasticity of 

native tissues.[117, 174] Furthermore, ring-sliding hydrogels based on host-guest interaction 

between PEG and β-cyclodextrin has enabled the development of tough and elastic networks that 

can be remodeled by cells through movement of the mobile crosslinks.[175] 

Unlike hydrogels displaying stress-relaxation behavior, hydrogels exhibiting strain-

stiffening behavior undergo a time-dependent increase of the stiffness with applied strain from 
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cells. Rowan and co-workers reported the development of oligo(ethylene glycol)-functionalized 

isocyanopeptides (PICs) of tunable critical stress values, which represent the minimum strain 

required to induce stiffening. The PIC polymers incorporating β-helical polyisocyanide backbone 

stabilized via hydrogen bonding underwent supramolecular bundling to form fibrous hydrogels 

that could stiffen differently depending on the magnitude of strain applied by cells.[171, 176] 

Besides viscoelasticity, scaffolds with non-linear elasticity have been shown to regulate 

the differentiation of human mesenchymal stem cells (hMSCs).[171] Looking to the wide scope 

beyond hydrogels, incorporation of reversible dynamic bonds into polymeric backbone is the key 

for the construction of materials with mechano-responsive behavior. Such dynamic bonds can be 

ruptured by applying mechanical stress and recover its original shape upon stress removal.[177] 

The most obvious example in nature is titin, a muscle protein that displays an exceptional 

combination of strength, toughness, and elasticity. It consists of more than 300 protein domains 

that are connected through unstructured peptides. These domains unfold when the protein is 

subjected to mechanical force and refold when the tension is removed. The protein displays 

nonlinear elastic behavior in its folded state, whereas exhibits high tensile strength in its unfolded 

state. The non-linear elasticity stems from the capacity to absorb the energy, due to the presence 

of sacrificial non-covalent bonds that can break upon application of mechanical force, while 

preserving the covalent bonds.[178-181] 

Guan et al. reported engineering of biomimetic modular crosslinker, which incorporates 

hydrogen bonding 4-ureido-2-pyrimidone (UPy) motif in a cyclic manner, for development of 

polymeric network with enhanced mechanical properties.[181, 182] The resulting polymeric 

network integrated the high extensibility of soft elastomers and the high stiffness of rigid networks. 

Reversible decomplexation of the interchain hydrogen bonds between UPy dimers upon stretching 
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promotes energy dissipation capability and enhances the elastomeric stiffness without losing 

extensibility. This work demonstrated increased tensile strength with increasing crosslinker 

concentration, while maintaining the same level of elongation. Conversely, PEG crosslinker as a 

blank exhibited an increase of tensile strength at the expense of elongation capacity. 

In addition, mechanical stress can be applied directly to hydrogels to induce mechanical 

deformation of polymer network, which in turn produces reversible change of volume because of 

the squeezing/expansion process. Furthermore, mechanical stress could be triggered indirectly by 

inducing matrix swelling/de-swelling through application of electrical, thermal or chemical 

stimulation. For example, multi-stimuli responsive hydrogel of poly(N-acrylamide)-g-

poly(acrylic acid) has been prepared by Gräfe et al., and it displayed pH and thermo-responsive 

behavior, providing an easy means of applying mechanical force by changing the volume of the 

gel.[183] 

Furthermore, hydrogels incorporating mechanochemical bonds strengthen with the applied 

force owing to the formation of additional crosslinks. For example, a hydrogel system based on 

lipoic acid liberates free thiols upon reduction of disulfide bond and exhibits increasing stiffness 

with applied strain because of additional formation of disulfide linkages between polymer 

chains.[184] Mechanophores are another type of mechanically-responsive materials, which 

changes its color in response to mechanical stress, and could be useful as biosensors in TE.[185] 

1.4. Modulation of cell microenvironment using stimuli-responsive scaffolds 

Thus far, we have provided overview on chemical and physical strategies employed in 

hydrogels formation, as well as the chemical toolset of stimuli-responsive functionalities that 

brings up dynamicity to the scaffold structures. Yet, in this section, how stimuli-responsive 
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scaffolds are being utilized to modulate the biophysical and biochemical cell-directing cues in 

space and time will be elucidated. 

1.4.1. Modulation of biochemical cues using stimuli-responsive scaffolds 

Substantial progress has been achieved by using stimuli-responsive scaffolds for 

modulation of biochemical cues, which dictate the cell function and fate. Early attempts included 

using the stimuli-responsive scaffolds as passive delivery systems for growth factors and 

biochemical agents, with no in situ control over the biosignals. Four strategies have been employed 

to incorporate growth factors within stimuli-responsive hydrogels. First, direct loading of growth 

factors can be made through physical encapsulation within the hydrogel network during hydrogel 

formation. However, this method usually displays fast release kinetics. Second, growth factors can 

be loaded on carriers of micro-/nano-particles for entrapment within hydrogels. This method 

provides prolonged release of growth factors, but the hydrophobic nature of carriers may inactivate 

them. Third, growth factors can be covalently linked with polymer backbone prior to hydrogel 

formation. Fourth, growth factors can be loaded via reverse binding, which involves 

immobilization of growth factors through ECM binding domains, like heparin and chondroitin 

sulfate.[11, 186] The use of stimuli-responsive scaffolds as passive carriers for the delivery of 

biochemical cues has been the subject of recent reviews.[187-189] This section provides state-of-

art examples of reversible and irreversible on-demand modulation of biochemical signals using 

stimuli-responsive scaffolds, therefore cell microenvironment could be modulated in real time to 

manipulate cell function. 
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1.4.1.1. Modulation of biochemical cues using stimuli-responsive 2D scaffolds. Cell 

attachment to native ECMs is orchestrated by a large number of cell-adhesion proteins, such as 

collagen, matrigel, laminin, fibronectin, and vitronectin, as well as glycosaminoglycan (e.g. 

hyaluronic acid), which bind selectively to the integrin receptors on the cell surface.[190] Such 

cell-ECM interaction is important for signal transduction back and forth between cells and ECMs, 

thus guiding cell proliferation, spreading, and differentiation. Substantial progress have been made 

using smart 2D interactive scaffolds to study the influence of cell adhesion, morphology, and 

spreading on the overall cell behavior.[191] Stimuli-responsive substrates were at the heart of this 

progress, enabled reversible and irreversible modulation of cell attachment, as well as provided 

fruitful insights on cell-material interactions for further development of new generation of 

instructive scaffolds with tunable cell response. 

pH-responsive substrates have received considerable attention for reversible regulation of 

cell attachment. For example, Connal and co-workers developed pH and glucose dual-responsive 

phenylboronic acid-containing PEG substrate, via oxime ligation of tri-arm PEG trialdehyde and 

3,5-diformylphenyl boronic acid with PEG-diamine, for reversible capture and release of NIH-

3T3 fibroblast cells and MCF-7 human breast cancer cells.[119] The phenylboronic acid formed 

boronic ester bond with the carbohydrate on cell surface and enabled cell attachment at pH 6.8, in 

absence of glucose; while cells were at pH 7.8 in presence of glucose detached because of 

competing of glucose with carbohydrate on cell membrane for the phenylboronic acid sites. 

Similarly, Jiang and co-workers reported five cycles of MCF-7 capture and release on 

poly(acrylamidophenylboronic acid)-grafted silicon nanowire, where pH and glucose were 

employed to trigger the transition between adhesive and repulsive states.[192] 
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Moreover, thermo-responsive surfaces have been extensively employed for reversible 

manipulation cell adhesion and detachment, via thermally-induced switching of surface properties. 

For example, Desseaux and Klok developed thermo-responsive RGD-containing thin layer via 

surface-initiated atom transfer radical polymerization (SI-ATRP) of HEMA, PEG methacrylate, 

and 2-(2-methoxyethoxy)ethyl methacrylate, and demonstrated controlled masking/unmasking of 

RGD ligand by altering the temperature.[193] Attachment of 3T3 fibroblasts was promoted at 37 

°C because of copolymer collapse and presentation of RGD ligand at the surface, while detachment 

was achieved by cooling to 23 °C. Similarly, Lutz and co-workers reported modulation of L929 

mouse fibroblasts morphology and attachment on gold surface modified with thermo-responsive 

copolymer of poly(oligo(ethylene glycol) methacrylate-co-2-(2-methoxyethoxy)ethyl 

methacrylate), poly(OEGMA-co-MEO2MA), by varying the temperature below and above the 

transition temperature (35 °C) in PBS buffer.[194] The cells exhibited significant cell spreading 

at 37 °C, while rounded-up at 25 °C. Additionally, thermo-responsive surfaces based on PNIPAM 

have been intensively explored for reversible capture and release of cells. Interesting work by Jiang 

and co-workers harnessed topographic and hydrophobic features of PNIPAM-grafted silicon 

nanopillars to modulate MCF-7 cell attachment using temperature.[195] At temperature higher 

than LCST of PNIPAM, MCF-7 with cell surface decorated with hydrophobic anchor interacted 

with hydrophobic PNIPAM chains, and the cell protrusions also interacted with the topographic 

features of the substrate to allow cell attachment. At lower temperature, the wettability change of 

PNIPAM hindered the interactions with cells, and thus cells were detached. 
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Figure 1.3: Manipulation of cell adhesion using photo-responsive substrates. (A) Photocleavage 

induce release of non-adhesive BSA protein to enable subsequent immobilization of cell-adhesive 

fibronectin. (B) Photoisomerization of azobenzene-containing SAMs for masking/demasking of 

cell adhesion RGD ligand within PEG layer. (C) Photoreversible assembly/disassembly of β-CD-

azobenzene host-guest complex, where the guest azobenzene is modified with cell adhesive 

peptide. (D) Photo-mediated isomerization of spiropyran, and thus switching the surface 

wettability to reversibly attach and release fibroblast L929 cells. Image A: Copyright 2004. 

Reproduced with permission from American Chemical Society. Image B: Copyright 2017. 

Reproduced with permission from John Wiley and Sons Inc. Image C: Copyright 2011. 

Reproduced with permission from American Chemical Society. Image D: Copyright 2014. 

Reproduced with permission from American Chemical Society. 
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Furthermore, photo-responsive substrates have demonstrated efficacy in controlling cell 

adhesion. Maeda and co-workers pursued a strategy that uses photocleavage approach to modulate 

cell adhesion.[196] Non-cell-adhesion BSA protein was allowed to adsorb on a glass coverslip 

treated with silane coupling agent end-capped with photocleavable oNB moiety. Irradiation with 

UV light selectively released the photolabile oNB motifs along with the adsorbed BSA layer, and 

then a cell-adhesion protein, fibronectin, was added to the bare area to promote cell attachment 

(Figure 1.3A). It is worth noting that the photocleavage approach is irreversible and the surface 

functionality cannot be regenerated after irradiation. In another study, Liu et al. harnessed the 

ability of azobenzene to undergo cis/trans transition upon UV irradiation to reversibly control cell 

adhesion.[197] Self-assembled monolayer (SAM) of mixed RGD-terminated PEG chains with an 

azobenzene-based conjugation linkage and hydroxyl-terminated PEG chains was prepared. On 

trans-configuration of azobenzene, the cell-adhesion RGD ligand was exposed to the surface to 

support cell adhesion, while after irradiation with UV light (λ = 340-380 nm), the trans-to-cis 

isomerization masked the RGD ligand within the PEG layer, consequently triggering cell 

detachment (Figure 1.3B). In addition, light-mediated host-guest assembly/disassembly of 

azobenzene-RGD and cyclodextrin-modified substrate has been employed to switch the surface 

bioactivity reversibly between “on” and “off” states, thus allowing dynamic manipulation of cell 

attachment (Figure 1.3C).[198] Furthermore, another strategy made use of light-induced 

switching of surface hydrophilicity of substrate to trigger cell attachment/detachment.[139, 199, 

200] For example, Wang et al. demonstrated reversible detachment/attachment of mouse fibroblast 

L929 cells on spiropyran-containing substrate upon exposure to UV/Vis lights, respectively, due 

to isomerization of spiropyran and alteration of surface hydrophilicity (Figure 1.3D).[139] 
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Figure 1.4: Modulation of cell adhesion using electro-responsive substrates. (A) Electro-cleavage 

of cell adhesion peptide upon oxidation of silyl hydroquinone to benzoquinone. (B) Electro-

mediated assembly/disassembly of WGG-modified RGD (guest) to CB[8] (host) immobilized on 

gold substrate. (C) Electro-mediated masking/demasking of RGD ligand spatially. (D) Electro-

mediated “On” and “OFF” switching of biomolecular recognition between positively charged 

Biotin-KKKKC peptide and Avidin. (E) Electro-switchable cell adhesion: (a) functionalization of 

the substrate with alkoxyamine-RGD-alkyne via Huisgen cycloaddition; (b) electro-mediated 
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oxidation of hydroquinone to benzoquinone induced oxime ligation between alkoxyamine and 

benzoquinone to form cyclic structure that enhance cell spreading; (c) electro-reduction induced 

opening of the cyclic structure. Image A: Copyright 2003. Reproduced with permission from 

American Chemical Society. Image B: Copyright 2012. Reproduced with permission from John 

Wiley and Sons Inc. Image C: Copyright 2012. Reproduced with permission from John Wiley and 

Sons Inc. Image D: Copyright 2010. Reproduced with permission from John Wiley and Sons Inc. 

Image E: Copyright 2011. Reproduced with permission from American Chemical Society. 

In addition, electro-responsive substrates have been also effective for on-demand, dynamic 

manipulation of cell attachment and migration. Substantial efforts focused on immobilization of 

electroactive materials like hydroquinone and conducting polymers on electrodes, therefore they 

could switch properties (such as surface wettability and charge density) in response to applied 

electrical potential.[201] Several strategies have been adopted to electrically trigger these changes, 

thereby enabling on-demand control of cell attachment. These strategies include: 1) electro-

cleavage of cell binding ligand; 2) electro-mediated assembly/disassembly of host-guest 

supramolecular interaction; and 3) electro-mediated conformational change for 

masking/demasking of cell attachment motifs. Mrksich and co-workers developed a SAM 

utilizing electroactive O-silyl hydroquinone motif to attach RGD peptide to gold substrate.[162] 

This system demonstrated electrical modulation of Swiss cells attachment to the surface by 

applying electrical potential, which trigger oxidation of silyl hydroquinone to benzoquinone, 

resulting in release of RGD peptide and hence detachment of cells (Figure 1.4A). Moreover, the 

released benzoquinone functionalities were reacted sequentially with cyclopentadiene-decorated 

RGD peptide to enable reattachment of cells. The same group expanded this strategy to spatially 

pattern two different populations of Swiss 3T3 cells, where non-cell adhesive hydroquinone-
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terminated SAM was used as electroactive mask between a pattern of RGD-terminated SAM, 

which could be activated electrically to enable immobilization of RGD ligands for further cell 

attachment.[202] In another approach, Jonkheijm and co-workers developed SAM of a ternary 

host-guest complex of Cucurbit[8]uril (CB[8]), viologen, and tryptophan-glycine-glycine (WGG)-

modified RGDS on gold substrate, for dynamic manipulation of C2C12 cells attachment.[203] 

Application of electrical potential induced disassembly of the supramolecular complex, release of 

RGD peptide, and detachment of cell (Figure 1.4B). 

In an alternative approach, since developed by Langer et al., switching the molecular 

conformation and geometry of surface-bound molecules in response to electric field has been 

widely explored for controlled presentation of bioactive cell-binding ligand.[204] Generally, this 

approach uses multicomponent SAM, wherein one component is static (electro-inactive) and the 

other component is dynamic (electro-active, has charged terminals). Electrical switching of the 

conformation of the dynamic layer between extended and collapsed states was used to 

conceal/expose the bioactive motifs within the static layer (Figure 1.4C).[205] The bioactive 

functionalities could be attached to either the static or the dynamic layers.[205, 206] For example, 

Mendes and co-workers utilized oligo(ethylene glycol) thiol and cysteine-terminated RGD-

oligolysine peptide to develop SAM on gold substrate, for on-demand regulation of immune 

macrophage cell attachment. This substrate supported cell attachment in absence of applied 

potential, but under applied negative potential the positively charged lysine attracted toward the 

surface to conceal the RGD motifs within oligo(ethylene glycol) layer, resulting in cell 

detachment.[206] Expanding the tools for immobilization of bioactive molecules, the same 

concept with using biotin-oligolysine (Biotin-KKKKC) was employed to electrically-switch the 

surface bioactivity between “on” and “off” states, thus allowing modulation of biomolecular 
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interaction with neutravidine (Figure 1.4D).[207] Interestingly, Ng et al. reported spatial 

patterning of silicon electrode with two multicomponent SAMs, one containing RGD ligand and 

positively charged ammonium terminals and the other one incorporating RGD peptide and 

negatively charged sulfonate groups.[205] This system enabled spatial manipulation of 

attachment-detachment of differentiated HL60 cells. Applying positive potential turned off the 

bioactivity of positively charged regions because of masking of RGD ligand by the extended 

positive charge, meanwhile exposed the RGD peptides on the negatively charged areas. Lamb and 

Yousaf combined Huisgen cycloaddition and oxime ligation reactions to developed redox-

switchable substrate capable of switching RGD peptide between cyclic and linear structures using 

non-invasive electrochemical potential (Figure 1.4E).[208] RGD-containing fork-like SAM, 

incorporating hydroquinone and oxyamine motifs at the fork terminals, was used to form electro-

labile oxime linkage upon electro-switching of hydroquinone to benzoquinone. The work 

demonstrated that RGD peptide could enhance cell spreading on cyclic structure relative to the 

linear conformation. Another strategy for modulation of cell behavior has also been developed by 

using conducting polymers as a substrate layer. Biochemical characteristics, such as protein 

adsorption, cell spreading, attachment, differentiation, could be modulated by electro-switching of 

polymer between oxidized state and reduced state.[209] 

1.4.1.2. Irreversible spatiotemporal modulation of biochemical cues using stimuli-

responsive 3D scaffolds. Photo-responsive hydrogels are the most widely explored stimuli-

responsive scaffolds for user-defined modulation of biochemical cues, owing to the ability to 

control where and when light irradiation would occur to trigger desirable biochemical events. 

Irreversible modulation of biochemical cues involves user-defined presentation or removal of 
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signals. The photochemical strategies employed to modulate the bioactivity of the scaffolds can 

be generally classified to: 1) photo-conjugation, and 2) photocleavage. 

Photo-conjugation strategy: It involves controlled presentation of biochemical cues 

spatially and temporally via tethering of biomolecules to the photo-reactive functionalities 

incorporated within the network. Several studies have used photo-conjugation strategy to achieve 

high-level control of both biochemical and biomechanical cues. For example, Anseth and co-

workers used a combination of biorthogonal SPAAC reaction and photochemical thiol-ene 

reaction to independently tune the mechanical properties of peptide-functionalized hydrogel, and 

to introduce user-defined biochemical functionality to the network.[210] Biomechanical properties 

were modulated by varying the reaction stoichiometry between four-arm PEG tertra-azide and 

dicyclooctyne-terminated allyl-containing peptide, and the molecular weight of PEG-based 

precursor for SPAAC reaction. Selective tethering of cysteine-containing peptides to the pendant 

photo-reactive alkene from the network, using different doses of UV light, enabled patterning of 

multiple peptides spatially and temporally. This system allowed user-defined modulation of 

biochemical cues in presence of cells, meanwhile tuning the mechanical properties was pre-

decided by appropriate selections of reaction stoichiometry and molecular weight of precursors. 

In another study, the same group developed PEG-based hydrogel that allows the biomechanical 

and biochemical properties to be modulated in real time.[211] Step-growth network was first 

formed by SPAAC reaction between four-arm PEG tetra-cyclooctyne and peptide diazide, which 

contains photo-cleavable oNB ether group and pendent allyl motifs. Precise patterning of bioactive 

peptides was achieved via thiol-ene photocoupling of cystein-containing peptides with the pendant 

allyl motifs, upon irradiation with visible light using photomask. Similarly, mechanical stiffness 

was modulated via controlled photocleavage of oNB ether groups using either single-photon or 
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two-photon laser. The study demonstrated that 3T3 fibroblast only migrate to the eroded channels 

that are decorated with RGD adhesive peptide. Because patterning of biomolecules using photo-

conjugation strategy involves generation of radicals, potential damage to protein-based 

biomolecules could occur.[212] 

Photocleavage strategy: Unlike photo-conjugation of biochemicals to photo-reactive 

functionalities on the network, photocleavage strategy can enable on-demand removal or 

presentation of bioactives spatially and temporally. There are three major approaches for 

irreversible modulation of biomolecules using photocleavage approach: 1) controlled cleavage of 

the photolabile links that bind the biomolecule to the network; 2) precise cleavage of photolabile 

cage that block the bioactivity of biomolecule; and 3) well-defined cleavage of photolabile cage 

that masks the chemical reactivity of certain functional group, followed by tethering of 

biomolecule of interest. As an example for the first approach, photocleavage of oNB ester linkage 

that binds RGD motifs to photodegradable PEG-based hydrogel enhanced chondrogenic 

differentiation of hMSCs relative to the analogue hydrogel with persistent signals.[213] 

Photolabile cages are involved in the other two photocleavage approaches employed in 

spatiotemporal modulation of bioactive agents, with oNB and coumarin motifs as the most widely 

used photocages.[12] Several reactions could be initiated after photocage removal, such as 

Michael-type reaction, oxime ligation, enzymatic crosslinking etc., to enable well-defined 

modulation of cell microenvironment. More specifically, agarose hydrogel incorporating 

coumarin-caged thiols was employed for 3D patterning of sonic hedgehog (SHH) and ciliary 

neurotrophic growth factor (CNTF) proteins simultaneously. Sequential irradiation with two-

photon light resulted in uncaging of thiol motifs in two different patterns. After each irradiation, 

the exposed thiol groups were further reacted with either barnase-malemide or streptavidin-
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maleimide via Michael-type reaction to eventually generate patterns of barnase and streptavidin 

within the same hydrogel. Subsequently, barstar-SSH and biotin-CNTF were immobilized 

simultaneously based on barnase–barstar and streptavidin–biotin binding affinity.[214] It is 

noteworthy that simultaneous patterning maintains high protein bioactivity relative to sequential 

patterning, in which potential loss of protein bioactivity might occur by excessive washing 

steps.[214] Similarly, Shoichet and co-workers developed hyaluronic acid-based hydrogel 

incorporating coumarin-caged thiol via furan-maleimide Diels-Alder reaction, and demonstrated 

precise patterning of epidermal growth factor (EGF) and CNTF in 3D spaces.[146] Iodoacetamide-

modified EGF was directly conjugated to the multiphoton uncaged thiols, meanwhile streptavidin-

maleimide was first conjugated before immobilization of biotin-CNTF (Figure 1.5A). 
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Figure 1.5: Irreversible modulation of biochemical cues involving photocleavage of caged 

functionalities. (A) Photo-induced biomolecular recognition: photocleavage of coumarin-caged 

thiol induced immobilization of streptavidin-maleimide via Michael addition reaction, and then 

enabled on-demand 3D patterning of biotin-modified protein within HA-based cryogel. (B) Photo-

induced oxime ligation: (a) photocleavage of NPPOC-protected alkoxyamine terminals of multi-

arm PEG crosslinker induced oxime ligation with multiarm PEG-aldehyde; (b) protein was treated 

with NPPOC-NHS linker, and then patterned within PEG hydrogel via photo-induced oxime 

ligation. (C) Photo-induced enzymatic crosslinking: (a) photodeprotection of lysine-amine of 

FXIIIa substrate induced enzymatic crosslinking with glutamine-carboxamide of VEGF121 
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protein; (b) representative image of well-tuned 3D patterning using photolithography. Image A: 

Copyright 2016. Reproduced with permission from American Chemical Society. Image B: 

Copyright 2016. Reproduced with permission from Royal Society of Chemistry. Image C: 

Copyright 2013. Reproduced with permission from Nature publishing group. 

In addition, multi-arm PEG containing photocaged alkoxyamine terminals was designed to 

crosslink with multi-arm PEG-aldehyde via oxime ligation after photocleavage of 2-(2-

nitrophenyl) propyloxycarbonyl (NPPOC) cage (Figure 1.5B). Green fluorescence protein (GFP) 

containing NPPOC-caged alkoxyamine motif was used for in situ modulation of the hydrogel 

spatially upon irradiation, resulting in higher viability of NIH/3T3 fibroblasts.[145] Moreover, 

Lutolf and co-workers benefited from the ability of transglutaminase factor XIII (FXIIIa) to 

crosslink ε-amine residue of lysine onto γ-carboxamide motifs of glutamine to pattern vascular 

endothelial growth factor 121 (VEGF121) within PEG-based hydrogel, using a combination of 

photocleavage and enzymatic crosslinking reactions (Figure 1.5C).[215] In their work, FXIIIa 

peptide substrate containing lysine-caged amine was covalently immobilized within PEG 

hydrogel. Laser-scanning lithography was employed to spatially uncage the amino groups of lysine 

within 3D hydrogel, which subsequently reacted with glutaminyl residue of VEGF121 via FXIIIa 

enzyme-mediated crosslinking. 

1.4.1.3. Reversible spatiotemporal modulation of biochemical cues using stimuli-

responsive 3D scaffolds. Native ECMs are inherently heterogeneous and biochemical cues 

changes dynamically in space and time.[12, 216] Static 3D culture system with time-persistent 

cell-directing cues are unable to capture the spatiotemporal variation of cues on native cellular 
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niches.[217] Scaffolds with stimuli-responsive functionalities have been demonstrated as a 

powerful chemical tool for reversible modulation of molecular signals, enabling to high level the 

recapitulation of native ECMs. In addition, owing to the ability to present specific signals spatially 

and temporally and remove them in user-directed manner, such reversible manipulation of cell 

microenvironment can be studied to provide deeper understanding on complex cellular processes, 

by correlating the changes in cell behavior to user-defined reversible alteration of signals.[17, 218] 

Among all stimuli-responsive materials, photo-responsive scaffolds have attracted the attention 

for enabling sequential signal presentation and removal spatially and temporally. The major 

approaches for accomplishing reversible modulation of biochemical cues using light depends on 

1) light-mediated attachment and subsequent removal of signals (in which the reactive 

functionalities get consumed during the photochemical reactions and number of signal 

attachment/removal cycles is limited); and 2) living photo-mediated ligand exchange (in which the 

reactive functionalities are regenerated during the reactions). 

A fascinating work by DeForest and Tirrell combined biorthogonal SPAAC, 

photouncaging-mediated oxime ligation, and photocleavage reactions to engineer photo-

responsive platform, which demonstrated reversible patterning of vitronectin and other 

proteins.[219] In their study, MMP-sensitive PEG hydrogel incorporating NPPOC-caged 

alkoxyamine moieties was developed by SPAAC between 4-arm PEG tetra-bicyclononyne, N3-

DGPQGIWGQGDK(N3)-NH2, and azide-terminated tri(ethylene glycol)-based linker containing 

NPPOC-caged alkoxyamine (Figure 1.6A). Then, the aldehyde-modified protein incorporated 

with photocleavable oNB moieties was allowed to react with the spatially uncaged-alkoxyamine 

functionalities via light-assisted oxime-ligation, and thereby protein was confined within 

subvolumes of the hydrogel with resolution below cell dimensions. Subsequently, controlled 
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removal of protein was achieved by photocleavage of oNB moieties with cytocompatible doses of 

UV light. Interestingly, hMSCs displayed significant cell attachment and higher expression of 

osteogenic markers after vitronectin patterning, and reversibly switched to rounded morphology 

with lower level of osteogenic markers after vitronectin release. Similarly, with a bioactive agent 

engineered to contain both a thiol group for photomediated conjugation and a photocleavable oNB 

moiety for subsequent release of biomolecule, Anseth group reported reversible patterning of an 

engineered peptide within PEG hydrogel containing pendant alkene functionalities. Appropriate 

control of irradiation conditions enabled signal attachment using visible light, while signal removal 

was triggered by UV light.[17] 

Figure 1.6: Reversible modulation of biochemical cues. (A) photoreversible patterning of proteins: 

(a) development of enzymatically cleavable PEG-based hydrogel via SPAAC in presence of 

NPPOC-photocaged alkoxyamine functionalities; (b) reaction of protein with CHO-oNB-NHS 

enabled photo-patternability via on-demand photocleavable oNB moieties; (c) schematic 
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representation of dual-protein patterning; (d) hMSC differentiation on vitonectin-patterned 

hydrogels showed positive osteocalcein staining on the patterned area only; (e and f) after photo-

removal of vitronectin, the osteocalein staining was confined to the patterned islands. (B) 

Reversible manipulation of biochemical environments via ligand exchange using allyl sulfide 

functionalities: (a) PEG hydrogel formation via Cu catalyzed click reaction; (b) cage pattern 

formed by irradiation with 720 nm two-photon light; (c) bioactive ligand exchange mechanism; 

(d) hMSC stained with tracker red encapsulated on green rectangular fluorescent RGD-modified 

hydrogel, in which the fluorescent RGD in the middle part was replaced with non-fluorescent 

RGD. Image A: Copyright 2018. Reproduced with permission from American Chemical Society. 

Image B: Copyright 2014. Reproduced with permission from John Wiley and Sons Inc. 

In addition, taking the advantage of allyl sulfide functionalities to undergo addition-

fragmentation chain transfer (AFCT) upon irradiation with light, numerous photo-sensitive 

scaffolds that enables reversible simultaneous presentation and/or removal of biochemical ligands 

have been developed.[149, 220, 221] For example, allyl sulfide hydrogel, developed via Cu-

catalyzed click reaction of four-arm PEG tetra-azide and allyl sulfide-based dialkyne crosslinker, 

undergo β-scission upon irradiation in presence of thiolated biomolecule, enabling conjugation of 

the attacking species as well as the formation of new double bond for further attachment of 

additional bioactive ligands (Figure 1.6B).[149] Irradiation through photomask confined the 

exchange reaction to specific area, therefore allowing spatiotemporal 3D modulation of bioactive 

molecules. Moreover, owing to the living nature of the alkene functionalities and the reversible 

exchange ability of allyl sulfide, a recent study has demonstrated user-defined replacement of 

attached protein with fresh one.[148] 
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1.4.2. Modulation of biophysical cues 

Tuning the mechanical environment of cells has focused on engineering of scaffolds with 

static mechanical properties, however native tissues are dynamic in nature, and undergo time-

dependent changes in mechanical stiffness during tissue development, aging, wound healing, and 

pathological conditions (such as liver fibrosis).[4, 5, 12, 222] Although softening of biopolymer-

based scaffolds via degradation enables changes of mechanical properties over time, such scaffolds 

could not allow user-defined control over where and when the changes would occur.[5] Stimuli-

responsive scaffolds have emerged as powerful systems that enable unidirectional (irreversible) 

and cyclical (reversible) changes of mechanical cues. This section highlights the state-of-art 

stimuli-responsive systems employed in modulation of cellular mechanical environment. 

1.4.2.1. Unidirectional modulation of scaffold stiffness. Scaffolds incorporating stimuli-

responsive functionalities capable of undergoing degradation or further crosslinking, by means of 

external or internal stimuli, have been widely explored for irreversible modulation of mechanical 

stiffness in presence of cells. There are two major approaches to alter mechanical stiffness: 1) 

stimuli-mediated softening; and 2) stimuli-mediated stiffening. Among early attempts to achieve 

scaffold softening, the development of hydrolytic or proteolytic crosslinkers has been pursued. For 

example, enzymatically-responsive hydrogels have enabled cell-mediated modulation of local 

mechanical environment via selective cleavage of a specific peptide sequence incorporated within 

the hydrogel network by either secreted or exogenous enzymes.[223] In one study, bioactive PEG-

based hydrogel incorporating MMP-cleavable peptide sequence was developed by thiol-ene click 

reaction of 4-armed PEG-tetra-norbornene and cysteine-containing metalloproteinase (MMP)-

cleavable (KCGPQG↓IWGQCK) sequence (Figure 1.7A).[224] The hydrogel was used to identify 
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synthetic niches with optimal biophysical and biochemical cues required to support motor axon 

outgrowth. Hydrogels with MMP-cleavable sequence exhibited axonal outgrowth as compared to 

hydrogels with non-cleavable PEG macromere, which eliminated axon extension. Likewise, 

aggrecanase-,[225] collagenase-,[226, 227] and plasmin-sensitive[228] hydrogels have been 

developed. Although hydrolytically and enzymatically-sensitive hydrogels offer opportunities to 

remodel cell environment, they could not permit user-directed manipulation of cell-guiding 

cues.[229, 230] 

Figure 1.7: Irreversible modulation of mechanical stiffness via stimuli-induced softening of the 

hydrogel scaffolds. (A) Softening via enzymatic degradation: (a) development of MMP-cleavable 

PEG hydrogel via thiol-ene reaction; (b) stem cell-derived motor neurons on MMP-degradable 

PEG hydrogels showed high axon outgrowth, while those encapsulated on non-degradable PEG 

hydrogel failed to extend axons. (B) Softening of oNB-containing PEG hydrogel via 

photocleavage of oNB amide linkages using 365 nm light (a); motor neurons extended axons on 
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the fully eroded channels, while failed to migrate through the non-fully degradable channels (b). 

(C) Photodegradable PEG hydrogel based on coumarin group was developed via Cu catalyzed 

click reaction (a); softening of PEG-based hydrogel via photocleavage of coumarin ester linkages 

(b); Spatiotemporal degradation using two-photon lights of 740, 800, 860 nm eliminated the 

inherent fluorescence of coumarin from the degraded pattern (c). Image A: Copyright 2013. 

Reproduced with permission from Royal Society of Chemistry. Image B: Copyright 2014. 

Reproduced with permission from American Chemical Society. Image C: Copyright 2014. 

Reproduced with permission from American Chemical Society. 

In addition, photo-responsive hydrogels have received enormous attention because of their 

ability to enable user-defined control of degradation using cytocompatible doses of light. 

Photolabile oNB ether group has been widely explored for precise tuning of crosslinking density 

of the TE scaffolds.[142] Anseth and co-workers engineered oNB ether-based crosslinker for 

further development of photodegradable chain-growth hydrogel. On-demand modulation of the 

physical stiffness of the network in presence of cells was achieved by moving either single-photon 

(365 nm) or two-photon (750 nm) light in predefined patterns to erode the polymer network, 

thereby generating 3D features with controlled dimensions. This system enabled elucidation of 

cell-material interaction in real time upon in situ alteration of local microenvironment by 

light.[231] As an alternative to ester-linked oNB crosslinkers of faster degradation rate, the same 

group developed azide-terminated photolabile crosslinker containing amide-linked oNB motifs, to 

crosslink with 4-armed PEG-tetra-dibenzocyclooctyne through copper-free click chemistry 

(Figure 1.7B).[143] The resultant hydrogel underwent degradation to amide- and aldehyde-

terminated fragments upon irradiation by either single-photon UV light (334 nm and 365 nm) or 

two-photon visible light (740 nm). Embryonic stem cell-derived motor neurons (ESMNs) were 
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shown to have extended axons on the channels created via photo-degradation. The major 

disadvantage of oNB-based systems is light attenuation because of high molar absorptivity of oNB 

ether motif, and potential toxicity by UV light.[142, 232] Besides oNB-based systems, coumarine-

based photodegradable hydrogel has been developed by step-growth polymerization of 4-armed 

PEG-tetra-alkyne and 4-armed PEG-tetra coumarin azide using copper-catalyzed click chemistry 

(Figure 1.7C).[144] The coumarin moiety was readily cleaved in response to 365 nm (UV light), 

405 nm (visible light), and two-photon lights of long wavelengths between 720 nm and 860 nm. 

As compared with oNB systems, which generate protein-reactive aldehyde or ketones during 

degradation, a critical advantage of coumarin-based platforms is the generation of less reactive 

alcohol.[233, 234] In addition, being degraded at longer wavelengths, these platforms can enable 

user-directed modulation of mechanical stiffness at more cytompatible conditions.[233, 235] 

Mechanically-responsive hydrogels that exhibit viscoelastic behavior undergo dynamic 

remodeling by pulling or pushing forces from cells, resulting in stress-relaxation of the network. 

The relaxation rate of the network has been demonstrated to be a potent regulator of cell fate. For 

example, 3T3 mouse fibroblast exhibited higher spreading area and more stress fibers on stress-

relaxing substrate as compared to elastic substrate of the same initial modulus.[236] Mooney and 

co-workers reported the development of a series of PEG-conjugated alginate-based hydrogels of 

tunable relaxation time (stress relaxation time constant (τ1/2) ~ 3300 – 70 s), with similar initial 

elastic modulus, by using different molecular weight of sodium alginate and PEG, as well as 

controlling the crosslinking density by Ca2+ ion.[172] The result of this study demonstrated that 

hydrogels of faster stress-relaxation (low molecular weight of PEG-alginate) enhanced hMSCs 

proliferation and osteogenic differentiation relative to hydrogels of slower stress-relaxation (high 

molecular weight of PEG-alginate). In another study, Anseth group developed PEG-based stress-
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relaxing hydrogels (τ1/2 ~ 10 s – hours) through Schiff-base coupling of multi-arm PEG-aldehyde 

with multi-arm PEG-hydrazide.[237] The stress-relaxation was modulated by varying number of 

arms of aldehyde and hydrazide precursors, as well as using different types of aldehyde (aliphatic 

and aromatic). C2C12 myoblast exhibited elongated myotube-like morphology on stress-relaxing 

dynamic hydrogel relative to round morphology on static hydrogel. 

Figure 1.8: Irreversible modulation of mechanical stiffness via stimuli-induced stiffening of the 

hydrogel scaffolds. (A) Tyrosinase-mediated stiffening: (a) the hydrogel developed via thiol-ene 
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reaction of multiarm PEG-norbornene and bis-cysteine-bis-tyrosine peptide (CYGGGYC); (b) 

oxidation of tyrosine to DOPA dimer by tyrosinase; (c) live-dead staining of PSCs encapsulated 

on PEG-peptide hydrogel, before (top image) and after (bellow image) stiffening, showed more 

spreading of cells before stiffening. (B) Matrix stiffening modulated via photothermal release of 

Ca2+: (a) liposome loaded with gold and Ca2+ was encapsulated within Alginate gel; (b) liposome 

releases Ca2+ upon UV irradiation; (c) the released Ca2+ induced further crosslinking of alginate 

gel; (d) mechanical stiffness increased with increasing irradiation time, and NIH 3T3 spreading 

was hindered. (C) Mechanical modulation via stress stiffening: (a) functionalization of azide-

terminated PICs of different chain lengths with cell-adhesive peptides via SPAAC; (b) influence 

of stress stiffening of functionalized PICs on hMSCs’ fate. Image A: Copyright 2016. Reproduced 

with permission from Elsevier Inc. Image B: Copyright 2015. Reproduced with permission from 

National Academy of Science. Image C: Copyright 2016. Reproduced with permission from 

Nature publishing group. 

Stimuli-mediated stiffening is an alternative strategy for unidirectional modulation of cell 

microenvironment. It generally involves the increase of crosslinking density of scaffolds in 

response to external or internal stimuli. For example, Liu et al. reported tyrosinase-mediated 

stiffening of PEG-peptide hydrogels.[238] The enzymatically-responsive network was formed by 

photopolymerization of eight-arm PEG-norbornene (PEG8NB) with bis-cysteine peptide 

crosslinker containing two tyrosine groups. Tyrosinase-catalyzed oxidation of the pendant tyrosine 

residues into dihydroxyphenylalanine (DOPA) dimer resulted in the formation of additional 

crosslinks that stiffen the hydrogel (Figure 1.8A). Pancreatic stellate cells (PSCs) encapsulated by 

enzymatically-responsive PEG-peptide hydrogel exhibited less elongation and spreading after 
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tyrosinase-mediated stiffening. Another study by Suggs et al. involved irreversible dynamic tuning 

of hydrogel stiffness via near infrared (NIR)-mediated release of calcium spatially and temporally 

from calcium/gold nanorod-loaded liposome, embedded in 3D alginate-based hydrogel, to increase 

ionic gelation and hence the stiffness of the hydrogel (Figure 1.8B).[5] Young’s modulus 

increased with increasing the irradiation time, and NIH 3T3 showed more rounded morphology. 

The same approach was also used to release a chelating agent that competes with alginate chains 

for Ca2+, and consequently decrease the hydrogel stiffness.[5] Moreover, mechano-responsive 

hydrogels that exhibit stress-stiffening or strain-stiffening behaviors are able to increase their 

stiffness in response to the applied stress or strain from the cells.[176, 239] Rowan and co-workers 

reported the synthesis of ultra-mechano-responsive polyisocyanopeptide (PIC)-based hydrogels 

through polymerization of triethylene glycol-conjugated isocyano-(D)-alanyl-(L)-alanines using 

different nickel(II) catalyst to monomer molar ratios, to obtain polymers of different chain lengths 

(Figure 1.8C).[171] PICs undergo sol-gel transition at temperature range of 19–22 °C to form soft 

gels (~0.2–0.4 kPa) of similar bulk stiffness and different lowest critical stress, which indicates 

minimum external or internal stress required to induce hydrogel stiffening. Encapsulation of 

hMSCs with PICs hydrogels demonstrated switching of the commitment of cells from 

adipogenesis in PIC hydrogel of low critical stress (shortest polymer) to osteogenesis in PIC 

hydrogel of higher critical stress (longest polymer). Recently, inspired by the ability of muscles to 

strengthen themselves autonomously under repetitive mechanical loading, Gone and co-workers 

developed mechano-responsive self-growing hydrogel capable of self-stiffening under mechanical 

loading.[240] Double network hydrogel composed of brittle poly(2-acrylamido-2-

methylpropanesulfonic acid) sodium salt (PNaAMPS) network and elastic polyacrylamide 

(PAAm) network was found to undergo brittle network scission by mechanical force, resulting in 
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generation of substantial numbers of mechanoradicals. Further polymerization of an embedded 

monomer/crosslinker by mechanoradicals resulted in development of new polymer network, 

which ultimately increased mechanical stiffness. Although this system has not yet been explored 

in presence of cells, it expands the chemical toolset toward modulation of mechanical 

microenvironment in real-time. 

1.4.2.2. Cyclical modulation of scaffold stiffness. Several stimuli-responsive scaffolds 

have been developed to achieve reversible mechanical modulation of cell microenvironment via 

softening or stiffening. For example, pH-responsive ABA triblock copolymer of poly-(2-

(diisopropylamino)ethyl methacrylate)-b-poly(2-(methacryloyloxy)ethyl phosphorylcholine)-b-

poly-(2-(diisopropylamino)ethyl methacrylate), PDPA50-PMPC250-PDPA50, was developed to 

reversibly adjust its stiffness by subtle changes in solution pH at physiologically suitable pH range 

of 7–8 (Figure 1.9A).[241] At higher pH, the pH-sensitive PDPA block (pKa 6.2) become more 

deprotonated and hydrophobic, thus inducing stronger interchain hydrophobic interaction and 

leading to more physically-crosslinked, and hence stiffer, hydrogel. At lower pH, the protonated 

PDPA blocks results in weaker hydrophobic interaction, leading to softer hydrogel. In another 

example, dual pH and photo-responsive hydrogel based on thioester exchange has been explored 

to provide user-defined control on viscoelastic dynamics of the hydrogel. The rate of thioester 

exchange within the network was modulated using photocaged 4-mercaptophenylacetic acid 

catalyst or pH, thereby shifting the equilibrium to different mechanical state. Uncaging of 4-

mercaptophenylacetic acid exposed thiol group which competes with the thiol of the network for 

thioester exchange, resulting in stress relaxation of the hydrogel (Figure 1.9B).[117] Anderson 

and co-workers developed injectable pH-responsive hydrogel in which pH change was employed 
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to reversibly break/reform the dynamic covalent bond between phenylboronic acid-containing 

multiarm PEG and cis-diol of modified PEG, therefore switching mechanical strength of the 

hydrogel (Figure 1.9C).[242] Furthermore, Heus and co-workers explored DNA-responsive 

hydrogel that utilizes DNA crosslinkers to bridge the short oligonucleotides conjugated to the 

polymer network.(Figure 1.9D).[243] With pH- or ligand-responsive DNA-based crosslinkers that 

incorporate DNA nanoswitches capable of contracting or relaxing in response to pH or thrombin 

ligand, reversible tuning of mechanical stiffness was achieved.[243, 244] 

Figure 1.9: Reversible modulation of mechanical stiffness using different types of pH-responsive 

hydrogels. (A) Mechanical modulation via pH-responsive PDPA50-PMPC250-PDPA50 triblock 

copolymer based on ionizable functionalities. (B) Mechanical modulation via pH-induced 

thioester exchange: (a) development of thioester-containing hydrogel via thiol-ene reaction; (b) 

changing the pH forms the thiolate anion and speed up the rate of thioester exchange; (c) oNB-

caged 4-mercaptophenyl acetic acid could be introduced for dual-pH and photo modulation of 
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matrix mechanics. (C) pH-induced reversible binding between phenylboronic acid- and cis-diol-

containing PEG macromonomers. (D) Mechanical modulation via pH-dependent 

folding/unfolding of DNA-incorporating hydrogels: (a) development of two different DNA-

conjugated PIC via SPAAC; (b) hydrogel formation using DNA crosslinker incorporating the 

complementary sequence of the other DNAs. Image A: Copyright 2011. Reproduced with 

permission from American Chemical Society. Image B: Copyright 2018. Reproduced with 

permission from Elsevier Inc. Image C: Copyright 2015. Reproduced with permission from John 

Wiley and Sons Inc. Image D: Copyright 2017. Reproduced with permission from American 

Chemical Society. 

In addition, Sia and co-workers developed ion/salt-responsive hydrogel capable of 

dynamic switching of mechanical microenvironment.[245] In this study, two-component hydrogel 

of collagen and alginate was first formed via dual crosslinking of collagen and alginate (Figure 

1.10A). Collagen provided a stable structural network, meanwhile alginate changed its 

crosslinking state dynamically and reversibly in response to ion/salt. Sodium citrate and Ca2+ were 

employed to induce transition of alginate between crosslinked and uncrosslinked state, resulting 

in dynamic softening or stiffening of the hydrogel. Furthermore, thermo-responsive hydrogel that 

enables reversible tuning of mechanical elasticity through fine adjustment of temperature was 

developed by Seiffert and co-workers.[246] In their study, azide-functionalized copolymer of 

poly((N-(2-hydroxypropyl)-methacrylamide)-co-2-hydroxyethyl methacrylate), poly(HPMA-co-

HEMA) was first synthesized, then reacted with PNIPAM chains end-capped with cyclooctyne 

moieties to form comb copolymer. Further crosslinking of the comb copolymer with PEG-

bis(cyclooctyne) crosslinker via by SPAAC formed the hydrogel. On raising the temperature above 

LCST, the dangling PNIPAM side-chains contract to expel water, resulting in collapsed networks 
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with increased mechanical stiffness (Figure 1.10B). In another example, Gucht and co-workers 

reported reversible temperature switching of mechanical stiffness of recombinant protein-based 

hydrogels, by inducing cyclic assembly/disassembly of triple-helix crosslinks upon cooling or 

heating, respectively.[247] Photo-responsive hydrogels have also been employed to induce cyclic 

changes of mechanical stiffness. For example, supramolecular hydrogel of HA was developed via 

host-guest complexation between azobenzene- and β-CD-containing HA chains (Figure 1.10C). 

Irradiation with 365 nm or 400-500 nm light reversibly switched the azobenzene groups between 

cis and trans configurations, which consequently altered their binding affinity with β-CD, leading 

to softening or stiffening of the networks.[67] Similarly, Anseth group developed PEG-based 

hydrogel incorporating azobenzene crosslinks that can cycle between two different mechanical 

states upon photoisomerization of azobenzene groups using 365 nm or 420 nm light.[140] Another 

study by Kong et al. explored redox-responsive protein-based hydrogel capable of switching its 

conformation between folded and un-folded states upon oxidation/reduction of the incorporated 

disulfide bonds, which in turn changed mechanical properties of the hydrogel reversibly (Figure 

1.10D).[121] Other strategies to trigger reversible changes in mechanical stiffness have also been 

studied by making use of glucose-responsive networks,[242] and magneto-responsive 

systems.[248] 
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Figure 10: Reversible modulation of mechanical microenvironment using stimuli-responsive 

scaffolds. (A) Modulation of matrix mechanics using ion/salt-responsive scaffold, in which Ca2+ 

and sodium citrate was used to reversibly crosslink/de-crosslink alginate-collagen gel. (B) 

Thermo-responsive hybrid microgel developed via SPAAC between azide-containing 

poly(HPMA-co-HEMA) copolymer, cyclooctyne-terminated PNIPAM, and PEG-

bis(cyclooctyne) reversibly switches the mechanical stiffness with temperature. (C) 

Photoreversible modulation of matrix mechanics based on host-guest pairing of azobenzene and 

β-CD-containing HA. (D) Redox-responsive hydrogel switches between two mechanical states 

upon reduction of disulfide bond, which induce transition of folded protein domains to unfolded 

states. Image A: Copyright 2010. Reproduced with permission from John Wiley and Sons Inc. 

Image B: Copyright 2015. Reproduced with permission from John Wiley and Sons Inc. Image C: 

Copyright 2018. Reproduced with permission from American Chemical Society. Image D: 

Copyright 2014. Reproduced with permission from John Wiley and Sons Inc. 
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1.4.3. Modulation of structural properties 

Porosity, pore connectivity, geometric alignment and surface topography of TE scaffolds 

are essential structural parameters that should be tuned to allow diffusion of nutrients and other 

biomolecules through the scaffolds, and to provide better cell attachment, proliferation and 

differentiation.[249] In biological systems, cells locate at ~100 µm distance from the capillaries, 

and diffusion is effective over this distance to maintain tissue viability. So, it is desirable to design 

scaffolds with high density of capillaries to ensure cell viability even in the center of the tissue 

constructs.[250, 251] Physical structural parameters of hydrogels, such as crosslinking density, 

polymer chain length between crosslinking point and volume swelling ratio, define the network 

mesh size, which in turn influences the diffusion rate throughout the hydrogels.[252] Generally, 

higher degree of crosslinking decreases the pore size, and hence restricts diffusion especially for 

diffusible species with large molecular weights. In particular, diffusion rates of fibrinogen and 

albumin through alginate gel decrease with increasing calcium ion concentration or crosslinking 

time.[253] Surface topography of scaffolds plays a critical role in promoting cell attachment. It 

has been demonstrated that cell attachment increases with increasing surface roughness, upon 

incorporation of biological or electrical fillers, such as conducting polymers. Furthermore, 

growing of cells on aligned scaffold induces cell alignment and promotes directional tissue growth. 

1.4.3.1. The network structure of the hydrogels. Network structure of hydrogels needs 

to be thoughtfully designed, in order to control the diffusion of bioactive molecules and essential 

nutrients throughout the hydrogels, and to significantly alter the migration of cells.[10, 11] 

Benefiting from the ability of stimuli-responsive scaffolds to change their chemical or physical 

properties with external or internal triggers, the network characteristics could be modulated to alter 
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cell response. Mass swelling ratio (Qm), volume swelling ratio (Qv), volume fraction of polymer in 

swollen state (𝜐2,𝑠), number-average molecular weight between crosslinking points (Mc) and 

network mesh size (𝜁) are the major parameters defining the network characteristics (equations 1-

5).[11] 

𝑄𝑚 = (𝑊𝑠 − 𝑊𝑑)/𝑊𝑑 (1) 

𝑄𝑣 = 𝑉𝑠/𝑉𝑑 = (𝑄𝑚 + 1)⍴1/⍴2 (2) 

−1𝜐2,𝑠 = 𝑉𝑑/𝑉 = 𝑄𝑣 (3) 𝑠 

𝑀𝑐 = 𝑀𝑜/2𝑋 (4) 

−1 11 1 

𝜁 = 𝜐 3 (𝛾𝜊
2)2 = 𝑄𝑣

3 (𝛾𝜊
2)2 (5) 2,𝑠 

Wd, Ws, Vd and Vs are the weight and volume of dry polymer and swollen polymer at equilibrium, 

respectively; ⍴1 and ⍴2 are the solvent and polymer density, respectively; Mₒ is the molecular 

1 

weight of monomer; X is degree of crosslinking; (𝛾𝜊
2)2 is the root mean square end-to-end distance 

between two adjacent crosslinks in swollen state, and can be determined from rubber elasticity 

theory. Generally, these parameters are largely affected by the crosslinking density, nature of the 

polymeric chains and fillers. It is well known that the swelling ratio decreases with increasing 

crosslinking density. On the other hand, hydrogels with ionizable groups exhibit higher swelling 

ratio due to repulsion between polymer chains.[11, 254] Furthermore, polymerization mechanism, 

either step-growth or chain-growth, affects the network structure. Step-growth copolymerization 

of monomers with complementary reactive functionalities forms homogeneous network with 

superior strength as compared with the analogue chain-growth networks.[255] 
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1.4.3.2. Porosity. It is essential to open new pores within the scaffolds at specific time 

points to accommodate the newly developed blood vessels, and to provide a space for the 

proliferating cells.[256] Unlike most of the current pore-forming strategies (including 3D 

bioprinting,[257] lithography,[258] porogen leaching agents,[259-262] gas foaming,[263] and 

freeze drying[264]) that generate scaffolds with static porosity, strategies based on stimuli-

responsive materials have opened up opportunities for spatiotemporal modulation of scaffolds 

porosity. Han et al. reported a fascinating approach for dynamic modulation of pore size and pore 

density over time.[256] In their study, three different stimuli-responsive porogens of gelatin, 

sodium alginate, and hyaluronic acid were embedded within gelatin-based hydrogel, and then 

stimulated sequentially at different time points using temperature on day zero, 

ethylenediaminetetraacetic acid (EDTA) on day seven, and hyaluronidase after two weeks to 

enable controlled formation of macropores for facilitating cell proliferation and matrix production 

(Figure 1.11A). This approach resulted in remarkable production of collagen type II and X by 

chondrocytes. In addition, stimuli-responsive materials have been employed for the development 

of scaffolds with dynamic pore geometry. For example, Yang and co-workers utilized stimuli-

responsive porogens of alginate fibers to form scaffold having microchannel-like porosity, with 

porosity changing over time.[265] Human embryonic kidney (HEK) cell-loaded alginate fibers 

were first prepared using coaxial flow of calcium chloride and a mixture of sodium alginate and 

cells, and then embedded within gelatin scaffold. Subjecting the scaffold to EDTA solution 

triggered spatiotemporal dissolution of the alginate fibers and hence releasing of cells, resulting in 

dynamic formation of inter-connected microchannels with cells growing along luminal surfaces of 

the channels. In another study, porous scaffolds with dynamic uniaxial tubular pores were 

developed by Lonov and co-workers.[266] Polymer bilayer composed of hydrophobic poly(methyl 
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methacrylate-co-benzophenone acrylate) (p(MMA-co-BA)) layer was deposited on the top of 

hydrophilic pH-responsive poly(N-isopropylacrylamide-co-acrylic acid-co-benzophenone 

acrylate) (p(NIPAM-co-AA-co-BA)) layers using dip coating, and then irradiated with UV 

through photomask, followed by washing to remove the uncrosslinked regions, to eventually 

generate crosslinked rectangular strips. The resultant polymer films underwent reversible pH-

responsive self-rolling to generate 3D structure with aligned pores, and the rolling rate can be 

modulated by tuning pH, temperature, and ionic strength (Figure 1.11B). This strategy enables 

uniform seeding of cells on the polymer film before folding to the tubular structure. 
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Figure 1.11: (A) Scheme depicting dynamic modulation of scaffold porosity using stimuli-

responsive porogens: (a) encapsulation of three stimuli-responsive porogens (gelatin, 

methacrylated hyaluronan, and alginate) within crosslinked gelatin; (b) dynamic macropore 

formation using temperature, EDTA, and Hyaluronidase stimuli for temporal sequential removal 

of porogens. (B) Dynamic manipulation of pore geometry using thermo-responsive hydrophilic 

PNIPAM-based copolymer and hydrophobic PMMA-based copolymer, to induce self-assembly of 

3D structure with tubular aligned pores. (C) Illustration of topography manipulation using shape-

morphing scaffolds: (a) the temporary planar scaffold cultured with HUVECs self-rolled at 

physiological temperature to form permeant 3D tubular structure; (b) calcein staining of HUVECs 

shows tubular organization of cells on 3D tubular scaffold as compared to 2D planar scaffold. (D) 

Influence substrate topography on hMSCs migration: (a) substrates of different aspect ratio were 

developed by photolithography using photodegradable PEG hydrogel; (b) immunostaining for 
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cytoskeleton components showed increasing alignment of hMSCs with increasing the aspect ratio. 

Image A: Copyright 2013. Reproduced with permission from Elsevier Inc. Image B: Copyright 

2013. Reproduced with permission from Royal Society of Chemistry. Image C: Copyright 2015. 

Reproduced with permission from John Wiley and Sons Inc. Image D: Copyright 2013. 

Reproduced with permission from John Wiley and Sons Inc. 

1.4.3.3. Alignment topography. Stimuli-responsive scaffolds capable of programed 

deformation with external or internal stimuli to change its configuration have received increasing 

attention for dynamic tuning of topographical microenvironment.[267, 268] Zhao et al. prepared a 

bilayer consisting of a layer of shape memory poly(lactide-co-trimethylene carbonate) copolymer 

and a layer of electrospun PCL/GelMA for endothelial cell attachment.[269] The bilayer scaffold 

exhibited temporary 2D planar structure at room temperature, while self-rolled into 3D tubular 

structure at physiological temperature, resulting in a closed-tubular scaffold of confluent 

endothelial monolayer (Figure 1.11C). In addition, dynamic modulation of topographical cues in 

real time, as well as capturing the changes in cell morphology upon sequential alteration of 

subcellular micro-topographies, has been explored by Anseth and co-workers. In their study, 

photodegradable hydrogel was synthesized by radical copolymerization of PEG monoacrylate 

(PEGA) and oNB-based PEG diacrylate crosslinker (PEGdiPDA). Subsequently, the smooth 

surface hydrogel was seeded with hMSCs, and then exposed to controlled UV irradiation after 24 

h and 48 h to create anisotropic channels and isotropic squares patterns, respectively. The hMSCs 

dynamically changed its morphology from rounded feature on smooth surface to elongated and 

back to more rounded morphology on channels and squares topographies, respectively (Figure 

1.11D).[270] Unlike scaffolds with stimuli-responsive shape memory that display dynamic 
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topographies predesigned based on substrate materials and very often require changes of cell 

culture temperature or pH, photo-degradable hydrogels have enabled multiple dynamic alteration 

of surface topography that is independent of substrate.[270, 271] Furthermore, electro-responsive 

scaffolds have also been employed for dynamic modulation of cell alignments. For example, Post 

and co-workers reported alignment of porcine smooth muscle cells on electro-responsive semi-

interpenetrating PAA/fibrin network after electrical stimulation using direct electric field and 

switching the polarization voltage. Electro-mediated swelling/deswelling of PAA/fibrin hydrogel 

engendered dynamic mechanical forces that guided the cell alignment relative to static 

scaffolds.[153] 

1.5. Integration of stimuli-responsive scaffolds with biofabrication technology 

Native ECMs composed of highly organized multi-cellular structures over multiscale sizes, 

spanning from nanoscale and mesoscale to macroscale dimensions.[272] Thus, the development 

of biomimetic scaffolds necessitates not only endowing dynamicity to these scaffolds, but also 

emulating the structure organization of native tissues. Unlike random distribution of cells within 

scaffolds that lack structural arrangement, coupling the structural organization capacity of 

biofabrication technology with the dynamicity of stimuli-responsive materials enable development 

of biologically-relevant TE constructs of higher-order arrangement of cells over multiple length 

scales. This section highlights integration of stimuli-responsive scaffolds with recent 

biofabrication strategies including lithography, micromolding, microcontact printing, 

microfluidics-assisted biofabrication and bioprinting modalities, with the aim to develop dynamic 

scaffolds with structural and organizational complexity similar to native tissues. 
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1.5.1. Photolithography 

Photolithography is a widely used technique in microelectronics for patterning hard 

substrates with a material of interest.[273] UV light, photoresist, and photo-mask are the major 

components used to generate a patterned surface. Nonetheless, mask-based photolithography 

involves irradiation of photoactive materials with light, typically UV light, through 2D photomask 

to confine photochemical reactions within the irradiated area.[274] Early work toward 

understanding the cell-cell contact, cell-ECM interaction and biochemical cross-talk has focused 

on the development of biochemical 2D patterns on static hard substrates.[275-277] In recent years, 

substantial progress has been made using mask-based photolithography to develop 3D scaffolds 

that capture the heterogeneity of in vivo microenvironment. As discussed in the previous section, 

integration of photo-responsive materials with photolithographic technique has enabled the 

fabrication of dynamic hydrogel micropatterns with specific shapes and dimensions, as well as the 

generation of spatiotemporal biochemical and biophysical patterns/gradients on soft hydrogel 

scaffolds for many studies on TE topics including interpretation of cell-matrices interaction, 

elucidation of cell-directing cues, regulation of cell morphogenesis.[278-280] For example, 

photodegradable GelMA hydrogel based on photocleavable oNB ester bonds was patterned using 

UV light into different shapes to enhance spreading, alignment, and beating profile of neonatal rat 

cardiomyocytes (Figure 1.12A).[281] A variety of photochemical reactions can occur upon 

irradiation with light such as crosslinking of photocurable monomers/macromonomers, 

degradation of photodegradable scaffolds, removal of photolabile cages to induce further reactions, 

photo-release of biochemical signals, or photoconjugation of biomolecules. Appropriate control 

over irradiation time, light intensity, and photoinitiator concentration is required to maintain 

pattern fidelity and avoid undesired reactions from non-irradiated regions, as well as eliminating 
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potential cytotoxicity from photoinitiator.[282] Importantly, mask-based lithography is a high 

throughput technique that enables microfabrication of precise X-Y patterns of varying features 

spanning from micron to submicon. However, it fails to achieve 3D control, because of the 

propagation of photochemical reactions in the whole irradiated regions within the hydrogel.[138] 

Therefore, this technique is effective for the modulation of bulk biochemical and biophysical cues 

of 3D scaffolds, but the inability of on-demand 3D control of local microenvironment of cells is a 

major limitation of this approach. Recently, other light-based strategies such as single-photon laser 

scanning lithography and multiphoton laser scanning lithography have emerged as excellent 

alternatives to photolithography, enabling precise 3D spatiotemporal patterning of the decisive 

biochemical and biophysical cues within sub-volumes of the hydrogel scaffolds. The former 

approach depends on using single-photon light to confine photochemical reactions near the focal 

point to somewhat achieve 3D controlled patterning, while the latter approach uses multiphoton 

light to provide the energy required for initiation exactly at the focal point. Numerous examples 

depicting spatial and temporal patterning of growth factors, peptides, and proteins within 

hydrogels incorporating oNB and coumarin functionalities for manipulating cell spreading and 

fate have been discussed in previous sections. 

66 



 
 

 

         

          

      

            

       

            

         

       

            

         

        

            

Figure 1.12: Integration of smart materials with photolithography: (A) Development of 

photopatterned GelMA hydrogel by spatial degradation of photocleavable oNB ester linkages (a); 

DAPI (blue)/α-actinin (green) staining of cardiomyocytes cultured on non-patterned (top images) 

and patterned GelMA (bottom images at days 1, 3, and 7 (b). (B) 4D biofabrication of self-folding 

PEG bilayers: (a) irradiation through photomask to crosslink the first and second PEGDA layers 

of different molecular weights; self-folding of PEG bilayers into small (b) and large (c) cylindrical 

hydrogels with patterned holes; (d) Calcein AM staining of fibroblast cells encapsulated within 

cylindrical cell-laden hydrogel; (e) Multi-culture of Hoechest-stained (blue) and calcein Am-

stained (green) fibroblast within the hydrogel cylinder; (f and g) Calcein AM staining of β -TC-6 

cells encapsulated on planar PEG monolayer and cylindrical PEG bilayers, respectively. (C) 

Development of micropatterned trilayers: (a) sequential deposition of poly(NIPAM-co-AA) and 

PSMA on Si wafer; (b) photopatterning of PEG macromere; (c) Seeding of F3T3 cells at room 
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temperature; (d) Folding of trilayers into tubular structure; (e) Bright field images depicting spatial 

patterning of F3T3 cells inside the 3D rolled tubes. Image A: Copyright 2014. Reproduced with 

permission from John Wiley and Sons Inc. Image B: Copyright 2013. Reproduced with permission 

from John Wiley and Sons Inc. Image C: Copyright 2018. Reproduced with permission from John 

Wiley and Sons Inc. 

Furthermore, photolithography has a prominent role in 4D biofabrication of smart scaffolds 

with shape-morphing effect, enabling shape transformation into geometrical structures that are not 

attainable by classical biofabrication techniques.[283, 284] For instance, Gracias et al. developed 

PEG bilayers of different swelling, via sequential crosslinking of PEGDAs of different molecular 

weight using photo patterned mask (Figure 1.12B). Owing to the differential swelling of the 

bilayers, the planar PEG bilayer self-folded in water into cylindrical, spherical capsules, and 

helices-shaped 3D hydrogels, depending on the mask pattern. Insulin-secreting β -TC-6 cells 

encapsulated within self-folded cylindrical hydrogels showed significant insulin release upon 

stimulation with glucose, as compared with those cultured within planar hydrogels. Also, multi-

cellular cylindrical hydrogel was developed by self-folding of PEG bilayers, each containing 

different population of L929 cells.[285] Interestingly, this strategy allowed fabrication of 

responsive bilayer from non-responsive PEG layers. In another study, micropatterned bilayers 

composed of thermo-responsive PNIPAM and non-responsive PLA-b-PEG-b-PLA triblock 

copolymer was developed by photolithography, and showed reversible rolling/unrolling at 

temperature below/above LCST of PNIPAM. The rolled bilayer encapsulating cardiomyotyctes at 

25 °C unfolded at physiological temperature to release the cardiac microtissues to the diseased 

tissues.[284] In another example, trilayers consisting of hydrophilic poly(NIPAM-co-AA) 

copolymer as bottom layer, hydrophobic poly(stearyl methacrylate-co-benzophenone acrylate) 
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(PSMA; melting point: 34 °C) as middle layer, and patterned PEG as top layer was developed via 

sequential deposition of poly(NIPAM-co-AA) and PSMA on silicon wafer to form bilayer, 

followed by photolithography patterning of PEG macromere (Figure 1.12C). [286] At 

physiological temperature, the swelling gradient between poly(NIPAM-co-AA) layer and softened 

PSMA layer engendered a stress, which trigger folding of trilayers into tubular structure. The PEG-

patterned trilayer was successfully used to develop spatially patterned cell-wrap of cells of F3T3 

cells at 37 °C. 

1.5.2. Microcontact printing 

Microcontact printing (µCP) is a soft lithographic technique commonly used to pattern 

cells, proteins and other biological compounds by transferring the pattern from soft elastomeric 

stamp, usually made from PDMS, to a substrate surface (Figure 1.13A(a)).[287] Integration of 

stimuli-responsive materials with µCP have enabled the development of smart cell culture 

substrates that could be stimulated to trigger desirable structural, chemical, and biological events. 
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Figure 1.13: (A) Pattern generation using soft lithographic techniques: (a) microcontact printing; 

(b) microfluidic channels; (c) micromolding. (B) Functionalization of cells using microcontact 

printed nano-/microparticles on PNIPAM-coated glass: (a) tran(a) transfer of nano-/microparticles 

from PDMS stamp to PNIPAM; (b) seeding of cells on the printed particles; (c) detachment of 

functionalized cells by decreasing temperature and dissolution of PNIPAM; fluorescence images 

of mESCs (green) seeded on the particles pattern (orange) before (d) and after (e) detachment. (C) 

Translocation of HDFBs cell strips from thermo-responsive tetronic hydrogel patterned with 

polydopamine to FN-coated glass by decreasing temperature (a), Live-dead and phase images of 

the translocated HDFBs strips on glass (b, c); migration of cells after 48 h of translocation (d). 
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Image B: Copyright 2014. Reproduced with permission from Elsevier Inc. Image C: Copyright 

2017. Reproduced with permission from Elsevier Inc. 

Thermo-responsive PNIPAM has been widely used as sacrificial layer in µCP, to enable 

functionalization of cells, spatial control of cell attachment/detachment, and the formation of 

aligned and easily harvested cell sheets.[288-290] For instance, patterns of polyelectrolyte 

microparticles and PLGA nanoparticles were created by bringing the inked PDMS stamps in 

contact with sacrificial layer of PNIPAM-coated glass at 37 °C, and then used for seeding K562 

cells, mouse embryonic stem cells (mESCs) and hMSCs (Figure 1.13B). At temperature lower 

than LCST, the single cell-particles complexes were released from PNIPAM layer to form 

complex assembly of cells.[289] The polyelectrolyte microparticle decorating cells could be used 

for delivery of growth factors or for modulation of stem cell differentiation.[289, 291] In another 

study, µCP of cell-adhesive fibronectin (FN) on surface of PNIPAM-grafted substrate was used to 

develop aligned cell sheet of vascular smooth muscle cells (VSMCs). Lowering the temperature 

enabled transformation of the organized cell sheet to gelatin stamp without destroying cell 

alignment because of cell contraction. Cells displayed well-aligned and elongated morphology on 

FN-PNIPAM pattern as compared to non-patterned FN-NIPAM substrate.[288] Similarly, Okano 

et al. developed a pattern of rhodamine-fibronectin on thermo-responsive cell culture plate for 

generation of cell-sheet micropattern after co-culture of normal human dermal fibroblast (NHDF) 

and bovine artery endothelial cells. This system enabled defining the appropriate stamping force 

required in µCP to generate high quality cell sheet micropattern. The thermo-responsive dish 

facilitated harvesting of cell sheet by lowering temperature and increasing hydrophilicity.[290] 
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Besides PNIPAM, other thermo-responsive materials, such as tetronic tyramine and 

elastin-like polypeptides, have also been employed for formation of geometrically aligned 

microtissues.[292, 293] For example, Shin et al. reported patterning of the surface of thermally 

expandable Tetronic-tyramine hydrogel with polydopamine (PD) lanes of different widths, for 

spatially controlled culture of human dermal fibroblasts (HDFBs) (Figure 1.13C). The strip-like 

microtissues were translocated to FN-coated glass by thermal expansion of the contacted hydrogel 

at 4 °C.[292] Interestingly, the cell strips started to migrate to fill the bar areas on the glass with 

structurally aligned tissues, suggesting that the aligned cell strips by itself provide topographical 

guidance to the migrating cells. In another example, a pattern of thermo-responsive lysine-

containing elastin-like polypeptides (K-ELP) on aldehyde-modified glass was developed by µCP 

of a removable polymer template, which masked the aldehyde moieties within specific regions, 

thus allowing conjugation K-ELP to the bare areas.[293] After coating the pattern with FN, the 

resultant dynamic 2D pattern reversibly enabled the attachment/detachment of fibroblast cells 

upon changing temperature above/below the transition temperature of K-ELP (30 °C), because of 

hydrophilicity-hydrophobicity change. Although µCP of biomolecules on hydrogel surfaces has 

encountered some difficulties such as deformation of patterns upon pressing on PDMS stamp and 

inability of soft hydrogels to withstand pressure, more efforts are given to integration of µCP with 

other biofabrication technologies such as microfluidics.[294] Moreover, integration of µCP and 

photolithography has also been studied to develop a unique pattern of electro-responsive 

hydroquinone-terminated SAM on hard substrate for dynamic manipulation of cell 

attachment/detachment.[295] 
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1.5.3. Micromolding patterning 

Micromolding is also a soft lithographic technique enabling fabrication of hydrogel 

scaffolds with controlled sizes, shapes, and topographies, through casting hydrogel-forming 

polymers into micromolds with predefined patterns, and subsequently gelling of the polymers to 

form 3D constructs (Figure 1.13A(b)).[296-298] PDMS micromold with controllable features can 

be easily fabricated using silicon wafer with the desired pattern generated by photolithography, 

and therefore allow the development of micro- and nanoscale patterns. Unlike conventional 

micromolding strategy that uses non-stimuli-responsive polymers like PEG to form static 

microgels, integration of stimuli-responsive materials with micromolding approach allow the 

development of dynamic micromolds. For example, Khademhosseini et al. developed 

multicompartment hydrogel microstructure composed of two or more spatially patterned gels using 

stimuli-responsive micromolds of different shapes (Figure 1.14A). In their study, thermo-

responsive PNIPAM micromolds of microgrooves, circular, and square shapes were first 

developed, and then the first gel was crosslinked inside the microwells at 4 °C. After that, the 

temperature of micromold was raised to 37 °C to create empty spaces upon collapsing of PNIPAM, 

wherein sequential patterning of the second gel was performed. The first and second agarose gels 

were loaded with microparticles of different color, and efficient patterning was revealed. This 

approach also demonstrated successful patterning of 3T3 fibroblasts, HepG2 cells, and HUVECs 

cells.[18] Similarly, the same group reported conformal coating of the microgroove pattern of 

PDMS micromold with PNIPAM layer using initiated chemical vapour deposition (iCVD). 

PNIPAM-coated micromold was used to align NIH-3T3 cells, and enable harvesting of the 

longitudinal tissue construct by changing the temperature below LCST to increase the swelling 

and hydrophilicity of PNIPAM, thus leading to detachment of cells.[299] 
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Figure 1.14: (A) Development of multicomponent hydrogels using stimuli-responsive PNIPAM-

based micromold: (a) crosslinking of first get at 4 °C; (b) shrinking of PNIPAM mold at 37 °C to 

create more spaces; (c) filling the new spaces with second gel and crosslinking at 37 °C; (d) 

patterning of two different microparticles using micromolds of circular, square, and microgrooves 

shapes. (B) Development of electroactive micropatterned hydrogel via photocrosslinking of 

GelMA-GNR solution in micropattenred PDMS mold, and then seeding cardiomyocytes on 

microgroove hydrogel (a); (b) F-actin staining of cardiac tissues at day 7 on non-electroactive 

GelMA (left image) and electroactive GelMA-GNR (right image), respectively; (c) beating 

behavior of cardiac tissues on GelMA-GNR at 1 Hz (left image) and 2 Hz (right image), 

respectively. Image A: Copyright 2011. Reproduced with permission from American Chemical 

Society. Image B: Copyright 2017. Reproduced with permission from Royal Society of Chemistry. 
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In addition, Navaei et al. utilized micromolding approach to create a pattern of GelMA/gold 

nanorod (GelMA-GNR) composite hydrogel. Cardiomyocytes seeded on this pattern displayed 

significant cell alignment, and upregulated expression of sacromeric α-actinin and connexin 43 

was noticed as compared to the blank GelMA hydrogel (Figure 1.14B).[300] Furthermore, 

hydrogel scaffolds with microchannels or porous structures have been developed using sacrificial 

micromolds, which can be dissolved after solidification of polymer around sacrificial template. A 

sacrificial micromold of thermo-dissolvable gelatin has been used to produce hydrogels with 

microfluidic channels.[301] 
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1.5.4. Microfluidic-assisted patterning 

Microfluidics relies on manipulation of small volumes of liquids at microliter to picoliter 

scale through capillaries (Figure 1.13A(c)).[302] Substantial progress in TE has been made using 

microfluidic devices, allowing development of biomimetic environments relative to conventional 

culture systems by promoting cell-ECM interaction. This technique has a number of appreciable 

advantages. First, it allows precise control over the distribution of biochemical and biophysical 

cues spatially and temporally. Second, it enables well-tuned geometric patterning of cells and 

biomolecules by laminar flow of multiple streams of fluids in a microfluidic capillary with small 

dimensions, as well as patterning of cell culture media itself.[303] The streams flow parallel to 

each other without mixing, and only diffusion across liquid-liquid interfaces occurs[304]. Third, 

it facilitates the study of subcellular processes by allowing two different streams to flow over a 

single cell placed at the interface between the two streams.[305] Fourth, it permits assessment of 

cell differentiation using fewer number of cells and minimum quantities of the reagents. Fifth, it 

enables precise control of cell microenvironment by using small volumes of liquids. Sixth, it 

allows co-culture and hierarchical growth of different cell types in 3D system using laminar flow 

through multiple microchannels. In addition, by using automated microfluidic devices with 

mechanical valves or osmotic pumps, on-demand delivery of biofactors and generation of gradient 

of growth factors can be achieved.[306] Moreover, microfluidic devices allow manipulation of 

shear stress, oxygen tension, pH/temperature gradients, and diffusion of bio-essentials, which are 

decisive biophysical cues for determination of cell phenotypes.[307] The setup for laminar flow 

experiment includes the fabrication of pattern of multiple capillaries, with different inlets, that are 

combined in one main capillary on PDMS. Subsequently, contact the patterned PDMS to a glass 

surface generates the channels.[304] 
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Significant progress in biomaterials fabrication has been achieved via integration of 

stimuli-responsive materials with microfluidics, enabling the development of smart microgels, 

microfibers, and scaffolds with controlled porosity and alignment.[308-312] For example, Yoon 

and co-workers developed multi-stimuli responsive hydrogel microfibers and microtubes for 

potentially capturing the dynamics and geometrical alignment of native tissues.[16] Crosslinked 

hydrogel microfibers were generated by coaxial flow of NIPAM, sodium acrylate or allylamine, 

N,N′-methylenebis(acrylamide) crosslinker, and alginate in the inner capillaries and CaCl2 in the 

outer capillaries of a microfluidic device, along with irradiating the emerging fibers with UV light 

(Figure 1.15A). Likewise, tubular hydrogel was created by using CaCl2 as inner fluid, and the rest 

of components as an outer fluid. Alginate template was removed using EDTA solution after the 

fabrication of fibers and microtubes. Both microfibers and microtubes exhibited reversible phase 

transition and changes of the microtube diameter and wall thickness with pH and temperature. The 

hydrogel microfibers also supported attachment and proliferation of Hep G2 cells. The same group 

also developed magneto- and photo-responsive PNIPAM-based microfibers, wherein the magnetic 

nanoparticles generate heat upon irradiation with visible light to induce volume change of 

PNIPAM microfibers.[313] Precise control over the physicochemical features of the particles 

could be achieved by controlling the concentration of materials precursors in solvents, flow rate 

of the inner and outer fluids, and total flow rate. 
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Figure 1.15: Integration of stimuli-responsive polymers with microfluidic technique: (A) 

Development of thermo-responsive microfibers/tubes by coaxial flow of inner and outer solutions 

(a); reversible changes of tube diameters with temperature (b); Flourescence image of Hep G2 

cells cultured on microfibers (c). (B) Development of pH-responsive cell-loaded microgels (a); 

Live-dead image of NIH 3T3 cells encapsulated within microgels (b); pH-triggered degradation of 

microgels, and hence release of NIH 3T3 cells (c). Image A: Copyright 2018. Reproduced with 

permission from American Chemical Society. Image B: Copyright 2013. Reproduced with 

permission from John Wiley and Sons Inc. 
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In another study, Haag and co-workers reported fabrication of pH-responsive cell-laden 

microgel for encapsulation and release of NIH 3T3 cells.[308] In their study, azide-terminated 

dendritic polyglycerol incorporating pH-sensitive benzacetal functionalities, PEG-dicyclooctyne, 

and NIH 3T3 cells were injected through microfluidic channels, and thus crosslinked via SPAAC 

to form monodispersed microgel (Figure 1.15B). The cell-loaded microgels exhibited pH-

sensitive release of cells at pH of 6 owing to the cleavage of benzaacetal functionalities. 

Furthermore, photo- and thermo-responsive materials play an integral role in the development of 

microfluidic devices, as smart microvalves, pumps, and actuators.[314, 315] 

1.5.5. 3D Bioprinting modalities 

Bioprinting combines 3D printing technology, cell biology and biomaterial sciences to 

construct 3D structures of geometrical and organizational features similar to native tissues by 

layer-by-layer positioning of printable bioink.[316] The major bioprinting technologies include 

inkjet bioprinting,[317] microextrusion,[318] laser-assisted printing,[319] and 

stereolithography.[320] Unlike conventional 3D bioprinting which generally creates static 3D 

scaffolds, integration of stimuli-responsive materials with 3D bioprinting technology results in 3D 

objects capable of programmable transformation of their shapes or functions upon stimulation with 

external or intrinsic stimuli.[321, 322] Owing to its’ time-dependent transformation of the printed 

3D object, 4D bioprinting is a commonly used term to specifically indicate 3D printing of stimuli-

responsive materials. Substantial progress in 4D bioprinting has been achieved using stimuli-

responsive hydrogels as smart bioinks. Precise patterning of multi-materials of gradient properties 

enable programmable on-demand transformation into pre-designed shapes. Temperature, 

humidity, and ions are among the most favorable stimuli because they can be applied in broad 
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ranges (e.g. 4–40 °C) without altering cell viability.[323, 324] Conversely, other stimuli, such as 

pH and UV irradiation, have narrow application range to maintain considerable viability of cells. 

Liu et al. developed bioinspired thermo-responsive tubular implants capable of a variety of 

temperature-triggered shape transformation, such as radial expansion, bending, gripping, and 

uniaxial elongation (Figure 1.16A). In their study, segmental patterning of acrylamide-laponite 

and NIPAM-laponite bioinks into tube-like structure was achieved using direct ink writing and 

photocuring. The spatial arrangement of thermo-responsive PNIPAM, amenable to undergo 

swelling/shrinking transition with temperature, and non-responsive polyacrylamide induced shape 

changing because of differential swelling.[15] In addition, 4D bioprinting using thermo-responsive 

gelatin or agarose as fugitive bioinks provides promising solutions toward the development of 

vascularized scaffolds.[325, 326] For instance, Forgacs and co-workers developed scaffold-free 

vascular constructs by concomitant layer-by-layer deposition of agarose rods (which act as 

sacrificial template), and multicellular cylinders or spheroids (Figure 1.16B).[326] Hollow tubular 

construct of pig smooth muscle cells was generated after thermal dissolution of the inner agarose 

rod. Likewise, double-layered tubes of smooth muscle cells (HUVSMCs) and human skin 

fibroblasts (HSFs) were created, wherein the cells self-adhere to each other to integrate the 

construct. 
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Figure 1.16: 4D printing of stimuli-responsive materials. (A) 4D printing of thermo-responsive 

bioinspired tubes (a); bending of the tubes at different temperatures (b). (B) Development of 

vascular construct using thermos-responsive agarose template: (a) (a) layer-by-layer deposition of 

agarose rods and cells; (b) fabrication of hollow tubular construct of pig smooth muscle cells; (c) 

development of double-layered vascular construct using HUVSMCs (green) and HSFs (red); (d) 

and (e) hematoxylin-eosin and smooth muscle α-actin staining of double layered vascular 

construct, respectively. (C) 4D printing of dynamic polyurethane-based shape memory scaffold: 

(a) the printed scaffold was stretched to 50 % strain, then seeded with hMSCs, followed by shape 

recovery at 37 °C; (b) phalloidin (green) and DAPI (blue) staining before deformation (left image) 

and after shape recovery (left image), respectively. Image A: Copyright 2019. Reproduced with 
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permission from American Chemical Society. Image B: Copyright 2009. Reproduced with 

permission from Elsevier Inc. Image C: Copyright 2017. Reproduced with permission from IOP 

publishing Ltd. 

In addition to thermo-responsive hydrogels, thermoplastic and thermoset shape memory 

polymers (SMPs) – a special class of stimuli-responsive polymers capable of shape recovery from 

deformed state upon stimulation – have been widely used as smart bioinks in 4D printing.[321] 

For example, Moroni and co-workers harnessed the shape memory effect of polyurethane-based 

scaffold (Tg = 34 °C) to provide mechanical stimuli to hMSCs during shape recovery.[327] The 

printed scaffold was first stretched at 65 °C to 50% strain, then fixed into a temporary shape at 4 

°C, and subsequently seeded with hMSCs at 30 °C (Figure 1.16C). The hMSCs-seeded scaffolds 

restored their original shapes at physiological temperature (37 °C), and the cells exhibited elongate 

morphology as compared to the static non-stretched scaffolds. In addition, Miao et al. developed 

3D scaffold with shape-morphing ability via stereolithography-assisted printing of soybean oil 

epoxide acrylate.[328] The printed scaffold exhibited temporary shape at -18 °C and recovered its 

original shape at 37 °C. The scaffold supported effectively hMSCs proliferation and migration. It 

is noteworthy to mention that the harsh temperatures and solvents used during the fabrication of 

these scaffolds only allowed cell seeding after fabrication. 
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Figure 1.17: 4D bioprinting of shape-morphing structures capable of self-transformation with 

intrinsic stimuli. (A) Biomimetic 4D printing of self-folding objects via anisotropic swelling: (a) 

4D printing induce shear-induced alignment of cellulose microfibers; (b) anisotropic swelling in 

the longitudinal direction; (c) Blue staining of aligned printed fibers; (d) anisotropic swelling 

trigger folding of the printed pattern into flower-shaped structure. (B) 4D biofabrication of Ca2+ 

responsive cell-laden hollow tubes: (a) printing of AA-MA or HA-MA in presence/absence of 

cells; (b) crosslinking of the printed films via irradiation with visible light; (c) spontaneous folding 

into tubular structures in aqueous solution; (d) reversible unfolding (middle image)/folding (right 

image) in using Ca2+ and EDTA, respectively; (e) live/dead assay of cells encapsulated into self-

folded tubes after 1 (left image), 2 (middle image), and 7 (right image) days of culture. (C) Self-
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folding via osmolarity gradient: (a) printing of droplet network using lipid-coated aqueous droplets 

of different osmolarities to trigger bending via swelling/shrinking; (b) and (c) self-folding of the 

printed strip and slower-shaped bilayers driven by different osmolarities, respectively. Image A: 

Copyright 2016. Reproduced with permission from Nature publishing group. Image B: Copyright 

2017. Reproduced with permission from John Wiley and Sons Inc. Image C: Copyright 2013. 

Reproduced with permission from American Association for the Advancement of Science. 

Besides shape transformation using external stimuli, intrinsic stimuli were also used to 

trigger programmable self-folding of the printed scaffolds. This relies on the generation of 

gradients of swelling, osmolarity, and wettability, thereby internal stresses could be generated to 

trigger well-defined shape changing. Lewis and co-workers reported biomimetic 4D printing of 

plant-inspired shape-morphing structures such as flowers and leaves.[329] Direct ink writing of 

smart bioink composed of NIPAM, nanofibrillated cellulose (NFC), hectorite nanoclay, 

photoinitiator, glucose and glucose oxidase resulted in shear-induced alignment of NFC, which in 

turn generated anisotropic stiffness, leading to preferential swelling on longitudinal direction as 

compared to transverse direction (Figure 1.17A). Precise control over the positioning of the 

anisotropic swelling within a bilayer structure resulted in programmable folding/unfolding of the 

printed pattern (e.g. flower-shaped structure) upon swelling. In another study, Lonov and co-

workers reported the development of hollow self-folding tubes with tunable diameters via 

extrusion-based printing of self-morphing methacrylated alginate (AA-MA) and methacrylated 

hyaluronic acid (HA-MA) on glass or polystyrene (PS) substrates (Figure 1.17B).[330] 

Crosslinking of the printed AA-MA or HA-MA using visible light generated crosslinking gradient 

within the polymer film because of excessive exposure of top layer to light relative to bottom layer, 

thereby tubular structures by irreversible folding were created. The tubes diameter and thickness 
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were tuned by appropriate control of printing speed, polymer concentration, light exposure, and 

substrate. Reversible folding/unfolding of AA-MA tubes was achieved using Ca2+ ions and EDTA 

to trigger crosslinking/de-crosslinking processes, respectively. 4D bioprinting of hollow tubes 

encapsulating human bone marrow stromal cells demonstrated higher cell viability after 7 days of 

culture. Additionally, Bayley et al. developed 3D droplet networks capable of spontaneous 

deformation into pre-defined geometries using heterogeneous lipid-coated microdroplets of 

different osmolarities (Figure 1.17C).[331] A strip and flower-shaped bilayer of droplets of 

different KCl concentration folded spontaneously to form closed ring and hollow sphere structures, 

respectively. The integrity of the droplet network was maintained by the cohesive interactions 

between the lipid layers, and the osmolarity difference between the droplets induced 

shrinking/swelling of the network and thus deformation into the final structure. This strategy could 

be promising for printing of soft tissues over multiple lengths scale, and the droplet networks could 

be modified with specific proteins to enable cross-talk between cells over pre-defined paths. 

1.6. Conclusions and future perspectives 

Hydrogel-based 3D scaffolds with stimuli-responsive behavior have attracted significant 

interest in the development of dynamic 3D TE constructs, which allow spatiotemporal modulation 

of physical and biological cues, as well as real-time monitoring of cellular behavior. Their water-

rich nature and broad range of physical properties promoted their applications in different fields, 

including TE, drug delivery, biosensing, bioanalytical, soft robotics, etc. The advances in 

chemistry and material science enable hydrogel formation with different network characteristics 

through appropriate choice of the reacting precursors, gelation mechanisms, and reaction 

parameters. As summarized in Figures 1.1-1.2, the toolbox of chemistry and different modes of 
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physical interactions serve as the cornerstones toward designing of smart hydrogels, which are 

either chemically or physically crosslinked. For examples, self-healing hydrogels incorporate 

reversible dynamic bonds that can self-correct its structure after damage; shear-thinning hydrogels, 

physically crosslinked via hydrogen bonding, ionic interaction, host-guest complexation, or metal 

complexation, flow under stress and restore their gel state after stress removal. Enormous efforts 

have been invested in developing stimuli-responsive hydrogels that can respond to the alterations 

in physical or chemical triggers of the surrounding environment. Thermally-, pH-, photo-, 

electrically-, and mechanically-responsive scaffolds and their relevant TE applications are 

comprehensively covered in this review, with particular emphasis on chemistry and structure-

property relationship. Smart scaffolds based on naturally-derived and purely synthetic hydrogels 

have been intensively explored in TE field. It has been demonstrated that hybrids of naturally-

derived and synthetic hydrogels exhibit improved physical and biological characteristics. 

Significant progress has been made using stimuli-responsive materials to reveal many of 

the cell-directing cues, through in situ modulation of cellular microenvironment spatially and 

temporally and investigations of the cellular behavior in response to the dynamic changes of 

particular cues. As discussed in this review, pH-responsive and thermo-responsive scaffolds have 

been used for temporal alteration of physical stiffness and stress/strain behavior of cellular 

microenvironment. Spatiotemporal control of biophysical cues has been achieved using photo-

responsive scaffolds, whereby light can be used to dynamically control the cell-directing cues 

within small subvolumes of the scaffolds. Moreover, scaffolds with enhanced electrical 

conductivity have enabled electrical communication between cells, as well as electrical coupling 

between the scaffolds and native tissues. Furthermore, electro-responsive scaffolds can display 

volume change by applying electrical field, and have gained popularity in mechanical and 
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electrical stimulation of cells. Additionally, mechanically-responsive scaffolds have been used to 

alter cellular mechanical microenvironment, which guides cellular fate. 

Stimuli-responsive materials play a pivotal role in spatiotemporal modulation of biological 

and physical triggers of the scaffolds, in order to elicit specific cellular events such as attachment, 

proliferation, and differentiation. For example, incorporation of enzymatic, photolytic, or 

polymerizable groups within the network enables dynamic control over mechanical 

microenvironment through degradation or further crosslinking. In addition to mechanical cues, 

biochemical cues of the scaffolds dictate cellular fate. In order to modulate the bulk biological 

signals, early attempts of loading bioactive agents within the scaffold networks include physical 

entrapment, covalent attachment to polymer backbone or monomers, and affinity binding to 

specific ECM domains. However, such attempts do not permit time-dependent changes of cues in 

a way similar to native ECMs. Current attempts aim to engineering 3D scaffolds that mimic the 

cellular microenvironment and allow the selective expression of specific biological cues spatially 

and temporally. This review summarizes the biorthogonal chemistries and stimuli-sensitive 

moieties utilized in designing dynamic 3D scaffolds, which enable control of mechanical and 

biochemical characteristics in time and space. Significant progress has also been performed to 

allow spatiotemporal modulation of multiple combinations of physical and biochemical cues 

independently. 

Integration of stimuli-responsive biomaterials with advanced biofabrication technologies, 

such as microfluidics, lithography, 3D bioprinting, electrospinning, and patterning-based 

techniques etc., provides opportunities to develop sophisticated 3D constructs with organizational 

features similar to native tissues over multiple lengths scale. Moreover, studies of such 3D 

constructs can prompt understanding on complex cellular processes. As discussed earlier, 
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lithography and microfluidic techniques have enabled the fabrication of 2D and 3D platforms with 

physical and biological gradients, and the response of cells to these gradients has been revealed. 

Furthermore, the development of scaffolds with different surface topography and the subsequent 

examination of their influence on cellular behavior has broadened our knowledge on the key 

elements of cellular microenvironment that dictate cellular behavior. The information acquired 

from monitoring cellular function in response to different cues from surrounding 

microenvironment and from studying the influence of cellular event on the scaffold properties can 

be collectively used to develop dynamic scaffolds with optimal biophysical characteristics. It is 

worthwhile to mention that integration of the smart materials with current 3D bioprinting 

techniques have resulted in the generation of programmable 3D objects, which undergo 3D shape 

shifting in response external stimuli. The current biofabrication technologies, with special focusing 

on the merits of integration of smart materials with such techniques in TE, have been summarized 

in this review. 

Although significant progress have been achieved, there are still substantial challenges. 

From chemistry perspective, the limited degradability of synthetic scaffolds under physiological 

conditions and the inevitable utilization of certain concentrations of toxic chemicals (such as 

photo-initiators) remain as concerns. Although this review summarizes the toolbox of chemistry 

that can be employed to tackle the degradability issue, and presents the current strategies to 

modulate the biological features of the scaffolds, it is critical to explore new biologically benign 

chemistries with optimized reaction parameters. Moreover, the current library of stimuli-

responsive scaffolds mostly is smart in one aspect, and the current experimental approaches 

typically explore separately the influence of individual property on cellular behavior. However, a 

cascade of inter-independent changes commonly happen in vivo. Thus, it is a pressing demand to 
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develop multi-stimuli-responsive scaffolds with tunable responses and specific selectivity for 

spatiotemporal dynamic control of multiple cell-guiding signals simultaneously. Furthermore, pH-

and thermally-sensitive structures have revealed promising results in vitro for the delivery of 

biological cues and for the development of cell-laden injectable hydrogels; however, rigorous 

optimization of molecular structure should be performed to ensure maintaining the responsive 

nature under physiological conditions of the targeted tissues. Additionally, considering the grand 

goal of TE, which is development of functional tissue replacements with clinically relevant sizes, 

generally the reported stimuli-responsive hydrogels are mechanically weak. The TE scaffolds for 

tissue replacements are supposed to undergo dynamic changes meanwhile incorporating 

hierarchically branched vascular networks to enable diffusion of bio-essentials. Interpenetrating 

double network hydrogels and hydrogel composites have been extensively studied to improve the 

mechanical stability of scaffolds, but rigorous optimization of their mechanical characteristics to 

maintain their stimuli-responsive features and sustain the function of the embedded vascular 

networks remains a challenge. Added to that, despite the significant progress in the development 

of smart 3D scaffolds that enable spatiotemporal presentation of physical and biological cues, 

continuous discovery of new biorthogonal chemistries and stimuli-sensitive groups for reversible 

modulation of cell-directing cues, with time-dependent appearance/disappearance of signals, is 

needed. Besides, considering the integration of smart materials with the advanced biofabrication 

technologies (such as 3D printing), the exploration of new bioinks with optimal physical 

characteristics, which fit the prerequisites dictated by biofabrication process without interfering 

with the required physical and biological characteristics of the scaffolds, is also critical. 

In TE landscape, the development of intelligent 3D scaffolds enabling spatiotemporal 

presentation of biological and physical cues to triggers specific cellular events (such as cell 
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attachment, proliferation and differentiation) is still in its infancy; mimicking the exact sequential 

expression of biological signals from native ECMs, in time-dependent manner, is still a challenge. 

Noteworthily, despite the significant progress devoted to modulation of degradability of the 

dynamic 3D scaffolds via introducing labile bonds to the scaffolds, the differences between the 

scaffolds and native ECMs on the spatial distribution and reactivity of cleavable bonds result in 

mismatch between the degradation rate of the biomaterials and the regeneration rate of new tissues. 

More efforts need be invested to comprehensively understand the distribution pattern and 

reactivity of degradable moieties within native ECMs. Moreover, controlling topographical 

features and molecular orientation of amorphous hydrogel-based scaffolds requires further studies 

in order to mimic the fibrillar alignment of ECMs. Furthermore, new analytical approaches need 

to be explored for real time monitoring cell-matrix interactions upon spatiotemporal modulation 

of the scaffolds. In addition, because so far most stimuli-responsive scaffolds are rationally 

designed to grow single cell population, research efforts should be greatly extended to develop 

smart bioactive scaffolds for co-culture of multiple types of cells for better mimicking the 

organizational complexity of tissues. The generation of gradients of multiple biological and 

physical triggers and the development of gradient-forming approaches may critically prompt the 

studies to interpret the inter-independent cellular events, and subsequently provide the essential 

inputs for the feedback loop for rational design of smart 3D scaffolds with optimal physical and 

biological characteristics. 

Apart from TE research on healthy state of native tissues, there are also ongoing attempts 

for the development of smart 3D scaffolds that closely resemble the biological and physiological 

microenvironment of tumor tissues. These studies would boost the understanding on cancer 

biology and help to develop appropriate cancer-combating strategies. Moreover, the advances in 
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micro-/nanotechnologies pave the way toward the generation of miniaturized organ model for 

testing and screening therapeutically active anticancer drugs. On the other hand, more endeavors 

are needed to explore more sophisticated smart scaffolds that mimic to greater extent the 

complexity of different types of cancer tissues. 

Taken together, we envision that the development of smart 3D scaffolds with complexity 

similar to native tissues requires the integration of multidisciplinary approaches, guided by the 

advances in chemistry, material science, bioengineering, and biology. It is obvious that the 

remarkable complexity of tissues cannot be resembled by only one simple type of materials, and 

multicomponent materials as the combination of multiple types of smart materials are needed to 

recapitulate essential features of ECMs. Such multicomponent materials should be integrated with 

the advances of biofabrication technologies to generate smart 3D constructs with organizational 

features over multiple size scales; whereby sophisticated in vitro models can be built up for 

comprehensive studies to interpret complex cellular processes by monitoring the real-time 

response of cells upon spatiotemporal changes of cellular microenvironment. The resulting 

insightful understanding on complex cellular processes, especially about cell-cell and cell-material 

interactions, will critically prompt the development of 3D scaffolds with optimal physical and 

biological characteristics, as a key step towards the generation of functional tissue equivalents. 
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Chapter 2: Fast Synthesis of Biodegradable Glycerol-Based Elastomers of 

Tunable Mechanical and Surface Properties Via Thiol-ene Click Chemistry 

for Skeletal Muscle Regeneration 

ABSTRACT 

Skeletal muscle tissue engineering is a promising strategy aiming at restoration of injured muscle 

tissue functions and compensation of volumetric loss of tissues. Here, we report facile synthesis 

of novel series of optically transparent elastomers with tunable mechanical properties, surface 

wettability, and degradability via thiol-ene click chemistry. Glycerol tripentenoate (GTP) and 4-

pentenyl 4-pentenoate (PP), as monomers with three and two alkene functionalities respectively, 

were synthesized. Subsequently, binary crosslinked networks with varying surface hydrophilicity 

were prepared by thiol-ene crosslinking using a series of di- and trithiols, including 1,6-

hexanedithiol (HDT), 1,4-butanediol bis(3-mercaptopropionate) (BDBMP), trimethylpropane 

tris(3-mercaptopropionate) (TMPTMP), and ethoxylated trimethylolpropane tri(3-

mercaptopropionate) (ETTMP) to react with GTP. Thiol-ene synthesis of ternary crosslinked GTP-

co-PP-co-BDBMP networks were also performed, and varying the molar ratio of GTP/PP in the 

feed resulted in crosslinked networks of varying mechanical and swelling characteristics. 

Mechanical studies revealed that these binary and ternary networks possess elastomeric properties, 

with Young’s modulus spanning from 0.07 MPa to 11.3 MPa and elongation range of 15.2 – 445%. 

Thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) showed their 

decomposition temperature range of 320–430 ºC, and Tg values between -21 and -51 ºC. Their 

biodegradability was also verified through in vitro enzymatic degradation study. With 
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hydrophilicity increasing in order of GTP-co-ETTMP ˃ GTP-co-BDBMP ˃ GTP-co-TMPTMP ˃ 

GTP-co-HDT, the networks had water contact angle range of 51–81º, suggesting that tuning their 

surface hydrophilicity by appropriate selection of thiol monomer may promote cell attachment. 

Proliferation and myogenic differentiation of human and mouse myoblast cells on GTP-co-HDT, 

GTP-co-BDBMP, GTP-co-TMPTMP, and GTP-co-ETTMP elastomers revealed their 

biocompatibility and myogenic differentiation ability with obvious formation of contractile 

myotubes. Immunostaining for myosin heavy chain-2 (MHC) and sacromeric α-actinin at two 

different weeks indicated substantial increase in myotube coverage area on elastomers relative to 

the Matrigel-coated polystyrene control tissue culture plates (TCP). Overall, these biodegradable 

elastomers are promising for potential applications in skeletal muscle tissue engineering. 
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2.1. Introduction 

Skeletal muscle tissue is vital for generating force necessary for movements and 

locomotion. It consists of aligned bundles of multinucleated myofibers, weighing approximately 

45% of total body mass of human adult.[1, 2] Although skeletal muscles have inherent self-

repairing capability, under severe conditions such as traumatic injuries, diseases, myopathies, and 

cachexia, regeneration of skeletal muscles is significantly impaired.[3] Tissue engineering has 

emerged as a powerful strategy for regeneration of muscular tissue by combining the satellite cells 

with bioactive materials which provide the temporary support to cells, enabling cell attachment, 

proliferation, myogenic differentiation and fusion of myoblasts to form the aligned myofibers.[4, 

5] Biomaterial-based strategies for skeletal muscle tissue engineering includes three different 

scenarios: 1) In vitro tissue engineering, which involves seeding of cells on rationally designed 

biomaterial to induce formation of mature contractile muscle tissues, followed by transplantation 

to the injured site;[6] 2) In vivo tissue engineering relying on placement of a combination of cells 

and biomaterials to the site of injury, in order to elicit generation of new muscle tissues;[7] 3) In 

situ tissue engineering that depends on using biomaterials incorporating multitude of bioactive 

factors and chemotactic signals to recruit the host cells to regenerate the defect tissues.[8] Thus, a 

myriad of natural and synthetic biomaterials of different geometrical, biochemical, biophysical, 

structural characteristics, and chemical compositions in the form of hydrogels[9], fibers 

meshes[10], and elastic substrates[11] have been developed, aiming at generation of functional 

muscle tissue replacements.[8] However, to restore the damaged tissue function, the success of the 

materials depends on tuning not only chemical composition and bioactivity, but also biophysical 

characteristics, such as mechanical stiffness and stress strain relaxation.[12, 13] 
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Significant progress has been made using naturally-driven materials such as collagen,[14-

16] gelatin,[17] silk,[18, 19] and fibrin[20, 21] as a scaffold for skeletal muscle repair, owing to 

their inherent bioactivity that mimics to great level the native cellular environment. However, the 

drawbacks of these materials, such as poor mechanical properties, batch-to-batch variation, and 

possible immunogenicity, have considerably restricted their applications and motivated the 

exploration of new synthetic scaffolds with tunable mechanical, structural, and physicochemical 

properties. Remarkable efforts have been devoted to the development of physically and chemically 

crosslinked elastomers for skeletal muscle engineering. Among them, elastomeric polyesters have 

attracted appreciable attention. Physically crosslinked polyesters based on poly(lactic acid) 

(PLA),[22-24] poly(glycolic acid) (PGA),[25-27] poly(caprolacone) (PCL),[14, 28, 29] and 

poly(hydroxyalkanoate) (PHA)[30, 31] have been broadly explored in skeletal muscle tissue 

engineering. However, bulk degradation of PGA and PLA very often results in catastrophic decline 

of mechanical strength, causing mechanical failure of the whole implant.[32] Moreover, the acidic 

nature of degradation byproduct would elicit immune response. Furthermore, the inherent rigidity 

and poor flexibility of PLA and PGA restrict the tuning of mechanical properties, and there is 

usually a trade-off between enhanced degradability and mechanical integrity of the scaffolds.[33] 

Therefore, more attention has been paid to the development of chemically crosslinked 

elastomers, with flexible chains crosslinked via covalent bonds, because they degrade via surface 

erosion, thus maintaining the geometrical and structural integrity of the scaffolds. Elastomers with 

broad ranges of physicochemical properties based on poly(polyol sebacate),[11] poly(diol 

citrate),[34] poly(caprolactone fumarate),[35] and poly(trimethylene carbonate)[36] have been 

investigated in TE. Among all, glycerol-based elastomers, such as poly(glycerol sebacate) (PGS), 

have received particular attention because of their structural stability and non-toxic degradation 
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products, in addition to the fact that glycerol has been approved by US Food and Drug 

Administration (FDA) in pharmaceutical formulations and food additives.[37] However, PGS has 

been synthesized via two steps: thermal polycondensation and curing, which require harsh reaction 

conditions, such as elevated temperature (˃ 80 ºC) and longer reaction time up to several days. 

Therefore, PGS is not ideally suited for in situ tissue engineering, and adding bioactive agent 

during PGS crosslinking step also remains a challenge. In an attempt to tackle this problem, PGS 

acrylate has been synthesized.[38] However, the difference in chemical reactivity between the 

secondary and primary hydroxyl group of glycerol generally results in batch-to-batch variation of 

physicochemical characteristics of the prepolymer.[33] Alternative solution included using thiol-

ene click reaction to induce crosslinking upon exposure to UV light. Yu et al. employed thiol-ene 

reaction between cyclic acetal-based monomer containing reactive diallyl groups and 

pentaerythritol tetrakis (3-mercaptopropionate) (PETMP) to prepare degradable elastomer, but 

neither systematic study for tuning the physicochemical characteristics nor biomedical evaluation 

of the elastomer in muscle tissue engineering was reported.[39] In another study, Wooly et al. 

reported synthesis of isosorbid-based elastomer via thiol-ene crosslinking, and post-curing at 100 

ºC was needed to induce moderate changes in mechanical properties. Collectively, more efforts 

are required to develop elastomers with well-defined mechanical, structural, and physicochemical 

properties.[40] 

In this work, we aim to synthesize a series of optically transparent elastomers of finely 

tuned mechanical properties and surface hydrophilicity for muscle tissue engineering via thiol-ene 

click reaction, thereby avoiding the application of harsh reaction conditions (such as high 

temperature that causes undesirable decline of mechanical integrity). Toward this aim, GTP and 

PP monomers containing two and three thiol-reactive alkene groups, respectively, were 
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synthesized. In order to develop glycerol-based elastomers of different surface wettability, GTP 

was cured with different types of di- and tri-functional thiols, including HDT, BDBMP, TMPTMP, 

and ETTMP under UV irradiation. Moreover, for the development of elastomers of a broad range 

of mechanical properties, BDBMP was copolymerized with different molar ratios of [GTP]/[PP]. 

The crosslinked elastomers were characterized by Fourier transform infrared spectroscopy (FTIR), 

scanning electron microscopy (SEM), differential scanning calorimetry (DSC), thermogravimetric 

analysis (TGA), tensile test, and water contact angle measurement. The glycerol-based elastomers 

supported the myogenic differentiation of skeletal muscle myoblasts toward multinucleated 

myotubes elucidated by increasing the number of myotubes present on the surface, as well as 

beating of mature myotubes capable of spontaneous contractions. 

2.2. Experimental Section 

2.2.1. Materials 

4-Pentenoic anhydride (98%), 4-(dimethylamino)pyridine (DMAP, 99%), 4-penten-1-ol 

(99%), trimethylpropane tris(3-mercaptopropionate) (TMPTMP) were purchased from Sigma-

Aldrich, and used as received. Glycerol (99+%) was used as received from Acros. Pyridine (99%) 

was obtained from Fischer Scientific. 1,6-Hexanedithiol (HDT) was purchased from Alfa Aesar, 

while 1,4-butanediol bis(3-mercaptopropionate) (98%) was obtained from TCI. Ethoxylated 

trimethylolpropane tri(3-mercaptopropionate) (ETTMP 700) was used as received from Bruno 

Bock Chemische Fabrik GmbH & Co. KG. Dichloromethane (DCM) was dried by distillation over 

CaH2. Other chemicals and reagents were used as received unless otherwise stated. 
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2.2.2. Synthesis of GTP monomer 

Glycerol (2.24 g, with 73.1 mmol OH, 1.0 equiv), 4-pentenoic anhydride (20 g, 110 mmol, 

1.50 equiv), DMAP (1.34 g, 10.9 mmol, 0.15 equiv), and pyridine (8.68 g, 110 mmol, 1.5 equiv) 

were charged into 100-mL round bottom flask, and the reaction mixture was stirred overnight 

before quenching with water for 3h. The reaction mixture was diluted with DCM, and then washed 

with saturated NaHSO4(aq) (3 × 100 mL), 10 wt% NaHCO3(aq) (3 × 100 mL), and brine (2 × 100 

mL). The organic layer was dried using anhydrous Na2SO4, concentrated to dryness, and then 

purified by flash chromatography using 1/9 (v/v) ethyl acetate/hexane as eluent to give the product 

as colorless oil (7.57 g, 92 % yield). 1H NMR (500 MHz, CDCl3, δ): 5.77 (3H, CH2=CH-), 5.26 

(1H, -OCH2CHOCH2O-), 5.02 (6H, CH2=CH-), 4.28 (2H, -OCH2CHOCH2O-), 4.13(2H, -

OCH2CHOCH2O-), 2.41(6H, -OCO-CH2-), 2.35 (6H, -OCO-CH2CH2-). 
13C NMR (500 MHz, 

CDCl3): δ = 172.4, 172.0, 136.4, 136.3, 115.6, 68.9, 62.1, 33.3, 33.2, 28.6 ppm. Calcd: [M]+ 

(C18H16O6) m/z = 338.17; found ESI-MS: [M+Na+] m/z = 361.16. 

2.2.3. Synthesis of PP monomers 

A 50-mL round bottom flask was charged with 4-penten-1-ol (2.59 g, 30.0 mmol, 1.0 

equiv), 4-pentenoic anhydride (6.57 g, 36.0 mmol, 1.20 equiv), DMAP (0.55 g, 4.51 mmol, 0.15 

equiv), and pyridine (2.85 g, 36.0 mmol, 1.2 equiv). The reaction mixture was allowed to proceed 

at room temperature for 24 h under stirring, and then quenched with water. The reaction mixture 

was diluted with DCM, and then washed with saturated NaHSO4(aq) (3 × 100 mL), 10 wt% 

NaHCO3(aq) (3 × 100 mL), and brine (2 × 100 mL). The organic layer was dried using anhydrous 

Na2SO4, concentrated to dryness to give the product as colorless oil (4.50 g, 90 % yield). 1H NMR 

(500 MHz, CDCl3): δ = 5.82 (2H, CH2=CH-), 5.05 (4H, CH2=CH-), 4.08 (2H, -CH2OCO-), 2.38 

(4H, -OCO-CH2CH2-), 2.11 (2H, -OCH2CH2CH2-), 1.74 (2H, -CH2CH2-CH2-). 
13C NMR (500 
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MHz, d6-DMSO): δ = 173.0, 137.4, 136.6, 115.4, 115.2, 63.7, 33.5, 30.0, 28.8, 27.7 ppm. Calcd: 

[M]+ (C10H16O2) m/z = 168.12; found ESI-MS: [M+Na+] m/z = 191.10. 

2.2.4. Preparation of glycerol-based crosslinked elastomers 

Glycerol-based elastomers were prepared using thiol-ene click chemistry to crosslink 

different combinations of thiol- and alkene-containing monomers upon irradiation with UV light 

in presence of catalytic amount of DMPA as photoinitiator. Two different elastomeric series were 

prepared: the first series included crosslinking of GTP with each of HDT, BDPMP, TMPTMP, 

and ETTMP thiol monomers to obtain GTP-co-HDT, GTP-co-BDBMP, GTP-co-TMPTMP, and 

GTP-co-ETTMP networks. In a typical experiment to prepare GTP-co-HDT, GTP (0.10 g, 0.29 

mmol, 1.0 equiv of double bond), HDT (6.66 × 10-2 g, 0.44 mmol, 1.0 equiv of SH), and DMPA 

(1.62 mg, 1.0 wt %) were charged into 10-mL vial (wrapped with aluminum foil to avoid 

undesirable photo-mediated polymerization), and then the reaction mixture was vortexed for 3 

minutes before irradiated with UV light for 5 minutes. Similarly, GTP-co-BDBMP, GTP-co-

TMPTMP, and GTP-co-ETTMP were prepared using equimolar ratio of thiol and alkene groups. 

The second series included tuning the mechanical properties of the resultant elastomers 

through thiol-ene copolymerization of GTP, PP, and BDPMP of varying [ene]GTP/[ene]GTP+PP 

percentage (10%, 20%, 30%, 40%, 50%) in the feed. In brief, for the preparation of GTP-co-PP-

co-BDBMP-10%, BDBMP (0.10 g, 0.44 mmol, 1.0 equiv SH), PP (67 mg, 0.39 mmol, 0.9 equiv), 

GTP (9.96 mg, 2.94 × 10-2 mmol, 0.10 equiv), and DMPA (1.76 mg, 1.0 wt %) were placed in 

aluminum foil-wrapped 10-mL vial. The reaction mixture was vortexed for 3 min, and then shined 

with UV light for 5 min. Likewise, GTP-co-PP-co-BDBMP-20%, GTP-co-PP-co-BDBMP-30%, 

GTP-co-PP-co-BDBMP-40%, and GTP-co-PP-co-BDBMP-50% were prepared. 
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2.2.5. Characterization 

2.2.5.1. Nuclear magnetic resonance characterization (1H NMR) characterization 

1H NMR and 13C NMR spectra of GTP and PP monomers were recorded using a Varian INOVA-

500 spectrometer at room temperature, and the samples were dissolved in CDCl3 containing 1.0 

vol% tetramethylsilane (TMS) as internal standard. 

2.2.5.2. Fourier transform infrared (FT-IR) characterization 

FT-IR spectra of all elastomers were recorded using FT-IR spectrometer (Vertex 70, Bruker, 

MA) in the range of 4000-400 cm -1 with a resolution of 4 cm -1. 

2.2.5.3. Surface morphology of the elastomers 

Scanning electron microscopy (FIB-SEM, Zeiss Auriga, Germany) was used to observe the surface 

morphology of the elastomeric samples at applied voltage of 20 kV. Prior to SEM imaging, all 

samples were sputtered with gold for 30 second at 30 mA to deposit a thin layer on the surface. 

2.2.5.4. Thermal properties of the elastomers 

The glass transition temperature (Tg) of each elastomer was determined using differential scanning 

calorimetry (DSC, Q2000, TA Instruments, Waters LLC., New Castle, DE) at heating rate 

10 °C/min and a N2 gas flow of 50 mL/min. The sample was heated from −90 °C to 100 °C, and 

the Tg value was taken as the midpoint of the heat capacity step change using the software of 

Universal Analysis (TA Instruments).[41] 

Decomposition temperature (Td) of each elastomer was determined by thermogravimetric analysis 

(TGA) using a TG 209 F1 (NETZSCH Group, Germany). The sample was heated in temperatures 

range from 25 ºC to 500 ºC with a heating rate of 10 ºC/min under an argon flow rate of 40 mL/min. 
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Td was taken at the first derivative peak of the thermogravimetric curve using the Proteus Thermal 

Analysis software.[42] 

2.2.5.5. Tensile stress-strain test 

The mechanical tests were performed using Instron tensile tester model 3343 with 50N load cell 

instrument (Instron, Norwood, MA) to obtain stress-strain curve, Young’s modulus, elongation at 

break, and tensile strength of all elastomers. The specimen for mechanical test was prepared as 

follows: a dog-bone shaped mold of poly(lactide) was printed and fixed to a petri dish in which 

SYLGARD 184 Silicone Elastomer (PDMS, 10/1 (w/w) base/curing agent) was casted. After 

baking at 40 ºC for 24 h, PDMS was peeled off and served as a soft mold for preparation of the 

specimens. Subsequently, 200 μL of each sample was added to the PDMS mold and crosslinked 

by UV light for 5 min to obtain elastomers with 4.0 mm thickness for mechanical test. 

2.2.5.6. Contact angle measurement 

Water contact angle of the elastomers was measured by sessile drop method using a Ramé -Hart 

goniometer (Model 190, Ramé -Hart Instrument Co., Succasunna, NJ). In each measurement, a 

drop of deionized water (2 μL) was placed on the sample surface and real-time contact angel was 

obtained after 10 seconds using DROPimage software (Ramé -Hart Instrument Co.). The contact 

angle was taken as the average of five measurements. 

2.2.6. Swelling ratios of the elastomers 

The maximum swelling behavior of all samples was investigated in phosphate buffer (pH 

7.4). In brief, after recording its dry weight (Wd), each sample was immersed in water and left to 

shake at 37 ºC. After reaching equilibrium, the elastomeric samples were taken out from water, 

wiped with filter paper to remove surface water, and then the final weight (ws) was measured. The 
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swelling ratios (%) were calculated as the average of three measurements, using the following 

equation: 

𝒘𝒔 − 𝒘𝒅 
𝑺𝒘𝒆𝒍𝒍𝒊𝒏𝒈 𝒓𝒂𝒕𝒊𝒐 (%) = × 𝟏𝟎𝟎 

𝒘𝒅 

2.2.7. Protein absorption on the elastomers 

Protein adsorption on elastomeric samples were evaluated using bovine serum albumin 

(BSA, VWR, Radnor, PA). Briefly, thin films of samples were prepared directly in 48 well plate 

using 30 μL of reacting mixtures, and then incubated overnight with PBS at 37 ºC. After that, the 

PBS were removed and BSA was added (250 μL, 1 mg/mL in PBS) to each well, followed by 

overnight incubation at 37 ºC. The samples were washed with PBS to eliminate the non-adherent 

proteins, the amount of adsorbed protein was quantified using Commassie Blue assay kit (Thermo 

Fisher Scientific, Waltham, MA). The absorbance was measured at 595 nm using Synergy4 plate 

reader (BioTek, Winooski, VT). Protein adsorption was reported as the average amount of BSA 

adsorption on three films of each sample. 

2.2.8. In vitro enzymatic degradation of glycerol-based elastomers 

In vitro enzymatic degradation of the glycerol-based elastomeric samples were investigated 

using proteinase K enzyme. Briefly, the samples of circular shape were prepared, and then the 

initial weights (w1) were recorded. After that, each of the samples was incubated in 5 mL solution 

of lipase (pH 7.4) and sodium azide (0.02 wt %) in Tris/HCl. Subsequently, the specimen was left 

to stir at 37 ºC with speed 100 rpm, and the proteinase K solution was replaced every 24 h to 

maintain the activity. After specific time intervals, the samples were washed with distilled water, 

dried at 60 ºC, and then the remaining weight (w2) was recorded. The degradation percentage was 

calculated using the following equation: 

139 



 
 

   
 

  

   

         

           

           

         

           

           

          

           

         

            

            

          

           

            

      

       

           

           

               

   

𝒘𝟐 
𝑴𝒂𝒔𝒔 𝒓𝒆𝒎𝒂𝒊𝒏𝒊𝒏𝒈 (%) = × 𝟏𝟎𝟎 

𝒘𝟏 

2.2.9. Cell culture 

Human Myoblasts were purchased from Cookmyosite, Pittsburg, PA. Mouse myoblasts 

were isolated from the skeletal muscles of wild type mice from a C57BL/6 background according 

to the established protocol[43]. Human Myoblats were culture in high glucose Dulbecco’s 

modified Eagle’s medium (DMEM, Gibco, Grand Island, NY) supplemented with 20% fetal 

bovine serum (FBS, Atlanta Biologicals, Flowery Branch, GA), 50 µg/ml fetuin (Sigma-Aldrich), 

0.5mg/ml BSA, 10 ng/ml epidermal growth factor (EGF, produced in house), 1ng/ml basic 

fibroblastic growth factor (bFGF, ORF Genetics, Iceland), 10µg/ml insulin (Sigma-Aldrich), 

0.4µg/ml dexamethasone (Vedco Inc. Saint Joseph, MO) , 10 μg/ml gentamycin (Gibco), 1% 

Antibiotic-Antimitotic (AA, Gibco), and 2.5 μg/ml plasmocin prophylactic (Invivogen, San Diego, 

CA). Mouse myoblasts were cultured in high glucose DMEM supplemented with 20% FBS, 10% 

horse serum (HS, Gibco), 0.5% chicken embryo extract (CEE, Accurate Chemical and Scientific, 

Westbury, NY), 2.5 ng/ml bFGF, 10 μg/ml gentamycin, and 1% AA, and 2.5 μg/ml plasmocin 

prophylactic. The cells were seeded in Matrigel-coated T75 flask at cell density of 1000-3000 

cells/cm2 and incubated at 37 °C in a humidified atmosphere with 10% CO2. Myoblasts were 

passaged prior to reaching 80% confluence using 0.25% Trypsin-EDTA (Gibco). 

To initiate the myogenic differentiation of mononucleated myoblasts to multinucleated 

myotubes, after the cells reached above 80% confluence, the growth media was replaced with 

differentiation media composed of DMEM high glucose supplemented with 5% horse serum and 

1 % AA. The cells were cultured in differentiation media for 1, 2, and 3 weeks, and the media was 

renewed every other day. 
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2.2.10. Preparation of plates with elastomers for cell culture 

The samples were crosslinked directly inside the 48 well plates, and further sterilized by 

UV light for 1 h prior to the experiments. All samples were coated with Matrigel (Corning®, 

Riverfront Plaza, NY) prior to cell seeding. More specifically, the plates were incubated with 

Matrigel (10 % v/v in PBS) at 37 ºC for 1 h. Matrigel-coated polystyrene tissue culture plates were 

used as control in all experiments. 

2.2.11. Cell viability and proliferation on the elastomers 

Cell viability assay and proliferation assay were performed to investigate the cytotoxicity 

of GTP-co-HDT, GTP-co-BDBMP, GTP-co-TMPTMP, and GTP-co-ETTMP elastomers. Mouse 

myoblast cells were seeded at the density 5000 cell/cm2, and their viability were evaluated at day 

1, 3, and 5 of culture using Live/Dead assay. At each time point, the cells were washed with PBS 

three times, and then incubated with Ethidium homodimer-1 (0.5 μM) and calcein AM (0.25 μM) 

(Thermofisher, Grand Island, NY) for 45 minutes. The fluorescent signals were observed using 

Zeiss Axio Observer Z1 (LSM 510; Zeiss, Oberkochen, Germany) equipped with digital camera 

(ORCA-ER C4742-80; Hamamatsu, Bridgewater, NJ). 

Proliferation of human and mouse myoblast cells were evaluated using Alamar Blue assay 

at day 1, 3, and 5 of seeding. Briefly, at each detection time, the culture medium was replaced with 

fresh media containing 10 % (v/v) Alamar Blue. After, 4 h incubation at 37 ºC, 100 μL was 

transferred to 96 well black plates (Costar), and the fluorescence intensity were measured at 

570/595 nm using Synergy4 fluorescence microplate reader. Alamar Blue at 10% (v/v) in medium 

served as blank. 

141 



 
 

  

         

           

           

           

           

             

               

         

          

           

           

              

             

          

           

          

  

     

          

          

         

          

2.2.12. Immunocytochemistry 

Immunofluorescence against myosin heavy chain (MHC), sacrmeric α-actinin, and DAPI 

were performed at week one and two of differentiation in order to visualize the myogenic 

differentiation of human and mouse myoblasts. Briefly, the cells were first fixed at room 

temperature (RT) with 4% (w/v) paraformaldehyde for 10min, followed by washing with PBS 

three times, and subsequently permeabilized with 0.1% (v/v) triton X-100 in PBS for 10 min at 

RT. After three washes with PBS, the cells were blocked with blocking buffer (5% (v/v) goat 

serum in 0.01% (w/v) triton X-100/PBS) at 25 °C for 1 h. After that, cells were incubated overnight 

with mouse-anti MHC (1:1000 dilution in blocking buffer, Millipore, Billerica, MA) and rabbit-

anti actinin (1:200 dilution in blocking buffer, Abcam) monoclonal antibodies. After being washed 

with PBS three times, the samples were stained with Alexa Fluor 594 conjugated goat anti-mouse 

or 488 conjugated goat anti-rabbit antibodies (1:200 dilution in blocking buffer for 1 h, Thermo 

Fisher Scientific). The cells were counter-stained with DAPI as a nuclear marker for 1 min 

(1µg/ml in PBS, Thermo Fisher Scientific). After being washed with PBS three times, the cells 

were observed using Zeiss Axio Observer Z1 (LSM 510; Zeiss, Oberkochen, Germany) equipped 

with digital camera (ORCA-ER C4742-80; Hamamatsu, Bridgewater, NJ). Number of myotubes, 

myotube diameter, myotube length, and surface area covered by myotubes were calculated using 

imageJ software. 

2.2.13. RNA isolation cDNA synthesis and qRT-PCR 

To verify myogenic differentiation of human myoblast cells on GTP-co-HDT, GTP-co-BDBMP, 

GTP-co-TMPTMP, and GTP-co-ETTMP samples, the expression of the myogenic genes MYF5, 

MYOD, MYOG, MRF4 with the housekeeping gene RPL32 were investigated. Primers were 

obtained from the PrimerBank or the corresponding reference with the following 5’->3’ sequences; 
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MYF5; forward: AACCCTCAAGAGGTGTACCAC, reverse: 

AGGACTGTTACATTCGGGCAT 

MYOD; forward: CGCCATCCGCTATATCGAGG, reverse: CTGTAGTCCATCATGCCGTCG 

MYOG; forward: CAGTGCACTGGAGTTCAGCG, reverse: 

TTCATCTGGGAAGGCCACAGA[44] 

MRF4; forward: CCCCTTCAGCTACAGACCCAA, reverse: 

CCCCCTGGAATGATCGGAAAC[44] 

RPL32; forward: AGCGTAACTGGCGGAAAC; reverse: CGTTGTGGACCAGGAACTTC[45] 

After two weeks of differentiation, cells were lysed and mRNA was isolated using RNeasy Mini 

Kit (QIAGEN, Valencia, CA) according to manufacturer’s extraction protocol, followed by 

measurement of the total concentration of mRNA was measured using an ND 1000 Nanodrop (Life 

Technologies, USA). One μg mRNA was used to synthesize complementary deoxyribonucleic 

acid (cDNA) using High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific). 

qRT-PCR was conducted using Power SYBR® Green PCR MasterMix (Thermo Fisher Scientific) 

following the manufacurer’s protocol, and carried out with an Applied Biosystems 7500 Fast Real-

time PCR system with the following cycling conditions: 25 ºC 10 min, 37 ºC 60 min, and 95 ºC 

for 5 min. ΔCT method was used to calculate the fold changes in gene expressions relative to the 

house keeping genes RPL32. 

2.2.14. Spontaneous beating of myoblasts on the elastomers 

Zeiss Axio Observer Z1 (LSM 510; Zeiss, Oberkochen, Germany) equipped with digital 

camera (ORCA-ER C4742-80; Hamamatsu, Bridgewater, NJ) were used to record the beating of 

mouse myoblast cells after 10 daysof differentiation of cells on GTP-co-HDT, GTP-co-BDBMP, 

GTP-co-TMPTMP, and GTP-co-ETTMP elastomers. The spontaneous beating frequency were 
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obtained by counting number of beatings per minute. The density of beating myotubes on the 

surface were counted for 10 different fields of view (area= 0.55mm2 per field of view). 

2.2.15. Statistical analysis 

Statistical analysis was performed by One-Way ANOVA followed by the Fisher’s least 

significant difference using Minitab software. The statistical significance between two mean 

values was analyzed using student t test with respect to their standard deviations. The differences 

were considered significant at P < 0.05. Each experiment was repeated three times independently 

and the data were presented as mean ± standard deviation. 

2.3. Result and Discussion 

2.3.1. Synthesis and characterization of the elastomers 

Based on crosslinked network preparation via thiol-ene click chemistry, biodegradable 

elastomers with tunable mechanical and surface properties were designed. A series of 

commercially available di- and tri-thiols of varying number of ester groups, chain length and 

hydrophilicity, including HDT, BDBMP, TMPTMP, and ETTMP (Mn = 700), were used to 

crosslink with the synthesized glycerol-based GTP monomer in order of minute upon UV 

irradiation (Scheme 1), resulting in elastomers with different degradability, surface wettability, 

and consequently significant differences in skeletal muscle regeneration. Moreover, using GTP 

together with a new ester-based PP monomer at different molar ratios to copolymerize with 

BDBMP would yield elastomers with a broad range of mechanical properties. The designed 

synthetic approach and the resulting elastomers possess a number of attractive features. First, the 

utilization of UV-induced thiol-ene crosslinking strategy avoids harsh temperature typically 
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required in thermal polycondensation, enabling the addition of bioactive agents without inducing 

denaturation. Second, using dithiols HDT with a six-carbon aliphatic chain without ester group 

and BDBMP with two ester groups linked by a short carbon chain, as well as trithiols TMPTMP 

and ETTMP with three ester bonds, provides opportunity to tune the degradability of the 

elastomers. Third, tuning of mechanical properties could be achieved by simple changing of molar 

composition of PP and GTP monomers. Fourth, unlike glycerol with different reactivity between 

primary and secondary OH groups, GTP allows chain growth from the three alkene functionalities 

with similar reactivity, resulting in well-controlled network formation. Fifth, the remarkable 

differences in hydrophilicity of the multifunctional thiols enable the development of elastomers 

with obvious disparities in surface wettability. Sixth, gelation can occur in very short time (< 1 

min), making these elastomers suitable for applications requiring fast gelation. 
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Scheme 2.1: Schematic illustration of synthesis of glycerol-based and GTP-co-PP-co-BDBMP-

based elastomers with tunable properties. 

For development of glycerol-based elastomers, GTP monomer was first synthesized 

through the reaction of three hydroxyl groups of glycerol with 4-pentenoic anhydride in presence 

of pyridine, using 4-dimethylaminopyridine (DMAP) as catalyst. The chemical structure of GTP 

monomer was confirmed by 1H NMR, 13C NMR, and ESI-MS analysis. 
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Figure 2.1: 1H NMR of GTP and PP monomers. 

Comparing the 1H NMR spectra of GTP (Figure 2.1a) and glycerol (Figure 2.2a) revealed 

the disappearance of the resonance signals of OH groups of glycerol at 4.37–4.47 ppm after 

functionalization, and the shift of -CH- and -CH2- resonance signals at 3.37 and 3.30 ppm for 

glycerol to 4.28 and 4.13 ppm for GTP. Additionally, the quantitative appearance of new signals 

147 

https://4.37�4.47


 
 

            

              

           

            

            

         

             

           

       

 

 

           

for CH2=CH- alkene protons at 5.26 and 5.77 ppm further confirmed the chemical structure of the 

monomer. Moreover, 13C NMR data of GTP was in agreement with the chemical structure (Figure 

2.3a). ESI-MS analysis of GTP showed [M+Na+] m/z of 361.16 which matched the theoretical 

value, providing additional evidence for successful synthesis of GTP (Figure 2.4a). For the 

development of elastomers with tunable mechanical properties, PP monomer with two reactive 

alkene groups was synthesized through the DMAP-catalyzed esterification reaction of 4-pentenoic 

anhydride with 4-pentenol in presence of pyridine. The chemical structure of PP was verified by 

1H and 13C NMR spectra (Figures 2.1b and 2.3b) and ESI-MS analysis (Figure 2.4b; found 

[M+Na]+ m/z = 191.10, theoretical [M+Na]+ m/z = 191.10). 

Figure 2.2: (a) 1H NMR and (b) 13C NMR spectra of glycerol. 
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Figure 2.3: 13C NMR spectra of (a) GTP and (b) PP monomers. 
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Figure 2.4: ESI-MS spectra of (a) GTP and (b) PP monomers. 
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GTP was crosslinked with a series of di- and tri-functional thiols (i.e., HDT, BDBMP, TMPTMP, 

ETTMP) to obtain GTP-co-HDT, GTP-co-BDBMP, GTP-co-TMPTMP, and GTP-co-ETTMP of 

varying surface wettability, protein adsorption, degradability, and cell attachment behavior. In 

each experiment, GTP was mixed with equimolar amount of thiol based on reactive groups, and 

subsequently the mixture was irradiated with UV light (λmax = 365 nm) in presence of catalytic 

amount of 2,2-dimethoxy-2-phenylacetophenone (DMPA) photoinitiator. Moreover, based on the 

bio-assessment of the aforementioned elastomers in skeletal muscle regeneration, and the excellent 

performance of GTP-co-BDBMP in supporting myoblast proliferation and differentiation, as well 

as protein adsorption (as elucidated in later sections), GTP-co-BDBMP was selected as the base 

biomaterial for changing the mechanical properties in order to cover the broad mechanical 

strengths of skeletal tissues. Thiol-ene crosslinking of [SH]BDBMP with equimolar amount of 

[ene]GTP+PP, while varying the molar ratio of GTP/PP in the feed, resulted in GTP-co-PP-co-

BDBMP-10%, GTP-co-PP-co-BDBMP-20%, GTP-co-PP-co-BDBMP-30%, GTP-co-PP-co-

BDBMP-40% and GTP-co-PP-co-BDBMP-50% networks of different mechanical characteristics 

(the percentage, 10-50%, corresponds to [ene]GTP/[ene]GTP+PP). 

FTIR and Raman spectroscopy were used to confirm the completion of 

photopolymerization and the network formation. Using thiol crosslinkers and olefin containing 

monomers as references, FTIR analysis of all binary and ternary copolymers displayed 

disappearance of stretching vibration of C-H of alkenes, thiols, and C=C of alkenes at 3100, 2570, 

and 1650 cm -1, respectively (Figure 2.5). Likewise, Raman spectra of all elastomeric networks 

further confirmed the disappearance of the characteristic bands at 2570, 1650, and 3100 cm -1 for 

the aforementioned vibrations, respectively (Figure 2.6). The results provided solid evidence to 
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demonstrate high reactivity of the thiol-ene reaction systems via quantitative consumption of 

reactants, enabling fast crosslinking upon UV irradiation. 

Figure 2.5: FTIR spectra of (a) glycerol-based elastomers, (b) GTP-co-PP-co-BDBMP-based 

networks, (c) thiol crosslinkers, and (d) olefin-containing monomers. 
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Figure 2.6: Raman spectra of (a) glycerol-based elastomers and (b) GTP-co-PP-co-BDBMP-based 

networks. 

2.3.2. Thermal properties of the elastomers 

Thermal properties of all elastomeric samples, including glass transition temperature (Tg) 

and degradation temperature (Td), were analyzed using DSC and TGA (Figure 2.7). The 

elastomeric networks exhibited Tg values between -21.5 ºC and -60.1 ºC, endowing flexibility to 

the networks at room temperature. Moreover, GTP-co-TMPTMP and GTP-co-ETTMP networks 

displayed higher Tg values (-21.5 ºC and -38.5 ºC) as compared to the Tg values of GTP-co-HDT 

and GTP-co-BDBMP (-51.1 and -44.4 ºC). This result may be attributed to the restricted 

movement of the networks containing TMPTMP and ETTMP trithiols relative to the networks 

incorporating HDT and BDBMP dithiols. Furthermore, all GTP-co-PP-co-BDBMP networks 

displayed similar Tg values, ranging from -65.1% to -58.9 ºC). 
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Figure 2.7: DSC and TGA traces of glycerol-based elastomers (a and c, respectively), and GTP-

co-PP-co-BDBMP-based networks (b and d, respectively). (e) Table illustrating Tg and Td values 

of the elastomeric networks. 
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The Td values of the networks were in range of 369.4–382.4 ºC. GTP-co-HDT displayed 

the highest Td value of 382.4 ºC presumably because, in contrast of other thiols, HDT has no any 

ester group which are thermally less stable than other types of structural components of networks. 

Notably, Td values of GTP-co-PP-co-BDBMP networks revealed slight decrease of Td with 

decreasing the molar percentage of GTP in the feed. More specifically, GTP-co-PP-co-BDBMP-

10%, GTP-co-PP-co-BDBMP-20%, GTP-co-PP-co-BDBMP-30%, and GTP-co-PP-co-BDBMP-

40% showed Tg values of 369.4, 370.7, 374.1, and 376.8 ºC, respectively. Additionally, all other 

networks showed major weight loss of over 90 % in the first degradation phase, however GTP-co-

ETTMP displayed obvious second degradation phase in the range of 400 to 480 °C, which is 

probably attributed to formation of complex carbonaceous materials during thermal degradation 

of the crosslinks. Similar two-phase degradation behavior was reported by Yu and co-workers.[39] 

2.3.3. Mechanical properties of the elastomeric networks 

Mechanical properties of scaffolds are one of the most decisive factors that regulates cell 

behavior. Stress-strain curves of glycerol-based binary elastomers and GTP-co-PP-co-BDBMP 

networks were obtained by using dog-bone shaped samples in mechanical test (Figures 2.8 and 

2.9). Young’s modulus, ultimate elongation, ultimate tensile strength of these samples were also 

determined (Figure 2.8d). Their Young’s modulus ranged from 0.07 ± 0.003 to 11.3 ± 0.81 MPa, 

and showed an increase with increasing GTP content. Moreover, relative to GTP-co-HDT (6.1 ± 

0.60 MPa) and GTP-co-BDBMP (5.8 ± 0.38 MPa), GTP-co-TMPTMP and GTP-co-ETTMP 

showed higher modulus of 11.3 ± 0.81 and 8.2 ± 0.31 MPa, respectively. Such a result indicates 

that, as compared with dithiols HDT and BDBMP, trithiols TMPTMP and ETTMP lead to higher 

degree of crosslinking, leading to increased mechanical stiffness. The ultimate tensile strength of 
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the networks spanned from 0.03 to 1.9 MPa, and the tensile strength of GTP-co-PP-co-BDBMP 

networks increased with the GTP content owing to formation of networks with higher degree of 

crosslinking. The ultimate elongation of these networks was in range of 15.2–445%, and the 

networks incorporating HDT and BDBMP dithiols displayed higher ultimate elongation relative 

to those incorporating TMPTMP and ETTMP trithiols. Moreover, for GTP-co-PP-co-BDBMP 

networks, ultimate elongation decreased with the increase of GTP mol% in feed. These results 

suggested tuning the mechanical properties through appropriate selection of thiols to crosslink with 

GTP or through adjustment of feed ratio of GTP/PP to copolymerize with BDBMP dithiol. Overall, 

the elastomeric networks covered a broad range of mechanical properties relevant to skeletal 

muscles and could be promising for soft tissue engineering. 
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Figure 2.8: (a) Schematic illustration of preparation of dog-bone mold elastomers for mechanical 

test; (b and c) Stress-strain behavior of glycerol-based and GTP-co-PP-co-BDBMP-based 
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networks. (d) Table summarizing Young’s modulus, elongation at break, tensile strength, and 

toughness of the elastomers. 

Figure 2.9: Stress-strain behavior of three repeats of GTP-co-HDT (a); GTP-co-BDBMP (b); 

GTP-co-TMPTMP (c); and GTP-co-ETTMP. 
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2.3.4. Wettability, swelling behavior, and morphology of the elastomers 

Water contact angle of scaffold surface is a critical parameter in directing cell behavior,[46] 

and contact angle between ~40º and ~80º has been demonstrated to promote cell attachment.[47] 

The thiol monomers were carefully chosen to develop elastomers with the appropriate range of 

surface wettability. More specifically, HDT was used to endow hydrophobicity to the networks 

due to its six-carbon aliphatic chain, while ETTMP was selected to develop elastomers with more 

hydrophilic surfaces owing to the hydrophilicity of ethylene glycol units of ETTMP. Additionally, 

BDBMP and TMPTMP were introduced to develop surfaces with optimal hydrophilicity for cell 

attachment. The water contact angles of the networks are shown in Figure 2.10A-B. GTP-co-

HDT, GTP-co-BDBMP, GTP-co-TMPTMP, and GTP-co-ETTMP exhibited water contact angles 

of 81º, 62º, 64º, and 51º, respectively. Additionally, the water contact angles of GTP-co-PP-co-

BDBMP networks ranged between 63º and 78º. Overall, the results demonstrated tuning the 

surface wettability of the elastomeric surfaces through judicious selection of the reacting 

monomers, and all networks displayed favorable contact angles for cell attachment. 
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Figure 2.10: (A and B) Water contact angle of glycerol-based elastomers and GTP-co-PP-co-

BDBMP-based networks; (C) Swelling degree of glycerol- and GTP-co-PP-co-BDBMP-based 

elastomers. (D) Surface morphology of the elastomers: GTP-co-HDT (a); GTP-co-BDBMP (b); 
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GTP-co-TMPTMP (c); GTP-co-ETTMP; and GTP-co-PP-co-BDBMP-based networks 

([ene]GTP/[ene]total = 10-50%, e - i). (Scale bar 10 μm) 

Water swellability data of the binary and ternary GTP-co-PP-co-BDBMP networks are shown in 

Figure 2.10C. For glycerol-based binary elastomers, the swelling ratio spanned from 0.99% (for 

GTP-co-HDT) to 2.69% (for GTP-co-ETTMP), while the swelling ratio for GTP-co-PP-co-

BDBMP-based networks ranged from 0.70 to 2.26%, and it decreased with increasing GTP content 

because of the increase of degree of crosslinking of the networks. 

Biophysical characteristics of the scaffolds, such as surface roughness and pore size, have 

been demonstrated to influence cell spreading and migration.[48] Surface morphology of all 

networks was investigated using SEM (Figure 2.10D). SEM images of the elastomers revealed 

smooth surface morphology. 

2.3.5. Protein adsorption on the elastomers 

Protein adsorption of GTP-co-HDT, GTP-co-BDBMP, GTP-co-TMPTMP, and GTP-co-

ETTMP were evaluated using bovine serum albumin (BSA) as a model protein. The amount of 

adsorbed BSA was measured using Coomassie protein assay, and the results were normalized to 

BSA adsorption on TCP. All elastomeric networks showed significant increase in BSA adsorption 

relative to TCP, which indicated promoted interaction between BSA and elastomeric surfaces. 

Moreover, quantification of amount of BSA adsorption per surface area of the elastomers revealed 

that GTP-co-BDBMP and GTP-co-ETTMP displayed higher protein adsorption of 6.8 and 36.3 

μg/cm2 respectively, which is higher than GTP-co-HDT and GTP-co-TMPTMP (3.8 and 3.4 

μg/cm2), and by far greater than TCP (0.24 μg/cm2). Thus, GTP-co-HDT, GTP-co-BDBMP, GTP-
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co-TMPTMP, and GTP-co-ETTMP exhibited 16.0 ± 1.4, 28.5 ± 1.4, 14.2 ± 2.5, and 151.3 ± 2.1 

times increase in BSA adsorption relative to TCP (Figure 2.11). This observation was consistent 

with the higher swelling ratio of GTP-co-BDBMP and GTP-co-ETTMP elastomers relative to 

GTP-co-HDT and GTP-co-TMPTMP samples Figure 2.10C. Moreover, the insignificant 

differences in BSA adsorption of GTP-co-HDT and GTP-co-TMPTMP might referred to the 

similarity in physical characteristics of both networks in terms of surface morphology and 

hydration degree. Collectively, all networks showed significant protein adsorption relative to the 

control TCP. 

Figure 2.11: Protein adsorption on glycerol-based networks. 
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2.3.6. In vitro enzymatic degradation of the elastomers 

Figure 2.12: Enzymatic degradation of the elastomers at 4 different weeks. 

In vitro degradation behavior of the elastomers was investigated by using lipase/PBS 

solution, which has been demonstrated for its ability to degrade ester bonds.[49] The degradation 

results showed that GTP-co-TMPTMP and GTP-co-ETTMP have the slowest degradation with 

98.5 ± 0.11 and 98.1 ± 0.18% weight remaining respectively after 4 weeks (Figure 2.12). This 

result is presumably attributed to the resistance of the highly crosslinked elastomers incorporating 

trifunctional TMPTMP and ETTMP crosslinkers to degradation via surface erosion. During a 

period of 4 weeks, GTP-co-BDBMP exhibited higher degradation amount (89.6 ± 0.25% weight 
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remaining) as compared with GTP-co-HDT (96.7 ± 0.45% weight remaining). This could be 

explained by the presence of two ester bonds susceptible to degradation within BDBMP 

crosslinker, while absence of cleavable ester bonds within HDT crosslinker. For GTP-co-PP-

BDBMP elastomers, the degradation rate increased with the decrease of GTP mol% in the feed of 

GTP/PP in thiol-ene synthesis, with percentage of remaining weight between 89.4 ± 0.29% (for 

GTP-co-PP-BDBMP-50%) and 84.4 ± 0.21% (GTP-co-PP-BDBMP-10%). Overall, the results 

demonstrated the feasibility of tuning the degradation profile by appropriate selection of ester-

containing thiol-ene reactants. 

2.3.7. Cell viability and proliferation on the glycerol-based elastomers 

In vitro biocompatibility of GTP-co-HDT, GTP-co-BDBMP, GTP-co-TMPTMP, and GTP-co-

ETTMP elastomers was assessed using live/dead kit and Alamar blue assay. In this study, human 

and mouse myoblast were seeded on the elastomers, and viability and proliferation of these cells 

were examined after day 1, 3, and 5 of culture. 

Live/dead staining of cells showed that mouse myoblasts maintained their viability on the 

elastomers after 5 days of culture (green staining), and very few cells were dead (red staining) 

(Figure 2.13a). Moreover, the cells displayed the normal spindle morphology like those on TCP, 

and remarkable myotubes were observed on GTP-co-HDT, GTP-co-BDBMP, GTP-co-TMPTMP, 

and TCP at day 5 post seeding. Quantification of cell viability revealed more than 90% viable cells 

on the elastomers (Figure 2.13b). These results demonstrated that all glycerol-based elastomers 

were biocompatible with no adverse side-effects on cell viability and proliferation. 
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Figure 2.13: (a) Live-dead of images of mouse myoblast on the elastomers at day one, three, and 

five of culture. (b) Quantification of live/dead assay images of mouse myoblast on the elastomers. 

(c) Proliferation of mouse myoblast on the glycerol-based elastomers analyzed by Alamar blue 

assay. 

Quantitative proliferation of mouse cells on the elastomers is shown in Figure 2.13c. After being 

cultured for 3 days, cells on GTP-co-TMPTMP showed significantly higher proliferation rate (p < 

0.05) relative to those seeded on TCP, while myoblasts proliferated on GTP-co-BDBMP displayed 
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equivalent numbers (p ˃ 0.05) as compared to those on TCP. Moreover, cells on GTP-co-HDT 

and GTP-co-ETTMP exhibited 0.10 (p < 0.05) and 0.31-fold decrease (p < 0.05) in cell 

proliferation respectively, relative to TCP. This result might be due to the lower cell attachment 

resulted from the inherent hydrophilicity of ethylene glycol units of ETTMP and the relatively soft 

GTP-co-HDT substrate. The optical images of myoblast cells after 3 days of culture were shown 

in Figure 2.14a, and it clearly revealed less cellular confluence and spreading on GTP-co-ETTMP 

substrate relative to GTP-co-HDT, GTP-co-BDBMP, and GTP-co-TMPTMP elastomers. There 

was 2.42 (p < 0.01), 2.55 (p < 0.01), 2.76 (p < 0.01), and 2.01(p < 0.01)-times increase in number 

of growing cells at day 5 relative to day 1, on GTP-co-ETTMP, GTP-co-BDBMP, GTP-co-

TMPTMP, and GTP-co-ETTMP respectively, indicating that these elastomers positively support 

cell proliferation. Moreover, cells on GTP-co-BDBMP and GTP-co-TMPTMP (elastomers of 

intermediate hydrophilicity) showed significantly higher proliferation rate as compared to those 

seeded on GTP-co-HDT (more hydrophobic elastomer) and GTP-co-ETTMP (more hydrophilic 

substrate), revealing the importance of tuning surface properties for the attachment and 

proliferation of myoblasts on the elastomers. 

Similar to mouse myoblasts, human myoblast also proliferated well on the elastomers 

(Figure 2.14b). After cultivation for 5 days, cells on GTP-co-BDBMP and GTP-co-TMPTMP 

exhibited 1.3 (p < 0.05) and 1.2 (p < 0.05)-fold increase relative to the control TCP while cells on 

GTP-co-HDT displayed number of cells similar to the control. However, number of cells on GTP-

co-ETTMP sample was relatively lower than the control (p ˃ 0.05). Overall, all elastomers 

supported the proliferation of either mouse or human myoblasts. and could potentially be 

promising for growing myoblast cells for skeletal muscle regeneration. 
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Figure 2.14: (a) Phase images of mouse myoblast at day three of seeding on GTP-co-HDT; GTP-

co-BDBMP; GTP-co-TMPTMP; GTP-co-ETTMP; and TCP (scale bar 200 μm). (b) Proliferation 

of human myoblast on the glycerol-based elastomers analyzed by Alamar blue assay. 

2.3.8. Myogenic differentiation of human myoblast on the elastomers 

Development of in vitro models of skeletal muscles are critically important for pre-clinical 

drug testing, investigating disease mechanisms, identifying new therapeutic targets, and 

regeneration of the injured muscle functions.[50] However, prolonged culture of skeletal muscle 

is often restricted because of myotube delamination from the scaffolds after about one week of 

differentiation. Thus, it is desirable for the elastomers to support myoblast and myotube attachment 
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for adequate period of time to enable proper myoblast fusion and consequently development of 

myotubes with higher maturation index.[51] Herein degree of myogenic differentiation of human 

myoblast on the glycerol-based elastomers was assessed by immunostaining for myotube 

contractile machinery, MHC and sacromeric α-actinin, at week one and two of differentiation. The 

results revealed formation of early network of multinucleated myotubes on the elastomers and 

TCP at week one of differentiation (Figure 2.15a), and quantitative analysis of percentage myotube 

coverage area was in range of 34.2 ± 5.2 to 62.0 ± 4.0 % (Figure 2.15b). However, at week two of 

differentiation, the myotubes on the elastomers continued their maturation, resulting in higher 

expression of MHC and sacromeric α-actinin (Figure 2.16). Meanwhile, serious detachment of 

newly born myotubes on TCP was markedly observed, resulting in significant decrease in % area 

covered by myotubes and incomplete maturation of myotubes (Figure 2.16). 
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Figure 2.15: (a) Flourescence images of human myoblast immunosained for MHC (red) and 

sacromeric α-actinin (green) after one week of differentiation on (A) GTP-co-HDT; (B) GTP-co-

BDBMP; (C) GTP-co-TMPTMP; (D) GTP-co-ETTMP; and TCP (scale bar 200 μm). (b) 

quantification of % area covered by myotubes after one week of differentiation on the elastomers 

and TCP. 
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Figure 2.16: Fluorescence images of human myoblast immunosained for MHC (red) and 

sacromeric α-actinin (green) after two weeks of differentiation on GTP-co-HDT, GTP-co-

BDBMP, GTP-co-TMPTMP, GTP-co-ETTMP, and TCP (scale bar 200 μm). 

In depth investigation of the influence of the elastomers’ physicochemical properties on 

differentiation of human myoblast and myotube characteristics was performed at week two of 

differentiation. High magnification immunofluorescence images of MHC and sacromeric α-actinin 

revealed formation of myotubes of thicker diameters on the elastomers relative to the TCP (Figure 

2.17A(a)). Quantification of myotube diameters revealed 2.7, 2.1, 3.3, and 1.8-fold increase (P < 

0.05) in myotube diameters on GTP-co-HDT, GTP-co-BDBMP and GTP-co-TMPTMP, and GTP-

co-ETTMP, respectively, as compared to TCP (Figure 2.17B). Moreover, quantitative analysis of 

MHC and sacromeric α-actinin expression, evaluated as percentage of area covered by myotubes, 

showed that the myotube coverage area increased to 47.0 ±1.5% and 64.3 ± 1.8%, respectively, on 

GTP-co-BDBMP and GTP-co-TMPTMP elastomers at week two of differentiation; meanwhile, 

there was severe decline in area covered by myotubes on TCP (0.90 ± 0.01%; Figure 2.17C). 
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Figure 2.17: (A) High magnification images of immunofluorescence staining for MHC and 

Sacromeric α-actinin (a), H&E staining (b), and immunostaining for desmin (c), after two weeks 

of differentiation of human myoblasts on the elastomers. (B and C) Quantification of myotube 
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diameters and % area covered by myotubes after two week of differentiation on the elastomers and 

TCP. (D) qRT-PCR of myogenic regulatory factors MYF5, MYOD, MYOG, and MRF4 after 10 

days of differentiation on the elastomers. The white circle represents MHC negative cells. White 

arrows show detached myotubes, blue arrows points to myotubes with more than 5 nuclei. (* 

denotes P < 0.05 as compared to TCP, while $ denotes P < 0.05 as compared to all other samples.) 

It is worth to mention that the unavoidable background fluorescence from the elastomers 

on DAPI channels interfered with clear observation of the nuclei by using immunostaining. 

Instead, H&E staining was performed to obtain clear idea about the location of the nuclei. The 

results revealed the incorporation of a large number of nuclei (>50) in the myotubes on the 

elastomers, especially for GTP-co-BDBMP and GTP-co-TMPTMP, which suggests superior 

fusion of myoblasts into myotubes on the elastomers (Figure 2.17A(b)). Immunostaining for 

desmin, muscle specific intermediate filament protein,[52, 53] at week two of differentiation 

provided further evidence for the ability of the elastomers to support long term culture, and the 

elastomers exhibited higher percentage of area covered by desmin relative to TCP (Figure 

2.17A(c)). Overall, this study suggested that the elastomers with finely tuned characteristics are 

appropriate substrates for prolonged culture of myotubes, meanwhile the premature detachment of 

myotubes from TCP restricts formation of fully developed myotubes on long term culture. 

qRT-PCR was performed at day 10 of differentiation to investigate the effect of chemical 

and physical characteristics of the elastomers on myogenic differentiation of human myoblast at 

mRNA level. Four myogenic regulatory factors MYF5, MYOD, myogenin (MYOG), and MRF4 

were examined. As myoblasts progress through differentiation they down-regulate the expression 

of the early marker MYF5 and upregulate the expression of late differentiation markers MYOG 

and MRF4. The results showed significant down-regulation of MYF5 expression of cells cultured 
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on GTP-co-BDBMP (P < 0.05), GTP-co-TMPTMP (P < 0.05), and GTP-co-ETTMP (P < 0.05) 

relative to those seeded on TCP, Figure 2.17D. In addition, the myoblast cultured on the elastomers 

exhibited remarkable upregulation of MYOG; a myogenic factor directs cell differentiation to 

multinucleated myotubes, as well as upregulated expression of late myogenic factor MRF4 as 

compared to cells on TCP (P < 0.05), Figure 2.17D. However, there was no significant differences 

in the expression level of the intermediate marker, MYOD, between the cells cultured on 

elastomers and TCP, Figure 2.17D. More specifically, GTP-co-HDT, GTP-co-BDBMP, GTP-co-

TMPTMP, and GTP-co-ETTMP displayed 4.8 (P < 0.05), 7.5 (P < 0.05), 8.2 (P < 0.05), and 4.7-

fold (P < 0.05) increase in MYOG expression, respectively. Similarly, the relative MRF4 

expression was significantly upregulated by about 3 to 4-fold in myoblast plated on the elastomers 

relative to the control TCP. The results agreed well with the fact that activation of the satellite cells 

after injury is associated with upregulation of MYF5 and MYOD during proliferation phase. 

However, the majority of the satellite cells downregulate Myf5 upon transition from proliferation 

to differentiation, meanwhile upregulate MYOG and MRF4 expression.[54, 55] It is worth noting 

that the disparities in the expression levels of the MYOG and MRF4 between the elastomers 

(Higher MYOG and MRF4 expression on GTP-co-BDBMP GTP-co-TMPTMP relative to GTP-

co-HDT and GTP-co-ETTMP) is in line with higher myotube coverage area for those elastomers 

and points out to the critical importance of tuning the chemical and physical characteristics of the 

elastomers for proper myogenic differentiation of myoblast. Overall, immunostaining and qRT-

PCR results suggested that the glycerol-based elastomers with tunable physicochemical 

characteristics by far enhance myogenic differentiation of human myoblast as compared to TCP, 

and are promising candidates for skeletal muscle regeneration. 
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2.3.9. Myogenic differentiation of mouse myoblast on the elastomers 

To further investigate the influence of the elastomer characteristics on beating behavior of 

myotubes, and whether the elastomers could support long term culture of skeletal muscles under 

spontaneous beating, myogenic differentiation of mouse myoblasts toward multinucleated 

myotubes were examined at two different weeks initiating differentiation. Immunofluorescence 

staining for myogenic-specific proteins, MHC and sacromeric α-actinin was used to evaluate 

myotube formation. After one week of differentiation, myoblast on GTP-co-BDBMBP and GTP-

co-TMPTMP showed pervasive interconnected MHC and sacromeric α-actinin with highly 

organized structures, Figure 2.18A. However, cells on GTP-co-HDT and GTP-co-ETTMP 

exhibited random organization of sacromeric α-actinin with obvious formation of scattered 

myotubes. Moreover, quantitative analysis of immunofluorescence images was shown in Figure 

2.18B. It revealed higher % area coverage of myotubes on GTP-co-TMPTMP (75.1 ± 4.4 %) 

relative to TCP (38.7 ± 7.8 %), while that on GTP-co-BDBMBP (39.9 ± 2.4 %) was equivalent to 

the TCP. Additionally, GTP-co-HDT and GTP-co-ETTMP exhibited % myotube coverage area of 

18.7 ± 3.8 and 22.0 ± 17.1 % respectively, which is significantly lower than TCP control. 
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Figure 2.18: (A) Fluorescence images of mouse myoblast immunosained for MHC (red), 

sacromeric α-actinin (green), and DAPI (blue) after one week of differentiation on glycerol-based 
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elastomers (scale bar 200 μm). (B) Quantification of myotube coverage area after week one and 

two of differentiation. (C) H&E staining after two weeks of differentiation of mouse myoblast on 

the elastomers. Number of beating myotubes per mm 2 (D), and spontaneous beating frequency (E) 

of mouse myoblast on glycerol-based elastomers after 10 days of differentiation. White arrows 

points to the detached myotubes. 

After two weeks of differentiation, immunofluorescence and H&E staining revealed that 

myotubes on GTP-co-BDBMBP and GTP-co-ETTMP continued their maturation to develop 

sacromeres and contractile machinery (Figures 2.19 and 2.18C), and their myotube coverage 

increased up to 46.3 ± 17.1 and 48.4 ± 14.1 %, respectively. However, the myotubes on TCP were 

detached from the surface and their coverage area was decreased to 11.8 ± 2.6%. Therefore, the 

GTP-co-HDT, GTP-co-BDBMBP, GTP-co-TMPTMP, and GTP-co-ETTMP elastomers showed 

1.6, 3.9, 4.6 and 4.1-times increase in myotube coverage area relative to TCP (p < 0.05) after two 

weeks of differentiation. This result was in agreement with the higher protein adsorption on the 

elastomers, and suggested that the elastomers support myotube attachment and stability on the 

surface. Moreover, the higher myotube coverage area on GTP-co-BDBMBP and GTP-co-

TMPTMP elastomers relative to GTP-co-HDT and GTP-co-ETTMP after the first and second 

weeks of differentiations reveals the importance of tuning surface hydrophilicity in supporting 

mouse myoblast differentiation and myotube attachment. 
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Figure 2.19: Immunostaining for MHC (red), sacromeric α-actinin (green), and DAPI (blue) after 

two week of differentiation of mouse myoblast on (A) GTP-co-HDT; (B) GTP-co-BDBMP; (C) 

GTP-co-TMPTMP; (D) GTP-co-ETTMP; and TCP (scale bar 400 μm). 

Furthermore, these glycerol-based elastomers supported myotubes beating and contraction 

on the surface, and the mature myotubes started to beat after 5 days of differentiation. Interestingly, 

the beating and contraction speeded up the detachment of myotubes from the hard TCP substrate, 

while the myotubes on the elastomers kept beating without significant detachment. Spontaneous 

beating frequency of the myotubes and number of beating myotubes per area of the elastomers 

were examined after 10 days of differentiation. The quantification of the spontaneous beating 

videos of myoblast on the elastomers (Movies S1-3 show representative examples of the 

spontaneous beating of myoblast on TCP and GTP-co-BDBMP and GTP-co-TMPTMP 

elastomers, respectively) revealed 33 ± 10.7 beat/min for the myotubes on TCP and a significantly 

higher beating frequency of 64 ± 6.9, 68 ± 9.7, 66 ± 8.3, and 63 ± 11.1 beat/min on GTP-co-HDT, 
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GTP-co-BDBMBP, GTP-co-TMPTMP, and GTP-co-ETTMP, respectively (Figure 2.18D). 

Moreover, GTP-co-BDBMBP, GTP-co-TMPTMP exhibited higher density of beating myotubes 

(63.6 ± 13.1 and 80.0 ± 21.8 myotube/mm2 respectively) as compared to the density of beating 

myotubes on TCP (27.3 ± 5.6 myotube/mm2; Figure 2.18E). This result was in agreement with the 

immunostaining which confirmed formation of interconnected networks of multinucleated 

myotubes on GTP-co-BDBMBP, GTP-co-TMPTMP relative to TCP. Overall, this results 

indicated that these glycerol-based elastomers provide an optimal elasticity to support the myotube 

contraction and prevent myotube detachment from the surface. 

2.4. Conclusion 

Novel glycerol-based elastomers with tunable surface hydrophilicity, degradability, and 

mechanical stiffness have been successfully prepared via thiol-ene click chemistry. Naturally-

derived GTP monomer was synthesized and then crosslinked with carefully selected di- and tri-

thiol-containing monomers including HDT, BDBMP, TMPTMP, and ETTMP under mild 

conditions to develop elastomeric networks of broad biophysical characteristics. Based on the 

biomedical evaluation of the glycerol-based networks in skeletal muscle regeneration, GTP-co-

BDBMBP was selected for tuning the mechanical properties through thiol-ene copolymerization 

of different ratios of PP, BDBMP, and GTP monomers. Tg values of the networks varied from -21 

to -51 ºC, and Td was in range of 320 – 430 º C. Young’s modulus of the networks ranged from 

0.07 MPa to 11.3 MPa, and higher mechanical strength was obtained from networks incorporating 

TMPTMP and ETTMP tri-thiol relative to HDT and BDBMP dithiols. Moreover, the networks 

displayed wide % elongation at break of 15.2 – 445%. Surface wettability study revealed water 
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contact angle of range 51.0 – 81.0º, and the hydrophilicity of the networks significantly changed 

with type of thiol monomer: GTP-co-ETTMP ˃ GTP-co-BDBMBP ˃ GTP-co-TMPTMP ˃ GTP-

co-HDT. Protein adsorption study was consistent with the hydrophilicity and swelling ratio of the 

elastomers. Bio-assessment of GTP-co-HDT, GTP-co-BDBMBP, GTP-co-TMPTMP, and GTP-

co-ETTMP for skeletal muscle tissue engineering application revealed their biocompatibility and 

enhanced proliferation rate relative to TCP. Moreover, myogenic differentiation of human and 

mouse myoblast cells demonstrated higher myotube coverage area and greater number of beating 

myotubes on GTP-co-BDBMBP and GTP-co-TMPTMP elastomers as compared to TCP control. 

In addition, unlike TCP which displayed early detachment of myotubes, GTP-co-BDBMBP and 

GTP-co-TMPTMP networks supported long term culture of beating myotubes, which is desirable 

for many applications such as drug testing. Overall, the synthesized glycerol-based elastomers with 

tunable degradability, wettability, and mechanical stiffness could be promising candidates for 

skeletal muscle tissue engineering. 
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Chapter 3: Synthesis, Characterization, and Biomedical Evaluation of Well-

defined pH-Sensitive PEG-b-PHEMA-b-PBA Based Crosslinked Micelles for 

Cancer Therapy 

Abstract 

Delivery of chemotherapeutics to cancer cells using polymeric micelles is a promising strategy for 

cancer treatment. However, limited stability of micelles, premature drug release and off-target 

effect are the major obstacles that restrict the utilization of polymeric micelles as effective drug 

delivery system. In this work, we addressed these issues through innovative design of targeted pH-

sensitive crosslinked polymeric micelles for chemotherapeutic delivery. Well-defined triblock 

copolymer of poly(ethylene glycol)-b-poly(2-hydroxyethyl methacrylate)-b-poly(butyl acrylate) 

(PEG-b-PHEMA-b-PBA) was synthesized by atom transfer radical polymerization (ATRP), and 

then modified by using 4-pentenoic anhydride to incorporate pendant crosslinkable alkene groups 

in the middle block. The resulting copolymer underwent self-assembly in aqueous solution to form 

non-crosslinked micelles (NCMs). Subsequently, intramicellar thiol–ene crosslinking was 

performed by using 1,4-butanediol bis(3-mercaptopropionate) to give crosslinked micelles (CMs) 

with pH-sensitive crosslinks. A series of doxorubicin (DOX)-loaded pH-responsive polymeric 

micelles (DOX10-CM5, DOX10-CM10, and DOX10-CM20) were prepared using different molar 

amounts of crosslinker [SH] (5, 10 and 20 mol% relative to alkene groups). Particle size, 

morphology, and zeta potential of all samples were investigated. The critical micelle concentration 

(CMC) of 16 mg/mL was obtained for PEG-b-PHEMA-b-PBA polymer using pyrene probe 
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method. The targeted CM (cRGD-DOX10-CM5) was readily prepared by using tumor targeting 

ligand Cyclo(Arg-Gly-Asp-D-Phe-Cys) (cRGD) together with the 1,4-butanediol bis(3-

mercaptopropionate) during the crosslinking step. The study of cumulative DOX release from 5, 

10 and 20 % CMs demonstrated the pH-sensitive feature of drug release from these CMs. In vitro 

MTT assay revealed that NCMs and CMs are biocompatible with MCF 10A cells, and the samples 

exhibited significant therapeutic efficiency as compared to free DOX. Cellular uptake studies 

confirmed higher uptake of cRGD-DOX10-CM5 by MCF 10A cancer cells via cRGD-receptor 

mediated endocytosis as compared to the corresponding analogues without cRGD. These results 

indicate that such pH-responsive crosslinked PEG-b-PHEMA-b-PBA-based micelles are 

therapeutically effective against cancer cells and hold remarkable promise to act as a smart drug 

delivery system for cancer therapy. 
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3.1. Introduction 

Although chemotherapy has become a corner stone in cancer treatment, the efficacy of 

chemotherapeutic agents is still far from satisfaction due to poor accumulation of the drug in the 

tumour sites, drug resistance, in vivo degradation and short plasma half-life time of drug, dose-

limiting side effects and non-specific uptake by healthy tissues.[1-5] Drug delivery using 

nanoscopic carriers has emerged as a powerful approach to tackle the aforementioned drawbacks 

of conventional chemotherapy, through avoiding rapid clearance, protecting drugs from enzymatic 

degradation, and bypassing efflux pumps.[6] Numerous drug carriers like polymeric micelles,[7] 

liposomes,[8] nanogels,[9] nanocapsules,[10] and inorganic nanoparticles[11] have been 

investigated for effective delivery of chemotherapeutics to cancer cells. Among all carriers, 

polymeric micelles with well-defined core shell structures, formed by self-assembly of 

amphiphilic polymers in aqueous solutions, have attracted great attention because of its passive 

tumor targeting ability through enhanced permeability and retention (EPR) effect, and ease of 

production with tailorable size and shape.[12-14] Moreover, encapsulation of the drugs within the 

hydrophobic micelle core promotes high drug doses without displaying unacceptable level of 

adverse side effects.[4, 15] In addition, hydrophilic coronas consisting of water-soluble polymers, 

such as polyethylene glycol (PEG), ensure high stability of chemotherapeutics against external 

biological milieu and significantly reduce non-specific protein adsorption, which in turn results in 

prolonged circulation of the encapsulated anticancer drugs and increases cellular uptake by cancer 

cells.[16] 

The major bottleneck that hinders practical use of micelles in delivery of therapeutics is their 

limited in-vivo stability, which results from the dissociation of micelles upon the drop of polymer 

concentration below CMC value because of excessive dilution with body fluids after intravenous 
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injection.[16-18] Moreover, because of poor structure integrity, premature release of drugs before 

reaching the pathological sites and leakage of the drug from the micelle core during storage are 

unavoidable problems, which reduce the drug efficacy and shelf-life time of drug formulations.[18, 

19] Furthermore, relative to active targeted micelles, passive targeted polymeric micelles usually 

encounter low tumor targeting ability, resulting in low concentration of the drug in tumor site and 

hence lower therapeutic efficiency.[20-23] 

Significant attempts have been performed to promote the stability of micelles and to 

prevent dissociation of polymeric micelles, through chemical crosslinking of either core or shell 

of micelles.[24-27] However, utilization of stable covalent bonds for crosslinking of micelles not 

only significantly retards the drug release, but also generates nano-carriers that cannot be readily 

eliminated from biological systems after drug release. Besides, inappropriate choice of the 

crosslinking chemistry would result in participation of the drug in crosslinking process and 

potential loss of therapeutic activity would occur.[28] The dilemma between enhancing micelle 

stability while maintaining adequate drug release and elimination feasibility rises the need for the 

development of stimuli-sensitive cleavable micelles, which incorporates dynamic covalent bonds 

that undergoes chemical cleavage in response to external stimuli.[18] Versatile number of 

cleavable linkages, such as acid labile groups,[29] enzymatic cleavable moieties,[30] redox-

responsive groups,[31] and photo-cleavable bonds,[32] have been employed to develop stimuli-

responsive micelles. Among all stimuli-cleavable micelles, development of pH-sensitive CMs has 

attracted significant attention because of the acidic characteristic of tumor tissues, and the 

feasibility of triggering the release of DOX by the acidic pH of endosomal-lysosomal 

compartments (pH 4.5 – 6).[33] Several groups harnessed the acid labile nature of hydrazone, 

ketal, acetal, cis-aconityl, and β-propionate linkages to develop either CMs or polymer-drug 
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conjugates with pH-sensitivity.[34-39] Despite the success of chemical crosslinking strategy in 

maintaining the structure integrity and keeping the micelle intact during blood circulation, the 

nature of chemical bonds and degree of crosslinking critically influence the sizes of crosslinked 

micelles, drug encapsulation efficiency and drug release profile.[18, 40] Excessive crosslinking of 

micelle core or shell would prevent drug release rather than retarding the release. Also, possible 

formation of intra-micellar crosslinking at higher polymer to crosslinker ratio would significantly 

increase the particle size and reduce the stability and targeting ability of micellar system. Thus, 

further research is needed to explore new designs of well-defined pH-sensitive CMs with 

nanoscopic dimensions and cleavable crosslinkages at core/shell intermediate layer to modulate 

drug release profile while achieving remarkable micelle stability. 

The aim of this work is to produce structurally stable pH-sensitive micelle with tunable DOX 

release with potentials for accumulation in tumor tissues. Toward this aim, targeted and pH-

sensitive CMs were developed for selective DOX delivery in breast cancer. Specifically, well-

defined MeO-PEG-b-PHEMA-b-PBA triblock copolymer was first synthesized through two 

consecutive atom transfer radical polymerization (ATRP) steps, followed by post modification of 

the pendant hydroxyl group of the middle poly(2-hydroxyethyl methacrylate) (PHEMA) block 

with 4-pentenoic anhydride to incorporate thiol-reactive alkene functionalities. Then, a series of 

DOX-loaded micelles with different crosslinking density at core/shell intermediate layer were 

achieved through thiol-ene reaction using 1,4-butanediol bis(3-mercaptopropionate) as the pH-

sensitive crosslinker and the drug release profile was evaluated. Also, targeted pH-responsive 

micelles were synthesized, in situ during crosslinking, through chemical conjugation of thiol group 

of cysteine residue of cRGD to the pendant alkenes. Thereafter, in vitro bio-evaluations of these 
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DOX-loaded micelles using MCF 10A breast cancer cells as representative cancer cells were 

investigated. 

3.2. Experimental section 

3.2.1. Materials 

2-Hydroxyethyl methacrylate (HEMA, 99 %) and butyl acrylate (BA, 99 %) were 

purchased from Sigma-Aldrich, and both monomers were used after removal of the inhibitor. 

Poly(ethylene glycol)methyl ether (MeO-PEG-OH, MW = 2000 Da, 99%), 4-pentenoic anhydride 

(98 %), 4-(dimethylamino)pyridine (DMAP, 99%), 2,2-diphenyl-1-picrylhydrazyl (DPPH), 

copper (І) chloride (CuCl, 99 %, copper (ІІ) chloride (CuCl2, 99 %), basic and neutral alumina, 

fetal bovine serum (FBS), -[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazoliumbromide (MTT), 

and PBS buffers were also obtained from Sigma-Aldrich and used as received. 2-Bromoisobutyryl 

bromide (98 %), 2,2'-dibyridyl (dpy, 99%), 2,2-dimethoxy-2-phenylacetophenone (DMPA, 99+%) 

and pyrene (98 %) were used as received from Acros. Tris[2-(dimethylamino)ethyl]amine 

(Me6TREN, 97 %), triethylamine (Et3N, 99 %), pyridine (99%) and bare copper wire (20 AWG) 

were purchased from Fischer Scientific, and the later was used after activation.[41] 1,4-Butanediol 

bis(3-mercaptopropionate) (98%) was purchased from TCI. For cells culture, Dulbecco’s Modified 

Eagle Medium (DMEM) was obtained from Life Technologies. Doxorubicin hydrochloride salt 

(DOX.HCl, 99%) was obtained from LC laboratories and used as received. Cyclo(Arg-Gly-Asp-

D-Phe-Cys) (cRGD) was purchased from Bachem Co. HEMA was purified following a literature 

approach.[42] A solution of HEMA in water (25 % v/v) was washed five times with hexane to 

remove ethylene glycol dimethacrylate. Then, excess NaCl was added to the aqueous phase to salt 

out the monomer, followed by extraction with diethyl ether three times. The organic phase was 
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collected and dried using anhydrous Na2SO4. Diethyl ether was removed by rotary evaporator at 

35 ºC and pure HEMA was obtained by vacuum distillation at 70 ºC in the presence of DPPH as 

inhibitor. DMAEMA was purified by passing the monomer through a column of basic alumina 

prior to polymerization. Dichloromethane (DCM) and dimethyl sulfoxide (DMSO) were dried by 

distillation over CaH2. Tetrahydrofuran (THF) was dried by refluxing over sodium-benzophenone 

for 24 h before distillation. Other chemicals and reagents were used as received unless otherwise 

stated. 

3.2.2. Measurements 

1H NMR spectra were recorded using a Varian INOVA-500 spectrometer at room 

temperature, and the samples were dissolved either in CDCl3 or DMSO-d6 containing 1.0 vol% 

tetramethylsilane (TMS) as internal standard. Gel permeation chromatography (GPC) analysis of 

polymers were performed using a viscotec GPC system equipped with a VE-3580 refractive index 

(RI) detector. DMF with 0.1 M LiBr was used as eluent for GPC with a flow rate 0.5 ml/min at 55 

ºC. Monodispersed polystyrene standards of different molecular weights (MWs), purchased from 

Varian, were used to calibrate the GPC instrument. Dynamic light scattering (DLS) measurements 

were performed using Nano ZS90 zetasizer (Malvern instruments) A 4 mW 633 nm He Ne laser 

was used as the light source. All measurements were performed in aqueous system at room 

temperature and measurement angle 90º to the incident laser beam. The effective diameter (Dh) 

was calculated from the average of five measurements on each sample. Transmission electron 

microscope (TEM) images were obtained using a JOEL 2010 microscope. TEM samples were 

prepared by dip coating 300 mesh carbon coating copper grid in a diluted solution of CM or NCM 

(1.0 mg/mL). 
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Steady state fluorescence spectra were obtained using photon technology instrumentation 

(PTI fluorescence spectrophotometer). The excitation and emission slit width were 5 nm, and the 

emission spectra were scanned from 340 to 450 nm with excitation wavelength of 334 nm. UV/Vis 

spectra were recorded using ThermoSpectronic (model 4001/4, USA) spectrophotometer. For 

photoluminescence imaging of cells, laser scanning confocal microscope (Leica) was used. MTT 

efficacy was measured by reading the 96-well plate on a microtiter plate reader (Miles Inc., 

Titertek Multiscan Plus MK II). 

3.2.3. Synthesis of MeO-PEG-Br macroinitiator 

In a 250-mL round bottom flask were added MeO-PEG-OH (2.25 g, 1.12 mmol, 1.0 equiv), 

Et3N (0.23 g, 2.24 mmol, 2.0 equiv), and DCM (10 mL). The reaction mixture was stirred in ice 

bath and 2-bromoisobutyryl bromide (0.52 g, 2.25 mmol, 2.0 eq.) was added dropwise using a 

syringe pump. Subsequently the reaction was allowed to proceed at room temperature for 24 h. 

The reaction mixture was filtered to remove the triethylammonium bromide salt, then diluted with 

DCM (200 mL), and washed three times with HCl (1.0 M), three times with an aqueous solution 

of NaHCO3 (5 % w/v) and two times with brine. The DCM layer was dried over anhydrous 

Na2SO4, and the volume was reduced to 10 mL by evaporating using rotary evaporator. The 

concentrated DCM solution was precipitated in diethyl ether. The precipitant was collected by 

filtration and dried overnight under vacuum, to give MeO-PEG-Br macroinitiator as a white solid 

(1.76 g; 73% yield). 1H NMR (500 MHz, DMSO-d6, ppm) δ: 1.94 (s, C(CH3)2), 3.28 (s, CH3O), 

3.55 (m, CH2O from EG). 
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3.2.4. Synthesis of MeO-PEG-b-PHEMA diblock copolymer 

MeO-PEG-b-PHEMA macroinitiator was synthesized via ATRP of HEMA using MeO-

PEG-Br as macroinitiator. In a 50-mL pre-flamed Schlenk flask equipped with a magnetic stirring 

bar, were added HEMA (6.50 g, 50 mmol, 200 equiv), MeO-PEG-Br (0.50 g, 0.25 mmol, 1.0 

equiv), dpy (78.0 mg, 0.50 mmole, 2.0 equiv), CuCl2 (2.03 mg, 0.015 mmol, 0.06 equiv) and 

MeOH/2-butanone (3:2 v/v, 6.5 mL). The reaction flask was flushed with N2 and sealed with 

rubber septum. The reaction mixture was stirred until all MeO-PEG-Br dissolved, then degassed 

by five cycles of freeze-pump-thaw process. During the last cycle, CuCl (23.26 mg, 0.23 mmol, 

0.94 eq.) was added very quickly to the frozen mixture, under positive flow of N2. The system was 

evacuated and backfilled with N2 five times, and the flask was placed in an oil bath at 40 ºC to start 

the reaction. After 2 h, the polymerization reaction was stopped by bubbling the solution with air. 

The reaction mixture was diluted with THF and passed through a column of neutral alumina to 

remove the copper complex. The eluted solution was concentrated under reduced pressure, and 

then precipitated from diethyl ether. The precipitant was collected by filtration and dried under 

vacuum, to give MeO-PEG-b-PHEMA diblock copolymer (2.19 g, 31 % yield). 1H NMR (500 

MHz, DMSO-d6, ppm) δ: 0.72–1.18 (br m, CH3 from HEMA and C(CH3)2), 1.44–2.10 (br m, CH2 

from HEMA), 3.28 (s, CH3O), 3.55 (m, CH2O from EG), 3.62 (m, CH2OH from HEMA), 3.93 (m, 

OCOCH2 from HEMA), 4.84 (br s, OH from HEMA). 

3.2.5. Synthesis of MeO-PEG-b-PHEMA-b-PBA triblock copolymer 

Linear MeO-PEG-b-PHEMA-b-PBA was prepared by single electron transfer 

polymerization (SET) of BA using MeO-PEG-b-PHEMA-Br macroinitiator. BA (1.25 g, 9.78 

mmol, 100 equiv), MeO-PEG-b-PHEMA (1 g, 0.097 mmol, 1.0 equiv), CuBr2 (4.36 mg, 0.0195 

mmol, 0.2 equiv), and Me6TREN (6.75 mg, 0.0293 mmol, 0.3 equiv) were added into a 50-mL 
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Schlenk flask. Then, DMSO (1.25 mL) was added, and the reaction mixture was stirred until 

complete dissolution of all solids. After 5 cycles of freeze-pump-thaw process, 2.5 cm of activated 

Cuº wire was added to the frozen solution under high stream of N2. The flask was evacuated and 

refilled with N2 three times, then placed in an oil bath at 30 ºC. After 3 h, the polymerization was 

terminated by opening the flask to air and removing the copper wire. The polymerization solution 

was diluted with THF, and then passed through a column of neutral alumina. Afterwards, the eluted 

solution was dialyzed against MeOH for 3 days using a dialysis tubing with MW cut-off (MWCO) 

of 3500 Da. The resulting solution was concentrated and then precipitated in hexane. The 

precipitant was collected by filtration and dried under vacuum, to give the MeO-PEG-b-PHEMA-

b-PBA triblock copolymer (1.58 g, 70 % yield). 1H NMR (500 MHz, DMSO-d6, ppm) δ: 0.72– 

1.18 (br m, CH3 from HEMA, BA and C(CH3)2), 1.35-2.10 (br m, CH2 from HEMA and BA), 2.24 

(br m, CH from BA), 3.28 (s, CH3O), 3.55 (m, CH2O from EG), 3.62 (m, CH2OH from HEMA), 

3.80-4.20 (br m, OCOCH2 from HEMA and BA), 4.84 (br s, OH from HEMA). 

3.2.6. Synthesis of MeO-PEG-b-P(HEMA-ene)-b-PBA 

MeO-PEG-b-P(HEMA-ene)-b-PBA, triblock copolymer with alkene-functionalized 

middle block, was prepared by esterification reaction of the middle PHEMA block of MeO-PEG-

b-PHEMA-b-PBA. In a typical experiment, a mixture of MeO-PEG-b-PHEMA-b-PBA (0.62 g, 

with 2.44 mmol of OH, 1.0 equiv), 4-pentenoic anhydride (2.22 g, 12.2 mmole, 5.0 equiv), DMAP 

(0.059 g, 0.49 mmol, 0.2 equiv) and pyridine (0.97 g, 12.2 mmol, 5.0 equiv) in DMF (5 mL) was 

stirred for 24 h at room temperature. The reaction solution was dialyzed against acetone for 1 week 

using a dialysis tubing (MWCO = 3500 Da). The resulting solution was dried under vacuum to 

give MeO-PEG-b-P(HEM-ene)-b-PBA (0.93 g, 87% yield). 1H NMR (500 MHz, DMSO-d6, ppm) 

δ: 0.70–1.20 (br m, CH3 from HEMA-ene, BA and C(CH3)2), 1.30-2.10 (br m, CH2 from HEMA-
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ene and BA), 2.12-2.50 (br m, O2CCH2CH2CH= from PHMA-ene and CH from BA), 3.28 (s, 

CH3O), 3.55 (m, CH2O from EG), 3.62 (m, CH2OH from HEMA), 3.80-4.20 (br m, 

OCOCH2CH2OCO from HEMA-ene and OCOCH2 from BA), 4.95-5.18 (m, CH2=CH from 

HEMA-ene), and 5.82 (br, CH2=CH from HEMA-ene). 

3.2.7. Determination of CMC of MeO-PEG-b-P(HEMA-ene)-b-PBA 

CMC of MeO-PEG-b-P(HEMA-ene)-b-PBA was determined using pyrene as a fluorescent 

probe. In a typical experiment, a stock solution of pyrene (6.0 × 10-5 M) in acetone was prepared, 

and then a fixed volume of the solution was added to a series of vials followed by evaporation of 

acetone under reduced pressure. Then, different amounts of an aqueous micellar solution of MeO-

PEG-b-P(HEMA-ene)-b-PBA, at the concentration of 1.0 mg/mL, was added to each vial, 

-7 Mfollowed by dilution with deionized water to reach a final concentration of pyrene of 6 × 10 

and the final polymer concentrations of 0.1 to 64 mg/mL. All vials were incubated in dark for 6 h, 

and the fluorescence spectra were measured using fluorescence spectrophotometer. The emission 

spectra were scanned from 340 – 450 nm at fixed excitation wavelength of 334 nm. CMC was 

determined from the fluorescence intensity at 373 nm. 

3.2.8. Preparation of blank and DOX-loaded MeO-PEG-b-P(HEMA-ene)-b-PBA NCMs 

Blank NCM was prepared by adding 2 mL of MeO-PEG-b-P(HEMA-ene)-b-PBA solution 

in DMSO (5 mg/mL) dropwise to 3 mL of deionized water. The micellar solution was stirred for 

3 h then transferred to a dialysis bag (MWCO = 3500 Da) and dialyzed against deionized water 

for 24 h. For DLS measurements, the solution was diluted to 1 mg/ml. 

For the preparation of DOX-loaded NCMs, a stock solution of DOX.HCl in DMSO (50.0 

mg/mL) was first prepared and neutralized with Et3N (2 equiv). Different aliquots of the DOX 
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solution were added to 2 mL of DMSO containing 10 mg of MeO-PEG-b-P(HEMA-ene)-b-PBA, 

with 7 and 10 wt% of DOX relative to the polymer in the feed. Then, the solution was added slowly 

to 3 mL of deionized water with stirring at 700 rpm for 3 h. The final solution was dialyzed against 

deionized water for 24 h to obtain DOX-loaded NCMs. DOX7-NCM and DOX10-NCM refer to 

the DOX-loaded NCMs with 7 and 10 wt% feed of DOX relative to polymer, respectively. 

Drug loading efficiency (DLE) and drug loading content (DLC) were determined from the 

below equations by dissolving definite mass of DOX-loaded micelle in DMSO, and determining 

amount of DOX using UV/Vis spectrophotometer at wavelength 490 nm. 

𝑚𝐷𝑂𝑋 𝐷𝐿𝐶 (%) = 
𝑚𝑝 

𝑚𝐷𝑂𝑋 𝐷𝐿𝐸 (%) = 
𝑚𝐷𝑂𝑋 𝑖𝑛 𝑡ℎ𝑒 𝑓𝑒𝑒𝑑 

Where 𝑚𝐷𝑂𝑋 represents the mass of DOX-loaded in the micelle samples, and 𝑚𝑝 is the mass of 

DOX-loaded micelle. 

3.2.9. Preparation of blank and DOX-loaded MeO-PEG-b-PHEMA(ene)-b-PBA CMs 

MeO-PEG-b-PHEMA(ene)-b-PBA CMs, with different crosslinking density at core/shell 

intermediate layer, were prepared through thiol-ene reaction using 1,4-butanediol bis(3-

mercaptopropionate) as crosslinker and DMPA as photoinitiator. A series of CMs samples were 

prepared by varying amounts of crosslinker and DMPA in the feed (Table 1). In a typical 

experiment in which sample CM10 was prepared (the number 10 indicates 10 mol% feed of thiol 

relative to alkene for crosslinking), stock solutions of polymer (100 mg/mL), crosslinker (80 

mg/mL) and DMPA (30 mg/mL) in DMSO were prepared in advance. Then, 100 µL of polymer 

solution (10 mg, with 2.86 × 10-4 mol of alkene, 1.0 equiv), 47.6 µL of crosslinker (3.81 mg, with 
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2.86 × 10-5 mol of thiol, 0.1 equiv), and 48.6 µL of DMPA (1.46 mg, 5.71 × 10-6 mol, 0.02 equiv) 

were mixed together, then diluted to 2 mL with DMSO. After that, the solution was added slowly 

to 3 mL of deionized water and stirred for 3 h at room temperature followed by irradiation with 

UV light (λmax = 365 nm) for 30 min. The solution was dialyzed against deionized water using a 

dialysis tubing (MWCO = 3500 Da) for 24 h. Similarly, MeO-PEG-b-PHEMA(ene)-PBA CM5 

and CM20 were also prepared at 5 and 20 mol% feed of thiol relative to alkene, respectively. For 

particle size measurement by DLS, the CM solutions were diluted to 1.0 mg/ml with deionized 

water. 

DOX-loaded MeO-PEG-b-P(HEMA-ene)-b-PBA CMs were prepared using the 

aforementioned approach by adding different volumes of neutralized DOX stock solution 

(equivalent to 10 wt%, relative to the polymer) to the feed. The DLE and DLC were determined 

as mentioned above. DOX10-CM5 and DOX10-CM10 represent the DOX-loaded MeO-PEG-b-

P(HEMA-ene)-b-PBA micelles with 10 wt% feed of DOX relative to polymer, crosslinked using 

5 and 10 mol% of thiol relative to alkene, respectively. 

3.2.10 Preparation of targeted cRGD-DOX-CM5 

Targeted cRGD-DOX10-CM5 was prepared by reacting cRGD with a thiol-containing 

cysteine moiety, together with crosslinker, with alkene functionalities of MeO-PEG-b-P(HEMA-

ene)-b-PBA during the crosslinking step. More Specifically, MeO-PEG-b-P(HEMA-ene)-b-PBA 

(10 mg), cRGD-SH (1 mg), crosslinker (1.90 mg), neutralized DOX (1 mg) and DMPA (1.46 mg) 

in 2 mL of DMSO were added slowly to 3 mL of deionized water, then irradiated with UV light 

(λmax = 365 nm) for 30 min and dialyzed for 24 h against deionized water to give targeted cRGD-

DOX10-CM5. 
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3.2.11. In vitro pH sensitive release of DOX 

In vitro release of DOX from DOX-loaded MeO-PEG-b-P(HEMA-ene)-b-PBA micelles, 

as either NCMs or CMs, was investigated at two different pHs (5.5 and 7.4) using a dialysis bag 

(MWCO = 3500 Da) at 37 ºC. In each case, 5 mL of DOX-loaded micelle solution was placed in 

a dialysis bag and immersed in 20 mL of PBS buffer solution (pH 7.4 or 5.5, 0.1 M) with stirring 

at 150 rpm. At predetermined time intervals, 2 mL of the PBS buffer solution was taken and the 

same volume of fresh buffer was added to maintain the constant total volume. The concentrations 

of the released DOX were analyzed using UV/VIS spectrophotometer at wavelength 480 nm. 

The cumulative drug release (𝐸𝑟) was determined from the following equation: 

𝑛−1𝑉𝑒 ∑1 𝐶𝑖 + 𝑉𝜊𝐶𝑛 
𝐸𝑟(%) = 

𝑚𝐷𝑜𝑥 

𝑚𝐷𝑜𝑥 represents the amount of DOX loaded on CM or NCM sample; 𝑉ο is the total volume of the 

release medium (i.e., 20 mL), and Ve is the volume withdrawn (i.e., 2 mL); 𝐶𝑛 and 𝐶𝑖 represent the 

concentration of DOX in 𝑛𝑡ℎ and 𝑖𝑡ℎ samples, respectively. 

3.2.12. Cell Viability Studies 

Cytotoxicity of blank or DOX-loaded micelles, as either NCMs or CMs, was assessed 

against MCF 10A breast cancer cells using MTT colorimetric assay. The cells were seeded at 

density 5000 cell/well in a 96-well plate with Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 10% FBS. Different concentrations of micelles were added to the cells, then 

incubated for 24 h under 5% CO2 at 37 ᵒC. Subsequently, solution of MTT reagent dissolved in 

PBS was added to each well and the plates were incubated for additional 3 h at 37 °C. Then the 

medium containing MTT was removed and 150 µL of DMSO was added to each well to dissolve 

200 



 
 

              

            

     

      

           

              

          

                 

            

  

 

    

      

           

            

     

       

        

           

        

the MTT formazan crystals formed. Finally, the plates were shaken for 10 min and the absorbance 

was recorded using plate reader at 490 nm. Cytotoxicity of all samples was calculated as a viability 

percentage relative to the untreated cells. 

3.2.13. In Vitro Cellular Uptake and Imaging 

Cellular uptake of DOX-loaded micelles, as either NCMs or CMs, was investigated using 

MCF 10A tumor and normal cells. Both cells were cultured in 35 mm dishes with essential medium 

containing FBS (10%) until 60-70% confluence, then incubated with fresh media containing the 

tested samples of final DOX concentration at 2 μg/mL for 2 h under 5% CO2 at 37 °C. After 

incubation, the cells were washed twice with PBS (pH 7.4) and directly imaged using a laser 

scanning confocal microscope. 

3.3. Result and discussion 

3.3.1. Synthesis and Characterization of PEG-b-P(HEMA-ene)-b-PBA 

It is desirable for drug delivery system to have uniform size and prolonged stability at 

physiological conditions for effective delivery of chemotherapeutics. In this work, ATRP was 

employed to construct well-defined PEG-b-PHEMA-b-PBA triblock copolymer, which was 

modified by using 4-pentenoic anhydride to give PEG-b-P(HEMA-ene)-b-PBA with pendant 

alkene groups attached to the middle PHEMA block. The modified PEG-b-PHEMA-b-PBA 

triblock copolymer served as the building unit for development of pH-sensitive CMs with tunable 

size, shape, morphology and controlled crosslinking density at core/shell intermediate layer. 
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Scheme 3.1: Synthesis of PEG-b-P(HEMA-ene)-b-PBA. 

Synthesis of PEG-b-P(HEMA-ene)-b-PBA was described in Scheme 1. MeO-PEG-Br 

macroinitiator was first synthesized through reaction of MeO-PEG-OH with 2-bromo-2-

methylpropionyl bromide in presence of Et3N, and then used in two successive ATRP 

polymerization processes to from triblock polymeric structure. The chemical structure of MeO-

PEG-Br macroinitiator was confirmed by 1H NMR analysis, which revealed all characteristic 
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resonances corresponding to the protons from the target chemical structure (Figure 3.1a). 

Importantly, the ratio of resonance intensity of terminal methoxyl protons at 3.28 ppm to that of 

methyl protons of bromoester terminal at 1.94 ppm was 2, confirming complete conversion of OH 

terminal of MeO-PEG-OH during the reaction. Number-average degree of polymerization (DPn) 

of 44 for PEG block was obtained from the resonance intensities of EG protons at 3.55 ppm (OCH2 

protons) relative to methoxyl protons at 3.28. GPC trace of MeO-PEG-Br macroinitiator showed 

monomodal elution peak of number-average MW (Mn) of 2.2 kDa and MW dispersity (Ð) of 1.01, 

relative to linear polystyrene (Figure 3.2a). 

Subsequently, PEG-b-PHEMA-b-PBA triblock copolymer was synthesized in two 

successive ATRP steps. Firstly, diblock copolymer of PEG-b-PHEMA was synthesized through 

ATRP of HEMA using MeO-PEG-Br macroinitiator, in the presence of CuCl/dpy as activating 

complex and CuCl2 as deactivator. Secondly, chain extension of PEG-b-PHEMA diblock 

copolymer with BA was conducted using SET polymerization. The resulting diblock and triblock 

copolymers, PEG-b-PHEMA and PEG-b-PHEMA-b-PBA, were characterized by 1H NMR and 

GPC analysis. Their 1H-NMR spectra were shown in Figure 3.1b-c, with characteristic resonances 

from each block clearly assigned. Based upon the comparison of the resonance intensities of 

characteristic protons from EG units at 3.55 ppm (OCH2 protons), HEMA units at 3.93 ppm 

(OCOCH2 protons, for diblock copolymer) and BA units at 2.24 ppm (CH protons, for triblock 

copolymer), DPn of 62 for PHEMA and 48 for PBA blocks, as well as the Mn of 10.2 kDa for 

PEG-b-PHEMA and 16.4 kDa for PEG-b-PHEMA-b-PBA, were obtained by 1H NMR analysis 

(Table 1). Therefore, the accurate structure of the final triblock copolymer can be expressed as 

PEG44-b-PHEMA48-b-PBA62. 
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Figure 3.1: 1H NMR spectra of (a) PEG-macroinitiator, (b) PEG-b-PHEMA, (c) PEG-b-PHEMA-

b-PBA, and (d) PEG-b-P(HEMA-ene)-b-PBA in DMSO-d6. Resonances from solvent are 

indicated with red arrows. 
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GPC traces of PEG-b-PHEMA and PEG-b-PHEMA-b-PBA are shown in Figure 3.2b-c. 

These copolymers demonstrated monomodal elution peaks, with obvious shift to high MW sides 

along with chain extension. GPC analysis showed Mn of 10.4 and Ð of 1.15 for PEG-b-PHEMA, 

and Mn of 16.7 and Ð of 1.21 for PEG-b-PHEMA-b-PBA, relative to linear polystyrene. Such GPC 

results confirmed well-controlled chain growth via ATRP process. 

Figure 3.2: GPC curves of (a) MeO-PEG-Br macroinitiator, (b) PEG-b-PHEMA, (c) PEG-b-

PHEMA-b-PBA, and (d) PEG-b-P(HEMA-ene)-b-PBA. 
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Table 3.1: DPn, Mw, Mn, and Ð values of PEG-b-PHEMA, PEG-b-PHEMA-b-PBA, and PEG-b-

P(HEMA-ene)-b-PBA, and PEG-b-P(HEMA-ene)-b-PBA 

DPn for blocksa b𝑀w,GPC 

(kDa) 

b𝑀n,GPC 

(kDa) 

𝑀n,NMR 

(kDa) 

Ðb 

1st 2nd 3rd 

MeO-PEG-Br 44 - - 2.3 2.2 2.1 1.01 

PEG-b-PHEMA 44 48 - 11.8 10.4 10.2 1.15 

PEG-b-PHEMA-b-PBA 44 48 62 20.3 16.7 16.4 1.21 

PEG-b-P(HEMA-ene)-b-BA 44 48 62 27.9 22.0 21.7 1.27 

a 1st: PEG block; 2nd: PHEMA or P(HEMA-ene) block; 3rd: PBA block; b Relative to linear polystyrene. 

Post-polymerization functionalization of PEG-b-PHEMA-b-PBA was performed by 

treating the tiblock copolymer with 4-pentenoic anhydride in presence of pyridine, in order to 

incorporate thiol-reactive alkene functionalities with the middle PHEMA block. 1H NMR 

spectrum of the resulting PEG-b-P(HEMA-ene)-b-PBA is shown in Figure 3.1d. The appearance 

of characteristic resonances of alkene protons at around 5.02 and 5.82 ppm, together with the 

disappearance of characteristic hydroxyl proton resonances of PHEMA block at 4.80 ppm and the 

shift of methylene proton adjacent to hydroxyl group of PHEMA from 3.62 to 3.80-4.20 ppm, 

confirmed the complete conversion of HEMA units to alkene-functionalized HEMA-ene units. 

The GPC trace of PEG-b-P(HEMA-ene)-b-PBA is shown in Figure 3.2, with significant shift to 

high MW side as compared to that of PEG-b-PHEMA-b-PBA. The results of MW analysis of 

PEG-b-P(HEMA-ene)-b-PBA are shown in Table 1. According to GPC analysis, it has a Mn of 

22.0 kDa and a Ð of 1.27 relative to linear polystyrene. 
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3.3.2. Preparation of NCM and CM samples of PEG-b-P(HEMA-ene)-b-PBA 

It is well-demonstrated that amphiphilic block copolymers self-assemble into micelles in 

certain solvents, when their concentrations are above CMC. To investigate CMC of triblock PEG-

b-P(HEMA-ene)-b-PBA in aqueous solutions, analysis by fluorescence spectroscopy using pyrene 

probe was utilized. Fluorescence spectra of pyrene were recorded at room temperature in presence 

of increasing concentration of PEG-b-P(HEMA-ene)-b-PBA (Figure 3.3a). Following a literature 

approach,[43], fluorescence intensity at 373 nm (I373), instead of intensity ratios I373/I384, was used 

for CMC determination because of the overlap between emission peaks of pyrene. As a result, 

CMC value of 16 mg/L was obtained for PEG-b-P(HEMA-ene)-b-PBA from the intersection of 

two lines in the I373 versus Log C chart (Figure 3.3b). The low CMC value of PEG-b-P(HEMA-

ene)-b-PBA triblock copolymer can be attributed to the pronounced hydrophobicity of PBA block 

and the P(HEMA-ene) middle block relative to PEG block, although the P(HEMA-ene) block is 

still less hydrophobic than the PBA block. 

Figure 3.3: (a) Fluorescence of pyrene at different concentration of PEG-b-P(HEMA-ene)-b-PBA, 

(b) Log C versus florescence intensity at 373 nm curve represent CMC value of PEG-b-P(HEMA-

ene)-b-PBA. 
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PEG-b-P(HEMA-ene)-b-PBA NCM was prepared by adding DMSO solution of the 

triblock PEG-b-P(HEMA-ene)-b-PBA copolymer at concentration 10 mg/mL to aqueous solution 

under vigorous stirring. Its amphiphilic nature allows it to self-assemble into three layered micelle 

with core domain, core/shell intermediate layer, and outer shell consisting of highly hydrophobic 

PBA block, moderately hydrophobic P(HEMA-ene) and hydrophilic PEG block, respectively. The 

core/shell intermediate layer carries pendant alkene groups, which can serve as chemical handles 

for further crosslinking reaction. 

Table 3.2: Preparation of PEG-b-P(HEMA-ene)-b-PBA-based micelles with tunable crosslinking 

density at core-shell interface. 

Entry [ene]/[SH]/[DMPA] 𝐷ℎ,𝑣 (nm) Width (nm) PDI 

NCM 1/0/0 115.5 22.7 0.207 

CM5 1/0.05/0.02 102.2 20.5 0.265 

CM10 1/0.10/0.02 90.4 24.7 0.132 

CM20 1/0.20/0.02 78.8 17.8 0.196 

The synthetic approach for the preparation of CM samples is shown in Figure 3.1. 1,4-

Butanediol bis(3-mercaptopropionate) was used to crosslink the core-shell intermediate micelle 

layer through thiol-ene reaction, with the formation of pH-sensitive crosslinkages. The choice of 

fast, orthogonal thiol-ene reaction for intramolecular crosslinking of micelles provides additional 

advantage to the synthetic design, because harmful byproduct from the reaction is avoided. A 

series of crosslinked PEG-b-P(HEMA-ene)-b-PBA micelles were prepared through UV irradiation 

of the reaction systems, with different [thiol]/[ene] molar feed ratio (5, 10, and 20%) in presence 

of DMPA as photoinitiator (Table 2). These samples denoted as CM5, CM10, and CM20, where 

the number referred to the molar percentage of thiol group of crosslinker relative to alkene 

functionality of the polymer. DLS analysis of NCM, CM5, CM10, and CM20 samples revealed 
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their volume-average hydrodynamic diameters (Dh,v) of 115.5, 102.2, 90.4, and 78.8 nm, 

respectively, with narrow size distribution (Figure 3.4). It was noticeable that Dh,v significantly 

decreased with the increase of the [thiol]/[ene] molar feed ratio from 5 to 20 %. This trend can be 

attributed to formation of compact micelle upon crosslinking the pendant alkene groups of 

intermediate micelle layer, as well as the more restricted swelling of micelles with the increase of 

crosslinking degree. 

Figure 3.4. DLS diagrams of PEG-b-P(HEMA-ene)-b-PBA-based nanoparticles: (a) NCM, (b) 

CM5, (c) CM10, and (d) CM20 in water. 
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TEM imaging of NCM sample (Figure 3.5a) revealed its average particle size of 96.4 nm 

on TEM grid, which is in a good agreement with its Dh,v of 115.5 nm by DLS. Most importantly, 

TEM images of CM5 sample (Figure 3.5b) disclosed formation of well dispersed particles with 

average particle size of 86.8 nm, indicating formation of only intramolecular crosslinking of 

micelles. It was obvious that TEM sizes were slightly lower than DLS sizes, which has been 

ascribed to the differences between natures of measurements in both techniques. TEM measures 

number average size of solid micelle whereas DLS measures Z-average size of hydrated micelle 

samples. 

Figure 3.5: TEM images of PEG-b-P(HEMA-ene)-b-PBA-based NCM and CM5. 

3.3.3. Preparation of DOX-loaded PEG-b-P(HEMA-ene)-b-PBA based NCMs and CMs 

DOX10-CM5 and DOX10-CM10 were readily prepared by adding DMSO solutions of DOX 

(10 wt% relative to polymer), triblock PEG-b-P(HEMA-ene)-b-PBA copolymer, 1,4-butanediol 

bis(3-mercaptopropionate) crosslinker (with 5 or 10 mol% of thiol relative to alkene of the 
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polymer), and DMPA to aqueous solutions of pH 7.4, followed by UV irradiation for 20 min, and 

subsequently dialyzed against PBS at pH 7.4 to remove free DOX. Similarly, targeted cRGD-

conjugated DOX-loaded crosslinked micelle (cRGD-DOX10-CM5) was prepared by direct 

reaction of thiol-containing RGD with the P(HEMA-ene) middle block during the integrated step 

of crosslinking and DOX loading. DOX-loaded NCMs (DOX7-NCM and DOX10-NCM) were 

prepared by the same approach, using two different concentrations of DOX in the feed (7 and 10 

wt% relative to polymer, respectively), but without adding both crosslinker and DMPA. DLS 

analytic results of hydrodynamic size and hydrodynamic size distribution after loading of DOX 

are shown in Table 3. Relative to blank micelles, DOX-loaded CM and NCM samples have 

noticeable increases of hydrodynamic size due to the presence of encapsulated DOX. For instance, 

Dh,v of DOX10-NCM was 128.3 nm (PDI = 0.24), which was considerably larger than Dh,v of 115.5 

nm for DOX-free NCM (PDI = 0.20). Interestingly, after crosslinking using 5 and 10 mol% of 

thiol relative to alkene, Dh,v of the resulting micelles gradually decreased to 106.9 nm (PDI = 0.11) 

and 95.1 nm (PDI = 0.10), respectively. The large Dh,v of cRGD-DOX10-CM5 (135.5 nm) relative 

to DOX10-CM5 sample may be resulted from the successful conjugation of cRGD-SH to the 

micelle. For the DOX- loaded NCMs, DOX loading amount increased from 6.2 to 9.1 wt% with 

the increase of the feeding amount of DOX from 7 to 10 wt% relative to polymer. It is worth noting 

that at the same feeding concentration of DOX (10 wt% relative to polymer), DOX loading 

efficiency increased from 91 to 97 % by the presence of 5% crosslinking of the micellar core-shell 

intermediate layer, indicating that crosslinking can increase the resistance for the diffusion of DOX 

from the micelle cores during dialysis step and therefore promote the encapsulation efficiency. 
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Table 3.3: Preparation of DOX-loaded crosslinked PEG-b-PHEMA-(ene)-b-PBA micelles with 

pH-responsive behavior. 

Entry [ene]/[SH]/ 

[DMPA] 

DOX 

(wt %) 

DLC 

(%) 

DLE 

(%) 
𝐷ℎ,𝑣 

(nm) 

Width 

(nm) PDI 

DOX7-NCM 1/0/0 7.0 6.2 89.6 122.6 24.7 0.283 

DOX10-NCM 1/0/0 10.0 9.1 91.7 128.3 30.1 0.245 

DOX10-CM5 1/0.05/0.02 10.0 9.7 97.3 106.9 31.8 0.112 

DOX10-CM10 1/0.10/0.02 10.0 9.5 95.5 95.1 36.3 0.105 

cRGD-DOX10-CM5 1/0.10/0.02 10.0 9.4 94.8 135.5 24.1 0.248 

3.3.4. In vitro pH-responsive DOX release 

To demonstrate pH-sensitivity of PEG-b-P(HEMA-ene)-b-PBA based CMs, DOX release 

from DOX10-NCM, DOX10-CM5, and DOX10-CM10 samples was investigated at two different pH 

conditions (pH 5.5 and 7.4) using dialysis method (Figure 3.6). Limited DOX release was noticed 

at pH 7.4 for all samples. Specifically, after 2 h of incubation, DOX10-NCM, DOX10-CM5 and 

DOX10-CM10 displayed 12.2, 4.8, and 3.7% release of DOX, respectively. The slow release at pH 

7.4 can be interpreted by the hydrophobic nature of DOX at relatively high pH, which increased 

the hydrophobic interaction between DOX and PBA core. Moreover, for DOX10-CM5 and DOX10-

CM10 samples, the existence of intact crosslinked core/shell intermediate layer retarded diffusion 

of DOX from micelles core. Previous work by Liu et al. ascribes the limited release of DOX at pH 

7.4 for the same reason.[44] 

In contrast, at pH 5.5, DOX10-NCM sample showed initial burst release of 44.8% after 2h. 

Within the same time period, DOX10-CM5 and DOX10-CM10 samples released 31.7 and 12.1% 

of DOX, respectively. The fast DOX release from DOX10-NCM at pH 5.5 can be attributed to the 

increase of hydrophilicity of DOX at lower pH 5.5, and hence higher solubility of DOX at low pH 
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medium and rapid diffusion outside the non-crosslinked micelle core. Importantly, cleavage of 

pH-sensitive crosslinkages at core/shell intermediate layer of DOX10-CM5 and DOX10-CM10 

samples significantly promoted DOX release at pH 5.5 (6.6 and 3.2-fold increase in released dose) 

as compared to the release at pH 7.4 from the same samples. Additionally, decrease of DOX release 

rate with increasing the crosslinking [thiol]/[ene] molar ratio at core/shell intermediate layer, was 

in line with our proposed hypothesis, and demonstrated the feasibility of regulation of DOX release 

through controlling permeability of crosslinked core-shell intermediate layer. The pH-sensitive 

release of DOX makes the system promising for intracellular drug delivery, in which DOX release 

would be stimulated by low pH of late endosomes. 

Figure 3.6: In vitro DOX release profile from PEG-b-PHEMA-(ene)-b-PBA-based DOX-NCM2, 

DOX-CM5, and DOX-CM10 at 37 °C at pH 5.5 and pH 7.4. 

213 



 
 

     

       

            

          

        

           

             

        

            

          

           

            

        

           

          

   

3.3.5. In vitro cytotoxicity and cellular uptake 

In vitro cytotoxicity of DOX10-NCM, DOX10-CM5, and cRGD-DOX10-CM5 samples was 

evaluated by MTT assay against MCF 10A cancer cell line at DOX concentration range of 0.1– 

0.7 μg/mL (Figure 3.7a). Free-DOX was used as positive control, while blank NCM and CM5 

were used as negative control. cRGD-DOX10-CM5 exhibited higher therapeutic efficiency (IC50 ~ 

0.4 μg/mL) after 24 h as compared to DOX10-NCM (IC50 ~ 0.48 μg/mL) and DOX10-CM5 (IC50 ~ 

0.48 μg/mL) at the same DOX concentration, and this is most likely due to higher cellular uptake 

of cRGD-DOX10-CM5 by RGD-receptor mediated endocytosis, which can be explained through 

selective recognition of cRGD by αvβ3 and αvβ5 integrin expressed on tumor cells.[45] Moreover, 

there was no significant variation in cytotoxicity of DOX10-NCM2 and DOX10-CM5. However, 

both samples displayed higher therapeutic activity relative to free DOX, presumably because of 

the synergistic role of the polymeric carriers in enhancing cellular uptake. Relative to DOX-loaded 

samples, NCM and CM5 showed no considerable cytotoxicity and higher cell viability was 

maintained after incubation with 80 μg/mL of these scaffolds for 24 h (Figure 3.7b). Taken 

together, the results suggested that cRGD-DOX10-CM5 can be promising in cancer treatment 

without encountering adverse cytotoxic effect. 
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Figure 3.7: Cytotoxicity of (a) blank NCM and CM5 samples, and (b) DOX, DOX10-NCM, 

DOX10-CM5, cRGD-DOX10-CM5 against MCF 10A breast cancer cells after 24 h of incubation. 

3.3.6. Cellular uptake 

To verify the effect of targeting ligand on internalization and cellular uptake efficiency, 

cRGD- DOX10-CM5 was incubated with cRGD receptor-positive MCF 10A cancer cell for 2 h, 

and then examined using confocal laser scanning micrsoscopy (CLSM) by probing DOX 

fluorescence. The result was compared with cRGD-free DOX10-NCM and DOX10-CM5 as 

negative controls. As shown in Figure 3.8a, it is obvious that cRGD-DOX10-CM5 displayed 

higher DOX fluorescence intensity as compared to DOX10-NCM and DOX10-CM5 samples. This 

result indicates substantial cellular internalization into cytoplasm of MCF 10A cancer cells by 

cRGD-receptor mediated endocytosis. For further confirmation of the promoted internalization by 

cRGD-mediated endocytic pathway, an additional cellular uptake study was investigated using 

cRGD-receptor negative MCF 10A normal cell line. The resulting CLSM images showed 

insignificant differences in DOX florescence intensity of cRGD-DOX10-CM5 compared to 
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DOX10-NCM and DOX10-CM5 (Figure 3.8b). Overall, the results reveal that the cRGD-DOX10-

CM5 could specifically and efficiently deliver DOX to cancer cells via receptor mediated binding 

and intracellular uptake, which may lead to enhanced therapeutic efficacy to targeted cancer cells. 

Figure 3.8: Confocal images of (a) MCF10A cancer cells, and (b) MCF10A normal cell after 2 h 

incubation with DOX10-NCM2, DOX10-CM5, and cRGD-DOX10-CM5. 
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3.4. Conclusion 

Well-defined triblock copolymer PEG-b-P(HEMA-ene)-b-PBA was synthesized through 

two successive ATRP steps, followed by post-polymerization functionalization of the middle 

PHEMA block. It was then used as the building unit for the development of micelles, including 

both NCMS and CMs with tunable crosslinking density at the core/shell intermediate layer. 

Cumulative DOX release from 5, 10 and 20% crosslinked micelles was investigated, and the 

results demonstrated their pH-sensitive feature as well as the effective regulation of release rate by 

adjusting the interfacial crosslinking density. In vitro MTT assay revealed that the crosslinked 

micelles are biocompatible to MCF 10A cells, and the drug-loaded samples exhibited a significant 

therapeutic efficiency as compared to free DOX. cRGD-containing DOX-loaded crosslinked 

micelles displayed higher cellular uptake relative to their analogues without cRGD. This study 

demonstrated the synthesis of well-defined PEG-b-P(HEMA)-b-P(BA)-based crosslinked micelles 

with tunable crosslinking density at core-shell intermediate layer, for the regulation of pH-sensitive 

DOX release. These results indicate that such pH-responsive micelles are therapeutically effective 

against cancer cells and hold remarkable promise to serve as a smart drug delivery system for 

cancer therapy. 
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Chapter 4: ATRP Synthesis of Well-Defined pH-Responsive PEG-b-

PDMAEMA-b-P(HEMA-FBA)-Doxorubicin Conjugate for Drug and Gene 

Co-delivery 

Abstract 

Combination of chemotherapy and gene therapy is a promising strategy for cancer treatment, 

showing by far better antitumor efficacy relative to individual therapy. Stimuli-responsive 

nanocarriers with tunable characteristics have attracted significant attention for co-delivery of both 

chemotherapeutic agents and antitumor genes. Here, well-defined pH-sensitive polyethylene 

glycol-block-poly(dimethylaminoethylmethacrylate)-block-poly(2-hydroxyethylmethacrylate-

formybenzoic acid)-doxorubicin (MeO-PEG-b-PDMAEMA-b-P(HEMA-FBA)-DOX) conjugate 

was developed for effective co-delivery of DOX and GTI2040 gene to MCF-7 breast cancer cells. 

The MeO-PEG-b-PDMAEMA-b-PHEMA triblock copolymer was synthesized via two 

consecutive atom transfer radical polymerization steps (ATRP) at first. The conjugate was 

obtained by functionalization of the triblock copolymer with 4-formybenzoic acid (FBA), followed 

by subsequent conjugation of DOX via pH-responsive imine linkage. The self-assembly of MeO-

PEG-b-PDMAEMA-b-P(HEMA-FBA)-DOX in deionized water resulted in positively charged 

DOX-loaded micelles (DOX-MDC), which readily complexed with negatively charged GTI2040 

gene to form stable GTI2040/DOX-MDC at N/P ratio of 30. The gel retardation assay confirmed 

the GTI2040 binding ability with DOX-MDC. Furthermore, dynamic light scattering (DLS) 

analysis of GTI2040/DOX-MDC (N/P = 30) showed a zeta potential of 21.0 mv and an average 

hydrodynamic size of 136.4 nm. The GTI2040/DOX-MDC nanocomplex exhibited favorable pH-
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triggered release of DOX at pH 5.5. Confocal laser scanning microscopy (CLSM) confirmed the 

effective co-delivery of GTI2040 and DOX to MCF-7 cells, and quantification of cellular uptake 

by flow cytometry analysis showed higher intracellular accumulation of GTI2040/DOX-MDC 

relative to free therapeutic agents. In vitro cytotoxicity study disclosed the biocompatibility of the 

nanocarrier and the enhanced therapeutic efficacy of the co-delivery system with relative to DOX-

MDC. Overall, the results suggested that combinatorial delivery of DOX and GTI2040 using well-

designed pH-responsive MeO-PEG-b-PDMAEMA-b-P(HEMA-FBA)-DOX nanocarrier is 

promising for potential applications in cancer therapy. 
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4.1. Introduction 

Cancer is one of the major causes of death worldwide, and number of new cases rises 

annually.[1, 2] Chemotherapy is the most employed clinical modality for cancer treatment.[3] 

However, chemotherapy very often fails to cure cancer, owing to multidrug resistance, non-

specific targeting, poor solubility, and limited bioavailability, which reduce the therapeutic 

potency of the drug.[4-6] Drug delivery to tumor tissues has emerged as a potential solution to 

tackle the aforementioned drawbacks, with the aim to localize anticancer drugs into tumor tissues 

and increase their antitumor efficacy.[7] Numerous drug carriers, either viral or non-viral, have 

been developed for effective delivery of anticancer drug.[8, 9] Owing to immunogenicity and 

cytotoxicity of viral vectors, considerable attention has given to the fabrication of nanparticulate 

systems of tunable shapes and sizes such as nanogels[10], liposomes[11], inorganic 

nanoparticles[12], micelles[13], and dendrimers[14]. Benefiting from the specific conditions in 

tumor microenvironment, such as low pH and high redox activity relative to health tissues, stimuli-

responsive polymeric carriers have received more attention for controlled delivery of 

chemotherapetutics.[15-26] For example, our group harnessed the pH-sensitivity of imine, acteal, 

and β-thiopropionate linkages to develop pH-responsive polylactide-based drug delivery systems 

of well-tuned structures and improved anticancer efficacy.[27-29] Despite the enhanced 

therapeutic outcome of drug delivery systems, using single component antitumor therapeutic agent 

remains insufficient for clinical treatment of tumors. 

Significant efforts toward cancer treatment have focused on gene therapy.[1] This also led 

to the development of a broad library of cationic nanocarriers of tunable charge densities for the 

delivery of therapeutic genes to tumor sites, thus overcoming the limited stability of genes and 

enhance their uptake by cancer cells.[30, 31] Owing to the complex nature of cancer tissues, the 
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coupling between gene therapy and chemotherapy has shown better therapeutic efficacy in cancer 

treatment.[32-34] Therefore, it become critical to develop smart carriers of tunable 

physicochemical properties for codelivery of chemotherapeutic drugs and antitumor genes with 

high efficiency, without encountering undesirable side effects.[35-39] Multi block copolymers 

comprising of hydrophilic block for promoting in vivo stability of nano-carriers, positively charged 

block for gene complexation, and pH-sensitive block for conjugation of anticancer drugs are 

promising platforms for drug and gene codelivery. 

As widely known, atom transfer radical polymerization (ATRP) is a superior living radical 

polymerization technique that provides precise control over chain growth by using a combination 

of Cu(I)/Cu (II) salts as activator/deactivator, respectively.[40, 41] Therefore, ATRP enables the 

development of multi-block copolymers with desirable arrangement of blocks and tunable block 

lengths through appropriate selection of monomers and the feed ratio of monomer to initiator. 

However, maintaining high end-group fidelity after ATRP polymerization of reactive DMAEMA 

monomer is a challenge, limiting further chain extension using PDMAEMA macroinitiator while 

keeping narrow polydispersity index (PDI). 

In this work, well-defined pH-sensitive MeO-PEG-b-PDMAEMA-b-P(HEMA-FBA)-

DOX conjugate was designed for effective co-delivery of DOX and GTI2040 to MCF-7 breast 

cancer cells. The MeO-PEG-b-PDMAEMA-b-PHEMA triblock copolymer backbone was first 

developed via two consecutive ATRP steps. Then, the according polymer-drug conjugate was 

synthesized by incorporation of 4-formylbenzoyl groups to the PHEMA block of the triblock 

copolymer, followed by the conjugation of the resulting copolymer with DOX via hydrolysable 

pH-sensitive imine linkage. The polymer-drug conjugate self-assembled in aqueous solution into 

stable positively charged DOX-MDC, which subsequently form a stable complex with negatively 
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charged GTI2040 gene. The physicochemical characteristics of the responsive nanocomplex 

including particle size, zeta potential, DNA binding, serum stability, and in vitro DOX release 

were investigated. Furthermore, cellular uptake, cell apoptosis, and in vitro cytotoxicity of the 

GTI2040/DOX-MDC co-delivery system were evaluated using MCF-7 cancer cells. The 

biodistribution of the co-delivery system was also examined using breast tumor model to verify 

their favorable accumulation at the tumor sites. 

4.2. Experimental 

4.2.1. Materials 

2-Hydroxyethyl methacrylate (HEMA, 99 %) and 2-(dimethyl-amino)ethyl methacrylate 

(DMAEMA, 98 %) were purchased from Sigma-Aldrich, and both monomers were used after 

removal of inhibitor. Poly(ethylene glycol)methyl ether (MeO-PEG-OH, MW = 2000 Da, 99%), 

4-formylbenzoic acid (FBA, 97 %), 4-(dimethylamino)pyridine (DMAP, 99%), N-(3-

dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC, 98 %), 2,2-diphenyl-1-

picrylhydrazyl (DPPH), copper (І) chloride (CuCl, 99 %), basic and neutral alumina, and PBS 

buffer were also obtained from Sigma Aldrich and used as received. 2-Bromoisobutyryl bromide 

(98 %), 2,2'-bipyridyl (Bpy, 99%), and pyrene (98 %) were used as received from Acros Organics. 

Triethylamine (Et3N, 99 %), methanol, dichloromethane (DCM, HPLC), tetrahydrofuran (THF, 

HPLC), dimethylsulfoxide (DMSO, HPLC), and hexane (HPLC) were purchased from Fischer 

Scientific. Doxorubicin hydrochloride salt (DOX.HCl, 99%) was purchased from LC laboratories 

and used as received. 

HEMA was purified following a literature method [42]. A solution of HEMA in water (25 

% v/v) was washed five times with hexane to remove impurity (ethylene glycol dimethacrylate). 
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Then, excess NaCl was added to the aqueous phase to salt out the monomer, followed by extraction 

with diethyl ether three times. The organic phase was collected and dried using anhydrous Na2SO4. 

Diethyl ether was removed by rotary evaporator at 35 ºC and pure HEMA was obtained by vacuum 

distillation at 70 ºC in the presence of DPPH as inhibitor. DMAEMA was purified by passing the 

monomer through a column of basic alumina prior to polymerization. Methanol was dried using 

molecular sieve (3 Å), while DCM and DMSO were dried by distillation over CaH2. THF was 

dried by refluxing over sodium-benzophenone for 24 h before distillation. 

4.2.2. Measurements 

1H NMR analysis was used for verifying the chemical structure of polymer. 1H NMR 

spectra were obtained using a Varian INOVA-500 spectrometer at room temperature, and the 

samples were dissolved either in CDCl3, CD3OD, or DMSO–d6 containing 1 vol % 

tetramethylsilane (TMS) as internal standard. 

Molecular weight (MW) and molecular weight dispersity (Đ) of polymers were determined 

using GPC. GPC traces were recorded using Viscotec GPC system equipped with two mixed-bed 

organic columns (PAS-103M-UL and PAS-105M-M), VE-1122 pump, and VE-3580 refractive 

index (RI) detector. A solution of 0.1 M LiBr in DMF (flow rate 0.5 mL/min at 55 ºC) was used 

as eluent. The instrument was calibrated using monodispersed polystyrene standards of different 

molecular weights (obtained from Varian). All samples were dissolved in DMF, and in each 

measurement, 100 µL of the solution was injected. 

DLS was used for measurement of the hydrodynamic diameter, particle size distribution 

and zeta potential of the micelle samples. A 4 mW 633 nm He Ne laser was used as the light 

source. All measurements were performed in aqueous system at room temperature and 
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measurement angle 90º to the incident laser beam. The samples were measured at concentration of 

1 mg/mL. The hydrodynamic diameter (Dh) were calculated from the average of five 

measurements on each sample. 

TEM was used for characterization of surface morphology of crosslinked and non-

crosslinked micelles. Transmission electron microscope (TEM) images were obtained using a 

JOEL 2010 microscope. TEM samples were prepared by dip coating the 300 mesh carbon coating 

copper grid in a diluted solution of the samples (1 mg/mL). 

Fluorescence spectrometer was used for measurement of the fluorescence intensity of 

pyrene for determination of CMC. Fluorescence spectra of pyrene were obtained using photon 

technology instrumentation (PTI fluorescence spectrophotometer), for cmc determination. The 

excitation and emission slit were sit at 5 nm, and the emission spectra were scanned from 250 to 

360 nm at excitation wavelength of 395 nm. 

UV/VIS spectrophotometer was used to analyze the concentration of doxorubicin. UV/Vis 

spectra were recorded using ThermoSpectronic (model 4001/4, USA) spectrophotometer, and the 

absorbance of DOX was measured at wavelength 490 nm. 

4.2.3. Synthesis of MeO-PEG-Br 

In 100-mL round bottom flask were added MeO-PEG-OH (2.25 g, 1.12 mmol, 1.0 equiv), 

Et3N (0.23 g, 2.24 mmol, 2.0 equiv), and DCM (10 mL). Then, 2-bromoisobutyryl bromide (0.52 

g, 2.25 mmol, 2.0 equiv) was added dropwise to the mixture at 0 °C using a syringe pump. After 

complete addition, the reaction was left to stir for 24 h at room temperature. After that, the reaction 

mixture was filtered to remove the triethylammonium bromide salt, then diluted with DCM (200 

mL), and subsequently washed with aqueous solutions of HCl (1.0 M), NaHCO3 (5 w/v%) and 
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brine, three times each. The DCM layer was dried over anhydrous Na2SO4, and then concentrated 

using rotary evaporator before precipitation in diethyl ether. The precipitate was collected by 

filtration, and then dried under vacuum to give MeO-PEG-Br as a white solid (1.76 g; 73% yield). 

1H NMR (500 MHz, CDCl3, ppm) δ: 1.94 (s, C(CH3)2), 3.37 (s, CH3O), 3.64 (m, CH2O from EG). 

4.2.4. Synthesis of MeO-PEG-b-PDMAEMA diblock copolymer 

MeO-PEG-b-PDMAEMA diblock copolymer was synthesized through ATRP of 

DMAEMA using the starting molar ratio of [DMAEMA]/[MeO-PEG-Br]/[CuBr]/[CuBr2]/[Bpy] 

= 200/1/0.9/0.1/2. In a typical procedure, DMAEMA (2.95 g, 18.7 mmol), MeO-PEG-Br (0.20 g, 

9.37 × 10-2 mmol), CuBr2 (2.09 mg, 9.37 × 10-3 mmol), Bpy (29.2 mg, 0.187 mmol), and methanol 

(2.98 mL) were charged to a dry Schlenk flask. The flask was degassed using five cycles of freeze-

pump-thaw process. During the final cycle, CuBr (12.1 mg, 8.43 × 10-2 mmol) was quickly added 

under positive flow of nitrogen. The flask was sealed with rubber stopper then evacuated and 

backfilled with nitrogen five times, and subsequently immersed in oil bath at 35 °C. The reaction 

was stopped by bubbling with air at 19.5 % conversion, which was determined 1H NMR analysis. 

The reaction mixture was diluted with DCM, and then passed through a short column of neutral 

alumina to remove copper complex. The solution was concentrated using rotary evaporator, then 

precipitated in hexane three times, and subsequently dried under vacuum for 24 h to give a white 

solid at 19% yield. 1H NMR (500 MHz, CDCl3, ppm) δ: 0.89–1.40 (br m, CH3 from DMAEMA 

and C(CH3)2), 1.81–1.90 (br m, CH2 from DMAEMA), 2.28 (s, (CH3)2N from DMAEMA), 2.56 

(m, CH2N from DMAEMA), 3.37 (s, CH3O), 3.64 (m, CH2O from EG), 4.06 (m, OCOCH2 from 

DMAEMA). 
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4.2.5. Synthesis of MeO-PEG-b-PDMAEMA-b-PHEMA triblock copolymer 

MeO-PEG-b-PDMAEMA-b-PHEMA triblock copolymer was synthesized through ATRP 

of HEMA using PEG-b-PDMAEMA macroinitiator. HEMA (4.52 g, 34.7 mmol, 200 equiv), PEG-

b-PDMAEMA (1.41 g, 0.173 mmol, 1.0 equiv), Bpy (5.42 g, 0.347 mmol), methanol (2.74 mL), 

and 2-butanone (4.13 mL) were added to a Schlenk flask. After five cycles of deoxygenation via 

freeze-pump-thaw process, the flask was opened under positive stream of nitrogen, and CuCl (17.2 

mg, 0.174 mmol) was added quickly. Then the flask was sealed, followed by five cycles of 

evacuation and backfilling with nitrogen, before it was placed in oil bath at 35 °C. The reaction 

was stopped after 1.5 h by opening the flask to air, then the reaction mixture was diluted with THF 

and passed through a short neutral alumina column to remove copper salt. The volume of reaction 

mixture was reduced by rotary evaporator, then precipitated in hexane one time followed by 

dissolution in DCM and precipitation in diethyl ether 3 times. PEG-b-DMAEMA-b-HEMA was 

obtained as a white solid in 28 % yield, after drying under vacuum for 24 h. 1H NMR (500 MHz, 

CD3OD, ppm) δ: 0.94–1.30 (br m, CH3 from DMAEMA, HEMA and C(CH3)2), 1.89–2.02 (br m, 

CH2 from DMAEMA and HEMA), 2.35 (s, (CH3)2N from DMAEMA), 2.65 (m, CH2N from 

DMAEMA), 3.37 (s, CH3O), 3.63 (m, CH2O from EG), 3.78 (m, CH2OH from HEMA) 4.04 (br 

m, OCOCH2 from HEMA), 4.10 (m, OCOCH2 from DMAEMA), 4.85 (s, OH from HEMA). 

4.2.6. Synthesis of MeO-PEG-b-PDMAEMA-b-P(HEMA-PFBA) triblock copolymer 

4-formylbenzoic acid protected at the aldehyde group (PFBA) was first synthesized as 

described in literature.[43] Briefly, a suspension of FBA (2.0 g, 1.33 mmol) and ammonium 

chloride (4.0 g, 74.8 mmol) in dry methanol (40.0 mL) was heated under reflux for 48 h. Then, the 

solvent was removed and the pure product was obtained by recrystallization from acetone (1.90 g, 

73 % yield). 1H NMR (500 MHz, CDCl3, ppm) δ: 3.35 (s, 6H, C(OCH3)2), 5.47 (s, 1H, C6H4CH), 
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7.58 (d, 2H, Ar–H), 8.14 (d, 2H, Ar–H). 13C NMR (500 MHz, CDCl3, ppm) δ: 171.52 (C=O), 

143.87 (Ar–quat), 130.18 (Ar–H), 129.27 (Ar–quat), 126.94 (Ar–H), 102.25 (CH(OCH3)2), 52.69 

(CH(OCH3)2). 

After that, MeO-PEG-b-PDMAEMA-b-P(HEMA-PFBA) triblock copolymer was 

synthesized through post-polymerization functionalization with PFBA. In 100 mL round flask 

were added MeO-PEG-b-PDMAEMA-b-PHEMA copolymer (0.76 g, 2.95 ˣ 10 -3 mol OH, 1.0 

equiv), PFBA (0.69 g, 3.54 ˣ 10 -3 mol, 1.2 equiv), EDC (0.68 g, 3.54 ˣ 10 -3 mol, 1.2 equiv), DMAP 

(7.20 ˣ 10 -2 g, 5.89 ˣ 10 -4 mol, 0.2 equiv), and 20 mL DCM. The mixture was stirred for 30 min at 

0 °C, then overnight at room temperature. The solution was dialyzed against dialyzed against THF 

for 5 days, concentrated using rotary evaporator, and then precipitated from hexane. The product 

was obtained as colorless solid after drying under vacuum (0.82 g, 65 % yield). 1H NMR (500 

MHz, CDCl3, ppm) δ: 0.93 –1.40 (br m, CH3 from DMAEMA, HEMA and C(CH3)2), 1.84 – 2.20 

(br m, CH2 from DMAEMA and HEMA), 2.32 (s, (CH3)2N from DMAEMA), 2.62 (m, CH2N 

from DMAEMA), 3.28 (s, C(OCH3)2 from PFBA), 3.39 (s, CH3O), 3.65 (m, CH2O from EG), 4.09 

– 4.41 (br m, OCOCH2 from DMAEMA and HEMA-PFBA), 5.39 (s, C6H4CH from PFBA), 7.51 

(d, Ar–H from PFBA), 7.99 (d, Ar–H from PFBA). 

4.2.7. Synthesis of MeO-PEG-b-PDMAEMA-b-P(HEMA-FBA) triblock copolymer 

For deprotection of the aldehyde groups, MeO-PEG-b-PDMAEMA-b-P(HEMA-PFBA) 

(30 mg) was treated with TFA/DCM mixture (2 mL, 1:1) in ice cold bath for 20 min. Then, 

TFA/DCM was evaporated under vacuum, and the resultant polymer was dissolved in DCM, 

followed by stirring over Amberlite IR resine (100 mg) for 20 min. The pure polymer was obtained 

as a colorless solid in 97 % yield after filtration and drying. 1H NMR (500 MHz, CDCl3, ppm) δ: 

0.80–1.20 (br m, CH3 from DMAEMA, HEMA and C(CH3)2), 1.40–2.15 (br m, CH2 from 
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DMAEMA and HEMA), 2.83 (br s, (CH3)2N from DMAEMA), 3.38 (s, CH3O), 3.40 (br m, CH2N 

from DMAEMA), 3.49–3.80 (br m, CH2O from EG), 3.91–4.60 (br m, OCOCH2 from DMAEMA 

and HEMA-PFBA), 7.83 (d, Ar–H from PFBA), 7.93 (d, Ar–H from PFBA), 9.94 (s, C6H4CHO 

from FBA). 

4.2.8. Determination of cmc of MeO-PEG-b-PDMAEMA-b-P(HEMA-FBA) triblock 

copolymer 

CMC of MeO-PEG-b-PDMAEMA-b-P(HEMA-FBA) triblock copolymer was determined 

using pyrene as a fluorescent probe. Briefly, a stock solution of pyrene (6.0 × 10-5 M) in acetone 

was prepared, and then equal volumes of the solution were added to a series of vials. After 

evaporation of acetone, different volumes of aqueous MeO-PEG-b-PDMAEMA-b-P(HEMA-

FBA) triblock copolymer micelle (1 mg/mL) were added to each vial, followed by dilution with 

10-7deionized water to a final pyrene concentration of 6.0 × M and the final polymer 

concentrations of 1 to 100 mg/mL. All vials were kept for equilibration in dark place for 6 h, and 

then the fluorescence spectra of pyrene were scanned from 250 to 360 nm at excitation wavelength 

of 395 nm, using fluorescence spectrometer (photon technology instrumentation). The cmc value 

was obtained from the intersection of I334/I339 and log C. 

4.2.9. Synthesis of MeO-PEG-b-PDMAEMA-b-P(HEMA-FBA)-DOX conjugate 

MeO-PEG-b-PDMAEMA-b-P(HEMA-FBA) (10.0 mg) was added to a 10-mL vial 

containing DOX (1.50 mg) pre-neutralized with 2.0 equivalent Et3N for 48 h, and 1.0 mL DMSO. 

The mixture was left to stir at room temperature for 48 h in dark place. Afterwards, the solution 

was dialyzed against THF, and then dried under vacuum to obtain the product as a red solid in 

89% yield. 1H NMR (500 MHz, DMSO–d6, ppm) δ: 0.83–1.19 (br m, CH3 from DMAEMA, 

HEMA and C(CH3)2), 1.20–2.01 (br m, CH2 from DMAEMA and HEMA), 2.18 (br s, (CH3)2N 
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from DMAEMA), 3.30 (s, CH3O), 3.34 (br m, CH2N from DMAEMA), 3.40–3.63 (br m, CH2O 

from EG), 3.97–4.55 (br m, OCOCH2 from DMAEMA and HEMA-PFBA), 4.60–4.98 (br m, 

CH2OH and OH from DOX), 5.00–5.60 (br m, CH and OH from DOX), 7.60–8.21 (br, Ar–H from 

FBA and DOX), 8.30 (s, N═CH from benzyl imine), 9.94 (s, CHO from FBA). 

DOX loading content (DLC) and loading efficiency (DLE) were determined by dissolving 

MeO-PEG-b-PDMAEMA-b-P(HEMA-FBA)-DOX conjugate (5.0 mg) in DMSO (1.0 mL), and 

measuring the absorbance at 490 nm using UV/Vis spectrophotometer. DLC and DLE were 

calculated using the following equations: 

𝑚𝐷𝑂𝑋 𝐷𝐿𝐶 (%) = × 100% 
𝑚𝑝 

𝑚𝐷𝑂𝑋 𝐷𝐿𝐸 (%) = × 100% 
𝑚𝐷𝑂𝑋 𝑖𝑛 𝑡ℎ𝑒 𝑓𝑒𝑒𝑑 

Where 𝑚𝐷𝑂𝑋 represents the mass of DOX in the samples, and 𝑚𝑝 is the initial mass of MeO-PEG-

b-PDMAEMA-b-P(HEMA-FBA)-DOX conjugate. 

4.2.10. Preparation of MeO-PEG-b-PDMAEMA-b-P(HEMA-FBA)-DOX-based micelle 

(DOX-MDC) 

For the preparation of DOX-loaded micelle (DOX-MDC), a solution of MeO-PEG-b-

PDMAEMA-b-P(HEMA-FBA)-DOX in DMSO (2.0 mL, 5.0 mg/mL) was first prepared; then 2.0 

mL deionized water was added slowly under vigorous stirring (700 rpm), and the mixture was left 

to stir for 2 h. Afterwards, the mixture was dialyzed against DI water for 2 days to remove DMSO, 

then diluted to the desired concentration using DI water. 
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4.2.11. Preparation of GTI2040/DOX-MDC nanocomplexes and gel retardation assay 

To examine the binding affinity of cationic DOX-MDC to GTI2040, GTI2040/DOX-MDC 

nanocomplexes were prepared at different N/P ratios (1, 5, 10, 15, 20, 25, 30, 40). Briefly, 1.0 µL 

of GTI2040 solution (0.4 µg/µL) was mixed with different volumes of DOX-MDC solution (1.6 

mg/mL), and the final volume was adjusted by PBS (pH 7.0). All mixtures were vortexed for 30 

s, and then incubated for 30 min in dark place to allow complex formation. 

For gel retardation assay, the GTI2040/DOX-MDC nanocomplexes were loaded into 1.0% 

agarose gel containing 0.5 µg/mL ethidium bromide, and electrophoresed in TAE running buffer 

(40 mM Tris-acetate, 1 mM EDTA) for 45 min at applied voltage of 90 mv. The GTI2040 bands 

were visualized by analyzing the gel using UV illuminator. 

4.2.12. In vitro DOX release study 

In vitro DOX release from DO-MDC was investigated using dialysis method at pH 7.4 and 

5.5. Briefly, 5 mL of DOX-MDC solution was placed in a dialysis bag (MWCO 3500 kDa), then 

dialyzed against PBS solutions (20 mL, pH 7.4 or 5.5). At predetermined time interval, 2 mL of 

the PBS solution was taken out for DOX analysis, and an equal volume of fresh PBS of the same 

pH was added to maintain the same initial volume. The released DOX concentration was analyzed 

by measuring the absorbance at 490 nm using UV-vis spectrophotometer (ThermoSpectronic, 

USA). The cumulative DOX release (%) was determined from the following equation: 

𝑉𝑒 ∑
𝑛
1

−1 𝐶𝑖 + 𝑉𝜊𝐶𝑛 
𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 (%) = 

𝑚𝐷𝑜𝑥 
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𝑚𝐷𝑜𝑥 represents the initial mass of DOX inside the dialysis bag; 𝑉ο is the total volume of the 

release medium (i.e., 20 mL), and Ve is the volume withdrawn (i.e., 2 mL); 𝐶𝑛 and 𝐶𝑖 represent the 

mass concentration of DOX in 𝑛𝑡ℎ and 𝑖𝑡ℎ samples, respectively. 

4.2.13. Stability study of GTI2040/DOX-MDC nanocomplex 

Serum stability of GTI2040/DOX-MDC nanocomplex (N/P 30) was evaluated by 

monitoring its size change using DLS. The nanocomplex was diluted with FBS solution, and the 

particle size was analyzed at day 2, 6, 10, 12, 14, 16, 18, 20, 22, and 25 of incubation. 

4.2.14. Cell culture 

MCF-7 breast cancer cells were purchased from the American Type Culture Collection 

(Manassas, VA), and cultured in Dulbecco’s modified Eagle medium (DMEM) (Life 

Technologies; Grand Island, NY) supplemented with 10 v/v% fetal bovine serum (FBS; Life 

Technologies) and 1 v/v% penicillin/streptomycin (Sigma-Aldrich). The cells were incubated in 

5% CO2 atmosphere at 37 °C, and left to reach ~ 80% confluence. Then, harvested using 0.25 

v/v% Trypsin, and subcultured in new T75 culture flask. 

4.2.15. Cellular uptake analysis 

Cellular uptake and intracellular distribution of DOX and GTI2040 in MCF-7 tumor cells 

were assessed using confocal laser scanning microscopy (CLSM) and flow cytometry. For 

confocal imaging, MCF-7 cells were seeded in 6-well plate at the density of 2 × 105 cells per well. 

After 24 h in CO2 incubator at 37 °C, the cells were treated with free DOX/free GTI2040, DOX-

MDC, GTI2040-MC, and DOX/GTI2040-MDC samples, at DOX and GTI2040 concentrations of 

1 µg/mL and 0.4 µg/mL, respectively. After 2 h of treatment, the medium was removed, and the 

cells were washed 3 times with PBS (pH 7.4), harvested by trypsinization, and then fixed by rinsing 
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with 4% paraformaldehyde (Acros) for 15 min. After that, the nuclei were stained by Hoechest (1 

µL/mL) for 10 min, and the cells were mounted on glass coverslips for imaging. CLSM (ZEISS, 

Dublin, CA) was utilized to visualize the cells, at emission wavelengths of 460, 560, and 690 nm 

for Hoechest, DOX, and Cy5.5, respectively. 

For quantification of the vitro uptake of DOX and GTI2040 by MCF-7 cells using flow 

cytometry, the cells were cultured at cell density of 2 × 105 cells/well in 6-well plate for 24 h, and 

then treated with DOX/GTI2040-MDC ([DOX] = 1 µg/mL & [GTI2040] = 0.4 µg/mL) for 2, 4, 8 

h. At specific time point, the medium was removed and the cells were washed with PBS (pH 7.4) 

three times, followed by harvesting and fixation by trypsine and 4% paraformaldehyde, 

respectively. The fluorescence intensity of DOX and Cy5.5-GTI2040 was measured by using BD 

Fortessa flow cytometer (BD bioscience, San Jose, CA). The fluorescence intensity of DOX and 

Cy5.5-GTI2040 was reported as mean ± SD. The results obtained by treatment of the cells with 

equivalent concentrations of free DOX/free GTI2040 for 4 h were used for comparison. 

4.2.16. In vitro cytotoxicity 

MCF-7 cells were cultured in 96-well plates (Greiner Bio-one) at 1 × 104 density for 24 h. 

Then treated with fresh medium containing free DOX, DOX-MDC, DOX/GTI2040-MDC at DOX 

concentrations of 0 (PBS control), 0.1, 0.5, 1.0, 2.5, 5.0, 7.5, and 10 µg/mL, and GTI2040 

concentration of 0.4 µg/mL. The DOX-free micelle solutions with polymer concentrations same 

as these in MDCs were used as blank samples. After 24 and 48 h of incubation, in vitro cytotoxicity 

was assessed using Alamar blue assay. Briefly, the medium was removed, then 110 µl of alamar 

blue (Invitrogen; DAL1025) solution (10% v/v) in DMEM medium was added to each well, 

followed by incubation for 3 h in dark. Subsequently, 95 µl solution was transferred from each 

well to new 96-well plate for measurement. The fluorescence intensity was measured at excitation 
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and emission wavelengths of 560 nm and 590 nm, respectively, using TECAN microplate reader 

(San Jose, CA). 

4.2.17. Statistical analysis 

Each experiment was performed three times, and the data were presented as mean ± SD. 

The results were statistically analyzed using one-way ANOVA, and the significance difference 

was indicated at *P ˂ 0.01 and **P ˂ 0.05. 

4.3. Result and discussion 

4.3.1. Synthesis of pH-responsive MeO-PEG-b-PDMAEMA-b-P(HEMA-FBA)-DOX 

The synthesis of well-defined pH-responsive MeO-PEG-b-PDMAEMA-b-P(HEMA-

FBA)-DOX was described in Scheme 1. MeO-PEG-Br macroinitiator was first synthesized, and 

subsequently used in the ATRP step to initiate polymerization of DMAEMA. The resulting diblock 

MeO-PEG-b-PDMAEMA with a bromide terminal was further employed as macroinitiator to 

initiate another ATRP step in which HEMA was used as the monomer, thereby yielding MeO-

PEG-b-PDMAEMA-b-PHEMA triblock copolymer. Further modification of the PHEMA block of 

the triblock copolymer with aldehyde-protected FBA was performed, in order to readily 

incorporate active aldehyde groups to PHEMA block after acid deprotection. The attractive 

features of this design includes: 1) tunable synthesis of the polymer backbone and controlled chain 

growth can be achieved via ATRP; 2) the water-soluble PEG block and the relatively hydrophilic 

PDMAEMA block of the triblock structure may promote long circulation in blood stream for the 

resulting block copolymer assembles; 3) the PDMAEMA middle block can complex with genes 

to protect them from potential enzymatic degradation; 4) pH-responsive linkages between DOX 
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and the polymer would selectively facilitate drug release in tumor tissue which is more acidic than 

normal tissue; 5) conjugating DOX to the micelle core can reduce the concerns regarding 

premature release of the drug upon excessive dilution by body fluid after injection and disassembly 

of micelle; 6) the system can enable dual delivery of GTI2040 gene and DOX, potentially leading 

to improved antitumor efficacy as compared with individual therapies; and 7) sustained drug 

release will be achieved because the conjugation linkage has to be cleaved at first, then the drug 

can diffuse out of the micelle core. 

Scheme 4.1: Synthesis of MeO-PEG-b-PDMAEMA-b-P(HEMA-FBA)-DOX 

240 



 
 

        

            

           

              

              

          

                

          

         

       

         

              

          

       

            

            

               

         

           

                 

          

     

 

MeO-PEG-Br macroinitiator was synthesized through the reaction of MeO-PEG-OH with 

2-bromopropionyl bromide in presence of Et3N base. Its chemical structure was confirmed by 1H 

NMR analysis, and all resonance signals corresponding to the exactly target chemical structure 

were identified (Figure 4.1a). The ratio of resonance intensity of C(CH3)2 protons at 1.94 ppm to 

that of CH3O protons at 3.37 ppm was 2, confirming quantitative conversion of all OH terminals 

of MeO-PEG-OH. Number-average degree of polymerization (DPn) of EG units was estimated to 

be 44, based upon the comparison of resonance intensity of the EG protons at 3.64 ppm as 

compared to that of methoxyl protons (CH3O) at 3.37 ppm. GPC trace of MeO-PEG-Br showed a 

monomodal elution peak with narrow molecular weight dispersity (Đ = 1.10; Figure 4.2). 

Afterwards, ATRP was employed to synthesize MeO-PEG-b-PDMAEMA diblock 

copolymer using MeO-PEG-Br macroinitiator, CuBr/CuBr2 as activator/deactivator, and Bpy as 

ligand. Because of fast polymerization kinetics of ATRP of DMAEMA and the potential loss of 

living terminals by chain termination, the reaction process was monitored by 1H NMR 

spectroscopy and stopped at 19.5% conversion. 1H NMR spectrum of MeO-PEG-b-PDMAEMA 

shows all resonances matching with the exact polymer chemical structure (Figure 4.1b). DPn of 39 

was determined for the PDMAEMA block, based upon the comparison of resonance intensity of 

OCOCH2 protons from PDMAEMA at σ 4.06 ppm with that of EG methylene protons at 3.64 ppm. 

GPC trace of MeO-PEG-b-PDMAEMA showed a monomodal elution peak with apparent shift to 

higher molecular weight side as compared with the GPC peak of MeO-PEG-Br macroinitiator 

(Figure 4.2). Also, GPC analysis revealed a Mn of 8.31 kDa, which is in good agreement with a 

Mn calculated from 1H NMR data (Table 1). Furthermore, its narrow molecular weight distribution 

(Đ = 1.16) confirmed well-controlled ATRP of DMAEMA. 
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Figure 4.1: 1H NMR spectra of (a) MeO-PEG-Br, (b) MeO-PEG-b-PDMAEMA, and (c) MeO-

PEG-b-PDMAEMA-b-PHEMA. 
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Figure 4.2: GPC analysis of MeO-PEG-Br, MeO-PEG-b-PDMAEMA, MeO-PEG-b-

PDMAEMA-b-PHEMA, MeO-PEG-b-PDMAEMA-b-P(HEMA-PFBA), and MeO-PEG-b-

PDMAEMA-b-P(HEMA-FBA). 

Next, MeO-PEG-b-PDMAEMA-b-HEMA triblock copolymer was synthesized by further 

extension of MeO-PEG-b-PDMAEMA chains via ATRP of HEMA using CuCl/CuCl2/Bpy as 

activator/deactivator/ligand. 1H NMR analysis confirmed its chemical structure, and all resonances 
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were assigned to protons in the corresponding polymer structure (Figure 4.1c). DPn of PHEMA 

was 60, as evaluated from the ratio of resonance intensity of CH2OH of HEMA at 3.78 ppm to that 

of EG protons at 3.63 ppm. Thus, the overall DPn of all ATRP blocks was 99, inferred by sum of 

DPn values calculated for each block. GPC trace of MeO-PEG-b-PDMAEMA-b-HEMA showed 

significant shift to higher MW side as compared to GPC trace of MeO-PEG-b-PDMAEMA. 

Absence of shoulder peak or tailing at low molecular weight side, together with narrow dispersity 

(Đ = 1.21) of the triblock copolymer confirmed the controlled chain growth. Mn of MeO-PEG-b-

PDMAEMA-b-HEMA obtained from GPC (17.2 kDa) was in a close agreement with that 

calculated from 1H NMR (16.2 kDa; Table 1). 

Figure 4.3: (a) 1H NMR and (b) 13C NMR spectra of PFBA. 
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Figure 4.4: 1H NMR spectra of (a) MeO-PEG-b-PDMAEMA-b-P(HEMA-PFBA), and (b) MeO-

PEG-b-PDMAEMA-b-P(HEMA-FBA). 
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MeO-PEG-b-PDMAEMA-b-P(HEMA-PFBA) was synthesized in two step reactions: the 

first step involved protection of aldehyde group of FBA to avoid its unwanted reaction with the 

OH groups of PHEMA, which might induce polymer crosslinking. The second step included 

modification of MeO-PEG-b-PDMAEMA-b-HEMA with PFBA to incorporate protected 

aldehyde motifs with PHEMA block. The chemical structure of PFBA was confirmed by 1H NMR 

and 13C NMR analysis (Figure 4.3a-b). The 1H NMR spectrum revealed disappearance of the 

characteristic aldehyde proton signal of FBA at 10.0 ppm after the protection reaction, and the 

appearance of new C6H4CH and C(OCH3)2 signals at 5.39 and 3.28 ppm, respectively, indicating 

successful protection of aldehyde group. MeO-PEG-b-PDMAEMA-b-P(HEMA-PFBA) was 

synthesized through the reaction of hydroxyl groups of PHEMA block with PFBA using 

DMAP/EDC as catalysts. In the 1H NMR spectrum of MeO-PEG-b-PDMAEMA-b-P(HEMA-

PFBA), the resonance signals of OH hydroxyl proton of HEMA unit at 4.85 ppm and CH2OH 

methylene protons of HEMA unit at 3.78 ppm disappeared; meanwhile, corresponding to PFBA, 

new resonances for C6H4CH benzylic proton at 5.39 pm, C(OCH3)2 methyl protons at 3.28 ppm, 

and Ar-H protons at 7.51–7.99 ppm appeared (Figure 4.4a). Such results demonstrated quantitative 

consumption of OH groups of PHEMA block during the reaction. GPC analysis showed a 

monomodal elution peak with Mn = 27.17 and Đ = 1.23 for the copolymer (Figure 4.2). 
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Table 4.1: DPn, Mn, and Ð values of MeO-PEG-Br, MeO-PEG-b-PDMAEMA, MeO-PEG-b-

PDMAEMA-b-PHEMA, MeO-PEG-b-PDMAEMA-b-P(HEMA-PFBA), and MeO-PEG-b-

PDMAEMA-b-P(HEMA-FBA). 

DPn for blocksa b𝑀n,GPC 

(kDa) 

𝑀n,NMR 

(kDa) 

Ðb 

1st 2nd 3rd 

MeO-PEG-Br 44 - - 2.3 2.1 1.10 
MeO-PEG-b-PDMAEMA 44 39 - 8.31 8.27 1.16 

MeO-PEG-b-PDMAEMA-b-PHEMA 44 39 60 17.2 16.2 1.21 
MeO-PEG-b-PDMAEMA-b-P(HEMA-PFBA) 44 39 60 27.2 26.8 1.23 
MeO-PEG-b-PDMAEMA-b-P(HEMA-FBA) 44 39 60 24.7 24.0 1.23 

a 1st: PEG block; 2nd: PDMAEMA block; 3rd: PHEMA, P(HEMA-PFBA), or P(HEMA-FBA) block; b By 

GPC, relative to linear polystyrene. 

MeO-PEG-b-PDMAEMA-b-P(HEMA-FBA) with reactive aldehyde groups was obtained 

by acid treatment of MeO-PEG-b-PDMAEMA-b-P(HEMA-PFBA) to trigger the deprotection of 

1Hthe aldehyde groups. NMR spectrum of MeO-PEG-b-PDMAEMA-b-P(HEMA-FBA) 

confirmed complete deprotection, indicated by the appearance of the characteristic resonances of 

the aldehyde proton at 9.94 ppm and the disappearance of characteristic resonances of protected 

aldehyde moiety at 5.5 and 3.7 ppm (Figure 4.4b). In addition, the 1:4 ratio of resonance intensity 

of the aldehyde proton (CHO) at 9.94 ppm to that of Ar–H protons of FBA at 7.83–7.93 ppm 

agreed with the expected proton ratio, providing additional evidence for successful deprotection. 

GPC trace of MeO-PEG-b-PDMAEMA-b-P(HEMA-FBA) also revealed a monomodal elution 

peak with narrow molecular weight distribution (Đ = 1.23). In close agreement, Mn values obtained 

by GPC (24.7 kDa) and 1H NMR (24.0 kDa) were listed in Table 1. 
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Figure 4.5: 1H NMR spectrum of MeO-PEG-b-PDMAEMA-b-P(HEMA-FBA)-DOX. 

Figure 4.6: GPC traces of MeO-PEG-b-PDMAEMA-b-P(HEMA-FBA)-DOX. 
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pH-responsive MeO-PEG-b-PDMAEMA-b-P(HEMA-FBA)-DOX was prepared by 

Schiff-base reaction between the primary amine group of DOX with the aldehyde groups of MeO-

PEG-b-PDMAEMA-b-P(HEMA-FBA), to form acid-labile imine linkage. In the 1H NMR 

spectrum of MeO-PEG-b-PDMAEMA-b-P(HEMA-FBA)-DOX conjugate (Figure 4.5). The 

characteristic CH2OH and OH signals from DOX at 4.60 – 4.98 ppm, and CH and OH signals from 

DOX at 5.00– 5.60 ppm were clearly identified. Other signals from DOX were overlapped with 

the polymer signals and could not be assigned. GPC analysis of MeO-PEG-b-PDMAEMA-b-

P(HEMA-FBA)-DOX displayed a monomodal peak of Mn = 25.2 kDa and Đ = 1.27 (Figure 4.6). 

Overall, the characterization results showed that well-defined MeO-PEG-b-PDMAEMA-b-

P(HEMA-FBA)-DOX conjugate was successfully synthesized. 

4.3.2. Physicochemical characterization of DOX-MDC and GTI2040/DOX-MDC 

Amphiphilic MeO-PEG-b-PDMAEMA-b-P(HEMA-FBA)-DOX self-assembled in 

aqueous solution to form DOX-MDC, with hydrophilic PEG shell and hydrophobic P(HEMA-

FBA)-DOX core. DLS measurements revealed that a volume-average hydrodynamic diameter 

(Dh,V) of 123.3 nm and zeta potential of 39.8 mV for DOX-MDC (Figure 4.7a-b). The very low 

particle size dispersity (0.05) suggested its narrow size distribution. TEM analysis of DOX-MDC 

showed narrowly dispersed spherical particles with an average diameter of 110.6 nm, which was 

slightly lower than the DLS size (Figure 4.7c). This discrepancy between TEM and DLS sizes can 

be attributed to the fact that TEM measures the sizes of dry particles, while DLS measures the 

hydrodynamic diameters of solvated particles. 
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Figure 4.7. Characterization of MeO-PEG-b-PDMAEMA-b-P(HEMA-FBA)-DOX based micelle: 

(a) particle size measurement, (b) zeta potential measurement, and (c) TEM analysis. 

Determination of critical micelle concentration: (d) fluorescence spectra of pyrene at different 

polymer concentrations, and (e) Log C versus I339/I334 plot of pyrene. 

CMC value of the conjugate was evaluated using pyrene as fluorescence probe. The 

fluorescence spectra showed an obvious shift in the emission peak at 334 nm with increasing the 

polymer concentration above 10 mg/L. This shift can be attributed to micelle formation and 

accumulation of hydrophobic pyrene inside the micelle core, resulting in an increase its 

fluorescence intensity (Figure 4.7d). Log C versus I339/I334 plot revealed a cmc value of 14 mg/L 

of the conjugate, as indicated by the intersection point of the two straight lines on the plot (Figure 

4.7e). 
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Figure 4.8. Physicochemical properties of GTI2040/DOX-MDC complexes formed at different 

N/P ratios: (a) particle sizes, (b) zeta potentials, (c) gel retardation assay, (d) particle size histogram 

of GTI2040/DOX-MDC (N/P = 30), and (e) zeta potential measurement of GTI2040/DOX-MDC 

(N/P = 30). 
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GTI2040/DOX-MDC was prepared by mixing the negatively charged GTI2040 and the 

positively charged DOX-MDC at different N/P ratio (5–35). DLS measurements of 

GTI2040/DOX-MDC nanocomplexes showed a decrease in particle size with increasing the N/P 

ratio from 5 to 15, and then the particle size was almost constant for N/P range 15–35 (Figure 

4.8a). All GTI2040/DOX-MDC nanocomplexes exhibited positive zeta potentials, and the positive 

charge density significantly increased with increasing the N/P ratio up to 25, thereafter it reached 

plateau (Figure 4.8b). 

The binding ability of DOX-MDC to GTI2040 was further assessed using gel retardation 

assay (Figure 4.8c). The complexes formed at N/P ratios of 25–35 was able to prohibit the GTI2040 

movement, indicating favorable electrostatic interactions between GTI2040 and DOX-MDC. 

From particle sizes, zeta potentials, and gel electrophoresis studies of nanocomplexes, N/P of 30 

was chosen as the optimal ratio for complexation of GTI2040 and DOX-MDC. The particle size 

and zeta potential of the GTI2040/DOX-MDC (N/P = 30) was 136.4 nm and 21.0 mv, respectively, 

(Figure 4.8d-e). 

Serum stability of GTI2040/DOX-MDC nanocomplex (N/P = 30) was investigated by 

monitoring its size change at different days (Figure 4.9a). The Dh,v of nanocomplex (starting at 

136.0, ending at 133.4 nm) was almost unchanged within 25 days. The Dh/Dh° was in range of 0.98 

– 1.00, supporting the high colloidal stability of GTI2040/DOX-MDC nanocomplex under the 

experimental conditions. Such a result indicates that the water-soluble PEG shell of the 

nanocomplex exhibits anti-biofouling properties and resists protein adsorption. 
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Figure 4.9: (a) serum stability of GTI2040/DOX-MDC (N/P = 30), and (b) in vitro pH-sensitive 

DOX release at pH 5.5 and 7.4. 

4.3.3. In vitro pH-sensitive DOX release 

The in vitro release of DOX was investigated in PBS (pH 7.4 and 5.5) to verify the pH-

sensitivity of GTI2040/DOX-MDC (Figure 4.9b). In pH 5.5, the cumulative DOX release reached 

80.0 ± 5.8% after 30 h, which was much higher than that at pH 7.4 (15.3 ± 1.6%). This result 

should be ascribed to the pH-sensitivity of the imine bond between DOX and the polymer. In 

addition, the remarkably high solubility of DOX at pH 5.5 as compared to pH 7.4 can also promote 

the diffusion of DOX in acidic medium after the cleavage of conjugation linkage. Overall, the co-

delivery system displayed pH-sensitive DOX release, supporting the ability of GTI2040/DOX-

MDC to release its cargo in the acidic environment of the tumor tissues. 
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Figure 4.10: CLSM images of MCF-7 cells after 2 h incubation with DOX/GTI2040 (combination 

of free therapeutic agents), DOX-MDC, GTI2040-MDC, and GTI2040/DOX-MDC. 

4.3.4. Cellular uptake 

Intracellular uptake of GTI2040/DOX, DOX-MDC, GTI2040-MDC, and GTI2040/DOX-

MDC was studied using CLSM to verify the individual delivery as well as the codelivery of 

GTI2040 gene and DOX to MCF-7 cells. After two hours of incubation of MCF-7 cells with the 

compounds, the CLSM images showed the characteristic blue color from DAPI staining of the 

nucleus, the green fluorescence of DOX, and the red fluorescence from GTI2040 (Figure 4.10). 

Interestingly, the cells treated with DOX-MDC, GTI2040-MDC, and GTI2040/DOX-MDC 

exhibited much stronger fluorescence from both DOX and GTI2040, as compared with the 
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combination of free therapeutic agents (i.e., DOX/GTI2040). The results indicated that the cargo-

loaded carriers were easily uptaken by MCF-7 cells, which could be explained by the significant 

role of positively charged MeO-PEG-b-PDMAEMA-b-P(HEMA-FBA)-DOX in promoting the 

uptake by endocytosis. Meanwhile, the very lower uptake of free DOX/GTI2040 attributed to less 

effective internalization by diffusion-based transport process.[44, 45] In addition, there was 

remarkable intracellular distribution of DOX-MDC, GTI2040-MDC, and GTI2040/DOX-MDC in 

cell cytoplasm, which would gradually internalized onto the nucleus. Furthermore, for MCF-7 

cells treated with GTI2040/DOX-MDC, colocalization of the red and green fluorescence from both 

DOX and GTI2040 confirmed their successful codelivery, and suggested the potential use of MeO-

PEG-b-PDMAEMA-b-P(HEMA-FBA)-DOX for drug and gene codelivery. 

The cellular uptake efficiency of GTI2040/DOX-MDC was investigated using flow 

cytometry analysis after 4 and 8 h of incubation with MCF-7, and the result was compared with 

free GTI2040/DOX after 4 h (Figure 4.11). After 4 h incubation, at the same DOX/GTI2040 

concentration, the cells treated with GTI2040/DOX-MDC showed 82.1% DOX/GTI2040 positive 

cells, which was significantly higher than that of free GTI2040/DOX (50.1 %; Figure 4.11A). In 

addition, GTI2040/DOX-MDC resulted in much higher DOX fluorescence signal from the cells 

after 4 h, and there was 2.4-fold increase in the normalized DOX fluorescence intensity as 

compared to the free DOX (Figure 4.11B-C). Furthermore, after 8 h of incubation of MCF-7 cells 

with GTI2040/DOX-MDC, the DOX/GTI2040 positive cells increased to 91.8 %, and the cells 

exhibited 1.2-times increase in normalized DOX fluorescence intensity as compared to that of 

GTI2040/DOX-MDC after 4 h. Overall, GTI2040/DOX-MDC showed substantial uptake by 

MCF-7 cells, which is favorable for breast cancer therapy. 
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Figure 4.11: (A) Quantification of cellular uptake using flow cytometry analysis: (a) untreated 

cells, (b) GTI2040/DOX uptake after 4 h incubation with MCF-7 cells, (c & d) GTI2040/DOX-

MDC uptake after 4 and 8 h incubation with MCF-7 cells, respectively. (B) Flow cytometry 

analysis of free DOX and DOX-MDC internalization into MCF-7 cells after 4 and 8 h incubation. 

(C) Normalized DOX fluorescence intensity after incubation of free DOX with MCF-7 cells for 4 

h, and treatment of cells with DOX-MDC for 4 and 8 hrs. The intensity was normalized to the 

fluorescence intensity of untreated cells. 

4.3.5. In vitro cytotoxicity 

In vitro cytotoxicity of free DOX, DOX-MDC, GTI2040/DOX-MDC, and the blank 

micelle against MCF-7 cells was assessed using alamar blue assay. The blank micelle showed very 

high cell viability (> 94 %) at equivalent polymer concentrations to that in DOX-loaded samples 

(Figure 4.12). The significant cell viability of the positively charged MDC was attributed to the 
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appreciable shielding of the positive PDMAEMA block of MeO-PEG-b-PDMAEMA-b-

P(HEMA-FBA) by the outer hydrophilic PEG block. More importantly, GTI2040/DOX-MDC co-

delivery system exhibited significantly lower half inhibitory concentration (IC50 ~ 0.70 µg/mL) as 

compared to free DOX and DOX-MDC (IC50 ~ 1.28 and 1.20 µg/mL, respectively). The high 

cytotoxicity of GTI2040/DOX-MDC should be ascribed to the substantial accumulation of the co-

delivery system in the tumor cells as compared with the free DOX, which compensated for the 

limited availability of DOX of GTI2040/DOX-MDC for therapeutic function because due to the 

sustained drug release process.[29] This result demonstrated that GTI2040/DOX-MDC co-

delivery system is remarkably effective in the inhibition of the proliferation of MCF-7 breast 

cancer cells. 

Figure 4.12: Cytotoxicity of Free DOX, DOX-MDC, GTI2040/DOX-MDC, and blank micelle 

against MCF-7 cells after 48 h. 
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4.4. Conclusion 

In summary, pH-responsive MeO-PEG-b-PDMAEMA-b-P(HEMA-FBA)-DOX was 

synthesized via ATRP, and used as a platform for co-delivery of DOX and GTI2040. The DOX-

MDC exhibited excellent binding affinity to GTI2040 at N/P ratio of 30. In vitro drug release study 

showed accelerated DOX release at acidic pH 5.5, confirming the pH-sensitivity of 

GTI2040/DOX-MDC. Cellular uptake study demonstrated the readily uptake of GTI2040/DOX-

MDC by MCF-7 cells relative to free therapeutic agents, resulting in higher percentage of 

DOX/GTI2040 positive cells. In addition, cytotoxicity study revealed the higher anticancer 

efficacy of GTI2040/DOX-MDC as compared to the free drugs, owing to the synergistic effect of 

both DOX and GTI2040 promoted by the co-delivery system. Overall, this study highlights the 

promising application potential of MeO-PEG-b-PDMAEMA-b-P(HEMA-FBA) for drug and gene 

co-delivery for cancer therapy. 
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