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Abstract: The work contained herein is the development of a method to 

directly utilize the intricate and proven structures contained within tendon for biomedical 

applications ― a technique called Bioskiving. The hypothesize is that this sectioning-

based technique will allow for maintenance of these structures while creating thin sheets 

that are flexible and can be formed into desired shapes. This fabrication process is 

applied to tendon, in order to capitalize on the mechanical and biological properties of the 

hierarchical and well-ordered collagen structures found within. This work progresses 

through the development of the processing technique and creation of scaffolds, which 

involves: decellularization, sectioning, and stacking and rolling to create two- and three-

dimensional scaffolds. The mechanical properties of the material are then characterized, 

and tuned using crosslinking to achieve a 20-fold increase in mechanical strength and 

transverse isotropy. The biological properties of the material are also characterized, 

including the degradation in vitro and in vivo, and the interaction of the material with 

platelets. Lastly, one potential application of constructs comprised of the material is 

explored, peripheral nerve repair. The material’s potential for nerve repair is evaluated in 

vitro using Schwann cells and chick dorsal root ganglia explants, and in vivo using a rat 

sciatic nerve defect model.  The tendon-derived material proves to be a suitable substrate 

for promoting peripheral nerve repair, and is biocompatible and biodegradable. The 

mechanical properties can be tuned and the geometry of structures created be altered, 

allowing others to find use for it in a number of biomedical applications. 
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Chapter 1.  
 
Introduction and Background 
 
 
1.1 INTRODUCTION 

Numerous complex, well-defined structures and patterns have developed in 

nature, many of which we interact with daily without a second thought. Many of these are 

at the micro or nanoscale, yet have a dramatic impact on the way materials function. 

Everything from the elaborate fractal patterns in snowflakes, to the Fibonacci spirals in 

Romanesco broccoli, to the silicate shells of diatoms, contains a hidden world of detail 

and beauty that has inspired scientists and engineers for centuries. These ordered and 

multiscale structures have withstood the test of time and can serve as a template for 

bioinspiration1. 

Such biomimicry can be found in numerous innovative applications: adhesive 

materials mimicking the hairs found on gecko feet2, artificial micropropulsion devices 

based off of  cellular flagellae3, using the natural material directly as a template for 

inorganic structures4,5, and even synthetic materials designed to mimic the native 

extracellular matrix (ECM) for tissue engineering6,7.  

Despite these advancements, direct utilization of the natural material, and the 

micro and nanostructures contained within, would avoid the need to replicate and 

reproduce what nature has already provided us with. 
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1.1.1 Purpose and organization 

The overall motivation of the work that comprises this dissertation is to develop a 

method to directly utilize the intricate and proven structures contained within tendon for 

biomedical applications. We hypothesize that a sectioning-based technique will allow for 

maintenance of these structures while creating thin sheets that are flexible and can be 

formed into desired shapes. This fabrication process will be applied to tendon, in order to 

capitalize on the mechanical and biological properties of the hierarchical and well-

ordered collagen structures found within. This work will progress through the 

development of the processing technique and creation of scaffolds, to mechanical 

characterization of the material, followed by biological characterization. The utility of the 

material will then be demonstrated by applying it to a particular biomedical engineering 

challenge. 

Chapter 2 covers the fabrication technique, including tendon decellularization, 

sectioning, processing, and construction of two- and three-dimensional structures. In 

Chapter 3, the tensile mechanical properties and burst pressure of the material are 

measured, and the fabrication technique expanded to allow for a variety of material 

properties. The mechanism of failure that the material undergoes in tension is determined, 

and finally the permeability of the material to several biologically-relevant compounds is 

measured. 

In Chapter 4, the degradation of the tendon-derived material is measured in vitro 

using collagenase following various crosslinking treatments, and related to the 

mechanical properties and surface structure. The hemocompatibility is then assessed, and 

the surface of the material modified to alter interaction with platelets. The in vivo 

degradation and biocompatibility of the material in a non-crosslinked state and a 

crosslinked state are then determined in relation to encapsulation, cell number and 

macrophage presence. 
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Chapter 5 takes the tendon-derived material and applies it for peripheral nerve 

regeneration. In vitro studies assaying adhesion, proliferation, and alignment are 

conducted using Schwann cells, as well as chick dorsal root ganglia (DRG) explants to 

determine the influence of the tendon substrate at multiple levels of complexity. Finally, 

a tubular conduit is used to regenerate a peripheral nerve over a critically-sized defect in 

a rat sciatic nerve model.   

Chapter 6 contains conclusions surrounding the work presented here, and presents 

future work that the sectioning technique, as well as the tendon-derived material, could 

be applied towards. The remainder of the current chapter will serve to provide 

background for the field, and the application investigated herein.  

 

1.2 BACKGROUND 
 

1.2.1 Biomaterials 

In the past decade, tissue engineering and regenerative medicine have made 

significant strides to improve medical treatments and expand the frontiers of science. One 

area of research that has made these developments possible is in the field of biomaterials, 

where advancements in composition, structure, and treatment methods have 

revolutionized both implanted biomedical devices and allowed for tissue engineered 

organs8,9. 

The overarching descriptor of biomaterials includes ceramics, natural materials, 

and synthetic materials. Synthetic biomaterials, produced via polymerization, such as: 

poly(lactic-co-glycolic) acid (PLGA), polyethylene glycol and polycaprolactone, 

demonstrate great adaptability in terms of tunability, and potential for modification. Yet, 

they are limited in that they don’t generally contain any inherent bioactivity, nor do they 

have cell attachment sites (e.g. RGD10). Although these sites can be functionally added11, 
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it is difficult to recapitulate the degree of complexity found in natural extracellular 

matrices7. 

A wide assortment of natural materials that do contain these structures can be 

derived from a variety of sources. Several such materials include: collagen and elastin 

isolated from tendon12, ligaments and skin13; silk, derived from spiders and the cocoons 

of silk worms14,15; and chitin, often from the shells of crustaceans like shrimp and crabs16. 

Many of these natural biomaterials have also been derived from genetically engineered 

sources, including recombinant collagen17, silk and elastin proteins18,19. The list of 

biomaterials is nearly endless, as are their potential applications. One abundant and 

commonly used source of natural biomaterials is directly from decellularized ECM. 

Decellularized ECM are the structures that remain when a piece of tissue, or 

whole organ, has been processed to remove all cellular components (Figure 1.1). This 

remaining ECM is comprised of a number of types of proteins, carbohydrates, and 

minerals, including structural proteins (e.g. collagen and laminin), growth factors, and 

cell adhesion molecules, whose type and number will vary depending on the source organ 

and decellularization process used20,21. In vivo, the ECM provides structural support, 

along with biochemical cues to the cells in a given tissue, and the composition will reflect 

this. For example, tendon is primarily comprised of fibrillar Type I collagen (70-90%), 

along with various proteoglycan molecules, as it is designed to transmit tensile stress 

from muscle to bone22,23. Bone, however, generally undergoes compressive stresses, and 

as such is comprised of 50-70% inorganic mineral matrix, primarily hydroxyapatite, with 

the remaining organic matrix largely consisting of Type I collagen24. 
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Figure 1.1 Illustration showing the various components commonly found in mammalian 
extracellular matrix. Reproduced from OpenStax College CNX via CC BY 3.0. 

 

Decellularized ECM has been used for a wide variety of applications including 

both as a source for biomaterials following processing, and directly as a scaffold for 

tissue engineering. There are a number of benefits to using decellularized tissue for these 

applications over synthetic materials including: i) the presence of biologically active 
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molecules, ii) the preservation of natural structures with physical cues, iii) its renewable 

nature, and iv) overall ultrastructure in the case of decellularized whole organs. The 

complex biological cues found in the decellularized tissue are representative of the 

specific source tissue, and can range from biologically active sites found directly on the 

proteins that predominantly make up the matrix25, to growth factors and cell adhesion 

molecules26,27, acting as a template for future growth.  These benefits are particularly 

evident when decellularizing a whole organ, which additionally maintains the 

physiological geometries.  

 

1.2.2 Tissue processing  

The method that is used to decellularize a tissue is crucial, as it can have a large 

impact on the number and type of remaining growth factors, as well as the physical 3D 

structure of the ECM. It is for this reason that a variety of application and tissue specific 

methods have been developed to remove the cellular components from both whole organs 

and smaller pieces of tissues. Decellularization techniques fall into three general 

categories: physical, chemical, and enzymatic methods, summarized in Table 1.1. Often a 

combination of techniques is used. 

Physical methods include mechanical agitation, mechanical force, and freezing.  

Mechanical agitation and force can result in cell lysis; however they also often result in 

damage to the ultrastructure of the ECM which may be desirable to keep intact28. 

Freezing, often applied in several freeze-thaw cycles, causes ice crystals to form, 

rupturing cell membranes29. This technique may disrupt some ultrastructure but has been 

demonstrated to retain the mechanical properties of the material30. Freezing has been 

implemented on its own to decellularize nerve grafts for peripheral nerve repair31, and in 

conjugation with other methods to decellularize adipose tissue for stem cell 

differentiation32. Many decellularization protocols use physical methods in conjunction 
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with other chemical or enzymatic methods to ensure adequate distribution of the 

decellularization agents, or to minimize exogenous agents needed to remove cells. 

 
Method Action References 

Physical   

     Mechanical agitation 
          & force 

Cell lysis, can result in damaged ECM 
ultrastructure 

28 

   Freezing Ice crystal formation ruptures cells 29 

Chemical   

   Hyper/hypotonic  Osmotic shock causing cell lysis 33,34 

   pH-based 
Solubilize cytoplasmic components, 
nucleic acids; can damage proteoglycans 
and ECM 

29,35,36 

   Ionic  detergents  
      (e.g. SDS) 

Solubilize cellular membranes; can 
denature proteins 

37,38 

   Non-ionic detergents 
      (e.g. Triton-X100) Disrupt lipid, DNA components 38,39 

   Other solvents 
      (e.g. alcohol, acetone) 

Action depends on solvent, often results 
in cell lysis 

28,40 

Enzymatic   

   Trypsin Cleaves peptide bonds 41 

   Nucleases Cleave phosphodiester bonds 42 

   Dispases Cleaves fibronectin, some collagen 43 

Table 1.1: An overview of tissue decellularization methods.  

 

A vast array of chemical decellularization agents have been utilized that fall into 

several categories: hyper/hypotonic solutions, pH-based treatments, detergents, and other 

solvents. Hypertonic and hypotonic solutions can be used to lyse cells, however cellular 
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remnants often remain and require subsequent decellularization steps33,34. Acids and 

bases, when used to decellularize achieve adequate decellularization as they solubilize 

cytoplasmic components and nucleic acids but have the unfortunate side effect of also 

damaging proteoglycans or other ECM components29,35,36. Collagen in particular can be 

damaged by acidic decellularization solutions.  

Detergents, particularly ionic detergents like sodium dodecyl sulfate (SDS) and 

sodium deoxycholate are commonly used as they are very effective at solubilizing and 

removing both cellular and nuclear components, but can also disrupt ECM structure37,38.  

Non-ionic detergents (Triton X-100) on the other hand primarily only disrupt lipid and 

DNA components, while leaving protein structures intact38,39. Zwitterionic detergents, 

such as CHAPS and Sulfobetaine-10, exhibit properties of ionic and non-ionic detergents, 

allowing them to remove most cellular components, but with less ECM disruption than 

ionic detergents alone33. Detergent decellularization is by far the most widely used 

process, with notable examples including: recellularization and transplantation of liver 

grafts44, decellularization of porcine45 and human valves46, and bone-ligament-bone 

grafts47. 

Solvents such as alcohols and acetone have also been used which result in the 

lysis of cells, however they can impact the properties of the ECM through crosslinking of 

collagen and other proteins28,40. For many of these methods, chelating agents such as 

ethylenediaminetetraacetic acid (EDTA) are often added in order to further dissociate 

cells from the ECM; however, they are not often used on their own. 

Lastly, enzymatic methods such as trypsin, nucleases or dispases can be used to 

decellularize ECM, but given the function of these compounds care must be taken not to 

over-decellularize and disrupt the ECM.  Enzymatic methods have been shown to disrupt 

the ECM, remove glycosaminoglycan (GAGs) and reduce mechanical properties in 

decellularized heart valves however these effects may not be as pronounced as with 

detergent-based decellularization48,49. 
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Many of these decellularization methods are applied to small pieces of tissue in 

order to allow greater penetration and cell removal, however whole organs have also been 

decellularized28. This process primarily involves perfusion through the native 

vasculature, both antegrade and retrograde, which results in efficient decellularization of 

the tissue and drastic changes can be seen following processing of these tissues (Figure 

1.2). The benefit of a scaffold created in such a way is maintenance of the native three-

dimensional architecture in contrast to the deconstruction and reconstruction required for 

smaller pieces or mechanically disrupted tissues. Decellularization of whole organs has 

been demonstrated on rat lungs using a low concentration of SDS, and subsequently 

recellularized and implanted in vivo, successfully providing gas exchange50,51. Whole rat 

hearts have been decellularized, also using low concentration SDS solutions, and 

reseeded, and achieving functional contraction that allowed pumping52. Whole liver 

decellularization, recellularization with host cells and transplantation has also been 

achieved, yielding tissue with liver-specific functions in vitro and surviving implantation 

in vivo53. 
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Figure 1.2: Whole organ decellularization of A) rat lung, B) rat heart, C) liver. Adapted 
and reprinted from references: 54, 52 , 53  respectively with permission from Nature 
Publishing Group. 

 

This process has also been successfully translated to humans with tissue 

engineered airways8 using decellularized human trachea seeded with epithelial cells and 

chondrocytes. Tissue engineered blood vessels from patient specific cells on a polymer 

scaffold55 and with no scaffold56,57 at all have also been transplanted, as have bladders 

created on  collagen and collagen-PLGA scaffolds9. As promising as this progress is, they 
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are less complex than heart, lung, and liver, and do not require large vasculature. This 

work demonstrates the immense potential for tissue engineering using decellularized 

matrices; however, progress in humans has not advanced as far.  

 

1.2.3 Repurposing ECM  

Direct use of decellularized ECM for partial or whole organ engineering of that 

same tissue is a common use of such material; however several novel methods have 

recently been developed to repurpose these structures. With the current explosion in 

availability and diversity of 3D printers and related equipment, available in the last 

decade, bioprinting has been increasingly used for the creation of scaffolds for tissue 

engineering. Many directly utilize synthetic materials for the scaffolds, while others will 

use decellularized ECM or other natural polymers as their substrate for printing. Natural 

polymer scaffolds are usually extruded and deposited as hydrogels in layer-by-layer 

techniques (Figure 1.3A-C), or via inkjet printing, as more traditional additive 

manufacturing techniques (e.g. sintering, lithography) would not work or would damage 

the material. 3D printing of polymers like collagen, gelatin, chitosan, hyaluronic acid, 

and silk fibroin has all been successfully demonstrated for the creation of various 

scaffolds58–62. 

These techniques are limited in that construction of large tissues would require 

integration of vasculature, but they have great potential for creating a diverse selection of 

tissues in patient-specific shapes63. 3D bioprinting has also been used directly with cells, 

allowing the construction of scaffold-free tissues64, as well as to allow printing proteins 

or other biomolecules on their own65. 

Other processes that do use synthetic materials, including 3D printing, have taken 

to modifying the synthetic materials directly with ECM molecules to achieve the benefits 

of ECM while retaining the extensive tunability of the synthetic polymers. Incorporation 
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of the ECM is achieved in several ways; one of simplest techniques is direct coating on 

the synthetic material using decellularized and processed ECM66,67; for example, coating 

a polypropylene mesh with collagen68. Direct modification has been shown with bulk 

ECM and also with specific proteins (e.g. fibronectin, laminin) and smaller peptides6. 

This functionalization can also be achieved through chemical conjugation which allows 

for more precise adhesion and spatial patterning dependent on the polymer structure69. 

 

 
Figure 1.3: A-C) 3D bioprinted structures comprising cells in gelatin/alginate/fibrinogen 
and gelatin/alginate/chitosan hydrogels. D,E) Composite scaffold of polyglycolic acid 
and acellular collagen matrix, scale bars are 2 mm (D) and 500 μm (E).  F) Photograph of 
ECM scaffold composed of decellularized bladder matrix, used for esophageal repair in 
conjunction with muscle tissue. Reprinted from references 70, 71, 72 with permission from 
SAGE Publications and Elsevier. 

 

ECM can also be directly deposited by cells cultured on the material, followed by 

decellularization and reuse of the scaffold73,74, however this is time consuming and the 

type of ECM deposited is limited.  An alternative to surface modification of the polymers 
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is the creation of a hybrid scaffold in the opposite way by impregnating ECM scaffolds 

with synthetic polymers dissolved in solvents, followed by evaporation, to create an 

interpenetrating polymer network75 (Figure 1.3D,E). 

Other biomedical applications make direct use of the ECM, but they utilize it for 

repair or construction of another tissue. For example, ovine forestomach, following 

decellularization, has been repurposed for chronic wound healing76,77, effectively 

utilizing the native architecture and biological components contained within. Similarly, 

acellular dermis has been used for repair of ventricular aneurysm78 and abdominal wall 

defects79, while acellular bladder has been used for esophageal repair (Figure 1.3F), 

achieving structural and functional restoration in dogs72, and facial tissue reconstruction 

in rabbits80. 

One of the most widely used ECM sources, small intestine submucosa (SIS), has 

been adapted to repair vocal folds81, rotator cuffs82, vascular grafts83, peripheral nerve 

regeneration84, tracheal reconstruction85, bone defects86, and more. The wide adoption of 

SIS towards this variety of applications is likely due to its physical properties which 

provide mechanical integrity, and its biological properties (e.g. retained proteoglycans 

and growth factors) which allow it to promote angiogenesis along with tissue growth and 

differentiation87. 

Despite being from other tissues or even other species, ECM contains structural 

and functional proteins, along with appropriate three dimensional spatial patterning, that 

can act as a scaffold for new cellular and tissue growth88. Bioprinting, synthetic polymer 

modification, and alternative tissue use further show the utility that ECM can provide as 

it is able to be repurposed for many applications. This also demonstrates that 

decellularized ECM doesn’t have to take a direct route following processing to 

reconstruct the homologous physiological tissues that it was derived from, as it can be 

processed and reincorporated to utilize its many benefits. 
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1.2.4 Tendon and collagen 

Collagen comprises a large portion of proteins in the body of mammalian species, 

making up approximately 20-30% of proteins by weight.  The majority of these proteins 

can be found in locations such as the skin and tendons and provides a variety of functions 

such as mechanical strength in tendon, ligaments and cartilage, sites of cellular 

attachment in ECM and protection in the form of scar tissue89. There are a number of 

types of collagen found throughout the body that have a variety of structures and 

functions, however many of are far less-common and only found in site specific areas 

providing an explicit function90. Fibrillar collagens in particular make up about 90% of 

the total-body collagen91. Their synthesis in vivo includes multiple modification steps, 

including hydroxylation of amino acid, and isomerization intracellularly which allows for 

formation of collagen’s characteristic triple helical structure, as well as cleavage of 

propeptide molecules, and presence of specific proteoglycans extracellularly which allow 

for alignment and formation of collagen fibrils92. 

Tendon is one tissue in which this collagen formation process is crucial. Present 

in tendon is a hierarchical arrangement of type I collagen (Figure 1.4), where the collagen 

molecules described above bundle to form micro and sub fibrils through lateral 

assembly93, which in turn assembly to form fibrils that exhibit the characteristic 67nm 

banding pattern of collagen, due to their staggered molecular packing. These fibrils are 

then brought together into intermediate assemblies and ensheathed by fibroblasts to form 

collagen fibers which again are assembled into the major fascicles that make up the 

tendon94. 

Within these structures also exists several non-collagenous components. Nerves 

and blood vessels are interspersed and function in their normal physiological roles, but 

there are also a variety of glycoproteins that exist both interfibrillarly and 

interfascicularly and are important to the structure-function relationship within tendon95. 
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Interfibrillar proteoglycans including the small leucine-rich proteoglycans (SLRPs) 

(decorin, aggregcan) critical in assembly of the collagen fibrils, as well larger 

proteoglycans like collagen oligomeric matrix protein (COMP), lubricin, tenascin-C, and 

tenomodulin and some elastin95–97. These proteoglycans will affect the mechanical 

properties of the tendon by modulating hydration, binding multiple collagen fibrils 

together (e.g. COMP), or allowing greater movement (e.g. lubricin)98. In tendon, the bulk 

of GAGs bound to the proteoglycans are primarily dermatan sulphate and chondroitin 

sulphate, along with keratan sulphate99,100. 

Similar proteoglycans are present in the interfasicular regions with a greater 

amount of elastin, as well as type III and VI collagens and are believe to contribute to 

tendon elasticity during initial loading101. This composition does however vary between 

species, tendon anatomical location, and age. 

 

 

Figure 1.4: Illustration of the hierarchical structure of collagen within tendon. Reprinted 
from Screen et al. 22 with permission from Springer Science and Business Media. 
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1.2.5 Collagen as a biomaterial 

In most biomaterial applications where collagen is used, it is isolated from animal 

sources like skin and tendon, fish scales13, or marine sponges102, with the primary 

methods of extraction involve solubilization with neutral salts, acids, or pepsin solutions. 

These various extraction methods will isolate different portions of the collagen, and must 

be tuned depending on the source tissue103. This extraction process can take upwards of 

10 days and often results in in impure collagen with varying amino acid sequences102. 

These treatments are required however, as fibrillar collagen is generally insoluble 

in water and the collagen must be separated from other ECM components103,104. One 

major result of this extensive processing is dissociation of the fiber and fibrillar structure 

of the collagen, including intermolecular bonds and any alignment that was originally 

observed in the structure105. This solubilized collagen is then commonly reconstituted out 

of solution and then used for a number of biomedical applications. 

As a material for tissue engineering, it can be cast into scaffolds, often hydrogels, 

sponges, or compressed layers, and has been used for wound healing89 and in vitro and in 

vivo growth of many tissue including teeth106,107, bone108, cartilage109,110, cornea111 and 

more112. Alternatively, it can be used as a delivery vehicle, either through direct 

conjugation or through encapsulation. This has been demonstrated in the aforementioned 

formats and when developed into films and microparticles113, for the delivery of 

antibiotics114, small molecules115, proteins116, DNA/RNA117,118 and even 

chemotherapeutics119,120. It is exactly this vast adaptability that has made collagen such a 

commonly used biomolecule, hundreds of iterations. 

Many of these applications involve efforts to reintroduce a fiber/fibrillar structure, 

along with some sense of alignment. One of the common methods used to accomplish 

this in many materials through electrospinning, which can be challenging due to 

collagen’s water-insoluble nature, and subsequently requires volatile organic solvents like 
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hexafluoroisopropanol121. Some reports have shown this process is able to reintroduce 

lateral packing resulting in 67nm banding121, however others have shown that fluorinated 

solvents completely remove secondary folding of the protein and electrospinning can 

only restore a maximum of 42% of the structural folding122. In addition to this, 

reintroduction of higher levels of organization (i.e. fiber, fascicle) has not been achieved. 

It is likely these challenges, along with low mechanical strength123,124 that electrospun 

collagen has not found widespread application as a standalone scaffold material 

compared to other collagen gel methods.  

 Other methods of introducing alignment have included: magnetic alignment, 

where collagen gels are neutralized and allowed to gel in a strong magnetic field (7-13T) 

alone125,126, or in a low magnetic field alongside magnetic beads127, resulting in varying 

degrees of fiber alignment. This technique has been used to create multilayer aligned 

scaffolds resembling corneal stroma125, as well as tubular rods for neuronal growth128. 

Extrusion-based methods have included cone extrusion129 and ink jet130 and 

micromechanical-based131 technologies to produce alignment, as has using traditional 

photolithography techniques132,133, and gel-casting/freeze drying134. Lastly, compressive 

loading or extension resulting in axial strain during gelation have also been shown to 

induce fibril alignment135,136, however the degree of alignment does not appear to be as 

substantial as the other methods discussed here. 
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Chapter 2.   
 
Fabrication of 2D and 3D Scaffolds 
from Decellularized Tendon Using a 
Combination of Sectioning, Stacking, 
and Rolling 

 
 

2.1 INTRODUCTION 

The creation of thin sections of tissue using a microtome dates back to the late 

1700’s, by George Adams Jr. and later by Alexander Cummings137, following the earlier 

development of light microscopy. Since then, microtomes have been crucial piece of 

equipment for routine histology. More recently, their use has expanded into the material 

development and fabrication realm. For example, Xu et al. used an ultramicrotome to 

create metallic nanostructures from a thin film of metal that had been deposited on a 

topographically contoured substrate, a process termed Nanoskiving138,139. The objective 

of this technique was to replace traditional fabrication techniques that were constraining 

due to factors such as cost, requirements for a clean room, and limited material 

selections. 

Techniques such as Nanoskiving demonstrate the utility and versatility of 

sectioning as a method of fabrication. With this in mind, we set out to develop a method 

of creating a biomaterial fabrication technique from nature-derived materials. A number 

of materials in nature have exquisitely defined and arranged structures within them, such 
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as the lamellae in bone osteons140, the fibers in silk 141, the ornate silica frustules of 

diatoms142, or the hierarchical arrangement of collagen fibers and fibrils in tendon93,143.   

The collagen found in tendon, as well as many other tissues such as skin, has been 

used for numerous biomedical applications, due to its excellent biocompatibility and 

biodegradability. Conventional processing techniques, however, result in the breakdown 

of the collagen fiber structure, a unique feature that can be utilized. A sectioning-based 

fabrication technique, called Bioskiving, was developed to address this. 

 

Figure 2.1: Schematic illustrating the Bioskiving technique: A) a block is removed from 
the tendon, B) the block is decellularized, C) sectioned using a cryomicrotome,  D) and 
the sections either stacked, E) or rolled around a rod, F) creating multi-layer structures144. 
 

2.2 FABRICATION OF CONSTRUCTS 

The basic Bioskiving process144 involves taking a piece of a tendon, such as the 

bovine Achilles tendon, which is particularly large and robust, and cutting a block from it 

with a razor blade (Figure2.1A). The block is then decellularized (Figure 2.1B), sectioned 

using a microtome (Figure 2.1C) and then either stacked (Figure 2.1D) or rolled around a 
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tubular rod (Figure 2.1E). This allows for the creation of flat scaffolds with ‘plys’ of 

tendon that can be oriented in any transverse direction, or tubular conduits (Figure 2.1F). 

This process allows for the creation of individual sheets, stacked sections, tubular 

conduits (Figure 2.2), or a number of other shapes where the fiber orientation and 

structure are maintained (Figure 2.3A,B). Other tendons can also be used; however small 

tendons limit the size (e.g. rat tail) and other tendons may not have as well aligned 

collagen fiber, like those in the bovine neck tendon (Figure 2.3) 

 

 
Figure 2.2: Samples of some of the types of structures that can be created using 
Bioskiving. A) 50µm sheet of tendon. B) A stack of 10, 50µm sections with each layer 
rotated 90°. C) Tubular conduits with varying lengths, diameters and wall thicknesses. 
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Figure 2.3: Electron micrographs of (A,B) bovine Achilles and (B,C) bovine neck 
tendon illustrating the high degree of alignment and organization in the Achilles tendon 
compared to the neck tendon. 
 

2.2.1 Decellularization 

A critical step of this process is the decellularization of the tendon, as inadequate 

decellularization greatly increases the chance of eliciting an immune response if it were 

to be implanted88. Numerous methods have been developed for the decellularization of 

biological extracellular matrix (ECM), and fall into several categories: Chemical agents, 

enzymatic agents, and physical agents28, or a combination of the three. Each method has 

advantages and drawbacks, depending on the tissue that is being decellularized.  
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Figure 2.4: Photograph of a frozen bovine Achilles tendon that has been cut into A) 2cm 
lengths and B) again into 2cm x 2cm x 2mm squares. 

 

For Bioskiving, a combination of the detergent SDS, and the chelating agent, 

EDTA are used. This combination has been shown by Cartmell et al. to completely 

decellularize rat tendons, resulting in better properties than other decellularization 

reagents such as Triton X-100 or tri(n-butyl)phosphate145. The procedure for 

decellularization used here first involves cutting the tendon into sections roughly 2cm in 

length, along the axis of the tendon using a standard razor blade (Figure 2.4A). Any 

pieces containing noticeable defects or vasculature should be discarded. The 2cm pieces 

can then be sliced parallel to the fiber orientation, into 2mm thick pieces. The resulting 

blocks should be roughly 2cm x 2cm x 2mm (Figure 2.4B), and can be decellularized as-

is, or trimmed smaller for a desired application. This process is most easily done on 

tendons that have been frozen to -20°C. 
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Figure 2.5: Fluorescence and light micrographs of tendon sections that have not been 
decellularized (A, B) and that have been decellularized (C, D). Blue is DAPI staining for 
nuclei. 

 

The tendon pieces are then placed into a 50ml conical tube with a 

decellularization solution containing 1% SDS, 1mM Tris-HCl, 0.1mM EDTA. Four to six 

pieces can be placed into each tube. These conical tubes are then placed onto a rotating 

shaker at 4°C for 48 h, with the decellularization solution being changed after 24 h. After 

which, the samples are thoroughly rinsed in running deionized water (diH2O) and 

returned to the shaker at 4°C in diH2O for an additional 24 h. The pieces should now be 

decellularized and can be frozen at -20°C until they are to be sectioned. Complete 

decellularization can be verified by taking sections of the tendon and then staining for 

nuclei using 4',6-diamidino-2-phenylindole (DAPI), or hematoxylin and eosin (H&E). An 

example of DAPI-stained tendon sections before and after decellularization can be seen 
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in Figure 2.5. Following decellularization, no intact nuclei and only slight residual DNA 

is observable. Additional testing for complete removal of cellular components may 

include a DNA quantification assay such as PicoGreen. 

A critical qualifier of this fabrication technique is that it maintains the native 

collagen structure, including the collagen triple helix. These structures can be observed 

using scanning electron microscopy as the staggered packing of the collagen molecules 

within the triple helix results in a banding pattern with gaps of ~67nm (Figure 2.6A). 

This also allows for quantification of the fiber diameter, which in bovine Achilles tendon 

has collagen fibrils around 220nm (Figure 2.6A) and fibers around 10µm in diameter 

(Figure 2.6B). 

 

Figure 2.6: Collagen fibers in decellularized bovine Achilles tendon. A) Collagen 
nanofibrils ~220nm in diameter and B) fibers ~10µm in diameter. 

 

2.2.2 Sectioning 

Once decellularized and frozen, the block can then be sectioned using a 

cryomicrotome. Conventional sample preparation for a cryomicrotome usually involves 

sucrose soaking cryoprotection steps and embedding in an optimal cutting temperature 

compound (OCT). However, these are usually to preserve cell morphology and delicate 

 

A. B. 
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structures for observation. The dense, robust collagen fibers in the decellularized tendon 

sample can be mounted directly to the sample block holder using OCT. Once this is 

frozen, the sample holder can be placed in the chuck for sectioning (Figure 2.7). The 

collagen fibers should be oriented parallel to the blade (left to right in Figure 2.7B), as it 

is easier to get long sections of fibers, whereas orienting it perpendicular (fibers up and 

down) often results in short, transected fibers. The face of the block should also be 

oriented normal to the blade in order to create the maximum size slices from a block. 

This can be accomplished through adjusting the angle of the block holder chuck.  

 

Figure 2.7: A) Diagram showing various pieces of equipment in a cryomicrotome used 
for Bioskiving. B) Image of a decellularized tendon sample oriented parallel to the 
microtome blade. 
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Figure 2.8: Photograph of a 50µm tendon section underneath the anti-roll guard 
following sectioning. 
 
 

With this preliminary setup accomplished, the tendon block can now be 

sectioned. Several sections should first be made in order to assure the sections 

comprise the entire block. Once that is done, the anti-roll guard can be lowered. Sections 

can now be produced as shown in Figure 2.8. It is possible to produce sections from 5-

100µm thick using this technique. Thicker sections (~300µm) can be produced however 

the cross-sectional area must be reduced as at this thickness, the blade will bind in the 

sample if the area is too great. The thicker the section is, the more continuous the sheet 

will be following drying. During the drying process the collagen fibers contract and can 

produce gaps that run parallel to the fibers. A thickness of 50µm appears to be optimal 

for creating continuous sheets that remain pliable for later fabrication steps. 
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Two common problems that occur with routine histology and with this technique 

are the section either rolling up, and curling on itself, despite the anti-roll plate, or the 

section compressing as it comes off the sample. If the section is curling, the chamber 

temperature should be made warmer; if the section is compressing the temperature should 

be reduced. The ideal cutting temperatures is around -18°C for the chamber and the 

cutting head; however this can vary depending on the ambient conditions of the room you 

are working in, such as temperature and humidity. 

 

2.2.3 Stacking and rolling 

Once a section is produced, the section can easily be handled using cold forceps 

that have been left in the chamber (Figure 2.9A). If the forceps are not cold the sections 

will melt and stick to the forceps making handing a challenge. The sections can be placed 

onto a room temperature polytetrafluoroethylene (PTFE) block (Figure 2.9B). Individual 

sections can be placed onto the block, or the sections can be stacked on top of each other 

with any desired fiber orientation. The sections will rapidly melt as they contact the 

surface, and subsequent sections placed on top of each other will melt together.  

 

Figure 2.9: A) Tendon sections being removed with forceps and B) placed on to a room 
temperature PTFE block. 
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Figure 2.10: A) A tendon section is picked up using a room temperature PTFE rod. B) A 
tendon section is rolled around the PTFE rod with the collagen fibers oriented parallel to 
the rod. 

 

Alternatively, tubular conduits can be created using a room temperature PTFE rod 

to pick up the sections (Figure 2.10A). The section will melt to the PTFE rod, which can 

then be rotated to continue wrapping the section around the rod (Figure 2.10B). This 

procedure can be repeated a number of times, again with any fiber orientation. The size 

of the initial sample block will affect the size of the section and subsequently how many 

times the section will wrap around the rod which should also be taken into consideration. 

By using different sized rods, the length, diameter and wall thickness can be varied 

(Figure 2.2C). Overlapping multiple sheets progressively can be used to create tubes that 

are longer than the initial sample size. Later crosslinking can make these structures quite 

robust. Using a laminating technique like this it is possible to create more complex 

structures such as tubes with bifurcations and conical shapes (Figure 2.11). 
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Figure 2.11: Complex structures fabricated using the Bioskiving technique: A) tube with 
bifurcation, B) conical structure, both crosslinked with glutaraldehyde. 

 

Sections should be allowed to dry on the PTFE overnight, after which they are 

easily removable. The sections can be rinsed in diH2O several times to remove any 

residual OCT; tubular conduits should be left on the template rod during rinsing. Once 

the sections are rinsed they are allowed to dry again and can then be crosslinked. 

Scanning electron microscope (SEM) analysis of the structures created here 

reveals that the fiber orientation is preserved following drying. Figure 2.12A shows a 

cross section of the interface between two stacked sheets of tendon. In the bottom of the 

image, the collagen fibrils run left to right, while the top of the images shows the ends of 

the fibrils coming out of the page. Similar structures will be present in the cross-section 

of the tubular conduits (Figure 2.2B).  
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Figure 2.12: Electron micrographs that show: A) the intersection between two stacked 
sheets with collagen fibrils oriented 90° to each other and B) cross-section of a tubular 
conduit showing the multiple layers. 

 

2.2.4 Crosslinking 

The tendon sections will adhere to each other when dry; when rehydrated there is 

still some adhesion between the sheets, however they can be manually separated without 

too much force. The adhesion between the rehydrated sections may be a result of one of 

two things: 1) the reformation of some of the interfibrillar bonds that were interrupted in 

the sectioning process; 2) new crosslinks forming as a result of the drying process, 

similar to the crosslinks formed in dehydrothermal crosslinking. One way to ensure the 

adhesion as well as to tune the mechanical properties of the material is through 

crosslinking. There are three primary ways in which collagen can be crosslinked: 

chemical, enzymatic and physical methods.  

Chemically creating crosslinks can be accomplished using glutaraldehyde (GA), 

carbodiimides, riboflavin, and dimethyl 3,3'-dithiobispropionimidate (DTBP), among 

other methods. Glutaraldehyde crosslinking occurs through the reaction of the aldehyde 

groups of the GA with the amine groups in the tendon146,147 (simplified illustration in 

Figure 2.13A). GA has been used extensively in the biomedical field for crosslinking and 
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preparing decellularized extracellular matrices for implantation in several FDA approved 

products148–150, however it is known to be cytotoxic148,151. It has been shown that this 

cytotoxicity can be reduced through treatment of the material with glutamic acid and 

prevented through the addition of insulin-like growth factor 1, in vitro152. Carbodiimide 

crosslinking uses 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC), 

usually in conjunction with N-hydroxysulfosuccinimide (sulfo-NHS), creates a zero-

order crosslink between amine and lysine groups found in the collagen. Unlike GA, 

EDC/NHS has been shown to not by cytotoxic once the crosslinking byproducts have 

been removed (i.e. urea derivatives)153. However, EDC/NHS is unable to for 

intramolecular crosslinks as it cannot form bonds between functional groups which are 

greater than 1nm apart154, whereas GA can from crosslinks at greater distances148, 

resulting in greater mechanical properties155. Greater details on additional chemical 

crosslinkers can be found in the appropriate literature156–160.  

Enzymatic and physical methods are less common than crosslinking via chemical 

methods; however they can still be accomplished. Physical crosslinking is accomplished 

through application of ultraviolet (UV) light irradiation, which bonds free radicals on 

aromatic amino acids161,162, or dehydrothermal (DHT) treatment, which permanently 

affects the axial molecular packing of the collagen fibers163. Enzymatic crosslinking is 

done through use of transglutaminase164,165. 
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Figure 2.13: A) Illustration of a simplified mechanism of one type of GA crosslinking in 
collagen, B) FTIR spectrum of non-crosslinked and glutaraldehyde crosslinked tendon 
samples. Arrows from left to right in both plots are 3260cm-1 (secondary amine), 
2915cm-1 and 2850cm-1 (methylene bridge), and 1700cm-1 (imine).  From non-
crosslinked to crosslinked the ratio of secondary amines to imine and methylene 
decreases showing the crosslinking of the secondary amines with glutaraldehyde.166 

 

In this work, GA is primarily used, as preliminary results indicated GA-

crosslinked tendon sections had good mechanical properties, possibly due to the fact that 

GA would better crosslink two adjacent sheets to each other due to its longer crosslinking 

ability compared to EDC/NHS.  

The ability of GA to crosslink the Bioskiving samples was thoroughly 

investigated through mechanical analysis of samples crosslinked with different 

concentrations of GA for a constant time166. To confirm that GA-mediated crosslinks 

were actually forming, crosslinked and non-crosslinked tendon (NC) sections were 

observed via fourier transform infrared spectroscopy (FTIR) (Figure 2.13B). Non-

crosslinked tendon samples displayed peaks at wavenumbers characteristic of tendon167 

(ex. amide peaks at 1630-1635cm-1) and once crosslinked, the expected peaks 

developed168,169. These include a decrease in the ratio of secondary amines at 3260cm-1 

to imines at 1700cm-1 (1:0.48 [NC] compared to 1:0.51[GA]), and secondary amines and 
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methylene bridges at 2915cm-1 and 2850cm-1(1:0.58 [NC] compared to 1:0.87[GA]). 

These changes can be associated with the formation of a carbon-nitrogen double bond 

between the GA and an amine of the collagen molecules, and the addition of the 

methylene bridge of the GA, for the changes to amine to imine and amine to methylene 

bridges, respectively. Additionally, when the collagen blocks are crosslinked prior to 

being sectioned and stacked, the sections will not adhere to each other during the drying 

process. This may be due to the GA crosslinking residues that would have otherwise 

reformed crosslinks in the drying process. 

 

2.3 SUMMARY 

The sectioning-based fabrication technique, Bioskiving, was developed to utilize 

the intricate micro and nanostructures found in many natural biomaterials that often go 

unutilized — such as the nanotopography of the collagen fibers found in tendon, lost 

during solubilization. Bioskiving involves decellularizing a block of tendon, sectioning it 

using a microtome, and then stacking or rolling these sections into 2 or 3 dimensional 

scaffolds.  Structures constructed from Bioskiving tendon sections would likely find use 

in biomedical applications including tissue engineering and regenerative medicine. 

 

2.4 MATERIALS AND METHODS 
 

2.4.1 Decellularization and sectioning 

Frozen bovine Achilles tendon is cut into blocks ~20x20x2mm and placed into a 

decellularization solution containing 1% w/v sodium dodecyl sulfate (SDS) (Sigma, St. 

Louis, MO), 1mM Tris HCl, 0.1mM EDTA (Tris-EDTA pH 7.4, Sigma) in phosphate 

buffered saline (PBS), on a shaker at 4°C for 48h with the solution being changed after 
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24h. Following that, the blocks are rinsed in deionized water (diH2O) and placed back 

onto the shaker in diH2O for an additional 24h to remove residual SDS.  

The decellularized 20x20x2mm blocks are frozen at-20°C and adhered to the 

sample holder in a cryomicrotome (CM1950, Leica Microsystems, Buffalo Grove, IL) 

with optimal cutting temperature (OCT) compound (Tissue-Tek® O.C.T. Compound, 

Sakura Finetek) Once frozen to the sample holder, the blocks are sectioned at 50μm thick 

with the blade oriented parallel to the fibers and cutting between the fibers (rather than 

cutting the ends off the fibers).  

 

2.4.2 Stacking and rolling 

The 50μm sections are stacked on a room temperature polytetrafluoroethylene 

(PTFE) block with fibers orientated in one of four orientations: 1) Parallel (0°) stacks had 

ten sections, all with the fibers oriented in parallel to each other. 2) Perpendicular (90°) 

stacks had ten sections with fiber direction alternating by 90° in adjacent stacks. This 

would result in stacks with 5 sheets in two directions orthogonal to each other. 3) A 45° 

rotation between 12 sections, resulting in four fiber orientations each with 3 sections. 4) 

A 30° rotation between 12 sections, resulting in 6 fiber orientations each with 2 sections. 

Note: the 90° and 0° stacks created for the ‘stacking angle test’ comprised 12 sheets each 

to keep them consistent with the 30° and 45° stacked sections.  The stacked sections are 

then air dried overnight, rinsed three times with diH2O and left to dry overnight again on 

a PTFE block.  

Tubular conduits were created by rolling individual 50μm sections around PTFE 

rods, or PTFE-coated wires of various diameters (500μm, 1.58mm, 3.175mm, 6.35mm) 

(McMaster-Carr, Robbinsville, NJ). An initial section was wrapped around the room 

temperature rod by touching one edge with the rod, allowing it to melt, and then rotating 

the rod causing the rest of the section to adhere and melt. An initial section was placed on 
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the rod with fibers oriented parallel to the axis of the rod; subsequent sections were either 

alternated by 90° creating axial and circumferential orientations, or 45° creating axial, 

circumferential and helical orientations. The sections were allowed to dry on the rod, 

rehydrated and gently rinsed in three changes of diH2O and again allowed to dry. Care 

was taken to keep the rods standing vertical until they were completely dry, as if they 

touch anything the tendon will stick and become deformed. 

 

2.4.3 Crosslinking 

Sections were crosslinked in glutaraldehyde (GA) by immersing the samples in 

the indicated concentration (0.1%, 0.5%, 1%, 2.5%) of glutaraldehyde (pH 7.4) for 

twenty minutes, followed by three rinses of diH2O and allowed to dry overnight.  

 

2.4.4 SEM procedure 

Samples were air dried overnight, further dehydrated in graded ethanol (70%, 2x 

80%, 3x 90%, 3x 95%, 3x 100%) and finally dried with hexamethyldisilazane (Sigma). 

The samples were then sputter-coated with Pt:Pd 80:20 using a Cressington 208HR 

Sputter-coater (Cressington Scientific, Watford, Hertfordshire, UK) to a thickness of 3nm 

and imaged using a Zeiss Ultra-55 Scanning Electron Microscope (Zeiss, Oberkochen, 

Germany). Fiber and fibril size were measured by taking images of 3 locations on 4 

different samples and measuring the fiber size using ImageJ (NIH). 

 

2.4.5 Verification of cell removal 

Sections were decellularize and sectioned using the previously described 

procedures, placed onto Superfrost Plus slides and dried overnight. They were then rinsed 

three times with diH2O and allowed to dry again. One drop of Fluoroshield mounting 

media with DAPI (Sigma) was placed onto a section, followed by a coverslip. The 
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sections were imaged using a fluorescence microscope (Leica) with appropriate 

excitation/emission filters for DAPI, and brightfield. 

 

2.4.6 FTIR analysis 

Analysis was conducted using an ATR-FTIR spectrophotometer (FT-IR 6000, 

Jasco, Easton, MD). Three samples each of 10-layer stacked sections, rinsed but non-

crosslinked and 5% glutaraldehyde crosslinked samples were analyzed. The samples 

were scanned from 600cm-1 to 4000cm-1. 
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Chapter 3.   
 
Characterization of the Physical 
Properties of Scaffolds Created from 
Tendon-derived Sections 

 
 
3.1 INTRODUCTION 

Many biomedical applications that utilize scaffolds or structures for implantation 

require a material that can undergo substantial loading while also being biocompatible. 

For example, rotator cuff patches designed to repair the torn tendon require strengths of 

at least 230N170 in order to provide mechanical augmentation and prevent suture pull 

through of the tendon, a common problem of current repair patches171,172. Tendon and 

ligament repair patches and devices must be able to withstand physiological loads 

upwards of 2000N in a tissue that has little to no self-repair capability14,173 such as the 

anterior cruciate ligament. Similarly, blood vessel prostheses require high burst pressures 

capable of resisting natural physiological forces and specific moduli to match the native 

tissue’s compliance. Currently there are a number of material options that support these 

high burst pressures, however, many are comprised of synthetic materials that are not 

biodegradable34,174.   
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3.2 CHARACTERIZATION OF TENDON-DERIVED CONSTRUCTS 
 

3.2.1 Tensile properties 

As many potential biomedical applications would benefit from increased 

mechanical properties, methods of improving the mechanical strength, such as 

crosslinking, were investigated. Uniaxial tensile testing was performed in order to 

determine the effect of the GA crosslinking on the mechanical properties. The 

representative stress-strain curves and ultimate tensile strength and moduli values of 

samples crosslinked with varying GA concentrations are shown in Figure 3.1A-C and 

summarized in Table 3.1. These values indicate that crosslinking results in an increase in 

ultimate tensile strength (UTS), 20 times greater than non-crosslinked samples and a 

modulus nearly 50 times higher.  

 
Sample Crosslinking 

Condition 
Ultimate Tensile Strength 

(MPa) 
Elastic Modulus  

(MPa) 
0% - Non-crosslinked 0.63 ± 0.07 3.11 ± 1.35 

0.1% Crosslinked 4.55 ± 0.34 48.17 ± 3.58 
0.5% Crosslinked 11.25 ± 1.35 95.86 ± 16.1 

1% Crosslinked 13.32 ±0.643 129.08±10.44 
2.5% Crosslinked 13.59±1.35 145.54 ±18.72 

Table 3.1: Ultimate tensile strength and elastic modulus values for samples crosslinked 
with various concentrations of glutaraldehyde9. 
 

Native tendon has much greater mechanical strength than this due to its 

hierarchical structure and fibril-fascicle-tendon structure that prevents the failure of the 

non-continuous uniform fibers from early failure. One hypothesis to explain the 

difference is that the sectioning process disrupts this macro-fascicular strengthening as 

discussed previously175, and the decellularization may disrupt the proteoglycans that 

make up the non-collagenous matrix (NCM), and the crosslinks between the collagen 

fibrils and the NCM. This allows fracture between the fibers and the matrix, resulting in 

the failure. 
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Crosslinking with GA should re-introduce inter-collagen crosslinks between the 

collagen fibers, and possibly between proteoglycans and the collagen, if primary amine 

sites are available. A macroscopic view of the non-crosslinked sample failure can be seen 

in Figure 3.1D,E where large portions of the tendon-sections pull apart with a number of  

locations appearing to have multiple failure points along the direction of applied force. 

As expected, crosslinking with GA increases the mechanical strength, proportional to the 

amount of crosslinker, until the samples are saturated and maximally crosslinked. Figure 

3.1F,G shows the macroscopic failure of maximally crosslinked samples, where the 

failure appears to be a complete transverse fracture across the width of the sample. 

To confirm this observation at the micro-scale, the sections were imaged before 

and after failure with a scanning electron microscope. Prior to testing, the morphologies 

of both non-crosslinked (Figure 3.2A) and crosslinked (Figure 3.2B) appear to be 

identical, being primarily comprised of large sections of continuous, highly aligned 

collagen fibers. However, after testing, the failure point of the non-crosslinked sections 

(Figure 3.2C) appears to be relatively smooth, as if fibers pulled out from between each 

other, while the failure point of the crosslinked sections is jagged, like the fibers failed 

(Figure 3.2D).  
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Figure 3.1: A) Representative stress strain curves of 10-layer (50μm thick each) stacked 
samples that have been crosslinked with various concentrations of glutaraldehyde 
(0.1,0.5, 1. 2.5%) for 20 min., or not crosslinked (0%). B, C) Graphs illustrating the 
ultimate tensile strength and elastic modulus, respectively, of crosslinked samples. D) 
photographs showing uniaxial tensile testing of noncrosslinked samples prior to testing 
and E) at failure. F) photographs showing uniaxial tensile testing of 2.5% glutaraldehyde-
crosslinked samples prior to testing and G) at failure. Stress and modulus that are not 
statistically different are marked N.S.; all other comparisons p>0.05, (n=4) for all 
samples.166 
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Figure 3.2: A,B) Scanning electron micrographs of a section of non-crosslinked and 
glutaraldehyde crosslinked tendon-stacks prior to testing, respectively. C,D) Scanning 
electron micrographs of a section of non-crosslinked and glutaraldehyde-crosslinked 
(2.5%, 30min) tendon-stacks prior to testing, and the failure-point following rupture 
under tension . All samples consist of 10 layers with a thickness of 50μm for each layer. 
All layers have their fiber orientation aligned in the same direction and were tested with 
the force applied in that direction. 

This difference is a result of changes in the failure mechanism before and after 

crosslinking. In the non-crosslinked samples, there is little remaining crosslinking 

between fibers and matrix, which allows sliding of the collagen fibrils between each other 

as the fibrils are relatively short (5-20 mm176,177). This can be compared to the shear-lag 

model for failure of short-fibered composites developed by Cox178, where stress is 

transferred from the matrix to the fibers by interfacial shear stress. However, with the 

reduction in the crosslinking between the NCM and the fibrils, the fibrils slip past each 

other slowly at much lower stresses, resulting in the ends of various fibers creating a 

relatively smooth edge. This is not observed in native tendon, as the tendon fascicles are 

believed to extend the length of the tendon179 and could be considered ‘continuous’, 
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however due to their short length, collagen fibrils do not176,180. In the crosslinked 

samples, the interfacial shear stresses are much greater. At the point where the interfacial 

shear stresses exceed the tensile strength of the fibrils in the material, the mode of failure 

changes. The new failure method is rapid fracture of collagen fibrils at various points, 

resulting in the jagged appearance observed in Figure 3.2D. The inset figures for both 

samples make the failure more clear, where there are curled fibrils at the end of one 

‘bundle’ of collagen fibrils on the non-crosslinked sample (Figure 3.2C inset), and a 

distinct edge at the edge of the end of a bundle of collagen fibrils in the crosslinked 

sample where the fracture propagated (Figure 3.2D inset).  

The stacked sections show improved mechanical properties following 

crosslinking, however that is only when force is applied in the direction of the fibers. 

When force is applied in another direction, such as 45° or 90° to the fibers as shown in 

Figure 3.3A,B the ultimate tensile strength (Figure 3.3C) is greatly reduced as is the 

modulus (Figure 3.3D).  The resulting ultimate tensile strength and elastic moduli values 

are summarized in Table 3.2.  

 
Sample Orientation Ultimate Tensile Strength 

(MPa) 
Elastic Modulus 

(MPa) 
0° rotation 10.84 ± 1.25 158.29 ± 21.11 

45° rotation 3.90 ± 0.47 41.72 ± 8.83 
90° rotation 1.17 ± 0.21 15.48 ± 5.28 

Table 3.2: Ultimate tensile strength and elastic modulus values for samples with aligned 
fibers tested at the indicated angle to their fiber orientation 

A 0° rotation yields the highest UTS with 10.84 ± 1.25MPa, while force applied 

at 45° and 0° resulted in UTS of 3.90 ± 0.47MPa and 1.17 ± 0.21 MPa. Similar results 

were seen with the moduli, where the samples tested at 0° had a modulus of 158.29 ± 

21.11 MPa, 45° a modulus of 41.72 ± 8.83 MPa and 90° a modulus of 15.48 ± 5.28 MPa.  

This is as expected as the force is no longer being applied to the fibers 

themselves, but rather the strength is dependent on the matrix. A similar phenomenon is 
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seen in many anisotropic materials, and one method to produce improved isotropic 

strength is to create laminar composite where the fiber orientation is rotated in adjacent 

sheets. Perhaps the most common example of this is the multilayer construction of 

plywood; however this technique is also used widely in the construction of other organic 

or metallic-fiber based materials181. Similar arrangements of varying fiber orientations 

can also be found in nature, such as the twisting arrangement of collagen fibril lamellae 

found in the remarkably tough scales of the Arapaima fish182. 

 

Figure 3.3: A) Schematic illustrating the nature of the uniaxial tensile test, where force is 
applied vertically (red arrows) and the tendon section samples are tested with fiber 
alignment in various directions. The samples were tested at angles (θ) of 0, 45 and 90°. 
All samples were 10 layers of 50μm each, crosslinked with glutaraldehyde in excess (5% 
for 30min). B) Representative stress-strain curves for samples tested at the various 
orientations. C) Graph illustrating the ultimate tensile strength of the samples tested in 
uniaxial tension at 0, 45 and 90°. D) Graph showing the elastic modulus as determined by 
linear regression of the samples tested at 0, 45 and 90°. Statistical differences marked 
with * (p < 0.05), (n=4) for all samples. 
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This laminar composite technique was also used with the tendon derived sheets, 

alternating the ply orientation by either: 0°, 30°, 45° or 90° (Figure 3.4A) in an effort to 

create a transversely isotropic material.  Following stacking of the sections, the 

mechanical strength of each material was evaluated under uniaxial tension. While the 

material’s strength was only evaluated in the primary direction, each direction of fiber 

orientation should have the same properties. The samples with no fiber rotation were 

expected to have the greatest mechanical strength as they contain 12 layers in the primary 

direction whereas the other sections have either 3 sections in each orientation (30° 

rotation), 4 sections (45° rotation) or 6 sections (90° rotation). The ultimate tensile 

strength and moduli values calculated for the various samples are summarized in Table 

3.3. 

 

 
Stacking Angle Ultimate Tensile Strength 

(MPa) 
Elastic Modulus 

(MPa) 
0° rotation 10.84 ± 1.25 158.29 ± 21.11 

30° rotation 6.34 ± 0.93 81.71 ± 13.1 
45° rotation 8.25 ± 0.78 108.77 ± 10.6 
90° rotation 4.71 ± 0.59 74.03 ± 16.21 

Table 3.3: Ultimate tensile strength and moduli values for samples stacked at various 
angles 
 

Interestingly, even with fewer sections completely in the direction of applied 

force, the 45° rotated samples were not statistically weaker than the 0° sections (Figure 

3.4C) nor was the material any less elastic (Figure 3.4D). However, the 90° rotated 

sections were significantly weaker, despite a greater number of sections. Therefore, a 45° 

rotation of fiber orientation should be the optimal strategy for fabricating transversely 

isotropic materials from tendon-derived sections.  
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Figure 3.4: A) Schematic illustrating the stacking process. A single 50μm-thick section 
is placed at the 0° orientation and subsequent sections are stacked on top, rotated by 
either 0° (all aligned), 30°, 45° or 90° for a total of 12 layers. Each sample consisted of 
only one rotation angle and were subsequently crosslinked with glutaraldehyde (5%, 
30min). The load during testing was applied in the direction of the first sheet. B) 
Representative stress-strain curves for samples tested at with the various rotation angles 
under uniaxial tension. C) Graph illustrating the ultimate tensile strength of the samples 
tested. D) Graph showing the elastic modulus as determined by linear regression of the 
samples tested at varying rotation angles. Statistical differences marked with * (p>0.05), 
(n=4) for all samples.  

 

One could also imagine that increasing the section thickness would provide 

this mechanical strength without the need for crosslinking; however, these thin 

sections are useful as substrates for cell-seeding and can be easily manipulated into 

complex geometries. Additionally, thick sections would still have the problem of 

anisotropic mechanical properties, and the fabrication of a laminar composite would be 

limited, as individual laminate thicknesses must remain small compared to other material 

dimensions181,183. 
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3.2.2 Burst pressure 

Many applications such as tissue engineered blood vessels require robust 

geometries in three-dimensions in addition to flat, two-dimensional structures. One 

example is a tubular structure comprised of multiple layers of fibers with varying 

orientations. These tubes may consist of sections that are oriented 90° to each other, 

where interior and exterior sections can be oriented to guide cell growth in the desired 

directions, while intermediate layers will provide strength and prevent suture pull-out. 

Alternatively, design cues can be taken from biology, where a the adventitia in blood 

vessels has circumferentially arranged collagen fibers, while the media has multiple 

layers helically in alternating, opposing directions184. Similarly, compliance should be 

considered for tubular structures as compliance mismatching in vessel replacement can 

lead to anastomotic intimal hyperplasia185,186. 

Figure 3.5: Schematic of the burst pressure device. A syringe pump increases pressure in 
a test sample as pressure is measured by a pressure transducer in parallel.  

 

To test the properties of the tubular constructs, a burst pressure testing 

apparatus was developed that consisted of a series of rigid piping with an in-line 

mounted pressure transducer (Figure 3.5). At one end of the piping two luer-lock stubs 

are mounted where a tube can be mounted. The system can then be pressurized at a 
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constant rate using a syringe pump while the other end is closed with a valve. As the 

pressure in the tube increases the transducer will produce a digital readout on the meter, 

while a digital camera records the diameter of the tube as it expands. 

 The burst pressure of tubes in GA-crosslinked and non-crosslinked states was 

tested; all samples comprised 5 tendon sections that each wrapped around the template 

rod twice. Each sample was tested at a flow rate of 10ml/min until failure. Figure 3.6 

shows representative images of failure, from which the diameter was calculated. The 

average maximum pressures and compliance are reported in Table 3.4. 

 

Figure 3.6: Sample burst pressure images showing tubular conduits prior to testing, at 
the maximum recorded pressure, and post failure. Epoxy used to seal tubes and leakage 
through sample is indicated. 

The GA-crosslinked tubular conduits have a greater burst pressure, while the non-

crosslinked conduits have the greatest degree of elasticity. For comparison, human 

external iliac artery are reported to have compliance of 8.0% per μmHg the compliance of 

and proximal human saphenous veins a compliance of 5.0% per µmHg 187. Ideal burst 

pressures for vessel replacements would be 2000mmHg or greater (native saphenous 

veins burst = 1680mmHg188), however in most cases, as burst pressure increases 

compliance will decline. Following crosslinking, the conduits are able to achieve suitable 

pressures; however, their compliance is significantly lower than necessary.  
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Burst Pressure  

(mmHg ± Standard 
Error) 

Burst Diameter 
(Percent Increase ± 

Standard Error) 
Non-crosslinked 236.34 ± 4.137 29.25±4.63 
GA-crosslinked 2094.45 ± 168.59 6.63±1.56 

Table 3.4: Burst pressure and compliance values for tubular conduits 

 

3.2.3 Tendon-section permeability 

Permeability of a construct material to various biological components may be of 

concern for a number of potential applications such as the development of a nerve 

guidance conduit, or an entirely tissue engineered construct in order to reduce the 

distance of necrotic core formation. Ideally, a material would be highly permeable to 

dissolved gasses such as oxygen, and small molecules required for cellular function, like 

glucose. Permeability of these compounds would not only mean that nutrients could get 

into the scaffold, but also that waste products could exit the scaffold. Permeability of 

larger molecules such as proteins through a scaffold may be desirable depending on the 

application. In the example of a nerve guidance conduit, entrapment of growth factors 

and cytokines released from the damaged nerve stump would be considered a positive.  

For a tissue engineered construct, delivery of growth factors would require permeability 

of the scaffold to proteins.  

In order to elucidate the permeability characteristics of decellularized tendon 

sections, the diffusion of three biological relevant molecules was assayed. Oxygen (O2), 

glucose, and bovine serum albumin (BSA) were selected as they represent three classes 

of compounds with different sizes that could be relevant to this material. The effective 

diameters of O2, glucose and BSA are 31.99Da, 180Da, and 66.5kDa, respectively. The 

diffusion of each of these compounds was measured using a custom-made two 

chambered setup that was constantly stirred and kept at 37°C. A membrane comprised of 
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10 sections, each 50µm thick, was placed between the two chambers and one chamber 

loaded with the compound of interest, the donor chamber, and the other chamber acting 

as the receptor chamber. The effect of the orientation of the fibers and the presence of 

GA crosslinking on the effective diffusion coefficients was measured. Diffusion 

coefficients for each compound in each condition were calculated using an equation 

derived from Fick’s law:  

𝐷𝐷′𝑡𝑡 = ln�� 𝐶𝐶𝐷𝐷−𝐶𝐶𝑅𝑅
𝐶𝐶𝐷𝐷−𝐶𝐶𝑅𝑅0

� � 1
−𝛽𝛽
�� where   𝛽𝛽 = 𝐴𝐴

𝑧𝑧
� 1
𝑉𝑉𝑅𝑅
� 

Where: t = time, CD and CR = concentration in the diffusion and receptor 

chambers, respectively and R0 at time zero; A = area of the membrane, z = 

membrane thickness VR = volume of receptor chamber189. 

The following facts were assumed: 1) the solutions in each chamber were well-mixed; 2) 

no consumption of our compound of interest occurred (e.g. bacteria); 3) concentration 

across our samples was linear and at steady state189. Table 3.5 shows the calculated 

effective diffusion coefficients. 

The effective diffusion coefficients for oxygen are within a reasonable range, 

slightly higher than published values (2.43x10-6 to 6.61x10-6 cm2/sec) for similar 

extracellular matrix scaffolds such as decellularized small intestine submucosa189. 

Crosslinking appears to have a large effect on the diffusion of oxygen, despite the 

molecule having such a small size. Interestingly, the orientation of the fibers does not 

affect the diffusion coefficient in non-crosslinked samples however it does in the GA-

treated samples. This is likely a result of packing density of the collagen fibers/fibrils; 

when all of the fibers are aligned parallel, peaks and valleys of collagen in adjacent 

sections can fit together; however, other physical factors such as water content or charge 

interactions may also influence the diffusion rates. Samples with perpendicularly oriented 

fibers may have less cohesive packing between sheets resulting in pores or voids the 
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oxygen can travel through. Fiber orientation likely doesn’t have an effect on the non-

crosslinked samples as all of the fibers will be loosely packed already. 

 

 

Sample Orientation 

O2 Diffusion 
Coefficient 
(cm2/sec ± 

standard error) 

Glucose 
Diffusion 

Coefficient 
(cm2/sec ± 

standard error) 

BSA Diffusion 
Coefficient 
(cm2/sec ± 

standard error) 

Parallel fibers (NC) 1.84×10-4 
 ± 6.11×10-5 

3.13×10-6 

± 3.82×10-7 
1.12×10-7 

 ± 2.84×10-8 

Perpendicular fibers (NC) 1.86×10-4  
± 5.39×10-5 

4.82×10-6 

 ± 2.11×10-6 
2.48×10-7  

± 4.03×10-8 

Parallel fibers (GA) 2.44x10-5  
± 7.75×10-6 

1.87×10-6  

± 1.43×10-7 
7.57×10-7  

± 3.00×10-9 

Perpendicular fibers (GA) 1.06×10-4  
± 3.58×10-5 

2.90×10-6  

± 1.01×10-7 
8.54×10-8  

± 5.04×10-9 

Table 3.5: Effective diffusion coefficients for oxygen (O2), glucose, and bovine serum 
albumin (BSA) through tendon sections. (NC – non-crosslinked, GA – glutaraldehyde 
crosslinked).  

Similar trends can be seen in the diffusion of BSA, glucose, oxygen, and where 

greater diffusion is seen through the perpendicular fibers compared to the parallel fibers, 

and greater diffusion in non-crosslinked samples compared to GA-crosslinked samples. 

The difference in diffusion rate between oxygen and glucose and between glucose and 

BSA was approximately two orders of magnitude, which is reasonable due to the 

increasing size of each molecule. Additionally, the diffusion of BSA may have been 

reduced due to the possible adhesion of BSA onto the collagen fibers. 

Overall, the permeability characteristics of these three biologically relevant 

molecules can be used to make educated decisions when designing tissue engineered 

scaffolds from this material, or other biomedical applications. The fiber orientation and 

degree of crosslinking for such applications are likely to be chosen based on the 
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mechanical properties; however these data will help allow predictions of how cells might 

survive, whether they will receive externally delivered growth factors, and the sorts of 

microenvironments that might develop with culture or growth. 

 

3.3 SUMMARY 

Two- and three-dimensional scaffolds created from tendon via Bioskiving, are 

unique in that they maintain the native conformation of collagen in tendon. The 

properties of this material were measured, and tuned through crosslinking, and made 

transversely isotropic through selective orientation of the fiber direction in adjacent 

sheets during fabrication. These methods were used to fabricate a robust material with 

differing methods of failure once crosslinked. Tubular constructs were also made, with 

burst pressures in the range required for biomedical applications like blood vessel 

replacement.  Structures constructed from Bioskiving tendon sections have applications 

involving cell growth, and as such, the diffusion of three biologically relevant molecules 

through the material was measured. 

 

3.4 METHODS AND MATERIALS 

 

3.4.1 Crosslink density mechanical testing 

Sections (50μm thick) were stacked as described in Chapter 2.4.2, in 10 layers 

with all fiber directions oriented parallel to each other. The sections were then 

crosslinked for 20 min at glutaraldehyde concentrations of 0.1%, 0.5%, 1% and 2.5%, 

(pH 7.4 in PBS) or not crosslinked. Each sample was then glued between two acrylic 

plates using super glue, rehydrated, and tested under uniaxial tension at a strain rate of 

2mm/min on a mechanical testing apparatus (Instron, Norwood, MA) with a 1000N load 

cell until failure. 
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3.4.2 Pulling angle mechanical testing 

Sections (50μm thick) were stacked as described in Chapter 2.4.2 in 10 layers 

with all fiber directions oriented parallel to each other. The sections were then 

crosslinked with 5% glutaraldehyde for 30min. Each stack was then tested in one of three 

orientations: fibers in line with the direction of the force (θ = 0°), fibers oriented at an 

angle to the applied force (θ = 45°), or with fibers perpendicular to the direction of 

applied force (θ = 90°). 

 

3.4.3 Stacking angle mechanical testing  

Sections (50μm thick) were stacked as described in Chapter 2.4.2 in 12 layers 

during fabrication with alternating fiber orientations. Following the first section, each 

subsequent section was rotated either: 0°, 30°, 45°, or 90°. This pattern was repeated until 

all 12 sections had been placed with the degree of rotation remaining constant within a 

single sample. 

 

3.4.4 Burst pressure device fabrication 

Designs for a burst pressure device were modified from Gray et al.190 All parts 

were purchased from McMaster-Carr unless otherwise noted. PVC tubing (1/4" ID, 3/8" 

OD, 1/16" Wall Thickness) was mounted to 1” solid aluminum T-slotted framing using 

3/8” loop clamps. Nylon Luer-lock couplings were used to mount 16G stainless steel 

dispensing needles to hold the tubular conduits. Miniature 1/4” ball valves were used to 

regulate flow from a single syringe pump (NE-1000, New Era Pump Systems Inc., 

Farmingdale, NY). Pressure was measured using a gage pressure transducer with a 0-

100Psi range (PX26-100GV, Omega, Stamford, CT) coupled to a voltage meter (DP25B-

S, Omega). Samples were secured to the dispensing needles using Loctite general epoxy. 
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Sample diameter was recorded using a Sony α6000 camera with a SEL30M35 30mm 

F3.5 macro lens (Sony). 

 

3.4.5 Burst pressure measurement 

Tubular samples (non-crosslinked and 2.5% 20min GA crosslinked) were 

mounted to the dispensing needles using epoxy. The epoxy was allowed to cure for 1h 

and the samples rehydrated using diH2O. The syringe pump was set to a flow rate of 

10ml/min, the system cleared of air, and the exit flow shut off. The samples were tested 

until failure while being imaged. 

 

3.4.6 Burst compliance measurement 

Frames of the initial and final diameter were extracted from video recordings of 

the tested tubes. The diameter was calculated using ImageJ between still images from 

before testing and at failure. 

 

3.4.7 Permeability testing  

Permeability of the tendon samples was measured by placing a sample (0°, 90° 

fiber orientations, non-crosslinked and 2.5% 20min GA-crosslinked) between two 

chambers each with a volume of 15ml. The chambers were kept at 37°C, filled with PBS 

and constantly stirred with bar magnets on a magnetic stir plate. The solute being 

measured was placed in a ‘donor’ chamber and the measurement samples taken from an 

‘acceptor’ chamber. Effective diffusivity (D’) was then calculated using the following 

formula: 

 

𝐷𝐷′𝑡𝑡 = ln�� 𝐶𝐶𝐷𝐷−𝐶𝐶𝑅𝑅
𝐶𝐶𝐷𝐷−𝐶𝐶𝑅𝑅0

� � 1
−𝛽𝛽
�� where   𝛽𝛽 = 𝐴𝐴

𝑧𝑧
� 1
𝑉𝑉𝑅𝑅
� 
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Where: t = time, CD and CR = concentration in the diffusion and receptor 

chambers, respectively and R0 at time zero; A = area of the membrane, z = membrane 

thickness VR = volume of receptor chamber189. 

 

3.4.8 Permeability measurements 

Oxygen diffusion was measured using a PreSens Oxygen Microsensor Probe 

(PreSens, Regensburg, Germany). The probe was calibrated using a 100% humidified 

chamber and a 1% w/v sodium sulfite solution. The acceptor chamber of the diffusion 

device was bubbled with N2 gas for 20min or until the oxygen probe measured 0% 

oxygen saturation. At the start of the test the donor chamber was bubbled with 

atmospheric air. Oxygen saturation was recorded electronically every 30s for 300min. 

Glucose permeability was measured using a 5mg/ml solution in the donor 

chamber and measured using a Glucose (HK) Assay Kit (Sigma) following the 

manufactures instructions, with all volumes scaled by 1/10. Samples were taken every 

30min for 8h. BSA permeability was assessed using a 10mg/ml solution and samples 

taken at 0, 1, 4, 8, 24, 32, and 48 h, and BSA concentration measured using a Pierce BCA 

Protein Assay Kit (Life Technologies, Grand Island, NY). 

 

3.4.9 Mechanical and statistical analysis 

Ultimate tensile strength (UTS) was determined as the maximum stress of each 

sample’s stress-strain curve. The elastic modulus was calculated via linear regression of 

the slope of the stress-strain curve. All values reported as mean ± standard error and a 

sample size of n=4 was used for all conditions. Differences in UTS and modulus were 

analyzed by analysis of variance (ANOVA) with post hoc Tukey’s testing using IBM 

SPSS software (IBM, Armonk, NY). 
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Chapter 4.  
 

Biocompatibility and in Vivo Response 
 

 

4.1 INTRODUCTION 

The behavior of a material in the body following implantation can be crucial to 

determining whether a tissue engineered construct will be successful, both in terms of 

how the material breaks down, and how the body reacts to the material’s presence in the 

first place. These two points are one of the reasons why natural polymers are often used 

for biomedical and tissue engineering applications. 

The biodegradation of a material is important when considering its use. For many 

tissue engineering applications, the breakdown of the scaffold and regrowth of host tissue 

is the ideal case, and ideally the degradation rate of the material will be tuned to match 

the regrowth15. Even more traditional biomedical-oriented applications, such as joint 

replacement where a non-degradable metallic scaffold is implanted, could be of benefit 

from a degradable scaffold. For example, a scaffold that promoted bone or cartilage 

regrowth and provided suitable mechanical properties could prevent the need for 

revisionary surgeries common to joint replacements191. 

Collagen is typically degraded in vivo through proteolytic activity, particularly via 

MMP-1 (collagenase) activity192. The degradation and clearance of implanted ECM 

materials typically occurs very rapidly following implantation193, thus many collagen-

based biomaterials are crosslinked prior to use. Crosslinking has been shown to reduce 
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the degradation of collagen194,195, as well as to reduce any potential immune response that 

the collagen may elicit through masking of potential antigenic markers196.  

Prevention of premature degradation is important for the tendon-derived scaffolds 

as one of the major features of the fabrication technique is maintenance of the highly 

aligned collagen fibrils and fibers which have the potential to guide cellular growth. If 

degradation were to occur too rapidly, prior to adequate cell growth and infiltration, these 

structures would not be able to provide their nanotopographical growth guidance cues. 

 

4.2 TENDON-DERIVED SECTION DEGRADATION IN VITRO 

Due to these concerns, the degradation characteristics of the tendon-derived 

material were assayed. An initial analysis into the degradation rate was conducted on 

decellularized tendon sections after various degrees of crosslinking, via degradation with 

bacterial collagenase. One concern regarding bacterial collagenase is that Clostridium 

histolyticum collagenase has been shown to cleave collagen into several small 

fragments197, whereas mammalian collagenase cleaves it into only two198. However, 

degradation in vitro using bacterial collagenase has been shown to correlate well with in 

vivo degradation, despite the differences in the cleavage mechanism199. Therefore, in 

vitro analysis can be used as a preliminary mechanism for determining degradative 

behavior200. 

 

4.2.1 Collagenase degradation 

Samples for in vitro degradation were created by stacking 10, 50μm sheets with a 

90° rotation in fiber orientation. These sheets were then crosslinked using either 2.5% 

GA for 1h, 2.5% GA for 20min, 0.625% GA for 20min, or left untreated. The samples 

were then dried overnight in a vacuum desiccator, and trimmed into rectangular strips 

roughly 15mm x 5mm weighing ~10mg, with the exact weight being recorded before 
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being placed into a solution containing 10U collagenase/mg of sample. Removal, rinsing 

and subsequent drying showed the amount of mass lost after various times of incubation 

(Figure 4.1).  

As expected, glutaraldehyde reduces the degradability of the collagen sections. 

Variations in the crosslinking density and type of crosslinker used also have an impact on 

how much weight is lost per sample, with highly crosslinked (2.5% GA for 1h) only 

losing 1.9% after 96h, moderate crosslinking (2.5% GA for 20min) losing 2.1%, and low 

crosslinked (0.625% GA for 20min) samples losing 4.3% of their initial weight, while 

non-crosslinked samples lost 33.5% of their initial weight. The collagenase in solution 

was not replenished during the degradation experiments, which may have led to reduced 

activity over time; however, the continued degradation of the non-crosslinked sample 

indicates that some enzymatic activity remained. 

 

 
Figure 4.1: Mass remaining in Bioskiving scaffolds following bacterial collagenase 
degradation. (n=4) * = P-value < 0.05. 
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4.2.2 Mechanical properties 

Loss of mass indicates that there are sections of collagen that are being removed 

from the sample, however crosslinked samples may have collagen fibrils that are cleaved 

yet remain attached to the scaffold via crosslinks. This would not affect the weight; 

however it could have a substantial impact on the mechanical properties. Mechanical 

analysis showed this to be a likely scenario as the ultimate tensile strength of GA-

crosslinked samples was significantly reduced following extended periods of collagenase 

degradation (Figure 4.2). The ultimate tensile strength of maximally crosslinked GA 

scaffolds reduced by nearly half of the initial value following 96 h of degradation, 

whereas the already low mechanical properties of the non-crosslinked samples reduced 

further, much more rapidly. Interestingly, a significant difference in tensile strength was 

observed for all GA-crosslinked samples despite only a minimal change in sample 

weight. Maintenance of mechanical properties following degradation would be an 

important factor to consider, specifically for load-bearing applications like tendon or 

ligament repair. 

 
Figure 4.2: Ultimate tensile strength of Bioskiving scaffolds following bacterial 
collagenase degradation. (n=4) All values statistically significant (P-value < 0.05) except 
GA low vs NC at 96h indicated N.S. 
 



Chapter 4.  59 

 
4.2.3 Fiber morphology 

As growth guidance cues are an important aspect of this material, maintenance of 

fiber morphology will be important to consider. SEM analysis of samples can indicate the 

status of the fibers following collagenase degradation. Figure 4.3 shows the morphology 

of samples prior to crosslinking, and after 24 and 96 h of crosslinking. 

Fiber structure can clearly be seen in the non-crosslinked samples, and the 

maximally crosslinked samples (i.e. 2.5% GA for 1 h). After 24 h, most of the surface 

structure in the non-crosslinked samples is gone while after 96 h, the surface is largely 

flat with little to no definition. The GA-crosslinked samples however retain well-defined 

fiber structures for 24 h, along with some fiber structure after 96 h. The fibers in the GA-

crosslinked samples after 96 h have been degraded to some degree, appearing similar to 

the fibers in the non-crosslinked 24 h samples. Some peaks and valleys are still 

observable, as are more macroscopic aligned topographies. The remaining ability of these 

features to guide cell growth, however, would have to be evaluated independently.   

The rapid loss of the collagen fiber structure in the non-crosslinked samples 

compared to the GA-crosslinked samples verifies the results of the previous experiments. 

All three experiments indicate that a scaffold designed to influence cell growth for 

prolonged periods of time may require some degree of crosslinking to retain this ability. 

The results presented here indicate that loss of fiber structure occurs rapidly; however, in 

vivo it is likely that numerous cells will interact with these features prior to their 

degradation. These cells themselves may become aligned, which could further act as a 

template for cell alignment, providing topographical cues beyond the life of the scaffold. 

For example, this type of secondary alignment guidance has been demonstrated with 

neurons following morphologies based on a Schwann cell template201. 
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Figure 4.3: Scanning electron micrographs of: A) non-crosslinked samples prior to 
collagenase degradation, B) after 24 h, C) after 96 h and D) GA-crosslinked samples 
prior to degradation, E) after 24 h, F) after 96 h. 

 

4.3 HEMOCOMPATIBILITY OF THE TENDON-DERIVED SECTIONS 

Collagen has been used in numerous biomedical applications; however one of its 

limitations is its propensity to induce blood clotting, one of collagen’s physiological 

roles.  Blood vessel walls comprise a large percentage of collagen fibers; if there is 

damage to the endothelial layer lining the lumen of a blood vessel, the collagen is 

exposed to platelets and other plasma proteins which induce platelet aggregation, 

activation and formation of thrombi. This could be particularly detrimental for a tissue 

engineering application where platelets are likely to encounter the material (e.g. a 

vascular graft or tissue engineered blood vessel). 

Platelets are believed to interact with collagen through several receptors: integrin 

α2β1, specific for certain amino acid residues in the α1 chain of collagen202, glycoprotein 

VI203, which likely interacts via glycine-proline-hydroxyproline motifs204, and 
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glycoprotein Ib and integrin αIIbβ3, which interact with collagen indirectly through von 

Willebrand factor (vWF)205,206. Integrin α2β1 is directly involved in platelet adherence to 

collagen, while glycoprotein VI activates platelets. Glycoprotein Ib and integrin αIIbβ3 

on the other hand are important for vWF-mediated adhesion in high shear situations such 

as those found in small diameter arteries and arterioles205.  

 

4.3.1 Heparin conjugation 

The multiplicity of ways through which platelets bind to collagen and activate 

presents a large challenge to finding a method of making collagen hemocompatible. One 

method that has been reported for collagen is through the covalent conjugation of 

heparin207,208, a process that has reported both decreased adhesion and activation209, and 

contradictorily, increased adhesion210. Commonly, EDC/NHS is used to crosslink the 

carboxylic acid groups of the heparin to the free primary amine groups in the tendon.  

 

 
Figure 4.4: Free primary amine content in non-crosslinked and crosslinked Bioskiving 
samples as measured using trinitrobenzene sulfonate. 
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In order to determine the potential heparin binding to the tendon sections, the free 

primary amine content of the material needed to be measured. To do this, the number of 

free primary amine was measured using trinitrobenzene sulfonate (TNBS). The results 

(Figure 4.4) indicate that non-crosslinked tendon contains 129.6µmol free primary 

amine/g of material, while samples that were crosslinked with EDC/NHS or GA in excess 

contain 79.0 and 72.3µmol/g of material, respectively. 

Collagen has a theoretical value of 151µmol free amine/g207, close to the 

129.6umol/g calculated here. The difference is likely due to the fact that tendon is not 

100% collagen. Based on these values, the tendon used here is approximately 86.1% 

collagen, nearly the reported fat-free dry weight content of tendon (86%)172,211. Using the 

difference between the non-crosslinked and EDC/NHS-crosslinked sections, the number 

of EDC-crosslinkable amine sites can be calculated: 50.6µmol/g. With this value, and 

previously reported optimal heparin/EDC/NHS crosslinking ratios (1:0.4:0.24 Hep-

COOH:EDC:NHS)207, heparin can be immobilized to the surface of the tendon. 

Successful heparin conjugation was verified with using toluidine blue212, which adheres 

and stacks in contact with polysaccharides, like heparin, producing a colorimetric change 

from blue to purple213 (Figure 4.5). The heparin-conjugated samples had an increase in 

purple color, however samples that did not contain heparin also had some purple staining, 

which makes direct quantification challenging. This is likely due to the toluidine blue 

binding to endogenous GAGs present in the tendon38. 
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Figure 4.5: Toluidine blue-stained tendon sections, crosslinked with EDC/NHS with or 
without heparin. Purple indicates binding. 
 
 

4.3.2 Platelet adhesion and activation 

Following the conjugation of heparin to single sections of the tendon-derived 

collagen, the adherence and activation of platelets was tested statically by applying 

platelet rich plasma (PRP) containing freshly-isolated human platelets to samples in a 24 

well plate. SEM analysis of the samples (Figure 4.6) revealed differences between the 

samples. On non-crosslinked and EDC/NHS crosslinked tendon samples platelets 

appeared to have a spread, branching morphology, characteristic of activated platelets. 

The total number of platelets also appeared to be slightly less on the crosslinked samples, 

however this was not quantified. On the heparin conjugated samples, a much larger 

number of platelets appeared to be adherent, however they appeared rounded, indicating 

an inactivated state. This is likely due to the different pathways through which platelets 

adhere to a surface and how they are activated, and that heparin acts as an anticoagulant 

through thrombin214 inhibition. In fact, the larger number of platelets adherent on the 
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heparin-conjugated sample may be due to plasma vWF binding to the heparin and 

mediating the adhesion215,216. 

 

 

Figure 4.6: Representative electron micrographs of platelets following a static test on A) 
non-crosslinked tendon sections, B) EDC/NHS-crosslinked sections, C) heparin-
conjugated tendon sections. 

 

The preceding results were from static administration of platelets, which may not 

accurately reproduce flow and shear stresses observed in vivo. To better reproduce these 

conditions, a microfluidic flow chamber capable of being placed over a tendon section on 

a glass slide was fabricated (Figure 4.7). A syringe pump connected to the chamber 

allowed for adjusting flow rates to approximate shear stresses platelets may experience in 

vivo (~2.3dyn/cm2 at 1ml/min).  All sample analysis was conducted with the collagen 

fibers oriented parallel to the direction of flow, as flow parallel to submicron fibers has 

been shown to reduce thrombogenicity on its own217.  
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Figure 4.7: Microfluidic flow chamber used to flow platelets over a tendon section at 
physiologically relevant flow rates. 

 

Samples treated using the same conditions as in static flow were placed into the 

chamber and platelets (1x105 platelets/ml) flowed through the chamber for 10min. The 

resulting SEM images (Figure 4.8) show that a larger number of activated platelets 

adherent to the non-crosslinked samples. Additionally, in many locations, large 

aggregates of platelets were observed, as were fibrin clots (Figure 4.9A) which were only 

observed on the non-crosslinked samples. EDC/NHS crosslinked samples had also a 

substantial number of platelets adherent on the surface which were activated to some 

degree. Heparin-conjugated samples however had relatively few adherent platelets, and 

those that were attached did not appear to be activated. Interestingly, in multiple locations 

on all three samples there appeared to be protein aggregates adherent on the tendon 

(Figure 4.8B). These features were not consistently distributed throughout the surface of 

the samples, however in several instances platelets appeared to have adhered specifically 

to these proteins, as shown in Figure 4.8B which was a platelet adherent on an EDC/NHS 
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crosslinked section. It is possible that these protein aggregates are vWF bound to the 

surface, interacting with platelets218. 

 

Figure 4.8: Representative electron micrographs of platelets following a dynamic test on 
non-crosslinked tendon sections, EDC/NHS-crosslinked sections, heparin-conjugated 
tendon sections at high and low magnification. 
 

Overall, these results confirm that tendon-derived sections are thrombogenic, as 

collagen is known to be. However, covalent conjugation of heparin to the surface, 

through EDC/NHS crosslinking has the ability to reduce platelet adherence on the surface 

and to reduce the activation of those that do adhere when under physiologically-relevant 

conditions. The difference between the results of the heparinized samples in the dynamic 

experiments and the static experiments is likely due to how the platelets interacted with 

the heparinized surface. In the static experiments the platelets likely settled and were 

bound to the surface of the tendon, whereas in the dynamic experiments the platelets 

would have had to roll along the surface and undergone a shape change219. Furthermore, 

heparinized surfaces have been shown to increase the rolling velocity of platelets220, 
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which likely affects their interaction time with other factors such as vWF, in the dynamic 

case.  

 

 

Figure 4.9: Electron micrographs of: A) a red blood cell trapped in a fibrin clot adherent 
to a non-crosslinked tendon section following dynamic flow. B) Protein aggregates, 
possibly vWF, interacting with a platelet on an EDC/NHS crosslinked tendon section. 
 

Alternative methods of reducing the thrombogenicity of the tendon-derived 

material also exist, such as the endothelialization of the luminal surface221. Preliminary 

experiments show that human vascular endothelial cells (hUVEC) grow well and display 

a continuous, polygonal cobblestone-like morphology (Figure 4.10A), desired in 

endothelialization222. HUVECS could also be combined with other cell types, such as 

smooth muscle cells (SMC) (Figure 4.10B), to create a more biologically-relevant graft.  
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Figure 4.10: A) Human vascular endothelial cells, and B) rat vascular smooth muscle 
cells cultured on tendon sections after 5 and 3 days in culture, respectively. Red is 
phalloidin-rhodamine staining and blue DAPI staining of cell nuclei. 

 

4.4 BIOCOMPATIBILITY AND FOREIGN BODY REACTION IN RATS 

Knowing the way a material degrades in vitro can be beneficial for screening a 

variety of samples for the optimal conditions; however, there are a number of other ways 

the body could respond to an implant in addition to degradation, such as a foreign body 

reaction. A foreign body reaction is a graded response to an implanted material that the 

body does not recognize, or recognizes as detrimental. The reaction involves protein 

adsorption and encapsulation, macrophage recruitment, and potentially macrophage 

fusion to form foreign body giant cells223. These cells will attempt to phagocytize the 

foreign object, however if it is too large, the cells will isolate it via fibrotic encapsulation. 

This will ultimately affect the degradation rate, biocompatibility of the material, and 

could lead to outright failure of an implant. 
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4.4.1 Subcutaneous implantation 

To assess the biological response to tendon-derived collagen sections, we 

implanted non-crosslinked and GA-crosslinked tendon sections, along with a known 

biocompatible control (PLGA) subcutaneously into the back of male Sprague-Dawley 

rats following ASTM Designation: F1408 – 97. Samples were implanted for 1, 3, or 9 

weeks, with 6 samples per condition per time point. At the time of sacrifice, condition of 

the implant and surrounding tissue was noted, and both the implant and tissue excised. 

The excised sample was fixed in 4% paraformaldehyde, sectioned using a 

cryomicrotome, and stained with Masson’s trichrome stain. 

Figure 4.11 shows representative images of the explanted tissues. One week 

following implantation, a well-defined square shape can be observed. No significant local 

redness indicating inflammation was observed, however the vasculature surrounding the 

implant did appear to be larger. This is likely vascular dilation and initial cell infiltration 

associated with the acute and chronic inflammatory phase that occurs 1-2 weeks 

following implantation224. Again at week 3, no local tissue redness appears and the 

surrounding vasculature appears to have largely subsided. The edges of the implants are 

beginning to round over, possibly either from degradation or integration into the 

surrounding tissue.  By week 9, significant degradation had occurred in the non-

crosslinked and PLGA samples. Three out of six non-crosslinked implants were no 

longer observable, and those that remained appeared to have little integrity remaining. 

Four of six PLGA samples had formed into a round shape, ECM contracture, a result of 

myofibroblast contracture225,226. Little change was observed in the GA-crosslinked 

sample between weeks 1, 3, and 9. Macroscopic evaluation of the implants at time of 

excision suggests that non-crosslinked tendon degrades rapidly, while GA-crosslinked 

exhibit little to no degradation in the same time frame.  
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Figure 4.11: Representative photographs of subcutaneously implanted samples (Non-
crosslinked tendon, GA-crosslinked tendon, and PLGA) after 1, 3, or 9 weeks of 
implantation. Note: not all week 9 non-crosslinked samples were visible. 5mm Scale bar 
relevant for all images 
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4.4.2 Histological evaluation 

Histological evaluation of the implants at each time point (Low magnification - 

Figure 4.12, High magnification – Figure 4.13, 4.14) shows similar results. At week 1, 

the non-crosslinked samples have swollen from their initial dry thickness (200µm) to 

600-700μm (Figure 4.12A). This is likely due to hydration but also due to cell infiltration 

into and between the ends of the layers (Figure 4.13A), and between the outermost layers. 

There is also a large number of cells directly surrounding the material along with some 

loosely packed collagenous tissue. Small neovasculature (Figure 4.15A) can be seen 

developing around the perimeter of the implant.  

 

 
 
Figure 4.12: Low magnification images of Masson’s trichrome stained sections of 
implanted: non-crosslinked decellularized tendon sections (A-C), GA-crosslinked 
decellularized tendon sections (D-F), and PLGA (G-I). All scale bars are 500μm. 



Chapter 4.  72 

By week 3, the cellular response has dramatically changed. The tendon sample 

has been inundated with a large number of cells (Figure 4.12B), likely granulation tissue 

containing host fibroblasts and macrophages as part of an inflammatory response. There 

are fewer cells surrounding the tissue but many more in the sample that have grown in 

between the fibers of the individual sheets and cells can be seen growing or moving along 

the collagen fibers that are running in the plane of the image, indicating that these cells 

are likely still being influenced and oriented by the nanotopography (Figure 4.13B). 

Additionally, larger more developed vasculature can be seen growing near the implant. 

Individual sheets have largely been degraded, but some change in fiber orientation can 

still be observed between adjacent sections (Figure 4.16) and the collagenous network 

surrounding the cellular infiltration is largely dispersed. 

At week 9, the majority of the noncrosslinked samples were no longer clearly 

visible in the histological images (Figure 4.12C). The samples that had been visible at 

explant in Figure 4.11C had some dense areas of collagen present in the hypodermis 

(Figure 4.15B); however surprisingly in these areas there is no longer a large cellular 

response (Figure 4.13C). It is possible that in these cases, the tendon sections were 

completely degraded and in the process, new collagen put down using the tendon as a 

template, resulting in the visible structures — Oliver et al. observed a 60% degradation of 

collagen scaffolds within 20 weeks of implantation, accompanied by a an equal amount 

of collagen regeneration, using 3H-labelled collagen samples227. 

The GA-crosslinked samples at week 1 underwent little hydration, resulting in 

minimal separation between collagen fibers and sheets, and reduced cell infiltration 

(Figure 4.12D). The thickness of the cell layer surrounding the GA sample was greater 

and denser, and a well-defined layer 1-2 cells thick directly surrounding the implant 

(Figure 4.13D), which was absent in the non-crosslinked samples. This lack of cell 

infiltration may be desirable for applications like nerve guidance conduits where you 

would not want fibroblast infiltration into the lumen of the conduit. Interestingly, the GA-
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crosslinked sections stain red, rather than blue as is expected with a Masson’s trichrome 

stain. This is likely due to the large increase in density of the fibrils due to the 

crosslinking, as Analine Blue and Biebrich scarlet-acid fuchsin, used in Masson’s 

trichrome staining, rely on differential penetration into tissue based on the molecule size.  

Figure 4.13: High magnification images of Masson’s trichrome stained sections of 
implanted: non-crosslinked decellularized tendon sections (A-C), GA-crosslinked 
decellularized tendon sections (D-F), and PLGA (G-I). All scale bars are 50μm. 

At week 3, a large cellular response is also seen in the GA-crosslinked 

samples, along with some vascular development nearby (Figure 4.13E). However, the 

cells here are largely confined to the perimeter of the sample, and are unable to penetrate 

in between the individual sections, or within the fibers of the collagen. By week 9, the 

immediate area surrounding the implant remains highly cellular (Figure 4.12F), and it 

appears that cells begin to penetrate between sheets of the construct (Figure 4.13F). 
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Several sections contained locations with a high degree of cellular infiltration, where 

areas in immediate contact with cells stain blue as collagen is expected to (Figure 4.17). 

This is a result of the degradation of the material, reducing the density and allowing for 

typical staining.  

PLGA samples were used as known biocompatible and biodegradable control. At 

week 1, the PLGA samples had a dense cellular layer around it (Figure 4.12G) and a 1-2 

cell thick layer (Figure 4.13G) similar to the GA-crosslinked samples. At week 3, an 

increase can be seen in cell density; however no cell infiltration is seen. At week 9 the 

cellularity is decreased and confined to directly around the implant. Vasculature, some 

particularly large (Figure 4.12H), can be seen at all stages following explant.  

 

Figure 4.14: Photomicrographs of H&E stained sections explanted from non-crosslinked 
(A-C), GA-crosslinked (D-F), and PLGA (G-I) implants at weeks 1, 3, and 9. Scale = 
50μm. 
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Overall, a comparison between the three conditions indicates that the non-

crosslinked collagen is very well accepted by the body and rapidly degraded. There 

appears to be an inflammatory response, likely M2 macrophages associated with 

constructive remodeling, rather than rejection; a similar phenomenon is seen with 

decellularized dermis and small intestine77,228. Cells quickly infiltrate and degrade the 

material, and if in direct contact with the tendon may be guided by the material for at 

least 3 weeks. By week 9, the non-crosslinked sample has been degraded to the point 

where it is difficult to identify histologically, and no longer elicits a cellular response. At 

this point, the material would provide little to no mechanical strength or 

nanotopographical guidance cues. The GA-crosslinked implant and the PLGA implant 

appear to elicit similar reactions characterized by inflammation with dense cellular tissue 

at weeks 1 and 3, neither of which penetrates significantly into the material. At week 9, 

the cellular response and inflammation have largely subsided and are isolated to the area 

directly surrounding the implant, as the materials enter a state of biological tolerance 

following the inflammatory response. 

 

 

Figure 4.15: Histological sections showing A) neovasculature development at week 1 
near a non-crosslinked implant and B) the likely remnants of non-crosslinked implant 
following explant at week 9. 
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Additionally, the GA-crosslinked samples did not present with any overt signs of 

toxicity or necrosis to the surrounding tissue. The high level of cellularity surrounding the 

implant at week 3 may indicate that the GA breakdown byproducts are not too 

detrimental as to prohibit cell growth in in immediate area; however they may have an 

effect on the cell type which remains to be analyzed. These data indicate that the non-

crosslinked tendon samples are biocompatible and biodegradable, as they undergo 

integration followed by resorption.  The GA-crosslinked samples elicit a similar response 

to PLGA. These implants appear to elicit some degree of a foreign body response. 

Primary evidence of this is the one- to two-cell layer that surrounds the latter samples, 

indicating a foreign body reaction223.  

 

 
Figure 4.16: Photomicrograph of an H&E stained non-crosslinked sample at Week 3 
post-implantation. A change in collagen fiber orientation is still visible (as marked by the 
arrows) despite significant cell infiltration. 
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These results are consistent with previous reports of acellular dermal scaffolds 

exhibiting a lack of long term inflammation when implanted subcutaneously; and GA 

crosslinked scaffolds exhibiting a slight response229–232. The reported amount of 

degradation in decellularized ECM scaffolds also varies greatly, with complete 

degradation occurring in scaffolds without crosslinking in 50 days and 0-15% 

degradation in glutaraldehyde crosslinked 227,232, some absorption after 20 weeks for 

Permacol scaffolds233, and 28 days for Alloderm234.  

 

 
Figure 4.17: Photomicrograph of a Masson’s trichrome stained GA-crosslinked implant 
at week 9 showing degradation and change in staining color. Scale = 50μm. 

 

4.4.3 Implant encapsulation 

As a quantitative assessment of these results the thickness of the inflammatory 

capsule surrounding each implant was measured. The inflammatory capsule was defined 

as the area between the implant and the area that returns to normal, extracellular matrix, 
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and contains granulation tissue primarily comprised of blood vessels, fibroblasts and 

immune cells. Figure 4.18 shows the thickness of each capsule. Initially there was a high 

degree of cell growth and encapsulation at week 1 for all samples. Over time the degree 

of encapsulation decreased for all samples, disappearing for the non-crosslinked samples 

as they were nearly completely degraded.  

With many implants you would expect the capsule thickness to increase over time 

and change composition as the granulation tissue is replaced with fibrotic tissue 

(collagen), particularly for non-biodegradable samples, as the body attempts to wall off 

the implant. That is not observed here as the inflammatory capsule appears to resolve 

itself over time. This is most likely due to the xenogeneic collagen eliciting some 

immune response that then abates as acute and chronic inflammatory responses subside. 

This phenomenon has been observed previously with xenogeneic collagen, including 

bovine dermal collagen235,236.  

 

 
Figure 4.18:  Inflammatory capsule thickness of non-crosslinked, GA-crosslinked and 
PLGA samples at 1, 3, and 9 weeks post implantation. * = p < 0.05 
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4.4.4 Cell number  

The number of cells surrounding each implant was also quantified to elucidate the 

biological response. Four random locations around each implant were imaged on H&E 

stained sections, and the number of cells in the area from the implant to the edge of one 

field of view at 400x magnification (350μm) counted. Analysis of cell number correlates 

with the phenomena described in the histological images.  

Initially there are a large number of cells surrounding the non-crosslinked 

implant. This number then decreases as the cells infiltrate the scaffold, and finally 

decreases further as the samples near complete degradation. A similar trend is seen with 

the GA-crosslinked samples; however, the decline in cell number is not as precipitous as 

the implant is not completely degraded but the inflammatory response has decreased by 

this point. Interestingly, the number of cells around the PLGA sample is initially the 

lowest yet remains relatively constant over the 9 weeks of implantation. This is likely due 

to a reduced degree of antigen-induced inflammation initially, but a constant number of 

cells present to surround and degrade the material. 

 
Figure 4.19: Average cells per high powered field (HPF) (400x) extending from the edge 
of the implant out 0-350μm away. No statistical difference was observed between 
samples at 1 week, 3 weeks or 9 weeks. 
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4.4.5 Sample morphology 

As one of the anticipated applications for this material is the guidance of cellular 

growth, the degradation of the material would clearly impact its potential to achieve this. 

The non-crosslinked samples appear to degrade most rapidly, yet there still appears to be 

some guidance of the cells at week 3, indicating there is likely still some structure. 

Therefore, the morphological features of the collagen fibrils at each time point of 

excision were assessed.  

A piece of each sample that had not been sectioned was separated from the 

surrounding tissue capsule through tweezing and blunt dissection to remove any fibrous 

outer layers. These samples were dehydrated in graded ethanol followed by 

hexamethyldisilazane (HMDS), sputter coated with Pt-Pd and imaged using SEM. As 

these samples were not post-fixed with osmium tetroxide, it is likely many of the cellular 

components that would have been adherent to the surface were removed and not imaged. 

Figure 4.20 shows the electron micrographs of the explants prior to implantation and at 

each time point following excision.  

In the non-crosslinked samples you can see a high degree of alignment in the 

collagen fibers prior to implantation, while at week 1 many of the fibers are disrupted, 

but still identifiable, with some areas containing disarrayed collagen fibrils. At week 3 

little to no fiber architecture can be seen and the entire surface appears to be a tangled 

network of fibers. Following week 9, the samples that were able to be identified and 

separated, displayed no fiber structure or alignment or fibril structure. At week 9 

however, bundles of collagen fibers containing aligned fibrils can be seen again, however 

the overall fiber architecture is disorganized and a likely a result of resorption and 

redeposition of host collagen.  

In contrast, highly aligned collagen fibers and fibrils can be seen prior to 

implantation and at weeks 1 and 3 within the GA-crosslinked sample. At week 9, some of 
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the fiber morphology is lost but a large number of collagen fibers are still identifiable. 

The PLGA samples show development of pores in the surface at week 1 and 3 and large 

surface degradation by week 9. 

 

Figure 4.20:  Electron micrographs of the surface of implants prior to implantation and at 
weeks 1, 3, and 9 following excision of A) Non-crosslinked, B) GA-crosslinked, and C) 
PLGA.   
 

4.5 SUMMARY 

This work demonstrates the biological properties of the material and gives 

researchers’ insight into the potential biological responses and the ability to predict the 

behavior in different potential applications. One consideration in evaluating the material 

is that applications may require a specific degradation rate to correspond to variations in 

tissue regeneration and host response. In vitro degradation experiments show the rate can 

be tuned through crosslinking, extending the lifetime of the material. A second factor that 

must be accounted for is collagen’s propensity to induce thrombosis. Modifications can 

be made to the material through covalent heparin conjugation that will reduce this 
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property as demonstrated through platelet adhesion and activation experiments. Lastly the 

in vivo response of the material was tested, as material that induced a large foreign body 

reaction and significant fibrotic encapsulation would have a detrimental impact on tissue 

engineering applications. These experiments demonstrated that the tendon material 

derived through Bioskiving is biocompatible, biodegradable and can be crosslinked to 

maintain surface features for extended periods of time in vivo. Although implantation 

does result in some inflammation and granulation tissue development, these issues 

resolve themselves following the chronic inflammatory response. Additionally, it may be 

possible to take advantage of the large number of blood vessels that develop in the 

granulation tissue to supply nutrients for future tissue engineering applications. 

 

4.6 MATERIALS AND METHODS 
 

4.6.1 Tendon-derived section degradation in vitro 

4.6.1.1 Scaffold fabrication 

Tendon sections were fabricated as described in Chapter 2 and 3, comprised of 10 

layers of decellularized tendon oriented 90° in adjacent layers.  These sections were 

crosslinked in GA at concentrations of 0.625% and 2.5% for 20min and 2.5% for 1h, as 

previously described. Non-crosslinked and GA-crosslinked samples were then dried 

overnight in a vacuum desiccator. The square samples were then cut into equal 

rectangular strips weighing 10-12mg and roughly 20x5mm in size. 

 

4.6.1.2 Collagenase degradation 

Samples were accurately weighed and the weights recorded. Each sample was 

placed into a 24 well plate and 0.5ml 0.1M Tris-HCl with 0.005M CaCl2 (pH 7.4) added 

to hydrate the samples for 20min. To this 0.5ml of a collagenase solutions containing 
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2mg/ml collagenase (Clostridium histolyticum (125CDU/mg), Sigma) in the same Tris-

HCl buffer. This resulted in a final concentration of 1mg/ml collagenase or roughly 10-

12CDU/mg of sample. These plates were placed into a humidified incubator at 37°C and 

5% CO2 on a shaker at 80rpm. The samples were digested for 8, 24, 48 or 96h before 

being removed from the incubator, rinsed 3 times in diH2O and dried for 24h in a 

vacuum desiccator. The samples were then reweighed and percent mass remaining 

calculated. 

 

4.6.1.3 Mechanical testing 

Each sample was rehydrated in PBS and tested under uniaxial tension at a rate of 

5%/min on a mechanical testing apparatus (Instron, Norwood, MA) with a 1000N load 

cell until failure. Ultimate tensile strength was calculated from the load vs extension data 

based on initial sample geometries. 

 

4.6.1.4 SEM analysis 

A small piece was trimmed from the end of each tendon sample and dehydrated 

using graded ethanol followed by HMDS. The samples were then placed on stub mounts 

and sputter coated with 3nm Pt:Pd 80:20 using a Cressington 208HR Sputter-coater 

(Cressington Scientific, Watford, Hertfordshire, UK) to a thickness of 3nm and imaged 

using a Zeiss Ultra-55 Scanning Electron Microscope (Zeiss, Oberkochen, Germany).  

 

4.6.1.5 Statistics 

Ultimate tensile strength (UTS) was determined as the maximum stress of each 

sample’s stress-strain curve. All values reported as mean ± standard error and a sample 

size of n=4 was used for all conditions. Differences in UTS and modulus were analyzed 
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by analysis of variance (ANOVA) with post hoc Tukey’s testing using IBM SPSS 

software (IBM, Armonk, NY). 

 

4.6.2 Hemocompatibility of the tendon-derived sections 
 

4.6.2.1 Sample preparation and heparin conjugation 

Tendon sections were decellularized as previously described and sectioned at 

20μm thick and placed onto Superfrost Plus slides (Fisher Scientific, Waltham, MA). The 

sections were allowed to dry, rinsed 3 times with diH2O. The samples were then 

crosslinked with EDC/NHS or a heparin containing solution. EDC/NHS crosslinked 

samples were crosslinked as previously described. Heparin concentrations were 

calculated based on the free amine content calculated in 3.3.1, assuming 18.75mol 

COOH/mol heparin207, 50μmol EDC-crosslinkable NH2/g collagen, and an average 

molecular weight of 18,000 Da for heparin sodium salt isolated from porcine mucosa as 

reported by the manufacturer (Sigma). A 20-fold molar excess of Heprain-COOH to 

Collagen-NH2 was used and 1:0.4:0.24 molar ratio of Heparin-COOH:EDC: NHS. Each 

tendon sample cut from the same block weighed ~10mg dry. Heparin, EDC, and NHS 

were combined in 1ml MES buffer and stirred for 15min covered from light to activate, 

prior to being added to a tendon section. The samples were reacted for 3h at room 

temperature covered rom light, rinsed in 0.1M sodium phosphate dibasic for 1h and 

rinsed 3 times with diH2O before being placed into the diffusion chamber for testing. 

 

4.6.2.2 Amine content (TNBS) assay 

Primary amine content in the tendon-derived samples was measured using a 

TNBS (2, 4, 6-trinitrobenzenesulfonic acid) assay. Tendon samples were dehydrated 

overnight and a 2mg placed into a vial to which 1ml of 4% sodium bicarbonate and 1ml 
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of 0.5% TNBS in diH2O was added. This solution was heated to 40°C for 2h, after which 

3ml of 6M hydrochloric acid was added and the solution heated to 60°C for 90min. This 

was diluted with 5ml of diH2O and the absorbance measured at 345nm. A standard curve 

was created using glycine and the primary amine content determined. 

 

4.6.2.4 Flow chamber fabrication  

Photolithography-etched silicon wafers were generously provided by Dr. Lorenzo 

Tozzi and used as a mold to create the flow chambers out of polydimethylsiloxane 

(PDMS) (Sylgard 184, Dow Corning, Midland, MI). The central portion of each chamber 

was 8mm wide and 200μm in height. PDMS prepolymer was mixed well at a 10:1 ratio 

with the curing agent, cast onto the mold, placed under vacuum to clear bubbles, and 

cured in a 100°C vacuum oven for 2h. After, the PDMS was removed and could then be 

secured to the tendon-containing slides using clips. 

 

4.6.2.5 Activation and adhesion experiment 

Whole blood was centrifuged at 250g for 15min at room temperature to obtain 

platelet rich plasma. CMFDA (Invitrogen) was added to a final concentration of 5μm and 

allowed to incubate for 1h at 37°C.  

For static experiments, blood was prepared by centrifugation at 1200 rpm for 10 

min at room temperature to obtain platelet rich plasma (PRP). Prostaglandin I2 (PGI2) 

and CMFDA (Invitrogen) was added to a final concentration of 5μm and allowed to 

incubate for 45min at 37°C. The PRP was then centrifuged at 3000rpm for 15min and the 

plasma resuspended in a Tyrode’s/BSA solution. The platelets were counted using 

fluorescence activated cell sorting and the concentration adjusted to 1x105 cells/ml. For 

dynamic experiments the red blood cells were washed 5 times in PBS at 1200rpm for 10 

min and re-added to the PRP before being resuspended. 
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Each chamber (2 non-crosslinked, 2 EDC/NHS crosslinked, 2 Heparin 

crosslinked) were placed in an incubator and attached to a multichannel syringe pump. 

The labelled blood was flown through the chamber at 1ml/min for 15min. After which, 

10ml PBS was flown through the chamber to remove any non-adherent platelets. The 

samples were then visualized under a fluorescence microscope. After imaging, the 

samples were fixed with 2.5% GA for 1h, washed 3 times in 0.1M phosphate buffer, and 

fixed in 1% osmium tetroxide in 0.1M phosphate buffer for 1h. The samples were then 

dehydrated in graded ethanol (50% 2x5min, 70% 2x5min, 80% 3x5min, 90% 3x10min, 

95% 3x10min and 100% 3x10min), before being incubated in HMDS for 3min. 

 

4.6.2.6 SEM analysis 

Dehydrated samples were placed on stub mounts and sputter coated with 3nm 

Pt:Pd 80:20 using a Cressington 208HR Sputter-coater (Cressington Scientific, Watford, 

Hertfordshire, UK) to a thickness of 3nm and imaged using a Zeiss Ultra-55 Scanning 

Electron Microscope (Zeiss, Oberkochen, Germany). Representative images of the 

surface and adherent platelets were taken. 

 

4.6.3 Biocompatibility and foreign body response 
 

4.6.3.1 Sample fabrication 

Tendon samples were decellularized and sectioned as previously described. Non-

crosslinked sections were created from 10, 50μm thick sections with each section 

oriented 90° to each other. GA-crosslinked samples were crosslinked in 2.5% GA for 1h.  

Poly(lactic-co-glycolide) (75:25, MW:76,000-115,000)  (PLGA) samples were fabricated 

by dissolving the PLGA in acetone at 100mg/ml on a shaker overnight. Once dissolved it 

was cast in a glass petri dish and placed into a fume hood for 3 days to evaporate. It was 
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then placed into a vacuum oven at room temperature overnight to remove any residual 

solvent. The resulting film was 0.2mm thick.   

Each sample (non-crosslinked, GA-crosslinked, PLGA) was cut into 5 x 5mm 

squares and immersed in ethanol for 1h followed by 1h under the UV light in a tissue 

culture hood to sterilize them. The samples were then placed into autoclaved glass vials 

until implantation. 

 

4.6.3.2 Subcutaneous implantation surgical procedure and explant 

The research protocol was approved and in compliance with Tufts University’s 

Institutional Animal Care and Use Committee (IACUC, protocol # M2013-58) in 

accordance with the Office of Laboratory Animal Welfare (OLAW) at the National 

Institutes of Health (NIH). Two samples were implanted into the back above the left and 

right hind flank of each animal. The implantation procedure was as follows: Each animal 

was weighed and anesthetized via 2-3% isoflurane inhalation and appropriate analgesics 

provided. The surgical area was shaved and cleaned and a surgical drape is placed onto 

the animal with a hole cut to expose the surgery site. Two, 1 cm incisions were made 

through the skin on the upper back above the right and left hind legs. One implant was 

placed into each wound site and the skin closed with 4-0 vicryl sutures in a running 

subcuticular manner. The animals were allowed to recover and wound healing monitored 

daily until completely healed. There were no complications with any of the surgeries. 

At 1, 3, or 9 weeks the animals were sacrificed and the implant and surrounding 

tissue excised, noting tissue condition and any inflammation. The samples were placed 

into freshly prepared paraformaldehyde for 1h, and then rinsed in PBS. 
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4.6.3.3 Histology and staining 

Excised samples and surrounding tissue were placed in a 30% sucrose solution for 

2 days. They were then cut in half and one half placed in OCT for 1h at room 

temperature. These blocks were then snap frozen on dry ice and stored at -20°C until 

sectioning. The blocks were sectioned at 6μm thick and the sections placed on Superfrost 

Plus slides. The slides were dried at room temperature overnight and then frozen until 

staining. The sections were stained with hematoxylin and eosin, or Masson’s trichrome 

stain using the manufacturer’s protocol (HT15, Sigma). The slides were then mounted 

with DPX mounting media (Sigma) and cover slipped. Images of the sections were taken 

with 4x and 40x objectives using a Keyence BZX fluorescence microscope. 

 

4.6.3.4 Capsule thickness and cell density measurement 

Tissue capsule thickness was measured by imaging four random locations around 

the outside of the implant. The capsule was defined as the area between the implant and 

the surrounding material until it returned to normal ECM structure appearance. At each of 

these locations, four measurements were taken using ImageJ. The average capsule 

thickness was calculated for each of the sections and implants.  

Cell number was measured by counting the total number of cells in a 250 x 

250μm area extending out from the implant. The total number of cells was measured at 

four locations per sample and averages calculated for each implant and implant material. 

 

4.6.3.5 SEM analysis 

The sections that were not used for sectioning were imaged using a scanning 

electron microscope. The implant was removed from excised tissue using forceps and 

blunt dissection. In samples that were highly integrated with the tissue care was taken to 

avoid disrupting the structure as much as possible. The samples were dehydrated using 
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graded ethanol followed by HMDS, placed on stub mounts, and sputter coated with 3nm 

Pt:Pd 80:20 using a Cressington 208HR Sputter-coater (Cressington Scientific, Watford, 

Hertfordshire, UK) to a thickness of 3nm and imaged using a Zeiss Ultra-55 Scanning 

Electron Microscope (Zeiss, Oberkochen, Germany). Representative images of the 

surface were taken. 

 

4.6.3.6 Statistics 

Differences in capsule thickness and cell number were analyzed for statistical 

significance by performing a two-way Student’s t-test assuming an equal variance with 

an α-value of 0.05. A p-value <0.05 was determined to be statistically significant. 
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Chapter 5.  
 
Tendon-derived Conduits for Nerve 
Regeneration 

 
 
5.1 INTRODUCTION 

5.1.1 Peripheral nerve injuries 

Peripheral nervous system (PNS) injuries result in a decreased quality of life due 

to factors such as neuropathic pain and oftentimes reduced mobility237. Complete nerve 

transections are a major problem, and on average there are 200,000 incidences every year 

that require surgical intervention in the United States alone238. Peripheral nerve damage is 

often the result of traumatic injury, such as motor vehicle crashes, burns, explosive 

injuries, and can be a complication of some surgical procedures. These injuries will often 

result in a significant loss of nervous tissue, or may elicit a pathophysiological response 

in the damaged nerve including axonal loss, and demyelination239. Early treatment of the 

damage has been shown to be optimal for achieving functional restoration, however this 

is not always possible due to compounding issues such as significant damage to the 

surrounding tissues240.  

In order to fully understand the challenges presented by nerve injury a basic 

understanding of the structure and function of nerves, as well as the regenerative process 

that occurs is important. Peripheral nerves in general can be divided into three main 

categories, those that contain: motor neurons, sensory neurons or a mixture of neurons. 
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As their name suggests, motor neurons are efferent neurons that signal from the spine to 

muscles to elicit contraction, while sensory neurons transmit impulses relaying sensory 

information to the central nervous system241. Both sensory and motor neurons contain 

additional subclassifications and can be linked in more complex circuits within the body 

but that is beyond the scope of this discussion. What is important to note is that there is a 

difference in function, as support cells (e.g. Schwann cells), can retain a preferential 

specialization associated with one type or the other242. Similarly, some experiments have 

shown preferential regeneration or differences in increased speed or distance for motor vs 

sensory regeneration242–247. Explanations for the differences seen include the support 

cells, as well as differences in location of the cell body origin along the spine242,248. 

However, other studies have suggested equal regeneration of motor and sensory neurons 

under equal conditions249. Clinically this is of importance as motor vs sensory graft use 

for repair of mixed nerves has been shown to elicit preferential regeneration towards the 

graft type250, and selection of auto- or allograft donor location must be considered. 

Independent of nerve type, the general regenerative process of the axons is 

similar.  Following injury, the nerve undergoes Wallerian degeneration where axoplasmic 

microtubules and neurofilaments undergo proteolytic breakdown. In the days following 

injury axons in the distal stump are broken down, macrophages infiltrate the damaged 

area, and Schwann cells alter their morphology and proliferate. The Schwann cells will 

reorganize to form longitudinal bands of Bungner, and nerve fibers proximal to the injury 

will sprout daughter axons. These axons will regenerate along the Schwann cells, and in 

the process, separate into many small fascicles. Axons that successfully reach their target 

will mature in response to growth factors at the target and while those that did not will be 

withdrawn or form neuromas150,251,252. This regenerative process is illustrated in Figure 

5.1 in the case of a nerve guidance conduit used for repair.  
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Figure 5.1: Illustration of the phases of nerve regeneration in a nerve guidance conduit. 
Reprinted from reference 150, with permission from Elsevier. 
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5.1.2 Peripheral nerve repair 

Presently, the options for clinical repair of peripheral nerves are limited. When the 

damage is small, the two ends of the nerve stump can often be sutured together end-to-

end in order to induce repair. However, this is only possible when the damaged nerve 

segment is less than several millimeters, as tension in the injured portion of nerve has 

been shown to increase scaring and impair regeneration253–255. When this is not possible 

there are a number of other options available, including the gold standard of replacing the 

damaged portion with a nerve autograft. A limitation of this approach is a loss of function 

at the donor site, while the repaired portion of nerve still may not achieve complete 

functional restoration. Alternatively, allografts (from both cadaveric and living-related 

donors), which can be stored for several days following harvest, can be used; however 

they suffer from related issues like donor compatibility which requires 

immunosuppression256. 

Over the past decade a number of alternative options have emerged for peripheral 

nerve repair including nerve guidance conduits (NGC). The goal of a NGC is to provide a 

pathway along which two ends of a sutured nerve stumps can regrow towards each other. 

This regrowth involves several stages (Figure 5.2) including fluid infiltration, formation 

of a fibrin matrix and migration of a variety of cell types including Schwann cells150. 

These events can be influenced greatly by the properties of the NGC, such as 

permeability, stiffness, and degradation rate 257.  

A number of nerve guidance conduits are currently available on market including 

those comprised of synthetic polymers such as PLGA, and polycaprolactone150,  as well 

as natural materials such as animal extracted collagen258,259 and silk 257,260,261 . Collagen 

NGC include the Neuroflex™ and NeuroMatrix™ from Collagen Matrix Inc and 

NeuraGen® from Integra Life Sciences, as well as  collagen nerve wraps from each of 

these companies, NeuroMend™ and NeuroWrap™, respectively. Similarly, AxoGen Inc. 
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makes a NGC from decellularized porcine small intestine submucosa (SIS), called 

AxoGuard®. These conduits have shown positive results pre-clinically262, however, 

clinically they still have limited success when repairing defects greater than 3cm150,263,264, 

leaving room for improvement. 

 

 

Figure 5.2: Images of various guidance features incorporated into NGC, adapted from 
references: 265, 266, 267, 268, 269, 269 from left to right, top to bottom, respectively, with 
permissions from Elsevier, John Wiley & Sons, Inc., and under CC 4.0. Scale bars are 
200μm, 1mm, 1mm, 500μm, 10μm and 10μm from left to right. 

 

Of these approved NGC, one feature they are notably lacking is intraluminal 

guidance, which many nerve repair products in development make use of. These 

guidance strategies include both chemical and physical structures that serve to 

preferentially induce directional growth. Physical features include incorporation of 

structures such as intraluminal channels265, grooves269, sponges266, fibers270, and  

electrospun mats271 in order to provide nanotopographical cues which guide directional 

growth along their length272. Alignment along such structures has been demonstrated 
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along features from 200nm up to a few hundred microns272. Several examples of conduits 

containing these features are shown in Figure 5.2.  

Chemical cue addition has included the use of neurotrophic growth factors like: 

nerve growth factor273,274, ciliary neurotrophic factor275,276, glial cell line-derived 

neurotrophic factor277,278, as well as vascular endothelial growth factor279 in various 

spatial (e.g. gradients) and temporal (e.g. controlled release) arrangements. One 

interesting alternative to the use of native growth factors that is being developed are 

biomimetic small molecules that bind the endogenous receptors and elicit the same 

result252,280–282. 

Overall, these conduits along with the various physical and chemical 

modifications have served to increase options for promoting nerve regeneration, however 

none have been able to surpass autografts and achieve widespread adoption. Using the 

Bioskiving process, tubular conduits for use in such applications, comprised of tendon-

derived collagen can be created with the potential to improve these options. The collagen 

in the tendon sections within these conduits will retain the highly aligned native collagen 

fiber structure4,144. The goal of the work was to evaluate the suitability of collagen 

sections created through our fabrication process for neuronal applications such as NGCs.  

As such we assay the growth of nerves, or nerve-related cell types at increasing 

complexities, verifying the growth. 

 
5.2 IN VITRO GROWTH OF NEURONAL CELLS ON THE TENDON SECTIONS 

The growth of Schwann cells, along with their adhesion and proliferation is 

important as they are an integral part of the peripheral nerve repair process272. In a 

healthy nerve they primarily serve to ensheath and myelinate nerves, however when the 

nerve is damaged they undergo a phenotypic switch to a regenerative state, acting in a 

neurotrophic role283. Once the nerve is damaged, and following fluid infiltration, 

Schwann cells will migrate from the proximal and distal stumps, proliferating and 
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forming glial Bands of Büngner252. It is this process that the nanotopography of the 

tendon sections should align, and ideally, promote proliferation; therefore the growth of 

Schwann cells on the material was assessed.    

 

5.2.1 Schwann cell growth and alignment  

Initially, Schwann cells were cultured on tendon sections, collagen gel, and 

standard tissue culture polystyrene (TCPS). Cells were seeded onto tendon sections, 

collagen and TCPS wells, along with each substrate coated with PDL. The adhesion was 

measured after cells had incubated on the substrate for 0.5 hours, 1 hour and 2 hours 

(Figure 5.3A). At all time points, Schwann cells displayed the greatest adhesion on the 

PDL-coated TCPS while uncoated tendon and collagen displayed the least cell adhesion 

at 0.5 hours. The addition of PDL served to restore the adhesion at both time points when 

compared to both TCPS and PDL TCPS. After 2h hours of incubation, collagen showed 

greater adhesion compared to tendon, however at no time point was there any statistically 

significant difference between PDL-coated tendon and PDL-coated collagen.  In the 

proliferation assays (Figure 5.3B), a 1 hour incubation time was used prior to washing 

non-adherent cells and adding media to prevent non-adherent cells from being washed off 

of the tendon substrates. One day following cell seeding, no significant difference was 

seen between any conditions, however for the rest of the days the PDL coated tendon and 

TCPS had a greater number of cells, indicating increased proliferation. On day 10, PDL 

tendon and PDL TCPS had a greater number of cells than all other substrates, while the 

tendon and TCPS had a greater number of cells than the PDL and the PDL-coated 

collagen.  

The growth of Schwann cells, along with their adhesion and proliferation are 

important as they are an integral part of the peripheral nerve repair process 272. At several 

of the time periods observed, collagen and tendon substrates had reduced adhesion 
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compared to the synthetic TCPS. The addition of positively charged PDL was able to 

increase adhesion of all substrates at each of the time points, including increasing the 

adhesion of Schwann cells on tendon and collagen to comparable levels with TCPS 

(Figure 5.3A).  This is most likely a result of the positively charged PDL increasing the 

adhesion of the Schwann cells through a charge interaction 284,285.   

Schwann cells cultured on each substrate were then stained using rhodamine-

phalloidin to show actin, elucidating cellular structure. Differing morphologies were seen 

on each of these substrates. Cells on TCPS and Collagen displayed more spreading with 

no particular orientation of the actin cytoskeleton (Figure 5.4A,B), while cells cultured on 

tendon displayed a more condensed and elongated morphology with a distinct orientation 

following the direction of the tendon’s collagen fibers (Figure 5.4C). No obvious 

differences in morphology were seen between each substrate and the equivalent substrate 

coated with PDL (Figure 5.4D-F). Any differences in perceived cell density in images in 

Figure 5.4 are a result of attempting to obtain clear, representative images of the 

cytoskeleton rather than a reflection of actual cell density. Alignment of Schwann cells 

has been shown to upregulate markers of myelination and down regulate neurotrophin 

and neurotrophic receptors associated with an immature Schwann cell phenotype 286. 

Aligned Schwann cells, in the form of bands of Bünger, are also a crucial step during 

regrowth of axons in nerve repair following Wallerian degeneration286,287. 
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Figure 5.3: A) Adhesion of Schwann cells on tendon, collagen or TCPS, along with each 
substrate coated with PDL; Measured via AlamarBlue assay after cells are incubated on 
the surface for 0.5h, 1h and 2h before having non-adherent cells washed off. No 
difference is seen in adhesion after 1h of incubation. Statistical significant of p<0.05 
indicated by * and p<0.005 by **. B) Proliferation rate (via AlamarBlue assay) of 
Schwann cells on the same culture surfaces measured at 1, 4, 7 and 10 days. An initial 
incubation period of 1h was used. Detailed statistical differences can be found in 69; PDL 
tendon and PDL TCPS are statistically greater than other substrates at days 7 and 10. 
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Figure 5.4: Fluorescence images of Schwann cells cultured for 1 day on: A) TCPS, B) 
collagen gel, C) tendon, D) PDL-coated TCPS, E) PDL-coated collagen, F) PDL-coated 
tendon. Cells orient along collagen fibers with and without the PDL coating. No 
difference is seen in morphology with the PDL coating. Red is F-actin staining with 
rhodamine-phalloidin and blue is nuclei staining with DAPI. Scale bars are 50μm. 

 

5.2.2 Chick dorsal root ganglia growth and alignment 

More complex, multicellular systems such as chick dorsal root ganglia (DRG) can 

also provide insight into how a material will influence peripheral nerve regeneration. 

Therefore, DRG were explanted from embryonic day 8 chicken eggs and cultured on the 

tendon surface as well as collagen gels and TCPS. Chick DRG at from day 8 embryos 

adhere to TCPS, collagen and tendon coated with PDL. By day 3, neurite extensions can 

be seen on all substrates, with DRG on TCPS and collagen displaying round extension of 

neurites (Figure 5.5 A,B), while DRG on tendon appear to have extension in the direction 

of the tendon fibers (Figure 5.5 C). This pattern continues for DRG cultured for 5 days 

(Figure 5.5 D-F) as well as 7 days (Figure 5.5 G-I). As DRG neurite extensions grow 
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denser after being cultured for longer time periods on the tendon substrate, neurites 

appear to extend radially directly surrounding the main DRG body. Once these neurites 

reach past the direct branching they begin following the tendon fibers. This organization 

of the neurite outgrowth as demonstrated by the DRG is important in regards to 

peripheral nerve regeneration as maintenance of functional organization in the repairing 

nerve is key to prevent wrong connections at the distal end of the damaged nerve 128,288. 

 

Figure 5.5: Representative fluorescence images of chick DRG isolated at E8 and 
cultured for 3, 5 or 7 days. DRG were cultured on PDL-coated TCPS (A,D,G), PDL-
coated collagen gel (B,E,H), and PDL-coated tendon sections (C,F,I). DRG cultured on 
tendon sections extend neurites along the orientation of the collagen fibers in the tendon, 
while DRG cultured on TCPS and the collagen gel extend neurites radially. Green is anti-
β-III tubulin staining. All scale bars are 1mm. 
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Figure 5.6: Growth of DRG after culture for 3, 5 or 7 days on TCPS, collagen and 
tendon, each with PDL. A) Length in mm of the longest direction of neurite growth, in a 
straight line through the DRG body. No significant difference between substrates at 3, 5 
or 7 days. B) Aspect ratio of DRG growth indicating directional growth, where the aspect 
ratio is the length of the major axis divided by the length of the minor axis. DRG cultured 
on tendon shows much greater directional growth at all time points. Statistical 
significance of p<0.005 indicated by ** and p<0.0005 by ***. 

 

On all substrates DRG extend at similar rates (Figure 5.6A), reaching total lengths 

of 2.93±0.06mm, 3.67±0.29mm and 4.13±0.31mm by day 7 for TCPS, collagen, and 

tendon substrates, respectively. Measurement of the aspect ratio (Figure 5.6B) of DRG 

growth on the substrates shows that DRG grow in one direction preferentially on the 

tendon substrate compared to the other substrates, at all of the time points observed. The 

total area of DRG growth (Figure 5.6) was less on the tendon substrate compared to the 
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collagen gel, however this does not reflect density of the neurites, which was not 

quantified in these experiments. N=4, 7, 8 for TCPS, collagen, and tendon, respectively, 

at each time point. 

No significant difference was seen in the length of growth (Figure 5.6 A), 

between the tendon substrate, collagen substrate, or TCPS. However the greatly increased 

degree of alignment (Figure 5.6 B) observed on the tendon may be beneficial for in vivo 

nerve repair and proper connection formation. 

 

 
Figure 5.7: Measurement showing the total area of chick DRG grown for 3, 5 or 7 days. 
Neurite density was not taken into consideration. Collagen shows a greater total area of 
growth than both TCPS and tendon. Statistical significance of p<0.05 indicated by *. 

 

The radial growth, followed by the directional growth that can be seen in day 7 

DRG may be explained by the complex nature of neurite outgrowth and nerve growth 

cone extension. As discussed by Maskery289, this may be a result of differing adhesion or 

chemotactic cues. We hypothesize that neurites are initially growing on top of one 

another close to the DRG body and extend radially. Once they reach a sufficient distance 

*

* *A)
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from the DRG body, they come into contact with the tendon substrate and their direction 

of growth is influenced. The directional change caused by the tendon should also be 

noted, as growth cones have a tendency to grow in a uniformly straight path on flat 

surfaces289,290. 

DRG isolated from several species, such as chicken and rat embryos have been 

used to model nerve growth for various purposes, including guiding or directing oriented 

neurite growth 291,292. Different methods of directing the growth of chick DRG have been 

used including micropatterning growth factors293, and proteins294 onto surfaces. Other 

experiments have utilized physical cues such as magnetically aligned collagen fibers292, 

Schwann-cell-mimicking topography in poly(dimethylsiloxane) 295 or electrospun fibers 
296,297. The Schwann cell-patterned conduits and electrospun poly-l-lysine conduits were 

able to achieve oriented DRG growth on the synthetic polymers, indicating that the 

orientation observed on the tendon substrates can be a result strictly from physical cues 

rather than a result of the inherent property of the collagen. However, the growth of DRG 

on electrospun poly-ε-caprolactone fibers compared to a blend of collagen and poly-ε-

caprolactone resulted in greater alignment but decreased neurite length on the collagen-

containing substrate297. This indicates that the alignment may also be influenced by some 

adhesion molecule or other binding site found on collagen. 

 

5.3 IN VIVO NERVE GROWTH IN A RAT SCIATIC NERVE DEFECT 

In vitro analysis of nerve growth may give some indicators as to whether a 

material will function as a substrate for nerve regeneration; however, the injured nerve 

environment is a complex milieu of cell, inflammatory, and neurotrophic signaling 

responses that cannot recapitulated ex vivo. As such, animal models have been developed 

that allow evaluation of a material or design’s regenerative capability. Sciatic nerve 
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injury models have been used for over a century in various forms, and have shown to be a 

relevant estimator of nerve repair298.  

The objective of this study was to determine whether tendon-derived NGC 

created using Bioskiving will promote nerve regeneration in vivo, in a rat sciatic nerve 

defect model, and how promoted regeneration will compare to the “gold standard”, which 

in the case of syngeneic animals can be an isograft rather than an allograft. This 

experiment was designed to measure several key factors: functional recovery, 

morphological analysis, and a quantitative assessment of cellular composition. As such, 

cryosectioning was chosen in order to maximize the integrity of the antigenic markers, 

with the limitation that tissue quality is not as well maintained as with standard paraffin-

embedded microtomy. Additionally, multiple sections along the length of the implant 

were analyzed in order to reduce any bias from selection along the length of the nerve. 

 

5.3.1 Conduit design 

A number of nerve guidance conduits have been developed and received FDA 

approval, including several comprised of collagen. However, none of the clinically 

available conduits intentionally contain physical cues to guide and improve the nerve 

regeneration. Our decellularized tendon-derived material contains a hierarchical structure 

of bundled collagen fibers and fibrils, and we have shown these to guide and orient 

neuronal growth299. Furthermore, maintenance of the native collagen structure may affect 

peripheral nerve regeneration as collagen has been shown to influence cell behavior 

through intracellular signal triggering300.  In order to increase the contact area that 

regenerating nerves will have with the material, multiple smaller tubes were included in 

the lumen of the conduit (Figure 5.8), an idea that has been discussed and demonstrated a 

number of time previously150,252,257. Additionally, the particular conduits used here were 

constructed to match the anatomy of the rat nerve in both diameter and the choice of three 



Chapter 5.  105 

inner lumen for the three main bundles of the rat sciatic nerve that the distal end 

terminate in; the common peroneal, tibial, and sural nerves301. The conduits were 

crosslinked with glutaraldehyde, as results work in Chapter 3 indicated that non-

crosslinked samples degrade rapidly. We reasoned that samples which degraded rapidly 

following implantation would not provide adequate physical cell guidance cues for an 

adequate lifetime of the conduit. 

 

 

Figure 5.8: A) Photograph of NGC showing general structure and luminal fillers. B) 
Cross-section electron micrograph showing conduit and luminal fillers. 

 

5.3.2 Sciatic nerve defect model   

The in vivo work involved repairing a defect created in the rat sciatic nerve with 

either an isograft from a syngeneic rat, or with a tendon-derived NGC. The surgical 

procedure (illustrated in Figure 5.9) was as follows: Briefly, rats were anesthetized and 

an incision made parallel to the femur. Muscle splitting and blunt dissection were used to 

expose the sciatic nerve at the exit from the pelvis to the distal trifurcation. A 5mm 
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segment was excised and the nerves allowed to retract, after which the isograft or conduit 

were implanted and secured to both ends of the nerve using two epineurial mattress 

sutures. The conduits were 17mm long and had 1mm of nerve overlap at each end, 

creating a critical-sized defect302 of 15mm gap. The muscle and skin were then closed 

and the animals allowed to recover. 

 At the initiation of the experiment 25 male Lewis rats each weighing 250-300g 

were obtained and 10 animals allocated for conduit implantation, and 10 isograft 

implantation, while 5 rats were used to provide the 10 donor nerves. During the course of 

surgery one rat expired, while three rats were found to have dehiscent wounds in the 

immediate days following surgery. From thereon, there were groups of 8 each in the 

isograft and conduit groups. Four rats from each group were sacrificed at 6 weeks and the 

remainder at 14 weeks. No additional complications were noted during the procedure, 

and no autophagy was noted throughout the course of study.  Lewis rats in particular 

were chosen as they have shown to have a much lower rate of autophagy303,304.  

 

Figure 5.9: Schematic illustrating the implant location and basic procedure of a sciatic 
nerve injury repair. 
 

5.3.3 Functional assessment 

As a means of quantifying functional recovery at non-terminal time points, we 

conducted a weekly walking track assessment and calculated the Sciatic Functional Index 

from the injured and healthy rear paw prints (Figure 5.10). A detailed description of the 

test and analysis method can be found in the methods and materials section (Section 
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5.4.2.3). This test has appeared in several variations305,306 since it’s development by de 

Medinaceli307. No significant difference was observed between the two experimental 

groups in terms of SFI. The animals recovered at similar rates, with isograft rats starting 

with a SFI of -103.73 ± 5.35 (n=8) at week 2, progressing to 84.86 ± 7.13 (n=8) at week 6 

and finally a SFI of -44.14 ± 10.27 (n=4) at week 14. Conduit-treated rats progressed 

from -96.06 ± 11.03 (n=8), to -81.04 ± 10.25 (n=8), to -53.62 ± 6.81 (n=4) at 2, 6 and 14 

weeks respectively. These results taken on their own suggest that both groups are 

achieving similar functional recovery rates. 

 

Figure 5.10: Sciatic functional index (SFI) showing progression of recovery from weeks 
2 through fourteen post-surgery, for conduit and isograft treated animals (n=8 for weeks 
2-6, n=4 for weeks 7-14). 
 

5.3.4 Conduit explantation  

Rats sacrificed at both 6 and 14 week time points displayed no overt signs of 

infection or inflammation at the wound site or surrounding the surgical implant. For the 
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isograft-treated animals, the nerves appear to be growing well at week 6 (Figure 5.11A), 

however at week 14 there appears to be some aberrant nerve sprouting in some animals at 

the interface between the isograft and distal and proximal nerve stumps (Figure 5.11 B). 

This neuroma may indicate that there is dislocation of the nerve and potential scarring 

which may result in fewer axonal connections.  

The conduit-treated animals however show no such additional nerve outgrowth or 

neuroma formation (Figure 5.11 C,D). As discussed by others, the conduit may function 

to contain the nerve outgrowth preventing fibrosis and neuroma308. The overall structure 

of the conduit appears to be degrading between the 6 and 14 week time points as 

evidenced by the rounding over of the ends of the conduits and evidence of blood vessel 

regeneration can be seen. Despite being glutaraldehyde crosslinked, these results here 

again demonstrate that the conduit remains biodegradable. 
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Figure 5.11: Representative photographs showing conduits at time of explant, following 
sacrifice. A,B) Isograft at week 6 and 14; C,D) Conduit at week 6 and 14. 

 

5.3.5 Gastrocnemius weight 

 One of the muscles innervated by the sciatic nerve is the gastrocnemius muscle, 

and as such reinnervation should prevent muscle degeneration and subsequent muscle 

weight loss. Gastrocnemii were carefully excised from the experimental side and 

contralateral side of the animals (Figure 5.12 A-E). At week 6 the average healthy 

isograft gastrocnemius muscle weighed 2.55g, compared to the treated side of 0.55g, a 

reduction to 21.6% of the healthy weight, while the conduit group had weights of 2.65g 

and 0.65g, a reduction of 23.8%. At week 14, the isograft group had muscle weights of 

2.85g (healthy) and 1.325g (experimental), a reduction to 46.9%. The conduit group had 
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weights of 2.625g and 0.45g, a reduction to 17.1% of the original weight. The isografts 

likely had earlier innervation, and thus had less muscle loss, or compounding factors 

prevented muscle restoration despite function. There is no significant difference between 

the muscle mass of the conduit at week 6 and week 14 which can may be due to the fact 

that there are a number of bifurcations in the sciatic nerve, of which only two enervate 

the gastrocnemius muscle. Multiple other nerves enervate other muscles, such as the 

flexor digitorum longus and flexor hallucis longus, involved in toe position, which may 

account for the restoration of function as measured with SFI, yet a lack of gastrocnemius 

recovery. 

 
Figure 5.12: Photographs showing representative gastrocnemius muscles excised from 
A) healthy rats; B,C) Isograft and conduit treated rats at week 6; D,E) Isograft and 
conduit treated rats at week 14. F) Graph showing gastrocnemius weight of treated side, 
calculated as a percent of healthy side weight. * = p < 0.05 
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5.3.6 Histological assessment 

The regeneration of the nerve at 6 and 14 weeks was evaluated using a Masson’s 

trichrome stain. Figure 5.13 shows representative images of the nerves seen at the 

proximal, middle, and distal sections. Compared to healthy, control nerve sections 

(Figure 5.14), both isograft and conduit samples show a differing morphology, with no 

defined axons visible at week 6 of the isograft. At week 14 however, defined structures 

appear to have morphology consistent to healthy nerves, including an epineurium. The 

conduit sections at both 6 and 14 weeks show staining representative of nerve tissue; 

however well-defined bundled nerves are not observable, as they are in the isograft. The 

tissue at week 6 is relatively sparsely packed with some collagen generated in the repair 

process in areas (Figure 5.13 D) which does not appear to be a part of the collagen 

conduit. The collagen of the conduit and the collagen regenerated during the healing 

process can be identified via differences in depth of staining, as the collagen used in the 

conduit is much more densely packed, resulting in a deep blue color, while regenerated 

collagen is pale blue.  It is possible that this collagen may be regenerating perineurium-

like structure or some other collagen integrated in the nerve structure. In addition to nerve 

tissue, some areas of the conduit also appear to show large blood vessels regenerating 

(Figure 5.13 D, E). At week 14 the nervous tissue in the conduit samples appears much 

more densely packed, with tissue throughout the conduit walls, and along the outside of 

the conduit. A fibrous collagen layer is also visible in multiple of the explanted samples, 

which may be regeneration of the epineurium-like structures (Figure 5.13 K, 5.15 B).  
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Figure 5.13: Representative histological sections of proximal, middle and distal isograft 
(A,B,C), and conduit (D,E,F) as week 6. Week 14 isograft (G,H,I) and conduit (J,K,L). 

Overall, the trichrome stain of the isograft shows an increase in density, and 

restoration of original morphology between weeks 6 and 14. The conduit sections show a 

generation of physiological support, such as epineurium and perineurium-like structures, 

blood vessels; however, identification of myelin is not possible with this stain309. An 

increase in tissue density throughout the conduit can be observed in both Figures 5.13 

and 5.15, while Figure 5.15 also shows that the lumen of the conduit, along with the 
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luminal inserts appear to remain patent, with some deformation in structure of the luminal 

inserts. 

The size difference between the conduits should also be noted. Figure 5.15 shows 

two images of representative sections at week 14, where the conduit is roughly 2.5 times 

greater in area than the isograft (conduit average size: 7.36mm2 vs  isograft average size: 

2.89mm2) (Figure 5.15). The original design of the conduit matched the inner lumen of 

the conduit to the size of the healthy nerve; however, there appears to be a significant 

amount of neural tissue growth occurring on the exterior of the conduit in several 

animals. Again these figures show encasement of this outer nerve tissue with a fibrous 

collagen layer containing blood vessels (Figure 5.15 B). 

 

 

Figure 5.14: A) Masson’s trichrome staining and B) double immunofluorescence of 
control healthy nerve sections. Red fluorescence indicates S100, representative of 
Schwann cells, green indicates neurofilamen-160, representative of neurons and blue 
indicates cell nuclei. 
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Figure 5.15: Representative composite micrographs of a A) whole proximal isograft 
section and B) whole proximal conduit section, stained with Masson’s trichrome. The 
dense tendon-derived conduit collagen stains dark blue while the loose regenerated 
collagen stains light blue. 
 

5.3.7 Immunohistochemical analysis 

Two specific markers of regeneration were used: the middle weight protein of 

neurofilament (NF160), found in neurons, and the protein S100, indicative of Schwann 

cells310. The results of the IHC staining were similar to those of the Masson’s trichrome. 

The isograft at 6 weeks shows loosely packed structures, staining for some NF160 and 

S100 while the conduit shows some NF160, little to no S100 in the proximal and middle 

conduit.  In the distal portion of the conduit however, a greater amount of staining for 

S100 can be seen. We believe this to be Schwann cells remodeling the distal portion of 

the nerve stump to create a local microenvironment that promotes axonal regeneration311.  

The isograft at week 14 shows a much greater density in nerves, and much more S100 
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with an expected healthy morphology. The conduits at week 14 however show some 

S100 starting, and a greater degree of NF160 staining.  

One major limitation preventing any quantitative analysis from this procedure is 

autofluorescence from collagen. In particular, the glutaraldehyde-crosslinked collagen in 

the conduits has high levels of autofluorescence, overlapping with the spectra of both 

Texas Red and fluorescein isothiocyanate, used here, as can be seen in Figure 5.16E,L. 

Similar autofluorescence was also observed in unstained control conduits. 

As an alternative to double immunostaining with fluorescently conjugated 

antibodies, we switched to single immunostaining with horse radish peroxidase (HRP) 

conjugated antibodies. This allowed us to get a quantifiable measure of NF160 and S100 

present in each section of the conduit and isograft. Similar analytical techniques have 

been demonstrated previously using immunofluorescence for neurofilament, S100 and 

laminin312,313. Figure 5.17 shows the subsequent analysis of this, where NF160 appears to 

be higher throughout the length of the conduit, declining slightly as you progress from 

proximal to distal end.  However, it must also be noted that neurofilament intensity has 

been shown to be significantly higher in healthy nerves compared to newly regenerated 

nerves309, and this analysis does not reflect intensity of staining. 

Figure 5.17B shows higher S100 in all sections of the conduit, but the distal 

nerve, compared to the isograft. There is however a significant drop off in S100 content 

following the proximal nerve, showing that many of the nerves in the conduit may not be 

myelinated, or may still be in the process of regenerating. The difference in cross-

sectional size here should also be accounted for, as there is higher NF160 and S100 

content in conduit sections which are significantly larger than the isografts, as shown in 

Figure 5.17. This means greater nerve regeneration area, and could account for the higher 

amount of staining, but doesn’t necessarily mean all that excess nerve is necessary to 

properly innervate the normal targets or reconnect with the distal stump. This is a 

common occurrence with nerve regeneration, known as compartmentation, where 
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daughter axons will sprout from the damaged nerves and grow as many small units. Some 

of these axons will reach their target and mature into larger axons, which will in turn 

cause the retraction of axons that have not reached their targets264. 

 

Figure 5.16: Representative immunofluorescent micrographs of proximal, middle and 
distal isograft (A,B,C), and conduit (D,E,F) at week 6. Week 14 isograft (G,H,I) and 
conduit (J,K,L). Red = S100 (Schwann cells), Green = NF-160 (neurons) Blue = DAPI 
(nuclei). 
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Figure 5.17: Averaged total A) NF-160 and B) S100 content present in entire sections of 
proximal through distal nerve and conduit sections (n=4). (* = P-value < 0.05) 
 

 

Additionally, the presence of S100 indicates that there are glial cells such as 

Schwann cells present, but doesn’t necessarily mean they are myelinating the nerves, as 

Schwann cells are also a crucial player in the repair process and may also wrap around 

nerves without myelinating them309.  
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To account for differences in cross-sectional area, the volume of total stained area 

for both NF160 and S100 can be converted to a percent, or area fraction of the total 

conduit/isograft (Figure 5.18). If that is done, the isograft samples have higher percent 

areas of NF160, but not S100. Similar studies calculating area fraction of S100 and 

neurofilament staining have been conducted for Neuragen nerve guidance conduits by 

Carriel et al.312 and found 14.24% S100 and 5.43% neurofilament (compared to 12.44% 

S100 and 7.44% NF found here), however differences in rat strain, staining technique 

(fluorescence vs. HRP), and analysis technique, make direct comparisons difficult.  

 

 
Figure 5.18: A) NF-160 and B) S100 content normalized as a percent of the cross-
sectional area for proximal through distal nerve and conduit sections (n=4), * = p<0.05. 
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5.3 SUMMARY 

The results presented here suggest that nerve guidance conduits constructed from 

decellularized tendon sections can function to repair damaged peripheral nerves. This is 

demonstrated through neuronal-related growth in vitro and in vivo with systems of 

increasing complexity. Schwann cells are able to grow and align on the material in the 

orientation of the collagen fibers, and proliferate more rapidly than on collagen gels. 

Chick dorsal root ganglia are also able to grow on the tendon and extend neurites out 

along the fibers in a highly oriented manner.  

Lastly, a multi-lumen nerve guidance conduit constructed from decellularized 

tendon via Bioskiving was able to induce nerve regeneration over a critical-size defect.  

At week 6 post-implantation, the tissue regenerated in the nerve guidance conduit is not 

as dense, nor as morphologically similar to healthy nerves when compared to isografts; 

however, functional recovery can still be observed. At week 14 post-implantation, the 

regenerated tissue is more densely packed and representative of healthy nerve tissue. 

Tissue is generated throughout the luminal fillers of the conduits along with the exterior 

of the conduits. Additionally, supporting structures like blood vessels, and epineurium 

and perineurium-like structures are observed to regenerate. Lastly, the tissues stain 

positive for NF160 and S100, at total levels greater than isografts.  

Taken together, these results indicate that tendon-derived nerve guidance conduits 

are able to support peripheral nerve repair. Future work should consider potential 

improvements such as the addition of other neurotrophic factors to the conduits and 

analysis of the conduits over longer gaps, and comparing them directly to commercially 

available nerve guides. 
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5.4 MATERIALS AND METHODS 
 

5.4.1 In vitro growth of neuronal cells on tendon sections 

5.4.1.1 Sample preparation 

Tendon sections were decellularized and sectioned as previously described. For 

Schwann cell adhesion and proliferation assays 50μm tendon sections were placed on 

22mm diameter glass coverslips (Electron Microscopy Sciences, Hattsfield, PA). For 

DRG and alignment experiments 50μm sections were placed on Superfrost Plus slides. 

All samples were sterilized by soaking in 70% ethanol, rinsing 3x with PBS, followed by 

1h of UV irradiation. Then, for specified experiments tendon samples, collagen gel-

coated wells, or tissue culture poly styrene (TCPS) wells were coated in poly-D-lysine 

(PDL) (MW 70,000-150,000, Sigma) by filling the well with a 0.01mg/ml solution 

overnight and rinsing with phosphate buffered saline (PBS).  

For adhesion, proliferation and DRG experiments collagen gel samples were 

prepared using Culturex 3-D Culture Matrix ™ Rat Collagen I (Trevigen, Gaithersburg, 

MD). The gel was prepared in a 12-well tissue culture plate following the manufacturer’s 

directions. For each plate, 250μl of a 1mg/ml neutralized collagen gel was pipetted into 

each well, and the plate placed in a 37°C humidified incubator for 1 hour. Each well was 

then rinsed three times with PBS and either used as-is or coated with PDL as described 

above.    

 

5.4.1.2 Schwann cell culture 

Rat Schwann cells (CRL-2768, ATCC, Manassas, VA) were maintained in 

Dulbecco’s Modified Eagles Medium (Life Technologies, Grand Island, NY) 

supplemented with 10% heat-inactivated fetal bovine serum and Penicillin-Streptomycin 

(10,000 units Penicillin, 10,000μg Streptomycin/mL) (Life Technologies) in a 37°C 
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humidified incubator at 5% CO2. Cell morphology and alignment were observed via 

immunofluorescence by fixing the cells in 10% neutral buffered fomalin (Sigma) for 10 

minutes and then permeabilized with 0.1% (v/v) Triton X-100 (Sigma) for 5 minutes. 

After blocking with 1% (w/v) bovine serum albumin solution for 30min, the cells were 

stained with rhodamine-phalloidin (Sigma) for 30min, counterstained the cell nuclei with 

4’,6-diamidino-2-phenylindole (DAPI) and observed via fluorescence microscopy.  

 

5.4.1.3 Schwann cell adhesion measurement 

For adhesion determination, Schwann cells were plated onto the samples (tendon, 

PDL-tendon, collagen, collagen-PDL, TCPS and PDL TCPS) in 12 well plates at a 

concentration of 100,000 cells in 50μl per well. Each substrate and time point was 

assayed in quadruplicate using cells of the same passage number. At a given time (0.5h, 

1h or 2h) the wells were rinsed gently with PBS and aspirated to remove any non-

adherent cells. To each well, 1ml of media was added with 100μL alamarBlue stock 

solution (Life Technologies). We then incubated the cells for 5 hour at 37°C. Following 

incubation, aliquots of the media were transferred to a black 96 well plated and the 

fluorescence determined using a microplate reader (excitation: λ=550nm, emission: 

λ=590nm). The results are presented as relative fluorescence units (RFU) normalized to 

background fluorescence. 

 

5.4.1.4 Schwann cell proliferation measurement 

For proliferative determination, Schwann cells were plated onto the samples 

(tendon, PDL-tendon, collagen, collagen-PDL, TCPS and PDL TCPS) in 12 well plates at 

a concentration of 100,000 cells in 50μL per well. After one hour the wells were rinsed 

with PBS to remove any non-adherent cells that may have otherwise adhered to the tissue 

culture plate, rather than the tendon substrates as desired. Media was then added and the 
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remaining cells were monitored at time points of 1, 4, 7 and 10 days following seeding, 

via an alamarBlue assay as described above, with a 3 hour incubation period. Between 

assays the alamarBlue solution was removed and cells cultured in media. Each substrate 

was assayed in quadruplicate, with the same samples being used for each time point 

measurement. 

 

5.4.1.5 Chick dorsal root ganglia harvest and culture 

Chick dorsal root ganglia (DRG) were isolated from chicken eggs at development 

day E8. Immediately following isolation we seeded the chick DRG onto PDL-coated 

tendon samples, PDL-coated collagen gel and PDL-coated TCPS, and incubated them in 

DMEM supplemented with 2% FBS and 10ng/ml neurotrophin-3 (NT-3, Sigma). The 

DRG were cultured for 3, 5 or 7 days and then fixed and immunostained to determine 

morphology. The chick DRG were fixed in 4% (w/v) paraformaldehyde (Sigma) for 15 

minutes and then permeabilized them with 0.1% (v/v) Triton X-100 (Sigma) for 5 

minutes. After blocking with 2% (v/v) goat serum solution for 45 minutes, we incubated 

the cells were with primary antibodies at 4°C overnight. The following antibodies were 

used for the staining: primary anti-β-tubulin-III (T2200, Sigma) (1:250) and secondary 

antibodies Alexa Flour 488 Goat Anti-Rabbit IgG (Life Technologies) (1:500). After 

washing with PBS, we added secondary antibodies and then incubated for 45min 

covered, followed by 3 washes with PBS for 15min each. 

 

5.4.1.6 Chick dorsal root ganglia growth and aspect ratio measurement 

DRG outgrowth and orientation were analyzed with modification of the technique 

described by Richardson et al. 201,314,315. Briefly, the perimeter of the DRG neurites was 

traced, and an ellipse fit to the perimeter using ImageJ. The dimensions of the major and 
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minor axes were recorded and the value of the major axes reported as the length, while 

the aspect ratio =length major-axis/length minor-axis 

 

5.4.1.7 Statistics 

Data were analyzed for significance with IBM SPSS software, using a one-way 

ANOVA with post hoc Tukey’s testing for each time point in the above assays. The α-

value was set to 0.05 and results determined to be significant when p≤0.05.  

 

5.4.2 In vivo peripheral nerve repair in a rat sciatic nerve defect model 

5.4.2.1 Sample preparation 

Tendon sections were decellularized and sectioned as previously described. 

Tubular conduits were fabricated by wrapping either 5 layers of section around a PTFE 

rod, 1.6mm in diameter, or one layer around a 500µm PTFE-coated wire (McMaster-

Carr). Layers 1,2 and 4 were wrapped with the fibers oriented parallel to the direction of 

the tube, while layers 3 and 5 were oriented circumferentially to provide both guidance 

cues and mechanical integrity for suturing. The tubes were left on the rods, and rinsed 

three times in diH2O and then crosslinked using a 1% glutaraldehyde solution for 20min. 

Afterwards, tubes were rinsed five times in diH2O, allowed to dry O/N and then removed 

from the rods. Three 500µm rods were cut to 15mm in length, and inserted into the larger 

1.6mm rod that had been cut to 17mm in length. The conduits were then immersed in 

70% ethanol for 1h, then placed under UV light for 1h, before being implanted. 

 

5.4.2.2 Surgical procedure 

The surgical research protocol was approved and in compliance with Tufts 

University’s Institutional Animal Care and Use Committee (IACUC, protocol # M2013-
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53) in accordance with the Office of Laboratory Animal Welfare (OLAW) at the National 

Institutes of Health (NIH). Tendon-derived conduits or isografts were implanted into a 

15mm sciatic nerve defect as follows: Each animal was weighed and anesthetized via 

isoflurane inhalation. The surgical area was shaved and cleaned using alternating 

povidone-iodine and ethanol scrubs. A longitudinal gluteal skin incision was made 

parallel to the femur, and muscle splitting and blunt dissection used to expose the whole 

length of the right sciatic nerve from the exit at the pelvis to distal trifurcation, under a 

dissecting microscope. The exposed sciatic nerve was then sharply transected 0.5 cm 

from the proximal bifurcation, 0.5cm of nerve tissue is then excised and the nerve stumps 

are allowed to retract. The 1.7cm nerve guidance conduit is then inserted and sutured 

with two 9-0 prolene epineurial mattress stitches at each end, with 1mm of nerve/conduit 

overlap, creating a nerve defect 15mm in total length. The gluteal muscle and the skin 

were closed with 4-0 vicryl sutures in a simple interrupted manner and disinfected with a 

povodine-iodine solution. For isograft animals, a similar procedure was followed. One 

animal was sacrificed, and the sciatic nerve removed from both sides, producing two 

isografts. These isografts were trimmed, and placed in sterile phosphate buffered saline 

(PBS) following removal, and immediately implanted into the recipient animals. Baytril 

(0.1mL of 2.27% enrofloxacin solution) was injected subcutaneously after each surgery 

to prevent infection. Buprenex was provided once prior to surgery, and twice daily for 

three days. All animals were provided with drinking water containing Sulfatrim, (240 mg 

sulfamethoxazole/48 mg trimethoprim per 500 ml water bottle) and acetaminophen (2.5 

mg/ml), along with food, ad libitum throughout the treatment period. Wound healing was 

monitored daily for dehiscence or infection until completely healed.  

 
5.4.2.3 Sciatic functional index assessment 

Starting two weeks after surgery, and weekly thereafter, functional recovery was 

monitored via assessment of the sciatic functional index. To do this, toe spread and paw 
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length were monitored by having the rats walk down a wooden walking path. Briefly, the 

rats are placed on a wooden walking pathway ending in a cage, and allowed two or three 

conditioning trials to become acclimated to the track. White paper was cut to the 

appropriate dimensions and placed on the bottom of the track. The rat’s hind feet are 

dipped in water soluble paint, and the animal allowed to walk down the track, leaving its 

hind footprints on the paper. The paper was then scanned and analyzed digitally using 

ImageJ software (NIH) using previously described methods316. Briefly, the paw length 

(PL), toe spread (TS) between the 1st and 5th toes, and intermediate toe spread 

(IT)between the 2nd and 4th toes was measured (as illustrated in Figure 5.19), and the SFI 

calculated using the following formula, for three sets of footprints per trial run, and 

averaged: 

 

 

 
Figure 5.19: Schematic illustrating the measurement parameters used for the SFI test, on 
healthy and experimental paws. Reprinted from 316 with permission from  Elsevier 
Limited. 
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5.4.2.4 Gastrocnemius weight assessment 

Following sacrifice and removal of the implanted nerve, the gastrocnemius 

muscle from the operated side, and the healthy contralateral side were carefully dissected 

and weighed. The total weight loss of the muscle on the operated side was then calculated 

as a percent of the healthy side. 

 

5.4.2.5 Nerve histology 

Animals were sacrificed at 6 and 14 weeks via CO2 asphyxiation followed by 

thoracotomy. The implantation site was then exposed following the original incision, 

along with muscle splitting and blunt dissection. The conduit or isograft were then 

removed, along with 5mm of nerve on each side of the suture site, and secured to a 

wooden stick with the physiological orientation marked, using sutures to prevent 

shrinkage of the nerve during fixation. The nerve was then placed into a freshly prepared 

4% formaldehyde solution overnight at 4°C. The samples were then removed from the 

formaldehyde, rinsed three times with PBS and transferred to a 30% sucrose solution 

overnight. Each sample was then cut into 5 sections: proximal nerve (PN), proximal 

conduit (PC), middle conduit (MC), distal conduit (DC) and distal nerve (DN), and 

immersed in optimal cutting temperature (OCT) compound for 1h at room temperature. 

Samples were then quickly frozen on dry ice and sectioned on a cryomicrotome. Each 

sample was sectioned at 6μm thick and placed on a SuperFrost Plus slide (Fisherbrand) 

and allowed to dry overnight before being placed at -20°C until staining. Sections from 

each animal were then brought to room temperature, and stained with Masson’s 

Trichrome Stain (Sigma), following the manufacturers protocol (Accustain Trichrome 

Stain Procedure #HT15). 
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5.4.2.6 Immunohistochemistry 

All reagents were purchased from Sigma Aldrich unless otherwise noted. 

Cryosections prepared as described above were allowed to come to room temperature and 

rinsed twice in PBS to remove residual OCT. The sections were then permeabilized in 

0.25% Triton X-100 in PBS for 10min, rinsed three times in PBS, and incubated in 1% 

bovine serum albumin (BSA) in PBS with 0.1% Tween 20 (PBST) for 30min to block 

nonspecific binding. Following this, the sections were incubated in primary antibodies. 

For immunofluorescent studies the sections were double stained with mouse anti-

neurofilament-160 (NF-160) (Sigma N5246) diluted 1:80 and rabbit anti-S100 (Sigma 

S2644) diluted 1:200 in PBST containing 1% BSA, overnight at 4°C. The samples were 

then washed three times with PBST, and FITC-conjugated goat anti-mouse IgG (and 

Texas red-conjugated goat anti-rabbit secondary antibodies diluted 1:100 were then 

applied to the sections for 1h at room temperature. The samples were rinsed three times 

with PBS, and mounted using Fluoroshield mounting media with DAPI.  

For horseradish peroxidase (HRP) studies, the samples were incubated in only one 

of the primary antibodies listed above, followed by rinsing, and treated with freshly 

prepared 0.3% hydrogen peroxide in PBS for 15min to reduce any endogenous 

peroxidase activity. Following this, the hydrogen peroxide was decanted and the 

appropriate secondary antibody (HRP-conjugated goat anti-rabbit or goat anti mouse) 

applied at a dilution of 1:100 for 1h at room temperature. The samples were then rinsed 

3x with PBS and the HRP developed using Sigmafast DAB with metal for 10min, 

followed by 3 rinses with tap water. These sections were dehydrated in graded ethanol, 

followed by xylene and mounted using DPX mountant. 
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5.4.2.7 Histomorphometric analysis 

All HRP-stained and developed sections were imaged using a 20x objective, and 

individual images combined using Microsoft Image Composite Editor using only planar 

translation. These images were then automatically processed using ImageJ to remove 

uneven background illumination and converted into a binary image using the automated 

threshold function. From here the total area for NF160 or S100 was able to be measured 

for total pixels stained, as well as by percent of the total conduit or isograft area. 

 

5.4.2.8 Statistics 

Statistical significance was calculated by performing a two-way Student’s t-test 

assuming an equal variance with an α-value of 0.05. A p-value <0.05 was determined to 

be statistically significant. 
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Chapter 6.  
 
Conclusions and Future Work 

 
 

6.1 CONCLUSIONS 

The biomedical field is ever expanding as innovative materials are constantly 

developed for new applications. Often these new materials comprise well defined micro 

and nanostructures designed to improve or impart some function, from diagnostics317, to 

drug delivery318,319, to producing a biomimetic surface for cell growth320. Many of these 

materials take inspiration from nature of seek to replicate those structures. Bioskiving, as 

demonstrated here, directly utilizes the collagen found in tendon in its native form. This 

process maintains the nano and microtopography of the tendon — the collagen fibrils and 

fibers. Maintenance of these features serves two primary benefits: one is that they have 

the ability to provide cell growth guidance cues, and the second is that they impart greater 

mechanical strength. One of the major benefits of this process is its ease. Many other 

techniques for fabricating collagen-based scaffolds involve breaking down the native 

collagen structure which then requires subsequent reconstruction for use, a challenging 

process. 

The fabrication procedure and mechanical characterization are covered in Chapter 

2. Bioskiving allows a user to create both two- and three-dimensional constructs directly 

from tendon sections. These constructs can be of varying isotropy and have tunable 

mechanical properties, based on the fiber orientations and crosslinking density. Non-



Chapter 6.  130 

crosslinked tendon-derived samples have an ultimate tensile strength an order of 

magnitude greater than reconstituted collagen (0.63MPa vs <0.7MPa) and crosslinking 

again can increase that another 20-fold (0.63MPa vs 13.59MPa).  

The biological characteristics are also quantified, namely the degradation, both in 

vitro and in vivo, and the thrombogenicity. In addition to increasing the mechanical 

strength of the material, crosslinking also serves to tune the degradation process. The 

crosslinking slows collagenase degradation in vitro, and macrophage and fibroblast 

degradation in vivo in a rat. The collagen’s tendency to activate and induce platelet 

adhesion can also be attenuated through covalent conjugation of an anticoagulant such as 

heparin. 

Lastly, the material’s ability to influence cellular growth is demonstrated with 

neuronal applications in mind. Schwann cells are shown to adhere, grow and proliferate 

on the material, as are chick dorsal root ganglia which extend neurites out along then 

tendon fibers. And, as a final test, the material is used to successfully regenerate 

peripheral nerves in a rat sciatic nerve defect model. This was confirmed via functional 

recover as well as histological analysis (H&E and Masson’s trichrome) and 

immunohistochemical staining for neurofilament-160 and S100, representative of 

neurons and Schwann cells, respectively.  

Of great importance to applying a material to solve an engineering problem is to 

know how the material will behave under given circumstances. This allows for correct 

material selection and remediation of any potential challenges. The work completed here 

characterizes multiple properties of the tendon-derived Bioskiving material, and puts this 

information together to demonstrate its application in solving a biomedical engineering 

problem. This work demonstrates the utility of tendon-derived sections as a material, and 

Bioskiving as a platform fabrication technique. 
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6.2 FUTURE WORK 
 

6.2.1 Extending Bioskiving to other materials 

The Bioskiving technique was developed with the idea that it was a platform 

fabrication technique that could be expanded to a number of different materials. The 

work presented here demonstrates the utility of technique for creating a scaffold directly 

from native materials through sectioning. Tendon was used for proof-of-concept work as 

it comprises highly aligned collagen fibers that can be directly exploited. However, many 

other common natural materials have micro and nanostructures that could be utilized as 

well.  

Muscular tissues are comprised of many linear protein components, actin and 

myosin filaments, bundled into hierarchical structures, and is a logical step to expand 

Bioskiving into, as both materials comprise fibrous elements. Similar constructs could be 

fabricated, yet would have differing mechanical properties as well as ECM composition 

in protein and glycosaminoglycans that could greatly alter the material’s mechanical 

properties and cellular interaction. 

Vastly different tissue, like bone could also be explored. The combination of 

longitudinal, circumferential and disordered micro and macro structures produce an 

intricate array when take as a cross section321, not to mention the hardness compared to 

tendon. Cutting hard materials such as bone may be a challenge, but can be done through 

modifications to the procedure, like using a sledge microtome322. 

One can imagine expanding this technique to any type of tissue with a well-

defined ECM architecture to capitalize on those features. Beyond the structure, the 

biological composition of the ECM could be utilized. Decellularized brain323 and liver324 

ECM have both shown to retain unique protein and growth factor compositions, and 

Bioskiving could be used to make coatings from this material. In particular, these types of 
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decellularized tissues which may not possess robust mechanical properties could be used 

in conjunction with other tissues like decellularized tendon, to create a hybrid material 

that contains both chemical and physical bioinstructive cues. The layers of tendon would 

act as the structural framework while layers of brain or liver throughout could act as a 

biochemical depot. In a similar manner, two materials with different mechanical 

properties, like tendon and more elastic ligaments or some blood vessels could be 

sectioned and stacked together to more finely tune the properties, even within specific 

orientations. This would further the potential to use these ECM-based scaffolds for repair 

of non-homologous anatomical sites. 

Advantages to using these native materials over synthetic materials replicating 

these structures could come in several forms; one would be ease of fabrication. 

Bioskiving does not require a clean room or other equipment that requires a significant 

investment in order to make a material with these well-defined nanostructures as nature 

has already accomplished that. A second is that these natural polymer scaffolds contain 

many biological cues to influence cells, and yet their intricate structure may imbue 

interesting mechanical properties, a common hindrance of using natural polymers vs 

synthetic. 

 

6.2.2 Modifying tendon-derived sections 

The potential modifications that can be done to further improve the tendon-

derived scaffolds are nearly endless, and most processes done to alter traditional collagen 

scaffolds could be expanded to the tendon-derived material, and there are several that 

could be of great interest for the tendon-derived material in particular. 

One is to explore additional methods of crosslinking, beyond the crosslinkers used 

in Chapter 2. Riboflavin/ultraviolet mediated crosslinking would be a simple, biologically 

compatible crosslinker157, with the possibility to crosslink in situ. In situ crosslinking 
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could be used to wrap and adhere individual sections or stacked sections around a nerve 

or tendon/ligament. Alternatively, a riboflavin-impregnated scaffold could be directly 

crosslinked to existing collagenous ECM in the body to provide a patch and supportive 

matrix. Preliminary mechanical testing data for several additional crosslinkers, including 

Riboflavin is shown in Table 6.1. Parallel tendon scaffolds were treated with 1mM 

riboflavin in diH2O for 1h under UV light while EDC/NHS scaffolds with 16mM EDC 

6.4mM NHS in 2-(N-morpholino)ethanesulfonic acid (MES) buffer for 2h at room 

temperature 
 

Crosslinker Ultimate Tensile Strength 
(MPa) 

Modulus 
(MPa) 

Non-crosslinked 0.63 ± 0.07 3.11 ± 1.35 
2.5% GA-crosslinked 13.59 ± 1.35 145.54 ± 18.72 

EDC/NHS-crosslinked 3.69 ± 0.15 48.47 ± 3.79 
Riboflavin/UV-crosslinked 2.64 ± 0.26 23.84 ± 1.37 

 
Table 6.1: Ultimate tensile strength and moduli for several preliminary tests for 
alternative crosslinkers. 

Dimethyl 3,3’-dithiobispropionimidate (DTBP) has also been shown to be a 

successful crosslinker of collagen that is more biocompatible than GA158. This particular 

crosslinker contains a central disulfide bond than can be cleaved by reducing agents such 

as dithiothreitol, or glutathione. Were DTBP to be used as a crosslinker, degradation of a 

scaffold could be selectively triggered, or degraded following specific events in vivo, 

such as the physiological niche of a regenerating nerve where glutathione and thioredoxin 

are upregulated325. 

In addition to crosslinking the collagen itself, functional molecules could be 

crosslinked to the scaffold, such as was demonstrated here with heparin. Neuronal-related 

growth factors that could be of interest, like neurotrophin-3326 or nerve growth factor327. 

If crosslinking the functional molecule to the scaffold is not possible or not desired, 

additional delivery methods could be utilized. A drug-containing collagen gel or 
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microparticles could be incorporated into the scaffold that would release over time, or 

with degradation. This could be accomplished through either direct impregnation into 

voids into the tendon material, or by casting a block of the gel and sectioning it in a 

similar manner to the tendon. 

 

6.2.3 Additional applications for tendon-derived sections 

The wide array of potential applications is one of the benefits of the fabrication 

technique, in that it allows for the construction of diverse structures that recapitulate the 

structure in non-homologous anatomical sites. Several tissues contain features that lend 

themselves to repair or regeneration with the tendon material. For example, the bulk of 

corneal stroma tissue is comprised of ~200 lamellae of highly organized collagen fibers 

that are oriented perpendicular to each other in adjacent layers328.  This is quite similar to 

some of the structures possible through Bioskiving, although the collagen fibers in cornea 

are smaller than those found here in the tendon (30nm329 vs 200nm). Reconstruction of 

the natural stroma structure in particular is one of the challenges of corneal repair, and 

such material could serve as a template for repair or tissue engineering330. 

The annulus fibrosus in intervertebral discs is another structure consisting of 

lamellae of highly-glycated collagen fibers, oriented at 60° in opposing directions331. 

Degenerative disk disease is currently a problem with few treatment options332, that could 

benefit from a tissue engineered or biomaterial solution. With the techniques discussed 

here it may be possible to create a scaffold with suitable mechanical properties to repair a 

damaged annulus fibrosus.  

And of course, a repair patch for tendon or ligaments is logical application that 

tendon-derived scaffolds could be expanded towards. Reconstruction and repair of 

commonly injured connective tissue such as the Achilles tendon or anterior cruciate 

ligament have high success rates (>90%)333, however more complex anatomical locations 
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like a rotator cuff have high rates of failure (20-70%) with limited clinical options for 

augmentation171. 

Another structure that could be created using the material is a replacement for 

esophageal or intestinal structures. Separated segments of tendon sections could be 

aligned and joined with perpendicularly oriented tendon sections to create a structure 

capable of peristaltic contraction. This could find use as a direct tissue engineered 

replacement, as an in vitro model, or with some modification, as a contractile soft robot 

capable of motion. 

 

 

Figure 6.1: Schematic illustrating tendon sections being used to create peristaltic 
contractile scaffold. 

 

Lastly, as briefly mentioned in the previous chapters, the tubular conduits would 

make an ideal substrate for the construction of tissue engineered blood vessels (TEBV). 

The ability for multiple cell types to grow and orient along the collagen fibrils and fibers 

has already been demonstrated. Growth of endothelial cells on sections would allow for 

construction of an intimal layer, smooth muscle cells a medial layer and multiple properly 

oriented layers an adventitial layer334. These layers could then be assembled layer by 

layer around a template (Figure 6.2) and cultured in a bioreactor335. Refinement of a 

TEBV scaffold or vascular graft could also involve greater turning of the elasticity to 
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prevent compliance mismatch, and modifications to further improve the 

hemocompatibility and thrombogenicity. 

 

Figure 6.2: Schematic illustrating one possible method to fabricate tissue engineered 
blood vessels from tendon-derived sections produced via Bioskiving. 

 

6.2.4 Additional characterization 

Despite the numerous methods of characterization here, there remains just as 

many tests that could still be conducted. In particular there are several relevant to the 

biocompatibility of the material that would be conducted. These include cytotoxicity tests 

(e.g. ISO 10993-5) sensitization and irritation tests (e.g. ISO 10993-10), and possibly 

quantification of breakdown products depending on the type of crosslinking used (e.g. 

ISO 10993-9). Finally, effects of sterilization methods like ethylene oxide or gamma 

irradiation on the material should also be determined, as ethanol and ultraviolet treatment 

are not considered terminal sterilization techniques. 

Lastly, further characterization of the collagen as prepared from the bovine 

Achilles tendon should be conducted. This includes evaluation of adventitious agents 

(endotoxins, microorganisms, impurities etc.), storage stability, and issues arising from 

the use of xenogeneic collagen (ASTM F2212-11). As collagen is highly conserved 

between species, particularly fibrillar collagen in vertebrates336,337, it is not likely that the 
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material itself will elicit a much of an immune response, and if so, will resolve itself236. 

However, animal-derived collagen runs the risk of transmitting transmissible spongiform 

encephalopathies (TSE). Relevant methods to test samples should be established as per 

ISO 22442-1, 2, 3. Safe sourcing and handling practices should be ensured in order to 

prevent this as per industry standards (21 CFR Part 820 or ISO 13408-1). 

One alternative to the use of animal-derived collagen would be the use of 

allogeneic cadaver collagen. This method would still run the risk (albeit lower) of TSE 

transmission however it would reduce the potential of immunological response. One 

major limiting factor of using human tendon as a raw material for expanded applications 

would be sourcing the material to construct many devices. Tendons available in good 

condition from healthy cadavers would be severely limited. A second would be size 

limitations; bovine Achilles tendon is 1-2cm thick vs 0.55cm in human Achilles 

tendon338. 

Once established the additional characterization of the material and 

manufacturing process will further strengthen the material’s potential for greater use, and 

may make it an attractive option for further industrial development.  
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Abstract: Fibrils formed by proteins are vital components for
cells. However, selective formation of xenogenous nanofibrils
of small molecules on mammalian cells has yet to be observed.
Here we report an unexpected observation of hydrogel/nano-
nets of a small d-peptide derivative in pericellular space.
Surface and secretory phosphatases dephosphorylate a precur-
sor of a hydrogelator to trigger the self-assembly of the
hydrogelator and to result in pericellular hydrogel/nanonets
selectively around the cancer cells that overexpress phospha-
tases. Cell-based assays confirm that the pericellular hydrogel/
nanonets block cellular mass exchange to induce apoptosis of
cancer cells, including multidrug-resistance (MDR) cancer
cells, MES-SA/Dx5. Pericellular hydrogel/nanonets of small
molecules to exhibit distinct functions illustrates a fundamen-
tally new way to engineer molecular assemblies spatiotempor-
ally in cellular microenvironment for inhibiting cancer cell
growth and even metastasis.

Besides serving as important internal components (e.g.,
cytoskeletons) of cells, fibrils outside the cells also bear
significant functions. For example, fibrils formed by polysac-
charides and fibrous proteins, such as fibronectin, collagens,
and laminins,[1] afford networks that withhold extracellular
fluid, and the resulting extracellular matrix maintains multi-
cellular structures and mediates cell–cell communication.[2] A
recent study demonstrated that human a-defensin 6 (HD6)
self-assembles in contact with bacteria surface protein to form
nanonets that entrap the bacteria and block their transloca-
tion.[3] The various functionalities of extracellular fibrils and
networks formed by biomolecules suggest that it is feasible to
build xenogenous fibrils extracellularly (e.g., in the pericel-
lular space) as a new approach for regulating the interaction
of cell with its microenvironment,[4] thus controlling the fate
of cells.

Like self-assembling peptides and proteins, certain small
organic molecules self-assemble[5] in water to afford nano-

fibrils as matrices of hydrogels[6] (e.g., in response to
biostimuli such as enzymes[7]). Interestingly, a vancomycin–
pyrene conjugate, which self-assembles in water to form
nanofibrils,[8] exhibits two orders of magnitude enhanced
antibacterial activity against vancomycin resistant entero-
cocci (VRE), plausibly through self-assembled multivalent
vancomycin binding the receptors on bacterial cell wall.[9]

However, the observation of xenogenous nanofibrils on
mammalian cells has yet to be reported. During our research
of enzyme-catalyzed self-assembly of d-peptide derivatives,[10]

the self-assembly of a small d-peptide derivative, surprisingly,
forms pericellular hydrogel/nanonets. Here, we report the
observation, the origin of formation, and a potential applica-
tion (i.e., inhibiting cancer cells) of the pericellular hydrogel/
nanonets.

As illustrated in Figure 1a, our results show that 1) surface
and secretory phosphatases[11] from cells catalytically dephos-
phorylate a small d-peptide derivative (e.g., d-1) to form
a hydrogelator (e.g., d-2); 2) the accumulation of the hydro-
gelator results in a network of nanofibrils as the scaffold of
a hydrogel in the pericellular space; 3) the pericellular
hydrogel/nanonets entrap secretory proteins, block cellular
uptake, thus decreasing cell migration, preventing cell
adhesion, and induce cell apopotosis; 4) most importantly,
due to the overexpression of surface and secretory phospha-
tases by cancer cells,[12] the pericellular nanonets selectively
form on the cancer cells (e.g., HeLa, MES-SA, and MES-SA/
Dx5). As an unexpected example of enzyme-instructed self-
assembly[7c] in pericellular space, this work illustrates a new
way that controls the fate of different types of cells according
to the expression and location of enzymes that regulate the

Figure 1. a) Enzyme-catalyzed formation of pericellular hydrogel/nano-
nets to induce cell death. b) Molecular structures of the precursor
(d-1) and the hydrogelator (d-2).
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spatiotemporal profiles of molecular nanofibrils for control-
ling cellular processes.

Being synthesized according to the reported procedure[13]

and consisting of a naphthalene-capped tripeptide, d-Phe-d-
Phe-d-Tyr, molecule d-1 differs with d-2 only in that the d-
Tyr is phosphorylated (Figure 1 b). Like a previous work on
enzyme-instructed self-assembly of d-peptides,[10b] alkaline
phosphatase (ALP) catalyzes the dephosphorylation of the
precursor (d-1; 0.20 wt %/2.77 mm) to form the hydrogelator
(d-2 ; 0.18 wt%/2.77 mm), which self-assembles in water to
form nanofibrils and to result in a hydrogel in PBS buffer.
However, an unexpected phenomenon occurred when incu-
bating HeLa cells with d-1. As shown in Figure 2a, the
incubation of a confluent layer of HeLa cells (in a 35 mm
Petri dish) in complete culture medium (1 mL) containing d-
1 (560 mm) results in a layer of hydrogel-like soft materials on
the cells after 2 h of incubation at 37 8C. While reducing the
concentration of d-1 to 280 mm still causes hydrogelation on
cells (Figure 2b), little such hydrogel occurs on the HeLa cells
treated by d-1 at 140 mm (Figure 2c). LC-MS analysis reveals
that the hydrogel contains d-2 at about 2.05 mm (Table S1 in
the Supporting Information), much higher than the concen-

tration used for incubation. This result suggests that the
conversion of d-1 to d-2 leads to the pericellular accumu-
lation of d-2 for the hydrogelation on the HeLa cells. In
contrast, the incubation of HeLa cells with d-2 at even 560 mm

hardly results in hydrogelation (Figure 2d), further suggesting
that phosphatase-catalyzed dephosphorylation of d-1 results
in localized self-assembly of d-2 in the pericellular space for
hydrogelation. This notion agrees with the observation that
the phosphatase inhibitors (“Pierce”) prevent forming the
pericellular hydrogel around the HeLa cells (Figure S2a).

HeLa cell conditioned medium also dephosphorylates d-
1 to result in hydrogelation. After 48 h of incubation, the
medium treated by d-1 at 560 mm completely transforms from
a solution to a hydrogel (Figure S1a,b), and the medium
treated by d-1 at 280 mm also contains clots of hydrogels in the
solution. Being similar to the case of HeLa cells, the medium
containing d-1 at 140 mm or d-2 at 560 mm fails to form
a hydrogel (Figure S1c,d). These results confirm that the
secretory phosphatases from the HeLa cells convert d-1 to d-
2 and contribute to the transition from the solution to the
hydrogel. Because of the presence of surface and secretory
phosphatases on/near cell membrane, the concentration of
phosphatases is high in pericellular space, thus, more d-2
accumulates and localizes in the pericellular space to self-
assemble for hydrogelation. Being directly incubated with the
cells at 560 mm (Figure 2d), d-2 distributes homogenously in
the culture medium (like the case of Figure S1d), thus it is
unable to accumulate on cells to form pericellular hydrogels.
Moreover, the incubation of HeLa cells with d-1 (at 560 mm)
and ALP (0.1 UmL�1) for 2 h hardly results in pericellular
hydrogelation (Figure S2b), suggesting that the gradient of
phosphatases is critical for the dynamics of the pericellular
accumulation of the hydrogelators (i.e., d-2). Although it
remains difficult to distinct the contributions from surface and
secreted phosphatases, the much faster gelation in the
presence of the cells than the cell conditioned medium
implies more contribution from the surface phosphatases. We
speculate that the major phosphatases for the dephosphor-
ylation of d-1 are placental alkaline phosphatases (PLAP),
which exist in both membrane-bound and secretory forms and
exhibit elevated expression in cervical adenocarcinoma cells
(HeLa)[14] and uterine sarcoma cells (MES-SA; MES-SA/
Dx5).[15]

Scanning electron microscopy (SEM) reveals that the
surface of the HeLa cells incubated with d-1 differs from that
of the untreated HeLa cells. Because the organic solvent (e.g.,
alcohol or acetone) used in cell fixation and the repeated
washing destroy the supramolecular hydrogels, we had to
freeze-dry the cells grown on a glass slide for preserving the
structure of the nanofibrils in the hydrogels. As shown in
Figure 2e, while the untreated HeLa cells exhibit a smooth
surface, the cells treated with d-1 at 560 mm show a completely
different morphology of porous structures cover the surfaces
of the cells (i.e., nanonets). Additionally, the cells treated with
d-1 at 280 mm display fiber-like structures attached closely to
the cell surface (Figure S3). These results coincide with the
pericellular hydrogelation on HeLa cells treated with d-1 at
280 and 560 mm. The transmission electron microscope (TEM)
image of the pericellular hydrogel on HeLa cells treated by d-

Figure 2. Enzymatic formation of the hydrogel/nanonets on the cells.
Optical images of the HeLa cells incubated with d-1 at a) 560, b) 280,
and c) 140 mm, or with d-2 at d) 560 mm for 2 h. White arrows point at
the hydrogel/nanonets. e) SEM images of freeze-dried HeLa cells
treated with d-1 at 0 mm (control) or 560 mm for 2 h. Scale
bar = 10 mm. f) Negative stained TEM images of the pericellular hydro-
gels on the HeLa cells treated by d-1 at 280 mm. g) High magnification
image of the nanofibrils in Figure 2 f. Scale bar in (f) and (g) is
100 nm.
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1 at 280 mm reveals that the hydrogel consists of networks of
nanofibrils (Figure 2 f) that have diameters about 20 nm
(Figure 2 g). That is, the nanofibrils form nanonets. Similar to
the nanofibrils of d-2 formed by the addition of ALP into the
solution of d-1 in PBS buffer (Figure S4), these nanofibrils on
the cell surface entangle with each other to form the matrices
of the hydrogel. Moreover, TEM shows the rough dark edges
on the pericellular nanofibrils (Figure 2 g), indicating that
other biomacromolecules likely attach to the nanofibrils.

Congo red and DAPI,[16] a stain for nanofibrils formed by
self-assembly[17] and a nucleus dye, respectively, help further
visualize the pericellular hydrogel/nanonets on single cells. As
shown in Figure 3a, after incubation with d-1 at 280 mm for
12 h and the addition of Congo red and DAPI, HeLa cells
show obvious red fluorescence that outlines the cell shape,
while untreated HeLa cells (i.e., the control) show little red
fluorescence. Moreover, DAPI is unable to enter the HeLa
cells treated with d-1 at 280 mm and co-localizes with Congo
red, as shown in both the 2-D image and the 3-D stacked
image (see video in the Supporting Information). This result
differs drastically from the staining of the untreated HeLa
cells (i.e., DAPI stains the nuclei) and confirms that 1) the
hydrogel/nanonets form exclusively in pericellular space and
2) the pericellular hydrogels/nanonets prevent the diffusion of
DAPI into the cells. Since DAPI is a small molecule (M.W. =

277 Da), the block of the cell entry of DAPI suggests that the
pericellular hydrogel/nanonets are able to block other
molecules (e.g., biomacromolecules) entering cells. The
uneven distribution of the Congo red on the surface of the
d-1 treated HeLa cells agrees with the result from SEM,
suggesting the inhomogeneous distribution of the hydrogel on
the surface of the HeLa cells.

We treated Ect1/E6E7 cells (immortalized normal human
cervical epithelial cells, which have same tissue and organ
origins as HeLa cells) with the same procedure as that on the
HeLa cells. The Ect1/E6E7 cells, after being incubated with
d-1 even at 560 mm for 12 h, hardly display any red fluores-
cence, which is similar to that of the untreated Ect1/E6E7
cells, and DAPI stains the nuclei of both the treated and the
untreated Ect1/E6E7 cells (Figure 3a). These results agree
with that hydrogels hardly form on Ect1/E6E7 cells even for
a prolonged incubation time of 48 h (Figure S5). The differ-
ence of hydrogel/nanonets formation by d-1 on HeLa cells
and Ect1/E6E7 cells agrees with that HeLa cells have higher
levels phosphatase activities than Ect1/E6E7 cells do (Fig-
ure S6).

To verify whether the pericellular hydrogel/nanonets
block secretory proteins/enzymes into the culture medium,
we evaluated the amount of phosphatases in the four samples:
the blank medium (Blank), medium incubated with untreated
HeLa cells (Control), pericellular hydrogel on HeLa cells
treated by d-1 at 560 mm for 12 h (Gel), and the suspension of
the medium of HeLa cells treated by d-1 after removing the
hydrogel (Suspension). According to the result shown in
Figure 3b, the amount of phosphatases accumulated in the
Gel is about 27 times higher than that in the Control.
Consequently, the amount of phosphatases in the Suspension
is significantly lower than that in the Control. These results
indicate that the pericellular hydrogel/nanonets capture the

secretory proteins/enzymes from the cells, thus blocking them
to enter the culture medium. Moreover, we analyzed the
protein composition in the four samples by SDS-PAGE and
Coomassie staining (Figure 3c) and found that the Gel lane
contains more bands than in the lanes of the Control and the
Suspension, suggesting that the pericellular hydrogel/nano-
nets block diffusion to enrich secretory proteins. In other
words, the pericellular hydrogel/nanonets largely block cel-
lular mass exchange between the cells with their environment.

Blocking cellular mass exchange has profound effects
on critical cellular activities (e.g., migration, adhesion, and
proliferation) of the cancer cells. According to migration
assay[18] shown in Figure S7a, the HeLa cells treated by d-1 at
280 and 560 mm have gaps larger than that of the untreated
HeLa cells (i.e., the control) and those of the HeLa cells

Figure 3. The pericellular hydrogel/nanonets inhibit cancer cells.
a) Overlaid images and 3D stacked z-scan images of Congo red and
DAPI stained HeLa and Ect1/E6E7 cell treated by d-1 or just culture
medium as control for 12 h. HeLa cells treated by d-1 at 280 mm ; Ect1/
E6E7 cells treated by d-1 at 560 mm. Scale bar = 10 mm. White dots
outline the cells. b) Comparison of phosphate activity in blank
medium (Blank), medium incubated with HeLa cells (Control), peri-
cellular hydrogels on HeLa cells treated by d-1 at 560 mm (Gel), and
the suspension medium of HeLa cells treated by d-1 at 560 mm

(Suspension). c) SDS-PAGE showing the protein composition in the
Blank, Control, Gel, and Suspension. Arrows point at protein bands
that appear only in the lane of the Gel. d) Cell viabilities of HeLa (H),
Ect1/E6E7 (E), MES-SA (M) and MES-SA/Dx5 (MD) cells treated by
280 mm of d-1 or HeLa cells treated by 280 mm of d-2 for 48 h.
e) Change of relative amount of apoptosis signal molecules over time
in HeLa cells treated by d-1 at 280 mm.
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treated by d-1 at 140 mm or d-2 at 560 mm, confirming that the
pericellular hydrogel/nanonets decrease the migration of the
HeLa cells. Moreover, as shown by the time progression curve
of the cell adhesion (Figure S7b) of trypsinized HeLa cells,[19]

the addition of d-1 at 560 mm significantly delays the adhesion
of HeLa cells (i.e., less than 5% cells reattach to surface after
at 4 h). The addition of d-2 at 560 mm, though exhibiting
a slight delay of adhesion at the beginning of incubation,
hardly hampers cell adhesion (e.g., being similar to that of
control, more 80 % of cells reattach at 4 h). Most importantly,
as shown in Figure 3d, at 280 mm, d-1 significantly decreases
the viability of the HeLa cells to about 10 % after 48 h
incubation. Moreover, 280 mm of d-1 also forms pericellular
hydrogel/nanonets (Figure S8) and inhibits the growth of
MES-SA and MES-SA/dx5 cells, regardless of the multi-drug
resistance of the latter. In contrast, over 60 % of the Ect1/
E6E7 cells treated with d-1 at 280 mm for 48 h remain viable.
The direct addition of d-2 at 280 mm hardly inhibits the growth
of HeLa cells. These results confirm that the pericellular
dephosphorylation of d-1 leads to the self-assembly of d-2 on
the surface of cancer cells, thus the network of nanofibrils on
the cancer cells inhibit the entrapped cells (Figure S9). We
used ELISA to quantify the amount of several key apoptosis
signal molecules over time in the HeLa cells incubated with
d-1 at 280 mm (Figure 3 e), and we found that the amount of
active Caspase 3 and active PARP increase at 24 and 32 h of
incubation, suggesting that the cells undergo caspases depen-
dent apoptosis. The apoptosis of the HeLa cells also implies
that the toxicity of pericellular hydrogel/nanonets unlikely
originates from the perturbation of plasma membrane, which
primarily results in necrosis of the cells.[20] Moreover, the
removal of the media containing d-1 (at gradient concen-
tration) after 4 hour incubation restores cell viability (Fig-
ure S12), suggesting little tight ligand-receptor type interac-
tion between d-2 (or the nanofibrils of d-2) with plasma
membrane to disrupt the plasma membrane of cells.

One key prerequisite for pericellular hydrogelation is the
proteolytic stability of the small molecular precursors and
hydrogelators. The incubation of HeLa cells with l-1 (the l-
peptide counterpart of d-1; Figure S10) at 560 mm at 37 8C
fails to form pericellular hydrogel/nanofibrils due to the
proteolysis of l-1 in cellular environment (Figure S11).

In summary, this work demonstrates that molecular
nanofibers, formed by enzyme-instructed self-assembly of
innocuous monomers, selectively inhibit cancer cells. The
rapid formation of the pericellular d-peptide hydrogels
contributes to the entrapment of secretory phosphatases in
the hydrogel, suggesting a fundamentally new way, which
relies on the localization of enzymes, to form supramolecular
hydrogels/nanofibrils in a specific cellular location for con-
trolling the fate of cells.[21] In addition, the pericellular
hydrogelation also promises a new method that enriches
and regulates secretome of cells for understanding and
modulating cellular microenvironment.
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Combinatorially Designed Lipid-like Nanoparticles for Intracellular
Delivery of Cytotoxic Protein for Cancer Therapy**
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Abstract: An efficient and safe method to deliver active
proteins into the cytosol of targeted cells is highly desirable to
advance protein-based therapeutics. A novel protein delivery
platform has been created by combinatorial design of cationic
lipid-like materials (termed “lipidoids”), coupled with a rever-
sible chemical protein engineering approach. Using ribonu-
clease A (RNase A) and saporin as two representative cyto-
toxic proteins, the combinatorial lipidoids efficiently deliver
proteins into cancer cells and inhibit cell proliferation. A study
of the structure–function relationship reveals that the electro-
static and hydrophobic interactions between the lipidoids and
the protein play a vital role in the formation of protein–lipidoid
nanocomplexes and intracellular delivery. A representative
lipidoid (EC16-1) protein nanoparticle formulation inhibits
cell proliferation in vitro and suppresses tumor growth in
a murine breast cancer model.

Protein therapy has been considered as the safest and most
direct approach to manipulate cell function and treat human
disease since the early 1980s, when insulin began to be used as
the first human recombinant protein therapeutic.[1] A major-
ity of protein pharmaceuticals (for example, cytokines,
growth factors, and monoclonal antibodies) elicit their
biological activity by targeting cell surface ligands or extra-
cellular domains.[2] Nevertheless, advancements in molecular
biology have suggested that proteins that target intracellular
biological activity could be potent therapeutics.[3] The deliv-
ery of proteins safely and efficiently through the cell
membrane to reach their intracellular targets remains a chal-
lenge for the success of protein therapy.[3b] As such, the
development of methods for intracellular protein delivery is
needed. Over the past few decades, the most thoroughly
studied protein delivery approach has been fusing target
protein cargos with protein transduction domains (PTD) or
membrane transport signals. The delivery efficiency of PTD-
protein fusions vary with protein type[4] and lack the
capability to target a specific tissue or organ. More recently,

nanoparticle drug delivery systems have offered alternative
approaches for spatially and temporally controlled protein
delivery. A number of synthetic nanomaterials, including
liposomes,[5] polymers,[6] and inorganic nanoparticles,[7] have
been designed for this purpose. These nanoparticules, how-
ever, are still of limited utility for protein therapy owing to the
low delivery efficiency and/or complicated nanoparticle
fabrication processes. Thus, a facile and convenient approach
to develop novel nanomaterials for efficient intracellular
protein delivery has yet to be developed.

We report herein a novel and efficient protein delivery
platform that uses combinatorially designed cationic lipid-
based nanoparticles combined with a reversible protein
modification approach. Pioneered by Anderson, Langer,
et al. ,[8] the combinatorial library strategy has recently been
used to generate cationic lipid-like materials (termed “lip-
idoids”) for siRNA delivery. We have further extended this
class of materials for use in DNA and mRNA delivery.[9] We
hypothesize that lipidoids can be used as a novel protein
delivery platform, as the charge–charge and hydrophobic
interactions between lipidoids and proteins can load proteins
into lipidoid nanoparticles. In turn, the hydrophobic nature of
lipidoid nanoparticles allows easy protein transport through
the cell membrane. In an attempt to strengthen the charge–
charge binding of proteins and lipidoids, we modified the
lysine residues of proteins with cis-aconitic anhydride in this
investigation. The conjugation reaction between the amine
groups of lysine and cis-aconitic anhydride converts the
positively charged lysines into negatively charged carboxylate
groups, thus increasing the negative charge density of protein
and its binding with cationic lipidoids. Moreover, the cis-
aconitic anhydride modification is reversible in the slightly
acidic intracellular environment (for example, the pH of
endosome and lysosome is in the range of 5–6),[10] leading to
the restoration of the biological activity of the modified
proteins.

As a proof-of-concept for developing cationic lipid-based
nanoparticles for protein delivery, we designed and synthe-
sized a library of lipidoids through the ring-opening reaction
of 1, 2-epoxyhexadecane and aliphatic amines with diversified
chemical structures (Figure 1). Using RNase A and saporin,
two representative cytotoxic proteins, along with the cis-
aconitic anhydride modified versions (RNase A-Aco and
saporin-Aco), we demonstrate that the lipidoid nanoparticles
can deliver protein into cancer cells and inhibit cell prolifer-
ation, for potential applications such as cancer therapy.
RNase A can cleave intracellular RNA and induce cytotoxic
effects when taken up by cells,[11] while saporin irreversibly
inhibits protein synthesis in eukaryotic cells by rending the
28S subunit of ribosomes.[12] RNase A and saporin have both
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been used in clinical trials in cancer patients that are
refractory to traditional chemotherapy.[13] In an in vivo
study, we demonstrate that the administration of a represen-
tative lipidoid/saporin nanoparticle formulation suppresses
tumor growth in a 4T1 murine breast cancer model by
accumulating saporin at tumor sites.

The library of lipidoids was synthesized through the ring-
opening reaction between 1,2-epoxyhexadecane and amine
under mild conditions according to the methods of previous
reports.[9a,b] The crude products were used directly for initial
identification of protein delivery materials, and subsequently
purified for detailed formulation studies. The lipidoids are
named EC16 followed by the amine number in the library
(Figure 1), where EC16 indicates 1,2-epoxyhexadecane. The
reversible chemical modifications of RNase A or saporin
were achieved by reacting proteins with excessive amounts of
cis-aconitic anhydride, followed by a dialysis purification
process. RNase A-Aco was selected for detailed study to
confirm the acid-labile nature and chemical reversibility of
the cis-aconitic anhydride modification of the proteins. The
treatment of RNase A-Aco with an acidic buffer solution
(NaOAc, pH 5.2) restored the protein back to RNase A, as
confirmed by SDS-PAGE analysis (Supporting Information,
Figure S1 A). Moreover, the acid-treated RNase A-Aco sig-
nificantly enhances ribonuclease activity compared to that of
neutral PBS treated RNase A-Aco (Figure S1B). These
results suggest that protein modification using cis-aconitic
anhydride is acid-labile and chemically reversible. Such
a reversible protein modification approach has the potential
to boost electrostatic binding of protein with cationic lipidoids
while having minor effect on their intracellular function.

The capability of lipidoids to deliver protein was eval-
uated by co-culturing murine melanoma cancer cells
(B16F10) with lipidoid–protein complexes of RNase A,
saporin, RNase A-Aco, or saporin-Aco. As the successful
transduction of RNase A or saporin into cell induces cyto-

toxicity and inhibits cell proliferation,[11,13b] the protein
delivery efficiency by various lipidoid-based nanoparticles
was compared by measuring the viability of differently
treated cells. As shown in Figure 2, all lipidoids displayed
low carrier cytotoxicity, with cell viabilities greater than 90%
following exposure to each of the lipidoids at a concentration
of 4 mgmL�1. Similarly, we observed no detectable toxicity to
B16F10 cells following exposure to the four proteins
(3.3 mgmL�1 for RNase A and RNase A-Aco, 0.17 mg mL�1

for saporin and saporin-Aco). This can be attributed to the
naked protein lacking an efficient mode of entry to cells.
Lipidoid–protein complex treated cells, however, showed
distinct changes in cell viability, depending on the lipidoid and
protein type. No appreciable viability decrease was observed
for lipidoid/RNase A treated cells, indicating a low RNase A
delivery efficiency by all lipidoids in the library. This is most
likely because of the high intrinsic positive charge, and
hydrophilic nature of RNase A, which prevented the forma-
tion of stable nanocomplexes for membrane penetration. In
contrast, RNase A-Aco, saporin, and saporin-Aco can be
delivered using seven of the lipidoids in the library (EC16-1,
EC16-3, EC16-4, EC16-5, EC16-6, EC16-12, and EC16-14). A
notable example of a lipidoid with high protein delivery
efficiency is EC16-1, which facilitates the delivery of
RNase A-Aco, saporin, and saporin-Aco, and reduces
B16F10 cell viability down to 30%. It is also noteworthy
that EC16-1 delivered both chemically modified and non-
modified saporin with comparable efficiency. This indicates
that the charge–charge interaction is not the only driving
force facilitating lipidoid and protein binding, and that
hydrophobic interactions may also contribute to the complex-
ation between protein (saporin) and lipidoid. The significance
of hydrophobic interaction between lipidoid and protein in
facilitating protein delivery was further demonstrated by
delivering RNase A-Aco and saporin with lipidoids of varied
tail length.

Two lipidoids with shorter hydrophobic tails, EC14-1 and
EC14-12, delivered RNase A-Aco and saporin and subse-

Figure 1. a) Route of synthesis for lipidoids. b) The chemical structures
of the library of amines used for lipidoid synthesis (The lipidoids are
named EC16, for 1, 2-epoxyhexadecane, followed by the amine
number).

Figure 2. Evaluation of lipidoid-facilitated protein delivery on B16F10
cell line via a cytotoxicity assay. Black: lipidoid controls (4 mgmL�1);
green: RNase A (3.3 mgmL�1); yellow: RNase A-Aco(3.3 mg mL�1); blue:
saporin(0.17 mgmL�1); red: Saporin-Aco(0.17 mg mL�1). Cytotoxicity
was determined by MTT assay. Data are presented as mean �SD
(n = 4).
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quently inhibited cell proliferation less efficiently than EC16-
1 and EC16-12 (Figure S2). This suggests that lipidoids with
longer hydrophobic tails have higher protein delivery effi-
ciency. Moreover, these findings demonstrate the advantage
of a combinatorial approach for the discovery of novel
nanocarriers for protein delivery and the investigation of
structure–function relationships. The complexation between
EC16-1 and proteins was characterized by dynamic light
scattering (DLS) analysis. The complexation between neg-
atively charged RNase A-Aco or saporin-Aco and EC16-
1 increased the size and decreased the zeta-potential of the
EC16-1 particles, while the addition of unmodified RNase A
or saporin into the EC16-1 solution had only minor effect on
the size and surface charge of EC16-1 (Table S1). The
representative nanoparticle structures of EC16-1 and EC16-
1/RNase A-Aco complexes were further characterized by
TEM imaging (Figure S3). The dispersed EC16-1 solution
formed nanoparticles with a size of about 200 nm, while
typical lipsome-like structures were observed for the EC16-1/
RNase A-Aco complexs.

To investigate lipidoid facilitated protein delivery in
detail, RNase A-Aco, and saporin were selected along with
the lipidoid EC16-1 as representative proteins and lipidoid for
the remainder of the studies. Protein delivery conditions were
initially optimized by treating B16F10 cells with lipidoid–
protein complexes mixed at varied EC16-1 to protein ratio,
while the concentrations of RNase A-Aco and saporin that
the cells were exposed to was fixed at 3.3 mgmL�1 and
0.17 mgmL�1, respectively (Figure S4). Optimal results were
achieved at mass ratio of 2: 5 for EC16-1/RNase A-Aco, and
20:1 for EC16-1/saporin complex, and further increases in
lipidoid to protein ratio did not improve the delivery
efficiency. Furthermore, the cytotoxicity of EC16-1/
RNase A-Aco and EC16-1/saporin complexes against
B16F10 cells is dependent on protein dose. As shown in
Figure 3, when used as stand-alone agents, RNase A-Aco and

saporin show low cytotoxicities at all of the studied concen-
trations. EC16-1/RNase A-Aco and EC16-1/saporin com-
plexes prepared at optimized delivery conditions, however,
had significantly enhanced protein cytotoxicity and displayed
protein-concentration dependence. The half-maximal growth
inhibitory concentration (IC50) of EC16-1/RNase A-Aco and
EC16-1/saporin complexes against B16F10 cells was deter-

mined to be 64 nm and 5.3 nm respectively, which was greatly
improved compared to RNase A-Aco and saporin alone.

Whether lipidoids such as EC16-1 are able to deliver
proteins to a panel of cancer cell lines was also investigated.
An efficient protein delivery platform for cancer therapy
must be able to transfect various cell lines, as each consists of
different cell surface environments which may affect the
internalization of nanoparticles and the protein delivery. We
selected human breast cancer cells (MCF-7 and MDA-MB-
231), human liver hepatocellular carcinoma cells (HepG 2),
human prostate cancer cell lines (PC-3 and LNCaP), human
cervical carcinoma cells (HeLa), and murine breast cancer
cells (4T1) as target cell lines. These cells were treated with
EC16-1/RNase A-Aco or EC16-1/saporin complexes at pre-
viously optimized delivery conditions. Table 1 summarizes the
IC50 values that were determined following the treatments of
EC16-1/RNase A-Aco or EC16-1/saporin complexes to all of
the cancer cell lines. The delivery of EC16-1/RNase A-Aco or
EC16-1/saporin complexes resulted in significant cytotoxicity
in all cell lines, suggesting the general applicability of lipidoid
EC16-1 for protein delivery.

Having demonstrated the high efficiency and generality of
EC16-1 for protein delivery, we next developed a general
protein delivery formulation that comprises protein
(RNase A-Aco or saporin), lipidoid EC16-1, 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE), cholesterol, and
N-(palmitoyl)sphingosine[succinyl{methoxy(polyethylene
glycol)2000}] (C16-mPEG-ceramide) for in vivo protein
delivery. We further post-modified the lipidoid/protein for-
mulations with DSPE-PEG2000-biotin to target tumor cells
and tissues. Biotinylated polymers or nanoparticles can be
selectively taken up by cancer cells and accumulate in the
tumor tissue, improving therapeutic efficacy.[14] The EC16-1/
RNase A-Aco and EC16-1/saporin nanoparticle formulation
and also empty EC16-1 formulated nanoparticles are about
120 nm in size, as determined by dynamic light scattering
(DLS) analysis (Figure 4a). The typical nanoparticular struc-
ture of EC16-1/saporin formulation was visualized by TEM
(Figure 4b). Subsequent zeta-potential analysis of the nano-
particles revealed the positively charged nature of EC16-
1 (7.6� 0.3 mV) and EC16-1/saporin formulations (5.6�
0.2 mV), while EC16-1/RNase A-Aco formulation had a re-
duced zeta-potential of �13.5� 1.4 mV (Figure 4a). The
surface charge measurements of EC16-1/protein nanoformu-

Figure 3. Protein concentration-dependent cytotoxicity of EC16-1 medi-
ated RNase A-Aco (a) and saporin (b) delivery on B16F10 cells (Protein
only: ~; Lipidoid/protein nanoparticle: &). Data are presented as
mean �SD (n = 4).

Table 1: IC50 values of RNase A-Aco and saporin delivered by EC16-
1 against various cancerous cell lines.

Cell line Cancer type RNaseA-Aco [nm] Saporin [nm]

MCF-7 breast 40.6 2.9
MDA-MB-231 breast 57 2.5
B16F10 melanoma 64 5.3
HepG 2 liver 28 3.9
PC-3 prostate 125 2.3
LNCaP prostate 243 1.4
HeLa cervix 48 3.2
4T1 breast 412 0.9
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lations further confirmed the different complexation modes
of lipidoids with RNase A-Aco and saporin. The charge–
charge interaction between RNase A-Aco and EC16-1 neu-
tralizes the positive charge of the lipidoid nanoparticles, while
saporin is encapsulated into the lipidoid primarily by hydro-
phobic interactions and thus has a minor effect on the surface
charge of EC16-1 nanoparticles.

The cellular uptake and intracellular trafficking of EC16-
1/protein nanoparticles were studied by formulating FITC-
labeled RNase A-Aco (FITC-RNase A-Aco) with EC16-
1 and exposing to B16F10 cells. A confocal laser fluorescence
microscopy (CLSM) imaging study (Figure 5a) reveals that

free FITC-RNase A-Aco had a low efficiency of entry of
protein. In contrast, significant cellular uptake and intra-
cellular accumulation of EC16-1/protein nanoparticles were
observed as green fluorescent pinpoints in the CLSM images
of cells treated with the EC16-1/FITC-RNase A-Aco nano-
formulation (Figure 5b). The different uptake of free protein
and EC16-1/FITC-RNase A-Aco nanoparticles was further
confirmed by a flow cytometry analysis (Figure S5). FITC-
RNase A-Aco treated cells had comparable mean fluores-
cence intensity to that of untreated cells, while the cells
exposed to EC16-1/FITC-RNase A-Aco nanoformulation
had significantly enhanced fluorescence intensities, suggest-
ing that the EC16-1 formulation is capable of delivering
proteins. Moreover, B16F10 cells incubated with EC16-1/

FITC-RNase A-Aco nanoparticles at a lower temperature
(4 8C) have a significantly reduced nanoparticle uptake
compared to that at 37 8C (Figure S5). This is an indicative
of endocytosis process of EC16-1/FITC-RNase A-Aco nano-
particles, as endocytosis of nanoparticles is known as an
energy-dependent process. The endocytosized EC16-1/FITC-
RNase A-Aco nanoparticles efficiently escape from endo-
some/lysosome after entering cells. The CLSM imaging
studies by counterstaining endosome/lysosome reveals the
co-localization of EC16-1/FITC-RNase A-Aco nanoparticles
within endosome/lysosome after 4 h of incubation (white
arrows in Figure 5b). However, significant amounts of protein
had already escaped from the endosomal compartment, as
indicated by the green fluorescence throughout the cell.

The efficiency of EC16-1/protein formulations to inhibit
cell proliferation was further determined using B16F10 cells.
The treatment of cells with RNase A-Aco or saporin nano-
formulation inhibited cell proliferation in a protein-dose-
dependent manner (Figure S6). The potential cytotoxicity of
empty EC16-1 nanoparicles was excluded in Figure S7.
Meanwhile, B16F10 cells treated with varying concentrations
of RNase A-Aco or saporin formulations, without EC16-
1 caused only a minor decrease in cell viability, compared to
that of similar formulations containing EC16-1 (Figure S8).
This indicates the vital role that lipidoids play in the
formulation of protein nanoparticles for intracellular delivery.
The IC50 of RNase A-Aco and saporin nanoformulation
against B16F10 cells was determined to be 36.5 nm and
4.2 nm, respectively, with an improvement compared to that
of EC16-1/protein complexes without formulation processes
(Table 1).

Finally, in vivo protein delivery using EC16-1/saporin
nanoparticles as a representative protein formulation was
conducted to assess the potential of intracellular delivery of
EC16-1/protein nanoparticles for cancer therapy. First, the
accumulation of EC16-1/saporin nanoformulation at tumor
sites was investigated in a murine breast cancer model. Balb/c
mice brearing 4T1 tumors were intravenously injected with
EC16-1/saporin nanoparticles or free saporin (310 mgkg�1 of
saporin). The tumors were harvested 4 h post-injectection for
saporin analysis. Immunohistochemical studies (Figure 6 a)
showed significant amounts of saporin accumulation at tumor
sites with EC16-1/saporin nanoformulation injection (as
indicated by the dark regions), while no protein accumulation
was observed for mice treated with free saporin. The in vivo
protein delivery ability of EC16-1/saporin nanoparticles and
saporin accumulation at tumor sites were also observed in
a B16F10 murine melanoma cancer model. As shown in
Figure S9, the intravenous injection of EC16-1/saporin nano-
particles into C57BL/6J mice bearing B16F10 melanoma
tumors resulted in similar accumulation of saporin at the
tumor site.

The accumulation of EC16-1/saporin nanoformulations at
the tumor sites could be ascribed to the enhanced perme-
ability and retention (EPR) effect of the leaky vascular
structure of the tumor tissue.[15] Having confirmed the
successful and efficient delivery of saporin into tumors,
a comparative tumor growth suppression study was per-
formed in the 4T1 murine breast cancer model. 4T1-tumor-

Figure 4. Characterization of EC16-1/protein nanoformulations: a) size
and zeta-potential measurements; b) TEM images of EC16-1/saporin
nanoformulation.

Figure 5. Confocal laser scanning microscopy (CLSM) images of
B16F10 cells incubated for 4 h with free FITC-RNase A-Aco (a) and
EC16-1/FITC-RNase A-Aco nanoformulations (b). Cells were counter-
stained with DAPI (for nuclei) and LysoTracker Red (for endosome/
lysosomes). Scale bar: 20 mm.
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bearing mice were divided into four groups, and each group of
mice received a different treatment (PBS, EC16-1, saporin, or
EC16-1/saporin) by intravenous tail vein injection every three
days for a total of three injections per mouse. Following each
treatment, the tumor growth was monitored by direct caliper
measurement. As shown in Figure 6b, EC16-1 and free
saporin treated groups had similar tumor volumes to that of
PBS control mice. EC16-1/saporin nanoparticle-treated mice,
however, had significantly reduced tumor volumes (by 80%)
compared to the control groups. Mouse body weight were also
monitored during the treatments (Figure S10) to verify that
administration did not result in significant toxicity. No
significant body weight changes during the treatments were
observed nor were a decrease in body condition. Further-
more, the immune response to EC16-1/saporin nanoparticle
injections was monitored by measuring the TNF-a and IFN-g
level in the blood samples of mice (Figure S11) to confirm
that reduction in tumor volume was not a result of immune
stimulation. No significant increase in TNF-a or IFN-g level
were observed in EC16-1/saporin-nanoparticle treated mice
compared to the levels in PBS or free saporin-treated mice.
The above results demonstrate that EC16-1/saporin nano-
particles can deliver protein in vivo and suppress tumor
growth. This suggests that lipidoids are a safe and efficient
protein delivery platform for the delivery of cytotoxic
proteins for cancer therapy.

In summary, we have reported that our combinatorially
designed cationic lipidoid nanoparticles function as a novel
protein delivery platform. We synthesized a library of
lipidoids through the mild ring-opening reactions of 1,2-
epoxyhexadecane with primary or secondary aliphatic
amines. Using two representative cytotoxic proteins

(RNase A and saporin), we have found that the intrinsic
physical properties of the proteins (net negative charge and
hydrophobicity) determine the protein–lipidoid interactions
and affect the intracellular delivery efficiency. The lipidoid
that we selected for primary study, EC16-1, is able to deliver
cytotoxic RNase A-Aco and saporin to a panel of cancer cell
lines and inhibit cell proliferation. Furthermore, we devel-
oped several lipidoid/protein formulations that are efficient
for in vitro and in vivo protein delivery. EC16-1/saporin
nanoparticles were shown to accumulate at the tumor site
and they suppressed tumor growth in a murine breast cancer
model. Taken together, these results suggest that combinato-
rially developed lipidoids can be a highly efficient and
effective delivery platform for protein therapeutics. We
believe the results disclosed herein will help advance and
accelerate the clinical translation of protein pharmaceuticals
for cancer therapy.

Received: December 27, 2013
Published online: February 12, 2014

.Keywords: cancer therapy · lipidoids · nanoparticles ·
protein delivery

[1] D. V. Goeddel, D. G. Kleid, F. Bolivar, H. L. Heyneker, D. G.
Yansura, R. Crea, T. Hirose, A. Kraszewski, K. Itakura, A. D.
Riggs, Proc. Natl. Acad. Sci. USA 1979, 76, 106 – 110.

[2] B. Leader, Q. J. Baca, D. E. Golan, Nat. Rev. Drug. Discovery
2008, 7, 21 – 39.

[3] a) G. Walsh, Nat. Biotechnol. 2010, 28, 917 – 924; b) Z. Gu, A.
Biswas, M. X. Zhao, Y. Tang, Chem. Soc. Rev. 2011, 40, 3638 –
3655.

[4] Z. B. Mi, J. Mai, X. L. Lu, P. D. Robbins, Mol. Ther. 2000, 2, 339 –
347.

[5] a) S. K. Kim, M. B. Foote, L. Huang, Biomaterials 2012, 33,
3959 – 3966; b) O. Zelphati, Y. Wang, S. Kitada, J. C. Reed, P. L.
Felgner, J. Corbeil, J. Biol. Chem. 2001, 276, 35103 – 35110.

[6] J. S. Lee, J. Feijen, J. Controlled Release 2012, 161, 473 – 483.
[7] P. Ghosh, X. Yang, R. Arvizo, Z.-J. Zhu, S. S. Agasti, Z. Mo,

V. M. Rotello, J. Am. Chem. Soc. 2010, 132, 2642 – 2645.
[8] a) A. Akinc, A. Zumbuehl, M. Goldberg, E. S. Leshchiner, V.

Busini, N. Hossain, S. A. Bacallado, D. N. Nguyen, J. Fuller, R.
Alvarez, A. Borodovsky, T. Borland, R. Constien, A. de Fou-
gerolles, J. R. Dorkin, K. N. Jayaprakash, M. Jayaraman, M.
John, V. Koteliansky, M. Manoharan, L. Nechev, J. Qin, T. Racie,
D. Raitcheva, K. G. Rajeev, D. W. Y. Sah, J. Soutschek, I.
Toudjarska, H. P. Vornlocher, T. S. Zimmermann, R. Langer,
D. G. Anderson, Nat. Biotechnol. 2008, 26, 561 – 569; b) Y.-H.
Huang, Y. Bao, W. Peng, M. Goldberg, K. Love, D. A. Bumcrot,
G. Cole, R. Langer, D. G. Anderson, J. A. Sawicki, Proc. Natl.
Acad. Sci. USA 2009, 106, 3426 – 3430; c) K. T. Love, K. P.
Mahon, C. G. Levins, K. A. Whitehead, W. Querbes, J. R.
Dorkin, J. Qin, W. Cantley, L. L. Qin, T. Racie, M. Frank-
Kamenetsky, K. N. Yip, R. Alvarez, D. W. Sah, A. de Fouger-
olles, K. Fitzgerald, V. Koteliansky, A. Akinc, R. Langer, D. G.
Anderson, Proc. Natl. Acad. Sci. USA 2010, 107, 1864 – 1869;
d) D. N. Nguyen, K. P. Mahon, G. Chikh, P. Kim, H. Chung, A. P.
Vicari, K. T. Love, M. Goldberg, S. Chen, A. M. Krieg, J. Chen,
R. Langer, D. G. Anderson, Proc. Natl. Acad. Sci. USA 2012,
109, E797 – E803; e) C. A. Alabi, K. T. Love, G. Sahay, H. Yin,
K. M. Luly, R. Langer, D. G. Anderson, Proc. Natl. Acad. Sci.
USA 2013, 110, 12881 – 12886.

Figure 6. In vivo delivery of EC16-1/saporin nanoformulations into 4T1
breast tumor bearing mice: (a) immunohistochemistry (IHC) studies
of saporin accumulation at tumor sites. Saporin in an uncomplexed
form (left) and in EC16-1/saporin nanoparticles (right), administrated
by tail-vein injection. (b) EC16-1/saporin nanoparticle delivery sup-
presses tumor growth on a 4T1 breast cancer model. Tumor sizes
reported as mean �SEM.

Angewandte
Chemie

2897Angew. Chem. Int. Ed. 2014, 53, 2893 –2898 � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1073/pnas.76.1.106
http://dx.doi.org/10.1038/nrd2399
http://dx.doi.org/10.1038/nrd2399
http://dx.doi.org/10.1038/nbt0910-917
http://dx.doi.org/10.1039/c0cs00227e
http://dx.doi.org/10.1039/c0cs00227e
http://dx.doi.org/10.1006/mthe.2000.0137
http://dx.doi.org/10.1006/mthe.2000.0137
http://dx.doi.org/10.1016/j.biomaterials.2012.02.010
http://dx.doi.org/10.1016/j.biomaterials.2012.02.010
http://dx.doi.org/10.1074/jbc.M104920200
http://dx.doi.org/10.1016/j.jconrel.2011.10.005
http://dx.doi.org/10.1021/ja907887z
http://dx.doi.org/10.1038/nbt1402
http://dx.doi.org/10.1073/pnas.0813348106
http://dx.doi.org/10.1073/pnas.0813348106
http://dx.doi.org/10.1073/pnas.0910603106
http://dx.doi.org/10.1073/pnas.1121423109
http://dx.doi.org/10.1073/pnas.1121423109
http://dx.doi.org/10.1073/pnas.1306529110
http://dx.doi.org/10.1073/pnas.1306529110
http://www.angewandte.org


[9] a) M. Wang, S. Sun, K. A. Alberti, Q. Xu, ACS Synth. Biol. 2012,
1, 403 – 407; b) S. Sun, M. Wang, S. A. Knupp, Y. Soto-Feliciano,
X. Hu, D. L. Kaplan, R. Langer, D. G. Anderson, Q. B. Xu,
Bioconjugate Chem. 2012, 23, 135 – 140; c) S. Sun, M. Wang,
K. A. Alberti, A. Choy, Q. B. Xu, Nanomed-Nanotechnol. 2013,
9, 849 – 854.

[10] a) Y. Lee, T. Ishii, H. Cabral, H. J. Kim, J. H. Seo, N. Nishiyama,
H. Oshima, K. Osada, K. Kataoka, Angew. Chem. 2009, 121,
5413 – 5416; Angew. Chem. Int. Ed. 2009, 48, 5309 – 5312; b) Y.
Lee, T. Ishii, H. J. Kim, N. Nishiyama, Y. Hayakawa, K. Itaka, K.
Kataoka, Angew. Chem. 2010, 122, 2606 – 2609; Angew. Chem.
Int. Ed. 2010, 49, 2552 – 2555; c) K. Maier, E. Wagner, J. Am.
Chem. Soc. 2012, 134, 10169 – 10173.

[11] R. T. Raines, Chem. Rev. 1998, 98, 1045 – 1065.

[12] J. G. Beitz, P. Davol, J. W. Clark, J. Kato, M. Medina, A. R.
Frackelton, D. A. Lappi, A. Baird, P. Calabresi, Cancer Res.
1992, 52, 227 – 230.

[13] a) M. S. Iordanov, O. P. Ryabinina, J. Wong, T. H. Dinh, D. L.
Newton, S. M. Rybak, B. E. Magun, Cancer Res. 2000, 60, 1983 –
1994; b) J. G. Beitz, P. Davol, J. W. Clark, J. Kato, M. Medina,
A. R. Frackelton, D. A. Lappi, A. Baird, P. Calabresi, Cancer
Res. 1992, 52, 227 – 230; c) L. Polito, M. Bortolotti, M. Pedrazzi,
A. Bolognesi, Toxins 2011, 3, 697 – 720.

[14] a) A. Taheri, R. Dinarvand, F. S. Nouri, M. R. Khorramizadeh,
A. T. Borougeni, P. Mansoori, F. Atyabi, Int. J. Nanomed. 2011,
6, 1863 – 1874; b) J. Su, F. Chen, V. L. Cryns, P. B. Messersmith, J.
Am. Chem. Soc. 2011, 133, 11850 – 11853.

[15] Y. Matsumura, H. Maeda, Cancer Res. 1986, 46, 6387 – 6392.

.Angewandte
Communications

2898 www.angewandte.org � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2014, 53, 2893 –2898

http://dx.doi.org/10.1021/sb300023h
http://dx.doi.org/10.1021/sb300023h
http://dx.doi.org/10.1021/bc200572w
http://dx.doi.org/10.1016/j.nano.2013.01.006
http://dx.doi.org/10.1016/j.nano.2013.01.006
http://dx.doi.org/10.1002/ange.200900064
http://dx.doi.org/10.1002/ange.200900064
http://dx.doi.org/10.1002/anie.200900064
http://dx.doi.org/10.1002/ange.200905264
http://dx.doi.org/10.1002/anie.200905264
http://dx.doi.org/10.1002/anie.200905264
http://dx.doi.org/10.1021/ja302705v
http://dx.doi.org/10.1021/ja302705v
http://dx.doi.org/10.1021/cr960427h
http://dx.doi.org/10.3390/toxins3060697
http://dx.doi.org/10.1021/ja203077x
http://dx.doi.org/10.1021/ja203077x
http://www.angewandte.org


© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advhealthmat.de
www.MaterialsViews.com

wileyonlinelibrary.com1398

C
O

M
M

U
N

IC
A
TI

O
N  Enhanced Intracellular siRNA Delivery using Bioreducible 

Lipid-Like Nanoparticles 

   Ming    Wang     ,        Kyle    Alberti     ,        Antonio    Varone     ,        Dimitria    Pouli     ,        Irene    Georgakoudi     ,    
   and        Qiaobing    Xu   *   

a reductive intracellular environment such as this could trigger 
the degradation of bioreducible siRNA nanocomplexes via a 
route of thiol exchange reactions with the lipidoid, releasing the 
siRNA inside the cells effi ciently, and boosting the gene knock 
down effi ciency. Recently, Anderson and co-workers [ 11 ]  have 
developed a combinatorial strategy that has been used to syn-
thesize a library of lipidoids for siRNA delivery, which has also 
aided in the study of the structure–function relationship in lipi-
doid-facilitated siRNA delivery. We have further expanded this 
class of materials for use as delivery agents of DNA, mRNA, 
and proteins. [ 12,13 ]  

 Although there are a few reports that indicate that biode-
gradable lipids can improve DNA plasmid delivery, [ 14 ]  a thor-
ough investigation on the use of bioreducible lipid, or lipid-like 
materials for siRNA delivery has not been reported yet. This is 
mostly due to the laborious synthesis normally required, and 
ineffi ciencies associated with integrating biodegradable units 
into conventional lipids. In this paper, we synthesized six biore-
ducible lipidoids via Michael addition of aliphatic amines and 
acrylate, incorporating disulfi de bonds ( Scheme    1  ). To evaluate 
the effect of disulfi de bond integration on the capability of lipi-
doid-facilitated delivery, six nonbioreducible lipidoids were syn-
thesized using a similar strategy by replacing the disulfi de bond 
in the acrylates with carbon–carbon bonds. All of the lipidoids 
were able to encapsulate siRNA via electrostatic interaction, 
forming nanoparticles, and effi ciently entering cells. However, 
the lipoplexes composed of the bioreducible lipidoids released 
siRNA more effi ciently than nonbioreducible lipidoid under 
a reductive environment, as revealed by gel electrophoresis 
assay and intracellular siRNA traffi cking studies. Using siRNA 
targeting green fl uorescence protein (GFP) as a model, it was 
observed that the bioreducible lipidoids/siRNA complexes sup-
pressed the GFP expression of GFP-expressing MDA-MB-231 
cells, with a signifi cantly enhanced effi ciency when compared 
with nonbioreducible lipidoids. A representative bioreducible 
lipidoid,  1 -O16B, was able to deliver siRNA-targeting polo-like 
kinase 1 (Plk-1) into cancer cells, depleting Plk-1 and inhibiting 
tumor cell proliferation, demonstrating the lipidoid's potential 
for cancer therapy.  

 The lipidoids, featuring bioreducible components were 
synthesized by reacting aliphatic amines with appropriate 
acrylates in a similar strategy to previous reports (Scheme  1 ). [ 13 ]  
Briefl y, amines and acrylates were heated at molar ratios of 
1:2.4 without any solvent, at 80 °C for 48 h. They were then 
cooled, and the crude products used directly for preliminary 
siRNA delivery studies.  N,N -Dimethyl-1,3-propanediamine ( 1 ) 
and 2,2′-(3-aminopropyl-azanediyl) diethanol ( 2 ) were selected 
as representative amines based on our knowledge that they 
have the potential to form lipidoids with effi cient gene delivery 

  The discovery of RNA interference (RNAi) has had a transform-
ative impact on the study of gene regulation for disease treat-
ment. RNAi can knock down genes by targeting and cleaving 
complementary mRNA with a high effi ciency using sequence-
specifi c siRNA. It has the potential to silence any target gene, 
and to treat a variety of diseases, including cancers, viral infec-
tions, and hereditary disorders. [ 1 ]  The therapeutic application of 
siRNA, however, is hindered by the lack of safe and effi cient 
tools capable of delivering siRNA into the target cells. The past 
decade has witnessed substantive efforts in developing cationic 
lipids, [ 2 ]  polymers, [ 3 ]  and multifunctional inorganic nanoparti-
cles [ 4,5 ]  for siRNA delivery. A majority of these siRNA carriers 
encapsulate and escort siRNA into the cytosol in the form of 
nanoparticles and through an endocytotic pathway. These 
siRNA nanocomplexes, however, usually encounter a variety 
of biological barriers on their journey to their sites of action 
after entering cells, which could further affect their delivery 
effi ciency. Notably, weak intracellular release of the siRNA 
from the nanocarriers limits the available siRNA that can ini-
tiate RNAi, and thus compromises gene silencing effi ciency. [ 6 ]  
In general, siRNA is encapsulated into delivery vehicles in the 
form of nanoparticles, which can penetrate the cell membrane. 
However, binding between the siRNA and carrier that is too 
strong can retard the release of the siRNA, once the complex 
enters the cell. Therefore, designing smart siRNA delivery vehi-
cles that can readily release siRNA in response to distinct intra-
cellular environments has emerged as an effective approach to 
advance siRNA delivery. [ 7 ]  Pioneering examples integrate com-
ponents such as acid responsive units, [ 4,8 ]  or reducible disulfi de 
bonds [ 9 ]  into cationic polymers. These complexes act as biode-
gradable siRNA nanocarriers by taking advantage of the acidic 
or strongly reductive environment that can be found within 
cells. 

 In this study, we report the design of bioreducible lipid-
like materials (termed “lipidoid”) integrating disulfi de bonds, 
which are degradable in the presence of thiol-containing bio-
molecules, and can be used as a highly effi cient siRNA delivery 
platform. It is generally known that glutathione (GSH) and/or 
other strongly reductive species are up-regulated inside cells, 
compared with levels found in blood plasma. [ 10 ]  We believe that 
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ability. [ 13 ]  Meanwhile, the incorporation of disulfi de or carbon–
carbon bonds into the acrylates allows us to evaluate the effect 
of bioreducible bond incorporation on the effi cacy of lipidoid-
facilitated siRNA delivery (Scheme  1 ). For simplicity, lipidoids 
were named using the following method: the fi rst number indi-
cates the amine number, followed by “O” indicating “acrylate,” 
and the number of carbon atoms that comprises each hydro-
phobic tail of the acrylate. A “B” was added to the end of the 
name when referring to a bioreducible lipidoid. For example,  1 -
O16 represents the lipidoid synthesized from amine  1  and O16, 
while  1 -O16B indicates the lipidoid prepared by reacting amine 
 1  and acrylate O16B, which features two disulfi de bonds in its 
hydrophobic tail. 

 We fi rst evaluated the capability of lipidoids to deliver siRNA 
by transfecting a breast cancer cell line that stably expresses 
GFP (GFP-MDA-MB-231) with siRNA targeting the GFP gene 
(siGFP). Cells were exposed to siGFP complexes (24 × 10 −9   M  
of siRNA) formulated with one of the 12 lipidoids in the library 
(Scheme  1 ), and the cellular GFP expression profi le following 
each lipidoid/siGFP treatment was measured 48 h post-trans-
fection using fl ow cytometry analysis. The GFP expression was 
calculated by dividing the mean fl uorescence intensity of treated 
cells to that of untreated controls. As shown in  Figure    1  , naked 
siGFP treatment has no effect on suppressing GFP expression, 
suggesting that naked siRNA has ineffi cient cellular uptake or 
instability in serum. The lipidoid/siGFP-treated cells, however, 
display varying levels of GFP expression depending on the spe-
cifi c lipidoid used in the lipidoid/siRNA lipoplexes. All non-
bioreducible lipoplex treatments suppressed GFP expression 
slightly; the most effi cient nonbioreducible lipidoid,  2 -O14, 
reduced GFP expression to 80% of controls. In contrast, the 
bioreducible lipidoid/siRNA complexes silenced GFP expres-
sion with much higher effi ciency than the nonbioreducible lipi-
doids that contained the same amine head and hydrophobic tail 
length. For example,  1 -O16B/siGFP suppressed GFP expres-
sion down to 28% compared with 90% expression by  1 -O16/
siGFP. Similarly, the exposure of cells to the other fi ve biore-
ducible lipidoids/siGFP complexes suppressed GFP expression 
by greater percentages than their nonbioreducible counterparts. 
More noteworthy, four of the six bioreducible lipidoids,  2 -O14B, 
 1 -O16B,  2 -O16B, and  1 -O18B, suppressed GFP expression with 
an effi ciency outperforming the commercial gene transfec-
tion reagent, Lipofectamine 2000 (Figure  1 ). The preliminary 
siRNA delivery screening results indicate that the integration 

of bioreducible disulfi de bonds into lipidoids 
enhanced their capability as siRNA delivery 
vehicles.  

 To understand the mechanism of 
enhanced siRNA delivery using bioreducible 
lipidoids,  1 -O16B and  1 -O16 were selected 
and purifi ed as representative bioreducible 
and nonbioreducilbe lipidoids, respectively. 
The chemical structures of  1 -O16B and  1 -O16 
were confi rmed by  1 H NMR (Figure S1, Sup-
porting Information) and electrospray ioni-
zation-mass spectrometry (ESI-MS). Both  1 -
O16B and  1 -O16 can effectively bind siRNA, 
as revealed by an agarose gel retardation 
assay ( Figure    2  a). The complexation of siRNA 

with  1 -O16B or  1 -O16 at an N/P ratio of 24 completely retarded 
the migration of siRNA (10 pmol), though the nonbioreducible 
lipidoid ( 1 -O16) has a slightly higher binding affi nity toward 
siRNA. The encapsulaion of siRNA by  1 -O16B and  1 -O16 effi -
ciently protects siRNA from nuclease degradation. As shown 
in Figure  2 b, naked siRNA (10 pmol) was completely degraded 
within 2 h upon exposure to RNase A (4 µg mL −1 ). However, 
when the same amount of siRNA was complexed with  1 -O16B 
or  1 -O16 (at an N/P ratio of 24), the siRNA remained intact for 
more than 2 h of RNase A treatment showing that both biore-
ducible and nonbioreducible lipidoid can protect siRNA from 
enzymatic degradation at comparable effi ciencies.  

 To understand whether the bioreducible lipidoid/siRNA 
complexes can release siRNA more effi ciently than nonbiore-
ducible lipidoids under a reductive intracellular environment, a 
gel retardation assay (Figure  2 c) was used. It is generally known 
that glutathione (GSH) is up-regulated over 1000-fold in the 
cytoplasm compared with blood plasma. [ 10 ]  This high concentra-
tion of intracellular GSH can degrade the bioreducible lipidoids 

Adv. Healthcare Mater. 2014, 3, 1398–1403

 Scheme 1.    A) Synthesis of lipidoids via Michael addition conjugation of an amine and an 
acrylate, B) Chemical structures of amines, and C) acrylates used for lipidoid synthesis. The 
lipidoids are named by the amine number, followed by the acrylate number.
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 Figure 1.    GFP expression of GFP-MDA-MB-231 cells treated with naked 
siGFP, lipidoid/siGFP nanocomplexes, and Lipofectamine 2000 (LPF 
2000)/siGFP complexes. The siRNA complexes were prepared by mixing 
siGFP (24 × 10 −9   M ) with lipidoids at N/P ratios of 5:1 or LPF2000 at 
weight/weight ratio of 6:1. Data are presented as mean ± SD ( n  = 3, the 
two asterisks refer to statistical signifi cance between bioreducible and 
nonbioreducible lipidoid facilitated siRNA delivery,  P  < 0.05, Student’s 
 t -test).
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through a route of disulfi de bond exchange with GSH, and 
such a degradation process can facilitate the release of siRNA 
from the lipoplexes, potentially improving the siRNA delivery. 
As shown in Figure  2 c, the treatment of  1 -O16B/siRNA or  1 -
O16/siRNA complexes with GSH (5 × 10 −3   M ) results in differ-
ences in siRNA release. The  1 -O16B/siRNA lipoplex releases 
a signifi cant amount of siRNA (lane 3) upon GSH treatment, 
while in contrast, this siRNA release is not observed from  1 -
O16/siRNA complexes in the presence of the same concentra-
tion of GSH (lane 5). 

 The nanoparticle structures of the lipidoid/siRNA complexes 
as well as the GSH-treated bioreducible lipoplexes after degra-
dation were further characterized by dynamic light scattering 
(DLS) analysis and transmission electron microscopy (TEM) 
studies. The complexation of  1 -O16B and  1 -O16 with siRNA 
formed nanoparticles with mean sizes of 160 nm and 106 nm, 
respectively. The treatment of  1 -O16B/siRNA nanoparticles with 
5 × 10 −3   M  GSH degraded the lipoplexes and broadened the par-
ticle size distribution, as measured by DLS analysis ( Table    1  ). 
However, no signifi cant nanoparticle size variation was observed 
for the  1 -O16/siRNA complexes in the absence or presence of 
GSH. The degradation of the lipidoid/siRNA complexes in 
the presence of GSH was further confi rmed by TEM imaging. 
 1 -O16B/siRNA and  1 -O16/siRNA complexes form nano-
particles with diameters of ≈100 nm ( Figure    3   and Figure S2, 
Supporting Information). However, following the addition of 
GSH to the above lipoplexes, no discrete nanoparticles were 
observed for  1 -O16B/siRNA complexes (Figure  3 ), while nano-
particles that retained their original diameter were observed for 
the  1 -O16/siRNA complexes (Figure S2, Supporting Informa-
tion). Taken together, the gel electrophoresis assay and nano-
particle characterization reveal that the intracellular reductive 
environment can trigger bioreducible lipidoid degradation and 
facilitate intracellular siRNA release. We hypothesize that this 

accounts for the enhanced gene silencing 
effi ciency observed in the bioreducible lipi-
doid-facilitated siRNA delivery.   

 To further study whether the increased 
siRNA delivery effi ciency of the bioreducible 
lipidoids was a result of the triggered release 
of siRNA intracellularly, the cellular uptake 
and intracellular siRNA traffi cking of  1 -
O16B/siRNA and  1 -O16/siRNA nanoparticles 
were monitored by delivering fl uorescently 
labeled siRNA (FAM-siRNA) into MDA-MB-
231 cells, coupled with confocal laser scan-
ning microscopy (CLSM) imaging. As shown 
in  Figure    4  , MDA-MB-231 cells treated with 
fl uorescent lipoplexes have a signifi cant 
amount of green fl uorescence, arising from 

FAM-siRNA, indicating the effi cient cellular uptake of  1 -O16B/
siRNA or  1 -O16/siRNA complexes. The endosome/lysosome 
were then stained using LysoTracker@Red, which showed that 
 1 -O16B/siRNA lipoplexs escaped from the endosome/lysosome 
after 6 h of incubation (Figure  4 A), as the green fl uorescence 
(FAM-siRNA) was no longer co-localized with the red endo-
some/lysosome fl uorescence. However, when the cells were 
treated with  1 -O16/siRNA complexes, the green fl uorescence 
remained co-localized with the endosome/lysosome (yellow 
spots in Figure  4 b), suggesting the entrapment of siRNA within 

Adv. Healthcare Mater. 2014, 3, 1398–1403

 Figure 2.    A) Gel electrophoresis assay of siRNA/lipidoid complexes at varying N/P ratios. 1) 
siRNA only; 2–4:  1 -O16B/siRNA complexes mixed at N/P ratios of 6 (lane 2); 12 (lane 3), 24 
(lane 4); 5–7:  1 -O16/siRNA complexes mixed at N/P ratios of 6 (lane 5); 12 (lane 6), 24 (lane 7); 
B) Lipidoid  1 -O16B and  1 -O16 protected siRNA from nuclease degradation; C) GSH-triggered 
siRNA release from lipidoid/siRNA complexes. Lane 1: siRNA; 2–3: siRNA/ 1 -O16B complex in 
the absence (lane 2) and presence of 5 × 10 −3   M  GSH (lane 3); 4–5: siRNA/ 1 -O16 complex in 
the absence (lane 4) and presence of 5 × 10 −3   M  GSH (lane 5).

  Table 1.    Hydrodynamic mean diameters of lipidoid-siGFP nanoparticles 
in the absence and presence of glutathione.  

 1-O16B 1-O16

Lipidoid 74.7 ± 7.4 nm 117.2 ± 3.1 nm

Lipidoid+siGFP 160.8 ± 1.4 nm 106.7 ± 3.7 nm

Lipidoid+siGFP+GSH Broad distribution 114.6 ± 16.4 nm

 Figure 3.    TEM images of siRNA and  1 -O16B complexes at N/P = 5 A) 
before and B) after GSH treatment.

 Figure 4.    CLSM studies of MDA-MB-231 cells treated with A)  1 -O16B/
FAM-siRNA complexes and B)  1 -O16/FAM-siRNA complexes for 6 h. The 
endosome/lysosome of cells were counter-stained using LysoTracker@
Red. Scale bar: 12 µm.
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the subcellular compartments, which leads to less effi cient 
gene silencing by the nonbioreducible lipidoid.  

 Next, the conditions for siRNA delivery were optimized 
using the bioreducible lipidoid  1 -O16B. GFP-MDA-MB-231 
cells were treated with  1 -O16B/siGFP lipoplexes with N/P ratios 
in the range of 1.25 to 16. As shown in  Figure    5  , an increase 
in the N/P ratios of  1 -O16B/siRNA complexes from 1.25 to 5 
enhances the effi ciency of GFP gene silencing, from 60% to 
25%, while a further increase of the N/P ratio above 5 does not 
improve siRNA delivery effi cacy. Therefore, the N/P ratio of  1 -
O16B and siRNA complexes was fi xed at 5 for the remainder of 
the study. Similarly, the GFP expression of GFP-MDA-MB-231 
cells following  1 -O16B/siGFP treatment was found to be 
siRNA-dose dependent. As the cells were exposed to increased 
concentrations of siGFP from 0.25 × 10 −9  to 8 × 10 −9   M , cellular 
GFP expression decreased from 78% down to 28% ( Figure    6  ). 
However, the treatment of cells with  1 -O16B/scrambled siRNA 
complexes only had a minor effect on suppressing GFP expres-
sion, suggesting that siRNA sequence-specifi c gene knock 
down is involved in the RNAi.   

 The biocompatibility and cytotoxicity of delivery vehicles has 
also posed a challenge for the safe delivery of siRNA, along 
with the success of RNAi therapeutics. In order to evaluate the 
cytotoxicity of the bioreducible lipidoids as a siRNA delivery 
platform, MDA-MB-231 cells were incubated with varying 
concentrations of  1 -O16B/siGFP nanocomplexes. Cell viability 
measurements via AlamarBlue assay indicated that viability 
remained at 90% or above following treatment with  1 -O16B/
siGFP nanocomplexes (Figure S3, Supporting Information). 
This result was observed for siGFP as concentrations increased 
from 1 to 32 × 10 −9   M  (lipidoid concentration increased from 
0.16 to 5.3 µg mL −1 ), suggesting that bioreducible lipidoids are 
highly biocompatible for siRNA delivery. 

 Having identifi ed the bioreducible lipidoid  1 -O16B as a safe 
and highly effi cient siRNA delivery nanocarrier, the ability of 
 1 -O16B to deliver therapeutic siRNA into cancer cells, and its 

ability to interfere with cell-cycle progression as a potential 
cancer therapy strategy was investigated. To this end, polo-like 
kinase 1 (Plk1), a protein kinase that plays a crucial role in cell 
proliferation and cancer progression, was selected as a target. 
Plk1 is overexpressed in a broad spectrum of cancer cells, and 
previous investigations have suggested Plk1 as a highly potent 
target for cancer therapy. [ 15 ]  Additionally, RNAi [ 16 ]  and chemical 
inhibitors [ 17 ]  interfering with Plk1 function have been shown 
to induce cell apoptosis in vitro, and suppress tumor growth 
in vivo. In this study, MDA-MB-231 cells were treated with a 
 1 -O16B/siPlk-1 complex formulated at the optimized siRNA 
delivery conditions (N/P ratio of 5). The viability of the cells 
was determined 48 h post-transfection and compared with 
that of the cells treated with  1 -O16B only,  1 -O16B/scrambled 
siRNA complex, or Lipofectamine 2000/siPlk-1. As shown in 
 Figure    7  , treatment of MDA-MB-231 cells with  1 -O16B/siPlk-1 
complexes (siRNA concentration: 50 × 10 −9   M ) reduced cell 
viability down to 25%, outperforming Lipofectamine 2000 
facilitated siPlk-1 delivery under the same conditions (50% 
cell viability). Control experiments conducted by exposing cells 
to  1 -O16B or  1 -O16B/scrambled siRNA complex had a negli-
gible effect on cell viability. Moreover, the proliferation of cells 
treated with the  1 -O16B/siPlk-1 complexes was dependent on 
the dose of siRNA that the cells were exposed to. Cells treated 
with 32 × 10 −9   M  had a reduced viability of 45%, while 16 × 
10 −9   M  siPlk-1-treated cells had a viability of 75% (Figure  7 A). 
To examine whether Plk-1 depletion accompanied  1 -O16B/
siPlk-1 treatment and subsequent cell proliferation inhibition, 
Plk-1 protein expression of MDA-MB-231 cells was detected by 
Western blot analysis. As shown in Figure  7 B,  1 -O16B/siPlk-1 
treatment signifi cantly reduced Plk-1 expression in MDA-MB-
231 cells, while no similar reduction in Plk-1 expression was 
observed for cells treated with  1 -O16B or  1 -O16B/scrambled 
siRNA complexes.  

Adv. Healthcare Mater. 2014, 3, 1398–1403

 Figure 5.    The GFP expression of MDA-MB-231-GFP cells treated with 
1-O16B/siGFP complexes with different N/P ratios. The siRNA com-
plexes were prepared by mixing siGFP (15 pmol) and varying amounts of 
1-O16B. Data are presented as mean ± SD ( n  = 3).
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 Figure 6.    siGFP dose-dependent gene silencing of MDA-MB-231-GFP 
cells after transfection with 1-O16B/siGFP complexes.  1 -O16B and siRNA 
were mixed at N/P ratios of 5:1. For control experiments, 8 × 10 −9   M  of 
siGFP or scrambled siRNA was used. Data are presented as mean ± SD 
( n  = 3). The asterisks refer to statistical signifi cance between  1 -O16B-
facilitated siGFP and scrambled siRNA delivery ( P  < 0.05).
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 An effi cient siRNA delivery tool should be able to transfect 
different cell lines, as variations in cell surface and extracel-
lular environments may affect the siRNA nanoparticle inter-
nalization and gene-silencing effi ciency. To further demonstrate 
bioreducible lipidoids as an effi cient siRNA delivery platform, 
siPlk-1 delivery facilitated by  1 -O16B was investigated on sev-
eral different cell lines. Human cervical carcinoma cells (HeLa) 
and murine breast cancer cells (4T1) were selected as another 
two representative cancer cell lines. As shown in  Figure    8  , the 
treatment of HeLa and 4T1 cells with  1 -O16B/siPlk-1 complexes 
inhibited the proliferation of tumor cells, similar to MDA-MB-
231 cells, while also being siRNA dose dependent. No obvious 
cell proliferation inhibition was observed for  1 -O16B or  1 -O16B/
scrambled siRNA complex-treated cells. Moreover,  1 -O16B is 
more effi cient at delivering siPlk-1 and inhibiting cell prolifera-
tion than Lipofectamine 2000 on all cell lines investigated.  

 In summary, we report the development of combinatorially 
designed bioreducible lipid-like nanoparticles as a novel siRNA 
delivery platform. The integration of bioreducible disulfi de 
bonds into lipidoids, facilitated lipidoid degradation and siRNA 
release in response to intracellular GSH, which enhanced the 
siRNA delivery effi ciency. A representative bioreducible lipidoid 
selected in this study,  1 -O16B can deliver siRNA-targeting GFP 
to suppress GFP expression of MDA-MB-231 cells, and siRNA 

targeting Plk-1 into cancer cells to interfere with cell progres-
sion and prohibit rapid tumor cell proliferation. These fi ndings 
provide an effi cient approach towards developing biodegradable 
nanocarriers for siRNA delivery for clinical translation as well 
as a novel approach in studying the structure–functionality rela-
tionships of lipid-based siRNA delivery system.  
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 Figure 7.    A) The viability assay of MDA-MB-231 cells after transfection 
with varying concentrations of siPlk-1/ 1 -O16B complexes. For controls, 
the cells were dosed with scrambled siRNA/ 1 -O16B, siPlk-1/LPF2000, or 
 1 -O16B. The cell viability was measured by AlamarBlue assay. Data are 
presented as mean ± SD ( n  = 3), the asterisks refer to statistical signifi -
cance between  1 -O16B facilitated siPlk-1 and scrambled siRNA delivery ( P  
< 0.05); B) Plk-1 protein expression in MDA-MB-231 cells after transfec-
tion with siPlk-1 or scrambled siRNA complexes of  1 -O16B. 50 × 10 −9   M  
of siRNA was mixed with 1-O16B at N/P ratios of 5:1 prior to the cells 
being exposed.
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 Figure 8.    Bioreducible lipidoid  1 -O16B facilitated siPlk-1 delivery reduced 
the viability of different cancer cells. siRNA (50 × 10 −9   M ) was mixed with 
 1 -O16B at a N/P ratio of 5:1, or LPF2000 at a weight/weight ratio of 3:1. 
The cell viability was measured by AlamarBlue assay. Data are presented 
as mean ± SD ( n  = 3,  P  < 0.05).
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Abstract

This paper describes the synthesis of a combinatorial library of quaternized lipidoids (QLDs) and an evaluation of their abilities to
facilitate in vitro DNA delivery. The QLDs alone showed low efficiency for DNA delivery. By formulating liposomes with a neutral helper
lipid, such as 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), the capability of QLDs for gene transfection is significantly
enhanced due to the fusogenic properties of DOPE which facilitate endosomal escape and cargo delivery. We further optimized the liposome
composition and DNA dose for gene transfection and investigated the structure–activity relationships of the lipidoid library in DNA delivery.

From the Clinical Editor: This paper describes the synthesis and evaluation of a combinatorial library of quaternized lipidoids to facilitate in
vitro DNA delivery, which occurs at a low level but can be enhanced with DOPE. The authors also further optimized the liposome
composition and DNA dose for delivery and investigated the structure-activity relationships of the lipidoid library.
© 2013 Elsevier Inc. All rights reserved.

Key words: Quaternized lipidoids; Non-viral gene delivery; Helper lipid
Recently, a combinatorial library of lipid-like materials termed
“lipidoids” was developed and screened for their abilities to
facilitate DNA and siRNA delivery.1–6 A variety of amines,
acrylamides, acrylates, and epoxides have been used as reactants,
allowing the chemical synthesis of structurally diverse lipidoids.1,2

From the large data sets accumulated from screening the library of
lipidoids, a correlation between structure and function of delivery
systems is evolving.3,7 Their easy and economic combinatorial
synthesis, as well as their high delivery efficiencies makes these
lipidoids attractive as a new class of non-viral delivery vectors.1–3,8

So far, it has been found that the lipidoids with high cargo
delivery efficiency usually comprise secondary or tertiary
amines.1–3,6 The synthesis of lipidoids with quaternized amine
was reported previously by Akinc et al1 for siRNA delivery, but
with low efficiency. No further studies of using this class of
materials for nucleic acid delivery were reported afterwards.
Considering the quaternized lipidoids (QLDs) having similar
chemical structures to many cationic lipids, such as DOTMA,
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DOTAP etc. which are commonly used for non-viral nucleic acid
delivery,9–14 we hypothesize that the QLDswould be also capable
ofmediating the nucleic acid delivery, if not as stand-alone reagent,
with the addition of “helpers”. In order to evaluate this hypothesis,
we herein synthesized a combinatorial library of QLDs through
reaction of a variety of amines with 1, 2-epoxyhexadecane,
followed by the quaternization of ternary amines (Figure 1). These
QLDs are formulated with or without a neutral helper lipid, DOPE,
and used for DNA delivery. The DOPE has well-known fusogenic
properties, and could facilitate endosomal escape and gene
delivery.11,12 We found that the QLDs alone are not effective for
DNA delivery. However, some of the QLDs formulated with
DOPE showed high DNA transfection efficiency, even higher than
the commercial transfection agent, Lipofectamine 2000.
Methods

Synthesis of QLDs

The synthesis of lipidoids was performed and characterized as
previously described.1,3 Briefly, amine and 1, 2-epoxyhexadecane
in a molar ratio of 1:2.4 were added to a 5-mL Teflon-lined glass
screw-top vial followed by a further 3 days of stirring at 90 °C.
After cooling, the reaction mixtures were purified unless otherwise
specified. The purified lipidoids were dissolved in THF and
quaternized by reaction with excessive amount of methyl iodide
(QLDs) for in vitro DNA delivery. Nanomedicine: NBM 2013;9:849-854,

mailto:qiaobing.xu@tufts.edu
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Figure 1. (A) Combinatorial synthesis of quaternized lipidoids (QLDs) for DNA delivery; (B) Amine molecules used for the library synthesis; (C)
Alkyl-epoxide used for the library synthesis. QLDs are named as follows: (Quaternized Lipidoids (QLD)) (carbon numbers of tail)-(amine number).
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overnight at room temperature, in the dark. The precipitations
obtained were filtered, washed with diethyl ether and dried in
vacuum for further use. RepresentativeQLDswere characterized by
thin layer chromatography, IR, 1H NMR, and mass spectroscopy.

Liposome formulation

QLDs and DOPE liposomes were formulated using a
procedure described by Huang et al with slight modification.15

Briefly, the desired amounts of QLDs and DOPE were dissolved
with chloroform in a glass vial; the organic solvent was then
evaporated under reduced pressure to form a thin film on the
bottom of the vial. A sodium acetate buffer solution (25 mM,
pH = 5.5) was added to the vial and the suspension was
sonicated for 15 min until a clear, uniform suspension was
obtained. The suspension was kept in the fridge overnight to
allow for complete hydration prior to use.

Cell culture

All cell culture reagents were purchased from Invitrogen
(Carlsbad, CA) unless otherwise noted. HeLa cells were obtained



Figure 2. Initial in vitro screening of quaternized lipidoids formulated with (QLD/DOPE molar ratio of 1:1) and without DOPE for DNA delivery. QLDs were
screened by delivering β-gal encoding plasmid DNA into HeLa cells. Relative β-gal expression level was determined by assaying the enzyme activity according
to reported methods, for details see experimental section.
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from ATCC (Manassas, VA) and cultured in high glucose
DMEM supplemented with 10% fetal bovine serum and
100 U/mL of penicillin/streptomycin at 37 °C in the presence
of 5% CO2. Cells were seeded into 96-well plates at a density of
10,000 cells per well one day prior to transfection experiments.

In vitro DNA transfection

To facilitate the high-throughput screening of QLDs for DNA
delivery, the QLDs alone or formulated with DOPE liposomes
were mixed with DNA in sodium acetate buffer solutions
(25 mM, pH = 5.5) at a fixed P/N ratio of 2:1(QLD:DNA),
followed by 15 min of incubation at room temperature to allow
for complete lipoplex formation. For transfection experiments: in
96-well plates, cells were transfected with lipoplexes containing
200 ng of DNA (per well) at fixed liposome/DNA ratio. After a
further 48 h of incubation at 37 °C, cells were lysed and assayed
for β-gal activity. Control experiments were performed by using
Lipofectamine 2000 as per the manufacturer’s instructions. All
transfection experiments were performed in quadruplicate.

β-gal activity assay

The β-gal activity was assayed following previously reported
methods with slight modification.3 Briefly, 48 h following cell
transfection experiments, all growth medium was removed by
vacuum aspiration, cells were washed with PBS two times, and
cells were lysed with 0.5% triton (50 μL/well in PBS). Then
50 μL of o-nitrophenyl-β-D-galactoside (ONPG) solution
(4 mg/mL in z-buffer) was added, followed by a 15 min
incubation at 37 °C to allow the enzymatic hydrolysis of
ONPG. At the end of the incubation, the concentration of β-gal
was determined by measuring the absorbance at 409 nm.

DNA encapsulation assay

The DNA encapsulation efficiency of liposomes was
determined by PicoGreen assay as previously described.3,16
Briefly, 50 μL/well of liposome solution (1 mg/mL in NaOAc
buffer solution, 25 mM, pH = 5.5) and 50 μL/well of DNA
(60 μg/mL in NaOAc buffer solution, 25 mM, pH = 5.5) were
mixed in a 96-well plate, followed by a 15 min incubation at
37 °C to allow for lipoplex formation. Then, 100 μL/well of
PicoGreen working solution (diluted 190 times from the
Picogreen assay kit with NaOAc buffer solution, 25 mM,
pH = 5.5) was added. After incubating for 5 min, 30 μL of
lipoplex/PicoGreen solution was diluted by 200 μL DMEM in a
black 96-well polystyrene plate. The fluorescence intensity of the
solution was monitored at 535 nm with excitation at 485 nm on a
SpectraMax® M2 Multi-Mode Microplate Reader (Molecular
Devices, Inc. California, USA). The relative fluorescence (RF)
was calculated by the following formula: RF = (F1−F0)/(F2−F0),
where: F1 and F2 are the fluorescence intensities of the DNA-
PicoGreen complexes with and without liposomes, F0 is the
fluorescence intensity of PicoGreen solution. The DNA encapsu-
lation ratio was calculated as (1−RF) × 100%.

Transmission electron microscopy (TEM)

QLDs and QLDs/DOPE complexed with DNA were prepared
using the same procedure as the in vitro experiments. Droplets of
the sample (5 μL) were applied to carbon-covered copper grids
(300 meshes) for 30 min. The sample was subsequently rinsed
with contrasting material (1% uranyl acetate at pH 4.5). The
remaining stain solution was removed with a filter paper and air-
dried. TEM microstructure was determined using a Tecnai FEG
TEM (FEI Tecnai 12 Spirit Bio-twin, FEI Company, Hillsboro,
OR) operating at 80 kV.

In vitro cytotoxicity assay

The in vitro cytotoxicity of the QLDs/DNA was evaluated by
MTT assay. Briefly, 3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphe-
nyltetrazolium bromide (MTT) was dissolved in phenol red free
DMEM at a concentration of 0.5 mg/mL. Cells transfected with
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Figure 3. The effect of QLD/DOPE molar ratios on DNA delivery efficiency
(Liposome/DNA ratio was fixed at the P/N ratio of 2:1). The efficiency was
monitored as β-gal expression level.

Figure 4. The effect of QLD/DOPE liposome to DNA ratios on gene
transfection efficiency (QLDs and DOPEwere formulated at a fixedmolar ratio
of 1:2).The transfection efficiency was monitored as β-gal expression level.
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various lipoplexes were washed with warm DMEM, and MTT
solution was added (125 μL per well in a 96 well plate), followed
by 3 h of incubation at 37 °C. At the end of the incubation, the
DMEM solution was removed and 125 μL DMSO was added per
well. The solutions were pipetted up and down several times to
ensure the converted dye was completely dissolved. Absorbance
of solutions was measured at 570 nm with background
subtraction at 650 nm.
Results

Screening of quaternized lipidoids (QLDs) formulated with and
without DOPE for DNA delivery

In order to facilitate the initial screening, we used a 3/1 charge
ratio (+/−), which according to previous studies12,17 was a
condition in which a majority of DNAmolecules were complexed.
The β-gal encoding DNA and HeLa cells was used as a model
system to test the QLD mediated gene delivery efficiency. We
found that none of the QLDs were effective in mediating efficient
DNA delivery as a stand-alone reagent (Figure 2). We then
evaluated the influence of the transfection efficiency by adding
helper lipid DOPE. In the initial screening, we produced QLD/
DOPE liposomes with a fixed QLD to DOPEmolar ratio (1:1) and
a fixed charge (P/N) ratio (3:1) for the lipoplex of QLD/DOPE
liposome and DNA. The β-gal activity assay indicated that QLDs
formulated with DOPE all showed some level of effectiveness in
DNA delivery (Figure 2). Several QLDs (such as QLD16-10,
QLD16-17, and QLD16-19, the quaternized lipidoids were named
in the sequence ofQLD-tail length of the epoxide-amine number in
the library) formulated with DOPE showed DNA transduction
level in HeLa cells with efficiency comparable to the commercial
reagent, Lipofectamine 2000.

DOPE promotes the transfection efficiency of QLDs

The preliminary screening results showed that the formula-
tions containing DOPE can enhance the transfection abilities of
QLDs. We then investigated the effect of the ratio of QLD to
DOPE on the transfection efficiency. Quaternized lipidoids
QLD16-15, and QLD16-19 both derived from diamines were
selected for detailed study due to their high transfection
performance in the library screening (see Figure 2). Liposomes
formulated from QLDs and DOPE with molar ratios varying from
1:8 to 10:1 (QLD:DOPE) were prepared and tested for their
capability to facilitate DNA delivery. As shown in Figure 3, the
QLD liposome formulations showed increased transfection
efficiency with the increased percentage of the DOPE in the
liposomes with highest transfection efficiency achieved at a QLD:
DOPE molar ratio of 1:2. Any further increase of the DOPE
percentage in the QLD/DOPE liposomes lowered their transfec-
tion efficiency significantly. The enhanced transfection abilities
of the QLDs formulated with DOPE compared to the QLDs alone
may result from the hexagonal-phase-forming propensity of
liposomes when interacting with cell membrane.18–20

By fixing the molar ratio of quaternized lipidoid and DOPE at
1:2, we varied the QLD/DOPE to DNA molar ratio and further
investigated the effect of charge ratios (P/N) on the transfection
abilities of the liposomes. As indicated in Figure 4, we increased
the QLD/DOPE to DNA ratio from 1:2 to 10:1. Both QD16-19/
DOPE and QD16-15/DOPE liposome had increasing transfec-
tion efficiency with a peak of β-gal activity at the QLDs/DOPE
to DNA of 2:1. The higher transfection efficiency at increased
QLDs/DOPE to DNA ratios may be ascribed to the higher DNA
encapsulation and cellular uptake, which was confirmed by
Picogreen assay.

Effect of QLDs tail length on DNA transfection efficiency

To further investigate the structure–activity relationship of
QLDs in facilitating DNA delivery, the QLDs with head amines
of 15 and 19 provide high transfection efficiencies from initial
screening results (Figure 2). Here we synthesized structurally
similar QLDs by reacting these amines with epoxides of different
tail lengths. The purified QLDs were quaternized, formulated
with DOPE at the optimized ratio (1:2 molar ratio), and tested for
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Figure 5. The effect of QLD tail length on the DNA transfection efficiency.
QLDs were formulated with DOPE at molar ratios of 1:2. Lipoplexes were
prepared by using a fixed QLD:DNA molar ratio of 2:1. The efficiency was
expressed as β-gal activity.

Figure 6. The effect of QLDs tail length on the DNA encapsulation efficiency.
QLDs were formulated with DOPE at molar ratios of 1:2. Lipoplexes were
prepared by a fixed QLD to DNA molar ratio of 2:1(molar/molar). The DNA
encapsulation efficiency was determined by Picogreen assay.
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DNA delivery in HeLa cells. As shown in Figure 5, all QLDs
comprising two hydrophobic tails of 12- or 14-carbon showed
relatively low transfection efficiencies; while QLDs with longer
hydrophobic chains (C16 and C18) showed high transfection
efficiency. This is probably because the long hydrophobic tail
provides some degree of rigidity enabling the formation of stable
liposomes and lipoplexes.21,22 The DNA encapsulation efficien-
cy of liposomes comprising QLDs of different tail lengths was
determined by PicoGreen assay as a way to better illustrate the
effect of the tail length of QLD on the transfection efficiency. As
shown in Figure 6, the liposomes derived from QLD with C12
and C14 tails encapsulated DNA with low efficiency, while
QLDs with C16 and C18 tails increased the DNA encapsulation
efficiency greatly. The increased DNA encapsulation efficiency
of QLDs with long tail lengths correlated well with the high
transfection efficiency (Figure 5).
Discussions

The easy and economic combinatorial synthesis, as well as
their high delivery efficiencies makes the lipidoids attractive as a
new class of non-viral delivery vectors.1–7 However, using the
quaternized lipidoids (QLDs) alone for nucleic acids delivery is
not successfully demonstrated. Here, we synthesized a combi-
natorial library of quaternized lipidoid (QLDs) and evaluated
their potential application as efficient non-viral gene delivery
vectors. We found that QLDs are not effective for gene delivery
as stand-alone reagents, while the QLDs formulated with DOPE
showed significant enhancement in DNA delivery in vitro. The
transfection ability of a given lipid or liposome is dependent on
the lipoplex structures and physicochemical properties.23 We
used negative-staining transmission electron microscopy (TEM)
to characterize the size and morphology of the DNA and QLD
complexes formulated with and without DOPE (Supporting
Information Figure S1). The QD16-15/DOPE liposomes were
able to self-assemble with DNA, forming condensed multi-
lamellar structure with sizes around 100 nm, in which DNA was
intercalated between the lipid bilayers. However, QD16-15 itself
can only form large aggregation clusters (2 ~ 3 micrometers)
with DNA binding, though multilamellar structured nanocom-
plexes were also observed. The different lipoplex structures
induced cellular uptake and gene transfection with different
efficiencies, and it has been recognized that the nanoscale
particles usually have a higher cellular uptake than the particles
in micrometer size range.

An increase of the QLD/DOPE to DNA ratio can enhance the
DNA encapsulation efficiency to a maximum at a 5:1 (Supporting
Information Figure S2), at which liposomes QLD16-15 and
QLD16-19 can encapsulate DNA at nearly 100%. The higher
DNA encapsulation enables the increased cellular uptake and gene
transfection. However, maximal β-gal activity was observed at the
QLD/DOPE toDNAmolar ratio of 2:1 (~80%DNAencapsulation
rate) rather than at a higher ratio, even with the latter having a
higher DNA encapsulation rate (nearly 100%). This is because
when the QLD/DOPE to DNA ratio increases, the QLD/DOPE
amount also increases which leads to increased cytotoxicity at high
dose (Supporting Information Figure S3). The influence of
hydrophobic tail length on the gene transfection ability of QLD
was also studied. The QLDs with high transfection efficiency
usually have long hydrophobic chains (C16 and C18) rather than
short ones (C12 and C14), which is because the long hydrophobic
tail of QLDs enables the formation of stable liposomes. The
importance of anchor chain length of lipids in gene delivery
efficiency has been studied by Felgner et al previously.24 They
observed that the alkyl chain length can affect the transfection
efficiency in the following sequence: C14, C16 N C18, C12, C10,
while we observed in this paper the sequence of C16, C18 N C14,
C12 for QLDs. This is because most of the conventional cationic
lipids have a single quaternized amine head, while the QLDs (such
as those derived from amine 15 and 19) mostly comprise two
quaternized amine heads. The long hydrophobic tail (e. g. C16 and
C18) of QLDs having two quaternized amine heads may provide
an optimal solubility (or some degree of rigidity) and enable the
formation of stable DNA/lipid complexes. Even though we only
demonstrated the QLD/DOPE formulation for efficient DNA
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delivery in this paper, we believe these materials and formulations
are also useful for delivery of other nucleic acid-based cargos,
including mRNA and siRNA. The design rationales demonstrated
in this paper could provide new principles for developing new
materials for gene delivery and therapy with high efficiency.
Appendix A. Supplementary data

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.nano.2013.01.006.
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ABSTRACT: A combinatorial library of unsaturated lipidoids was synthesized
through the Michael addition of amines to oleyl acrylamide. Their capability in
facilitating in vitro gene delivery was evaluated by transfecting HeLa cells with EGFP-
encoding plasmid DNA and mRNA. The preliminary screening results indicated that
lipidoids with unsaturated oleyl tails are superior transfection agents compared to
saturated lipidoids with n-octadecyl tails under the same conditions. The different
transfection abilities of the unsaturated and saturated lipidioids were ascribed to the
large, tightly packed lipoplexes of saturated lipidoids. The potential applications of the
library of lipidoids were further expanded by looking at their ability to transfect
fibroblasts as well as different cancerous cell lines.
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The lack of a safe and efficient gene delivery vehicle remains
a bottleneck in the genetic treatment of inherited and

acquired diseases.1−8 A combinatorial strategy of constructing
libraries of lipid-like materials termed “lipidoids” has been
developed for efficient in vitro and in vivo gene delivery.9−15

These lipidoids can be synthesized via solvent- and catalyst-free
conjugation reactions of amines and α,β-unsaturated carbonyl
compounds (e.g., acylates, acrylamides) or epoxides. These
simple and mild reactions have enabled us to refine the
structure of the lipidoids and improve their transfection
capability. This was accomplished by reacting structurally
diverse amines, α,β-unsaturated carbonyl compounds, or
epoxides. It has been demonstrated that the tail length and
head amine group of the lipidoid play significant roles in
identifying the efficient carriers for gene delivery. For example,
lipidoids incorporating tails in the range of 8−12 carbons as
well as a secondary amine were reported to have high efficiency
for siRNA delivery,9 whereas lipidoids containing two tails of 14
carbons each were superior at delivering DNA.14

To further explore the structure−activity relationship of
lipidoids in gene delivery, we have designed a new library of
lipidoids with unsaturated hydrophobic tails. We compared this
new group to saturated lipidoids containing the same amine
group and tail length and evaluated their ability to facilitate in
vitro gene delivery. Lipids with lower saturation levels usually
have higher gene transfection efficiencies due to increased
membrane fluidity;16−19 however, the effect tail saturation
levels of lipidoids plays on gene delivery has not been
investigated. As shown in Figure 1, a library of unsaturated
and saturated lipidoids was prepared through the reaction of
amines with oleyl acrylamide (Figure 1B, I) and n-octadecyl
acrylamide (Figure 1B, II), respectively. This was completed in
the absence of any solvents or catalysts, and the simple and

mild reactions allowed us to generate a structurally diverse
library of 32 lipidoids. Their capability to facilitate intracellular
gene delivery was first evaluated by delivering enhanced green
fluorescent protein (EGFP)-encoding DNA and mRNA
(mRNA) into human cervical carcinoma cells (HeLa). The
preliminary screening results indicated that unsaturated
lipidoids are the superior gene transfection agent compared
to saturated lipidoids under the same conditions. Such
differences can be ascribed to the large, tightly packed
lipoplexes of the saturated lipidoids, which prohibit efficient
cellular uptake of lipidoid/gene complexes and intracellular
gene releases. The potential applications of the unsaturated
lipidoids for gene therapy were further determined by looking
at their ability to transfect fibroblasts as well as different
cancerous cell lines.
The capability of the lipidoids in transfecting HeLa cells was

evaluated by counting GFP-positive cells after DNA or mRNA
delivery. As summarized in Figure 2, unsaturated lipidoids 8-I,
9-I, 10-I, and 16-I (the Arabic numeral indicates the amine
number in Figure 1C, the Roman numeral indicates
unsaturated (I) or saturated tails (II)) were effective in
facilitating DNA delivery (Figure 2A). More than 40% cells
were positive for GFP expression, whereas less than 10% GFP
expression was observed for cells transfected with the saturated
lipidoid/DNA complexes. Additionally, the unsaturated lip-
idoids were more efficient in facilitating mRNA delivery, as
shown in Figure 2B. A majority of the unsaturated lipidoids
facilitated intracellular mRNA delivery; 4-I, 5-I, 8-I, 9-I, 10-I,
and 16-I can transfect the cells with efficiency greater than 50%,
which was even higher than that obtained with the commercial
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transfection agent Lipofectamine 2000. However, none of the
saturated lipidoids displayed any significant ability to deliver
mRNA. The screening results clearly demonstrated that for
lipidoids with 18 carbon tails, the introduction of unsaturated
bonds can effectively improve their performance in gene
delivery. Furthermore, we observed a higher GFP expression
level for the HeLa cells transfected with mRNA compared with
those dosed with DNA combined with unsaturated lipidoids.
This difference is understandable when the different protein
transcription mechanisms of intracellular mRNA and DNA
delivery are considered. For DNA-based gene delivery and
therapy, DNA released into the cytoplasm has to enter the
nucleus, be translated into mRNA, and then be released back
into the cytoplasm. The mRNA must then be transcribed as the
GFP that is then expressed in the cell. In contrast, mRNA is
released intracellularly and can initiate the transcription process
directly, omitting entering the nucleus. This shorter process
leads to the higher transient GFP expression levels observed
with lipidoid/mRNA transfection.20,21 These results agree with
previous reports for mRNA delivery using cationic lipids and
polymers as carriers.22

To probe the mechanism that leads to the different
transfection capabilities of unsaturated and saturated lipidoids,
lipidoids 16-I and 16-II were selected and purified for further
investigation. The DNA condensation abilities of 16-I and 16-II
were evaluated first by Picogreen assay. By fixing a lipidoid/
DNA ratio (5:1 w/w), the DNA condensation efficiency of 16-I
was determined to be 68.4%, whereas only 38.2% DNA was
condensed by 16-II. The different DNA condensation abilities
of unsaturated and saturated lipidoids may result from the rigid
and long hydrophobic chains of the saturated lipioids, which
comprise the water solubility of lipoplexes and thus affect DNA

condensation efficiency.19,23 Negative-staining transmission
electron microscopy (TEM) was then used to characterize
the self-assembled structures of lipidoids and genes. As shown
in Figure 3, multilamellar nanostructures (∼ 50 nm) with genes
intercalated between the lipidoid bilayers formed when 16-I was
bound to either DNA or mRNA at a 5:1 (w/w) ratio. For
lipidoid 16-II however, shapeless and large aggregation
complexes formed upon DNA or mRNA binding (Supple-
mentary Figure S1). The hydrodynamic sizes of lipidoid/DNA
and lipidoid/mRNA complexes were also analyzed by dynamic
light scattering (DLS). Unsaturated lipidoid 16-I/DNA and 16-
I/mRNA formed narrow distributed nanoparticles of 131.9 ±
10.8 and 84.6 ± 3.8 nm, respectively. However, saturated
lipidoid 16-II formed particles in the size range of 100−600 nm
following DNA or mRNA binding. In addition, the large, tightly
packed saturated lipidoid/genes complexes may prohibit
efficient intracellular gene release and result in low transfection
efficiency. The intracellular gene release from the lipidoid/gene
complexes was then simulated by a heparin competition assay.
Heparin is a biopolymer with a high negative charge and can
compete with DNA or mRNA in binding to the lipidoids.
These competitive interactions can be assayed by gel
electrophoresis and ethidium bromide (EB) exclusion assay.
By using a fixed ratio of lipoidoid to genes (5:1 w/w), the
amount of heparin required to displace genes from the lipidoid/
gene complexes is a good indicator of the degree of intracellular

Figure 1. (A) Synthesis route of lipidoids. (B) Chemical structures of
acrylamides used. (C) Amines used for lipidoids synthesis.

Figure 2. Initial in vitro screening results of lipidoid efficiency at
delivering EGFP encoding (A) DNA and (B) mRNA into HeLa. (1−
16: DNA or mRNA was delivered by lipidoids with different amine
headgroups as indicated in Figure 1C; 17: DNA or mRNA was
delivered using Lipofectamine 2000; 18: DNA or mRNA only). The
transfection efficiency was determined by counting GFP-positive cells.
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gene release.24,25 As shown in Figure 4, both 16-I and 16-II can
bind with DNA or mRNA effectively. By increasing

concentration of heparin from 4 to 50 mg/mL, DNA is
released gradually from the lipidoids. It was observed that the
DNA was completely released from the 16-I/DNA complex in
the presence of 16 mg/mL heparin. For 16-II with DNA, no
DNA release was observed in the presence of same amount of
heparin. The EB exclusion assay also demonstrated the different
DNA release behavior of 16-I/DNA and 16-II/DNA complexes
in the presence of heparin. As shown in Supplementary Figure
S2, the relative fluorescence intensity of DNA/EB complex
without any lipidoid was set to be 100%, and the binding of
DNA with 16-I or 16-II quenched the emission. However, with
the addition of heparin, the EB fluorescence restored gradually.
The addition of 16 μg/mL heparin restored 85% of emission
for 16-I/DNA, whereas only 55% was restored for 16-II/DNA
complex. The gel retardation and EB exclusion assay
demonstrated that the genes could be easily released from
the lipoplexes of unsaturated lipidoids. The lipidoid/mRNA
complexes displayed a mRNA release behavior similar to that of
the lipidoid/DNA complexes, in which mRNA is released easier
from 16-I/mRNA complex than from the 16-II/mRNA
complexes. The heparin competition assay results correlate

very well with the cellular transfection experiments. They
showed that poor transfection ability of the saturated lipidoids
is likely due to the large, tightly packed aggregation complexes
formed, resulting in the ineffective intracellular gene release.
The potential of the library of lipidoids for gene therapy was

further expanded by optimizing the lipidoid/gene ratio and
transfecting different cell lines. As shown in Figure 5, GFP

expression was enhanced by increasing the ratio of 16-I to DNA
or mRNA. This increase in expression was seen with ratios
from 1:1 to 5:1 (lipidoid:DNA/mRNA), while any further
increase led to a lower transfection efficiency. Furthermore,
different cell lines including the cancerous NIH3T3, MCF-7,
HepG2, and MDA-MB-231 cell lines and non-cancerous
fibroblasts (BJ cells) were dosed with 16-I/DNA or 16-I/
mRNA to test the versatility of the lipidoids. As shown in
Figure 6, lipidoid 16-I facilitates both DNA and mRNA delivery

in all of the tested cell lines. It was observed that HeLa cell can
be transfected at the highest efficiency (greater than 50%) of
the tested cells. For MCF-7, HepG2, MDA-MB-231, and BJ
cells, mRNA transfection led to higher GFP expression
compared to DNA transfection. For NIH-3T3 cells, DNA
delivery was more efficient than mRNA delivery.
In conclusion, we have used a combinatorial approach to

design and construct a lipidoid library consisting of lipidoids
with different saturation levels to facilitate intracellular gene
delivery. The investigation of the structure−activity relation-
ships indicates that the introduction of unsaturated bonds can
improve the transfection ability of the lipidoids. This is most
likely due to the increased cellular uptake and enhanced
intracellular gene release of the unsaturated complexes.

Figure 3. TEM images of (A,B) lipidoid 16-I/DNA complex and
(C,D) 16-II/mRNA complex.

Figure 4. Heparin competition assay of lipidoid/gene complexes. (A)
16-I/DNA(1−6) and 16-II/DNA (7−12) in the absence (1, 7) and
presence of heparin (2−6, 8−12). (B) 16-I/mRNA(1−6) and 16-II/
mRNA (7−12) in the absence (1, 7) and presence of heparin (2−6,
8−12). The lipidoid/gene ratios were fixed at 5:1 (w/w); the
concentration of heparin in lane 2 and 8 was 4 mg/mL; in 3 and 8, 8
mg/mL; in 4 and 9, 16 mg/mL; in 5 and 10, 32 mg/mL; in 6 and 11,
50 mg/mL.

Figure 5. Relationships of lipidoid 16-I to DNA or mRNA ratios and
delivery efficiency. The delivery efficiency was monitored by counting
GFP-positive cells.

Figure 6. Gene delivery efficiency of lipidoid 16-I in different
cancerous and non-cancerous cell lines.
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Meanwhile, the amine groups in the lipidoids play critical roles
in determining the transfection efficiency, and a secondary
amine and a hydrophilic group incorporated in a lipidoid can
facilitate the gene delivery. The potential applications of these
unsaturated lipidoids for gene therapies were expanded by
evaluating their ability to transfect different cells lines.
Furthermore, we have reported the first application of lipidoids
for in vitro mRNA delivery. This application has the potential
to be beneficial for cancer vaccines26 and cellular reprogram-
ming27 due to the advantages of using mRNA rather than DNA.
These advantages include pharmaceutical safety as well as the
ability to transiently transfect cells.

■ METHODS

Materials. Compounds in the library were synthesized and
characterized as previously described by our group as well as
several others.9,14 All chemicals were purchased from Sigma-
Aldrich or Alfa-Aesar and used directly. EGFP encoding
Plasmid DNA was purchased from Elim Biopharmaceuticals,
Inc. (Hayward, CA). Messenger RNA encoding EGFP was
purchased from Stemgent Inc. (Cambridge, MA). Picogreen
assay kit was purchased from Invitrogen (Carlsbad, CA), and
the DNA condensation efficiency was determined according to
the manufacturer’s instruction.
Synthesis of Lipidoids. Oleyl acrylamide and n-octadecyl

acrylamide were synthesized according to the published
methods.28 In a 5-mL Telfon-lined glass screw-top vial, oleyl
acrylamide or n-octadecyl acrylamide was added to amine at a
molar ratio of 1:2.4 (amine:acrylamide). The mixture was then
stirred at 90 °C for 2 days. After cooling, the lipidoid mixtures
were used without purification unless otherwise noted.
Representative lipidoids 16-I and 16-II were purified through
flash chromatography on silica gel and characterized by 1H
NMR.
Cell Culture. All cell lines used in this paper (HeLa, MCF-7,

HepG2, MDA-MB-231, NIH-3T3, BJ) were purchased from
ATCC (Manassas, VA) and cultured in DMEM supplemented
with 10% FBS and 1% penicillin/streptomycin at 37 °C in the
presence of 5% CO2. For gene transfection experiments, cells
were seeded in 96-well plates at a density of 10,000 cells per
well 1 day prior to transfection.
In Vitro Gene Transfection. To facilitate high-throughput

screening, the lipidoid/DNA or lipidoid/mRNA complexes
were prepared simply by adding lipidoid to the sodium acetate
buffer solutions (25 mM, pH = 5.5) of DNA or mRNA at ratios
of 5:1 (w/w), followed by 15 min of incubation at room
temperature. After the addition of the lipidoid/gene complexes
to the cells (200 ng DNA or 100 ng mRNA complexed with
lipidoids per well), HeLa cells were incubated at 37 °C for an
additional 48 h. Control experiments were performed by
complexing DNA or mRNA with Lipofectamine 2000
(Invitrogen, Carlsbad, CA) in OPTI-MEM as per the
manufacturer’s instructions. The percentage of GFP expressing
cells was evaluated by a flow cytometer (BD FACS LSRII)
attached with a high-throughput system. All transfection
experiments were performed in quadruplicate.
Cytotoxicity of Unsaturated Lipidoids (MTT Assay).

Cytotoxicity of unsaturated lipidoids was assessed by incubating
lipidoid (7 μg/μL) with cells seeded on 96-well plate at a
density of 10,000 cells per well. Lipidoids were incubated with
cells for 24 h, and the cell viability was evaluated through MTT
assay according to previous reports.29

Transmission Electron Microscopy (TEM). Lipidoid/
DNA or lipidoid/mRNA complexes were prepared with the
same protocol as in vitro transfection experiment. One drop of
the samples (10 μL) was applied to hydrophilic carbon-covered
copper grids (300 meshes) for 10 min. The grids were
subsequently rinsed with contrasting materials (1% uranyl
acetate solution at pH 4.5). Any remaining staining solution
was removed with filter paper and air-dried. TEM micro-
structure was determined using a Tecnai FEG TEM (FEI tecnai
12 spirit Biotwin, FET company, Hillsboro, OR) operating at
80 kV.

Gel Retardation and Heparin Competition Assay.
Lipidoid/DNA and Lipidoid/mRNA complexes were prepared
by mixing 0.5 μg of DNA or 0.25 μg of mRNA with lipidoids at
a ratio of 1:5 (w/w), respectively. For the heparin competition
assay, heparin solutions with concentrations increasing from 0
to 50 mg/mL were added to the lipidoid/DNA or lipidoid/
mRNA complexes, followed by 15 min of incubation before
loading into gels. The electrophoresis gels were prepared by
dissolving 0.4 g of agarose in 50 mL of TBE with 0.1 μg/mL
ethidium bromide.

Ethidium Bromide (EB) Exclusion Assay. Briefly, 2 μg of
DNA and 2 μL of EB solution (0.01%) were mixed in 500 μL
of sodium acetate buffer solution (25 mM, pH = 5.5) and
incubated for 10 min, and the fluorescence intensity at 605 nm
was recorded and set as 100%. For the heparin competition
assay, the lipidoid 16-I or 16-II (10 μg), 2 μg of DNA, and 2 μL
of EB solution (0.01%) were incubated in 500 μL of sodium
acetate buffer solution (25 mM, pH = 5.5) for 10 min, followed
by the addition of different amount of heparin and 10 min of
incubation. The emission intensity was monitored and
compared with that of the lipidoid/DNA mixtures.
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