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ABSTRACT 

 

Direct-write extrusion bioprinting, a form of additive manufacturing, is an useful technique to 

recapitulate anatomical complexity for tissue engineering applications. However, bioprinting has 

hit a bottleneck in progress due to the lack of available bioinks with high printability, mechanical 

strength, and biocompatibility. Here, we report a family of hydrogel-based bioinks for extrusion 

bioprinting from poly (ethylene glycol) (PEG) and two-dimensional (2D) nanoparticles. PEG, a 

non-fouling easily modifiable polymer, combined with biocompatible Laponite XLG 

nanoparticles (2D nanosilicates) to obtain shear-thinning hydrogel bioinks. Electrostatic 

interactions between nanoparticles and hydrogen-bonding between polymer and nanoparticles 

govern the flow behavior and printability of bioink. The evaluation of hydrogel bioink using flow 

sweeps, peak holds, and dynamic oscillatory rheology, suggest that minimum shear-thinning index 

of ~0.3, solution viscosities >1000 Pa·s, and 80% recovery within 30s are necessary for printing 

high fidelity constructs. Mechanically stiff 3D printed structures are obtained by covalently 

crosslinking polymeric chains using ultraviolet (UV) light. Modifications to the PEG system 

through inclusion of dithiothreitol linkage or combining with gelatin methacrylate are used to 

control matrix degradation, cell adhesion properties, and therapeutic release. We envision that PEG 

bioinks can be used to print complex, large-scale, cell-laden tissue constructs with high structural 

fidelity and mechanical stiffness for applications in custom bioprinted scaffolds and tissue 

engineered implants. 
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NOMENCLATURE 

 

PEG Poly (ethylene glycol) 

PEG-DTT Poly (ethylene glycol)-dithiothreitol 

PEG-DA Poly (ethylene glycol) diacrylate 

GelMa Gelatin methacrylate 

nSi/XLG/Laponite Laponite XLG 

UV Ultra-violet 

GF Growth factor(s) 

VEGF Vascular endothelial growth factor 

FGF Fibroblast growth factor 

PDGF Platelet derived growth factor 

ATR Attenuated total reflection 

NMR Nuclear magnetic resonance spectroscopy 
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1. INTRODUCTION 

 

 

1.1 Introduction to Extrusion-based Printing 

Additive manufacturing is a process in which layer by layer materials are deposited on a surface 

to construct complex three-dimensional objects.1 Recognizing that the body is composed of 

complex anatomical and physiological three-dimensional tissues and organs, recent advances have 

occurred within the realm of biomanufacturing. Various additive manufacturing techniques can be 

used to construct anatomical structures with increasing degrees of complexity. While tissue 

engineering aims to create bio-functional replicas of full scale human organs and tissues ex vivo,2 

there remains an overall lack in manufacturing techniques that fully recapitulate complex 

anatomical structures. 

 

Current biomedical technologies have mimicked certain cell behaviors such as cell spreading,3, 4 

cell-cell crosstalk,5, 6 and extracellular matrix secretion ex vivo,7, 8, 9 developments are forthcoming 

to replicate tissue structure and function. Traditionally tissue engineering combines support 

material, cells and bioactive cues to create tissue mimics. Most common support materials are 

composed of hydrogels as they replicate the native extracellular matrix properties such as stiffness 

and hydration degree.10, 11 Manufacturing hydrogels has been limited to cast methodologies 

wherein low viscosity solutions are constrained via molds and subsequently crosslinked to form 

mechanically rigid structure. However, recent advances in both additive manufacturing and in 

hydrogel chemistry has permitted free-from fabrication of self-supporting structures.12 
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Due to high water content, hydrogels lack the mechanical ability to hold shape without being 

constrained (i.e. hydrogel precursor solutions are Newtonian fluids).13, 14 However, manufacturing 

technique such as Laser-Induced Forward Transfer or Inkjet Printing may be used to construct 

three-dimensional shapes.12, 15, 16 Hydrogels with higher viscosities can be used for direct-write 

three-dimensional printing and have shown promise to localize scaffolds in specified areas.17, 18, 19 

Given the complex physiology and anatomy of organ systems, precise location of cells, scaffolds, 

and cues are necessary. Overall, shape customization results in complex structures that facilitate 

nutrient supply and waste removal.20 Recent investigations have implemented injectable scaffolds 

for repair of ischemic heart tissue,21, 22, 23 damaged cartilage,24, 25, 26 and as skin grafts27, 28. In 

addition, hydrogels are often used to study cell-material and cell-cell interactions.3, 4 

 

Hydrogels are an emerging class of materials in the additive manufacturing. Traditional materials 

for 3D printing include metals,29 ceramics,30 and thermoplastics.31 Biomedical engineers can 

utilize processes and techniques developed through the aforementioned materials and apply them 

to use with cell-laden hydrogel precursor solutions, also called bioinks. Hydrogels chemistries and 

fabrication techniques development are critical for continued progression in tissue engineering, 

elucidating the combined effects of material chemistry and mechanical deposition on cell viability, 

proliferation, and differentiation. Regardless of manufacturing procedure used, fundamental 

relationships between hydrogel composition and cell interactions in both two-dimensional and 

three-dimensional microenvironments should be carefully characterized. Further material 

characterization in terms of swelling, degradation, and flow properties gives rise to the material’s 

use as an bioink.  
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Herein, we describe characteristics necessary for bioinks, characterization techniques, and their 

relationship to the direct-write bioprinting process. Advanced readers may find reviews papers 

concerning hydrogel types and overall uses more advantageous11, 32 or other reviews on specific 

bioinks formulations the readers are referred reviews by Malda et al.33 and Chimene et al.34  

 

1.2 The Bioprinting Process 

Bioprinting combines the biological aspects of cell culture with the mechanical processes of 

printing. In doing so, the interface between cell culture, material science, and mechanical 

fabrication must be reconciled for development of appropriate hydrogel precursor solutions. Cell 

culture involves the continued proliferation of cells using established protocols. Most cell culture 

protocols seed cells on two-dimensional tissue culture polystyrene, contrary to physiological three-

dimensional environment. Contrary, material science examines material stiffness, crack 

propagation, and phase diagrams of materials for example. Careful control of material chemistry 

determines material stiffness and further dictates the processing capability of the material. 

 

To begin the bioprinting process (Figure 1-1), cells are cultured to approximately 70% confluency 

before being passaged. During the passaging stage, rather than plating cells onto well plates, the 

cells are suspended in hydrogels to be used for printing, creating a bioink.35, 36 During this process, 

cells are distributed throughout the hydrogel bioink via pipetting or gentle swirling. Homogeneous 

distributions ensure that each printed layer has inherent bioactivity and provided mechanically 

homogenous constructs. After bioinks are prepared, they are loaded into syringes or extrusion 
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barrels in preparation for printing. Material properties, such as yield stress, are critical to control 

for both cell incorporation and for the ability of the 3D printer to extrude the material. Once the 

syringe/barrel is loaded, the print commences, depositing cell-laden bioinks in specific areas. 

Crosslink chemistry, including thermo-gelation, determines how the hydrogel will be cured to 

form a stable structure and upon print completion constructs are placed in media for nutrient 

supplementation. Prior to printing, computer aided design (CAD) files are used to design the final 

printed construct. CAD files are converted to g-code files which is the code which 3D printers 

used to determine how fast the print should proceed and when materials should be deposited. CAD 

software provides an array of tools to create complex and anatomically relevant structures. 

 

 

 

 
Figure 1-1. Bioprinting process. Various cells types are cultured to confluency, suspended within 

the bioink, printed, and analyzed. 

 

 

 

Throughout the process, coordinating cell-material interactions, mechanical aspects of materials, 

and maintaining sterility govern the ability to successfully bioprint. Throughout each stage of the 

bioprinting process various techniques can be used to measure each of these aspects. For example, 

flow sweeps can determine if a material has potential to be injectable and cytotoxicity assays 

indicate if a material has favorable interactions with cells. The proceeding sections will examine 

techniques and relationships in the bioprinting process. 
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1.3 Pre-Printing Considerations 

Current hydrogel creation relies heavily on external structures and support for formation prior to 

crosslinking. Here we focus on characterization of hydrogel bioinks used for bioprinting, such as 

gelatin,37, 38, 39, 40, 41 alginate,42, 43 poly (ethylene glycol),44, 45 and chitosan,46 and the cell 

interactions with materials. Bioprinting involves more complex design criteria as compared to 

typical hydrogel formulations: bioinks (hydrogel precursors) must be transported through a needle 

and able to retain its shape upon exit. Appropriate choice of polymer will maintain 

cytocompatibility along with achieving the necessary mechanical requirements for 3D printing. 

Several factors must be taken into consideration for quality bioink formulation. In the proceeding 

section, polymer molecular weight, flow profile, and cytotoxicity will be discussed (Figure 1-2). 

Each of these parameters can influence the ability of the bioink to behave appropriately to produce 

viable tissues. 
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Figure 1- 2. Pre-printing parameter considerations. NMR, ATR/FTIR, and GPC can be used for 

chemical quantification. Various rheological tests examine the bioink’s ability to be printed. 

Biological assays to measure cell viability should be used as an initial indicator for use as bioink.  

 

 

 

1.3.1 Molecular Weight Determination: NMR, ATR/FTIR, GPC 

Polymer molecular weight, crosslinking mechanism, and side-groups dictate functionality of the 

polymer as a bioink and subsequent compatibility. High molecular weight polymers are typically 

viscous due to an increase in chain entanglements, being useful to suspend cells. Polymer 

molecular weight further influences flow behavior of the bioink. Biologically, cell-bioink 

interaction can be broadly measured by the cytotoxicity of the material. These techniques can be 
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used to quantify the bioprinting process and the determine the interplay between material 

chemistry/properties and cell behavior during the printing process. 

 

Bioink composition should support cell integration (viability and proliferation) via control over 

stiffness,47, 48, 49 mesh size,50, 51 crosslinking mechanism, and shielding cells from shear stress 

during extrusion.42 Both synthetic and natural polymers offer advantages for cell integration and 

control over material parameters. Molecular weight and crosslinking density remain the two most 

critical physical characterizations that influence cell behavior regardless of polymer source. 

Naturally derived polymers often exhibit high molecularly weights while synthetic polymers can 

be carefully controlled during the synthesis.52, 53 As an example, gelatin or methacrylated gelatin 

(Gelma) presents many cell binding sequences, facilitating strong material-cell interactions. 

Gelatin’s inherent bioactivity is a result of denature bovine or porcine collagen (typically hooves 

and skin products). Gelatin production result in high molecular weight chains with broad 

distribution. Most manufacturers sell gelatin by “Bloom strength” which reflects the average 

molecular weight of the polymer. Higher bloom strength indicates stiffer gels. Conversely, poly 

(ethylene glycol) (PEG) manufacturing process results in finely tuned molecular weights ranging 

from <500 to >1000000 Da, controlling mesh size and nutrient diffusion. Due to the chemical 

formula (-CH2-CH2-O-) of the PEG backbone, it is often considered a “stealth” or “bioinert” 

molecule that does not illicit a foreign body response.54 However, PEG needs to be chemically 

modified in order to crosslink to form stable hydrogels. Both dimethacrylated and diacrylated PEG 

have been among the most widely studied model hydrogels.55 More recently, click chemistry has 

emerged as a viable crosslinking mechanism for PEG hydrogels. Regardless, nuclear magnetic 
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resonance spectroscopy or attenuated total reflectance is used to verify the terminal end groups of 

the polymer and molecular weight of the polymer. 

 

Nuclear magnetic resonance spectroscopy (NMR) quantifies molecular systems based on its 

molecular structure, assuming the sample is pure. NMR experiments measure the energy transfer 

between base energy and higher energy level once a magnetic field is applied.56 Radio frequencies 

are used to detect the energy emission from high to base levels.57 Specifically, 1H NMR is often 

used within polymer systems to determine molecular weight and end functional groups.58 For 

example, diacrylation of poly(ethylene glycol) can be quantified based on the unique chemical 

signature.50 Chemical signatures, or shifts, are governed by the surrounding electrons, the more 

electro-negative a nucleus is, the higher the resonant frequency. In addition, determination of 

polymer molecular weight can be completed using NMR.59, 60 For molecular weight analysis, 

standardization of the backbone is accomplished compared to the predicted manufacturer’s value. 

For example, in PEG MW=3,350 Da, there are approximately 76 repeat (-O-CH2-CH2-) segments 

resulting in 304 H’s in the backbone. By standardizing the δ=3.45 ppm peak, the overall molecular 

weight and end group functionality can be determined.61Molecular weight influences cell behavior 

due to the amount of swelling a hydrogel may undergo resulting in nutrient supplementation and 

waste removal. Swelling and degradation of hydrogels is commented further in the post-printing 

considerations. For the printing process, higher molecular weight polymer bioinks can offer stress-

shielding wherein cells are not exposed to the high shear stresses due to being entangled within 

the polymer. Subsequently, cell viability post-printing remains high.42  
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Similarly, attenuated total reflectance spectroscopy (ATR) can measure end groups and polymer 

backbone.62 ATR uses infrared beam, rather than magnetic field, for determination of sample 

characteristics. As the beam interacts with the sample, small changes occur to its exiting angle due 

to an evanescent wave that exudes from the sample. Computer systems subsequently generate 

infrared spectrum for interpretation. NMR and ATR provide information about polymer backbone 

and end-groups which is pertinent to bioink formulation. End-groups can determine crosslinking 

mechanism that must be employed. Acrylate end groups have historically been common as the 

provide facile method for creation of covalent crosslinks. However, additional crosslinking 

methods are becoming more widespread. 

 

Along with NMR, gel permeation chromatography (GPC) is used for molecular weight 

determination. The advantages of GPC over NMR are that molecular weight distribution rather 

than a single molecular weight can be obtained and that weights above 35,000 Da can be measured. 

Gel permeation chromatography is a form of size exclusion chromatography that specifically 

measures the elution time of a polymer compared to a known standard. Higher molecular weight 

polymers cannot travel through the beads packed into the column, eluting faster than smaller 

molecular weight polymers. As such, polymer dispersion index (PDI) can be found using GPC.63, 

64 Polymer molecular weight is critical to control as it dictate bioinks flow characteristics and 

resulting mechanical and biocompatibility properties. Having low PDI, suggest that the polymer 

is all similar length, resulting in consistent mechanical properties. Due to processes variations, 

natural polymers are typically more disperse than synthetic polymers. Increasing polymer 

molecular weight, crosslink density, or concentration can improve the printability of the solutions 

at the coast of limited cell migration and a reduction in nutrient diffusion. 
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1.3.2 Rheology of Bioinks 

As bioinks must be extruded through needles, the ability to flow is of utmost importance. Rheology 

is the mathematical study of how matter flows when external force is applied. Studies are 

beginning to understand the correlation between the rheology of bioinks and the subsequent shape 

fidelity. The data that is often presented lacks the contextual relationship of the rheology to the 

printed results. Here, we present an understanding of the various rheological tests that are 

available, their ability to predict a bioink’s potential, and the parameters that are often lacking in 

current studies. 

 

Rheology is completed using either a stress or a strain controlled rheometer resulting in numerous 

parameters that are of importance for measuring flow of material. Rheometers either apply a 

specific displacement or apply a specific force, both of which can either be applied in oscillation 

(back and forth) or in rotation (unidirectional). For whichever parameter is applied, the other is 

measured (e.g. apply force, measure displacement). Using instrument geometric constraints, 

parameters such as storage (G’), loss (G”), and viscosity (η) are calculated and reported. Storage 

modulus is a measure of the elastic energy within the sample while loss modulus is a measure of 

the viscous portion or dissipated energy within the sample. Both storage and loss modulus are 

calculated while performing oscillatory measurements. Viscosity, calculated via rotational tests, 

measures the materials resistance to flow. Typically, bioink papers contain an oscillatory stress or 

frequency sweep to demonstrate the storage and loss modulus along with a rotational shear-rate 

sweep to determine viscosity.65 Storage and loss modulus most accurately correspond to once the 

bioink has been extruded and final material properties. Viscosity should be used to describe the 
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ability of the bioink to flow through the reservoir, needle, and onto the printing surface. After 

extrusion, a bioink must quickly recovery or be crosslinked as to not spread on the printing surface. 

Being able to recovery is often deemed being thixotropic. Alternatively, printing surface can also 

be modified to increase the contact angle with the material therefore decreasing the amount of 

spreading that will occur. 

 

Once the bioink is loaded into the barrel, a certain amount of stress, deemed yield stress, must be 

overcome to allow the material to flow. Yield stress is the minimum stress that must be placed on 

the material for flow to occur. Uncrosslinked hydrogel precursors are typically weakly bound 

together through electrostatic forces. When stress is applied above the yield stress, these bonds are 

broken permitting the material to flow. For example, gelatin is a thermo-responsive hydrogel that 

above ~37°C has weak hydrogel bonding due to high chain motility. When a stress is applied it 

can easily be extruded through the needle. High yield stresses pose process difficulties in cell 

incorporation and in the work required for the 3D printer motor. Along with gelatin, other 

hydrogels such as a self-assembling peptide66, 67 and colloidal systems68, 69 have been developed 

that incorporate yield stress as an important design consideration. 

 

For direct-write extrusion bioprinting, high viscosity is necessary to ensure the bioink does not 

separate and prevents collapse of structures. Viscosity can be controlled by polymer molecular 

weight, degree of branching, concentration, and addition of rheological modifiers. Generally, an 

increase in these parameters results in an increase in viscosity across all shear rate. This is 

illustrated in Table 1-1 which presents a short list of commonly used polymer for bioinks. 

Conversely, lower crosslinking concentration within hydrogel matrix aids in cell proliferation, 
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migration, and tissue formation by facilitating nutrient diffusion and waste removal. Importantly, 

the viscosity of a hydrogel bioink can directly influence the resulting shape fidelity such as 

drooping and spreading.  

 

 

 

Table 1-1. Common polymers, viscosities, and crosslinking mechanism for Bioinks 

Polymer Concentration 

Crosslinking 

mechanism 

Viscosity 

Range (Pa·s) 

Reference 

methacrylated 

hyaluronic 

acid/methacrylated 

gelatin 

6-12% UV 0.1-10000 70 

PEG-DA + Laponite 

10% PEG-DA, 

4% Laponite 

UV 1200 71 

Sodium alginate 3-5% Ionic 0.6-6.4 72 

GelMa 3-5% UV 75-2000 73 

Hyaluronic Acid 1.5 Temperature 22 74 

 

 

 

Shear-rate sweeps are most commonly used to predict viscosity as this test accurately determines 

viscosities across ranges of shear-rates that the bioink will experience. Steady state shear-rate is 

reached for each of the measurements within a shear-rate sweep therefore it precisely determines 

the bioink’s ability to deform. Shear-rate sweeps are often ran from low shear-rate (<10-3 s-1) to 

high shear rates (>102 s-1), mimicking the bioink going through the needle. For bioinks, having 
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high viscosity at low shear rates and low viscosity at high shear rates is imperative for the extrusion 

process. Materials that exhibit this characteristic are called “shear-thinning”. Often characteristic 

shear-rate versus viscosity graphs are presented with lack of details and lack of applied 

mathematical equations. Models have been developed that can describe a material’s ability to 

shear-thin. Classically, the power-law model has been applied to materials where no low shear-

rate or high shear-rate viscosity plateau is observed. The power law index can describe the degree 

of shear-thinning a solution exhibits. When n=1, the solution is Newtonian; n<1 shear-thinning; 

n>1 shear thickening. Relatively few studies report equation fitting to the shear-thinning curves 

that are presented. While graph interpretation informs readers that materials are shear-thinning, 

equation fitting may bring broader understanding to data and a material’s ability to extrude through 

needles. For example, Blaeser et al have examine alginate hydrogels for use as bioinks that and 

have quantified these using Power-law rheology equations.42 Through the application and study of 

the flow consistency index, they have concluded that n of approximately 0.3-0.4 has appropriate 

flow profile. In addition, they examine the yield stress as a critical parameter that dictates cell fate 

during the printing process. Other work completed by Aguado et al suggests that un-crosslinked 

hydrogel modulus is important for cell delivery.75 Uncrosslinked bioink viscosity and storage 

modulus are analogous measurements with the viscosity measuring resistance to flow while 

storage modulus is an interpretation of hydrogel stability. 

 

Viscosity influences bioinks’ ability to flow on the printing surface. In addition, surface tension 

between needle material and bioink should be considered in designing a 3D printing system. An 

increase in surface tension will decrease the bioinks ability to shear thin while an ideal frictionless 

system will aid in ability to extrude. Currently limitation in bioink development is increasing the 
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viscosity of the solution. Viscosity of the bioink determines if a droplet or continuous strand of 

hydrogel will form. Low viscosity solutions, such as 20% gelatin methacrylamide, tend to form 

droplets that much either be forcefully expelled or allowed to form large enough droplets until 

gravity causes them to separate from the nozzle.76 However, fillers such as nanosilicates77 or 

hyaluronic acid76 can be added to GelMA such that a filament rather than a droplet formation. 

Filament formation allows for high-fidelity 3D structures to be formed rather than a puddle. 

 

Many researchers will use shear-thinning information to predict a bioink’s ability to be 3D printed. 

We would like to make the important distinction of being able to be injected versus 3D printed: 

3D printing requires bioink to stabilize or localize as a given point while injection requires inks to 

be shear-thinning. Once the bioink has exited the needle, there are little to no shear-rates induced 

on the material. More accurate rheology test predictions for 3D printing applications, researchers 

are encouraged to calculate the shear-rates experienced throughout the 3D printing process, 

program rheometers to induce specific shear-rates and examine the viscosity recovery. Notably, 

Li et at. have taken this approach for alginate hydrogel containing graphene oxide.78 Recovery 

time of 30s was deemed appropriate and percentage recovery was measured as a comparison 

between unsheared and post sheared samples. Researchers often use uncrosslinked samples during 

the extrusion process eliciting viscosity as the defacto measurement of choice via a rheometric 

viewpoint. Additionally, thixotropic loops (increasing shear rate following by a decreasing shear 

rate in a set amount of time) describe the internal structure rebuilding time. A perfectly Newtonian 

bioink will have overlapping curves for both the increasing and decreasing shear rates, indicating 

little internal structure and is a non-ideal candidate as a bioink. A difference in loading and 

unloading curves indicate the degree of thixotropy within the context of the test (i.e. if the test was 
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completed using a one minute loading and one minute unloading curve, the thixotropy is specific 

to that time frame). Thixotropic loop tests can be difficult to interpret and often require specialized 

“cup and bob” geometry for the rheometer to obtain reliable results.  

 

Oscillatory thixotropy measurements further elucidate bioink stability during printing process. To 

complete oscillatory thixotropy measurement, an amplitude sweep must first be conducted to 

determine where the bioink’s linear viscoelastic region. Storage modulus and loss modulus should 

be independent to applied stress or strain (both of which are amplitudes). Outside of the linear 

region the bioink is dependent on higher order harmonics, requiring more advanced knowledge for 

interpretation of data. A yield point where the storage modulus decreases below the loss modulus 

(G’<G”) is exhibited typically at amplitudes above 101 Pa or between 50-1000% strain. Oscillatory 

thixotropic tests apply an amplitude below the yield point in order to illustrate that G’>G”, an 

increase in amplitude is applied such that G”>G’ illustrating the process through the needle, lastly 

the original amplitude is applied and G’ is expected to increase quickly to the original value. 

Traditionally researchers have tested multiple cycles although the 3D printing process requires 

only one application of high amplitude (bioink travelling the length of the needle). 

 

Overall, recoverable, low-shear viscosity dictates print fidelity. Often bioinks lack recoverability 

resulting in structures printed with lower resolutions and accuracies than other additive 

manufacturing techniques. When shear-thinning behavior, yield stress, and recoverability are 

examined holistically, high fidelity prints may be achieved. In conjunction with the bioink’s flow 

behavior, internal shear stress can influence cell viability. Mechano-transduction of cell-material 
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interface and the mechanical stress placed on cells continues to be a hurdle for 3D bioprinting 

constructs.  

 

Concurrent with viscosity, shear stress is exerted on the material during the printing process 

affecting cell adhesion, proliferation, and overall cell viability.42, 75 Cells suspensions in high 

viscosity bioinks have been used to increase viability.75 Stress-shielding occurs to cells being 

entangled within the bioink and the stress being placed on the material rather than the cell. Higher 

viscosity bioinks tend to have higher viability due to lack of differences in the positive pressure 

gradient.75 Along with viscosity, geometric constraints of the printing apparatus can influence 

shear stress: large deposition needles (small gauge number) reduces the shear stress while 

simultaneously reducing resolution of the 3D print and lower volumetric flow rates decrease the 

shear stress. There is no universal induced mechanical stress that all cell types express negative 

markers. For example, at 1 Pa of induced shear stress, articular chondrocytes significantly change 

morphology and metabolic activity;79 however, human mesenchymal stem cells can only withstand 

shear stresses on the range of 1x10-5 – 1x10-4 Pa before significant upregulation of mRNA 

expressions of osteocalcin, Runx2, and alkaline phosphataste.80 The printing process subjects cells 

to complex chemical (trypsin/EDTA) and mechanical (printing) stress. Current techniques to study 

cell viability as a function of shear stress rely on 2D culture with varying the flow rate of media 

above the cells. Short term, high shear stress, with cells suspended in a moving medium is less 

studied though cells appear to be resilient to the printing process.81, 82 

 

Within the afore discussion concerning assessment and measurement techniques for 3D 

bioprinting, bioinks such as GelMa,76, 77 alginate,42, 43 and PEG44, 45 were focused on. Along with 
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these materials, peptides,83, 84, 85 PCL,86, 87, 88 kappa carrageenan,89, 90 and others91, 92, 93 have been 

used for 3D printing applications. Gelatin (subsequently GelMa) is often used due to its inherent 

bioactivity, ability to bind adherent cells, and thermo-responsiveness. Xavier et al have used 

GelMa based scaffolds to 3D printed complex shapes77 and Billet et al have used GelMa scaffolds 

for deposition of HepG2 cells.81 Gelatin based hydrogels can be easily fabricated, offer cell binding 

sites, and are re-constructed through collagenase. Alginate is often used due to its non-

immunogenicity, ability to shear-thin, and quick crosslinking in CaCl2 solutions.94Alginate is 

often used due to its non-immunogenicity, ability to shear-thin, and quick crosslinking in CaCl2 

solutions.94 Blaeser has extensively investigated alginate across several compositions (0.5-1.5 

wt/vol%) and printing pressures (0.5-1.5 bar).42 Cells were >60% viable at shear stress >10 kPa 

while nearing 100% viability with shear stress <5 kPa. Bioinks containing poly (ethylene glycol) 

are of importance due to the bioinert, non-fouling nature of PEG-based hydrogels. 95 Raphael et al 

have developed self-assembling peptide hydrogels, offering advantages in cell growth and 

migration compared to synthetic hydrogels.35 Overall, an abundance of hydrogel formulations have 

been developed in order to study the effect of particular chemistries on cell viability, proliferation, 

and migration.  

 

1.3.3 Extracellular Matrix Considerations 

Concurrent with the mechanical considerations in the pre-printing process, biological 

considerations should be considered to aid in cell adhesion, proliferation, and/or differentiation. 

Physiologically, the extracellular matrix is a complex network of proteins (collagen, elastin, 

laminin and fibronectin), glycoprotein and proteoglycans that in conjugation create a three-

dimensional structure that provides cells structural support biochemical support.96 The mechanical 
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stiffness and elasticity of the ECM varies from on tissue type to the next, primarily due to change 

in the compositions of the ECM (in particular elastin and collagen) and the stiffness can differ by 

several order of magnitudes. For example the elastic modulus of soft brain tissue lies in the range 

of tenths of a kilopascal (kPa) while that of calcified bone is measured in the range of megapascals 

(MPa).97 The change in the composition of the ECM in diseased tissue, particular in case of cancer 

metastasis is well-documented.98, 99, 100, 101 The ECM protein collagen also contains RGD residues 

that act as the site of action for the integrin and hence play an important role in cellular adhesion. 

The process of cell adhesion onto the ECM is itself a complex biochemical process that has be 

lined to other cellular event such as cell differentiation, cell migration, cell cycle.102 

 

Both the ECM mechanical properties and cell adhesion are of paramount importance while 

selecting biomaterial constructs. The main goal of a synthetic ECM is to provide adequate sites to 

the cell for binding as well as a 3D architecture and mechanical stiffness similar to native tissue. 

Careful bioink selection allows for the generation of 3D architecture that faithfully mimics the 

native tissue, while allowing for variation in the overall mechanical stiffness and chemical 

properties by changing the polymeric composition of the hydrogel. 

 

Hydrogel literature is rich with various compositions of hydrophilic polymers for studying cell 

processes and interactions that may be candidates as bioinks. Naturally derived polymers, such as 

gelatin and alginate, have been well characterized in crosslinking-mechanism and mechanical 

properties (as a formed hydrogel).40, 103, 104, 105 Gelatin based hydrogels have elucidated cell binding 

mechanics, promoted angiogenesis, and used for biodegradable hydrogels. Gelatin is an attractive 

polymer due to the thermo-gelation crosslinked mechanism by which strands of gelatin hydrogen 
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bond to each other forming stiff matrix. Facile temperature manipulation of 3-D printer 

apparatuses promotes the use of gelatin, alginate, and kappa carrageenan as natural bioinks. 

Alternatively, synthetic polymers such as poly (ethylene glycol), poly (lactic acid), or 

polycaprolactone have been extensively modified to achieve appropriate crosslinking mechanisms 

and to increase viscosity of solutions for bioprinting application. Polymers used as bioinks must 

meet the needs of both being able to mechanically deform and re-form and also provide an 

environment for cell proliferation. 

 

Most commonly, cell-bioinks interactions are measured via two-dimensional seeding of cells on 

the bioink surface. While useful, these techniques fail to fully capture the complex interactions 

when cells are encapsulated with three-dimensional matrices. The 3D encapsulation of cells within 

hydrogels represents an increasingly important and popular technique for culturing cells and 

towards the development of constructs for tissue engineering. This environment better mimics 

what cells observe in vivo, compared to standard tissue culture, due to the tissue-like properties 

and 3D environment. In designing new bioinks for direct write extrusion bioprinting, initial cell 

screenings continue to use established methods to determine cell-material interactions. 

1.3.4 Cytotoxicity Considerations 

Estimation of cellular toxicity is an essential part of understanding the effect bioink-cell interaction 

and how the cells are stimulated by the material they are being encapsulated inside. It is also 

important to estimate the effect of any degradation product being created while the hydrogel is 

degraded. The use of nanoparticles to modify rheology of the polymeric systems also created 

challenges in terms of toxicity to cellular systems. Unlike polymeric components of hydrogels, 
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whose behavior when interacting with cells is well documented, nanoparticles can interact with 

the cells in many different ways, such as interaction with proteins in cytosol, effecting on 

mitochondrial activity and generation of Reactive oxygen species(ROS). Hence it is paramount to 

identify the concentration dependent effect the nanoparticles have on the cells, before we use them 

for printing applications. These factors are also important for understanding the effects of polymer 

crosslinking agents on overall cellular viability. 

 

The major drawback of these assays is that they focus only on the cell viability and do not consider 

factors such as cell differentiation, formation of cell signaling molecules or secretion of proteins. 

Advanced genetic testing such as sequencing of mRNA may also be sued to identify the effect of 

hydrogel components on cells, but this process is both expensive and time consuming in most 

cases. Table 2 summarizes different tests for cytotoxicity and methods of detection. 

 

 

Table 1-2. List of common assays to measure cell viability 

Reagent  Site of action Method of Detection Reference 

Trypan blue Cytoplasm Trypan blue is excluded by 

live cells with intact plasma 

membranes, while dead cells 

are stained blue 

106 

LDH Extracellular space Release of LDH Lactate 

dehydrogenase cytosolic 

enzyme into external 

environment indicates  

107, 108, 109 
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Table 1-2. Continued 

Reagent  Site of action Method of Detection Reference 

TBARS Cytoplasm Estimation Lipid 

peroxidation due to ROS 

generation by quantification 

of Malondialdehyde present 

in cells. 

110, 111 

Calcein-AM and 

Ethidium Bromide 

Cytoplasm Fluorescent probes 

Commonly used together in 

the form of Live/Dead 

Viability assay. Live cells are 

able to exclude Ethidium 

bromide, while dead cells do 

not show fluorescence for 

calcein. 

112, 113 
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Table 1-2. Continued 

Reagent  Site of action Method of Detection Reference 

H2DFCA Cytoplasm The cell-permeant 2',7'-

dichlorodihydrofluorescein 

diacetate (H2DCFDA) (also 

known as 

dichlorofluores cin diacetate) 

is reduced to its fluorescent 

form inside cells I the 

presence of Reactive oxygen 

species(ROS) 

114, 115 

Comet assay N/A DNA fragmentation is 

viewed by Single cell gel 

electrophoresis. 

116, 117 

Annexin V Membrane Early apoptosis detection, 

due to movement PS into the 

outer membrane of the 

plasma membrane 

118 
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1.4 Post-Printing Analysis 

Upon establishment of cytocompatibility between bioink composition and cell type of interest, the 

bioink can by printed into complex shapes and morphologies. Post-printing there are additional 

considerations for biological and mechanical components of the constructs. Mechanical 

characterizations often do not include cells during the testing. Cells may act as deficits in the 

crosslinked network compared to pure bioink compositions. Regardless, many bioinks began due 

to the crosslinked mechanical properties exhibiting ideal physiological parameters. Analysis relies 

on mechanics, optical qualification, and measuring cell adhesion and proliferation (Figure 1-3). 

 

 

 

 
Figure 1- 3. Post-printing analysis. Compression is often used as a measure of tissue compatibility. 

Prints are measured optically to determine printability. Biological metrics of printed inks rely 

mainly on cell adhesion forces. Optical portion of figure reprinted with permission from 136 

“Ouyang, L.L.; Yao, R.; Zhao, Y.; Sun, W. Effect of Bioink properties on printability and cell 

viability for 3D bioplotting of embryonic stem cells. Biofabrication 2016, 8 (3)” 
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1.4.1 Mechanical Considerations 

1.4.1.1 Compression and Shear Modulus 

Compressive and tensile modulus are classical methods to study a material’s ability to withstand 

deformation. While often interchanged, compressive modulus is limited in that a material can only 

compress 100% while tensile (Young’s Modulus) can be theoretically indefinite. Native tissue 

moduli are well characterized therefore composing a material to match should, in essence, provide 

mechanical stability.119, 120, 121 Bioinks composed of synthetic polymers typically have higher 

moduli compared to natural polymers. Regardless, both types of bioinks tend to exhibit lower 

modulus once 3D printed. The printing process deposits layers of material that must adhere to each 

other for strong mechanical properties. The delamination of the layers due to low adhesion provide 

and defect for crack propagation.122, 123 Compression testing standardizes the force applied to the 

sample and the distance the sample is compressed. Stress (Pa) and strain (mm/mm or 

dimensionless) are plotted and the loading slope is calculated to quantify the compressive modulus. 

Compression testing of cast bioinks ensures that the material does not have void space within the 

tested samples (assuming no bubbles present and the sample is cleanly removed from the substrate 

it was crosslinked onto). Cast bioinks typically have low polymer alignment since the material is 

allowed to conform to the surrounding mold. However, due to the layer by layer deposition of 

material in the 3D printing process, void spaces can develop or polymer may align ultimately 

producing lower compressive modulus. Ideally the printed sample has 100% layer to layer 

adhesion and contact. In using a circular gauged needle though there will be some space due to a 

geometric mismatch. From these spaces, cracks propagate, decreasing the compressive modulus. 



 

25 

 

 

1.4.1.2 Swelling and Degradation 

Once the bioink is crosslinked and placed in either implanted or placed in media, swelling of the 

structure occurs. Swelling can influence post-printing mechanics: an increase in fluid maximizes 

the distance between crosslink points.124 Swelling can also be beneficial as it allows for diffusion 

of any entrapped therapeutics and cellular waste products.125 Bioinks composed of natural 

polymers such as gelatin will both swell and degrade due to enzymes present in the extracellular 

matrix. Gelatin hydrogels have been used for bioinks previously and in accelerated degradation 

with application of collagenase (5 U/mL) showed a mass loss of 65% within 11 hrs.126 Synthetic 

bioinks must be designed to be degraded on time-scales appropriate to applications. Poly (lactide-

co-glycolide) compositions are often used to regulate the degradation profile of the formed 

hydrogel or nanoparticles127, 128 and for drug incorporation.129, 130 Specifically, therapeutic release 

profiles can be modulated via encapsulation into PLGA nanoparticles with varying amounts of 

lactide and glycolide to allow for appropriate release times.130 Alternatively, PEG has been 

modified with poly (lactic acid) end groups (PLA) to modulate network degradation131, 132 and cell 

adhesion133 and proliferation.134 For full recapitulation of native tissue, degradation is a key feature 

of developed bioinks that must continue advancing. 

 

1.4.1.3 Image Analysis 

Pre-printing rheology is an important tool to determine bioink’s potential for printing and the 

material’s innate ability to deform and recover. Post crosslinking, image analysis of bioprinter inks 

provides additional information concerning spreading of bioinks. Several methods have been 

employed for to analyze the quality of the extruded bioink. The 3D printing process begins in 
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designing a print construct in a computer aided design program (AutoCAD, Solidworks, etc.). 

Depending on the design method, using the programmed dimensions of the construct and 

comparing to printed construct can be used. Light microscopy or µCT have been used to image 

printed constructs.71, 135 Ouyang et al. have devised a system of images and equations to quantify 

the “printability” of the bioink.136 Three classes of printability were established (under gelation, 

proper gelation, and over gelation) to describe the morphology of the extruded samples. Proper 

gelation bioinks exhibited smooth surface with regular grid pattern; under gelation bioinks flowed 

together creating circle pattern rather than square; over gelation bioinks had irregular grid pattern. 

Mathematically, printability was defined as 𝑃𝑟 =
𝜋

4

1

𝐶
=

𝐿2

16𝐴
 where C is the circularity of the print, 

L is the length and A is the area. Pr values <1 indicate poor fidelity with spreading and large, 

curved corners. As the Pr approaches 1, the print is “exactly as it should be,” with precise angles, 

smooth prints, and exact deposition of material. As Pr increases, the bioink became jammed or 

“crinkly”/rough. Ridges began to form, cracks became prominent, and the overall print was poorly 

constructed. Mathematically defining quality 3D prints is an important milestone for bioprinting 

literature. 

 

1.4.2 Techniques to Monitor Cell-Material Interactions 

Extracellular mechanics are influential to cell behavior.137, 138, 139 Interactions between materials 

and cells can be carefully monitored through biological and mechanical methods. Pre-printing 

consideration of cytotoxicity can prompt a bioinks to be further investigated. While cytotoxicity 

is integral for understanding cell viability, mechanical forces due to adhesion or fluid shear stress 
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can also elucidate cell material interactions. Several techniques have been developed to study the 

influence of mechanics on cell adhesion. 

 

1.4.2.1 Traction Force Microscopy 

Traction force microscopy (TFM) is used to determine a single cell’s traction force, or force that 

the cell pulls on the material. Typically, cells are cultured on a clear polyacrylamide gel 

functionalized with adhesive ligands and fluorescent beads are embedded just below the gel 

surface.140 When the cell attachment occurs the cells generate a traction force that moves the 

fluorescent bead and movement is quantified by measuring the displacement of the fluorescent 

bead. This technique has been used to compare the cellular traction forces generated by human 

metastatic breast, prostate, and lung cancer cell lines and their non-metastatic cell line analogs. the 

traction forces of the metastatic cell lines was found to be higher.141 With post-printing seeding of 

cells, TFM could be used to determine where cells are adhering to the bioink and subsequent 

movement. However, this requires an optically clear bioink and a flat surface on which to image. 

Alternatively, vinculin staining to monitor focal adhesion points elucidate cell binding. 

 

1.4.2.2 Microfluidics 

Cell adhesion post exposure to shear-rates can be studied through microfluidics which also monitor 

spreading and migration. The techniques aims to mimic the hemodynamic stress that cells exposed 

to within the body due to continuous fluid flow and does not fully replicate cells suspended in a 

bioink undergoing shear-stress. This system has many advantages such as fluid manipulation and 

control, miniaturization and low fluid intake. It also allows for dynamic culturing of cell adhesion 

studies. The balance between shear-stress forces generated by the fluid flow determines the cell 
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adhesion and the adhesion forces between membrane bound receptors and their ligands.142 

Previous research has established that cells in microfluidic environment have morphology and 

growth rates similar to that of Petri dishes.143 Specifically, microfluidic channels has also been 

used to understand the difference in adhesion properties of blood cells and how they differ in case 

of sickle cell. 144 Post-shear cell viability of encapsulated cells has been of interest to several 

groups.42, 71, 75 Within these experiments, observation of overall cell viability it performed using 

one of the cytotoxicity (most commonly Live/Dead assay) from Table 2. 

 

1.4.2.3 Atomic Force Microscopy 

AFM probe techniques involves measurement of how strongly a cell is adhered to the surface of 

the bioink. Immobilization of individual cells to the AFM cantilever occurs and then withdrawn at 

constant speed to free the cell from its binding site. The cantilever deflections during this process 

are recorded as force-distance curves and the highest forces is the cells adhesion strength. The 

techniques can used for measurement of both cell-cell adhesion forces and cell-matrix adhesion 

forces.145 The limiting factor of using AFM in bioinks is that the cell must be on the surface of the 

printed construct. Fully 3D encapsulated cells cannot be sensed by the AFM probed without 

destruction of the printed construct. 

 

1.4.2.4 Three-Dimensional Traction Force-Quantification (3D-TFM) 

Alternative to the AFM and TFM, three-dimensional traction force quantification can be used to 

understand the cell behavior in 3D cultures. Fluorescent beads are embedded within the bioink 

prior to cell incorporation. Rheological properties can be changed due to the addition of the bead 

component and care should be taken to maintain consistent parameters. However, this method 



 

29 

 

allows us to better understand and predict the cell behavior within the bioink. Fraley et al146 used 

this techniques to track the movement of focal adhesion proteins in the 3D matrix and establish 

their role in cell motility. 3D-TFM is a modification to TFM and does not require that cells be on 

the exterior of the sample being analyzed. Optically clear samples are preference due to the ability 

to clearly visualize the fluorescent beads. 

 

1.4.2.5 ECM production and Estimation 

Along with visualization of cells within or seeded on bioinks, quantification of deposited matrix 

and protein quantification enhances the understanding of how cell are behaving once encapsulated. 

The production of extracellular matrix (ECM) by cells is an important cellular event. In case of 

escalated cells, it becomes essential for cells to produce ECM to facilitate further proliferation over 

the scaffold. Native ECM is composed of various components such as proteins (collagen, elastin, 

and fibronectin) and GAGs (heparan sulphate, chondroitin sulphate etc). Hence, it is important to 

quantify the production of ECM components in case of 3D printed scaffold whose is to mimic the 

3D architecture of the native tissues. Various methods can be employed for determining the 

individual components as listed below. 

 

1.4.2.5.1 Collagen Production 

Collagen is the most abundant protein within the human body and is an important ECM 

component. The most common methods for collagen estimation is the quantification of 

hydroxyproline in a sample buy dissolving the sample in Hycholoric acid followed by 

neutralization and further reaction with reagents such as chloramine T147. This method has a 

distinct drawback of being rather tedious and is effected by type of samples. Hence, simpler 
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colorimetric methods have been developed using dyes such as Sirius Red F3BA, which bind the 

specifically to collagen and show no specific binding with elastins148 

 

1.4.2.5.2 GAG Quantification 

There are five types of animal GAGs heparan sulfate (HS), chondroitin sulfate (CS), dermatan 

sulfate (DS), keratin sulfate (KS), and hyaluronan (HA), of which heparin is the most studied. 

There are two commonly used techniques for the quantification of GAGs, namely the Alcian Blue 

assay carbazole assay. The latter work on the principle of acid digestion of the polysaccharide 

followed by reaction with the carbazole to give a coloured product149.However this methods has a 

distinct tendency to overestimate the concentration of the GAGs due to interference pH buffer 

components such as chloride ions ( present in PBS)150. Alcian bye assay relies on the ability of 

sulfated GAGs to bind the cationic dye 1,9-dimethylmethylene blue151 and hence is better suited 

for the quantification. 

 

With both collagen and GAG quantification, standardization to the number of incorporated cells 

informs how active the cells are and if they are proliferating. Bioink properties should support 

similar amounts of the protein and GAG production and 2D controls. 

 

1.5 Conclusions and Future Directions 

Current analysis techniques for printing polymeric bioinks are widespread with little 

standardization within the field while cell-bioink interactions are well established. Increasingly, 

intricate architectures across several scales have been constructed though there remains an overall 
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lack of bioink formulations are methodology for predicting usefulness of a polymer as a bioink. 

Clinical application of direct write extrusion bioprinting requires bioinks that can be organized to 

replicate tissue organization, support cell proliferation and differentiation, and degrade at 

physiological time scales. The rheological properties of hydrogels and bioinks interact with the 

biological performance of the bioink, dictating the need for novel analysis techniques to monitor 

cell/material interactions during the printing process. Optimization of the rheological properties, 

specifically yield stress, may permit homogeneous cell incorporation and further optimization of 

the printing process can prolong the printing time. Often high resolution is sought in 3D printing, 

though recent studies suggest the high precision may not be necessary.152, 153 

 

Overall, there is a lack of fundamental rheological understanding coupled with lack of biological 

techniques developed specifically for direct write 3D bioprinting. The forthcoming works aims to 

at least partially overcome the mechanical characterization in developing bioinks while continuing 

to utilize present biological techniques. First, a model bioink is formulated consisting of 

poly(ethylene glycol) and Laponite XLG.71 Rheological characterization and relationships to 

literature are well formulated and established within the PEG/Laponite work. From there, 

modification to the bioink formulation via addition of Gelma and changing the PEG-backbone are 

completed. Gelma addition permit better cell binding and spreading within the bioink as measured 

via staining and microscopy. Modifying the PEG-backbone to be more hydrolytically susceptible 

modulated degradation times via an increase in ester hydrolysis. Lastly, Laponite XLG is 

investigated as a therapeutic delivery vehicle within collagen matrices as a potential angiogenic 

device. Taken together, the forthcoming works present advances in understanding the mechanics 
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governing bioinks and their subsequent macroscopic properties, ability to modulate adhesion, 

degradation, and therapeutic delivery. 
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2. NANOENGINEERED COLLOIDAL INKS FOR 3D BIOPRINTING* 

 

 

2.1 Introduction 

Nanoengineered biomaterials from polymer and nanoclays continue to generate interest in 

biomedical and biotechnological applications due to their ability to act as a barrier in controlled 

release devices and their support in tissue scaffolds.154, 155, 156 Swelling clays are layered mineral 

sheets with isomorphous substitution in the inner layer that results in a permanent positive edge 

and negative face charge.157 Due to the large variation in natural clays, Laponite® has become a 

model system with controllable features during the manufacturing process. Laponite are two-

dimensional (2D) nanomaterials, 30-50 nm in diameter and 1-2 nm in thickness.158 The hydration 

of Laponite and internal arrangements result in macroscopic solutions ranging from low viscosity 

solutions to highly ordered colloidal gels and Wigner glasses.158 At low salt concentrations (< 10-

4 mM) Laponite (and other clays) remain stable in solution and interact with each other in a “house-

of-cards” structure.159, 160 However, with addition of salt, change in pH, or addition of polymer, 

the phase diagram and subsequent interactions are more difficult to determine. In order to 

determine precise interactions, various techniques are often used such as dynamic light 

scattering161, 162, small angle neutron163, or x-ray scattering.160 Analogous to these techniques is 

viscosity characterization via shear rheology which further elucidates the internal structure as 

                                                 

* Reprinted with permission from “Peak, C. W.; Stein, J.; Gold, K. A.; Gaharwar, A. K. 

Nanoengineered Colloidal Inks for 3D Bioprinting. Langmuir, vol. 34, pp. 917-925, Jan 2018.” 

Copyright 2018 American Chemical Society. 
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macroscopic properties of the material.164 Additional complexity of Laponite’s internal structure 

occurs with polymer interactions such as gelatin,165 kappa-carrageenan,89 pluronics,166, 167, 168 

poly(N-isopropylacrylamide),169, 170, 171 and poly(ethylene oxide)s164, 172, 173, 174 due to 

adsorption/desorption of polymer, additional charge interactions, and ability of both polymer and 

Laponite to hydrate. Here, we investigate the rheological effect of adsorption/desorption of poly 

(ethylene glycol) (Mw=3400 Da) on Laponite at various concentrations and the potential for 

colloidal suspensions as three-dimensional printing inks. 

 

Previously Nelson et al have investigated PEO (-CH2-CH2-O-) with low concentrations of 

Laponite via SANS and DLS measurements164, 174 and rheological work completed by Schmidt et 

al with low concentrations of Laponite.172, 175 Ruzicka et al have suggested that above 

concentration of 3% Laponite, a gel forming structure will result; however, this has not been 

widely investigated with the addition of polymer chains.158, 176 Earlier work has extensively 

elucidated the interactions between poly (ethylene glycol/oxide) and Laponite.164, 174, 177, 178, 179 

Quickly desorbing/adsorbing PEG chains onto Laponite changes PEG-Laponite behavior which 

can be modeled as various fluids such as Newtonian or Bingham Plastic depending on the 

concentration of each component. Here, we aim to control these interactions for extrusion and 

bioprinting applications. Colloids show promise for three-dimensional (3D) printing applications 

since they can be precisely tuned to meet various parameters such as shear-thinning and recovery 

time. 

 



 

35 

 

3D printing materials have long been limited to thermoset polymers wherein polymer chemistry 

dictates their thermo-responsiveness.180, 181, 182 Due to the temperatures at which they must be 

processed, these polymers often have limited biomedical applications both in their structure and 

in their ability to extrude living cells. Colloids and hydrogels can overcome the temperature and 

structure barriers present in current thermoset 3D inks. “Bioinks”, as they are often named, must 

be able to support cell viability (cytocompatible), recover quickly for printing, and have 

crosslinking mechanisms that are compatible with tissues.34 Hydrogel precursors are often too 

fluidic to be considered for printing applications and crosslinked hydrogels are too brittle to deform 

through a needle without fracture. High viscosity colloid systems and nanocomposites fulfill the 

requirements of a bioink at rest. However, to be a printable system it must first shear-thin followed 

by a quick rebuilding of internal structure.77, 183 Polymer/clay nanocomposites have previously 

been demonstrated as shear-thinning.104, 184, 185 As such we further investigate the rheological 

implications between model clay and polymer system of poly(ethylene glycol) and Laponite for 

use in 3D bioprinting and cell delivery.  

 

2.2 Materials and Experimental Procedure 

2.2.1 Materials 

Laponite XLG, procured from Byk Additive and Instruments was dried in the oven at 100°C for 

4h to ensure limited environmental water swelling of particles. Poly (ethylene glycol) was dried 

before acrylate modification using procedures previously reported.186 In short, 20 g PEG (3.4kDa) 

was dissolved in dichloromethane along with triethylamine (Sigma). Acryloyl chloride (Alfa 

Aesar) was added dropwise to the solution on ice and stirred for 24 hours. After washing, the 
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solution was precipitated into diethyl ether and dried over vacuum. 1H NMR *300 MHz, CDCl3, 

δ): 3.62 (s, 297H; -OCH2CH2), 5.81 (dd, 2H, J= 10.5 and 1.2 Hz; -CH=CH2), 6.40 (dd, 2H, J = 

17.3 and 1.5 Hz; -CH=CH2) confirmed diacrylation of PEG3.4kDa. 

 

2.2.2 Synthesis of PEG Laponite Colloids 

The desired amount clay and PEGDA was dispersed into 18 MΩ water (pH=7.4) and vortexed 

vigorously for at least 2 minutes. For rheological time sweeps, samples were immediately loaded 

and tested. For all other experiments, the solutions were allowed to sit for 24 hours before use as 

determined by the initial time sweep. Samples were carefully loaded onto a Peltier plate base as to 

not disrupt internal structure formation. Once geometry was lowered, samples were allowed 15 

minutes to equilibrate. 

 

2.2.3 Rheological and Mechanical Characterization 

A Discovery Hybrid Rheometer 2 (DHR-2) (TA Instruments) with attached 40 mm parallel plate 

at gap height of 0.25 mm and 25°C was used for all experiments. Pre-cursor solutions of PEG and 

PEG/XLG were used for all experiments unless otherwise noted. Rotational time sweeps were 

executed for 18 hours at 1Pa, 1Hz to determine aging time and dynamics of solutions. Rotational 

shear rate sweeps were executed between 10-6-103 (s-1) to determine the yield stress and the power 

law region. Power-law parameter n (flow behavior index) was calculated using TRIOS software 

(TA Instruments). Rotational time sweeps were executed at three different shear rates (s-1) in 

sequential order: 10-2 (60 s), 3000 (5s), 10-2 (120s) to determine shear recovery of solutions. Time 
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to 80% recovery was manually observed/calculated.183 Oscillatory shear stress sweeps between 

10-1-103 were performed at 1 Hz and frequency sweeps between 10- 2-102 were performed at 10 Pa 

to further validate yield points and investigate dependence on frequency. Increasing stress was 

applied to the samples (1, 10, 50, 100, 300, 500, 1000 Pa) and storage modulus was monitored to 

further verify yield stress. Creep experiments were conducted by applying 50 Pa stress for 5 min 

followed by 15 minutes of recovery (no applied stress). Data from creep experiments were 

evaluated by attempted fitting of the creep region with the Burger model: 𝐽𝑐(𝑡) = 𝐽0 +

𝐽1 [1 − exp (−
𝑡

𝜏
)] + 𝑡/𝜂 JC(t) is the compliance of samples measured by the instrument at time t. 

J0 is the instantaneous compliance and J1 is the retarded compliance corresponding to Maxwell 

and Kelvin-Voigt elements respectively. τ is the retardation time and η is the Newtonian viscosity. 

Ultra-violet curing of samples at 7 mW/cm2 occurred, and subsequent oscillatory frequency and 

stress sweeps as described above were conducted on cured hydrogel samples. An ADMET eXpert 

7600 Single Column Testing System equipped with 25 lb load cell was used for compression 

testing of 3D printed and cast (bulk) hydrogel. Strain rate of 1 mm/min was used to compress the 

samples 50% of original height. The compressive modulus was calculated and plotted to compare 

bulk versus 3D printed structures. Print fidelity was calculated as: (
𝐴𝑐𝑡𝑢𝑎𝑙 𝑃𝑟𝑖𝑛𝑡

𝑃𝑟𝑜𝑔𝑟𝑎𝑚𝑚𝑒𝑑 𝑃𝑟𝑖𝑛𝑡
− 1) ∗ 100 

 

2.2.4 In vitro Studies 

Murine preosteoblasts (NIH MC3T3 E1-4, ATCC) were grown in alpha modified MEM (Hyclone, 

GE Lifesciences), supplement with 10% fetal bovine serum, and passaged at 80% confluency. 

Passages 4-6 were used for all experiments. After passaging, counting was completed and cells 
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were re-suspended and aliquoted into Eppendorf tubes at 10,000 cells per mL solution. Solutions 

were gently pipetted or mixed to achieve a homogeneous cell distribution. To visualize cells 

encapsulated within bioinks, cells were incubated at 37 °C with 2 µM Cell Tracker Green Dye 

(ThermoFisher) in 1X PBS for 30 minutes prior to passaging. Cell imaging was performed using 

a (SteREO Discovery.V8, Carl Zeiss) microscope after extrusion. Images were processed and 

analyzed in ImageJ (NIH) to quantify localization of extruded samples. 

 

2.2.5 3D Printing 

PEG-Laponite constructs were fabricated utilizing a HYREL System 30M 3D printer. The PEG-

Laponite colloid was loaded into a HYREL VOL-25 extruder (HYREL L.L.C., Norcross, GA) 

equipped with a luer lock adapter and 23 gauge, 5 mm long blunted stainless steel needle (Jensen 

Global Inc, Santa Barbara, CA). Once connected to the printer, constructs were modeled in 

Solidworks 3D CAD Design, exported as an STL file, and imported into Slic3r version 1.2.9. 

Overall, this process converts the Solidworks design into layer-by-layer instructions for the printer, 

or G-code. The G-code files are then imported into HYREL's proprietary software (Repetrel 

Rev2.828) and printed at room temperature onto glass slides. Upon completion, glass slides were 

placed under a UV lamp and photo-crosslinked for 150 seconds at an intensity of 25 mw/cm2 

 

2.2.6 Statistical Methods 

The data is presented as the means ± standard deviations of the experiments (n=3-5). Statistical 

analysis was performed via one-way ANOVA with post-hoc Tukey's test using GraphPad Prism 
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(version 6.01). Levels of significance were assigned as * = p<0.05, ** = p<0.005, *** = p<0.0005, 

and **** = p<0.0001. 

 

2.3 Results and Discussion 

2.3.1 Colloidal Bioink Synthesis 

Laponite XLG has a complex phase diagram that ranges from sols and gels to attractive and Wigner 

glasses.158 Being a synthetic clay, the production process of Laponite precisely controls its size, 

shape, and chemical make-up, therefore it has been used as a model clay system. However, groups 

such as Ruzicka et al. and Yoshi et al. continue to investigate various aspects of Laponite 

exfoliation, nematic order, and structure through means such as dynamic light scattering164, 

rheology172, and SANS/SAXS.166, 174 The addition of polymer, regardless of molecular weight, 

results in ongoing adsorption and desorption of polymer to clay platelets which may alter the phase 

diagram boundaries of Laponite. We aim to use the reported internal “house-of-cards” structure of 

Laponite as a suitable matrix for three-dimensional printing.158 Gel forming solutions of 

poly(ethylene glycol) (10% wt./vol, 3.4 kDa) occurred with concentrations above 4% Laponite 

after 24 hours. Over longer periods of time (months), solutions containing 2% Laponite will form 

a gel but can easily be disturbed and liquefy, and subsequently must undergo aging once more. 

Mourchid et al, Ruzicka et al, and others suggest that Laponite XLG form a “house-of-card” 

structure upon exfoliation or hydration of particles.159, 176 This internal structure has been 

previously studied via dynamic light scattering.187 The build-up of structure resulted in an increase 

in solution viscosity which can be useful for three-dimensional printing applications (Figure 2-1a). 

Time sweeps (1Hz, 1 Pa) indicated that there is a delay in PEG-Laponite XLG gel formation at 
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initial time points as indicative of increasing storage modulus (Figure 2-1b). This may be due to 

competition between Laponite and PEG becoming fully hydrated or rapid adsorption and 

desorption of PEG to the Laponite particles.179 Samples containing 6% Laponite were removed for 

graph clarity. At longer time points (18+ hrs) the shear storage modulus (G’) was concentration 

dependent based on how much space was filled within the solution and by how much water 

adsorbed to the surface of the Laponite. 

 

 

 

 

Figure 2-1. Synthesis of PEG-Laponite colloidal solution. (a) Viscosity increases at rest with 

increasing Laponite XLG concentration; Changes in print quality with increase of Laponite XLG 

concentration; (b) Time sweep of solutions of PEG/Laponite, PEG, and Laponite; (c) schematic 

of internal structure formation of PEG, Laponite, and PEG/Laponite solutions 
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PEG concentration was kept constant at 10% wt./vol while Laponite XLG concentration was 

varied. Here we observed that PEG solutions containing 2% wt./vol Laponite XLG did not form a 

strong internal structure after 18 hrs. In addition, at any given concentration of Laponite XLG, the 

addition of PEG either decreased the storage modulus or increased the time for storage modulus 

plateau to occur. Nuclear magnetic resonance spectroscopy (NMR) analysis by Lorthioir et al. 

suggests that PEG/Laponite systems are dynamic yet have strong local constraints that slow down 

segmental motions of the PEG backbone179 suggesting the observed decrease in storage modulus 

is most likely due to intermolecular motions of PEG ad/desorbing from the surface of Laponite 

XLG. Solutions seemingly underwent a shift from tactoid sheets and random polymer 

configuration to a disconnected “house-of-cards” with PEG adsorbed on the surface (Figure 2-1c). 

Particles underwent what is known as jamming transition during which movement is restricted 

since there is no physical space within the solution thus lowering the amount of free energy 

required to remain in suspension.177, 178, 188 A flocculation was avoided by balancing the colloid 

electrostatic repulsions and attractive van der Waals forces.189 

 

2.3.2 Addition of Laponite to PEG results in Shear-thinning Bioink 

After the time-aging of solutions occurred, the solutions were still able to flow with an applied 

stress or an induced shear rate.172 Subsequently, the solution was broken down with an increase in 

shear rate (Figure 2-2a). Previous studies suggest that there are two flow regions of Laponite with 

an induced shear rate: plug-like flow and Newtonian-like flow. 190 
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Figure 2-2. Laponite induces shear-thinning characteristics to PEG solution. (a) Shear Rate Sweep 

of PEG/Laponites suspensions; (b) yield stress quantification of PEG/Laponite concentrations; (c) 

illustration of extrusion through a syringe barrel, needle, and onto print-bed; (d) peak hold 

experiments to mimic flow during extrusion/printing. 

 

 

 

During and after the transition of flow types, it is suggested that the internal network is broken into 

smaller blocks that freely move as solid bodies within a fluidic matrix. Thus, PEG/Laponite XLG 

materials must overcome a yield stress before they can be smoothly extruded or printed (Figure 2-

2b). Several fluid models can be used to describe PEG/Laponite XLG systems such as Herschel-

Bulkley model or shear-thinning model. During printing application, shear-rate is determined 

according to equation 1: γ̇=
3n+1

4n
*

4Q

πR3. Where n is the shear-thinning index, Q is the volumetric flow 
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rate and R is the radius of the annulus. It was determined that shear-rates experienced in typical 

printing parameters (Q = 300 µL/min, R = radius of gauged needle) are between 10-1-103 s-1. The 

shear-thinning index is determined by power law fitting of the viscosity vs shear rate curve as 

described in equation 2: 𝜂 = 𝐾�̇�𝑛−1 . Where η is viscosity, K is the flow consistency index (defined 

as the viscosity when shear-rate is 1 s-1), and n is the shear-thinning index. Table 2-1 summarizes 

the K and n values. 

 

 

 

Table 2-1. Summary of Power-law parameters for PEG/Laponite XLG solutions. 

 PEG (10% wt./vol) + X % (wt./vol) Laponite XLG 

0 2 4 6 8 

n 
0.96 ± 0.02 0.22 ± 0.10 0.20 ± 0.16 0.22 ± 0.27 0.29 ± 0.05 

K 0.0029 ± 

0.0003 
6 ± 1 60± 34 149± 24 169 ± 43 

 

 

 

Addition of Laponite XLG decreased n due to disruption of balance between the van der Waals 

and electrostatic forces. K increased due to a close packed “house-of-cards” structure where the 

repulsion forces are balanced with attractive forces. There was a denser packed “house-of-cards” 

(edge to face platelet orientation) internal structure191 of samples containing 6% and 8% Laponite 

XLG when compared to 2% and 4% containing samples, which resulted in an overall increase in 

viscosity across all shear rates (Figure 2-2a). The power law index can describe the degree of 

shear-thinning a solution exhibits. When n=1, the solution is Newtonian; n<1 shear-thinning; n>1 

shear thickening. With any addition of Laponite there was a significant decrease in n compared to 

PEG solutions, suggesting that Laponite is the cause of shear-thinning. With an induced shear, 

Laponite orients itself parallel to the direction of flow.172 It is suggested that due to electrostatic 
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charge, two parallel Laponite particles repel each other therefore gliding over each other to produce 

a shear-thinning fluid. While numerical values are not significantly different, it is hypothesized 

that larger or more numerous sections of the PEG/4-8% Laponite solutions are flowing within the 

medium and have not fully broken up.190 Previous work has analyzed shear-induced flow of clay 

nanoparticles (3% wt./vol), supporting a decrease in viscosity with an increase in shear rate.172, 190, 

191, 192  

 

Injection and extrusion based direct write 3D printing materials must first meet the criteria for 

shear-thinning, which describes the change from soft-solid/gel to fluid/low viscosity (η < 100 

Pa.s). Once material has exited the end of the deposition needle, re-building time of the internal 

structure can predict the amount of localization versus spreading and its ability to be used in 3D 

printing. As such, unidirectional flow through a syringe and needle (Figure 2-2c) were modeled 

using rheometry (Figure 2-2d). Rheometry was used to quantify the solution’s “printability” by 

observing the change in viscosity with a change in shear rate. During initial stages, solutions are 

in a barrel and experience low shear rate (<100 s-1). Once solutions enter the needle shear-rates 

increase to upwards of 102-104 s-1 depending on volumetric flow rate. Once exited, the flow stops 

and the material must quickly regain viscosity—viscosities above ~102 Pa.s were desirable as they 

have previously been reported as printable.75, 193 The viscosity change over time, induced by 

changes in shear rate (Figure 2-2d), can indicate how quickly a solution rebuilds (thixotropy) 

thereby elucidating its usefulness as an ink. PEG behaved as a fluid across all shear rates and 

variation in the viscosity measurement was attributed to surface tension between solution and the 

upper geometry. Solutions containing Laponite XLG underwent rapid breakdown and rebuild. 



 

45 

 

Recovery of 80% of initial viscosity was considered significant. Increasing Laponite XLG 

concentrations decreased the recovery time due to incomplete destruction of internal “house-of-

cards” structure (Figure A1). In solutions containing greater concentrations of Laponite XLG, 

larger sections of polymer/clay mixture exist and therefore can quickly agglomerate compared to 

4% containing samples. Balance between solution yield stress, ability to shear-thin, and structure 

rebuilding must be optimized for injection and printing applications.  

 

2.3.3 Laponite Increases Mechanical Stability of Colloidal Bioink 

PEG/Laponite XLG mixtures can be described both as highly viscous fluids and as soft solids. As 

such, we continued investigating via oscillatory rheometry with stress and frequency sweeps to 

determine shear storage modulus (G’) and any dependency on stress or frequency of uncrosslinked 

samples. PEG behaved as a Newtonian fluid with an increase in applied frequency (Figure 2-3a). 

With an increase in frequency, the storage modulus increased as the PEG solution responded to 

increasing frequency. Formation of an internal structure via the addition of Laponite XLG negated 

all frequency dependencies of the fluid. Increased storage modulus was observed and attributed to 

an increase in fill volume/decrease of free space for water movement. Increasing Laponite XLG 

concentration increased G’ in a similar fashion to the increased viscosity. Further, frequency 

sweeps were used to determine the linear viscoelastic region for samples. Stress sweeps (Figure 2-

3b) were used to verify trends in yield point (though yield point was determined via rotational tests 

as previously discussed). Oscillatory stress sweeps resulted in cross-over points (G’<G”) of 6.48 

± 2.07, 35.25 ± 17.56, 147.61± 18.82, 297.13 ± 79.62, and 544.37 ± 74.89 Pa for samples that 

contained 0, 2, 4, 6, and 8% Laponite respectively. Again, with increasing concentrations of 
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Laponite XLG an increase in storage modulus was presented. Solutions with 8% wt./vol Laponite 

were statistically significant (p<0.0001) compared to all other compositions for both frequency 

and stress sweeps (Figure 2-3c). As further verification of yield stress, an increasing amount of 

stress was applied to uncrosslinked PEG/Laponite samples (Figure 2-3d). Rapid breakdown of 

structure occurred once applied stress was above the yield stress. Storage modulus recovery for 

PEG solutions was nonexistent while PEG/4% Laponite solutions recovered 50.3% of storage 

modulus and PEG/8% Laponite solutions recovered 58.7% of the storage modulus. Storage 

modulus remained > 500 Pa for all recovered samples. The effect of Laponite on the viscoelastic 

properties of PEG precursor solutions is most evident through creep experiments. By fitting the 

creep curves of samples with Burger’s model,194 J0, J1, τ, and η were obtained (Figure 2-3e). 

Representative creep curves highlight the recovery for samples containing Laponite XLG as 

compared to PEG. The PEG compliance curve showed high compliance but no recovery. 

Compliance is inversely proportional to modulus which corroborated data presented in Figure 2-

3a&b. Samples of PEG/ 4 & 8% Laponite XLG exhibited recovery due to possible polymer 

bridging of Laponite XLG particles which are able to store accumulated strain in the sample and 

then release as elastic recovery upon relaxation (cessation of applied stress).195 Storage modulus 

and viscosity both indicate if a material can support itself without external support material. In 

particular, viscosity recovery after shear dictates the ease of incorporating cells for use as bioinks. 

Quick material recovery suggests incorporation of cells may need to be pipetted multiple times. 

As such, 4% Laponite XLG samples were chosen for printing applications as it balances the 

viscosity recovery and storage modulus. 
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Figure 2-3. Rheological sweeps of uncrosslinked PEG/Laponite suspensions (a) Frequency 

sweeps from 10-2-102 Hz; (b) stress sweeps from 10-1-103 Pa; (c) storage modulus at 1Hz from 

samples; storage modulus at 10 Pa from samples. For all data, * indicates p<0.05, **p<0.005, 

***p<0.0005, ****p<0.0001 (d) Increasing applied stress with monitored storage modulus; (e) 

Representative creep and recovery curves for PEG/Laponite solutions. PEG plotted on right y-axis 

(as indicated by arrow), PEG/4% & 8% are plotted on left y-axis. 
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2.3.4 3D Bioprinting Using Colloidal Bioinks 

Localization of cells and therapeutics is of utmost importance for biomedical applications. Within 

literature, shear-thinning has been the focus for printing applications as it will dictate a material’s 

ability to flow through a needle.196, 197, 198, 199 Once the material has exited the needle the shear 

forces placed on the material cease and recovery (Figure 2-2d) will indicate final placement of 

extrudate compared to the material’s ability to shear-thin. Therefore, the materials we developed 

have the potential for printing applications. To demonstrate bioprinting applications, murine pre-

osteoblasts were incorporated into PEG/4% Laponite and printed to create a circle and crosshatch 

shapes (Figure 2-4a &b). Printed constructs of PEG/4% Laponite achieved heights up to 23 layers 

tall without support material or collapse. Low amounts of spreading occurred for PEG/4%Laponite 

solutions as predicted through the peak hold tests (Figure 2d). Localization of cell delivery 

occurred with PEG/4% Laponite samples compared to PEG and phosphate buffered saline solution 

(PBS) samples as measured via cell tracker experiments (Figure A2). The amount of spreading 

(print fidelity) as indicated by the separation of the red and white lines indicate that PEG/4% 

Laponite samples have more precise local delivery and shorter recovery time compared to PEG or 

PBS. There was a statistically significant difference (p<0.0001) between PBS and PEG/4% 

Laponite printed structures as well as between PEG and PEG/4% Laponite in terms of print 

fidelity.  
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Figure 2-4. Bioprinting of colloidal inks. (a) 3D printed circle of PEG/4% Laponite with 

preosteoblasts and cell tracker images (b) 3D printed crosshatch structure of PEG/4% Laponite 

with preosteoblasts and cell tracker images. Note: For both (a) and (b) white dashed lines represent 

the programed print path and red dashed lines represent the 3D printed contruct. (c) PEG/4% 

Laponite bridging gaps up to 2.5 mm. 

 

 

 

PEG/4% Laponite resulted in structures 7.78 ± 19.75% larger than designed while PEG structures 

spread 413.1 ± 76.84 % and PBS spread 376.4 ± 47.27%. The lack of spreading permitted PEG/4% 
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Laponite bridging a gap of 2.5mm across a variety (5-20%) of infill density (Figure 2-4c). While 

PEG/6% and 8% Laponite samples have higher storage modulus (Figure 2-3c) and viscosity 

(Figure 2-2a), inhomogeneous incorporation of cells was observed due to high yield stress and 

quick recovery times. As cells were added to the solution, they were unable to flow within the 

solution as it presented itself as a solid object rather than a viscous colloid. For PEG/4% Laponite, 

live/dead (Figure A3) indicated that across several volumetric flow rates (500, 1000, 2000 µL/min) 

there was no difference in viability immediately post injection. Two-dimensional seeding of pre-

osteoblasts on PEG/Laponite hydrogels and subsequent proliferation have previously been 

reported.200, 201, 202, 203 In addition, long term cell viability, up to three weeks, within PEG-based 

hydrogels has been demonstrated with osteoblasts, chondrocytes, HUVECs, and β-cells in 

previous studies.204, 205, 206, 207 To facilitate long-term cell viability, the macro-porous structure can 

be controlled through changing the density of the crosshatch layer, as demonstrated in Fig 4b, 

aiding nutrient administration and waste removal. Printing of solutions is a macroscopic physical 

representation of the rheological properties of uncrosslinked solutions. Printed structures exhibited 

low sagging and precision in deposition. Cell tracker and live/dead images coupled with printing 

images indicated that PEG/Laponite rheological properties meet the requirements necessary for 

bioprinting. 

 

2.3.5 Covalently Crosslinked Colloidal Bioinks 

In the 3D printing process, the uncrosslinked hydrogel is extruded until print completion and 

subsequently exposed to ultraviolet light for crosslinking to occur. 3D printed structures using 

colloidal bioink showed high mechanical stiffness and could sustain mechanical deformation 
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(Figure 2-5a). Compressive modulus of print and cast hydrogels were compared and no difference 

was observed as determined with a Student’s t-test. Printed structures may develop anisotropy due 

to particle alignment.36 However anisotropy was observed in PEG/Laponite, suggesting that the 

internal “house-of-cards” Laponite structure was conserved during extrusion. Oscillatory shear 

experiments of crosslinked hydrogels were used to determine viscoelastic properties. Hydrogels 

were UV crosslinked and subjected to oscillatory shear stress (1Hz) and frequency sweep (1 Pa) 

experiments, and the materials’ response in terms of elastic moduli (G’) and viscous moduli (G”) 

were measured. All hydrogels were found to have a large viscoelastic plateau within the range 

measured. Interestingly, PEG hydrogels were not dependent on frequency (Figure 2-5b) compared 

to uncrosslinked samples (Figure 2-3a). Prior to UV crosslinking an internal network was not 

present within PEG, after UV crosslinking covalent bonds are formed between PEG chains 

therefore storing energy put into the system. Covalent bonds require more energy to break 

compared to electro-static attractive forces that dominate in uncrosslinked samples leading to 

stability across frequency and stress ranges. Internal structure was not broken down within 

crosslinked hydrogels during a stress sweep; however, it is noted that the viscous modulus (G”) is 

highly variable suggesting internal rearrangement of polymer and Laponite structure. Further 

stress sweep experiments (Figure 2-5c) suggested that upon crosslinking the samples do not 

mechanically yield within the experimental range and there is no decrease in storage modulus. 

Again, the presence of covalent crosslinking prevented yielding of the material as covalent bonds 

are much stronger compared to weak electrostatic interactions occurring in uncrosslinked colloids. 

These results, when coupled with the uncrosslinked flow parameters, suggest that PEG/Laponite 

samples are effective both in extrusion/printing applications and as a stable matrix once 

crosslinked. 
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Figure 2-5. Covalently crosslinked PEG-Laponite network. (a) Covalently crosslinked 3D printed 

structure using PEG/Laponite bioink shows high mechanical stiffness and elasticity. Compressive 

modulus of PEG/4% Laponite for cast and 3D printed constructs. Rheological sweeps of 

crosslinked PEG/Laponite suspensions (b) Frequency sweeps from 10-2-102 Hz; (c) stress sweeps 

from 10-1-103 Pa 

 

 

 

2.4 Conclusions 

This study has investigated the rheological modification of PEG precursor solutions via 

incorporation of Laponite XLG clay nanoparticles. PEG/Laponite XLG form internal “house-of-

cards” structure, influencing fluid flow and ability to print and reform structures. Laponite XLG 

addition to PEG reduced the flow behavior index and reduced the recovery time of solutions from 

infinite (Newtonian fluid) to seconds which is more appropriate for bioprinting applications.  
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The rheological behavior of the samples was found to be dominated by the behavior of Laponite 

network, independent of PEG addition. Recovery time of samples was controlled by the 

PEG:Laponite ratio and ability of Laponite XLG to interact with itself to form “house-of-cards” 

structure. Rapid adsorption or excess of PEG prohibits necessary charge-charge interactions 

between Laponite particles, concentrations of Laponite below 4% wt./vol with 10% wt./vol PEG 

(3.4 kDa) are unable to recover quickly. For practical applications, electrostatic repulsion and van 

der Waals attractive forces must be balanced. PEG presents a special situation due to the extensive 

literature available supporting strong interactions between Laponite and polymer. The present 

study combines rheological properties with application to show that appropriate concentrations of 

PEG/Laponite suspensions can be used as an appropriate bioink. While this work gives unique 

insight into the macroscopic use of PEG/Laponite as a bioink, structural information is obtained 

from previous work by others.164, 172, 174, 208, 209, 210 We believe the present study complements both 

colloidal literature and biomedical literature in balancing colloidal forces and methods of study 

with appropriate cellular assays to optimize bioinks. We have proposed linear PEG/Laponite 

interactions and subsequent rheological profile for bioink characterization to determine critical 

parameters necessary for bioinks before more complicated systems are developed.  
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3. ELASTOMERIC CELL-LADEN NANOCOMPOSITE MICROFIBERS FOR 

ENGINEERING COMPLEX TISSUES* 

 

 

3.1 Introduction 

Complex tissue structures are difficult to mimic from a biomedical engineering perspective due to 

the complexity associated with its native structure at multiple length scales. Often, biomaterials 

are developed as stand-alone implants with bulk properties and interdependent biophysical 

properties such as bio-adhesivity and/or mechanical strength. As biomaterial design progresses, 

biomimetic design can address some of the challenges needed to engineer complex tissue.211, 212, 

213 The need to mimic the tissue architecture along with the ability to control or enhance cell 

adhesion and proliferation is a challenge to traditional tissue engineering approaches. Many 

complex tissues such as bone, muscle, tendon and ligament have microarchitectures that have not 

yet been efficiently recapitulated using existing biomaterials.  

 

Hydrogel chemistry and fabrication has quickly morphed into a paradigm for tissue engineering 

since its inception.214, 215 Mechanically robust synthetic systems are often sought and studied, while 

naturally occurring polymers are often inadequate to fully meet the mechanical requirement for 

implantation. Poly (ethylene glycol) (PEG) has demonstrated biocompatibility in a wide variety of 

                                                 

* Reprinted with permission from “Peak, C. W.; Carrow, J. K.; Thakur, A.; Singh, A.; Gaharwar, 

A. K. Elastomeric Cell-Laden Nanocomposite Microfibers for Engineering Complex Tissues. Cel. 

Mol. Bioeng. 2015, 8 (3), 404-415.” Copyright 2015 by Springer. 
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biomedical applications spanning drug delivery to tissue engineering.32, 215, 216, 217 However, due to 

its inert chemical composition, PEG in its pure form has limited applications as a scaffolding 

material.3, 218, 219 In order to fully take advantage of the PEG network, supplementary additives are 

used. Natural polymers, like gelatin, enable cell-driven degradation to augment migration 

throughout the matrix and also provide unique amino-acid sequences for mediated binding to the 

substrate.220, 221, 222 However, gelatin cannot covalently crosslink in networks; therefore, gelatin 

methacrylate (GelMA) is used.222 GelMA provides advantages in processing when compared to 

collagen semi-interpenetrating hydrogels or polymer backbones that use degradable or biologically 

relevant sequences.223, 224, 225 We have focused on incorporating gelatin within PEG hydrogels to 

modulate cell adhesion and improve the biomaterial degradation characteristics. This is an 

advantage over current methods due to the simplicity of design. 

 

Recently, there has been significant interest in manufacturing bioadhesive hydrogel matrices, 226, 

227 including nanocomposite hydrogels228, 229, 230 that offer unique advantages over conventional 

single polymer hydrogels. For example, to design a bioactive hydrogels for bone regeneration, 

bioactive nanoparticles such as hydroxyapatite, synthetic silicates or bioactive glass can be 

incorporated with in polymeric matrix. Recently, we have reported that synthetic silicates, a class 

of ultrathin nanomaterials, incorporated within gelatin hydrogel can up regulate production of 

osteo-related proteins and deposition of mineralized extracellular matrix.231, 232, 233 In addition, we 

have also reported that silicates when incorporated into a poly(ethylene oxide) (PEO) matrix can 

control cell adhesion, spreading and proliferation234, 235 Due to their unique shape and surface 

charge characteristic, silicate nanoparticles interacts with gelatin233, 236 and PEG237 resulting in 

shear-thinning and viscoelastic network. 186, 202, 238, 239 Silicate loaded hydrogels are biocompatible 
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and biodegradable under in vivo conditions and can be used for a range of biomedical and 

biotechnological applications. 233, 236 Recently, using Michael-addition based reactions and silicate 

nanoparticles and gelatin, we have recently reported an interpenetrating network (IPN) that 

enabled independent control over adhesive ligand availability and tissue stiffness for tumor cell 

engineering.229 

 

Here, we engineer a multicomponent semi-IPN hydrogels as elastomeric microfibers with 

enhanced cell adhesion characteristics. By combining PEG with silicates nanoparticles, 

elastomeric and mechanically stiff microfibers can be engineered that allow mimicking 

viscoelastic characteristic of native tissues. The addition of gelatin to PEG/silicates nanocomposite 

provides additional control over degradation properties. By designing this multi-component 

system, we propose to engineer cell adhesive biomaterials with elastomeric properties. 

 

3.2 Materials and Methods 

3.2.1 Materials 

Synthetic silicate nanoparticles (Silicates) (Laponite XLG) were obtained from BYK-Chemie 

GmbH (Wesel, Germany). Poly (ethylene glycol) (MW = 10 kDa), Gelatin (300 g Bloom, type A) 

from porcine skin, and methacrylic anhydride were purchased from Sigma-Aldrich (St. Louis, 

MO). Acryloyl chloride and triethylamine were purchased from Alfa Aesar (Ward Hill, MA). Poly 

(ethylene glycol)-diacrylate (PEG) and gelatin methacrylate (GelMA) were synthesized as 

previously described 220, 240. For proliferation studies, preosteoblast cell type MC3T3-E1 Subclone 

4 were used (ATCC®CRL-2593). Fluorescent cell types for encapsulation visualization were a 
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transfected green fluorescent protein (GFP) NIH 3T3 from Cell Biolabs (San Diego, CA) and a 

red fluorescent protein (RFP) transfected osteosarcoma (MOSJ, donated by the Kaunas Lab, 

Biomedical Engineering Department, Texas A&M University). 

 

3.2.2 Nanocomposite Formulation 

Stock solution of 8% (w/v) silicate was prepared in milliQ water by vigorous agitation at 4 oC. 

Ciba® IRGACURE® 2959 (Ciba Specialty Chemical, USA), UV photoinitiator (PI), stock 

solution of 0.6% (w/v) was prepared in milliQ water. The nanocomposite prepolymer solution 

were fabricated by vortexing silicate stock with PI stock and dissolving in 5% PEG (10 kDa) and 

1% GelMA. Vortexing and centrifugation ensure proper mixing of solution. The nanocomposite 

prepolymer solution was injected in 10X phosphate buffer saline (PBS) using glass micropipette 

(Drummond) of different diameters to obtain physically crosslinked microfibers. These 

microfibers were subjected to ultraviolet (UV) radiation (320-500 nm) (Omnicure S200, Lumen 

Dynamics, Canada) for 10 seconds at an intensity of 8 mW/cm2. PEG and PEG/GelMA solutions 

do not form fiber structures when placed in PBS or media. 

 

3.2.3 Chemical Characterization 

Attenuated total infrared reflection (ATIR) was performed using Bruker vector-22 FTIR 

spectrophotometer (PIKE technologies, USA) on all hydrogel compositions. Zeta potentials and 

hydrodynamic size of PEG, PEG/GelMA, PEG/Silicates, and PEG/GelMA/Silicates precursor 

solutions were determined in ultrapure water (Milli-Q) using a 633 nm laser in a Malvern 

ZEN3600 (Malvern Instruments, U.K.). Scanning electron microscopy (SEM) images of the 
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lyophilized hydrogels were obtained using a SEM, FEI Quanta 600 FE-SEM, USA fitted with 

Oxford EDS system) at an accelerating voltage of 20 KV. 

 

3.2.4 Nanocomposite Hydration and Degradation 

Nanocomposite samples were placed in 1.5 mL Eppendorf tubes and weighed. Each sample was 

frozen, lyophilized and weighed. Comparing the wet weight to dry weight, hydration degree was 

calculated. Accelerated degradation was performed in presence of collagenase Type II 

(Worthington Biochemicals, USA) solution (5 units/mL) in PBS at 25oC while shaken. 

Comparison of fully hydrated wet weight to collagenase treated wet weight determined the % mass 

remaining. 

 

3.2.5 Biological Characterization 

For cell spreading, preosteoblasts were seeded onto UV sterilized bulk polymer compositions in a 

96-well plate at a density of 10,000 cells/mL. At each time point, cells were washed in PBS, fixed 

with 2% glutaraldehyde for 12 minutes at room temperature, permeated with 0.1% Triton X-100 

for 5 minutes, then incubated with rhodamine phalloidin for 20 minutes at 37℃ followed by DAPI 

for 5 minutes. The samples were removed from the wells and inverted onto glass coverslips for 

fluorescence imaging. Cell area was calculated using software ImageJ (NIH, Bethesda, MD) and 

normalized with number of cell nuclei. For encapsulation, prepolymer solutions were physically 

mixed with a concentrated cell pellet of interest. The solution was then collected in a 1 mL syringe 

and extruded into media, in which the fibers would maintain shape due to physical crosslinking. 

UV light was then utilized for further crosslinking as previously explained. An additional cell type 
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could be added to the surface of the fibers via adding a cell suspension dropwise to a petri dish 

containing media and fibers with encapsulated cells. Encapsulated preosteoblast viability was 

evaluated using Calcein AM and Ethidium Homodimer staining (Life Technologies, Carlsbad, 

CA). Cell cycle analysis was performed using the BD Accuri C6 Flow Cytometer and propidium 

iodine (PI) stain following manufacture’s protocol. In short, cells seeded on each composition were 

trypsinized at two separate time points and fixed in cold 70% ethanol. Cell pellets were formed 

and washed in PBS, followed by incubation in a PI staining solution at 37℃ for 30 minutes. Cells 

were stored at 4℃ until analysis. Focal adhesion studies were performed by encapsulating mouse 

embryonic fibroblasts expressing vinculin fused to eGFP (vinculin T12) in PEG hydrogels.241, 242 

Vinculin localization was imaged using fluorescence microscopy. 

 

3.2.6 Mechanical and Rheological Analysis 

An ADMET eXpert 7600 Single Column Testing System equipped with 25 lb load cell was used 

for compression testing. Strain rate of 1 mm/min was used to compress the samples 50% of original 

height. The compressive modulus was calculated and plotted versus the sample composition. An 

Anton Paar MCR 301 rheometer was used for mechanical testing. Parallel-plate geometry (10 mm 

diameter) with a gap height of 400 µm was used for ultraviolet (UV) rheology. The UV light was 

turned on after 30 seconds with an intensity of 8.437 mW/cm2. Stress was set constant at 1 Pa and 

strain constant at 1 Hz. Viscosity of precursor solutions were measured at a gap height of 400 µm. 
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3.2.7 Statistical Analysis 

Determination of statistical significance between multiple groups was completed via analysis of 

variance (ANOVA) with Tukey method. Significant p-values were considered <0.05 unless 

otherwise noted. All analysis was completed in GraphPad Prism (San Diego, CA).  

 

3.3 Results 

The nanocomposite hydrogels were fabricated by mixing prepolymer solution containing PEG, 

GelMA, and Silicates (Figure 3-1). Using ionic interactions, covalent crosslinking chemistries, and 

viscosity, we have been able to extrude fibers of various sizes ranging from 0.2-1 mm. By using 

various strengths of PBS (1-20x) we found that 10X PBS forms the most ionically stable 

hydrogels. Therefore, for all sample preparation, 10X PBS was used. Hydrogels were 

mechanically stable and could be assembled into knots and other complex geometries simply using 

tweezers.  
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Figure 3-1. Synthesis of nanocomposite microfiber hydrogels via ionic and covalently 

crosslinking. Silicate nanoparticles are combined with PEG and Gel and injected into PBS to 

obtain ionically crosslinked microfibers. UV crosslinking for 10s results in formation of covalently 

crosslinked network. Covalently crosslinked microfibers are mechanically stiff and elastomeric to 

form a knot. 

 

 

 

3.3.1 Physical Characterization of Nanocomposites 

The pre-polymer solution of PEG and PEG/GelMA remained liquid at room temperature (25 °C) 

(Figure 3-2a). Addition of silicates to these pre-polymer solutions resulted in formation of highly 

viscous solutions. The interactions between silicate and polymers were investigated using 

electrophoretic measurements and DLS. The zeta potential of pre-polymer solution of PEG and 

PEG/GelMA was -5±0.4 and -7.1±0.6 mV, respectively and silicates was -28.7±2.4 mV. The 

addition of silicates to prepolymer solutions resulted in a decrease in zeta potential of PEG and 

PEG/GelMA to -24.2±1.2 and -27±1.9 mV, respectively (Figure 3-2b). We next determined the 

effect of silicate on size. The hydrodynamic diameter of silicates was ~56nm, and the addition of 

PEG and PEG/GelMA prepolymer to silicates increased the hydrodynamic size of silicates to ~65 
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nm and ~72 nm respectively (Figure 3-2c). These findings suggest that polymer coats the silicate 

nanoparticles before crosslinking. Silicates naturally exfoliate when placed in prepolymer solution 

and result in an increase in viscosity of precursor solutions. With an increase of shear rate, we 

observed a decrease in viscosity for all compositions (Figure 3-2d); addition of silicates increased 

the viscosity when compared to non-silicate containing compositions. The shear-thinning 

characteristic was used to fabricate microfibers with required diameter. The ionic interactions 

between silicates present on the microfibers and ions present in PBS, result in formation of ionic 

complex, stabilizing the surface of microfibers. After exposing the prepolymer solution to UV, 

covalently crosslinked network was formed, indicated by the increase in G’ (Figure 3-2e). 

 

PEG is a hydrophilic polymer and covalently crosslinked hydrogels contains around 97% water. 

The hydration degree of PEG hydrogels decreases with the addition of GelMA and silicates (Figure 

3-3a). We observed that when collagenase solution was added into fully hydrated samples, there 

was a decrease in wet weight for samples containing GelMA (Figure 3-3b). We observed no 

significant difference in weight for samples not containing GelMA (PEG and PEG/Silicates). A 

significant degradation was observed in PEG/GelMA/Silicates hydrogels. Within 4 hours, the 

hydrogels network dissociated to smaller fragments and within 12 hours, PEG/GelMA/Silicates 

hydrogels was completely dissociated. 
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Figure 3-2. Shear thinning characteristic of prepolymer solution. (a) Viscosity of pre-polymer 

solution increases due to addition of silicate nanoparticles. (b) Zeta potential and (c) dynamic light 

scattering of pre-polymer solutions indicate that silicates strongly interacts with PEG and 

PEG/Gel. (d) Shear-thinning characteristic of prepolymer solutions was investigated by 

monitoring viscosity with respect to shear rate. (e) UV rheology of precursor solutions indicates 

that addition of silicate result in stronger network. 

 

 

 

The addition of silicates or GelMA to PEG has no effect of the mechanical stiffness (Figure 3-3c). 

However, the compressive modulus was significantly increased for PEG/GelMA/Silicates to 6.5±1 

kPa compared to PEG (1.7±0.1 kPa), indicating synergistic effect of silicates and GelMA. All the 

hydrogel network sustain serve compression loading and unloading cycle indicating elastomeric 

behavior. The addition of silicates and GelMA, result in significant increase in ultimate stress at 
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50% compression. The FTIR spectra indicate the presence of gelatin and silicate in nanocomposite 

hydrogels (Figure 3-3d). 

 

The microstructure of PEG, PEG/GelMA and PEG/GelMA/Silicates indicated that addition of 

GelMA or silicates enforced formation of porous and interconnected network (Figure 3-4a). The 

nanocomposite fibers (PEG/GelMA/Silicates) also showed formation of highly porous and 

interconnected network (Figure 3-4). The average pore size of nanocomposites was ~17.6 µm. The 

uniform distribution of silicates within nanocomposite hydrogels was determined using EDX 

mapping of silicon and magnesium. No aggregation of silicates was observed within the hydrogel 

network indicating strong interaction between polymer and nanoparticles. 

 

 

 



 

65 

 

 
Figure 3-3. Physical stability of nanocomposite hydrogels. (a) Hydration degree (%) of PEG, 

PEG/Gel, PEG/Silicates, and PEG/Gel/Silicate hydrogel samples are shown. The addition of 

silicates result in a significant decrease in the saturated hydration degree due to the strong 

interactions between silicate and polymer chains (***p<0.005). (b) Degradation study of PEG/Gel 

and PEG/Silicates/Gel. (c) Compressive moduli of hydrogel samples indicate addition of silicate 

to PEG/Gel hydrogel result in 3-fold increase in modulus. Representative compression curves for 

all compositions are also shown. (d) FTIR analysis of lyophilized nanocomposite samples indicate 

presence of Amide I (1650 cm-1), Amide II (1530 cm-1) and Si-O-Si peaks (1030 and 650 cm-1), 

indicating presence of gelatin and silicate. 
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Figure 3-4. Microstructure characteristics of nanocomposite fibers. (a) Representative SEM 

images for PEG, PEG/Gel and PEG/Gel/Silicates. (b) PEG/Gel/Silicate microfiber show highly 

porous and interconnected network at different magnification. EDX mapping of silicon (Si) and 

magnesium (Mg) within PEG/Gel/Silicate fiber indicate uniform distribution of silicate 

nanoparticles within the hydrogel structure 

 

 

 

3.3.2 Cell-nanocomposite Interaction in 2D Microenvironments 

Cellular adhesion to biomaterial scaffolds plays a vital role in the survivability, proliferative 

capacity and development of new tissues. To examine the biological impact of incorporated 

silicates as well as natural polymer, we introduced a variety of model cell types into two-

dimensional (2D) and three-dimensional (3D) microenvironments. We hypothesized that the 
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inclusion of GelMA and/or silicate enables enhanced survival and proliferation via an interactive 

cellular environment to improve upon the “blank slate” matrix provided by PEG. To investigate 

cell-silicates interactions, we evaluated cellular adhesion and spreading on bulk polymeric 

hydrogels (Figure 3-5a). Cells did not adhere to PEG surfaces, as no cell binding sites were present. 

Interestingly as we introduced the silicates to PEG, cellular adhesion and spreading significantly 

improved and was comparable to PEG/GelMA/Silicate. These findings suggest that silicate 

enables cell spreading which could possibly be attributed to the presence of magnesium in silicates 

that supports integrin clustering and the ability of silicate nanoparticles to sequester serum 

proteins. 

 

Since PEG is inert, it provided negligible proliferative support and cells remained in the stationary 

phase (G0) as demonstrated by cell cycle analysis (Figure 3-5b). After one hour of interaction with 

the bulk material, cells showed no variation in cell cycle distribution; although, inclusion of the 

bioactive nanosilicates altered cellular behavior toward a mitotic state (G2/M) as early as 3 hours 

post seeding on hydrogels (Figure 3-5b). The amount of silicates included did not induce DNA 

damage as expected, which was verified by no arrest in the S-Phase of the cell cycle at all of the 

three time points tested. Interestingly, the most dramatic trend appeared at 3hr in which, the 

MC3T3 cells shifted significantly to a proliferative state. Additionally, flow cytometry analysis of 

apoptotic cells confirmed that a PEG sample motivated a greater percentage of the cell population 

to an apoptotic state, while those including silicate nanoplatelets maintained notably lower levels 

of apoptotic cells. 
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Figure 3-5. Cellular adhesion, spreading and proliferation on nanocomposite hydrogels. (a) Cell 

adhesion and spreading on hydrogel compositions. (b) Cell cycle analysis of adherent cells at 1 hr 

and 3 hr indicate addition of silicate promote cellular proliferation and reduces cell apoptosis. 

 

 

 

The mitotic trend that emerged over 3 hours suggested that the cellular compatibility of the 

PEG/Silicate and PEG/GelMA/Silicate constructs were superior to that of the PEG samples. RGD 

sequences within the natural polymer promote cellular adhesion and subsequent cellular spreading, 

likely leading to the augmentation of cell numbers. We would expect this to account for the 

apparent increase in apoptotic cells as presented by flow cytometry, considering the relatively low 

concentration of the natural polymer and therefore RGD sequences. Electrostatic interactions 

between the surface of the nanoparticle and proteins may also provide anchor sites for cell binding 

events, an additional mechanism for cellular attachment and augmentation of cell survival. 
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Likewise, migration throughout could be mediated by these sites in addition to those enzymatically 

cleavable locations within the GelMA backbone. This aspect can be interesting to investigate the 

formation of tissue structure by seeding multiple cell types. 

 

3.3.3 Cell-nanocomposite Interaction in 3D Microenvironments 

Cellular adhesion in 3D microenvironment plays an important role in normal functioning of cells 

including proliferation, survival and production of ECM. Cells were encapsulated within the 

microfibers and viability was assessed to evaluate the effect of fiber formation process on cells. 

The result indicates that most of the cells encapsulated within fiber survive the fabrication process 

and very few apoptotic cells were observed (Figure 3-6a). Due to the small diameter of the fibers 

(≤500 micron), diffusion of vital nutrients was not hindered, and therefore cells within the core of 

the fiber were live. Furthermore concerns regarding shear stresses placed on cells during extrusion 

and UV exposure for crosslinking showed no adverse effect on cell viability. An important criteria 

for material selection was low viscosity. The precursor solutions were injectable even with a higher 

viscosity due to its shear-thinning characteristic. We believe the shear thinning effect was caused 

by the surface charge and alignment of exfoliated silicate nanoparticles, enabling flow past each 

other.243 This property was useful in encapsulating cells, engineering complex geometry and for 

minimally invasive therapies. 

 

To demonstrate the capabilities of this system for engineering complex tissue, a proof-of-concept 

multicellular culture was investigated (Figure 3-6b). RFP MOSJ cells were encapsulated within 

PEG/GelMA/Silicates microfibers and GFP-labeled preosteoblast cells were seeded on the 
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microfiber surface. The presence of both GelMA and silicates enabled sufficient binding of GFP 

labeled preosteoblast cells to the surface of the fiber surrounding the encapsulated REP MOSJ 

cells. After 1 hr, GFP-labeled cells adhered on the surface of microfibers. The majority of adhered 

cells demonstrated spreading on the fiber surface within 24 hr. These results suggest that if let to 

proliferate, these cells would coat the surface and begin to form a stable shell around the secondary 

cells within. We further examined the localization of cell adhesion and focal adhesion protein 

vinculin in cells encapsulated inside these hydrogels. As indicated in Figure 3-6b, enhanced 

spreading and localized focal adhesion spots were observed in PEG/GelMA/Silicate hydrogels 

compared to PEG hydrogels.  
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Figure 3-6. Engineering multicellular structures. (a) Live/Dead assay of PEG/Silicates and 

PEG/Gel/Silicates fibers containing fibroblast cells. (b) Co-culture of preosteoblast cells (green) 

on microfiber surface and RFP mosJ cell (red) inside the microfibers. (c) Expression of vinculin 

of encapsulated cells demonstrating cell adhesion. 
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Furthermore, the method of hydrogel polymerization does not appear to cause a decrease in cell 

survivability or proliferation. In our initial mechanical studies, fibers were extruded in 10X PBS. 

The variable of osmotic shock was mitigated by extruded fibers in standard cell culture media. 

This procedure permitted immediate nutrient flow around the cells incorporated into the fiber. We 

believe this method is a viable method to include cells into hydrogels that can be later processed 

in to complex architectures. 

 

With the development of complex tissue scaffolds, nutrient exchange was of utmost importance.244 

It is possible to control the diameter of the fibers by changing the microcapillary diameter during 

the fabrication process. Smaller diameter fibers (<0.5 mm) were able to support cellular 

proliferation. Additionally, we have quantified the degree of swelling in bulk hydrogel 

compositions. The addition of silicate inhibited the uptake of water into the PEG/GelMA/Silicates 

hydrogel and was significantly different (p<0.001) from PEG and PEG/GelMA hydrogels. This 

can potentially be attributed to the silicates being fully exfoliated before PEG and GelMA were 

added. Cells were encapsulated in precursor solutions and then extruded in either PBS or media. 

The small fiber diameter facilitated fast and efficient nutrient transport. Pore size further facilitates 

nutrient exchange. With regard to degradation, we believe that the low percentage of GelMA is 

biodegraded through collagenase solution and left over is PEG and silicates. GelMA has multiple 

covalent binding sites for PEG and as the GelMA was biodegraded, we observed the network 

physically disassembling. For implantation, this property is important as to facilitate natural tissue 

ingrowth. 
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3.4 Conclusion and Future Direction 

We demonstrate the fabrication of nanocomposite microfibers with tunable cell adhesion 

characteristic to engineer complex tissues structures. Spatiotemporal control over multiple cell 

types is needed. The addition of GelMA and silicates to PEG render development of physically 

and covalently crosslinked network with tunable cellular characteristics. Overall, the presented 

data suggest a promising future for the use of microfibers in cellular and drug delivery devices, ex 

vivo cell culture. Further investigation is needed to understand the PEG/GelMA/Silicates 

interactions during the polymerization. According to previously published reports, PEG chain can 

either interact with silicate surface or form crosslinked network.237 The addition of GelMA appears 

to influence the mechanical properties, therefore, there must be a different interaction between 

PEG, GelMA and Silicates. Further studies must be completed to fully understand the interactions. 

We foresee the potential for a variety of investigative directions with these materials. The 

supplementation of bioactive natural and synthetic materials into the PEG matrix lends itself to the 

incorporation to a variety of biological agents, specifically those found in physiological 

environments with similar architectures. Endothelial cells provide a model of functional growth 

around a tubular polymer structure.245, 246 These endothelialized fibers could be subsequently 

arranged within a GelMA network with a secondary cell type for more complex tissue 

organization. In a parallel study, the silicates could be functionalized with a deliverable drug or 

protein, enabling controlled release from within the embedded fibers. This system could be utilized 

for a vascular diffusion model in which cells embedded within the GelMA hydrogel could be 

tracked for migration kinetics or demonstrate spatiotemporal responses to the included agents 

within the fibers. Future studies will focus on tailoring the degradation of these fibers with the 

growth and formation of a functional cellularized conduit.  
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4. THERAPEUTIC DELIVERY VIA 3D PRINTING VISCOUS BIOINKS* 

 

 

4.1 Introduction 

Hydrogels are an integral component for tissue engineering strategies that aim to recapitulate 

natural tissues and function. Polyethylene glycol (PEG) based hydrogels have been evaluated in 

microfluidics,247, 248 scaffolds for tissue repair,55, 249 and disposable devices as well as cell scaffold 

matrixes. While PEG’s bio-inert nature is advantageous due to low protein adsorption,250 and 

minimal immunogenicity,251 modifications of physical properties via changes in chain length, end 

groups, and biofunctionality enhance its usefulness as tissue engineered scaffold. In addition, 

modification of the degradation profile of PEG enhances the likelihood of adopting PEG as it does 

not require removal if the matrix is implanted. One such method, has been the introduction of 

hydrolysable crosslinkers252 and backbones.131, 132 To this end, PEG-dithiothreitol (PEGDTT) has 

previously been developed as a degradable cell scaffold.253 However, low viscosity of PEGDTT 

limits the usefulness to pre-cast hydrogels. As tissue engineering progresses from cast hydrogel 

matrixes to precision deposition via three-dimensional printing, PEG based precursor solutions do 

not meet the complex mechanical requirements for 3D printing.71, 78 

 

Injectable and printable polymer hydrogels with tunable physical properties can be used for a 

variety of bioprinting and precision deposition processes (i.e. precise delivery of therapeutics). 

                                                 

* C.W. Peak, J. Chen, K.A. Singh, M. Adlouni, A.K. Gaharwar, Submitted to Biofabrication, 

March 2018 
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Methods to enhance printability in an hydrogel precursor solution include changes in molecular 

architecture,254 addition of additives such as nanoparticles,255 and/or complete re-design using 

thermo-responsive hydrogels.256 Specifically, the combination of synthetic polymers, such as PEG, 

and nanoparticles give rise to an interesting class of nanocomposite hydrogels that can support cell 

growth, withstand physiological loadings, and may have enhanced printability compared to 

polymer hydrogels by themselves.11, 71, 257, 258, 259 In addition, these nanocomposite hydrogels can 

be used as vehicles for precision therapeutic delivery due to their unique rheological profile. Earlier 

we have used nanosilicates to form a shear-thinning hydrogel composed of kappa-carrageenan for 

stem cell delivery.89 Addition of nanosilicates modified the shear-thinning ability and 

recoverability of kappa-carrageenan precursor solutions permitting use for printing applications. 

We have also included nanosilicates with PEG-DA and gelatin methacrylate.77, 126 Likewise, 

carbon nanotubes are also used to control the rheological properties of alginate hydrogel precursor 

solutions.78 Often ,theological analysis of hydrogel precursor solutions is for deposition of cell-

laden materials.75 However, hydrogel precursor solutions can similarly be examined for precision 

deposition of therapeutics.  

 

Combination of a degradable polymer with nanoparticle to produce a shear-thinning, printable 

hydrogel precursor solution with therapeutic holds promise for precision therapeutic delivery.11 

Hydrogel degradation characteristics and subsequent mesh size influence therapeutic diffusion and 

delivery to surrounding tissues.260 Developed methods for fabrication of degradable hydrogels rely 

on the ester linkage in hydrogel backbone to modulate the degradation rate of the hydrogel. 

Previous studies have varied PEG compositions to examine in vivo degradation profiles.261, 262 For 

example, PEG has been modified with poly (lactic acid) end groups (PLA) to modulate network 
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degradation131, 132 and cell adhesion133 and proliferation.134 Inclusion of more hydrolytically labile 

ester groups, as compared to the ether present in PEG backbone, presents an established strategy 

for degradation.54, 263 Di-acrylated PEG presents a facile approach for modifying the backbone 

through which a Michael-like reaction can occur between acrylate and thiol groups present in 

dithiothreitol. Through precise control of initial reactants, the acrylate crosslinking functionality 

can be preserved while creation a hydrolytically labile ester. Controlling polymer chemistry, 

addition of nanoparticles, and therapeutics can facilitate fabrication of 3D printable therapeutic 

hydrogel precursor solutions.71, 89, 264 

 

Herein we describe a simple approach to create a hydrolytically labile, PEG-based nanocomposite 

that exhibits a rheological profile suitable for precision delivery and 3D printing. This approach 

permits the inclusion of therapeutics such as vascular endothelial growth factor (VEGF) and 

fibroblast growth factor (FGF) for the precision deposition of therapeutics. Laponite XLG, a 

synthetic clay nanoparticle composed of complex polyions, that imparts shear-thinning properties 

when combined with PEG-based hydrogels.126 Synthesis of hydrolytically labile PEG was 

achieved through Michael-like addition of dithiothreitol via step growth polymerization. By 

stoichiometrically imbalancing the reaction towards PEG-diacrylate, the acrylate functionality of 

the resulting macromer was preserved and the resulting hydrogel solutions were UV curable. 

Through combining PEGDTT with Laponite and the inclusion of growth factor, precision 

deposition of hydrogel solutions was possible, resulting in a facile method for therapeutic 

patterning. 
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4.2 Materials and Experimental/Procedure 

4.2.1 Materials 

Laponite XLG, procured from Byk Additives and Instruments, was dried in the oven at 100°C for 

4h to ensure limited environmental water swelling of particles. Poly (ethylene glycol) was dried 

before acrylate modification using procedures previously reported.186 In short, 20 g PEG (3.4kDa) 

was dissolved in dichloromethane along with triethylamine (Sigma). Acryloyl chloride (Alfa 

Aesar) was added dropwise to the solution on ice and stirred for 24 hours. After washing, the 

solution was precipitated into diethyl ether and dried over vacuum. 1H NMR *300 MHz, CDCl3, 

δ): 3.62 (s, 297H; -OCH2CH2), 5.81 (dd, 2H, J= 10.5 and 1.2 Hz; -CH=CH2), 6.40 (dd, 2H, J = 

17.3 and 1.5 Hz; -CH=CH2) confirmed diacrylation of PEG3.4kDa. PEG-Dithiothreitol (PEG-

DTT) was synthesized as reported by Cereceres et al.265 PEG3.4kDa was dissolved in 

dichloromethane with triethylamine. DTT was dissolved in dichloromethane and added dropwise 

to the solution. Molar ratio of reactants were as follows PEG:DTT:TEA::3:2:0.9 to ensure a 

acrylate terminated macromer. Elman’s assay was used to measure free thiol groups after reaction 

completion. 1H NMR *300 MHz was used to approximate macromer molecule weight, using DTT 

backbone as the standard. 

 

4.2.2 Sample preparation 

The desired amount Laponite XLG (4% wt/vol) and polymer was dispersed into 18 MΩ water 

(pH=7.4) and vortexed vigorously for at least 2 minutes. Due to previously reported degradation 

profile for PEG-DTT, PEG3.4kDa was added into the polymer mix at 25% increments though total 
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polymer concentration was kept constant at 10% wt/vol. Samples were identified as percentage 

(%) of PEG-DTT and with or without Laponite XLG (+ XLG). As such, 10 experimental samples 

were used for evaluation of: compressive modulus and swelling. At the conclusion of swelling 

experiments evaluation was conducted to reduce the number of samples for rheology, therapeutic 

incorporation, and cell studies. Samples were photocrosslinked via the inclusion of 0.3% wt/vol 

IGRAcure2959 and exposure to 365 nm UV light for 90 seconds at an intensity of 7.0 mW/cm2. 

 

4.2.3 Hydrogel Swelling 

PEG-DTT nanocomposite samples were cut into 5 mm circles (1 mm thick) and allowed to 

swelling in 1mL PBS at 37°C for 1, 3, 5, 7, 14, or 21 days with PBS replaced daily for the first 7 

days and every-other day thereafter. Weight measurements were taken before swelling (W0) and 

after swelling (Ws). Comparing the wet weight to dry weight, swelling was calculated according 

to the following equation: 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 % =  
𝑊𝑠 − 𝑊0

𝑊0
 

Mechanical Analysis. An ADMET eXpert 7600 Single Column Testing System equipped with 25 

lb load cell was used for compression testing. Strain rate of 1 mm/min was used to compress the 

samples 50% of original height. The compressive modulus was calculated and plotted versus the 

sample composition. All samples were used for mechanical testing to ensure proper synthesis and 

trends with inclusion of PEG were being observed. 
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4.2.4 Rheological Analysis 

A Discovery Hybrid Rheometer 2 (DHR-2) (TA Instruments) with attached 40 mm parallel plate 

at gap height of 0.25 mm and 25°C was used for all experiments. Pre-cursor solutions of PEG-

DTT ± Laponite XLG were used for all experiments unless otherwise noted. Rotational shear rate 

sweeps were executed between 10-3-103 s-1 to determine the power law region. Power-law 

parameter n (flow behavior index) and K (flow consistency index) were calculated using TRIOS 

software (TA Instruments). Rotational time sweeps were executed at three different shear rates (s-

1) in sequential order: 10-2 (60 s), 3000 (5s), 10-2 (120s) to determine shear recovery of solutions.71 

Time to 80% recovery was manually observed/calculated.183 Oscillatory shear stress sweeps 

between 10-1-103 performed at 1 Hz and frequency sweeps between 100-102 performed at 10 Pa to 

further validate yield points and investigate dependence on frequency. 

 

4.2.5 Therapeutic Incorporation 

Bovine serum albumin was used as a model protein. Laponite XLG were allowed to exfoliate for 

24 hours. Albumin was added to the solution such that final concentration was 140ng/1 mL. After 

overnight incorporation, polymer was added to the solutions and 100 µL gels were formed. 

Samples were placed in 1 mL of PBS at 37 °C and supernatant removed at 1, 2, 3, 4, 6, 9,12, 24, 

48, 72, 96, 120, and 168 hour time points. Using microBCA kit (Thermo-Fischer), albumin release 

was measured. Similarly, fibroblast growth factor and vascular endothelial growth factor (FGF 

and VEGF respectfully) were incorporated into hydrogel samples for in vitro testing. 
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4.2.6 Therapeutic Release, Staining and Imaging 

To test therapeutic efficacy, migration of HUVECs through 8 um transwell inserts was monitored. 

Samples containing 40 ng/mL VEGF and 400 ng/mL FGF were UV crosslinked and cut out to 

obtain 8 mm circles, 1 mm thick. Positive control consisted of exogenously delivery VEGF (0.5 

uL/mL) and FGF (2 uL/mL), negative control was no sample and no growth factor. Experimental 

negative control were composed of PEGDTT and PEGDTT/Laponite. HUVECs were seeded on 

top of transwell at a density of 10,000 cells/mL and allowed to adhere. Wells were then inserted 

into appropriate treatments, allowed to proceed for 24 hours, then fixed with 10% neutral buffered 

formalin. Subsequently cells were treated with 1X Triton X for 30 min, washed with PBS and then 

DAPI was added for 5 min. Cells were washed and Phalloidin was added for 20 min. All well were 

them imaged under a Nikon Eclipse TE2000-S Microscope at 20X. Afterwards, gold plating of 

wells was completed and a JEOL (JCM-5000: Benchtop SEM) scanning electron microscope 

(SEM) was used to visual deposited extra cellular matrix. 

 

4.2.7 3D Printing 

PEG-DTT ± nanosilicates constructs were fabricated utilizing a HYREL System 30M 3D printer. 

Solution was loaded into a HYREL VOL-25 extruder (HYREL L.L.C., Norcross, GA) equipped 

with a luer lock adapter and 23 gauge blunted stainless steel needle (Jensen Global Inc, Santa 

Barbara, CA). Once connected to the printer, constructs were modeled in Solidworks 3D CAD 

Design, exported as an STL file, and imported into Slic3r version 1.2.9. Overall, this process 

converts the Solidworks design into layer-by-layer instructions for the printer, or G-code. The G-

code files are then imported into HYREL's proprietary software (Repetrel Rev2.828) and printed 
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at room temperature onto glass slides. Upon completion, glass slides were placed under a UV lamp 

and photo-crosslinked for 150 seconds at an intensity of 25 mw/cm2
. 

 

4.2.8 Statistical Analysis 

Determination of statistical significance between multiple groups was completed via analysis of 

variance (ANOVA) with Tukey method. Significant p-values were considered <0.05 unless 

otherwise noted. All analysis was completed in GraphPad Prism (San Diego, CA). 

 

4.3 Results and Discussion 

4.3.1 PEGDA-Dithiol Reaction and Hydrogel formation 

Polyethylene glycol diacylate (PEG-DA) was reacted overnight with dithiothreitol resulting in a 

hydrolytically labile macromer (Figure 4-1). The reaction of PEG-DA with DTT in DCM was 

efficient as measured by Ellman’s assay, which showed 99.4% of all thiols having been consumed 

in the reaction. Michael addition reaction between thiol and acrylate groups are widely used as 

summarized by Nair et al.266 Specifically, we used a base-catalyzed (triethylamine) Michael 

addition that facilitates the reaction between the thiol (DTT) and electron-deficient vinyl group 

(acrylates on PEG). Complete or nearly complete consumption of DTT is highly important within 

this reaction; DTT has been used to reduce disulfide bonds in proteins and deprotect thiolated 

DNA.267 The reaction of PEG-DA with DTT forms a stable macromer (Figure 4-1). Modification 

of this facile synthesis yields many macromer compositions that dictates degradation rate, 

mechanical properties (compressive modulus), and swelling properties.253, 268, 269  
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We have used a low molecular weight PEG-DA (3,350 g/mol) prior to addition of DTT as this 

molecular weight can be cleared by the body via the kidneys.270 Hudalla et al have investigated 

the PEG to DTT ratio and demonstrated the synthesis process.253 While Hudulla presents a 

synthesis in PBS, Cereceres presents a similar synthesis as the one present here.265 It is suggested 

by Hudalla that reaction reaches completion within 60 minutes, but due a difference in solvent 

(dichloromethane as compared to PBS) it was allowed to complete overnight yielding PEG-DTT 

with 95% acrylation as verified through NMR (Figure 4-1, inset). Using NMR and Caruther’s 

equation, PEG-DTT molecular weight is estimated to be between 8,000-12,000 Da. 
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Figure 4-1. Synthesis schematic of PEG-DTT. A Michael-like addition reaction between 

poly(ethylene glycol) diacrylate and dithiothreitol to form hydrolytically labile linkages into the 

polymer chain. Blue dots represent DTT linkages. Confirmation of PEG-DTT synthesis via NMR 

spectroscopy (peaks labeled). Laponite XLG inclusion creating a nanocomposite hydrogel 

precursor that can be subsequently crosslinked. 

 

 

 

The control for this reaction was achieved by careful dropwise addition of DTT to the PEG-DA to 

allow for complete Michael addition to the PEGDA chains and via a stoichiometric imbalance in 

favor of PEG-DA was to ensure acrylate terminated macromer. Once dried, combination with 

Laponite XLG (4% wt./vol) results in a nanocomposite hydrogel. To the best of our knowledge, 
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there have been no reported nanocomposite hydrogels using PEGDTT as the macromer. Laponite 

XLG has been used with other PEG hydrogel compositions to modulate cell adhesion and 

mechanical properties.271 Nanocomposite hydrogels are created by exfoliating a double 

concentration of Laponite XLG in IGRAcure solution and then the addition of PEGDTT. After 3 

min of UV exposure (365 nm, 7 mW/cm2) hydrogels are created for subsequent testing. 

 

4.3.2 Swelling and Degradation of PEG-DTT Nanocomposite Hydrogels 

PEGDTT degrades at the β-thio ester linkage created during the Michael addition and swells 

considerably due to entropy decrease surrounding free chain movement. Depending on the original 

molecular weight of PEG used in the reaction and the ratio of PEGDTT, swelling and degradation 

of hydrogels can be controlled. Here, we focus on one composition of PEG-DTT with a 

3:2:PEG:DTT ratio and the addition of Laponite XLG to the matrix. PEG-DA was incorporated 

into PEG-DTT hydrogels at 10% intervals with final polymer weight (Figure B-1) to investigate 

modulation of hydrogel swelling and degradation. PEGDTT degraded at an appreciable time scale 

(7 days) and was further investigated. Previous studies with Laponite XLG demonstrate the 

hydrogels will not swell has much as those not containing Laponite XLG.272 This is suggested due 

to interactions among the polymer and nanoparticle, hindering swelling of polymer chains. It has 

been proposed that Laponite XLG acts as a physical crosslinker within the hydrogels which 

generally limits the swelling ability of the material.167 
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PEGDTT hydrogels containing Laponite XLG behave similarly in that the swelling percentage at 

any given day is less than that of pure PEGDTT hydrogels (Figure 4-2a). Overtime, PEGDTT 

hydrogels continue to swell and degrade, becoming completely absent from solution by day 21. 

As the PBS is replaced, free chains are removed from the samples thereby reducing the swollen 

weight of samples. Conversely, PEGDTT/Laponite hydrogels do not swell as much but degrade 

faster than PEGDTT samples. Due to the chemical composition and cation balance of Laponite 

XLG, solutions of the particle will naturally exhibit a pH of 9.4 as described by Thompson and 

Butterworth.273 Given that esters are hydrolytically labile, basic solutions exacerbate susceptibility 

due to large hydroxide concentration. This is a likely explanation for the decreased time interval 

needed to observe complete dissociation of PEGDTT/Laponite hydrogels. The ionic structure of 

Laponite XLG (Figure 4-2b) evolves with increasing time from having sodium cation adsorbed on 

the surface of the particle to balance the oxygens that are covalently bound to the silicon to having 

sodium cation freely in bulk solution. Sodium cation is in its lowest energy state when surrounded 

by 5-6 water or hydroxide molecules.274 Through osmotic pressure, the sodium diffuses away from 

the surface of Laponite, leaving exposed oxygen with two electrons pairs. 
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Figure 4-2. Swelling of PEG-DTT hydrogels and potential mechanism of degradation (a). 

Changes in swelling of PEG-DTT and PEG-DTT/Laponite hydrogels was monitored over 21 days 

(‡ indicates complete dissolution of hydrogel). (b) Proposed mechanism of nanoparticle induced 

degradation of PEG-DTT. Adsorbed sodium cation gradually releases from Laponite surface 

resulting in the solution achieving a pH of 9.4 which accelerates PEG-DTT degradation. 

 

 

 

Stabilization of Laponite particles occurs through disassociation of water, forming hydrogen and 

hydroxide ions. Hydrogen ions will quickly adsorb onto the surface of the particle creating a stable 

Stern layer.275 The hydroxide anions will surround the sodium cation present in solution. For every 

sodium cation released, 4-8 hydrogen ions are needed to stabilize Laponite.276 This imbalance 

creates a surplus of free hydroxide ions caused pure Laponite solutions to evolve in pH and rest at 

9.4.273 Equilibrium pH of Laponite resting at 9.4 caused a decrease in time for PEG-DTT samples 

to decompose. PBS buffered the solution and prolongs the degradation time compared to pure 
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water. When samples were swollen in water, complete sample degradation occurred in <24 hrs. 

Hudalla and Paralato have rested their samples in water overnight to remove salts from gels in 

order to obtain pure wet and dry weight measurements of samples.253, 268 Due to the quick erosion 

time our samples experience in water, we are unable to remove the dissolved salt that may be 

resting in our samples. Swelling corresponds with degradation as they are simultaneously 

occurring. 

 

4.3.3 Mechanical stability of Precursor solutions and crosslinked hydrogels 

PEGDTT/Laponite hydrogels hold potential as a therapeutic delivery vehicle and as a 3D printable 

hydrogel. To verify its application as an injectable or printable delivery matrix, stress and 

frequency sweeps, shear-rate sweeps, and peak-hold viscosity tests were performed. 

PEGDTT/Laponite samples will be used as delivery vehicles as an un-crosslinked precursor 

solution. Injectability of precursor solutions through a needle is a crucial parameter for 3D printing. 

High viscosity at low shear rate elucidates if the hydrogel will flow freely when placed on a 

surface. 
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Figure 4-3. Rheological sweeps of PEG-DTT/Laponite precursor solutions and crosslinked 

hydrogels (a) Shear-rate sweep from 10-3-103 s-1 indicating Laponite inclusion influences shear-

thinning ability; (b) Power-law parameters for uncrosslinked hydrogels; (c) schematic of printing 

process through barrel, needle, and on printing bed; (d) peak hold experiments to mimic flow 

during extrusion/printing 

 

 

 

Ideally, hydrogel precursor solutions should have a decrease in viscosity with an increase in shear 

rate. PEGDTT is a low viscosity solution across all tested shear rates (Figure 4-3a). The addition 

of Laponite increases low shear rate viscosity while maintaining low viscosity at higher shear rates. 

Power-law rheological models were fit to these data and the inclusion of Laponite decreases n 

from ~1 (Newtonian fluid) to ~0.05 Pa·s (Figure 4-3b), suggesting that Laponite is the cause of 

shear-thinning behaviors. Shear-thinning elucidates if a material can extrude through a needle but 

to maintain structure once deposited the hydrogel must be able to recover. Solutions were exposed 

to sequential shear-rate holds to mimic the rates experienced within the printing apparatus (Figure 
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4-3 c &d). The recovery of samples containing Laponite was observed while PEGDTT by itself 

remained fluid. Taken together, these data suggest that PEGDTT/Laponite can be used for 

precision deposition and printing applications. 

 

Storage modulus (G’) and loss modulus (G”) of PEGDTT/Laponite hydrogels was determined via 

stress and frequency sweeps. Storage modulus is a measure of the elastic, or recoverable energy, 

in the sample while loss modulus is the viscous, or dissipated energy, in the sample. Laponite XLG 

is gel forming at concentrations above 3% wt./vol when using low ionic solvent.158 PEG-DTT 

dissolved well in aqueous environments and appears fluidic. With an increase in applied oscillation 

frequency, PEGDTT storage modulus increased as a result. Addition of Laponite results in the 

solution becoming stiffer and more gel-like as indicated by G’>G”. Both PEG/Laponite and 

PEGDTT/Laponite responded similarly to applied oscillation frequency and within a linear 

viscoelastic region throughout the testing parameters (Figure 4-4a). Oscillation stress further 

demonstrated that Laponite containing samples are within the linear viscoelastic region. Here, 

yield stresses were apparent with PEG/Laponite having a higher yield stress than 

PEGDTT/Laponite. Yield stresses were 71.26 ± 11.55 and 64.21 ± 14.69 Pa for PEG/Laponite and 

PEGDTT/Laponite respectfully and are not statically different (Figure 4-4b). 
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Figure 4-4. Frequency and oscillatory stress sweeps for uncrosslinked and crosslinked samples. 

Note: maroon squares=PEG-DTT/XLG, red circles=PEG/XLG, blue triangles=PEG-DTT, full 

colored shapes indicate storage modulus (G’), open shapes indicate loss modulus (G”) (a) 

frequency sweeps of uncrosslinked precursor solutions (b) stress sweeps of uncrosslinked 

precursor solutions (c) frequency sweeps of crosslinked hydrogels (d) stress sweeps of crosslinked 

hydrogels 

 

 

 

In the extrusion process, hydrogel precursors will be exposed to UV light once injected or printed. 

Stress and frequency sweeps (Figure 4-4 c & d) of crosslinked hydrogels increase due to covalent 

crosslinking that occurred through UV light exposure. Prior to crosslinking, the precursor solution 

remained stable through Laponite-Laponite interactions. Terminal acrylate π-bonds are converted 

to δ-bonds during crosslinking, increasing the overall stiffness of the hydrogel and making it such 

that they no longer freely flow. PEGDTT/Laponite has a lower modulus (G’) than PEGDTT which 
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is contrary to literature. However, inclusion of Laponite immediately exposes PEGDTT to a basic 

environment. While the basic environment is critical for modulation of the degradation, it 

adversely affects storage modulus. Storage modulus of crosslinked PEGDTT/Laponite remained 

higher than of un-crosslinked PEGDTT/Laponite Crosslinking is a necessary step for prolonged 

localization of PEGDTT hydrogels. 

 

4.3.4 Model Therapeutic incorporation and release 

Rheological profile of PEGDTT/Laponite gels demonstrates their potential as a local 

therapeutic delivery vehicle. Localization methods predominately rely on pre-cast hydrogel molds 

and implantation into specific regions. Further, methods for released therapeutic have 

predominately used the degradation of poly(lactic-glycolic acid) (PLGA) as releasing 

mechanism.130 This system combines localization of therapeutic with a potential release 

mechanism. Due to the adsorbed sodium cation on the surface of Laponite XLG, ion exchange can 

occur for stabilization and release of therapeutics (Figure 4-5a). Bovine serum albumin (BSA) was 

used as a large glomerular protein model that can be released from the Laponite containing 

samples. Pre-exfoliated Laponite XLG and BSA were thoroughly mixed overnight, allowing 

cation exchange to occur. Albumin replaces the sodium cation in the interlayer space, creating a 

Laponite-protein conjugate. Overtime, both ionic and biological cations replaced the adsorbed 

therapeutic of interest, allowing for a potentially delayed release. As a mimic, PBS was used as a 

sink solution for release of BSA; the release was monitored for 7 days. Release curves (Figure 4-

5b) suggested that there is no difference in addition of Laponite to PEG-DTT for delay of protein 
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release (release rate for PEGDTT=0.009458 hr-1, PEGDTT/XLG=0.009080 hr-1). Several studies 

have demonstrated that addition of Laponite XLG delayed release of therapeutic due to 

competition between cations that stabilize the Laponite.277, 278 However, due to the creation of the 

basic environment and decrease in degradation time, it is suggested that the overall mesh size over 

time is increasing with addition of Laponite XLG. Increase mesh size allows more cation exchange 

and interaction between the adsorbed protein and surrounding solution, suggestive of an increase 

in release-rate. Further, PEG molecular weights below 15kDa showed low amounts of release of 

entrapped protein279; therefore, it is expected that degradation of PEGDTT hydrogel will control 

the release of BSA. The faster degradation rate of the entire PEGDTT/Laponite hydrogel 

seemingly counteracts any benefit from Laponite XLG/protein interactions. However, the 

inclusion of Laponite XLG is crucial for precision deposition of therapeutics. Increasing PEGDTT 

concentration or decreasing the macromer molecular weight could increase the overall time for 

releasing protein since more covalent crosslinks would be present, resulting in a decrease in mesh 

size. Alternatively, an increase in Laponite XLG concentration should delay release of therapeutic 

at the increase of overall faster degradation of PEGDTT hydrogel.  
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Figure 4-5. Therapeutic incorporation and release (a) Cation exchange of therapeutic of interest 

(bovine serum albumin or growth factors) with biological cations (b) Release curve of bovine 

serum alumin from PEG-DTT and PEG-DTT/Laponite hydrogels 
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4.3.5 Therapeutic efficacy and bioprinting advanced anatomical structures 

Albumin release studies and rheology characterizations suggest that PEGDTT/Laponite are useful 

for precision therapeutic delivery vehicles. Albumin was used as a model protein for release study. 

Of biological importance are growth factors: a class of biologically relevant proteins that interact 

with cells to induce downstream effects such as proliferation, migration, and differentiation.280, 281 

Therapeutic efficacy of vascular endothethial growth factor (VEGF) and fibroblast growth factor 

(FGF) were measured by the migration of HUVECs across a transwell membrane. Because of the 

degradation profile and its ability to precisely deposit, PEG-DTT/Laponite hydrogels would be an 

advanced hydrogel appropriate for wound healing applications. VEGF and FGF induce migration 

of proliferation of human umbilical vein endothethial cells (HUVECs) via the MAPK pathway. 

Laponite was co-loaded with both VEGF and FGF in similar fashion as albumin. Hydrogels were 

placed on the bottom of a well and HUVECs were seeded on the top of transwell inserts. Nuclei 

and action staining via DAPI and Phalloidin respectively, suggest that samples containing growth 

factors induced similar response to the positive control of exogenously delivered growth factor 

(Figure 4-6a & c). PEG-DTT/Laponite and exogenously delivery growth factor had no difference 

in total number of migrating cells. PEGDTT was significantly different from exogenous control 

(p=0.0044) and PEGDTT/Laponite (p=0.0248). Samples that did not contain growth factor showed 

little to no cell migration. PEG-DTT/Laponite control was significantly different from no 

administered growth factor negative control (p=0.0010). When the samples containing growth 

factor and not containing growth factor are examined together, it is possible the Laponite XLG 

potentially acts as an angiogenic agent. Overall, staining suggested that HUVECs migrated 

through the transwell towards the biological active chemo-tractive agent. As such, delivery of 
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angiogenic growth factors could be used within PEG-DTT scaffolds to promote migration of 

endothelial cells in wounds. 

 

Further scanning electron microscopy (SEM) images of the transverse side (non-cell seeded side) 

of the transwell insert suggest extracellular matrix deposition caused by migratory HUVECs on 

the growth factor containing scaffolds (Figure 4-6b). Growth factor free samples, expect for 

PEGDTT/Laponite, contained no amounts of deposited extracellular matrix. Small amounts of 

deposition of PEG-DTT/Laponite samples did occur due to possible ion dissolution that could 

influence cell phenotype.273 SEM images coupled with actin/nuclei staining suggested that 

conjugated VEGF and FGF to Laponite retained bioactivity once released. Promoting retained 

bioactivity of growth factors could reduce the amount of growth factors to be administered and 

reduce potentially negative side-effects of supra-physiological growth factor doses.  
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Figure 4-6. Cell response to release growth factors (a) Actin and nuclei staining of migrate 

HUVECs across transwell. Addition of growth factor influences cell migration. (b) SEM images 

of deposited extracellular matrix due to cell migration. (c) Invasion cell quantification. 

 

 

 

Promotion of HUVEC migration via VEGF and FGF inclusion precludes the use of 

PEGDTT/Laponite as a possible arterial graft. A bifurcated vessel (3 cm height) was printed using 

the HYREL system (Figure 4-7a). Several needle gauges were tested and extrudate swell was 

calculated (Figure 4-7 b & c). 20-gauge needle extrudates swelled 3.49 ± 0.12% while 21-gauge 
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and 23-gauge needle extrudates swelled 24.55 ± 0.45% and 8.465 ± 0.26% respectfully. 

Volumetric flow rate and printing parameters were kept constant for all experiments. Extrudate 

swell along with rheological properties such as recovery time of sheared, un-crosslinked precursor 

solutions and the storage modulus of similar solutions dictate how well a material will print. Here, 

the print using 20-gauge needle did not collapse upon its own weight nor did it sag. The ability to 

print complex shapes warrants further investigation into HUVEC migration and direct interaction 

with PEG-DTT based scaffolds. Earlier studies have incorporated RGD binding sequences within 

PEG-DTT, which suggests that proteins cannot adhere to the surface due the hydrophilic nature of 

PEG and its relatively long backbone.253 However, due to the large mesh size of PEGDTT, high 

viability of mesenchymal stem cells were observed. Further, incorporation of VEGF, FGF, or 

tethering of RGD hold potential for PEGDTT to become a fully functional tissue engineered 

scaffold.  
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Figure 4-7. Printing PEGDTT/Laponite hydrogel. (a) Printed bifurcated vessel with rhodamine-B 

dyed PBS in the lumen. (b) Line prints using 20, 21, 23 gauge needle (c) Quantification of prints. 

 

 

 

4.4 Conclusions 

PEGDTT/Laponite XLG hydrogels have been examined for inclusion of and precision deposition 

of growth factor and modulation of degradation rate. Here, PEGDTT (initial molar ratios of 

3:2::PEG:DTT) swelled and degraded within 21 days while the inclusion of Laponite decreased 

the degradation to ca. 7 days. Overall, modulating the degradation rate can be controlled via the 
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amount of PEG-DA included into the system. Furthermore, PEG molecular weight can influence 

swelling and degradation as demonstrated by earlier study.253 The facile synthesis and modulation 

of degradation contributes to expansion of bioink compositions that undergo hydrolytic 

degradation. Using the cation exchange capacity of added Laponite, growth factors were able to 

be retained and released and also remained bioactive during this process. PEG-DTT/Laponite 

hydrogels hold promise for use as a hydrolytically degradable bioink that can be used in tissue 

engineering and in drug delivery applications. 
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5. TWO-DIMENSIONAL NANOSILICATES LOADED WITH PRO-ANGIOGENIC 

FACTORS STIMULATE ENDOTHELIA SPROUTING* 

 

 

5.1 Introduction 

Angiogenesis is a dynamic, multistep process that requires endothelial cells to undergo 

biochemical, morphological and biophysical changes such as basement membrane degradation, 

sprout initiation, proliferation, migration, lumen formation and stabilization.282, 283 A range of 

rationally designed approaches are proposed to engineer angiogenic biomaterials.284 However, 

therapeutic angiogenesis remains a major clinical challenge and only a few approaches have 

reached the market for wound-healing application.284 Thus there is an unmet clinical need to 

develop new approaches to deliver pro-angiogenic therapeutics. Here, we introduce two-

dimensional (2D) nanosilicates as a platform technology to sequester and deliver multiple pro-

angiogenic growth factors to stimulate angiogenesis. These 2D nanosilicates are discotic charged 

nanoparticles that are 30-50 nm in diameter and 1-2 nm in thickness.285, 286 Due to unique structural 

arrangements, the surface of nanosilicates are negatively charged and edge is positively charged. 

We propose to use the high surface area and charged characteristics of nanosilicates for sustained 

and prolonged delivery of pro-angiogenic molecules. 

 

                                                 

* D.W. Howell, C.W. Peak, K.J. Bayless, A.K. Gaharwar, Submitted to Advanced Biosystems, 

March 2018 
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Sequestering pro-angiogenic factors within biomaterials can be used to pattern and direct 

angiogenesis in tissue engineered scaffolds. Pro-angiogenic factors, such as VEGF, bFGF, and/or 

PDGF have been used to stimulate endothelial cells to form capillary networks in synthetic 

scaffolds.287, 288 If these pro-angiogenic factors are randomly distributed in a tissue engineered 

scaffold, this could affect the normal growth and activities of non-vascular cells. The inability to 

accurately pattern angiogenic factors in a scaffold is a critical limiting step of engineering vascular 

tissues.289, 290, 291 Although covalent crosslinking can solve this problem by appending functional 

proteins to the materials, crosslinking agents can also inactivate the tethered protein or remain 

embedded in the materials, rendering them toxic to cells.292, 293  

 

A variety of polymeric, metallic and ceramic nanomaterials are being investigated to design 

angiogenic biomaterials.294, 295, 296 However, most of these nanoengineered biomaterials are not 

able to sequester biomolecules for prolonged durations. Thus, there is a need to design and develop 

new nanocomposite biomaterials that deliver specific molecular cues and direct vascular cell 

adhesion, differentiation, migration, and extracellular matrix deposition.297, 298 Extracellular 

responses to growth factors in vitro are dependent on exposure to adequate concentrations299 while 

in vivo, overexpression of pro-angiogenic factors can result in aberrant angiogenesis300 and 

enhanced angiogenic responses within tumors301, 302. Sustained and prolonged release of 

physiologically relevant dose of biomolecules can overcome these problems.  

 

We propose to use 2D nanosilicates to delay the release of multiple growth factors, illustrating 

their utility in directing angiogenesis. Nanosilicate (Laponite, Na+
0.7[(Mg5.5Li0.3)Si8O20·(OH)4]

-
0.7) 

is a hydrous sodium lithium magnesium silicate and its ionic dissociation products of magnesium, 
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orthosilicic acid, and lithium can be readily absorbed in vivo and have been shown to be 

biocompatible.77, 303 The complex phase diagram and presence of an electrical double layer permits 

therapeutic binding to the nanosilicates surface.304, 305 Establishing nanosilicates as a platform 

technology for sequestering and delivery of pro-angiogenic factors will have significant impact on 

designing next-generation of bioactive scaffolds. 

 

The bioactivity of sequestered pro-angiogenic molecules can be determined using three-

dimensional (3D) invasion assays. Three-dimensional (3D) in vitro models of angiogenesis have 

emerged as reliable tools for studying different steps of angiogenesis287, 306, along with a number 

of useful in vivo models.307 These approaches have illuminated underlying mechanisms that 

control lumen formation308, 309, 310 and endothelial cell sprouting.287, 308, 311 Recently, we reported a 

straightforward and quantitative approach to investigate the bioactivity of pro-angiogenic factors 

using invasion assays,312 which allow examination of the sprouting step of angiogenesis. 

Monolayers of endothelial cells penetrate three-dimensional collagen matrices and form sprouting 

structures orthogonal to the monolayer. The activity of biomolecules can be determined by 

quantifying invasion distance and frequency. 

 

After establishing nanosilicates as a therapeutic delivery platform, we will develop a collagen 

based platform to promote angiogenesis. The presence of an electrical double layer permits 

therapeutic binding to and delayed release from nanosilicates.304, 305 Utilizing the ion exchange 

capacity of nanosilicates, various growth factors are incorporated into collagen-based hydrogels 

that can be injected into a localized site and thermo-gelled. We hypothesize that the incorporation 

of nanosilicates will provide enhanced growth factor retention and prolonged release. The 
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interactions mediated by nanosilicates have the potential to be broadly used as a growth factor 

delivery and release mechanism while not interfering with mechanical properties of samples. The 

proposed collagen/ nanosilicates scaffolds further our understanding of this emerging class of 

biomaterials. 

 

5.2 Materials and Methods 

5.2.1 Cell Culture 

Certified single-donor human umbilical vein endothelial cells (HUVECs; Lonza, Allendale, NJ) 

at passages 3–6 were cultured in 75 cm2 flasks (Corning) coated with 1 mg/mL sterile gelatin. 

Growth medium was previously described in detail313 and consisted of M199, supplemented with 

fetal bovine serum, bovine hypothalamic extract, heparin, antibiotics, and gentamycin.  

 

5.2.2 Invasion Assay 

3D invasion experiments were established using 2.5 mg/ml type I collagen matrices containing 1 

µM S1P (Sigma, St Louis, MO). Confluent endothelial cell monolayers were seeded at 30,000 

cells per well in M199 supplemented with 1× RSII and in controls, 40 ng/mL VEGF and bFGF. 

Where indicated, growth factors were incubated with multiple concentrations of Laponite 

(nanosilicates, nSi) for 1 hour on ice. Laponite was then mixed into collagen matrices prior to 

plating in 96-well plate. After 24 hour incubation at 37 °C with 5% CO2, invading cells were fixed 

with 3% glutaraldehyde in phosphate buffered saline and stained with 0.1% toluidine blue/30% 

methanol. Results from at least three independent experiments are shown. 
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5.2.3 Quantification of Invasion Responses 

For invasion density measurements, a minimum of three fields were quantified manually with a 

Nikon Eclipse TE200-U microscope equipped with Metamorph software. For invasion distance, 

150 or more structures from each treatment group were included in the analysis, where the distance 

migrated from the monolayer was recorded using side view images. Image-Pro PLUS 

(MediaCybernetics, MD) software was used to quantify invasion number and distance.  

 

5.2.4 Dynamic Light Scattering and Zeta Potential Measurements 

Dynamic light scattering (DLS) and zeta potential were measured on a Zetasizer Nano ZS 

(Malvern Instruments). One mL of nanosilicates or nanosilicates + fetal bovine serum (mixed for 

1 hour) was diluted 1:100 with PBS and loaded into the instrument for both measurements. DLS 

samples were subsequently used for Zeta-potential samples and then discarded. Data was analyzed 

plotted and analyzed using Prism Graphpad 6. 

 

5.2.5 Mechanical Analysis 

A Discovery Hybrid Rheometer 2 (DHR-2) (TA Instruments, New Castle, Delaware, USA) with 

attached 40 mm parallel plate at gap height of 0.1 mm and Peltier plate accessory was used for all 

experiments. Pre-cursor solutions of collagen and collagen/0.05% nanosilicates (highest 

experimental concentration) were used for all experiments unless otherwise noted. Rotational 

shear rate sweeps were executed between 10-2-102 (s-1) to determine shear-thinning behavior of 

solutions. Rotational temperature-time sweep combination were executed to determine curing 

characteristics. First a temperature ramp of 5°C/min was carried out from 25°C -37°C at 1% strain, 
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1 Hz. Subsequently a time sweep at 1% strain, 1 Hz was used to determine the amount of time for 

curing to occur. Oscillatory shear strain sweeps between 10-1-103 performed at 1 Hz and frequency 

sweeps between 100-102 performed at 1% strain were conducted to monitor the linear visco-elastic 

region and determine yield strain.  

 

5.2.6 Statistical Analysis 

All statistical analyses were performed using Prism 6 (Graphpad Software, Inc.). For all 

experiments, at least three independent experiments were performed with n>3 replicate samples 

per experiment. No statistical method was used to predetermine sample size. Unpaired Student’s 

t-test was performed on data comparing two groups, assuming similar variance. One-way or two-

way analysis of variance with Holm-Sidak or Tukey’s post hoc test for multiple comparisons and 

multiplicity-adjusted P-values are reported. In all studies, P-values <0.05 were considered 

significant. 

 

5.3 Results and Discussion 

5.3.1 Functionalization of Nanosilicates with Pre-angiogenic Growth Factor 

Nanosilicates form stable colloidal networks in aqueous solution releasing counter ions from the 

surface.314 The displacement of counter ions from nanosilicate surface enables conjugation of 

growth factors and drugs through ionic exchange. VEGF and FGF were mixed with increasing 

amounts of pre-exfoliated nanosilicates, mixed for 24 hrs, and centrifuged to separate 

nanosilicates/growth factor conjugate from media and unbound growth factor (Figure 5-1a). To 

confirm conjugation to nanosilicates, bovine serum albumin (40 ng/mL) was used as a model 
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protein. Dynamic light scattering and zeta potential measurements confirmed that 

nanosilicates/albumin conjugation occurred. Exfoliated nanosilicates are disc-shaped particles 1-

2 nm thick and 20-30 nm in diameter.303 Addition of growth factor via hydrogen bonding and van 

der Waals interactions results in an increase in hydrodynamic diameter of nanosilicates. Growth 

factor were ionically exchanged with the sodium ion to stabilize the solution but growth factors 

are much larger than sodium ions, resulting in a larger particle size. Similar work with 

dexamethasone and doxorubicin showed similarly that the spacing between particles is 

increased.277, 315, 316 Bone morphogenic protein-2 (BMP2) and vascular endothelial growth factor 

(VEGF) have been delivered using clay based gels.286, 317 
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Figure 5-1. Nanosilicates sequester pro-angiogenic factors. (a) Sequestration of growth factor. 

Growth factors (VEGF and bFGF) were incubated with 0, 0.005%, 0.015%, and 0.05% 

nanosilicate before mixtures were centrifuged to pellet the nanosilicate and the media (unbound 

GF) is added in endothelial invasion assays. The pelleted nanosilicate is resuspended and tested 

separately (GF loaded nanosilicates). Sequestering of protein on nanosilicates results in increase 

in hydrodynamic diameter and zeta potential. (b) Schematic showing in vitro assay to determine 

the ability of nanosilicate (nSi) to sequester growth factors. Images of each invasion condition 

show the response to GFs incubated with increasing amounts of NS. (c) The number of invading 

structures that form in response to depleted GF and GF loaded nanosilicate media. 
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Additionally, the zeta potential is increased suggesting that the growth factor can readily adsorb 

and desorb compared to blank nanosilicates and exogenously delivered growth factor. To further 

understand these interactions and the ability of nanosilicates to control growth factor release, we 

designed invasion assays to test for an ability of nanosilicates to interact with growth factor and 

affect cell behavior. 

 

In this study, we use an established three-dimensional invasion assay (Figure 5-1b) to examine the 

sprouting step of angiogenesis.287, 313, 318 As a control, collagen gel containing sphingosine 1-

phosphate (S1P)319, 320 and growth factors (VEGF and bFGF) to stimulate the invasion of a 

monolayer of endothelia cells (ECs) into a basal 3D collagen matrix (Figure C-1a)321, 322. 

Endothelial cells subsequently penetrate the collagen matrices overnight and form sprouting 

structures orthogonal to the monolayer and exhibit a uniform response. Quantification of sprouting 

indicates that growth factors and S1P both promote invasion independently, but are most effective 

in combination (Figure C-1b). Similarly, the nanosilicates/growth factor conjugate and the excess 

media with growth factors were tested. A range of nanosilicates (0.005%, 0.015% and 0.05% 

wt/vol) were used to determine the minimum concentration of nanosilicates necessary to induce 

comparable invasion to exogenously delivered growth factor. After 24 hours, the invasion distance 

and frequency was quantified (Figure 5-1b). Interestingly, both media-depleted with growth factor 

and nanosilicates/growth factor conjugates showed invasion. However, upon quantification of cell 

invasion number two trends emerge: the ability of depleted media to induce invasion decreases 

with increasing nanosilicates concentration, and the number of invading cells increases with higher 
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nanosilicates/growth factor conjugates (Figure 5-1c; similar symbols denote significance, p<0.01). 

Further, the data suggests a minimum concentration of 0.015% nanosilicates is required to match 

the exogenously administered growth factor. There is a strong correlation between the invasion 

number and the concentration of nanosilicates. As nanosilicate concentration increases, the ability 

to adsorb growth factors when placed in media increases, suggesting that there is a minimum ratio 

between nanosilicates and growth factor. An increase in invasion with samples containing 

nanosilicates compared to exogenously delivered growth factors is hypothesized to occur since the 

growth factor can be released overtime. From these data alone, a minimum of 0.015% wt/vol 

nanosilicate has potential to deliver the physiological relevant concentration of growth factors. As 

such, nanosilicates/growth factor hold promise as an exogenous delivery vehicle. 

 

5.3.2 Synthesis of Collagen/Nanosilicates Hydrogels 

Bolus delivery of nanoparticles loaded with pro-angiogenic growth factors is not effective to direct 

angiogenesis. However, sequestering pro-angiogenic factors within collagen hydrogels can direct 

cell migration and angiogenesis. Here, we will evaluate the effect of nanosilicates on gelation 

kinetics and mechanical stability of collagen gels. Collagen matrices are formed via 

polymerization between three collagen fibrils at a neutral pH and at 37°C. Prior to matrix formation 

the collagen solutions have fluid-like consistency. Shear rate dependence of viscosity for collagen 

and collagen/nanosilicates matrices were investigated using continuous shear flow measurements. 

Shear-thinning behavior of gels is observed as demonstrated with a decrease in viscosity over 

increasing shear rate (Figure 5-2a). Shear-thinning behavior is important for localization of the 

matrices after injection within the body. Both collagen and collagen/nanosilicates exhibit shear-
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thinning behavior and the inclusion of nanosilicates (0.015%) did not influence the shear-thinning 

ability of collagen gels. Temperature was precisely controlled at 37°C using a Peltier plate during 

shear-thinning experiments suggesting collagen has not fully crosslinked and can be extruded 

through a needle to be delivered in precise locations while undergoing bundle formation. 

Subsequent temperature ramp followed by a time sweep corroborates these conclusions (Figure 5-

2b). Initially the storage modulus (G’) is equal to or less than the loss modulus (G”). With an 

increase in temperature from 25°C to 37°C a rapid increase in both G’ and G” occurs with G’ 

overtaking G”. Upon reaching physiological temperature (37°C), G’ is approximately 100 Pa for 

both samples. This suggests that during matrix formation and curing that nanosilicates do not 

interfere with collagen fibril formation and that there is no difference in mechanical stability of the 

samples. Strain sweep suggest that samples containing nanosilicates have a storage modulus equal 

to those that do not contain nanosilicates. Further, nanosilicates samples could can withstand as 

much strain as those without (Figure 5-2c). These data suggest that collagen and 

collagen/nanosilicates matrices mechanically behave similarly. Additionally, there is no frequency 

dependence in modulus (Figure 5-2d). Overall, these data suggest that nanosilicates addition at 

such low concentration (0.015%) does not increase the mechanical properties of collagen matrices.  
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Figure 5-2. Rheological analysis for collagen and collagen/nanosilicates (nSi) hydrogels. (a) 

Shear-rate sweeps indicating shear-thinning behavior, (b) temperature/time sweep indicating the 

curing of collagen hydrogels, (c) amplitude sweep, and (d) frequency sweep. All tests indicate that 

addition of nSi (0.015%) do not alter mechanical properties of collagen matrices. 

 

 

 

5.3.3 Sequestering Pro-angiogenic Growth Factor within Collagen/Nanosilicates Hydrogels 

Nanosilicates can maintain growth factor bioavailability compared to exogenously delivered 

factors. Previously, we showed that growth factor loaded nanosilicate is capable of inducing an 

appropriate angiogenic response (Figure 5-1). However, nanosilicates must be incorporated into a 

stable matrix to prevent diffusion. Therefore, growth factors loaded onto nanosilicates to induce 

angiogenesis must be incorporated into a scaffold such as a collagen matrix. To fully develop a 
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nanocomposite material, two main concerns surround nanoparticle use: cytocompatibility and 

matrix mechanics. Our earlier study showed that the IC50 value of nanosilicates to be above 103 

µg/mL.323 Rheological analysis (Figure 5-2) shows that nanosilicates do not alter mechanical 

behavior of collagen matrices. Together, there is strong potential for nanosilicates to be used in 

collagen matrices solely as a growth factor delivery vehicle. To examine possible effects of 

nanosilicates in our 3D collagen invasion system, we used four different conditions in the 3D 

invasion system (Figure 5-3a): 1) collagen matrix with growth factors in the media (control); 2) 

collagen matrix with growth factors embedded in the matrix; 3) blank nanosilicate embedded in 

the collagen matrix with growth factors in the media; and 4) growth factor loaded nanosilicate 

embedded in the collagen matrix. Both the number and distance of invading structures are critical 

components of assessing an angiogenic response and are dependent on mechanical stiffness of the 

matrix324, fluid shear stress318, and delivery of appropriate concentrations of angiogenic factors 

(Figure C-1).287 
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Figure 5-3. Nanosilicates incorporated into collagen matrices reduce invasion density but increase 

invasion distance. (a) Schematic illustrating the presence of growth factor (GF) and blank 

nanosilicate (nSi) in media and collagen matrix. (b) Quantification of invading structures and 

invasion distance. (c) Photographs of invading structures (Scale bar= 50 m). 

 

 

 

The results (Figure 5-1 and 5-3) support that nanosilicates increased the number of invading cells 

by sequestering growth factors. Growth factors exogenously delivered in media supports a large 

amount of invading cells but low invasion distance while inclusion of nanosilicates supports less 

invasion but longer distance (Figure 5-3b; # denotes significant difference, p<0.001). While this 

is confounding, the localization and sequestration of growth factors on the nanosilicates is 

responsible for these results. With exogenously delivered growth factor, denaturation can occur 
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and/or cells may immediately uptake leading to increased number of invading structures. However, 

since the growth factor is administered in bolus the cells have no factors to induce depth of 

invasion. Growth factor adsorbed onto nanosilicates appears to remain bioactive and 

homogenously localized throughout the collagen matrix compared to growth factor that can freely 

diffuse through the matrix. Interestingly, blank nanosilicates loaded with collagen matrices behave 

very similarly to pre-growth factor loaded nanosilicates suggesting that when growth factor is 

administered exogenously and not immediately used sequestration may occur. Morphology of 

invading cells appears consistent throughout all samples (Figure 5-3c) suggesting that collagen 

matrix is predominate in morphology formation while nanosilicates/growth factors are responsible 

for cell invasion. 

 

5.3.4 Nanocomposites with Gradient of Pro-angiogenic Factors  

Developing nanocomposite hydrogels with tailored functionality has opened up new possibilities 

in engineering advanced biomaterials for various biomedical and biotechnological applications.325, 

326 Unfortunately, very few nanoparticles have been developed to influence cell migration and 

angiogenesis. Previously, a range of appropriate biological clues, such as VEGF, FGF, and PDGF 

have been incorporated within hydrogels to direct cell migration.327, 328 While effective, this 

incorporation strategy limits the time that growth factors are available since they may freely diffuse 

through the matrix or solution therefore causing sprouting to occur at random locations. To limit 

diffusion, methods such as encapsulation, tethering, or isolation have been utilized. Adsorption of 

growth factor milieu to nanosilicates has previously been established (Figure 5-1). To further 

establish that individual growth factors adsorb to nanosilicates surface and that there is a 
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synergistic effect, similar invasion assay is carried out with each growth factor individually and in 

combination. In all cases nanosilicates loaded with growth factors and embedded in three-

dimensional collagen matrices induced endothelial invasion (Figure 5-4a). Single growth factors 

produced a mild response with a relatively low number (<50) and low distance (<250 µm). While 

PDGF has been well studied as an important growth factor during wound healing by promoting 

angiogenesis, the combination with nanosilicates did not produce as strong of a response as 

expected. There is a statistically significant (p<0.001) difference of combining PDGF with VEGF 

or FGF compared to PDGF by itself (Figure 5-4b). FGF and VEGF combinations resulted in little 

to no change when compared to combinations, except for the combination of all three growth 

factors. Results could be due to the short half-life of PDGF compared to FGF and VEGF or PDGF 

inability to bind to nanosilicates. Overall, these results are consistent with the behavior of these 

growth factors in the literature287, 313, 329, 330 and confirm the ability of nanosilicates to deliver 

angiogenic factors in specific combinations and efficiencies to direct cellular invasion. 
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Figure 5-4. Nanosilicates deliver multiple GFs to enhance angiogenic responses. Nanosicliates 

(nSi) are loaded with PDGF, bFGF, VEGF alone and in combination prior to embedding in 

collagen matrices. Control is growth factors in media with blank nanosilicates in the gel (see Figure 

3, condition 3) (a) Photographs of invasion responses (Scale bar= 50 m), and quantification of 

(b) invading structures and (c) invasion distance. 

 

 

 

5.3.5 Patterning Nanosilicate Delivery of Growth Factor 

Tissues and interfaces within the human body display complex cellular and mechanical 

characteristics. Current approaches rely on discrete material steps with individual properties rather 
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than continuous gradient designs.331 Commonly, layered or stratified scaffolds often incorporate 

multiple materials and cell types to mimic the distinct tissue regions.332 Alternatively, gradient 

scaffold designs can mimic the gradual change in the physical and mechanical properties that are 

present at the native tissue interface and therefore offer a seamless transition between tissue regions 

without being susceptible to delamination.333, 334 Previous development of a facile approach to 

fabricate a nanocomposite gradient hydrogel using the material’s flow properties has occurred.333 

As a culmination, we aim to fabricate injectable collagen based scaffolds that can be patterned by 

the inclusion of specific growth factors. A 2 mm deep, 1 cm long well was created on Teflon in 

which to inject various solutions. Collagen/nanosilicates matrices were injected into the well and 

allowed to flow through the channel (Figure 5). Nanosilicate addition to the collagen matrics does 

not change its flow properties (Figure 5-2a) and the flow is dependent on the time it takes the 

solution to crosslink. During the crosslinking phase, there was sufficient time for two separate 

solutions to flow to the middle and form a complete matrix. The concentration of nanosilicates is 

constant throughout but in one solution the nanosilicates were previously loaded with growth 

factor (FGF and VEGF), while the second contained pure collagen with no growth factor. Invasion 

of seeded endothelial cells were observed on the end containing growth factors and not on the pure 

collagen/nanosilicates matrix. Of note, there appears to be an increasing number of invading cells 

as the gradient progresses toward the end where growth factor loaded nanosilicates were placed. 

This suggests that the two similar materials (difference being the inclusion of growth factor) mixed 

through simple diffusion and flow through the channel. This facile approach demonstrates a 

method to pattern endothelial cell ingrowth while maintaining mechanical properties. Potential 

applications are in tendon or ligament repair where there is a gradient of cells but no difference in 

matrix material properties. A simple unidirectional channel and nanosilicates/growth factor 
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(combination) suggests that this concept can be furthered for precision localization of growth 

factor and for more complex structures. 

 

 

 

 
Figure 5-5. Nanosilicates offer the unique ability to pattern the delivery of growth factors. (a) In 

this assay, nanosilicates(nSi) is incorporated into 3D collagen matrices as a gradient. The number 

of invading structures was quantified and averaged from 3 independent experiments. Data shown 

are average numbers of invading cells (+/- st.dev). (b) Photograph of entire 8mm gradient formed 

with blank nanosilicates and growth factor loaded nanosilicates. Insets show enlarged view of 

indicated structures (lower panels). 

 

 

 

5.4 Conclusions 

In summary, our results demonstrate the stability of nanosilicates/growth factor conjugates and 

their ability to deliver growth factors to induce an angiogenic response. The sequestration of 

growth factor permits greater depth penetration of invading cells, creating more fully formed 

lumen of potential blood vessels. We observe robust response of cell penetration into collagen 
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matrices loaded with nanosilicates. The resulting invasions are controlled predominately by the 

type of growth factors conjugated to the nanosilicates. This work illustrates the importance of 

nanoparticle-therapeutic conjugation for angiogenic potential with important ramifications in the 

selection of growth factors and ability to investigate new therapeutics through use of a 3D cellular 

invasion assay. 
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6. FUTURE RECOMMENDATIONS 

 

 

Engineering complex tissues that can mimic, augment or replace native tissue functions hold 

enormous promise in treating organ failures resulting from injuries, aging, and diseases. 228, 335, 336, 

337, 338, 339 The current tissue engineering paradigm consisting of cells, signals, and scaffolds hold 

promise; however, the inability to mimic complex tissue architectures and provide the essential 

cellular microenvironment is a challenge that needs to be addressed to control the formation of 

functional tissues.291, 340, 341 Poly(ethylene glycol) hydrogels have been proven to be useful for 

studying fundamental interactions between polymer and nanoparticles along with changes in 

stiffness, adhesion ligand addition, and other factors.279, 342, 343 In the afore studies, rotational 

rheometry was used to understand underlaying mechanics of injectable and printable hydrogel 

precursors. Modifications to the hydrogel composition enhanced cell proliferation and aided 

hydrolytic degradation as well. Consideration of polymer molecular weight was governed by the 

kidney clearance270 without considerations into anatomical pore size, limiting the use of the 

designed hydrogels in application. 

 

One challenge in design of injectable, recoverable hydrogel precursors is mesh size optimization 

and oxygen diffusivity. Short chain (<10 kDa molecular weight) non-ionic polymer quickly 

adsorbs and desorbs from Laponite XLG surface permitting Laponite-Laponite interactions. 

However in pure poly(ethylene glycol) hydrogels, short chains cause small mesh size. While we 

examined mesh size via SEM, application of Flory-Rehner equations is more appropriate. 

Calculating mesh size via Flory-Rehner across multiple PEG molecular weights validates release 
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rate of various therapeutics.344 Validating mesh size for is vital for nutrient diffusion and cell 

micro-mechanics. However, balance between pore size via long chain polymer and flow properties 

is crucial for potential bioinks. With increased molecular weight polymer, Laponite-Laponite 

electro-static interactions may be impeded by polymer chains wrapping around the particles 

resulting in flocculations.345 The resulting solution viscosity will be determined by the amount of 

free-chain polymer in solution which tend to have low viscosity. Variation of polymer molecular 

weight will further influence oxygen diffusion which is of importance for cell integration. 

 

A challenge with constructing nanocomposite hydrogels is determining the physical interactions 

between polymer and nanoparticles. Rheology summates the interactions between all components; 

however, Laponite-Laponite and Laponite-PEG can be expanded via use of the Hamaker equation 

and Huckel-Debye equations. Previous work by Nelson et al.164, 166, 174 investigated the Debye 

screening length via small-angle neutron scattering and dynamic light scattering. Calculating the 

screening lengths of Laponite-Laponite interactions can inform the maximum distance for “house-

of cards” formation. Approximating appropriate non-ionic polymer chain lengths can occur 

through further determining interactions between polymer and Laponite. Through physical 

characterization of these interactions, nanocomposite design can progress in theory rather than 

using experimentally.  

 

The developed hydrogel precursors exhibit necessary yield stress, shear-thinning indexes, and 

recovery times to be used as printable cell-supportive matrices. Upon the establishment of 

rheological considerations, further biological characterization can be completed. While literature 

supports two-dimensional cell proliferation with PEG/Laponite hydrogels, there is little 
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information concerning three-dimensional culture. Examination of GAG and collagen deposition 

for encapsulated cells will be integral for future assessments of 3D printed constructs.346, 347 

Increasing physiological complexity will also accelerate adoption of printable hydrogels. 

Currently, most studies incorporate one cell and material type. In Study 2 we incorporated mc3T3 

and MOSJ cells in a co-culture model and it exhibits flow properties complementary to direct write 

extrusion bioprinting. Future work can further physiological systems that can be mimicked. For 

example, a hollow tube reminiscent of blood vessels with encapsulated smooth muscle cells and 

seeded endothelial cells could printed and is an appropriate physiological model. 

 

Increasing physiological complexity encourages expansion of printable polymers. Current 

systems, such as alginate, have been widely used but poorly studied in terms of their various 

rheological profiles. Future endeavors should examine the recovery time of “classical” 3D 

printable polymers such as alginate and gelatin. A library can be constructed to aid biomedical 

engineers in selection of printable hydrogels.  
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7. CONCLUSIONS 

 

 

Throughout these works, we have designed a family of shear-thinning hydrogel bioinks. 

Understanding the interactions between polymer and nanoparticles, flow behavior of hydrogels 

can be controlled. We have found that recovery of hydrogel precursors as determined by peak-

hold rheological characterization is a better predictor of printability.  

 

In Study 1, “Nanoengineering Colloidal Inks for 3D Bioprinting,” fundamental interactions 

between poly(ethylene glycol) (PEG) and Laponite XLG were investigated through rheological 

characterization. Laponite XLG was predominately responsible for inducing shear-thinning 

characteristics and increasing solution viscosity. From these experiments, flow behavior index, n, 

should be < 0.3 and flow consistency index, K, should be ~ 1000 Pa·s for use as a bioink. 

Additionally, for solutions having zero-shear viscosities > 1000 Pa·s, 80% recovery time post high 

shear rates (>1000s-1) should be < 30 s. These parameters ensure prints that do not have large post-

printing swelling, sagging, or collapse of structure. 

 

In Study 2, “Elastomeric Cell-laden Nanocomposite Microfibers for Engineering Complex 

Tissues,” the addition of gelatin methacrylate facilitated pre-osteoblast adhesion and spreading as 

compared to pure poly(ethylene glycol)/Laponite hydrogel precursor solutions. We were able to 

provide spatiotemporal control over multiple cell types via encapsulation and 2D seeding. Overall, 
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validation of gelatin inclusion via cell spreading measurement while maintaining the proper flow 

properties was used to design microfibers that can be formulated for 3D printing. Degradation of 

the matrix was able to occur due to gelatin presence. 

 

Alternatively, in Study 3, “Therapeutic Delivery via 3D Printing Viscous Bioink,” hydrolytic 

degradation of the hydrogel occurred. Modification of the poly(ethylene glycol) backbone via 

Michael-like addition with dithiothreitol causes the susceptibility of the ester to accelerated 

degradation. Further, pH changes due to Laponite XLG facilitate modulation of the degradation 

while providing a means of growth factor conjugation. Through ion exchange growth factors were 

conjugated and released from PEG-DTT/Laponite hydrogels that exhibited the flow parameters 

elucidated from Study 1. Inclusion of Laponite XLG permitted the solutions to be printable into 

complex (bifurcated vessel) shapes. Migration of HUVECs across a transwell spurred further 

investigation of Laponite and a therapeutic delivery vehicle. 

 

Using Laponite XLG/nanosilicates as a delivery vehicle was investigated in Study 4, “Two-

dimensional Nanosilicates Loaded with Pro-angiogneic Factors Stimulate Endothelia Sprouting.” 

VEGF, FGF, and PDGF were used as pro-angiogenic factors while conjugated and released from 

Laponite within 3D collagen gels. Sprouting number and frequency increased when the factors 

were administered with Laponite as compared to individually. Specifically, we were able to pattern 

specific areas of the collagen gel with nanosilicate conjugated growth factor as compared to current 

standards that have a homogenous distribution of growth factor. This technique is advantageous 
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since selective patterning of ex vivo constructs can occur. Vascularization of tissue engineered 

constructs remains a major hurdle within the field and these experiments provide an alternative 

method for sustained delivery of growth factors. 

 

These works present significant advances in understanding the rheological characterization of 

hydrogel precursor solutions that are to be used as bioinks. In particular examination of recovery 

through peak-hold experiments are essential to accurately mimic the flow process of hydrogel 

precursors during the extrusion process. Application of precise shear rates experiences as 

determined using the flow behavior index best predicts a solutions ability to print without 

spreading. Careful control of the amount of interactions between polymer and Laponite 

nanoparticles govern the flow consistence and flow index values. High molecular weight polymers 

without electrical charge or high concentration of polymer have potential to block Laponite-

Laponite interactions which interferes with internal “house-of-cards” structure formation leading 

to a decrease in polymer. Alternatively, low molecular weight or concentration of polymer aids in 

formation of internal structure as Laponite-Laponite interactions are dominate. Formation of the 

internal hydrogel precursor structure elicits characteristics such as yield stress, storage modulus, 

and viscosity. 

 

For biomedical applications, control of hydrogel precursor rheological properties directs ease of 

cell incorporation, shear stress experienced by cells, and overall anatomical shape formation. 

Higher yield stresses cause inhomogeneous cell incorporation (study 1). In modulating the 

concentrations of polymer and Laponite, yield stress can be carefully controlled for homogeneous 
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cell incorporation. For biological applications, homogeneous cell incorporation permits for 

consistent cell response, growth, proliferation, and long term functionality. Shear-thinning 

hydrogels lower the shear-stress cell experience, increasing cell viability. When printing cell-laden 

hydrogel precursors, anatomical structures will be necessary long-term. Quickly recovering 

hydrogel precursor solutions when coupled with solutions viscosities above 1000 Pa·s permit for 

complex structure formation. 

 

Rheological characterization of hydrogel precursor bioinks is an integral step in determination of 

hydrogel viability for printing purposes. Combined, these work elucidate fundamental flow 

properties while demonstrating modulation in cell adhesion and degradation of the hydrogel. 
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APPENDIX A 

 

 

 

 
Figure A-1. Recovery time of materials from a peak-hold rheometry test. After the solution was 

shear-thinned the time for 80% recovery was examined. 

 

 

 

 
Figure A-2. (a) Extrusion of PBS, PEG, and PEG/Laponite solutions with cells stained with Cell 

Tracker Green in circlular pattern. (b) Extrusion of PBS, PEG, and PEG/Laponite solutions with 

cells stained with Cell Tracker Green in linear pattern. Note: For both (a) and (b) white dashed 

lines represent the programed print path and red dashed lines represent the 3D printed contruct 
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Figure A-3. Live/Dead analysis of extruded solutions at various volumetric flow rates. Analysis 

indicates that viability is above 90% with all samples. Green are live cells. Red are dead cells. 
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APPENDIX B 

 

 

 

 
Figure B-1. Swelling of PEG:PEG-DTT ± XLG across multiple days. ‡ indicates completed 

degraded (swollen until rupture) of sample. 

  



 

172 

 

APPENDIX C 

 

 

 

 
Figure C-1. Invasion assay using S1P. (a) images of control (collagen) gel, gel loaded with 

growth factors, gel loaded with S1P, and gel loaded with S1P and growth factors; scale bar = 

50µm (b) quantification of number of sprouts per each treatment group 


