
1 

 

 

 

High Throughput 3D Hydrogel Cell and Tissue Encapsulation Assay to Measure Matrix 

Metalloproteinase and Metabolic Activity 

 

 

Dissertation 

 

Presented in Partial Fulfillment of the Requirements for the Degree Doctor of Philosophy 

in the Graduate School of The Ohio State University 

 

By 

Abdulaziz Saud W. Fakhouri, M.S. 

Graduate Program in Biomedical Engineering 

 

The Ohio State University 

2019 

 

 

Dissertation Committee 

Jennifer Leight Ph.D., Advisor 

Jessica Winter Ph.D. 

Keith Gooch Ph.D. 

  

 



2 

 

 

 

 

 

 

 

 

 

Copyrighted by 

Abdulaziz Saud W. Fakhouri 

2019

 



ii 

 

Abstract 

Currently, most assays for cancer chemotherapeutic screening and development utilize 

two dimensional (2D) culturing systems. These 2D systems lack aspects of the in vivo 

microenvironment creating a poor in vitro representation that significantly affects cellular 

responses. To recapitulate the in vivo cellular microenvironment more closely, three 

dimensional (3D) cell culture systems have been developed and utilized. However, 3D 

cell culture systems are more complex, making analysis of cellular responses more 

difficult. Therefore, most high throughput (HT) 3D assays have been limited to 

measurements of cell viability. Yet other cellular functions play critical role in diseases 

and are promising pharmacological targets. There is a need for a HT 3D culturing system 

that enables the measurement of cellular functions, other than viability, for drug testing 

applications. To address this need, we developed, characterized, validated and 

demonstrated the utility of a HT 3D culturing system to measure matrix 

metalloproteinase (MMP) and metabolic activity, simultaneously. MMPs are critical 

regulators of tissue homeostasis and are upregulated in many diseases, such as arthritis 

and cancer. The developed assay produced edge effect, drift, Z’-factor, %CV, inter-plate, 

and inter-day fold shifts of the signals that were within the acceptable range for HT 

applications, designating it suitable for screening applications. Human MMP-1, -2 and -9 

resulted in a significant increase in signal intensity. Encapsulation of several cell types, 
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utilizing two different MMP-degradable peptides, produced robust signals above 

background noise and within the linear range of the assay. Finally, the utility of the 

system to measure cellular MMP activity in response to chemotherapeutics was 

demonstrated. Fibrosarcoma cell line (HT1080) was treated with several drugs, known to 

alter MMP activity, over a range of concentrations. Interestingly, sorafenib (SOR), a 

small molecule multi-kinase inhibitor utilized in clinical trials, increased MMP activity in 

a dose-dependent. This assay combines 3D cellular encapsulation and MMP activity 

detection in a HT format, which makes it suitable for drug screening and development 

applications. 

 

Historically, immortalized cancer cell lines have been used for the vast majority of in 

vitro cancer studies due to their unlimited proliferation and ease of use. However, cell 

lines lack the tumor heterogeneity and native microenvironment encountered in vivo, 

factors that also affect cellular responses. To more closely approximate the heterogeneity 

observed with in vivo tumor cells, human tissue samples have been used in patient 

derived xenografts (PDX) and tumor organotypic slice culture models. However, PDX 

and organotypic slice culture models are unsuitable for HT applications because they are 

expensive and have long turnaround time to produce results. A simple and efficient 

system that enables culturing human tissue is needed. To address this need, we developed 

a 3D ex vivo culture system which maintained viability of human tissue samples derived 

from patients undergoing surgeries. Moreover, MMP and metabolic activity were 

measured in tissue size dependent manner. After further characterization, we envision 
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that this system will enable drug screening utilizing human tissue samples for drug 

development and personalized medicine applications. 
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Chapter 1. Introduction 

Development of new drugs to treat human disease is a long and expensive process, with 

some estimating it takes at ten years and a billion dollars to develop a new drug (Ledford, 

2011). Yet, this one drug that makes it to market is less than 5% of drugs tested at or 

before clinical trials (Singh M, Close DA, Mukundan S, Johnston PA, & Sant S, 2015), 

while the rest fail, 60% due to high toxicity (unwanted side effects or off-target activities) 

or lack of clinical efficacy (Hopkins, 2008; Kola, 2008). This very low percentage of 

drugs translated into effective treatments in clinics indicates that there is a gap in the path 

of drug development between in vitro high throughput (HT) compound screening and in 

vivo animal testing and clinical trials. To bridge such a gap, there is a need for 

comprehensive pre-clinical assays that more closely reflect the in vivo disease accurately. 

This dissertation focuses on bridging the gap between current HT 2D assays, utilized for 

drug screening and development, and patient derived xenograft (PDX) models, that more 

accurately predict clinical responses and are used to study treatment outcomes prior to 

clinical trials. In vitro, it is well established that 3D cell culture systems often more 

closely represent the in vivo cellular responses than traditional 2D cell culture methods. 

Therefore, bridging this gap could be achieved by utilizing 3D cell culturing 

methodologies and developing them to suit the requirements of HT applications, then 

improving the mimicry in vitro to enhance prediction of clinical responses in vivo. HT 2D 
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culture assays enable the discovery of thousands of drugs to treat diseases. Yet, their 

effectiveness in predicting clinical outcomes has been limited to their ability to accurately 

represent in vivo cellular responses, preventing further treatment development for cancer. 

Therefore, 3D cultures are being developed and utilized for HT applications such as drug 

screening and development. However, HT 3D culture system utility is limited by the 

increased cost, labor, and time required for 3D culturing and the incompatibility of many 

non-viability assays to HT approaches. For example, other cellular functions beyond 

viability such as protease activity are important pharmacological targets. Furthermore, 

isolated cells used in 3D cultures are homogenous, without native microenvironment, or 

disease pathology, all of which have significant effect on cellular response to 

therapeutics. There is a need for a HT 3D culture system that combines HT approaches 

for measuring cellular functions and provides a closer representation of in vivo similar to 

PDX models. To address this need, we developed a HT 3D hydrogel system that enables 

the measurement of cellular functions, specifically matrix metalloproteinase (MMP) 

activity, efficiently and is suitable for drug screening. Moreover, to more closely 

recapitulate the in vivo tumor, we improved our HT 3D hydrogel culture assay to 

encapsulate patient-derived breast adipose fine needle aspirate biopsies (FNAB) and 

tissue dissections for ex vivo culture. Using this culture system, MMP and metabolic 

activity were detected in a size dependent manner. Preliminary results of ex vivo culture 

provide sufficient evidence to further characterize viability and histological fidelity of 

encapsulated tissue samples, and to validate MMP activity with standard assays. All of 
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which will provide a powerful in vitro drug testing tool that has HT outcomes and a 

closer representation to in vivo. 

 

1.1. 3D Cell Culture 

1.1.1. 2D and 3D Cultures: Features and Effects on Cellular Functions 

Two dimensional (2D) culturing systems have contributed significantly to understanding 

basic cellular behavior and functions for drug development. Yet, a growing body of 

evidence supports the notion that 2D culturing systems influence cellular behavior and 

functions differently than three dimensional (3D) culturing systems. 3D culture provides 

environmental cues similar to those experienced by cells in vivo, which are absent in 2D 

cultures, such as soluble gradients, cell-cell, and cell-matrix adhesion (Baker & Chen, 

2012; Duval et al., 2017; Hoarau-Véchot, Rafii, Touboul, & Pasquier, 2018). Unlike cells 

in 3D culture, cells in 2D culture experience forced apical-basal polarity and can only 

adhere and migrate in one plane (Baker & Chen, 2012; Duval et al., 2017). Such 

differences between 3D and 2D cultures have significant effects on cellular behavior and 

functions including, cellular differentiation, morphology, migration, and drug resistance. 

3D culture can restore the differentiation state of chondrocytes after 2D culture plates 

(Benya & Shaffer, 1982) and improve the direct reprogramming of fibroblasts into 

cardiomyocytes utilizing microRNAs (Li et al., 2016). Additionally, breast cancer cells 

MCF7 cultured in 3D collagen scaffold had heterogeneous morphology, higher 

expression of pro-angiogenic growth factors and matrix metalloproteinases (MMP), 

upregulated epithelial to mesenchymal transition (EMT) markers, and higher 
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tumorigenicity when implanted in vivo, as compared to cells cultured on 2D plates (Chen 

et al., 2012). Previously mentioned examples demonstrated several differences in cellular 

functions between 2D and 3D cultures. However, they utilized 3D gels in comparison to 

traditional 2D tissue culture plates, thus observed differences in cellular functions may be 

caused by dimensionality or other confounding factors. 

 

In order to determine if the observed changes in functions were caused by dimensionality 

or other factors, for example stiffness, a number of studies have been conducted in which 

cells were cultured on top of gels (2D) or within gels (3D) with the same stiffness. For 

example, human mesenchymal stem cells differentiate to osteoblasts when cultured on 

top of stiff gels (2D) but differentiate to chondrocytes when cultured within the same stiff 

gel (3D) (Hogrebe & Gooch, 2016). Fibroblasts in 3D gels are more spindle shaped and 

migrate faster as compared to 2D gels (Hakkinen, Harunaga, Doyle, & Yamada, 2011). 

Glioblastoma multiform (GBM) stem-like cells encapsulated within 3D collagen based 

gels exhibited higher resistance to receptor tyrosine kinase inhibitors than when cultured 

on top of 2D collagen gels (Fernandez-Fuente, Mollinedo, Grande, Vazquez-Barquero, & 

Fernandez-Luna, 2014). These examples are few of many that demonstrate the influence 

of culture dimensionality on cellular functions.  

 

1.1.2. 3D High Throughput Culturing Technologies 

Mounting evidence has demonstrated that 3D in vitro culture systems can recapitulate 

critical aspects of the in vivo cellular microenvironment. Therefore, several in vitro 3D 
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culture technologies have been adapted for HT screening applications, including 

microfluidics, micromolding, scaffolds (hydrogels), and spheroids, and covered in depth 

by several recent reviews (Duval et al., 2017; Hoarau-Véchot et al., 2018; Ryan et al., 

2016).  Microfluidics approaches use micro- and nano-photolithographic fabrication to 

create biocompatible devices, which mimic various environmental structures found in 

vivo. Microfluidic devices typically are constructed from the polymer poly(dimethyl 

siloxane) (PDMS) due to its biocompatibility with cell culture, resistance to biological 

deterioration, and ability to create a variety of structures on a microscale (Whitesides, 

2006). Microfluidics have been utilized to mimic organs (i.e. organ-on-chip) in vitro for 

many applications, such as lung-on-chip to test pharmaceutical compounds efficacy 

before moving forward to animal or clinical studies (Esch, Bahinski, & Huh, 2015; Huh 

et al., 2013, 2010). While, microfluidic technology allows routine establishment of 

complex structure and multicellular formation, it requires highly trained users, complex 

lithographic equipment and expensive clean rooms to produce initial microfluidic 

prototypes, all of which are constantly utilized if ongoing adjustments are required. This 

long process to fabricate prototypes makes utilization of microfluidic devices challenging 

in widespread applications. 

 

Similar to microfluidics, micromolding also depend on PDMS molds to create 

microstructures that are molded on culturing surfaces such as poly(ethelyne glycol) 

dimethacrylate (PEGDMA) and hyaluronic acid (HA) hydrogels (Fukuda et al., 2006; 

Singh M et al., 2015). Micromolds have been used to produce morphologically 
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reproducible 3D multicellular spheroids from cervical and breast cancer cell lines (Singh 

M et al., 2015). This reproducibility is due to low well-to-well and plate-to-plate 

variations, which enables micromolding to be compliant to HT applications (Ryan et al., 

2016). Similar to microfluidic devices, micromolding also require PDMS molds made 

with photolithography techniques, requiring highly trained personnel and expensive 

equipment. Further, micromolded structures may get damaged easily if careful pipetting 

techniques are not practiced. Both microfluidics and micromolding contributed in 

understanding basic structural microenvironmental effects on cellular behavior and 

functions, however, they share the same limitations in complexity and cost. 

 

Scaffold technology is one of the most widely used 3D culturing techniques. Scaffolds 

provide a physical cellular anchorage platform, like the in vivo basement membrane, 

which supports cellular adhesion, proliferation and extracellular matrix (ECM) 

production. Scaffolds are composed of porous biomaterials that enable gas, nutrition and 

waste exchange between seeded cells and culturing media. One type of the most widely 

used scaffolds are hydrogels, which contain high levels of water and can be made from 

naturally derived biomaterials such as Matrigel (Barletta, Ramazzotti, Fratianni, Pessani, 

& Degl’Innocenti, 2015), collagen (Hakkinen et al., 2011; Hogrebe & Gooch, 2016; Sung 

et al., 2009), gelatin (Nichol et al., 2010), fibrin (Hakkinen et al., 2011), chitosan (Ji, 

Khademhosseini, & Dehghani, 2011) and alginate (Gryshkov et al., 2014); or synthetic 

biomaterials, mainly polymers, such as poly(ethylene glycol) (PEG) (Leight, Tokuda, 

Jones, Lin, & Anseth, 2015; Sridhar, Doyle, Randolph, & Anseth, 2014), 
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poly(acrylamide) (PAAm) (Trappmann et al., 2012), and poly(2-hydroxyethyl 

methacrylate) (pHEMA) (Mokrý, Karbanová, Lukáš, Palečková, & Dvořánková, 2000). 

Naturally derived biomaterials mimic the in vivo ECM in many ways. They are 

degradable, contain adhesion ligands and growth factors, making naturally derived 

biomaterials readily and easily adapted for cell culturing. Furthermore, naturally derived 

biomaterials recapitulate in vivo ECM fibrous structure, porosity and pore sizes, which 

elicit cellular morphology and response closer to in vivo. Naturally derived biomaterials 

are widely used in fabricating scaffolds and hydrogels, and their use has contributed 

tremendously in understanding microenvironmental effects on cellular responses and 

functions. However, some naturally-derived materials stimulate unwanted cellular 

responses because of confounding variables such as growth factors and ECM proteins 

contained within their structure (Hughes, Postovit, & Lajoie, 2010; Kleinman & Martin, 

2005). These variables can make it difficult to isolate cellular responses to specific 

microenvironment factors. Naturally derived biomaterials also suffer from batch-to-batch 

variability, which increases the variability of cellular responses (Hughes et al., 2010). For 

example, Matrigel contains collagen, laminin, nidogen (entactin), and a variety of growth 

factors, which may stimulate a variety of receptors that trigger unwanted signaling 

cascades (Hughes et al., 2010). In addition, naturally derived hydrogels have highly 

interdependent functional moieties and microenvironmental characteristics. For example, 

in most naturally derived hydrogels, stiffness of the hydrogel is modified by changing the 

concentration of the material. However, changing the concentration not only affects 

hydrogel stiffness but also affects porosity, pore size and adhesion ligand density (Annabi 
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et al., 2010; Caliari & Burdick, 2016). Porosity, pore sizes, and adhesion ligand density 

are intractably interdependent, and all have effects on cellular functions, preventing 

researchers from effectively isolating the effect of stiffness. In addition, collagen gelation 

and the resulting hydrogel structure are temperature and pH sensitive, both of which can 

affect fiber thickness. It was demonstrated that collagen hydrogels fiber thickness affects 

the viability of human mammary fibroblasts, which means studying temperature or pH 

effects on cells cultured in collagen hydrogels is confound by fiber thickness (Sung et al., 

2009). Additionally, polymerization of naturally derived biomaterials to create hydrogels 

is usually slow and temperature sensitive which restricts the adaptability and scalability 

of such biomaterials for HT application, which requires fast polymerization and less 

temperature sensitivity for automated liquid handling. 

 

To address some of the limitations of naturally derived biomaterials, a number of 

synthetic biomaterials have also been used to generate 3D hydrogels. Use of synthetic 

biomaterials enables greater control over chemical and mechanical cues, which reduces 

unwanted co-variability and improves isolation of cellular responses to 

microenvironmental variables (Baker & Chen, 2012; Lutolf & Hubbell, 2005). For 

example, human mesenchymal stem cells (hMSCs) differentiation fate was studied 

utilizing PAAm hydrogels covalently coated with collagen. Differentiation of hMSCs 

was correlated to collagen stiffness, which is a function of anchorage density of collagen 

to PAAm hydrogels. Anchorage density of collagen is correlated to porosity of PAAm 

hydrogels. However, by controlling PAAm hydrogel porosity as a co-variable, and only 
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altering the anchorage density of bonded collagen, differentiation of hMSCs as a function 

of collagen stiffness was isolated and studied (Trappmann et al., 2012). The ability to fine 

tune the environmental cues (PAAm porosity and collagen anchorage density) enabled 

the isolation of differentiation function to a specific environmental factor (collagen 

stiffness). In another example, the mechanical properties of PEG hydrogels are often 

controlled by varying the crosslinking density. Increasing the stiffness of the PEG 

hydrogels increased the shear modulus and altered MMP activity of hMSCs encapsulated 

in PEG-norbornene (PEG-NB) hydrogels (Leight, Alge, Maier, & Anseth, 2013). The 

control of mechanical stiffness by altering just the crosslinking density, without altering 

ligands density, isolated MMP activity of hMSCs to stiffness as a microenvironmental 

variable. Such examples demonstrate the ability of synthetic biomaterials to aid 

preventing co-variables and isolating cellular responses to microenvironmental variables. 

 

PEG is one of the most widely used synthetic biomaterial for hydrogels due to the ease of 

use and flexibility to adapt to a variety of applications. PEG hydrogels, which can be 

easily tailored to mimic the in vivo extracellular matrix, has been functionalized with a 

number of moieties to direct cell function. RGD, RLD, and IKVAV are adhesion ligands, 

in which aortic valvular interstitial cells elongated more in RGD than in RLD or IKVAV 

(Mabry, Schroeder, Payne, & Anseth, 2016). RGD, RDL or IKVAV were added to the 

pre-polymerized hydrogel mixture and can be changed easily to better recapitulate in vivo 

ECM. PEG hydrogels are hydrophilic and have similar water content to in vivo tissue. 

This hydrophilicity of PEG reduces protein adsorption onto PEG surfaces, which reduces 
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opsonisation, a process of adsorbing proteins (antigens) onto surfaces to promote an 

immune response such as phagocytosis. Hydrophilicity of PEG enabled the synthesis of 

therapeutic stealth nanocarriers, which are less amenable to phagocytosis, by coating 

those nanocarriers with PEG, see review (Salmaso & Caliceti, 2013). PEG hydrogel 

polymerization is often photo-initiated, enabling quick, user controlled hydrogel 

formation, making it more amenable to HT approaches than naturally derived ECM 

hydrogels (i.e. collagen or Matrigel) which are slower and temperature sensitive. 

Therefore, utilizing PEG hydrogels enables facile automation of cell encapsulation with 

robotic liquid handlers, as demonstrated by others (Mabry et al., 2016). This fine control 

of mechanical and chemical cues, and HT scalability of PEG hydrogels make PEG a 

practical biomaterial for utilization in HT drug screening applications with 3D culture. 

 

1.1.3. Role of Cell-Cell Adhesion in 3D  

Cells can be cultured in 3D environments as single cells or in multi-cell structures (i.e. 

spheroids). Multi-cell structures can be created in several ways, including the formation 

of multicellular aggregates prior to seeding or allowing the cells to grow within the 

scaffold to form multicellular structures over time. To culture cells in scaffolds as single 

cells or multi-cell structures, cells are seeded either pre- or post- fabrication of the 

scaffold. Many pre-fabricated scaffolds are made utilizing techniques such as 3D 

printing, lyophilization and stereo-lithography, see review (Duval et al., 2017). Such 

techniques may involve non-biocompatible procedures that are harsh on cells or 

hazardous to work with. Therefore, cell seeding is usually performed post-fabrication by 
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taking advantage of cellular diffusion into scaffolds, which may suffer from poor 

penetration of cells and non-uniform spatial cell seeding (Duval et al., 2017). 

Alternatively, cells may be seeded uniformly in hydrogels pre-fabrication by mixing cells 

with hydrogel precursor solution then polymerizing it. Hydrogels offer the option to seed 

cells in a single-cell or multi-cell structures. The ability to encapsulate cells in multiple 

spatial organizations, recapitulates different conditions encountered in vivo. Culture of 

single cells can also be appropriate to model events in vivo, in such as EMT and when 

tumor cells invade neighboring tissue and migrate to create secondary tumors in other 

sites, see reviews (Friedl & Wolf, 2003; Thiery, Acloque, Huang, & Nieto, 2009). In 

vitro 3D single-cell culturing models have been utilized to study EMT and tumor cell 

migration. For example, single-cell encapsulation into methacrylated hyaluronic acid / 

gelatin hydrogels were utilized to study EMT in breast cancer cell lines in response to 

oxygen concentration (Wang et al., 2018). Single-cell encapsulation utilizing PEG 

hydrogels was used in an in vitro 3D culture model to study melanoma cell migration in 

response to chemotherapeutics (vemurafenib and sorafenib) (Leight et al., 2015). Both 

examples illustrated the capacity of hydrogels to provide an in vitro model, representing 

biological phenomena encountered in vivo, in which cells are single. 

 

Hydrogels also enable culturing cells in a multi-cell structure (i.e. spheroids). Multi-cell 

structure can be found in vivo in most biological configurations in the body such as in 

tissues and organs, and in many neoplastic (cancer) and non-neoplastic diseases. In vitro, 

many assays have been developed and utilized multi-cell 3D culture models to mimic 
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cancerous tumors and recapitulate in vivo cellular responses and functions. Spheroid 

assays are well-established methodologies and have been designated as the gold standard 

for in vitro 3D culture to recapitulate in vivo tumor responses. For example, researchers 

have been able to recapitulate in vivo treatment resistance observed in several cancers, 

including breast, pancreatic and colon cancer using paclitaxel, gemcitabine, 5-

fluorouracil and SN-38 (Anand, Fu, Teoh, & Luo, 2015; Wen et al., 2013; Kinoshita et 

al., 2018). Spheroids may be formed via several techniques such as hanging droplets, 

non-adherent surfaces, and scaffold based models, such as hydrogels (more techniques 

are found here (Hoarau-Véchot et al., 2018)). In a 2018 study, multi-cell tumor spheroids 

formed in hydrogels for 14 days were used to study EMT in breast cancer cell lines in 

response to oxygen concentration (Wang et al., 2018). This technique was repeated in 

PEG hydrogels to facilitate the formation of glioblastoma spheroids for a small molecule 

drug screen. The spheroids demonstrated viability in hydrogels for 14 days, proving the 

feasibility of utilizing PEG hydrogels as a spheroid culture platform (Imaninezhad, Hill, 

Kolar, Vogt, & Zustiak, 2019). Many similar studies have demonstrated the adaptability 

of synthetic hydrogels in controlling the chemical and mechanical features of the 

microenvironment while maintaining HT scalability. These features render hydrogels an 

excellent tool in pursuing questions related to 3D culture models and detecting cellular 

functions other than viability in HT applications. 
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1.2. Ex Vivo Tissue Culture Models 

1.2.1. Patient Derived Xenografts (PDX) and Organotypic Slices 

To more closely recapitulate cellular response in vivo, several ex vivo models have been 

developed and utilized, including patient derived xenografts (PDX) and organotypic 

slices (Meijer, Naipal, Jager, & van Gent, 2017). PDX models and organotypic slices are 

mainly used to maintain a closer mimic to clinical responses of many diseases, especially 

cancer (Hidalgo et al., 2011; Naipal et al., 2016). PDX models are tumor cells or tissue 

that are taken from patients then implanted and expanded in immunodeficient mice. 

These mice are subsequently used for treatment screening (Lai et al., 2017). Organotypic 

slices are tissue slices that have been precisely cut from tumor samples at microscale 

thickness and cultured on a porous Teflon surface that allows oxygen and nutrient 

exchange (Meijer et al., 2017). As opposed to 2D and 3D cultures, in which tumor 

samples are digested, creating homogenous cell populations lacking native 

microenvironment, PDX and organotypic slices models maintain the molecular 

characteristics, cellular heterogeneity, tumor pathology, and structural features of the 

microenvironment (Lai et al., 2017; Meijer et al., 2017). The preservation of these 

features creates a closer representation of the in vivo microenvironment and can be used 

to more reliably predict clinical responses to specific therapies. 

 

1.2.2. Advantages and Disadvantages of Current Ex Vivo Models 

PDX models are considered the gold standard for modeling clinical tumor drug response 

because they maintain the original tumor characteristics and therefore can be used as 
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tools to facilitate drug screening and development (Lai et al., 2017). PDX models have 

successfully been used to recapitulate clinical responses in patients with several forms of 

cancer, including pancreatic, colorectal, and gastric cancers. In these models, tumor 

mutations, biomarkers, and drug responses were maintained through several passages, 

demonstrating the stability of such model (Seol et al., 2014; Tignanelli, Herrera Loeza, & 

Yeh, 2014; T. Zhang et al., 2015; Zhu et al., 2015). One drawback of PDX models is the 

fact that they have been observed to undergo mouse-specific tumor evolution during 

passaging, in which the resulting tumor is genetically different than the parental tumor 

(Ben-David et al., 2017). Additionally, PDX models are expensive, labor intensive, and 

have long turnaround time to produce results, while the success rate of tumor engraftment 

is as low as 25% for some cancers (Naipal et al., 2016). As a result, PDX models have 

not been suitable for HT drug screening and development applications.  

 

Tumor organotypic slices share advantages with PDX models. Organotypic models 

maintain the native tumor microenvironment, provide heterogeneous cell populations, 

and reflect in vivo tumor pathology, thus creating a closer mimic to in vivo conditions and 

more accurately predicting clinical outcomes (Meijer et al., 2017; Naipal et al., 2016). 

Several tumors were successfully cultured utilizing organotypic tumor slices for drug 

treatment studies. Head and neck squamous cell carcinoma organotypic slices that were 

cultured for 6 days, preserved their histopathological features and formed apoptotic 

fragments and increased caspase-3 activation when treated with cisplatin, docetaxel, and 

cetuximab (Gerlach et al., 2014). This ex vivo cellular response demonstrates the ability 
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of organotypic slices to predict cellular responses to cytotoxic drugs similar to in vivo. 

Glioblastoma multiforme derived from patients’ samples, sectioned and cultured in 

minutes, preserving parent tumor histopathology for 16 days in vitro. Further, caspase 3 

activation, inducing cell death, and DNA double strands breakage in response to 

temozolomide and irradiation were measured respectively (Merz et al., 2013). Such an 

example demonstrates that organotypic slices could be quickly cultured, maintaining 

original tumor characteristics and predict responses to environmental factors similar to in 

vivo. Organotypic slice cultures provide powerful ex vivo tools for drug testing with faster 

outcomes than PDX models (Naipal et al., 2016). However, these models are delicate, 

labor intensive, provide limited amount of samples, and require specialized analytical 

tools for data acquisition and quantification (Naipal et al., 2016). Such limitations hinder 

organotypic slices from being used in HT applications. Therefore, there is a need to 

bridge the gap between efficient HT 2D cultures, and close in vivo recapitulation of PDX 

and organotypic slices to better predict clinical responses. Table 1 summarizes, the 

advantages and disadvantages of each culture methodology (Meijer et al., 2017). 
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Table 1: A summary of the advantages (+) and disadvantages (-) of different 

culturing techniques, (Meijer et al., 2017). 

 

1.2.3. Bridging the Gap 

One potential solution to bridge the gap between in vitro HT 2D cultures and ex vivo 

PDX and organotypic slice models, is the ex vivo culture of human tissue samples in HT 

3D culture models. Ex vivo culture of tissue samples in 3D may maintains tumor 

heterogeneity, preserves microenvironmental structure, tumor genotype, phenotype and 

pathology. The significance of ex vivo 3D culture was realized by others who cultured 

undigested fine needle aspirate biopsies of feline liver tissue in Matrigel to form hepatic 



17 

 

organoids. Interestingly, tissue samples retained their morphology between passages in a 

hepatic steatosis (fatty liver) ex vivo model for 5 days, demonstrating the ability to 

maintain tissue viability in ex vivo culture conditions (Kruitwagen et al., 2017). Several 

studies have cultured ex vivo patient-derived organoids in 3D environments, such as 

hydrogels, demonstrating the suitability of such technique for HT drug screening 

applications. For instance, patient-derived colon cancer organoids were formed ex vivo in 

Matrigel by an automated workflow, and 384-well plate robustness and reproducibility 

were confirmed for HT drug screening (Boehnke et al., 2016). Moreover, two uterine 

malignancies and two colon cancer tissue samples were derived from patients, cultured in 

ex vivo 3D Matrigel and a HT dose-response drug screen including 160 drugs was 

conducted and validated with 3D culture and PDX model (Pauli et al., 2017). 

Nevertheless, most developed assays utilizing HT, ex vivo, 3D culturing methods isolate 

single cells by digestion before culturing. As a result, these methods lack the benefit of 

having heterogeneous cell populations, intact tissue structures, or a native 

microenvironment. Thus, there is a need for a system that cultures intact ex vivo tissue 

samples in HT 3D system for therapeutics screening and development. HT 3D culture 

provides tissue support that better recapitulates the in vivo microenvironment and 

satisfies HT requirements for drug screening. 

 

1.3. High Throughput Assays 

Drug development and screening utilizing HT 2D culture platforms are well-established 

and have contributed to the discovery of many therapeutics to treat neoplastic and non-
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neoplastic diseases. 2D culture platforms adequately satisfy the requirements of HT drug 

development and screening assays. HT drug development and screening assays are 

required to be time efficient, cost effective, miniaturized, and be able to cope with 

multiple liquid handling steps. Further, HT assays should produce quantitative outcomes 

that are robust, reproducible and can be acquired automatically (Ryan et al., 2016). In HT 

drug development and screening assays, thousands of compounds are tested, so assay 

efficiency and cost effectiveness are critical determinants in study feasibility. Therefore, 

assays are miniaturized, processes are simplified and automated, and turnaround times 

are reduced to allow for greater resource efficiency. For the same reason of efficiency 

and cost effectiveness, automated liquid handlers and data readers are utilized (Dias, Go, 

Hart, & Mattheakis, 1998; Maffia, Kariv, & Oldenburg, 1999). Automation of the assay 

process and data acquisition creates a standard that contributes to data reproducibility, 

robustness and precision, which are requirements for HT assay outcomes. Indeed, 2D 

platforms satisfy these conditions, yet most drugs developed in 2D platforms in vitro do 

not adequately predict in vivo outcomes in animal models and clinical trials (Johnson et 

al., 2001), in which high toxicity (unwanted side effects or off-target activities) or limited 

efficacy were observed (Hopkins, 2008; Kola, 2008). This is mainly due to the lack of 

environmental cues in a 2D platform, mentioned earlier, as compared to those 

encountered in vivo, which have significant effects on cellular responses and functions. 

 

To better recapitulate in vivo cellular responses and functions, there is interest in adapting 

3D culture systems for HT approaches for drug screening and development applications. 
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For example, it was demonstrated the capability of 3D spheroid assay to be developed 

and utilized for drug testing, using an acid phosphatase assay to measure viability of 

pancreatic cancer spheroids in response to gemcitabine and 5-fluorouracil (Wen et al., 

2013). Similarly, another 3D spheroid assay was developed for potential HT drug 

screening purposes but with breast cancer magnetic spheroids cultured in 96-well plate. 

However, the assay was measuring viability in response to doxorubicin utilizing similar 

acid phosphatase assay (Guo, Loh, Tan, Loo, & Ho, 2014). Indeed, 3D spheroids assays 

are suitable for drug screening applications, yet it is noticeable that these assays, similar 

to most 3D HT platforms, assess a limited number of cell functions, namely cell viability. 

This is because optimizing 3D systems for HT has been hampered by increased cost, 

complexity, time and effort, and the incompatibility of many standard biological assays 

with both 3D culturing and HT approaches (Ryan et al., 2016). It is well known that 

many other cell functions also contribute to disease progression and pose as potential 

therapeutic targets. Recent studies are utilizing HT 3D culturing platforms to measure 

cellular functions in addition to viability, to detect cellular response to drug screening. 

For example, a micromolding technique was used to successfully form 3D spheroids of 

cervical, breast, head and neck cancers. The viability and epidermal growth factor 

receptor signaling of the spheroids in response to epidermal growth factor and cetuximab 

treatments were measured (Singh M et al., 2015). This example emphasizes the ability of 

3D tumor spheroids to be adapted to HT drug testing, and the importance of detecting 

other cellular functions that have a potential as a pharmacological target.  
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1.4. Matrix Metalloproteinases (MMP) 

1.4.1. MMP Structure 

Matrix Metalloproteinases (MMPs) are a family of zinc-based endoproteases that share 

several conserved structural features. Twenty-four MMPs have been identified to-date, of 

which 23 of them are found in humans. Structurally, MMPs share a signal peptide, 

propeptide, catalytic and hemopexin domain. The signal peptide regulates secretion from 

cells, while the propeptide domain preserves the protein enzyme in its latent zymogen 

(de-activated) form. The catalytic domain contains the active zinc-binding motif that 

processes the substrate, while the hemopexin domain determines substrate specificity and 

mediates protein-protein interactions with endogenous inhibitors, (i.e. tissue inhibitor of 

metalloproteinase (TIMPs)) (Cathcart, Pulkoski-Gross, & Cao, 2015; Folgueras, Pendás, 

Sánchez, & López-Otín, 2004; Tauro, McGuire, & Lynch, 2014; Visse & Nagase, 2003). 

The zinc-binding motif in the catalytic domain and cysteine switch motif in the 

propeptide domain distinguishes MMPs from other proteases, such as aspartic, glutamic, 

and serine proteases (Visse & Nagase, 2003). Figure 1 summarizes the sub-classification 

of different types of MMP’s based on their structure and unique domains (Folgueras et 

al., 2004), and Table 4 in Appendix A summarizes structure, substrate specificity, unique 

domains, substrate interactions and functions of different subclasses of MMPs (Folgueras 

et al., 2004; Llano et al., 1999; Marchenko et al., 2001; Nagase, Visse, & Murphy, 2006; 

Nakamura, Fujii, Ohuchi, Yamamoto, & Okada, 1998; Sohail et al., 2008; Stolow et al., 

1996; Uría & López-Otín, 2000; Visse & Nagase, 2003). 
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1.4.2. MMP Functions and Biological Roles 

Detection of MMPs is important because they play key roles in human physiology and 

pathophysiology. MMPs cleave ECM proteins as well as other bioactive molecules, 

including surface receptors and cytokines (Nagase et al., 2006; Tokito, Jougasaki, Tokito, 

& Jougasaki, 2016). Physiologically, MMPs play key roles and functions in 

morphogenesis and wound healing (Nagase et al., 2006; Visse & Nagase, 2003). For 

example, MMP-14 (MT-MMP1) is involved in the tubule formation of Madin-Darby 

canine kidney epithelial cells in response to hepatic growth factor (Kadono et al., 1998). 

 

Figure 1: Sub-classification of different types of MMP’s based on their structure 

and unique domains, from Folgueras et al., 2004. 
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Numerous other MMPs, including MMP-1, -2, -3, -8, -9, -10, -13, and -14, regulated the 

degradation and deposition of ECM during wound healing and re-epithelialization 

(Caley, Martins, & O’Toole, 2015). Measurement of MMPs can contribute to our 

understanding of many physiological functions but also identify potential, treatment 

targets for diseases in which they are involved. MMPs have key roles in diseases such as 

chronic tissue ulcers and arthritis (Nagase et al., 2006; Visse & Nagase, 2003). For 

example, Muller and colleagues demonstrated that higher levels of MMP-1 are beneficial 

in healing diabetic foot ulcers, while high levels of MMP-8 and -9 are likely to 

exacerbate the problem (Muller et al., 2008). MMP-2 and -9 activity were observed to 

stimulate invasion and migration of rheumatoid arthritis synovial fibroblasts, of which 

MMP-9 was associated with cartilage degradation and joint destruction in rheumatoid 

arthritis (Xue et al., 2014). MMPs are also critical regulators of several “hallmarks of 

cancer”, including migration, invasion, and angiogenesis (Vihinen & Kähäri, 2002). For 

example, when fibrosarcoma cells (HT1080) were treated with curcumin derivatives and 

metabolites, significant reduction in MMP-2, -9 and -14 in a dose dependent manner was 

observed. Consequently, cell invasion and migration, critical functions for tumor 

progression, were reduced in a dose dependent manner (Yodkeeree, Chaiwangyen, 

Garbisa, & Limtrakul, 2009; Yodkeeree, Garbisa, & Limtrakul, 2008). Angiogenesis and 

tumor progression of melanoma tumors in MMP-2 deficient mice were significantly 

lower than mice with normal MMP-2 levels (Itoh et al., 1998). Cellular invasion, 

migration and angiogenesis are critical functions of tumor progression mediated by MMP 

activity and emphasize the importance of detecting MMP activity as a treatment target.  
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Elevated expression of many MMPs is associated with metastasis and poor prognosis 

(Vihinen & Kähäri, 2002). It was demonstrated that samples of pancreatic carcinoma in 

patients with lymph node metastases had higher MMP-2 activity than those without 

metastasis (Koshiba et al., 1998). High levels of MMP-8 and TIMP-1 were associated 

with worse prognosis in colorectal cancer patients in comparison to patients with lower 

MMP-8 levels (Böckelman et al., 2018). These examples illustrate the important roles 

MMPs play in several pathophysiological processes and their significance as 

pharmacological targets.  

 

Despite overwhelming evidence supporting the critical role of MMPs in cancer progress, 

direct pharmacological inhibition of MMP enzymatic activity has yet to yield clinical 

success. This failure has been attributed to several factors including non-specific 

inhibition due to high sequence overlap between MMPs and off-target adverse effects due 

to the pleiotropic role of MMPs in physiological processes. To overcome these 

limitations, an alternative strategy to inhibit MMP activity would be to target the 

upstream cellular signaling pathways regulating MMP activity. Small molecules 

developed to target upstream signaling pathways and other cell functions, such as cell 

viability, are not routinely screened for their effect on MMP activity due to the lack of 

compatible assays. However, a previous study has shown that several RAF/MEK kinase 

inhibitors increased MMP activity and cell migration (Leight et al., 2015). Therefore, 

there is a need for new technologies to perform HT measurement of MMP activity for 

drug development and screening purposes. 
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1.4.3. MMP Regulation and Measurement 

MMPs must undergo multiple regulatory processes to produce a functional, active 

enzyme. MMPs are regulated at several stages: gene expression, translation, protein 

secretion, compartmentalization, zymogen activation, and inhibition by endogenous 

inhibitors (i.e. TIMPs) (Löffek, Schilling, & Franzke, 2011). MMPs have been detected 

and measured at different regulatory stages. Reverse transcription – polymerase chain 

reaction (RT-PCR) and western blotting measure MMPs at the gene and protein 

expression levels, respectively. Enzyme-linked immunosorbent assay (ELISA) detects 

MMPs at the protein secretion level. Although western blotting, RT-PCR, and ELISA are 

well-established methodologies and are highly specific to MMPs, detection at the gene or 

protein expression level requires intensive sample processing and a long turnaround time. 

More importantly, MMP expression does not necessarily correlate with functional 

enzymatic activity. To take into account the complex regulation of MMPs, it is necessary 

to detect MMPs at the activity level. The significance of detecting MMPs at the activity 

level was indirectly demonstrated by Muller et al., when they determined that the ratio 

between MMP-1 and its inhibitor TIMP-1 could be a predictive factor of diabetic foot 

ulcer wound healing. Although ELISA was used to find the protein concentrations of 

MMP-1 and TIMP-1, the ratio between the two, which reflected the net activity of MMP-

1, was the significant variable in determining wound healing progression (Muller et al., 

2008).  
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Gelatin zymography and fluorescent MMP-degradable peptides have been utilized to 

detect MMPs at the activity level. Gelatin zymography is a widely implemented method 

to measure the MMP activity of gelatinases (MMP-2 and -9). However, gelatin 

zymography requires intensive sample processing and is limited to gelatinase detection.  

This technique has been recently expanded upon by incorporating fluorescent, MMP-

degradable peptides into zymography gels in place of traditional, native proteins (e.g. 

gelatin, collagen, casein) (Deshmukh, Weist, & Leight, 2018). MMP-degradable 

fluorescent peptides offer an alternative for detecting MMP activity more rapidly and 

with less sample processing, in spite of the intensive characterization and initial 

optimization needed before utilization. Fluorescent, MMP-degradable peptides enable the 

detection of a variety of MMPs by altering the degradable motif, which determines the 

specificity of MMP detection (Mucha et al., 1998; Nagase & Fields, 1996; Patterson & 

Hubbell, 2010). These peptides can also be used for in situ MMP activity detection by 

incorporating fluorescent MMP-degradable peptides in 3D culturing environments 

(Leight et al., 2013, 2015). The advantages of fluorescent MMP-degradable peptide 

enables their utilization in widespread applications, justifying using this technology for 

our further MMP activity related studies. 

 

1.5. Summary 

Currently, most assays for cancer chemotherapeutic development utilize 2D culturing 

systems. These 2D systems lack many aspects of the in vivo microenvironment 

significant to cellular drug response. Therefore, attempts have been made to develop 3D 
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culture microenvironments and tumor spheroids to recapitulate some of the in vivo 

cellular response to treatment. While these models can recapitulate certain aspects of 

cellular responses measured in vivo, 3D environments often make analysis of cellular 

responses more difficult. As a result, most HT 3D assays have been limited to 

measurements of cell viability despite the fact that many other cell functions contribute to 

disease progression and can pose as important pharmacological targets. Most HT 3D 

assays utilize isolated cell lines for drug testing. However, isolated cell lines lack the 

tumor heterogeneity and native microenvironment encountered in vivo, making them 

poor predictors of clinical response. To maintain tumor heterogeneity, many researchers 

use PDX or organotypic slices models. Such techniques offer the advantage of 

maintaining cellular phenotype, genotype, and molecular characteristics. Further, 

eliminating cellular selection and reflecting the tumor pathology, thus accurately 

predicting clinical responses. Nevertheless, PDX and organotypic slice models are 

associated with high cost, low efficiency, and prolonged experimental time to results. 

These disadvantages deem PDX and organotypic slices unsuitable for HT drug screening 

applications. There is a need for a system that enables measurement of a wider range of 

cellular functions, such as proteolytic activity, in a HT manner, while maintaining key 

biological and structural features of the tumor and its microenvironment.  

 

1.6. Dissertation Overview 

To address the need mentioned above, we developed, characterized, validated, and 

demonstrated the utility of a HT assay for cellular encapsulation in 3D microenvironment 
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to measure cellular functions such as MMP activity. We further developed an ex vivo 3D 

culture system, in which we can detect MMP and metabolic activity. 

 

In chapter 2, we have adapted a hydrogel system that enables cells to be cultured in a 3D 

PEG hydrogels functionalized with an MMP-degradable fluorogenic sensor to measure 

MMP and metabolic activities simultaneously (Leight et al., 2013). By utilizing PEG, we 

could precisely tune the chemical and mechanical attributes of the hydrogel, from which 

the system can be optimized to more closely recapitulate the in vivo microenvironment of 

interest. Additionally, PEG hydrogel polymerization may be photo-initiated, enabling 

quick, user-controlled hydrogel formation, making it more amenable to HT approaches 

than traditional ECM hydrogels (i.e. collagen or reconstituted basement membrane) 

which are slower and temperature sensitive. This system was miniaturized and scaled up 

to facilitate HT drug screening applications. The 96-well format developed here, 

eliminated several steps from the previous 24 well protocol, reducing the time needed per 

well by approximately 50%. Further, the total hydrogel volume needed per well was 

reduced by 80% (50µL to 10µL) as compared to the previous 24-well format. This 

miniaturization also increased the number of possible conditions and replicates tested per 

plate from 12 duplicates utilizing the 24-well plate to 20 triplicates utilizing the 96-well 

plate. The reproducibility, robustness, performance and suitability for HT applications of 

the assay were characterized using a bacterial collagenase type I enzyme and a 

fibrosarcoma cell line (HT1080). The developed assay achieved a Z’-factor values above 

0.9 and 0.5 for enzymatic and cellular assays respectively, intra-plate coefficients of 
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variation (%CV) below 10% and 12% respectively. And signal measurement was 

unaffected by dimethyl sulfoxide (DMSO), a common solvent of therapeutic compounds. 

The calculated edge effect, drift, Z’-factor, %CV, inter-plate, and inter-day fold shifts of 

the signals were within the acceptable range for HT applications, indicating this HT 3D 

MMP activity assay as reproducible and robust, designating it suitable for screening 

applications. Next, the assay was validated with commercially available human MMPs 

and encapsulation of several different cell types, utilizing different MMP-degradable 

sensors. Human MMP-1, -2 and -9 resulted in a significant increase in signal intensity. 

Encapsulation of several cell types in different MMP-degradable sensors produced robust 

signals above background noise and within the linear range of the assay. Finally, to 

demonstrate the ability of the system to measure the effect of small molecule drugs on 

cellular MMP activity and for future HT applications, a fibrosarcoma cell line (HT1080) 

was treated with several drugs, known to alter MMP activity, over a range of 

concentrations. Interestingly, sorafenib (SOR), a small molecule multi-kinase inhibitor 

utilized in clinical trials to treat fibrosarcoma, increases MMP activity in a dose-

dependent manner in fibrosarcoma cell line. It would be interesting to conduct further 

investigation to determine if the increased MMP activity with SOR treatment observed 

here also regulates fibrosarcoma cell invasion and migration, cell functions critical to 

tumor progression and metastasis. 

 

In chapter 3, ex vivo adipose fine needle aspirate biopsies (FNAB) and tissue dissections 

from patients who underwent breast lumpectomy or mastectomy surgeries were directly 
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encapsulated into our HT 3D MMP activity hydrogels, achieving similar advantages to 

PDX and organotypic slices models and the HT scalability of the 3D culture assay. In this 

chapter, optimization of FNAB and tissue dissection encapsulation is discussed. Viability 

of FNAB and tissue dissections were validated utilizing commercial live/dead staining 

showing maintenance of cellular viability after 24 hours of incubation in our 3D HT 

assay. Moreover, MMP and metabolic activities were detected in a volume-dependent 

manner for FNAB and diameter-dependent manner for tissue dissections.  

 

Chapter 4 concludes this dissertation by summarizing important observations and 

implications of our work. Summary and conclusions in this chapter discuss the rationale 

behind this work, the needs it fulfills, and future applications of the assay. This 

dissertation succeeds in bridging several gaps in the body of knowledge. First, we show 

the ability to measure important cellular functions, other than viability, in a HT 3D 

cultures. Second, we successfully culture ex vivo tissue samples in a HT manner, 

overcoming limitations imposed upon PDX models and organotypic slices. The 

developed assay measures MMP activity alongside metabolic activity in a 3D HT assay, 

suitable for drug screening and development applications. Due to the key roles played by 

MMPs in physiological and pathophysiological processes, MMPs were pharmacological 

targets for direct clinical MMP inhibitors. Many of these drugs ultimately failed, largely 

due to non-specific inhibition and undesirable side-effects due to the pleiotropic role of 

MMPs in normal tissue function. Another approach would be to target the upstream 

cellular signaling pathways regulating MMP activity. However, small molecules 
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targeting other cell functions, such as cell viability, are not routinely screened for their 

effect on MMP activity due to the lack of compatible assays. Therefore, the assay 

described in this dissertation provides a solution to measure MMP activity in a HT 

manner for drug screening and development purposes. To illustrate the potential impact 

of this technique we would like to highlight one particular result in which we measured 

increases in MMP activity in fibrosarcoma cells treated with sorafenib in a dose 

dependent manner. This finding encourages us to perform further studies of fibrosarcoma 

migration and invasion which are cellular functions critical for tumor progression and 

metastasis. Finally, we would like to point out that the assay described here utilizes a 

modular design which can be used to survey a variety of proteolytic enzymes, thus 

displaying high adaptability and robustness. The HT 3D assay requires minimal 

personnel training, sample processing and turnaround time, and utilizes commercially 

available reagents and tools making it easily accessible to other users.  

 

The other gap this dissertation aim to bridge, is the ability to culture intact tissue samples 

derived from patients, ex vivo in a 3D biomaterial that is efficient and amenable for HT 

applications. PDX and organotypic models provide close clinical prediction of cellular 

response, by closely mimicking features encountered in vivo. Yet, they are not suitable 

for HT applications, due to their high cost, labor intensity, and long turnaround time. 

Therefore, adipose FNAB and tissue dissections were encapsulated ex vivo, preserving 

the native microenvironment and heterogeneity of the samples. Furthermore, we 

demonstrate the viability of these tissues after 24 hours of culture, and the ability to 
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measure MMP and metabolic activity simultaneously. The results of chapter 3 provide 

compelling evidence for the feasibility of characterizing the histological fidelity of ex 

vivo tissue samples cultured in 3D hydrogels. MMP activity levels can be validated 

utilizing gelatin and in-situ zymography, well-established MMP activity assays, to 

confirm the preliminary results demonstrated in chapter 3. After characterization and 

validation, a pilot drug screen on breast cancer cell lines utilizing traditional 2D plastic 

and 3D spheroid cultures would be beneficial to measure chemotherapeutic effects on 

MMP activity in various cellular culture formats. While utilizing 3D spheroids will give 

us an insight of the multicellular structure effects on MMP activity in response to drugs, 

isolated cell lines are usually used. Isolated cells may have a different response than 

clinical outcomes due to their homogeneity. Thus, using patient-derived FNAB samples 

overcome cellular homogeneity, utilized to determine drugs effects on MMP activity in a 

closer mimic to a clinical response. The developed system could be utilized for many 

applications. Individualized treatment could be achieved by patient profiling and drug 

screening at point of care by culturing patient samples ex vivo in the HT 3D assay. 

Furthermore, targeted therapies could be developed based on the understanding of drug 

treatment effects on cellular and tissue functions, including MMP activity. Developing 

this HT 3D ex vivo culture system provides a powerful tool that enables robust and 

efficient study of patient tissue response to a variety of variables and applications such as 

treatment evaluation and precision medicine. 
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Chapter 2. High Throughput Three-Dimensional Hydrogel Assay for Measuring 

Matrix Metalloproteinases Activity: Assay Development, Characterization, 

Validation, and Utility Demonstration* 

2.1 Abstract 

Three dimensional (3D) cell culture systems more closely mimic the in vivo cellular 

microenvironment than traditional two dimensional (2D) cell culture methods, making 

them a valuable tool in drug screening assays. However, 3D environments often make 

analysis of cellular responses more difficult, so most high throughput 3D assays have 

been limited to measurements of cell viability. Yet many other cell functions contribute 

to disease and are important pharmacological targets. Therefore, there is a need for new 

technologies that enable high throughput (HT) measurements of a wider range of cell 

functions for drug screening. Here, we have adapted a hydrogel system that enables cells 

to be cultured in a 3D environment and allows for the simultaneous detection of matrix 

metalloproteinase (MMP) and metabolic activities. This system was then characterized 

for utility in HT screening approaches. MMPs are critical regulators of tissue homeostasis 

and are upregulated in many diseases, such as arthritis and cancer. The developed assay 

* This chapter was a merge of two publications with some modifications under the following 

references: (1) Fakhouri, A. S., Weist, J. L., Tomusko, A. R., & Leight, J. L. (2019). High-Throughput 

Three-Dimensional Hydrogel Cell Encapsulation Assay for Measuring Matrix Metalloproteinase 

Activity. ASSAY and Drug Development Technologies, 17(3), 100–115. 

https://doi.org/10.1089/adt.2018.877. (2) Fakhouri, A. S., & Leight, J. L. (2019). Measuring Global 

Cellular Matrix Metalloproteinase and Metabolic Activity in 3D Hydrogels. JoVE (Journal of 

Visualized Experiments), (143), e59123. https://doi.org/10.3791/59123. 

Contributions were as following: Fakhouri, A. – Experimental design, conduction and data analysis. 

(effect of plate geometry, detection limits, stiffness and DMSO tolerances, MMP inhibitor dose 

response, enzymatic and cellular plate uniformity, purified human MMP activity, seeding density 

effect, cellular time course, drug screen) Publications, manuscripts, and dissertation preparation and 

writing. Leight, J. – Experimental design and data analysis. Publications, manuscripts, writing, and 

dissertation editing. Tomusko, A. – Experimental design, conduction and data analysis (effect of plate 

geometry, detection limits, stiffness and DMSO tolerances, and cellular time course). Weist, J.- 

Publication manuscript writing and editing. Experiments conduction (cellular plate uniformity and 

cellular time course). 
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achieved a Z’-factor values above 0.9 and 0.5 for enzymatic and cellular assays, 

respectively, intra-plate coefficients of variation (%CV) below 10% and 12%, 

respectively, and signal measurement was unaffected by dimethyl sulfoxide (DMSO), a 

common solvent of therapeutic compounds. Human MMP-1, -2 and -9 resulted in a 

significant increase in signal intensity. Encapsulation of several cell types, utilizing two 

different MMP-degradable peptides, produced robust signals above background noise and 

within the linear range of the assay. Multiple drugs that are known to alter MMP activity 

were utilized in a range of concentrations with a fibrosarcoma cell line to demonstrate the 

feasibility of the assay for HT applications. This assay combines 3D cellular 

encapsulation and MMP activity detection in a HT format, which makes it suitable for 

drug screening and development applications. Please see (Fakhouri & Leight, 2019; 

Fakhouri, Weist, Tomusko, & Leight, 2019). 

 

2.2 Introduction 

Over the past several decades, mounting evidence has demonstrated that three 

dimensional (3D) in vitro culture systems more closely mimic the in vivo cellular 

microenvironment than culture on traditional two dimensional (2D) tissue culture plastic. 

3D culture provides environmental cues similar to the in vivo environment that are absent 

in 2D cultures, such as soluble gradients and 3D cell-cell and cell-matrix adhesion cues 

(Baker & Chen, 2012; Duval et al., 2017; Hoarau-Véchot et al., 2018). Such differences 

between 3D and 2D cultures have significant effects on cell behavior and function. For 

example, human mesenchymal stem cells differentiate to osteoblasts when cultured on 
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top of stiff gels (2D) but differentiate to chondrocytes when cultured within the same stiff 

gel (3D) (Hogrebe & Gooch, 2016). 3D culture can also restore the differentiation state of 

chondrocytes after 2D culture (Benya & Shaffer, 1982). Fibroblasts in 3D matrices are 

more spindle shaped and migrate faster as compared to 2D matrices (Hakkinen et al., 

2011). Using 3D cell spheroid models, researchers have been able to recapitulate in vivo 

treatment resistance observed in several cancers, including breast, colon and pancreatic 

cancer, in an experimentally accessible in vitro setting (Anand et al., 2015; Kinoshita et 

al., 2018; Wen et al., 2013).  

 

Because of the advantages of 3D culture systems, there is great interest in adapting these 

systems for HT approaches. However, optimizing 3D systems for HT has been hampered 

by the increased cost, complexity, time and effort, and the incompatibility of many 

standard biological assays with both 3D culturing and HT approaches (Ryan et al., 2016). 

Thus, current 3D HT platforms assess a limited number of cell functions, namely cell 

viability and migration (see review (Ryan et al., 2016)).  However, many other cell 

functions also contribute to disease progression and are possible targets for therapy. 

Therefore, new techniques are needed that enable easy measurement of cell function 

within 3D environments. One way to address this need is the development of materials 

that not only support 3D cell culture but also incorporate sensors to measure cell 

function. For example, several hydrogel systems have incorporated fluorogenic protease 

cleavable moieties to enable visualization of protease activity within 3D environments 

(Chalasani et al., 2017; DeForest, Polizzotti, & Anseth, 2009; Jedeszko, Sameni, Olive, 
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Moin, & Sloane, 2008; Lee, Miller, Moon, & West, 2005). While these systems were 

originally utilized for microscopic imaging, these systems can also be adapted for use in a 

global matrix metalloproteinase (MMP) activity assay using a standard plate reader, 

enabling facile measurement of a cell function in a 3D environment (Leight et al., 2013). 

 

In humans, MMPs are a family of 23 proteolytic enzymes that cleave extracellular matrix 

proteins as well as other bioactive molecules, including surface receptors and cytokines 

(Nagase et al., 2006; Tokito et al., 2016). MMPs play key roles in morphogenesis and 

wound healing, and in diseases such as chronic tissue ulcers and arthritis (Nagase et al., 

2006; Visse & Nagase, 2003). MMPs are also critical regulators of several “hallmarks of 

cancer”, including migration, invasion, and angiogenesis, processes which are inherently 

3D phenomena (Vihinen & Kähäri, 2002). Elevated expression of many MMPs is 

associated with metastasis and poor prognosis (Vihinen & Kähäri, 2002). MMP activity 

is regulated at multiple levels, including expression, secretion, proenzyme cleavage, and 

the action of endogenous inhibitors (i.e. tissue inhibitors of metalloproteinases (TIMPs)). 

Therefore, activity based measurements, such as cleavage of fluorescent reporters or 

zymography, are critical, as mRNA and protein expression assays are not sufficient to 

capture and integrate these multiple layers of regulation. 

 

Despite the overwhelming evidence supporting the critical role of MMPs in cancer 

progress, direct pharmacological inhibition of MMP enzymatic activity has yet to yield 

clinical success. This failure has been attributed to several factors including the broad 
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spectrum nature of the inhibitors and off target effects due to the pleiotropic role of 

MMPs in normal tissue function. To overcome these limitations, an alternative strategy to 

reduce MMP activity would be to target the upstream cellular signaling pathways 

regulating MMP activity. In addition, small molecules developed to target other cell 

functions, such as cell viability, are not routinely screened for their effect on MMP 

activity due to the lack of compatible assays. However, a previous study has shown that 

several RAF/MEK kinase inhibitors increased MMP activity and cell migration (Leight et 

al., 2015). Therefore, there is a need for new technologies to perform HT measurement of 

MMP activity. To address this need, a previously developed 3D hydrogel system 

functionalized with an MMP-degradable sensor to enable facile measurement of MMP 

activity was miniaturized and optimized for HT applications (Leight et al., 2013). 

 

The 3D hydrogel system utilizes poly(ethylene glycol) (PEG) hydrogels functionalized 

with a degradable type I collagen-derived fluorogenic peptide sensor to measure MMP 

activity (Leight et al., 2013). PEG is a synthetic polymer that can be crosslinked to form a 

biocompatible hydrogel and has similar water content to in vivo tissue (Leight et al., 

2013; Seliktar, 2012). By being able to precisely tune the chemical and mechanical 

attributes of the hydrogel, the system can be optimized to more closely recapitulate the in 

vivo microenvironment of interest. Additionally, PEG hydrogel polymerization is often 

photo-initiated, enabling quick, user controlled hydrogel formation, making it more 

amenable to HT approaches than traditional ECM hydrogels (i.e. collagen or 

reconstituted basement membrane) which are slower and temperature sensitive. 
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Therefore, utilizing PEG hydrogels enables the automation of cell encapsulation with 

robotic liquid handlers, as demonstrated by others (Mabry et al., 2016). PEG hydrogels 

have been functionalized with a number of moieties to direct cell function, such as cell 

adhesion with ECM mimetic peptides like RGD, RLD, and IKVAV, or by  tethering of 

growth factors such as transforming growth factor-β (TGF-β) (Mabry et al., 2016; Sridhar 

et al., 2014). More recently, PEG hydrogels have been functionalized with sensor 

peptides that enable measurement of cell function as well (DeForest et al., 2009; Leight et 

al., 2013). Specifically, the use of a PEG hydrogel system functionalized with a 

fluorogenic MMP-degradable peptide enabled measurement of cellular MMP activity in 

3D cultures with a standard plate reader and required no further processing. These 

systems are also compatible with other measurements of cellular function, including 

metabolic activity. 

 

In this work, the 3D MMP hydrogel assay was miniaturized and scaled up to facilitate 

drug screening applications. The reproducibility and robustness of the HT assay was 

determined using a bacterial collagenase type I enzyme and a fibrosarcoma cell line 

(HT1080). The assay was validated with commercially available human MMPs and 

encapsulation of several different cell types in two different MMP-degradable peptides. 

Finally, to demonstrate the ability of the system to measure the effect of small molecule 

drugs on cellular MMP activity and for future HT applications, HT1080 cell line was 

treated with several drugs over a range of concentrations. 
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2.3 Materials, Methods and Assay Protocol 

2.3.1  Fluorescent MMP-Degradable Peptides Synthesis 

The fluorescent MMP-degradable peptides GGPQGIWGQK(AdOO)C (QGIW) and 

GPLA↓C(pMeOBzl)WARKDDK(AdOO)C (LACW) were synthesized using Fmoc solid 

phase peptide synthesis (Liberty Blue™ Peptide Synthesizer, CEM, Matthews, NC) with 

a Rink Amide MBHA resin (EMD Millipore, Burlington, MA) as described elsewhere 

(Leight et al., 2013) with the following modifications: Fmoc-8-amino-3,6-dioxaoctanoic 

acid (AdOO) (Chem-Impex International, Wood Dale, IL) was used as the small 

hydrophilic spacer between cysteine and the MMP degradable peptides to increase the 

hydrophilicity of the peptides over the previously used aminohexyl (Ahx) spacer. Dabcyl 

succinimidyl ester (Anaspec, Fremont, CA) and Fluorescein NHS ester (Thermo 

Scientific™, Pittsburgh, PA) coupling was performed as described (Leight et al., 2013) 

with a shortened resin cleavage time of 2.5 hr. A detailed protocol of the fluorescent 

MMP-degradable peptide coupling with dabcyl and fluorescein can be found in Appendix 

B. The peptides were purified using high-performance liquid chromatography (HPLC) 

(LaChrom ELITE, Hitachi, Schaumburg, IL), Peptides were dissociated from purification 

column and collected at %60 to %62 v/v (fraction 5) (Figure 2A) and %54 to %60 v/v 

(fractions 8 to 10) (Figure 2B) of acetonitrile concentration for QGIW and LACW, 

respectively. Theoretical molecular weight calculated by ChemSketch software 

(ACD/Labs, Toronto, Canada) of the fluorescent MMP-degradable peptides QGIW and 

LACW are 1884 and 2337 Da (Figures 3A and 3B), respectively. The molecular weights 

of the peptides QGIW (Figure 4A) and LACW (Figure 4B) were verified using matrix 
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assisted, laser desorption-ionization, time-of-flight (MALDI-TOF) mass spectrometry 

(UltrafleXtreme™, Bruker, Billerica, MA). Molecular weights with an additional 23 or 

39 Da (±1 Da proton) more than the calculated theoretical molecular weight were likely 

due to monovalent cation adducts of sodium or potassium, respectively. 
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Figure 2: HPLC purification fractions. (A) QGIW fluorescent MMP-

degradable peptide purification fractions start at %52 up to %72 v/v at %2 

acetonitrile concentration increments per minute, which is equivalent to one 

fraction. (B) LACW fluorescent MMP-degradable peptide purification fractions 

start at %40 up to %70 v/v at %2 acetonitrile concentration increments per 

minute, which is equivalent to one fraction. 
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Figure 3: Chemical structure of the fluorescent MMP-degradable 

biosensors. Chemical structures of (A) QGIW and (B) LACW MMP-

degradable peptides after functionalization with dabcyl and fluorescein. 

Molecular weights were calculated to be 1884 and 2337 Da for (A) QGIW and 

(B) LACW peptides, respectively. 
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2.3.2  PEG-NB Functionalization and Hydrogel Precursors 

8-arm poly(ethylene glycol) amine (PEG) (MW 40,000 Da, hexaglycerol core, JenKem, 

Beijing, China) was functionalized with norbornene end groups as previously described 

(Sridhar et al., 2015) (Protocol in appendix C). End group functionalization was verified 

by 1H NMR to be ≥90% (Figure 5). PEG functionality percentage with norbornene utilize 

PEG (alkyl) peak integration of the repeating motif with the knowledge of PEG 

molecular weight and geometry, using this formula: 

𝐹𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 % = (
𝑃𝐸𝐺 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑖𝑒𝑔ℎ𝑡

𝑃𝐸𝐺 𝑝𝑒𝑎𝑘 ∗  22 ∗  𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑃𝐸𝐺 𝑎𝑟𝑚𝑠
) ∗ 100 

With the assumption of full functionality at 1:1 ratio of PEG end groups to norbornene 

groups, the estimation of the actual ratio indicates functionality percentage. The 

photoinitiator lithium phenyl 2,4,6 trimethylbenzoylphosphinate (LAP) was synthesized 

 

Figure 4: MALDI-TOF Molecular weight verification of the fluorescent MMP-

degradable peptides. Highest intensity peaks correspond to molecular weights of 1884.1 

Da and 2335.6 Da for (A) QGIW and (B) LACW respectively. Peptides are mixed with 

α-Cyano-4-hydroxycinnamic acid (HCCA) matrix to assist samples dissociation from test 

plate and detection. 
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as described elsewhere (Fairbanks, Schwartz, Bowman, & Anseth, 2009).  The 

crosslinker MMP-degradable peptide (KCGPQGIWGQCK) and the cell adhesion 

peptide (CRGDS) were purchased from American Peptide Company, Inc. (Sunnyvale, 

CA) and GenScript® USA Inc. (Piscataway, NJ), respectively. 

 

 

2.3.3  Cell Culture 

Adipose-derived human mesenchymal stem cells (hMSCs, Lonza, Allendale, NJ) were 

cultured in low glucose DMEM (Life Technologies™, Carlsbad, CA) supplemented with 

 

Figure 5: PEG-NB end group functionalization test utilizing 1H NMR. (253.2 ppm) is 

the ratio of number of hydrogens in the repeating motif of PEG (alkyl peaks) to the 

normalized number of hydrogens of norbornene (alkene peaks) at (1.0 ppm). Red lines 

corresponds to the integration curves. 
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10% fetal bovine serum (FBS) (Seradigm, Radnor, PA) and 1 ng/mL human fibroblast 

growth factor (PeproTech®, Rocky Hill, NJ) and used within 4 passages after thawing. 

Primary cervical fibroblasts (CFs) were provided by Dr. Douglas Kniss (Columbus, OH) 

from non-malignant hysterectomy samples from pre-menopausal women. The 

Biomedical Institutional Review Board at The Ohio State University approved tissue 

collections and following informed consents were obtained (Shukla et al., 2018). CFs 

were cultured in phenol red free high glucose DMEM (Life Technologies) with 10% FBS 

and used within 2 passages after thawing. Fibrosarcoma cells (HT1080) (American Type 

Culture Collection (ATCC®), Manassas, VA; RRID: CVCL_0317) were cultured in 

1640 RPMI media (Life Technologies) supplemented with 10% FBS and used within 20 

passages after thawing. All media was supplemented with 2 mM L-glutamine, 10 U/mL 

penicillin and 10 µg/mL streptomycin (all from Life Technologies). All cells were 

maintained in a 37 °C incubator at 5% CO2. For encapsulation experiments, cells were 

incubated for 24 hr in phenol red free growth media with 2 mM L-glutamine, 10 U/mL 

penicillin, 10 µg/mL streptomycin and 1% charcoal stripped FBS. All cells were tested 

for mycoplasma every 6 months with a PCR based kit (PromoKine, Heidelberg, 

Germany) and were determined to be free of contamination. 

 

2.3.4  Charcoal Stripping and Heat Inactivation of FBS 

FBS was first heat inactivated at 55°C for 30 minutes. In a separate beaker, 0.25% 

weight/ volume (w/v) (total serum volume to be processed) activated charcoal (Sigma 

Aldrich, Burlington, MA) and 0.025% w/v dextran (Sigma-Aldrich) were added. 1 - 2 
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mL of FBS was added to the activated charcoal/dextran and stirred until a homogeneous 

mixture formed. The rest of the serum volume was then added and stirred for 30 minutes 

at 55°C. The serum was centrifuged at 3000 rpm for 20 minutes at 4°C, and the 

supernatant was transferred to another vessel. The charcoal-dextran addition and 

incubation steps were repeated, but at 37 °C. The serum was centrifuged at 3000 rpm for 

20 minutes at 4°C and the supernatant was sterilized by passing through a 0.45 µm then 

0.2 µm filters. 

 

2.3.5  High Throughput Assay Procedure 

A hydrogel precursor solution consisting of 20 mM 8 arm 40 kDa PEG-NB, 17.8 mM 

NaOH, 12.75 mM crosslinker MMP-degradable peptide, 1 mM CRGDS, 2 mM LAP, and 

0.25 mM fluorescent MMP-degradable peptide in PBS (Life Technologies) was briefly 

vortexed. Because The MMP-degradable crosslinker peptide is solubilized in an HCl 

solution, in experiments where the amount of crosslinker was varied, the amount of 

NaOH was adjusted to achieve a final pH of 7. Low, medium, and highly crosslinked gels 

corresponded to thiol:ene ratios of 0.5, 0.7 and 0.9 , and used 8.75 mM, 12.75 mM, and 

16.75 mM crosslinker peptide and 12.2 mM, 17.8 mM, and 23.4 mM NaOH, 

respectively. 

 

For cell encapsulation experiments, a thiol:ene ratio of 0.7 was used and a concentrated 

cell suspension in PBS was added to the hydrogel precursor solution to achieve a final 

cell seeding density of 3 x 106 cells/mL, unless otherwise noted. For hydrogels without 
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cells, an equivalent volume of PBS was used in lieu of suspended cells. 10 µL of the 

hydrogel precursor solution was pipetted into black, round bottom, 96-well plates 

(BrandTech® Scientific Inc., Essex, CT) using a single or multi-channel pipette. 

Hydrogel polymerization was photoinitiated by exposure to 365 nm UV light (UVP, 

model UVL-56, Cambridge, UK) at 4 mW/cm2 for 3 minutes. After polymerization, 150 

µL of assay media was added to each sample well. PBS was added to the outermost and 

empty wells, and the moat between wells to reduce sample evaporation. 

 

For drug screening assays, encapsulated cells were treated with sorafenib (SOR) (Selleck 

Chemicals, Houston, TX), paclitaxel (PAC) (Invitrogen™, Grand Island, NY), or 

gemcitabine (GEM) (Selleck Chemicals), which were reconstituted in dimethyl sulfoxide 

(DMSO) then diluted in assay media in a range of concentrations (0.01 to 50 µM), or 

0.5% (v/v) DMSO as a vehicle control. For all assays, plates were incubated (at 37 °C 

and 5% CO2) for 24 hr. 1:10 v/v of resazurin (alamarBlue™, Life Technologies) was 

added to the wells containing encapsulated cells 6 hr prior to the final fluorescence well 

scan reading. A detailed protocol (mentioned below) and a video illustrating the HT assay 

procedure can be found in this publication (Fakhouri & Leight, 2019). 

 

2.3.6  Fluorescence Measurements 

Fluorescence measurements were conducted using a SPECTRA Max M2 microplate 

reader (Molecular Devices, San Jose, CA) at 494 nm / 521 nm (excitation/emission) for 

the fluorogenic peptide and 560 nm / 590 nm for the metabolic reagent, alamarBlue™. 
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An area scan was performed using the opaque 96-well plate setting with a 3x3 matrix, 

and the average of each matrix was calculated (Fakhouri & Leight, 2019). 

 

2.3.7  Enzymatic Hydrogel Degradation 

Fluorescent functionalized hydrogels were made utilizing 20 mM 8 arm 40 kDa PEG-

NB, 17.8 mM NaOH, 12.75 mM crosslinker MMP-degradable peptide, 1 mM CRGDS, 2 

mM LAP, and 0.25 mM fluorescent MMP-degradable peptide in PBS. A stock 

concentration of 10 mg/mL collagenase type I enzyme (Life Technologies) was made by 

reconstituting in PBS, and further dilutions were made as indicated. MMP-1, -2 and -9 

(EMD Millipore) were activated following the manufacturer’s protocols, and used at a 

final concentration of 1 µg/mL. 150 µL of assay buffer with or without MMP-1, -2, or -9 

was added to each well. Assay buffer consisted of 50 mM Tris-HCl (Sigma-Aldrich), 10 

mM CaCl2 (Fisher Scientific™, Pittsburgh, PA), 150 mM NaCl (Fisher Scientific), 0.5% 

v/v sodium azide (Fisher Scientific) and 0.05% v/v Triton-X100 (Sigma-Aldrich). For 

MMP inhibition, 20 µM of the broad spectrum MMP inhibitor GM6001 (Abcam, 

Cambridge, MA) or an equivalent volume (0.02% v/v) of DMSO vehicle control was 

added. 

 

2.3.8  Statistical Analysis 

Each high throughput assay was completed three independent times with three replicates 

per condition. All other experiments were repeated at least three independent times. Data 

was analyzed using GraphPad Prism 7 software (GraphPad Software, Inc, San Diego, 
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CA) using one-way ANOVA with Tukey multiple comparisons posttest, with a 

significance level set at p < 0.05. 

 

2.3.9 Protocol 

2.3.9.1  Hydrogel Components Preparation 

2.3.9.1.1 Synthesize the fluorescent protease-degradable peptides as described elsewhere 

(Leight et al., 2013), utilizing fluorescein as the fluorescent molecule and 

dabcyl as the quencher. Dissolve the peptide in DMSO to a concentration of 10 

mM and store in a -80 °C freezer in small (~30 µL) aliquots to avoid repeated 

freeze-thaw cycles. NOTE: These peptides can also be purchased 

commercially. However, for a faster experimental turnaround time, fluorescent 

protease-degradable peptides were synthesized. This protocol requires a C-

terminal cysteine in the peptide sequence to enable covalent incorporation into 

the hydrogel polymer network.  

2.3.9.1.2 Prepare 8 arm 40 kDa poly(ethylene glycol) amine (PEG)-norbornene (NB) as 

described (Sridhar et al., 2015). Verify end group functionalization of greater 

than 90% using 1H NMR. Dissolve PEG-NB in sterile phosphate buffer saline 

(PBS) at 25% w/v and store in -80 °C freezer in (~300 µL) aliquots. NOTE: 

PEG functionalized with norbornene can also be purchased commercially. 
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2.3.9.1.3 Synthesize the photo-initiator lithium phenyl 2,4,6 

trimethylbenzoylphosphinate (LAP) as described elsewhere (Fairbanks, 

Schwartz, Bowman, et al., 2009). Dissolve LAP in sterile water to a 

concentration of 68 mM and store in a -80 °C freezer in (~300 µL) aliquots. 

NOTE: As an alternative, Irgacure (2-Hydroxy-4′-(2-hydroxyethoxy)-2-

methylpropiophenone) can be used as the photo-initiator. LAP and Irgacure 

can be purchased commercially. 

2.3.9.1.4 Dissolve the MMP-degradable peptide crosslinker (KCGPQG↓IWGQCK) and 

the cell adhesion peptide (CRGDS) in sterile water to a concentration of 200 

mM and 100 mM respectively, and store them in a -80 °C freezer in (~300 µL 

and ~30 µL) aliquots, respectively. 

2.3.9.2 Assay Media Preparation 

2.3.9.2.1 Prepare the heat-inactivated, charcoal stripped fetal bovine serum (FBS) for the 

MMP assay. NOTE: Proteases in FBS can produce a high background signal 

with the MMP assay; therefore, it is recommended to heat-inactivate and 

charcoal strip the FBS for the assay media.  

2.3.9.2.1.1  Inactivate 100 mL of FBS by heating for 30 min at 55 °C. NOTE: 100 mL of 

FBS was utilized here for aliquoting and storage at -20 °C for future use. 

Smaller volumes can be used as needed. 

2.3.9.2.1.2  Add 0.25% of activated charcoal and 0.025% of dextran to a small amount 

of FBS (approximately 5 mL) and stir until a slurry is formed. Then, add the 

rest of the FBS and stir for 30 min at 55 °C. 
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2.3.9.2.1.3  Centrifuge at 3000 rpm for 20 min at 4 °C. Then transfer the supernatant to 

another vessel. 

2.3.9.2.1.4  Repeat step 2.3.9.2.1.2 but at 37 °C followed by step 2.3.9.2.1.3. Sterilize the 

supernatant using a 0.45 µm filter and then a 0.2 µm filter. 

2.3.9.2.2 Prepare assay media using media supplemented with 1% charcoal stripped 

FBS, 2 mM L-glutamine, 10 U/mL penicillin, 10 µg/mL streptomycin. NOTE: 

Media without phenol red is recommended because it has less fluorescence 

interference. Other additions to the assay media such as insulin, growth factors, 

etc. may be added as long as the absorbance and fluorescence spectrum peaks 

do not overlap with the sensor (494 nm/521 nm). 

2.3.9.2.3 Dilute bacterial collagenase enzyme type I at 10 and 1000 µg/mL in the assay 

media as a positive control. 

2.3.9.3 Hydrogel Preparation and Cell Encapsulation 

2.3.9.3.1 Prepare the hydrogel precursor solution. 

2.3.9.3.1.1 Add the reagents to a 1.5 mL tube in the following order, vortexing after 

addition of each component: 20 mM 8 arm 40 kDa PEG-NB, 12.75 mM 

crosslinker MMP-degradable peptide, 17.8 mM NaOH, 1 mM CRGDS, 2 

mM LAP, and 0.25 mM fluorogenic MMP-degradable peptide.  
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NOTE: Table 2 shows hydrogel precursor solution contents, stock 

concentrations, working concentrations, volume calculation formulas and the 

required volumes needed to make 120 µL of hydrogel precursor solution, 

which is sufficient to conduct an experiment with 10 hydrogels. To account 

for loss of the hydrogel solution due to pipetting, increase the total volume by 

20%. The commercial peptides are often supplied in an acidic hydrogen 

chloride solution; therefore, NaOH is added to achieve a final pH of 7. pH of 

the final solution should be confirmed by the user. 

 

 
Precursor 

Solution 

Contents 

Stock 

Conc. 

Working 

Conc. 
Volume Formula 

Example volume 

for 10 hydrogels 

(µL) 

PEG-NB (wt%) 25 10 
working conc.*total volume / stock 

conc. 
48.00 

Crosslinker 

MMP-

degradable 

peptide  (mM) 

200 
8. 75 to 

18.75 
Stoichiometry (thiols:enes) (0.5 to 1) 5.25 to 7.65 

NaOH (M) 1 - 28% of the crosslinker volume 1.47 to 3.14 

RGD pendant 

peptide (mM) 
100 1 

working conc.*total volume / stock 

conc. 
1.20 

LAP (mM) 68 2 
working conc.*total volume / stock 

conc. 
3.53 

Fluorescent 

MMP-

degradable 

peptide (mM) 

10 0.25 
working conc.*total volume / stock 

conc. 
3.00 

1X PBS (for all 

conditions) 
- - 

total volume - sum of all precursor 

components 
57.56 to 49.88 

Total Volume = 

number of hydrogels (10 hydrogels) 

* hydrogel volume (10 µL) * 20% 

extra 

120.00 

Table 2: Hydrogel Precursor Solution Preparation. 
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2.3.9.3.1.2 Divide the hydrogel precursor solution into multiple 1.5 mL tubes, one tube 

per condition being tested. NOTE: Several control conditions in which 

hydrogels are prepared without the addition of cells are suggested. For a 

negative control, to account for non-specific degradation of the fluorogenic 

sensor, one hydrogel condition can be incubated with the vehicle control or 

the experimental media alone if there are no treatment conditions. For a 

positive control and for calibration between experiments, hydrogels can be 

incubated with a protease known to cleave the fluorogenic sensor. For 

example, two concentrations of bacterial collagenase were used here.  

2.3.9.3.2 Encapsulate cells in hydrogels. 

2.3.9.3.2.1  Prepare a single cell suspension as appropriate for the cell type being used. 

For example, wash cells with 10 mL of PBS. Trypsinize cells using 0.05% 

trypsin and incubate at 37 °C and 5% CO2 for 3 min. Count cells with a 

hemocytometer to determine total cell number. 

2.3.9.3.2.2  Centrifuge the cell solution at 1200 rpm for 3 min, aspirate culture media, 

then re-suspend cells in PBS at approximately three times the highest 

required seeding density for the experiment. For example, a cell suspension 

with a density of 21 x 106 cells was used to achieve a final encapsulated 

density of 7 x 106 cells/mL. 

2.3.9.3.2.3  Count the cells again to ensure an accurate cell concentration. 
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2.3.9.3.2.4  Add suspended cells and PBS to each tube of hydrogel precursor solution 

according to the required seeding density. Add PBS to conditions with no 

cells in lieu of suspended cells. NOTE: All conditions should have the same 

final hydrogel precursor solution volume to ensure the ratio between the 

hydrogel components and PBS is constant. Do not vortex tubes that have 

cells in them, pipette up and down vigorously without creating bubbles in 

order to mix the precursor solution. 

2.3.9.3.2.5  Dispense 10 µL of the hydrogel precursor solution into a sterile black round 

bottom 96-well plate, ensuring that the tip is centered in the middle of the 

each well while dispensing. 

2.3.9.3.2.6  Polymerize hydrogel precursor solution by exposing the plate to ultra violet 

(UV) light at 4 mW/cm2 for 3 min. NOTE: The UV lamp (UVL-56 Handheld 

UV Lamp, UVP, Upland, CA) produces UV-A light at a long UV wavelength 

(365 nm), which does not affect cellular viability. 

2.3.9.3.2.7  Add 150 µL of assay media to all wells except for the positive control 

conditions without encapsulated cells. To the positive controls, add 150 µL of 

collagenase enzyme solution. 

2.3.9.3.2.8  Add 150 µL of PBS to the outer wells of the plate to reduce evaporation 

during incubation. 
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2.3.9.4  MMP and Metabolic Activity Measurement 

2.3.9.4.1 Measure fluorescence immediately post-encapsulation to establish a baseline 

fluorescence measurement and ensure uniformity in hydrogel polymerization. 

Read the plate using a fluorescence microplate reader utilizing an opaque 96-

well plate protocol with an area scan setting at 494 nm/521 nm 

(excitation/emission). This will be the 0 hr read. 

2.3.9.4.2 Incubate plate in a humidified incubator at 37 °C and 5% CO2 for 18 hr. 

2.3.9.4.3 Add metabolic activity reagent (resazurin) at 1:10 (v/v) for each well. 

2.3.9.4.4 Incubate plate in a humidified incubator at 37 °C and 5% CO2 for an additional 

6 hr. NOTE: This incubation time may vary depending on cell type. 

2.3.9.4.5 Measure fluorescence at 24 hr post-encapsulation. Read the plate using a 

fluorescence microplate reader utilizing an opaque 96-well plate protocol with 

an area scan setting at 494 nm/521 nm (excitation/emission) for MMP activity 

and 560 nm/590 nm (excitation/emission) for metabolic activity. 

 

2.4 Results and Discussion 

2.4.1  High Throughput Assay Development 

3D microenvironments can be synthetically generated to more closely mimic the in vivo 

tumor microenvironment, making them a valuable tool in drug screening assays (Baker & 

Chen, 2012; Ryan et al., 2016; Seliktar, 2012). However, 3D culture often makes analysis 

of cellular responses to drug treatment more difficult; hence most 3D drug screening 

assays have been limited to measurements of cell viability. However, many other cell 
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functions contribute to disease. For example, MMP activity is upregulated during tumor 

progression and this increased MMP activity can promote cancer cell invasion and 

migration (Yodkeeree et al., 2009, 2008). Therefore, there is a need for new technologies 

that enable HT measurements of a wider range of cell functions. 

 

To begin to address this need, we have adapted and characterized a hydrogel culture 

system that enables the culturing of single cells in a 3D microenvironment and detection 

of MMP activity simultaneously. Previously, we developed a low throughput 3D 

fluorescent hydrogel system for measuring global MMP activity (Leight et al., 2013). 

Briefly, this system measures MMP proteolysis through the use of quenched fluorescent 

MMP-degradable peptides covalently incorporated into a PEG hydrogel network during 

polymerization. Cleavage of the peptide sensor by cell secreted MMPs resulted in 

increased fluorescence that was directly detected using a standard microplate reader. 

Figure 6 illustrates the basic design of the fluorescent MMP-degradable peptide. 
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To adapt this system for HT screening, the MMP sensor hydrogel system was 

miniaturized to a 96-well format. First, a hydrogel precursor solution, consisting of a 

PEG 8-arm macromer, a MMP-degradable peptide crosslinker, a cell adhesion peptide 

(CRGDS), photo-initiator, and the fluorescent MMP-degradable peptide were combined 

 

Figure 6: The fluorogenic MMP-degradable peptide 

design. The fluorogenic MMP-degradable peptide 

consists of a backbone peptide  

GPLA↓C(pMeOBzl)WARKDDK(AdOO)C (↓ indicates 

the cleavage site), LACW as an example here, that 

determines the specificity of the sensor. The peptide is 

labeled with a quencher (dabcyl) and a fluorophore 

(fluorescein), which is unquenched (fluoresces) when 

the backbone peptide is cleaved by MMP. A thiol group 

is conjugated to the backbone peptide to enable 

covalent reaction with norbornene functional groups in 

the PEG molecule, coupling the sensor to the hydrogel. 
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with a concentrated cell suspension in phosphate buffered saline (PBS). The cell-

hydrogel precursor solution was then pipetted into each well, and hydrogel 

polymerization was photo-initiated by exposure to long wavelength UV light (365 nm, 4 

mW/cm2 for 3 min). Photo-initiated polymerization is a well-established technique for 

cell encapsulation that does not significantly affect cell viability (DeForest et al., 2009; 

Fairbanks, Schwartz, Halevi, et al., 2009; Leight et al., 2013; Mabry et al., 2016). Cell 

culture media was added, and the encapsulated cells were incubated (37 °C, 5% CO2) for 

24 hr. 

 

As an internal control for differences in cell number, cellular metabolic activity was 

measured using resazurin, a non-fluorescent dye that is converted into a fluorescent 

molecule by a reduction reaction in metabolically active cells. The excitation and 

emission spectrum of resazurin is sufficiently separated from the fluorogenic MMP 

sensor spectrum, enabling measurement of both MMP activity and metabolic activity in 

the same well. However, the overall intensity of the fluorophore was reduced in 

comparison to conditions without resazurin dye, because resazurin opaqueness partially 

absorbs emitted light from the excited fluorophore (Figure 7A). Nevertheless, the 

reduction in signal intensity was consistent, around 50-60%, across all conditions (Figure 

7B).  
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Resazurin was added to the wells 6 hr before the final plate read at 24 hr. Fluorescence 

intensity was measured using a microplate reader with an area well scan. A schematic of 

the process is illustrated in Figure 8. The 96-well format eliminated several steps from 

the previous 24 well protocol, reducing the time needed per well by approximately 50%. 

Further, the total hydrogel volume needed per well was reduced by 80% (50µL to 10µL) 

as compared to the previous 24-well format. This miniaturization also increased the 

number of possible conditions tested per plate from 12 conditions in duplicates utilizing 

the 24-well plate to 20 conditions in triplicates utilizing the 96-well plate. 

 

 

 

 

Figure 7: Resazurin dye effect on fluorogenic MMP sensor signal. (A) 6, 2 x 106 

cells/mL and no cells were incubated in functionalized hydrogels for 18 hr, then resazurin 

was added (gray lines) and MMP activity was measured for a total of 48 hr, n=3 ± SD. (B) 

MMP activity of conditions with resazurin (Alamar Blue (AB)) was normalized to MMP 

activity of conditions without AB to reflect signal intensity reduction rate, n=3 ± SD. 
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For consistent fluorescence measurements using a plate reader, it is essential that the 

hydrogels are centered within the culture well, and have geometrically reproducible 

shape. The importance of centering and having a reproducible geometrical hydrogel 

shape has also been observed by others (Mabry et al., 2016). However, centering the gels 

proved to be difficult and highly variable using standard flat bottom 96-well plates, due 

to the liquid precursor solution being drawn up the side of the well by surface tension and 

the resulting hydrogels not evenly covering the bottom of the well. In the system 

developed by Leight et al. (Leight et al., 2013), the hydrogel shape and centered position 

was determined by the use of silicone gaskets acting as a mold, whereas the 96-well 

system relies upon surface tension for maintaining hydrogel shape until the 

polymerization process is complete. In flat bottom plates, the hydrogel precursor solution 

 

 

Figure 8: Assay schematic. The hydrogel precursor solution components are mixed with 

cells suspended in PBS. The precursor solution is then pipetted into black, round bottom, 

96-well plates and polymerized by exposure to UV light for 3 min. Assay media is added, 

and plates are incubated for 18 hr (37 °C, 5% CO2). The metabolic activity reagent 

resazurin is then added, and plates are incubated for an additional 6 hr. MMP and metabolic 

activity are measured using a fluorescent microplate reader with a well scan protocol at the 

indicated excitation/emission wavelengths. 
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incompletely covered the bottom of the well and formed a meniscus with the side wall in 

46% ± 7.3% (mean ± SD, n=3) of the wells. This caused irregularly shaped hydrogels 

that were not centered within the well, which increased the variability of the fluorescent 

measurements. Fluorescent measurements of functionalized hydrogels in flat bottom 

plates incubated for 24 hr with collagenase type I enzyme concentrations (0 - 1000 

µg/mL) had high coefficients of variation (%CV) (the ratio of the standard deviation to 

the mean) between triplicates (Figure 9A). To overcome this variability, round bottom 

96-well plates were used, where the curvature of the well centered the hydrogel by 

facilitating the placement of the dispensing tip in the center of the well. 

 

Hydrogels in round bottom plates were observed to have a uniform shape. This 

uniformity was reflected by a reduction in the %CV for fluorescent measurements of 

hydrogels exposed to collagenase concentrations at or below 10 µg/mL compared to the 

flat bottom plates, and more consistent readings across all concentrations (Figure 9A). 

Low variability between triplicates is a critical factor in the development of HT assays 

and can affect the working range and sensitivity of the assay. The working range is 

defined as 3 standard deviations above the minimum detected signal (background), while 

the maximum limit of the working range is 3 standard deviations below the maximum 

detected signal. Because conditions in round bottom plates had a lower %CV, the 

working range in the round bottom plates was 15% larger than the flat bottom plates 

(Figure 9B). Therefore, black round bottom 96-well plates were utilized for all 

subsequent assays due to the ease of pipetting consistently centered gels, the increased 
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working range of detection, and reduced overall variability between triplicates. It is worth 

noting that the curvature of the wells in round bottom plates would also aid in future use 

of automated liquid handlers. Round bottom plates would decrease the amount of time 

spent calibrating placement of the dispensing tip in the center of wells and offer an 

alternative solution for automated liquid handlers that are not equipped with self-

calibrating features. 

 

 

2.4.2  High Throughput Assay Characterization 

To characterize the assay and determine its suitability for HT applications, the detection 

limits and signal range were determined. Hydrogels were incubated in a range of 

collagenase type I enzyme concentrations (0 to 2000 µg/mL) at 37 °C for 24 hr to 

establish the dynamic range (maximum and minimum detected intensities) of the 

fluorescent sensor functionalized hydrogels. The upper limit of detection was observed 

 

Figure 9: Effect of plate geometry on fluorescent measurements. (A) Coefficient of 

variation percentage (%CV) of round bottom (RB) and flat bottom (FB) plates. n=3, 

*p<0.05. (B) Working ranges (WR) based on the fluorescence intensity (RFU, relative 

fluorescence units) of the MMP fluorogenic peptide in RB and FB plates after incubation 

for 24 hr with a range of collagenase type I enzyme concentrations. n=3 ± SD, *p<0.05. 
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with collagenase concentrations at or above 1000 µg/mL, while background noise levels 

were established by negative control hydrogels with no collagenase (Figure 10A). From 

this dynamic range, the working range was calculated to be between ≈ 0.02 µg/mL and ≈ 

575 µg/mL of collagenase (Figure 10A). This large working range over four orders of 

magnitude gives this HT assay the flexibility to detect a wide range of MMP 

concentrations, which is important since different cell types can produce varying 

concentrations of MMPs. 

 

Mechanical properties of the cellular microenvironment have been shown to regulate a 

number of cell functions, including cell morphology, migration, and MMP activity 

(Ehrbar et al., 2011; Leight et al., 2013; Mabry et al., 2016). The mechanical properties of 

synthetic hydrogels, including PEG, can be precisely tuned by varying the crosslinking 

density (i.e the ratio of thiol groups in the crosslinking peptide to the norbornene groups 

on the PEG macromer (thiols:enes)) (Mabry et al., 2016), or the structure of the polymer 

building blocks (i.e the number or length of macromer arms) to recapitulate in vivo tissue 

properties without affecting ligand density. However, changing the underlying structure 

of the hydrogel may affect the porosity and diffusion of molecules within the hydrogel. 

Therefore, to determine if changes in mechanical properties of the hydrogel affect the 

measurement of enzyme activity the crosslinking density was varied with three thiol:ene 

ratios (0.5, 0.7 and 0.9) corresponding to low, medium and high stiffness respectively and 

the hydrogels were exposed to a range of collagenase type I enzyme concentrations (0 – 

2000 µg/mL) (Figure 10B). No significant difference between the three ratios for each 
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collagenase concentration from 0.01 – 2000 µg/mL, indicating that varying the 

mechanical properties of the hydrogel did not affect the performance of the assay. 

 

An important attribute of HT assays is their tolerance to dimethyl sulfoxide (DMSO), a 

common organic solvent used for reconstituting therapeutic compounds. High 

concentrations of DMSO have been observed to affect signal detection methods and 

enzyme kinetics (Williams & Scott, 2009). To investigate the effect of DMSO in this 

assay, we incubated the hydrogels with a range of concentrations of DMSO (0 to 2% v/v) 

with or without collagenase (10 µg/mL), or with encapsulated cells (HT1080 at 3 x 106 

cells/mL). This range of DMSO concentrations was selected due to most cellular 

applications limiting DMSO to 1% of the total volume in order to avoid cellular toxicity, 

which has been observed with higher concentrations. There was no significant difference 

between signals with or without collagenase for any of the DMSO concentrations (Figure 

10C). Similarly, there was no significant difference between signals of encapsulated cells 

for MMP Activity (Figure 10C). Moreover, metabolic activity was not significantly 

different than control at DMSO concentrations of 1.5% (v/v) or less (Figure 10D). 

Therefore, this assay can be utilized to measure the effects of a wide variety of 

chemotherapeutic agents on cellular MMP and metabolic activity without DMSO 

affecting signal detection. 
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To determine the assay robustness and reproducibility, standard plate uniformity tests 

were performed to determine the variability across multiple plates and multiple days. 

Uniformity tests were also used to determine the separation of each signal level (Z'-

 

Figure 10: Assay characterization: detection limits, stiffness and DMSO tolerances. 

(A) Dynamic and working range of the assay. Functionalized hydrogels were incubated 

with a range of collagenase enzyme concentrations for 24 hr and fluorescence intensities 

were measured n=3 ± SD. (B) Fluorescence intensities of the functionalized hydrogels 

with low, medium, and high crosslinking ratios incubated in a range of collagenase 

concentrations for 24 hr. n=3 ± SD, *p<0.05. (C) Fluorescence intensity of the 

functionalized hydrogels incubated with a range of DMSO concentrations for 24 hr with 

or without collagenase, or with encapsulated cells (HT1080). n=3 ± SD. (D) Metabolic 

activity of HT1080 cells encapsulated in the functionalized hydrogels and incubated with 

a range of DMSO concentrations for 24 hr, normalized to metabolic activity at 0% 

DMSO. n=3 ± SD, *p<0.05. 
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factor) and the suitability of the assay for HT applications. The uniformity test determines 

spatial intra-plate and inter-plate uniformity and variability within the same day and 

across different days of experimentation. The uniformity tests were performed with 

collagenase enzyme or with HT1080 cells by producing high, medium (med) 

(approximately half the intensity of high) and low (background) fluorescence signals 

arranged in an interleaved format, as described elsewhere (Chai, Goktug, & Chen, 2015; 

Iversen et al., 2004).  

 

For the uniformity test with the collagenase enzyme, functionalized hydrogels were 

incubated with 1000, 10, and 0 µg/mL collagenase type I enzyme, for 24 hr (37 °C, 5% 

CO2). For the encapsulated cell uniformity test, cell seeding density was utilized to 

produce the three fluorescent signal levels (low, med and high). HT1080 cells were 

encapsulated for 24 hr in functionalized hydrogels at 0 (no cells), 3 and 6 x 106 cells/mL 

to produce low, med and high signals, respectively. However, due to the small Hill slope 

value of 0.186, calculated from the HT1080 cell seeding density MMP activity curve 

(Figure 15A), tolerance of the assay to plate-to-plate and day-to-day variability was 

dramatically reduced. Consequently, some inter-plate and inter-day fold shifts calculated 

from formulas in Table 3 were above 2 (ranged from 1.1 to 2.5 for inter-plate and 1.3 to 

4.8 for inter-day fold shifts). A single occurrence of inter-plate or inter-day fold shift 

greater than 2 means that the HT assay does not meet the acceptance threshold, which 

results in rejecting the HT cellular assay uniformity test utilizing producing signal levels 

as a function of cell seeding density. Another approach was conducted to overcome this 
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rejection. Cells were treated with the broad spectrum MMP inhibitor GM6001 to identify 

conditions that produce high, med, and low signals. HT1080 cells were encapsulated in 

the functionalized hydrogels at 3 x 106 cells/mL, and incubated for 24 hr with GM6001 

over a range of concentrations from 0.01 µM to 500 µM (Figure 11A). The highest signal 

was observed in the control cells treated with (0.5% v/v) DMSO vehicle control. From 

the dose response curve (Figure 11A), the concentration of GM6001 that resulted in 50% 

inhibition (IC50) of MMP activity was determined to be 0.29 µM. MMP activity was 

completely inhibited, with a fluorescence signal similar to background, with 

concentrations greater than 5 µM of GM6001. At concentrations greater than 100 µM of 

GM6001, metabolic activity was significantly reduced (Figure 11B). Therefore, a 

concentration of 10 µM was used to produce the low signal in the uniformity tests. The 

Hill slope was calculated to be 1.1, and this value was used to calculate the inter-plate 

and inter-day fold shifts for the uniformity tests (Table 3). 
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To test the uniformity of the assay for measuring cell secreted enzymes, HT1080 cells 

were encapsulated in the functionalized hydrogels at 3 x 106 cells/mL, and incubated for 

24 hr (37 °C, 5% CO2) with a broad spectrum MMP inhibitor (GM6001) at 0.4 µM  and 

10 µM, or (0.01% v/v) DMSO control (Figure 12B). The uniformity tests were performed 

on three different days (Day A, B, and C) utilizing three separate plates each day (Figure 

12 A, B). Each plate was incubated for 24 hr with a total of 32 wells for each signal level, 

as described previously (Chai et al., 2015; Iversen et al., 2004). Variability in average 

signal level, even in the DMSO treated control, was observed to be higher between days 

with the encapsulated cells as compared to the enzyme uniformity test (Figure 12A and 

12B). Cell-based assays often have higher variability (Shelper, Lovitt, & Avery, 2016) 

similar to the results observed here, and can be more sensitive to batch-to-batch 

 

Figure 11: MMP and metabolic activity of fibrosarcoma cells in response to MMP 

inhibitor (GM6001). (A) MMP activity of HT1080 cells, encapsulated in the 

functionalized hydrogels at 3 x 106 cells/mL, and incubated for 24 hr (37 °C, 5% CO2) 

with GM6001 in a concentration range from 0.01 µM to 500 µM. Triplicates of n=3 

experiments were fit with a nonlinear regression curve fit with variable slope. (B) 

Measurement of metabolic activity normalized to the vehicle control for encapsulated 

cells treated with GM6001. n=3 ± SD, *p<0.05, compared to the vehicle control. 
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variability (Chai et al., 2015). Therefore, the results of the uniformity test were 

normalized to the average high signal level per day to give a relative decrease in MMP 

activity due to the MMP inhibitor, which resulted in a similar decrease in signal across 

days (Figure 12B). Cellular uniformity test data without normalization can be found in 

Figure 13. 

 

To assess the HT assay performance, both the Z’-factor and %CV of all the plates were 

calculated (Figure 12C and 12D). Unlike signal-to-background or signal-to-noise ratios, 

Z’-factor calculations account for the variability in the controls and the samples and is 

therefore a more accurate indicator of the measurement quality of an assay (J.-H. Zhang, 

Chung, & Oldenburg, 1999). The Z’-factor is a ratio between the working range and 

dynamic range to determine the overlap between signal bands of the positive and 

negative controls. Z’-factor can be calculated using the following formula:  

(𝑀𝑒𝑎𝑛ℎ𝑖𝑔ℎ − 3 ∗ 𝑆𝐷ℎ𝑖𝑔ℎ/ √𝑛) − (𝑀𝑒𝑎𝑛𝑙𝑜𝑤 + 3 ∗ 𝑆𝐷𝑙𝑜𝑤/√𝑛)

𝑀𝑒𝑎𝑛ℎ𝑖𝑔ℎ– 𝑀𝑒𝑎𝑛𝑙𝑜𝑤
 

Z’-factor values closer to 1 indicate large separation between signal bands and values 

closer to zero indicate little separation between signal bands. Values below zero indicate 

the assay is unsuitable for screening applications due to overlapping signal bands (J.-H. 

Zhang et al., 1999). 
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Based on previous values reported in the literature, we chose a Z'-factor value of 0.5 or 

greater as the acceptance threshold for the enzymatic assay and 0.4 or greater for the 

 

Figure 12: Plate uniformity with collagenase enzyme and HT1080 cells. (A) 96-well 

plate uniformity test using high, medium (approximately half the intensity of high) and 

low (background) fluorescence signals arranged in an interleaved format by adding 1000, 

10, and 0 µg/mL collagenase type I enzyme to the functionalized hydrogels, respectively. 

Each plate was incubated for 24 hr with a total of 32 wells for each signal level. (B) 

Normalized 96-well plate uniformity test was performed by utilizing low, medium and 

high fluorescence signals arranged in an interleaved format by culturing HT1080 cells at 

3 x 106 cells/ mL with 10 µM, 0.4 µM and DMSO control of the broad spectrum MMP 

inhibitor GM6001, respectively. Each plate was incubated for 24 hr with a total of 32 

wells for each signal level. Signal levels were normalized to the mean of the high signal 

for each day. (C) Z’-factor for high signals and %CV for all three signal levels (high, 

medium and low) were calculated from the enzymatic plate uniformity test. (D) Z’-factor 

for high signals and %CV for all three signal levels (high, medium and low) were 

calculated from the cellular plate uniformity test. 
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cellular assay (Chai et al., 2015; Iversen et al., 2004; Williams & Scott, 2009; J.-H. 

Zhang et al., 1999). The Z’-factor was calculated from the high signal control, produced 

by collagenase enzyme and HT1080 cells. The Z’-factor values for the high signals for 

the 9 plates incubated with collagenase enzyme were above 0.9 and the %CV of all three 

signal levels were below 10% (Figure 12C). The Z’-factor values for the high signals for 

the 9 plates with encapsulated cells were above 0.5 and the %CV of all three signal levels 

were below 12% (Figure 12D). These Z’-factor and %CV indicates that the variability of 

this assay is suitable and within the acceptable range for high throughput applications 

(Chai et al., 2015; Iversen et al., 2004; J.-H. Zhang et al., 1999). 

 

 

 

Figure 13: Cellular assay uniformity test without 

normalization. 96-well plate uniformity test was 

performed by utilizing low, medium and high 

fluorescence signals arranged in an interleaved format 

by culturing HT1080 cell line at 3 x 106 cells/ mL with 

10 µM, 0.4 µM and DMSO control of the broad 

spectrum MMP inhibitor GM6001, respectively. Each 

plate was incubated for 24 hr with a total of 32 wells 

for each signal level. 
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Uniformity test results include edge effect, drift, Z’-factor, %CVhigh, %CVmed, %CVlow, 

and inter-plate and inter-day fold shifts of the med signals, and are summarized in Table 

3 for both enzymatic and cellular assays. The spatial intra-plate uniformity, evaluated by 

calculating the edge effect and drift within the same plate, achieved values ranged from 

16% to 22% and 3% to 8%, respectively for the enzymatic assay and 7% to 28% and 3% 

to 7%, respectively for the cellular assay (Chai et al., 2015; Iversen et al., 2004). Within 

the uniformity test, the edge effects were more than 20% for some plates, with a mean ± 

SD of 19.5% ± 1.74% for the enzymatic assay and 17.8% ± 7.77% for the cellular assay. 

Therefore, wells on the edges of the plate (36 wells total) were not used for further 

studies. Eliminating the edge wells reduces the edge effect to 14.95 ± 5.12 for the 

enzymatic assay and 13.47 ± 4.70 for the cellular assay. Other methods, such as sealing 

membranes could also be used to reduce the edge effect further (Boehnke et al., 2016). 

 

Z’-factor values for the high signals were above 0.5, with a Z’-factor range from 0.91 to 

0.94 for the enzymatic assay and from 0.57 to 0.81 for the cellular assay, indicating that 

the assays measurement quality are within the excellent range. The range of %CV for the 

high, med and low (background) signals were from 1.1% to 2.0%, from 4.3% to 4.9%, 

and from 6.9% to 8.3%, respectively, for the enzymatic assay, and from 2.6% to 4.4%, 

from 2.0% to 5.9% and from 7.5% to 11.9%, respectively, for the cellular assay, all of 

which are below the acceptance threshold of 15% and 20%, respectively (Chai et al., 

2015; Iversen et al., 2004). For the enzymatic assay, the inter-plate and inter-day fold 

shifts were all below the acceptance threshold of 2 (ranged from 1.0 to 1.6 and from 1.1 
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to 1.7, respectively). For the cellular assay, the inter-plate and inter-day fold shifts ranged 

from 1.0 to 1.1 and from 1.1 to 1.5, respectively. The metrics described above indicate 

this HT 3D MMP activity assay is reproducible and robust, making it well suited for 

screening applications. 

 

Table 3: High Throughput Assay Robustness, Reproducibility and Performance. 

Parameter 

Enzymatic Cellular 

Formula 
Min - 

Max 
Threshold 

Min - 

Max 
Threshold 

Intraplate 

Edge effect (%) 
𝑀𝑎𝑥. 𝑟𝑜𝑤 𝑚𝑒𝑎𝑛𝑚𝑒𝑑 – 𝑀𝑖𝑛. 𝑟𝑜𝑤 𝑚𝑒𝑎𝑛𝑚𝑒𝑑

𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑚𝑒𝑎𝑛𝑚𝑒𝑑

∗ 100 With edge wells 16 - 22 
≤ 20 

7 – 28 
≤ 20 

Without edge wells 11 - 22 6 - 19 

Drift (%) 
𝑀𝑎𝑥. 𝑐𝑜𝑙𝑢𝑚𝑛 𝑚𝑒𝑎𝑛𝑚𝑒𝑑 – 𝑀𝑖𝑛. 𝑐𝑜𝑙𝑢𝑚𝑛 𝑚𝑒𝑎𝑛𝑚𝑒𝑑

𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝑚𝑒𝑎𝑛𝑚𝑒𝑑

∗ 100 With edge wells 3 - 8 
≤ 20 

3 - 7 
≤ 20 

Without edge wells 2 - 7 2 - 9 

Z’-Factor* 0.91 - 

0.94 
≥ 0.5 

0.57 - 

0.81 
≥ 0.4 

(𝑀𝑒𝑎𝑛ℎ𝑖𝑔ℎ − 3 ∗ 𝑆𝐷ℎ𝑖𝑔ℎ/ √𝑛) − (𝑀𝑒𝑎𝑛𝑙𝑜𝑤 + 3 ∗ 𝑆𝐷𝑙𝑜𝑤/√𝑛)

𝑀𝑒𝑎𝑛ℎ𝑖𝑔ℎ– 𝑀𝑒𝑎𝑛𝑙𝑜𝑤

 

CVhigh (%) 
1.1 - 

2.0 

≤ 15 

2.6 - 

4.4 

≤ 20 
𝑆𝐷/ √𝑛 

𝑀𝑒𝑎𝑛
∗ 100 CVmed (%) 

4.3 - 

4.9 

2.0 - 

5.9 

CVlow (%) 
6.9 - 

8.3 

7.5 - 

11.9 

SDmed activity (%) 4.2 - 

5.1 
≤ 15 

3.1 - 

10.8 
≤ 20 𝑀𝑒𝑑 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =  

𝑆𝑚𝑒𝑑 − 𝑀𝑒𝑎𝑛𝑙𝑜𝑤

𝑀𝑒𝑎𝑛ℎ𝑖𝑔ℎ − 𝑀𝑒𝑎𝑛𝑙𝑜𝑤

∗ 100 

Interplate, interday 

Fold shift between 

plates 

1.0 - 

1.6 
≤ 2 

1.0 - 

1.1 

≤ 2 

For all 

plates 

(
(100 − 𝑀𝑒𝑑 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑝𝑙𝑎𝑡𝑒 𝑎) ∗ 𝑀𝑒𝑑 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑝𝑙𝑎𝑡𝑒 𝑏

(100 − 𝑀𝑒𝑑 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑝𝑙𝑎𝑡𝑒 𝑏) ∗ 𝑀𝑒𝑑 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑝𝑙𝑎𝑡𝑒 𝑎

)
1

𝑆𝑙𝑜𝑝𝑒 

Fold shift between 

days 
1.1 - 

1.7 
≤ 2 

1.1 - 

1.5 

≤ 2 

For all 

days 

(
(100 − 𝑀𝑒𝑎𝑛𝑚𝑒𝑑 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑑𝑎𝑦 𝑎) ∗ 𝑀𝑒𝑎𝑛𝑚𝑒𝑑 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑑𝑎𝑦 𝑏

(100 − 𝑀𝑒𝑎𝑛𝑚𝑒𝑑 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑑𝑎𝑦 𝑏) ∗ 𝑀𝑒𝑎𝑛𝑚𝑒𝑑 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑑𝑎𝑦 𝑎

)
1

𝑆𝑙𝑜𝑝𝑒 

* 𝑛 is number of replicates per concentration to be used in the application assay (triplicates here). 

Three black round bottom 96-well plates were used each day for three consecutive days in an interleaved signal manner. For 

low, med and high signals in the enzymatic uniformity test, our functionalized hydrogels were incubated for 24 hr (37°C, 5% 

CO2) in 0, 10 and 1000 µg/mL collagenase type I enzyme, respectively. n=32 for each signal level in each plate for a total of 

nine plates. For low, med and high signals in the cellular uniformity test, HT1080 cells (3 x 106 cells/mL) were encapsulated 

in the functionalized hydrogels and incubated for 24 hr (37°C, 5% CO2) in 10 µM, 0.4 µM and DMSO control of broad 

spectrum MMP inhibitor GM6001, respectively. n=32 for each signal level in each plate for a total of nine plates. 

CV, coefficient of variation; SD, standard deviation; Med, medium; Min, minimum; Max, maximum. 
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2.4.3  Assay Validation with Human MMPs and Encapsulated Cells 

Bacterial collagenase was used in the characterization studies as a model enzyme due to 

its ease of use, requiring no activation step, and low cost. Collagenase is also often used 

for digestion assays since it is known to degrade ECM components such as type I 

collagen, from which the fluorescent MMP-degradable peptide and the crosslinker MMP-

degradable peptide sequences (GPQGIWGQ) were derived from (Koblinski et al., 2002; 

Nagase & Fields, 1996; Nakatani, Tsuboyama-Kasaoka, Takahashi, Miura, & Ezaki, 

2002). 

 

To validate the ability of the assay to detect MMP activity, we utilized commercially 

available purified human MMPs. The fluorescent MMP-degradable peptide sequence 

(QGIW) has been characterized for specificity elsewhere, and was found to be cleaved by 

MMP-1, -2, -3, -7, -8, and -9 (Lutolf et al., 2003; Nagase & Fields, 1996; Patterson & 

Hubbell, 2010). Here, MMP-1, -2 and -9 were used for validation in the HT MMP assay. 

After enzyme activation, the functionalized hydrogels were incubated for 24 hr (37 °C, 

5% CO2) with each MMP and a broad spectrum MMP inhibitor (GM6001) or DMSO 

vehicle control. Fluorescence intensity of conditions incubated with MMPs were 

significantly higher than the controls containing no MMPs, and all conditions treated 

with GM6001 were significantly lower than those that were not treated with the inhibitor. 

Furthermore, treatment with GM6001 completely abrogated the increase in fluorescence 

induced by treatment with each MMP (Figure 14). The cleavage of the utilized 

fluorescent MMP-degradable peptide sequence here with MMP-1, -2 and -9 is consistent 
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with what has been reported in literature (Lutolf et al., 2003; Nagase & Fields, 1996; 

Patterson & Hubbell, 2010), and validates the detection of a variety of MMPs by the 

degradation of the fluorescent MMP-degradable peptide. The measured fluorescent 

intensity of the peptide incubated with human MMPs was greater than the background 

noise and within the working range of the assay (Figure 14). These results demonstrate 

that human MMPs produce signals that are detectable in the HT MMP assay. 

 

 

The assay was then characterized for measurement of MMP activity produced by 

encapsulated cells. Primary cells are often more sensitive to in vitro culture conditions 

than immortalized cell lines, therefore, two primary cell types, human mesenchymal stem 

cells (hMSCs) and human cervical fibroblasts (CFs), and one immortalized cell line, 

HT1080, were chosen to highlight the range of cell types compatible with this assay. 

 

Figure 14: Functionalized hydrogel degradation with human MMPs. Fluorescent 

intensity of the functionalized hydrogels incubated with human MMP-1, -2 and -9 for 24 

hr, with the broad spectrum MMP inhibitor GM6001 or DMSO vehicle control. 

Background and medium fluorescence intensities are represented with 0 µg/mL and 10 

µg/mL of collagenase, respectively, and are plotted on the right Y axis of the graph, 

represented by dashed lines. n=3 ± SD, *p<0.05. 
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hMSCs are non-tumorigenic primary stem cells that play an important role in tissue 

regeneration and can be derived from a variety of tissues including bone marrow and 

adipose tissue. hMSCs are highly motile through ECM and basement membranes and are 

known to express a number of MMPs, including MMP-2 (Ries et al., 2007). hMSCs have 

also been observed to degrade PEG hydrogels crosslinked with the same peptide 

sequence used here, and to cleave a similar fluorescent MMP-degradable peptide to the 

one utilized in this work (Anderson, Lin, Kuntzler, & Anseth, 2011; Fairbanks, Schwartz, 

Halevi, et al., 2009; Leight et al., 2013). CFs are non-tumorigenic primary cells derived 

from human patients undergoing a hysterectomy. Cervical tissue is highly fibrous and 

undergoes extensive remodeling processes associated with pregnancy and birth, which 

involve MMP-2 and -9 production (Stygar et al., 2002). Finally, HT1080 cells are 

immortalized, highly metastatic fibrosarcoma cell line that have been observed to 

produce a high level of MMP activity (Bremer, Bredow, Mahmood, Weissleder, & Tung, 

2001; Yodkeeree et al., 2008). 
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To determine the seeding densities that are within the linear range of the assay and 

produce a signal greater than background noise, hMSCs, CFs and HT1080 cells were 

encapsulated over a range of densities (0.25 to 7 x 106 cells/mL), and MMP activity and 

 

Figure 15: Effect of seeding density on MMP activity measurements for several cell 

types. (A) MMP activity of hMSCs, CFs, and HT1080 cells encapsulated over a range of 

seeding densities and incubated for 24 hr. Background noise represented by dashed lines. 

n=3 ± SD. (B) Metabolic activity of hMSCs, CFs, and HT1080 cells encapsulated over a 

range of seeding densities and cultured for 24 hr. n=3 ± SD. (C) hMSCs, CFs, and 

HT1080 MMP activity normalized to metabolic activity. n=3 ± SD. 
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metabolic activity were measured (Figure 15A and 15B). The background noise was 

measured from control hydrogels without cells and is represented with a dashed line 

(Figure 15A). For hMSCs, CFs and HT1080 cells, the minimum seeding density which 

produced a detectable signal greater than the background noise of the assay was 0.5 x 106 

cells/mL. MMP activity increased linearly with increasing the cell seeding density above 

0.5 x 106 cells/mL. The end point of the assay is also important to determine if the 

selected seeding density is within the linear range of the assay. For example, 

encapsulating HT1080 cells at a seeding density of 2 x 106 cells/mL, the MMP activity 

signal was observed to increase linearly until 48 hr (the last time point measured) (Figure 

16). However, the MMP activity signal began to plateau at 24 hr for HT1080 cells seeded 

at 6 x 106 cells/mL. 

 

Metabolic activity was also proportional to the number of encapsulated cells within the 

range of cell seeding densities tested (Figure 15B). Previously, metabolic activity has 

been used as an internal control to determine MMP activity on a “per cell” basis (Leight 

et al., 2013). Normalizing MMP activity to metabolic activity resulted in no change 

across seeding density at densities greater than 0.5 x 106 cells/mL (Figure 15C). This is 

important to define the appropriate seeding densities for the assay, which are the densities 

that are above the minimal detectable density (0.5 x 106 cells/mL) yet are also within the 

linear portion of the normalization curve (Figure 15C). For the cell types tested here, 

seeding densities between 2 and 6 x 106 cells/mL would be appropriate. Each condition 

was plated in in triplicate and repeated for n=3 experiments. As illustrated here (Figure 
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15C), the appropriate cell density required to be within the linear range of the assay can 

vary by cell type, therefore, to have a signal within the linear range of the assay, cell type, 

cell seeding density, and time point of the final measurement need to be determined 

experimentally. 

 

 

2.4.4 High Throughput Assay Biosensor Modularity 

While one fluorescent MMP-degradable peptide was used in the preceding sections, the 

assay and methodology are not sensor specific and are amenable to other fluorescent 

reporter molecules. The use of other degradable substrates would enable the detection of 

other MMPs or proteolytic sub-groups beyond MMPs, such as serine, threonine, or 

cysteine proteases. The HT assay described above was developed, characterized and 

validated, utilizing (QGIW) MMP-degradable peptide, which is cleaved by MMP-1, -2, -

3, -7, -8, and -9 (Lutolf et al., 2003; Nagase & Fields, 1996; Patterson & Hubbell, 2010). 

The assay was also characterized using a different degradable peptide sequence, 

GPLA↓C(pMeOBzl)WARKDDK(AdOO)C (↓ indicates the cleavage site) (abbreviated 

 

Figure 16: Time course of HT1080 cells. Measurement of MMP activity for HT1080 

cells encapsulated in two seeding densities (2 and 6 x 106 cells/mL) and incubated for 48 

hr. n=3 ± SD. 
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as LACW) that was previously optimized for cleavage by MMP-14 and MMP-11 (Mucha 

et al., 1998). The exchange of the MMP-degradable peptide, which is a replacement of a 

single reagent in the hydrogel precursor solution, offers an easy alteration of the detection 

specificity of the 3D HT assay, demonstrating the flexibility of the developed 3D HT 

assay for other applications. To establish the detection limits and signal range of the 

LACW assay fluorescent MMP-degradable peptide, the functionalized hydrogels were 

incubated with a range of concentrations (0 to 2000 µg/mL) of bacterial collagenase 

enzyme type I. After 24 hr of incubation at 37 °C, a plate reader was used to measure the 

fluorescence (Figure 17). From these measurements, the dynamic and working range 

were determined. After 24 hr of incubation, it was observed that the lowest detected 

signal was produced by negative controls (background noise) at 0 µg/mL collagenase, 

while the highest detected signal was produced by 1000 µg/mL collagenase or above, 

where the signal begins to plateau (Figure 17). From the dynamic range, the working 

range was calculated to be between ≈0.16 µg/mL and ≈474 µg/mL of collagenase, a wide 

signal range across three orders of magnitude. While QGIW and LACW had very similar 

wide signal detection range ≈ 0.02 to ≈ 575 µg/mL and ≈ 0.16 to ≈ 474 µg/mL of 

collagenase enzyme, respectively, QGIW is more sensitive by detecting less amount of 

collagenase and had wider working range. Such an example highlights the importance of 

establishing the detection limits and signal range for every biosensor replacement. 
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For cell culture assays, we utilized the melanoma cell line A375s, and conducted a cell 

density experiment to determine the seeding densities within the working range of the 

assay. A375s were encapsulated across a range of densities from 0.25 to 7 x 106 cells/mL. 

Fluorescence intensity was acquired utilizing a standard microplate reader at two 

different time points: 1) directly after encapsulation (0 hr) and 2) after 24 hr of 

encapsulation. At 0 hr, fluorescence readings were low across seeding densities (Figure 

18A), as expected. After 24 hr of culture (Figure 18B), MMP activity was proportional to 

the seeding density, in which more cells resulted in more cleavage of the LACW 

fluorogenic MMP cleavable sensor and higher fluorescence intensity. As internal 

controls, hydrogels containing no cells were incubated with 0, 10, and 1,000 µg/mL of 

 

Figure 17: Dynamic and working range of the assay with LACW 

fluorescent MMP-degradable peptide. Hydrogels functionalized 

with LACW fluorogenic MMP-degradable peptide were incubated 

with a range of concentrations of collagenase enzyme type I for 24 h 

at 37 °C and fluorescence intensity was measured. Dotted lines 

represent the dynamic and working range. n = 3, mean ± SD. 
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collagenase type I enzyme to indicate the low, medium and high levels of the signal 

respectively (as determined by the collagenase signal range characterization in Figure 17) 

and represented by dashed lines in Figure 18B. Further, the working range limits were 

calculated from the 0 and 1000 µg/mL signals and represented by dotted lines in Figure 

18B. Seeding densities at or greater than 1 x 106 cells/mL fall within the limits of the 

working range. Metabolic activity measurements of the A375 cell line were also 

proportional to the cell seeding density (Figure 18C). Previously, MMP activity has been 

normalized to metabolic activity as an internal control to determine MMP activity on a 

per cell basis (Leight et al., 2013). Normalizing MMP activity to metabolic activity 

across seeding densities resulted in no significant difference in MMP activity at seeding 

densities greater than 2 x 106 cells/mL (Figure 18D).  

 

The cell density that results in fluorescence readings within the working range of the 

assay will be peptide and cell type dependent, therefore the linear portion of the 

normalization curve must be determined for each new combination by conducting an 

encapsulation density optimization experiment as demonstrated here. Additionally, the 

timing of the fluorescent measurements can affect the signal range. In the above 

experiments, after 24 hr of encapsulation, MMP and metabolic activity were directly 

proportional to cell seeding density. However, at longer times the fluorescent signal can 

plateau, therefore the timing of the assay may have to be optimized by the user (Leight et 

al., 2013). The specific protease sensor can also affect the working range and timing of 

the assay. The working range of the assay can be determined by conducting a signal 



82 

 

range experiment with no cells and a proteolytic enzyme over a wide concentration. 

Inclusion of several no cell hydrogel conditions incubated with enzyme controls enables 

establishment of the low (background noise), medium and high levels of signal within 

each assay (0, 10 and 1000 µg/mL of collagenase here). This gives an indication of where 

the signals produced by cells fall within the working range of the assay. This assay is also 

compatible with other fluorescent sensors that do not have overlapping excitation and 

emission spectra, such as the metabolic activity assay used here as an internal control to 

calculate MMP activity on per cell basis, as previously reported (Leight et al., 2013). 

MMP activity normalized to metabolic activity demonstrated the validity of this approach 

for seeding densities at or above 2 x 106 cells/mL, in which there was no significant 

change across seeding densities. This normalization is crucial to identify the appropriate 

seeding densities that are within the working range of the MMP activity curve and within 

the linear portion of the normalization curve. 
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2.4.5 Effect of Drug Treatment on MMP Activity of the Fibrosarcoma Cell Line 

HT1080 

To determine the feasibility of the newly developed assay for drug screening applications 

and to observe the effects of chemotherapeutics on MMP activity, we treated HT1080 

cells with several drugs over a range of concentrations. While HT1080 cells have been 

 

Figure 18: Effect of seeding density of melanoma cell line A375 on MMP 

activity. (A) Initial measurement (0 hr) of MMP activity for A375 cell line 

encapsulated over a range of seeding densities. n = 3 mean ± SD. (B) 

Measurement of MMP activity at 24 h. 0, 10 and 1000 µg/mL of collagenase are 

represented by dashed lines. Dotted lines represent the working range (WR) 

calculated from collagenase controls. n = 3, mean ± SD. (C) Measurement of 

metabolic activity for A375 cell line encapsulated for 24 h over a range of seeding 

densities and incubated with resazurin for 6 hr. n = 3, mean ± SD. (D) A375 MMP 

activity normalized to metabolic activity. n = 3, mean ± SD. 
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previously shown to express high levels of MMPs, it is not known how drug treatment 

affects MMP activity in fibrosarcoma cells. 

 

Here, several clinically used drugs with different mechanisms of action were chosen to 

investigate their effect on MMP activity. SOR, which has been used in clinical trials to 

treat fibrosarcoma (“Sorafenib in Treating Patients With Metastatic, Locally Advanced, 

or Recurrent Sarcoma - Study Results - ClinicalTrials.gov,” n.d.), is a small molecule 

multi-kinase inhibitor that arrests cancer cell growth, invasion and migration (Ha et al., 

2015). SOR targets RAS/RAF kinases (Boespflug, Caramel, Dalle, & Thomas, 2017), 

and therefore may have an effect on the HT1080 cell line which is known to have an N-

RAS mutation (Geiser, Anderson, & Stanbridge, 1989; Hall, Marshall, Spurr, & Weiss, 

1983). SOR has also been found to decrease the expression of MMPs in hepatocellular 

carcinoma cells (Chiang et al., 2012; Ha et al., 2015). PAC inhibits mitosis through 

depolymerization of microtubules and has been shown to decrease HT1080 tumor growth 

in mice (Grant, Williams, Zahaczewsky, & Dicker, n.d.; Vanhoefer, Cao, Harstrick, 

Seeber, & Rustum, 1997; Weaver, 2014). In human melanoma cells, PAC has previously 

been found to decrease the secretion of MMP-2 and -9 (Schnaeker et al., 2004). GEM is a 

fluorinated nucleoside analogue that replaces deoxycytidine to arrest DNA replication 

and induce apoptosis (Maki, 2007). However, in contrast to the increased MMP activity 

observed with SOR and PAC, no significant changes in MMP-2 expression levels were 

observed in pancreatic cell lines treated with GEM (Yang & Kurkinen, 1998). PAC and 
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GEM have been used in the clinic to treat soft tissue sarcomas (“Treatment of Soft Tissue 

Sarcomas, by Stage,” n.d.). 

 

HT1080 cells were encapsulated in hydrogels, functionalized with the QGIW MMP-

degradable peptide, at a density of 3 x 106 cells/mL and treated with SOR, PAC, GEM or 

DMSO vehicle control at 0.5% (v/v), over a range of concentrations (0.01 – 50 µM 

dissolved in DMSO then diluted in assay media) for 24 hr, for a total of 25 conditions and 

75 wells. To replicate the same number of wells in the previous 24-well plate format, it 

would have required 3 plates and two additional hours for the experimental set up. 

Overall MMP activity was not significantly different than the vehicle controls throughout 

the range of concentrations used for each drug (Figure 19A). 

 

Drug treatment can also affect cell viability and cell number, therefore a metabolic 

activity assay was performed simultaneously in the same wells with the MMP activity 

assay. Metabolic activity, while not a direct measurement of cell number or cell viability, 

is commonly measured in drug screening assays as an overall indicator of cellular health 

as these assays are easy to use and inexpensive. Tetrazolium salts assays (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (MTT) and (3-

(4,5dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium) (MTS) are the most common metabolic activity assay used to detect cellular 

viability, cytotoxicity and proliferation in HT drug screenings (Haas et al., 2017; Sekhon, 

Roubin, Tan, Chan, & Sze, 2008). Here, resazurin, which fluoresces when oxidized by 
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cellular mitochondria, was chosen to measure metabolic activity because the excitation 

(560 nm) and emission wavelength (590 nm) are sufficiently separated from the 

fluorescein signal of the MMP sensor to enable measurement of both MMP activity and 

metabolic activity within the same well using a standard plate reader (Leight et al., 2013, 

2015). In addition, previous work with pancreatic cancer cells and a panel of 

chemotherapeutics has demonstrated that resazurin produces comparable results to 

viability staining using calcein AM with no significant difference in the 50% inhibition 

concentration (IC50) between both methods (Shelper et al., 2016). Metabolic activity of 

HT1080 cells was significantly reduced as compared to vehicle controls with SOR at 5, 

10 and 50 µM and PAC at 50 µM (Figure 19B). No significant effect on metabolic 

activity was observed with GEM. For SOR treatment, metabolic activity was reduced in a 

dose dependent manner, and a similar trend is observed with PAC treatment for 

concentrations above 10 µM. 

 

To control for changes in cell viability with drug treatment and determine cellular MMP 

activity on a “per cell” basis, the MMP activity of each sample was normalized to its 

metabolic activity (Figure 19C). HT1080 cells treated with high concentrations of SOR 

(10 and 50 µM) had significantly higher MMP activity per cell compared to vehicle 

controls, but not cells treated with PAC or GEM. Although the metabolic activity was 

significantly less than vehicle control at 5 µM of SOR (Figure 19B), MMP activity was 

not significantly different than vehicle control on a per cell basis (Figure 19C). Similarly, 

with PAC treatment at 50 µM, metabolic activity was significantly less than vehicle 
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control (Figure 19B), but there was no significant difference in MMP activity on a per 

cell basis (Figure 19C). In previous studies with melanoma cells, utilizing a similar 

fluorescent MMP-degradable hydrogel system, conditions in which drug treatment 

upregulated MMP activity also increased 3D cell migration (Leight et al., 2015). Further 

investigation will be needed to determine if the increased MMP activity with SOR 

treatment observed here also regulates fibrosarcoma cell invasion and migration, cell 

functions critical to tumor progression and metastasis. 

 

The system developed here measures global MMP activity and metabolic activity 

simultaneously in response to variety of compounds. To follow up on promising leads, 

these measurements could be complemented by further studies, such as cell viability 

experiments or to explore the mechanisms of action by which the drugs affect MMP or 

metabolic activity. A metabolic activity reagent (resazurin) was utilized here as an overall 

cell health indicator, other assays could be used to directly measure cellular viability such 

as live/dead staining assays with calcein AM and ethidium homodimer. MMP activity is 

regulated at multiple levels (i.e. expression, secretion, pro-enzyme cleavage and 

endogenous inhibitors), and future explorations could be targeted at determining which of 

these levels are modulated to affect final MMP activity. 
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Figure 19: Effect of drug treatment on MMP activity of the fibrosarcoma cell line. 

HT1080 cells were encapsulated and treated with a range of concentrations (0.01 to 50 

µM) of each drug and incubated for 24 hr. Resazurin was added 6 hr prior to the 24 hr 

read. (A) Measurement of MMP activity normalized to the vehicle control of 

encapsulated cells treated with SOR, PAC and GEM. n=3 ± SD, no significance 

compared to the vehicle control. (B) Measurement of metabolic activity normalized to the 

vehicle control for encapsulated cells treated with SOR, PAC and GEM. n=3 ± SD, 

*p<0.05, compared to the vehicle control. (C) MMP activity normalized to metabolic 

activity for encapsulated cells treated with SOR, PAC and GEM. n=3 ± SD, *p<0.05, 

compared to the vehicle control. 
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While the assay can be adapted for several purposes, there are several limitations and 

critical aspects the user should consider, specifically regarding interference with the 

fluorescent signal and preparation of the hydrogels. First, care must be taken with the 

choice of culture media and additional treatments, as these can have an overlapping 

absorbance spectrum or opaqueness that may interfere with the detection of fluorescence 

or quench the signal. It is recommended to use culture media that does not contain phenol 

red. Also, some drug treatments are fluorescent (e.g., doxorubicin) (Figure 20A), or have 

absorbance spectrum that overlaps with the excitation/emission spectrum of the 

fluorophore (e.g., curcuminoids) (Figure 20B). A second aspect that can affect the 

performance of the assay is the hydrogel preparation. Because of the high viscosity of the 

hydrogel precursor solution, care needs to be taken to ensure thorough mixing of the 

hydrogel solution and careful pipetting practices to prevent unequal fluorophore content 

or hydrogel solution volume in each well. Pre-wetting of the pipette tips and using low-

retention tips can help reduce variability. Another important aspect of hydrogel 

preparation is the hydrogel shape and location in wells. The hydrogel should be centered 

within the well and of a uniform shape to enable accurate fluorescence measurements 

with less variability (Mabry et al., 2016). Here, the use of round bottom plates aids in 

centering the pipette tip in each well and the production of semi-spherical hydrogels 

consistently across all wells. 
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Utilizing synthetic PEG as a hydrogel biomaterial offer several advantages. PEG 

hydrogel reduces the batch-to-batch variability observed with naturally derived ECM 

hydrogels. Furthermore, using PEG hydrogels enables precise independent tuning of the 

cellular microenvironment, including the mechanical properties, the degradability, and 

the matrix adhesion moieties within the hydrogel. The adhesion molecule RGD used in 

this work is a fibronectin-derived sequence and enables integrin-mediated adhesion. 

Other adhesion molecules such as (RLD) and (IKVAV) that are derived from fibrinogen 

and laminin respectively could be utilized to activate other types of integrin receptors. 

For example, it was demonstrated that altering the adhesion molecules changed the 

elongation of aortic valvular interstitial cells (VIC), which may have an effect on aortic 

 

Figure 20: Fluorescence interference. (A) Fluorescence spectrum of doxorubicin 

(DOX) at 100 µM and (B) absorbance spectrum of demethoxycurcumin (DMC), a 

curcumin derivative, in a dosage dependent manner compared to fluorescein Ex/Em and 

dabcyl absorbance, which are utilized as the fluorophore / quencher pair in our peptides. 

Fluorescein Ex/Em and dabcyl absorbance data points were exported from Fluorescence 

SpectraViewer at https://www.thermofisher.com/us/en/home/life-science/cell-

analysis/labeling-chemistry/fluorescence-spectraviewer.html. 
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valve stenosis (Mabry et al., 2016). The hydrogel crosslinker sequence tunes the 

degradability of the hydrogel and encapsulated cellular behavior within the hydrogel. For 

example, it was demonstrated that fibroblasts had increased proliferation and cell 

spreading when cultured in faster degrading hydrogels, which may expedite the healing 

process in vivo (Patterson & Hubbell, 2010). Mechanical properties of the 

microenvironment can also regulate cell function, and hydrogel stiffness can be modified 

by altering the number of arms in the PEG macromer, PEG molecular weight and the 

ratio between PEG and crosslinker. Moreover, the PEG hydrogel polymerization 

described here is a photo-initiated process, making it quick and more amenable to high 

throughput methodologies than classic natural ECM hydrogels (i.e., collagen or 

Matrigel), which are slower and temperature sensitive. This quick, user-controlled 

polymerization allows the scaling-up of the system to be further automated using robotic 

liquid handlers, as demonstrated by others (Mabry et al., 2016). 

 

2.5 Conclusion 

MMPs are critical regulators of cancer progression, and assays that can measure MMP 

activity will be critical in the development of new therapeutic strategies. While MMP 

activity detection systems such as gelatin zymography are well established and widely 

used, these systems have not been compatible with HT approaches. Therefore, 

developing an MMP activity detection system that is suitable for HT, and combines 

simplicity, adaptability and ease of access to other researchers will be valuable. To this 

end, a 3D low throughput MMP activity assay was miniaturized to a 96-well plate format 
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and characterized for reproducibility and robustness. The assay was validated with human 

MMPs and several cell types. A fibrosarcoma cell line was treated with several 

chemotherapeutic drugs in a range of concentrations to demonstrate the ability of this 

assay to measure MMP activity in response to drug treatment. Interestingly, it was found 

that SOR increased MMP activity per cell in a dose dependent manner. While a specific 

fluorescent metalloproteinase-degradable peptide was used here, the assay and 

methodology are not sensor specific and would be amenable to the incorporation of other 

fluorescent reporter molecules. The use of other degradable substrates would enable the 

detection of other MMPs, as demonstrated earlier with LACW MMP-degradable peptide, 

or proteolytic sub-groups beyond MMPs, such as serine, threonine, or cysteine proteases. 

In addition, although, the system was demonstrated here for single cell encapsulation, the 

system could likely also be adapted for the encapsulation of 3D spheroids, such as those 

produced by the hanging drop method or with low attachment plates. 
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Chapter 3.  High Throughput Assay Utilization: Ex Vivo Tissue Samples 

Encapsulation** 

3.1 Introduction 

Since the early 1900s, 2D culture platforms (glass or plastic dishes) have been the 

standard culturing platform for cells and tissue. 2D culturing platforms are economical 

and well-established and enabled the study of cellular responses and functions. 2D 

culturing platforms are simple, efficient and scalable, therefore, they are widely used in 

HT drug development. However, 2D systems lack critical cues of the in vivo 

microenvironment, such as soluble gradients, 3D cell-cell and cell-matrix interaction 

(Baker & Chen, 2012; Duval et al., 2017; Hoarau-Véchot et al., 2018), which may have 

significant effects on cellular responses to treatments. Therefore, a number of 3D 

culturing microenvironments and tumor spheroids have been developed to recapitulate 

some of the in vivo cellular response to treatment. Indeed, they have been able to 

recapitulate some of the encountered cellular responses in vivo such as drug resistance 

(Anand et al., 2015; Kinoshita et al., 2018; Wen et al., 2013). However, isolated cell lines 

were used that lack tumor heterogeneity and natural microenvironment encountered in 

vivo. 

 

** Contributions to this chapter were as following: Fakhouri, A. – Experimental design, conduction 

and data analysis (tissue samples encapsulation optimization, viability assessment, and MMP and 

metabolic activity measurements). Dissertation preparation and writing. Leight, J. – Experimental 

design and data analysis. Dissertation editing. Weist, J.- Experimental design, conduction and data 

analysis (tissue samples encapsulation optimization, viability assessment, and MMP and metabolic 

activity measurements). Yee, L. – provided FNAB and tissue dissections samples from patients 

undergoing surgeries. 

 
** Contributions to this chapter were as following: Fakhouri, A. – Experimental design, conduction 

and data analysis (tissue samples encapsulation optimization, viability assessment, and MMP and 

metabolic activity measurements). Dissertation preparation and writing. Leight, J. – Experimental 

design and data analysis. Dissertation editing. Weist, J.- Experimental design, conduction and data 

analysis (tissue samples encapsulation optimization, viability assessment, and MMP and metabolic 

activity measurements).  
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To maintain the tumor heterogeneity observed in vivo, patient derived xenografts (PDX) 

models are utilized. Patient derived xenografts are cancerous tissue that is taken from 

patients then implanted and expanded in immunodeficient mice, in which treatments are 

tested ex vivo to better recapitulate the complexity and heterogeneity of the disease (Lai 

et al., 2017). PDX models have many advantages, such as maintaining phenotype, 

genotype, and molecular characteristics, eliminating cellular selection, and reflecting the 

tumor pathology. Researchers were able to maintain biological stability, molecular 

characteristics, genetic mutations and treatment responses of pancreatic, colorectal and 

gastric cancers in PDX models similar to their parental patient-derived tumors (Seol et 

al., 2014; Tignanelli et al., 2014; T. Zhang et al., 2015; Zhu et al., 2015). However, PDX 

models have some limitations. It was observed that PDX tumor cells undergo mouse-

specific tumor evolution during passaging, in which PDX tumor cells were genetically 

different than their parental tumors across 24 cancer types (Ben-David et al., 2017). Add 

to this, the success rate of tumor engraftment is as low as 25% for some cancers such as 

breast cancer (Naipal et al., 2016). PDX models are expensive, time consuming, labor 

intensive and have long turnaround time (months) to produce results. Although, PDX 

models provide superior mimic, improving the prediction of clinical responses, PDX 

models are not practical to be utilized for HT drug testing applications. 

 

An alternative relatively faster approach known as organotypic slice culture is utilized. 

Organotypic slices are tissue slices that have been precisely cut from tumor samples at 

microscale thickness and cultured on a porous surfaces that allows oxygen and nutrient 
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exchange (Meijer et al., 2017). Organotypic slice culture have similar advantages to PDX 

models, such as preserving parental tumor heterogeneity, pathology, microenvironment 

and treatment response, but in a cheaper and shorter turn-around time (days) (Meijer et 

al., 2017; Naipal et al., 2016). For example, ex vivo organotypic culture of non-malignant 

human prostate maintained viability of glandular epithelial, stromal and endothelial cells. 

Further, architecture and differentiated phenotype were preserved similar to human in 

vivo prostatic tissue (Bläuer, Tammela, & Ylikomi, 2008). To demonstrate organotypic 

culture compatibility with drug testing studies and similar treatment response to in vivo, 

several tumors were successfully cultured in a relatively fast process, producing 

outcomes similar to in vivo. For example, head and neck squamous cell carcinoma 

organotypic culture, cultured for 6 days, preserved their histopathological features, 

formed apoptotic fragments, and caspase 3 was activated when treated with cisplatin, 

docetaxel and cetuximab (Gerlach et al., 2014). Additionally, glioblastoma multiforme 

were derived from patients’ samples, sectioned and cultured in minutes, preserving native 

tumor histopathology for 16 days in vitro. Further, caspase 3 was activated, and DNA 

double strands were damaged in response to temozolomide and irradiation, respectively 

(Merz et al., 2013). Such examples demonstrate the ability of organotypic slices to live in 

culture in vitro, and to produce measurable outcomes for individual tumors. Indeed, 

organotypic slices provide an alternative ex vivo model to measure cellular functions in a 

relatively fast manner, while maintaining native tumor heterogeneity, architecture and 

pathology (Naipal et al., 2016). However, organotypic slices suffer from several 

limitations, such as hypoxia and low throughput outcomes. Due to lack of intact 
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vascularity and relatively thick slices, oxygen depends on diffusion to reach inner 

portions of the slice. Hypoxia usually develops in inner portions, making long time 

culturing a challenge (Meijer et al., 2017). Organotypic slices provide limited number of 

samples, are delicate, labor intensive, and require non-automated specialized analytical 

tools for data acquisition and quantification (Naipal et al., 2016). Such drawbacks make 

this technology a low throughput model not suitable for drug screening and development. 

Therefore, there is a need for a technology that combines HT 2D culture advantages, such 

as efficiency and having large number of samples, and close recapitulation of in vivo 

responses similar to PDX and organotypic slices. 

 

Another approach to closely represent in vivo responses is known as patient-derived 

organoids, a simpler and more efficient approach, which is more amenable to HT 

applications than PDX models or organotypic slices. In patient-derived organoids, patient 

samples are digested with proteases such as collagenase, dispase or trypsin, then single 

cells are cultured to form organoids (multicellular structure) after incubation for couple of 

days (Boehnke et al., 2016; Kruitwagen et al., 2017; Pauli et al., 2017). Ex vivo cultured 

patient-derived organoids from human, mouse, cat and dog accumulated lipids, similar to 

in vivo, modeling diseases such as hepatic steatosis (fatty liver). Tissue samples, retained 

their morphology between passages ex vivo for 5 days, demonstrating the ability of 

organoids to maintain tissue viability in ex vivo culture conditions. Additionally, 

organoids demonstrated the ability to represent in vivo diseases for ex vivo studies, such 

as β-oxidation effects on lipid accumulation in feline liver organoids (Kruitwagen et al., 
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2017). Several studies have cultured ex vivo patient-derived organoids in 3D 

environments, such as hydrogels, demonstrating the suitability of such technique for HT 

drug screening applications. For instance, patient-derived colon cancer organoids were 

formed ex vivo in Matrigel by an automated workflow, and 384-well plate robustness and 

reproducibility were confirmed for HT drug screening (Boehnke et al., 2016). Moreover, 

two uterine malignancies and two colon cancer tissue samples were derived from 

patients, cultured in ex vivo 3D Matrigel and a HT dose-response drug screen including 

160 drugs was conducted and validated with 3D culture and PDX model (Pauli et al., 

2017). Clearly, patient-derived organoid assays are amenable to HT applications, yet, 

cells were initially isolated and native tissue structure was disturbed, which are factors 

that may affect cellular responses.  

 

To this end, we aimed to bridge the gap between efficient HT 2D drug screening 

platforms and the closer representation of PDX and organotypic slices models to in vivo, 

by optimizing the previously developed HT 3D hydrogel assay as a culturing platform for 

patient-derived tissue samples without sample processing or digestion. As a proof of 

concept, healthy adipose fine needle aspirate biopsies (FNAB) and tissue dissections 

were derived from breast cancer patients undergoing lumpectomy or mastectomy 

surgeries for cancer treatment and cultured in the MMP sensitive HT 3D hydrogel assay. 

Viability of FNAB and tissue dissections utilizing commercial viability/cytotoxicity 

staining was determined after minimal sample processing and 24 hr of encapsulation. 
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Finally, MMP and metabolic activity of FNAB and tissue dissections were measured in 

relation to encapsulated tissue size. 

 

3.2 Materials and Methods 

3.2.1 Human Adipose FNAB and Tissue Dissections Preparation 

FNAB and larger tissue dissections (~2 cm3) samples of healthy breast adipose tissue 

were obtained from consented patients (IRB #1999C0262) undergoing breast 

lumpectomy or mastectomy surgeries. FNAB (aspirated using 21 or 25 gauge needle) and 

tissue dissection samples were received immersed in PBS. FNAB tissue samples were 

rinsed with PBS 1 to 2 times then ~100 to 400 µL of PBS was added to suspend FNAB 

tissue samples. Tissue dissections were bluntly dissected from the bulk sample with a pair 

of tweezers into small (~1.5 mm), medium (~2.5 mm) and large (~4.0 mm) diameter 

tissue dissections.  

 

3.2.2 FNAB and Tissue Dissections 3D Encapsulation 

A hydrogel precursor solution consisting of 20 mM 8 arm 40 kDa PEG-NB (PEG-NB 

functionalization mentioned in chapter 2), 17.8 mM NaOH, 12.75 mM crosslinker MMP-

degradable peptide (thiol:ene ratio of 0.7), 1 mM CRGDS, 2 mM LAP, and 0.25 mM 

fluorescent MMP-degradable peptide (GGPQGIWGQK(AdOO)C) (QGIW) 

(fluorescent MMP-degradable peptide synthesis mentioned in chapter 2) in PBS (Life 

Technologies™, Carlsbad, CA) was briefly vortexed. For FNAB encapsulation, 5.46 µL 

of the hydrogel precursor solution, without PBS addition, was pipetted into clear, round 
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bottom, 96-well plates using a pipette. Pre-washed FNAB tissue samples supernatant was 

pipetted over the hydrogel precursor solution utilizing a wide mouth tip at 1.14, 2.27 and 

4.54 µL, and pipetted up and down to have a homogenous mixture. PBS was added to 

complement the volume of the final hydrogel precursor solution to 10 µL/well. For tissue 

dissections encapsulation, 10 µL/well of the hydrogel precursor solution, with PBS 

added, was pipetted into clear, round bottom, 96-well plates using a pipette. Tissue 

dissections were immersed in the 50 µL hydrogel precursor solution utilizing previously 

developed protocol (Leight et al., 2013). For hydrogels without tissue (controls), 10 µL of 

the hydrogel precursor solution, with PBS added, was pipetted into each well. For 

viability test, tissue samples were encapsulated in hydrogels without the addition of the 

fluorescent MMP-degradable peptide. Hydrogel polymerization was photoinitiated by 

exposure to 365 nm UV light (UVP, model UVL-56, Cambridge, UK) at 4 mW/cm2 for 3 

minutes. After polymerization, 150 µL of assay media (high glucose DMEM) (Life 

Technologies™) supplemented with 1% charcoal stripped FBS (charcoal stripping and 

heat inactivation of FBS mentioned in chapter 2) (Seradigm, Radnor, PA), 2 mM L-

glutamine, 10 U/mL penicillin and 10 µg/mL streptomycin (Life Technologies)) was 

added to each sample well. PBS was added to the outermost and empty wells, and the 

moat between wells to reduce sample evaporation. Plates were incubated (at 37 °C and 

5% CO2) for 24 hr. 1:10 v/v of resazurin (alamarBlue™, Life Technologies) was added to 

the wells containing encapsulated tissue 6 hr prior to the final fluorescence well scan 

reading. 
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3.2.3 MMP and Metabolic Activity Measurement 

Fluorescence measurements of MMP and metabolic activity were acquired using a 

SPECTRA Max M2 microplate reader (Molecular Devices, San Jose, CA) at 494 nm / 

521 nm (excitation/emission) for the fluorogenic peptide and 560 nm / 590 nm for the 

metabolic reagent, alamarBlue™. An area scan was performed using the clear 96-well 

plate setting with a 3x3 matrix, and the average of each matrix was calculated (Fakhouri 

& Leight, 2019). 

 

3.2.4 Nuclei Staining and Viability Assay Preparation 

Tissue samples at different time points were tested, after encapsulation and sample 

processing, and after 24 hr of incubation in non-fluorescent hydrogels. To stain tissue 

samples nuclei, Hoechst 33342 (Invitrogen, Eugene, OR) was added to samples at 8 µM 

and incubated for 15 minutes. Commercial fluorescent viability/cytotoxicity staining with 

calcein AM (live) and ethidium homodimer (EthD-1) (dead) (Invitrogen™, Grand Island, 

NY) was utilized. Samples were washed with 200 µL of PBS 3 times. Stains were added 

at 2 µM for calcein AM and at 0.2 µM for EthD-1. Plates were incubated at 37 °C and 

5% CO2 for 20 minutes. Samples were washed with 150 µL of PBS 3 times before 

imaging. 
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3.2.5 Fluorescence Imaging 

Fluorescence imaging of calcein AM, EthD-1, and Hoechst were acquired using a Nikon 

ECLIPSE E800 (Nikon Inc., Melville, NY) at 480 nm excitation wavelength for the 

calcein AM, 560 nm for the ethidium homodimer, and 350 nm for the Hoechst. 

 

3.2.6 Statistical Analysis 

Each assay was completed four independent times using triplicates for each FNAB and 

duplicates for tissue dissections. Data was analyzed using GraphPad Prism 7 software 

(GraphPad Software, Inc., San Diego, CA) using one-way ANOVA with Tukey multiple 

comparisons posttest, with a significance level set at p < 0.05. 

 

3.3 Results and Discussion 

3.3.1 FNAB and Tissue Dissections Encapsulation Optimization 

Currently, most HT 3D culturing assays for cancer treatment studies utilize isolated cells 

from immortalized cell lines or primary cancer cells, by digesting tissue samples. Isolated 

cells are invaluable resource for basic and translational studies, enabling the development 

of many drugs. Primary cancer cells recapitulate parental tumor features closely, yet they 

don’t have the capacity of unlimited proliferation. Cancer cell lines are easier to maintain, 

generate reproducible results and are immortalized. Therefore, cancer cell lines are 

almost exclusively used for HT drug screening (Meijer et al., 2017).  However, isolated 

cells lack tumor heterogeneity and natural microenvironment encountered in vivo, which 

have significant effects on cellular responses to treatments. Consequently, reducing the 
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accuracy of predicting clinical outcomes. To overcome this dilemma, PDX and 

organotypic slices are developed to maintain a closer mimic to clinical responses 

(Hidalgo et al., 2011; Naipal et al., 2016). Yet, PDX and organotypic slices are low in 

throughput and impractical for HT drug screening development. Patient-derived 

organoids are more practical for HT applications and reflect in vivo pathology. However, 

sample processing by digestion disturbs tissue sample heterogeneity, cell-cell contact and 

tissue structure, which are factors that may affect cellular responses. There is a need for a 

system that offers a closer representation of in vivo tumor similar to PDX and 

organotypic slices, while having the capacity to adapt to HT drug screening applications 

similar to organoids assays.  

 

To begin to address this need, healthy adipose tissue samples from breast cancer patients 

undergoing surgery for breast cancer treatment were obtained and cultured ex vivo in the 

HT 3D hydrogel assay. Received samples were either FNAB suspended in bodily fluids 

and blood, or grossly dissected adipose tissue, with a size of approximately 2 cm3. First, 

hydrogel precursor solution without PBS was prepared. Briefly, PEG 8-arm macromer, 

MMP-degradable peptide crosslinker, cell adhesion peptide (CRGDS), photo-initiator, 

and the fluorescent MMP-degradable peptide were combined and vortexed. The hydrogel 

precursor solution was then pipetted into each well at around half the volume (5.45 µL) 

of the final hydrogel volume (10 µL). Second, tissue samples were processed and added 

to the hydrogel precursor solution. For FNAB, a PBS wash was done to rinse tissue from 

bodily fluids and blood, then suspended in sterile PBS. Afterwards, FNAB tissue samples 
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were dispensed, utilizing wide mouth tips, on top of the hydrogel precursor solution, in 3 

different volumes (1.14, 2.27 and 4.54 µL). PBS was added to the hydrogel precursor 

solution with FNAB to reach a final volume of 10 µL/well, and pipetted up and down 2-3 

times to create a homogenous mixture. For tissue dissections, a pair of tweezers were 

utilized to mechanically and bluntly dissect the large adipose tissue samples, then 

samples were immersed into the 50 µL precursor hydrogel solution that has been 

developed previously elsewhere (Leight et al., 2013). Tissue dissections were also 

encapsulated in 10 µL hydrogels (Figure 21B). Hydrogel polymerization was photo-

initiated by exposure to long wavelength UV light (365 nm, 4 mW/cm2 for 3 min). Cell 

culture media was added, and the encapsulated tissue samples were incubated (37 °C, 5% 

CO2) for 24 hr. Total ischemic time from receiving tissue samples to encapsulation and 

media addition was around 60 - 90 minutes. Cell metabolic activity was measured using 

resazurin, which was added to the wells 6 hr before the final plate read at 24 hr. 

Fluorescence intensity was measured using a microplate reader with an area well scan. 

The HT MMP assay requires a black plate because of the fluorogenic MMP sensor. 

However, we wanted to be able to visualize the tissue samples encapsulated in the 

hydrogels during the optimization process, so clear round bottom 96-well plates were 

used to visualize the distribution of the sample within each hydrogel and consistency 

across different hydrogels from the same condition (Figure 21). Use of the FNAB 

samples offered an advantage over tissue dissections as the FNAB samples could be 

pipetted using manual pipetters or automated liquid handlers, allowing the scale up of the 

encapsulation process to suit HT applications. 
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3.3.2 Viability of Tissue Samples 

To evaluate the viability of the FNAB and tissue dissections, encapsulated tissue samples 

were stained with a commercial viability kit at two different time points. The first time 

point (0 hr) was after minimal sample processing and encapsulation and before 

incubation. This time point determines the viability after tissue processing to identify cell 

death due to processing or ischemic time. The second time point was after 24 hr of 

incubation in the assay, this time point confirms that cells were mostly viable after the 

experiment was completed in full. The commercial viability/cytotoxicity kit was used to 

visualize cellular viability, utilizing calcein AM to stain viable cells and EthD-1 to stain 

dead cells. Calcein AM labels viable cells with green fluorescent dye utilizing 

 

Figure 21: Clear plate bottom view of tissue samples encapsulated in 

hydrogels. Bottom view of (A) FNAB and (B) tissue dissections after 

encapsulation, polymerization of hydrogels, and assay media addition. 

(A) FNAB are encapsulated in three different volumes (1.14, 2.27 and 

4.54 µL) left to right, respectively. (B) Tissue dissections encapsulated 

in 10 µL hydrogels in three different diameters (~1.5, 2.5 and 4.0 mm) 

left to right, respectively. 



105 

 

intracellular esterase activity, while EthD-1 indicates cellular membrane integrity loss of 

dead cells by staining nucleic acids with fluorescent red dye. At the first time point (0 hr), 

tissue samples were processed and encapsulated in non-fluorescent hydrogels, then 

stained with the viability/cytotoxicity kit. Although some cells were dead, mainly on the 

edges of tissue sample (Figure 22B), the majority of cells were alive when live and dead 

images are merged (Figure 22D). After 24 hr of encapsulation, cells of encapsulated 

tissue samples were still mostly viable. Similar to the 0 hr, there was dead cells at the 

edges of the tissue samples (Figure 22F). Nevertheless, by comparing the total number of 

cells (blue nuclei stain) (Figure 22G) to the number of dead cells (red) (Figure 22F), it is 

apparent that most of the cells were alive (Figure 22H). The viability of encapsulated 

tissue after 24 hr of incubation in hydrogels suggested that the assay was able to maintain 

the viability of cultured samples for 24 hr ex vivo. Moreover, from viability/cytotoxicity 

images, it is noticeable that most cells in FNAB samples were intact in clusters of tissue, 

which indicates that FNAB tissue samples were not just viable after 24 hr of 

encapsulation, but also structurally preserved. Further characterization and quantification 

of the encapsulated samples viability, utilizing the viability/cytotoxicity assay, is required 

to confirm preliminary results demonstrated here. Additionally, structural integrity should 

be further investigated by evaluating histological fidelity of tissue samples utilizing 

hematoxylin and eosin (H&E) staining.  
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3.3.3 Metabolic and MMP Activity of Tissue Samples 

While live/dead staining gives a more accurate account of the viability of the tissue 

samples, enabling an absolute quantification of the total number of cells, this assay is not 

compatible with HT applications. Therefore, to simplify and expedite the process of 

determining the overall health of encapsulated tissue, resazurin dye was used to measure 

metabolic activity. Metabolic activity measurements are often used in HT drug screening 

applications, similar to MTT and MTS assays. After 24 hours of encapsulating tissue 

samples in the MMP-degradable hydrogels, a microplate reader was used to acquire a 

fluorescence well scan for metabolic and MMP activity. FNAB samples had metabolic 

 

Figure 22: Viability/cytotoxicity of FNAB at 0 hr after encapsulation and sample 

processing, and after 24 hr of encapsulation. (A and E) Live cells stained with 

fluorescent green calcein AM dye. (B and F) Dead cells stained with fluorescent red 

EthD-1 dye. (G) Nuclei of cells stained with fluorescent blue Hoechst dye. (D and H) 

Merged images. Scale bar = 150 µm, 10x magnification. (C) It was thought of staining 

nuclei with Hoechst after 0 hr staining was done, and there were no enough tissue 

samples. 
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activity that is significantly higher than background control in a volume dependent 

manner (Figure 23A). Similarly, metabolic activity of adipose tissue dissections were 

also significantly higher than background controls in a diameter dependent manner 

(Figure 23B). MMP activity was also measured for FNAB and tissue dissections 

simultaneously with metabolic activity. Measuring MMP activity is an example of 

assessing other important cellular functions that might be potential pharmacological 

targets. MMP activity was significantly higher than background control for FNAB 

samples (Figure 23C). Likewise, MMP activity of tissue dissections were significantly 

higher than control in a diameter dependent manner (Figure 23D). Detecting metabolic 

and MMP activity in a size dependent manner provides sufficient preliminary data for the 

assay to be utilized for further characterization and development. However, an internal 

control should be established considering the variability caused by tissue sample sizes 

due to human error in pipetting or dissection. 
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To identify an internal control for encapsulated tissue size variability, several 

normalization methods were investigated. MMP and metabolic activity signals were 

normalized to FNAB volume, tissue dissections mass, or their metabolic activity. 

Normalized metabolic activity of FNAB sample volume (Figure 24A) resulted in no 

statistically significant differences between different volumes. Likewise, MMP activity of 

FNAB was normalized to samples volume, and no significant differences were observed 

(Figure 24C). This insignificant difference of normalized metabolic and MMP activity 

 

Figure 23: Metabolic and MMP activity of FNAB and tissue dissections. After 

24 hr of incubation of tissue samples in the MMP-degradable hydrogel, metabolic 

and MMP activity were measured for (A and C) FNAB and (B and D) tissue 

dissections. n=4 ± SD, p<0.05, significantly different than: (#) control (CNTL), ($) 

1.14 µL or 1.5 mm, and (&) 2.27 µL or 2.5 mm tissue samples. 
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indicates that normalizing signals to sample volume is suitable as an internal control for 

sample size variability. Interestingly, the variability at higher FNAB volumes (4.54 µL) 

was less than the variability at lower volumes (1.14 and 2.27 µL) (Figures 24A and 24C), 

which indicates that pipetting higher volumes of FNAB may contribute to more 

reproducible outcomes. On the other hand, tissue dissections do not show a trend across 

different sample diameters when metabolic and MMP activity were normalized to 

samples masses (Figures 24B and 24D), which were measured prior to the experiment. 

Although, there was no significant differences for normalized metabolic and MMP 

activity across different conditions, normalizing metabolic and MMP activity to masses 

of tissue dissections may not be a suitable internal control to tissue size variability. 

Measuring masses of tissue dissections prior to encapsulation was not practical or 

accurate due to the very small masses of tissue dissections (ranged from ~2 to 40 mg), 

which increased the overall variability in produced signals. Also, measuring the mass of 

every tissue sample may create a limitation for developing an efficient HT assay. Another 

internal control was investigated which is normalizing MMP activity to metabolic 

activity, similar to what was done before with cell lines in chapter 2. Normalized MMP 

activity to metabolic activity for FNAB and tissue dissections yielded no statistical 

significance (Figures 24E and 24F). However, FNAB showed large variability across 

different conditions when MMP activity was normalized to metabolic activity (Figure 

24E). This variability means that normalizing MMP activity to metabolic activity for 

FNAB may not be a suitable internal control for encapsulated tissue sample size. In 

general, normalizing metabolic or MMP activities to FNAB high volumes (4.54 µL) 
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produced less variable internal control than normalizing MMP activity to metabolic 

activity. On the other hand, by normalizing MMP activity to metabolic activity of tissue 

dissections, variability was clearly less with higher tissue dissections diameters (4 mm) 

than lower ones (1.5 and 2.5 mm). Normalizing MMP activity to metabolic activity of 

tissue dissections produces generally lower variability as an internal control than 

normalizing metabolic or MMP activity to measured mass. To this end, optimizing a 

suitable internal control is necessary, considering co-variables that could affect signal 

produced by the assay. Here, it was demonstrated that normalizing metabolic and MMP 

activities to FNAB sample volumes may serve a better internal control for high volumes 

than normalizing MMP activity over metabolic activity, due to variability. In contrast, it 

was demonstrated that normalizing MMP activity to metabolic activity of larger tissue 

dissections could be a better internal control than normalizing metabolic or MMP 

activities to tissue mass, also due to variability. 
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FNAB offers several advantages and has some limitations in comparison to tissue 

dissections. FNAB were acquired from patients utilizing 21 or 25 gauge needles, which 

 

Figure 24: Normalization of MMP and Metabolic activity of FNAB and tissue 

dissections. (A) Metabolic activity of FNAB normalized to samples volume. (B) 

Metabolic activity of tissue dissections normalized to samples mass. (C) MMP 

activity of FNAB normalized to samples volume. (D) MMP activity of tissue 

dissections normalized to samples mass. (E) MMP activity of FNAB normalized to 

metabolic activity. (F) MMP activity of tissue dissections normalized to metabolic 

activity. n=4 ± SD. 
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does not require a surgery or anesthesia compared to core biopsy needles or tissue 

dissections. Such minimally invasive technique enables taking samples in less-equipped 

point of care sites, facilitating further ex vivo studies for individualized treatment and 

patient stratification applications. Because FNAB tissue size is small (less than 1 mm) 

they were suspended in fluid, facilitating pipetting of tissue samples and future 

automation using HT automated liquid handlers. Moreover, small tissue size of FNAB 

enables miniaturizing the assay even further to increase efficiency. Tissue dissections 

cannot be pipetted, and smallest tissue size achieved is dependent on the user dissection 

skills, which makes the assay with tissue dissections lower in throughput. Breast tissue is 

rich with a variety tissue types (adipose, epithelial, glandular, etc.). Since the FNAB are 

acquired blindly, aspirated tissue types may vary across experiments, which might 

increase the overall variability of results. Additionally, the total amount of aspirated 

tissue highly varies across different patients, making planning of experiments more 

difficult. In contrast, utilizing tissue dissections produced a greater amount of tissue 

sample, facilitating testing more conditions. FNAB and tissue dissections acquisition may 

disturb the architecture and structure of the tissue samples due to shear forces of suction 

and blunt dissection, respectively. Therefore, it is recommended to evaluate tissue 

samples structure with histological staining before the utilization of samples. 

 

The developed ex vivo assay has a modular design, in which the specificity and 

methodology could be adapted to a variety of applications. While a specific fluorescent 

metalloproteinase-degradable peptide was used here, the assay and methodology are not 
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sensor specific and would be amenable to the incorporation of other fluorescent reporter 

molecules. The use of other degradable substrates would enable the detection of other 

MMPs, as demonstrated earlier with LACW MMP-degradable peptide (chapter 2), or 

proteolytic sub-groups beyond MMPs, such as serine, threonine, or cysteine proteases. 

The assay methodology is not tissue type (adipose tissue) specific. Other types of tissue 

samples such as skin, muscle, brain, etc. could be encapsulated to obtain quick snapshot 

of their proteolytic activity. This adaptability of the assay widens the spectrum of 

applications it could be utilized for. Potential applications may include measuring MMP 

activity before and after surgeries, therapeutic development by drug screenings, 

development of new biosensors to detect other molecules, and stratifying patients to 

individualize treatment. 

 

3.4 Conclusion 

Currently, most assays to develop cancer chemotherapeutics utilizes 2D culturing 

systems. These 2D systems lack critical cues of the in vivo microenvironment, which has 

significant effects on cellular responses to treatment. Therefore, researchers utilized 3D 

culturing microenvironments and tumor spheroids to recapitulate some of the in vivo 

cellular response to treatment. Indeed, they have been able to recapitulate some of the 

encountered cellular responses in vivo such as drug resistance, yet, they are using isolated 

cell lines that lack tumor architecture and heterogeneity encountered in vivo. To maintain 

that tumor architecture and heterogeneity, many researchers are utilizing PDX models 

and organotypic slices. PDX models and organotypic slices maintain molecular 
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characteristics, eliminate cellular selection, and reflect the tumor pathology. However, 

they are expensive, time consuming, labor intensive and have long turnaround time to 

produce results. To overcome such limitations, ex vivo FNAB and tissue dissections from 

patients undergoing lumpectomy or mastectomy surgeries were directly encapsulated into 

our HT 3D MMP-degradable hydrogel assay. The system maintained viability of 

encapsulated tissue samples for 24 hours. Furthermore, metabolic and MMP activity were 

detected in a sample size dependent manner. The developed ex vivo culture system 

promotes further characterization of viability, utilizing commercial viability/cytotoxicity 

assays, and histological integrity utilizing H & E staining. In addition, validating MMP 

activity utilizing well established MMP activity assays such as gelatin and in situ 

zymography.  
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Chapter 4.  Summary, Future Work and Conclusion 

 

4.1 Summary 

2D culture systems are invaluable tools, which contributed significantly to fundamental 

biology research and drug development. However, 2D culture systems lack important 

environmental cues that have significant effects on cellular functions and responses to 

treatments. Therefore, 3D culture systems have been developed to provide a better in 

vitro representation of the in vivo cellular responses. While a number of HT 3D culture 

systems have been developed, these systems are often more complex, expensive and 

labor intensive compared to 2D culture systems. Thus, most HT 3D culturing systems 

measure only cellular viability and are limited in the number of cell functions that can be 

assessed in response to drugs. A number of cellular functions contribute to disease 

progression and treatment response beyond viability, and therefore are important targets 

for drug development purposes. For instance, MMP detection is crucial due to the 

significant role MMPs play in human physiology and pathophysiology, making them 

important pharmacological targets. There is a need for a HT 3D culture platform that 

measure other cellular functions. To address this need, we adapted a 3D low throughput 

system that enabled facile measurement of MMP activity alongside of metabolic activity 

of encapsulated cells in fluorescent PEG hydrogels (Leight et al., 2013). The system was 

developed to handle more samples by miniaturizing it from 24-well format to 96-well 

format, which reduced reagents used by 80% and time of experiment preparation by 50%. 

The system was then characterized to assess its suitability for HT applications, such as 
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drug screening. The HT 3D MMP activity assay had a wide range of signal detection, of 

approximately 4 orders of magnitude of enzyme concentration, was not affected by 

DMSO, a common drug solvent, or by altering mechanical properties, such as stiffness. 

Furthermore, the developed assay passed HT standard test, known as uniformity test, 

from which edge effect, drift, coefficient of variation (%CV), Z’-factor, inter-plate and 

inter-day fold shifts were calculated and within the acceptable range for HT applications. 

The system was validated using purified human MMPs and encapsulating a variety of 

cell types. Human MMP-1, -2 and -9 resulted in a significant increase in signal intensity. 

Encapsulation of several cell types, utilizing two different MMP-degradable peptides, 

produced robust signals above background noise and within the linear range of the assay. 

Finally, a small drug screen on a fibrosarcoma cells (HT1080) was performed to 

demonstrate the utility of the HT 3D MMP activity assay. Sorafenib, paclitaxel and 

gemcitabine were used, from which sorafenib was observed to increase MMP activity in 

a dose dependent manner. 

 

The small drug screen mentioned above utilized an immortalized cell line that is 

homogenous and isolated from its native microenvironment, similar to most drug 

screening assays. However, tumor cells in vivo are heterogeneous and within their native 

microenvironment, which may have a significant effect on cellular responses to drugs. To 

improve the prediction of clinical responses, researchers utilized PDX models and 

organotypic slices for drug testing. Indeed, PDX models and organotypic slices maintain 

tumor heterogeneity, molecular characteristics, and pathology, which was reflected on the 
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close representation of clinical outcomes. However, PDX models and organotypic slices 

are expensive, complex and need long time to produce results. These disadvantages 

hinder PDX models and organotypic slices of being used in HT applications. To this end, 

we envisioned using our HT 3D MMP activity assay to encapsulate tissue samples from 

patients having lumpectomy or mastectomy surgeries. Encapsulating tissue samples in 

our HT 3D MMP activity assay with the goal to maintain cell population heterogeneity 

and native microenvironment, while offering the advantages of a 3D HT assay for drug 

screening purposes. As a proof of concept, adipose FNAB and tissue dissections were 

encapsulated in our HT 3D MMP activity assay, which maintained viability of tissue for 

24 hr. Furthermore, metabolic and MMP activity were detected in a tissue size dependent 

manner. Maintaining tissue viability and detecting MMP and metabolic activity provide 

sufficient preliminary results to further pursue viability and histology characterization. 

Additionally, MMP activity could be validated utilizing well established MMP activity 

assays such as gelatin and in situ zymography. The developed assay has potential in 

many applications such as measuring MMP activity before and after surgeries, 

therapeutic development by drug screenings, development of new biosensors to detect 

other molecules, and stratifying patients to individualize treatment. 

 

4.2 Future Work 

4.2.1 Validating Effect of Drug Treatment on Cellular Viability 

In HT drug screening, metabolic activity is commonly utilized as an indicator of overall 

cellular health because metabolic activity assays are easy to use and inexpensive. 
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Tetrazolium salts assays (MTT and MTS) are metabolic activity assays, which are 

commonly used in HT drug screening assays as cellular viability, cytotoxicity and 

proliferation indicator (Haas et al., 2017; Sekhon et al., 2008). Although metabolic 

activity correlates to cellular viability (Shelper et al., 2016), metabolic activity is not a 

direct measurement of cellular viability. Therefore, after completing a HT drug screen 

with metabolic activity measurement, effect of candidate drugs on viability should be 

investigated to confirm screening results. For example, sorafenib reduced metabolic 

activity of fibrosarcoma cells in a dose dependent manner in the mini drug screen (Figure 

19B), the next step would be determining fibrosarcoma viability in response to sorafenib 

using live/ dead staining such as calcein AM and EthD-1. Investigating cellular metabolic 

activity only is not enough due to some drugs may alter metabolic activity but not cellular 

viability, contributing to false conclusions. 

 

4.2.2 Validating Effect of Drug Treatment on MMP Activity per Cell 

It was demonstrated earlier in chapter 2 that MMP and metabolic activities were affected 

by drug treatments (SOR, PAC, and GEM). However, other conclusions from the same 

results may be inferred. Since MMP activity was normalized to metabolic activity, 

leading to the conclusion of MMP activity increased on a ‘per-cell’ basis, metabolic 

activity with SOR, might be affected by drug treatment while viability was not affected. 

Therefore, testing viability utilizing a live/dead staining or signaling pathways, such as 

caspase-3 expression, would give a better indication of cellular viability in response to 

drugs. Also, it might be beneficial to utilize a negative control inhibiting cell death 
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(apoptosis) such as caspase-3 inhibitor, to evaluate the effect of the drug on cells’ MMP 

activity without their death. Add to this, inducing cell death through cytotoxic reagents, 

such as ethanol, as a positive control to study the effect of cell death on MMP activity 

without drugs. 

 

Another aspect of the assay that may need further analysis is related to the time frame in 

which the MMP and metabolic activity reads were taken, in here 24 hours after 

encapsulation. The fluorescence reads serves as snapshots of MMP and metabolic activity 

after 24 hours of encapsulation. Yet, it does not answer questions like, when did the cells 

die during the 24 hours? What is the effect of drug incubation duration on MMP activity? 

Such questions might be answered by doing a time course study varying the timing of 

drug addition and overall duration of the assay. Another probable explanation for PAC 

and GEM not affecting MMP or metabolic activity could be due to the time frame of the 

assay (24 hours) being too short for the drug to take effect. Hence, longer assay duration 

should be tested to determine these drugs effects on MMP and metabolic activity. This 

also encourages us to test cellular viability with faster assays, such as Cell Titer Glow, at 

different time points to determine the timing of cellular death in relation to drug addition. 

 

In regards to overall MMP activity in response to treatments, other experimental 

approaches to measure MMP activity such as gelatin or in situ zymographies, would 

confirm results obtained from our developed assay. In situ zymography enables the 

microscopic visualization of MMP activity within tissue which also could be utilized 
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alongside cell death staining (such as EthD-1) to visualize MMP activity in relation to 

cell viability. Results of drug screen obtained in chapter 2 may have many other 

interpretations pertaining MMP and metabolic activities. More experimentation and 

characterization would add another layer of confidence to reach accurate conclusions. 

 

4.2.3 Effect of Drug Treatment on Cellular Invasion and Migration 

It is well-established that MMPs are secreted in higher levels in cancers than in normal 

tissue. MMPs play major roles in cancer hallmarks, for instance high MMP activity is 

well-correlated to cancer invasion and migration (Vihinen & Kähäri, 2002), which are 

critical steps for tumor metastasis. However, an increase in MMP activity level may not 

mean an increase in invasion and migration. Further analysis of drug effects on invasion 

and migration should be performed. As demonstrated in chapter 2 (Figure 19C), MMP 

activity was increased on a per cell basis with the treatment of fibrosarcoma cells with 

sorafenib, a drug utilized in clinical trials. This increase in MMP activity encourages us 

to further investigate if it is correlated to an increase in other critical tumor progression 

functions such as invasion and migration. It was demonstrated elsewhere, with a 

melanoma cell line (A375) that small molecule inhibitor (vemurafenib) increased MMP 

activity and single cell migration, while sorafenib did not alter MMP activity or cell 

motility (Leight et al., 2015). This example emphasizes the importance of directly testing 

functions such as invasion and migration in response to drug treatments. Moreover, it 

demonstrates that responses vary between different cell lines with the same drug, where 

sorafenib increased MMP activity in fibrosarcoma but not melanoma. Therefore, it is 
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necessary to investigate cellular functions such as MMP activity, invasion, and migration, 

if other cell types were utilized. 

 

4.2.4 Characterization of Encapsulated Tissue Samples 

It was demonstrated in chapter 3 (Figure 22E to 22H) that our developed ex vivo 

culturing system maintained viability of healthy adipose tissue for 24 hr. Viability was 

determined using live/dead staining kit (calcein AM and EthD-1), which fluoresces 

depending on cellular esterase activity (calcein AM) and cell membrane integrity (EthD-

1) to differentiate between live or dead cells. However, viability test performed is not 

sufficient and should be repeated. Further viability tests, utilizing live dead staining, 

should be performed while altering culturing conditions such as ischemic time, 

encapsulation technique, hydrogels properties and media contents. Viability at three 

different time points of the encapsulation process should be tested. One as soon as tissue 

sample are acquired to determine maximum viability, one after sample processing and 

encapsulation to investigate process effect on viability, and the last one after 24 hours of 

incubation in the hydrogel assay to determine the assay ability to maintain a healthy 

culture. As a control for FNAB acquiring process, which might damage FNAB tissue due 

to shear force, tissue dissections could be utilized to determine maximum viability. Such 

viability testing determines optimal culturing conditions and the robustness of our assay 

to cope with subtle changes that are lab and user dependent. Further viability 

characterization could be performed utilizing the same kit or other commercially 

available kits such as CellTiter-Glo® luminescent cell viability assay. CellTiter-Glo® 
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depends on ATP presence in cells and produce a luminescence signal. Using other 

viability test, confirms results found with live/dead staining by using other biomarker, 

and may enable measuring MMP activity and viability simultaneously from the same 

well. Viability of adipose tissue was demonstrated in chapter 3 after 24 hr of incubation. 

Yet, when drugs are tested, adipose or other types of tissue might need more time to 

respond to drug treatment. Therefore, testing viability for periods of incubation more than 

24 hr will demonstrate the assay capability of maintaining viability for longer culture 

periods, and determine the maximum viability duration of the encapsulated tissue. Tissue 

viability in ex vivo culture is tissue type dependent. Therefore, it is important to test and 

characterize the viability of different tissue types before conducting an experiment. 

Pushing the assay to its boundaries during characterization enables a better understanding 

of the developed assay capabilities and limitations. 

 

One of the main reasons of encapsulating tissue samples ex vivo is to maintain native 

tissue structure, which has an effect on cellular responses. Therefore, it is important to 

characterize tissue structure, cell aggregate size and cell type proportions within a sample 

at different culturing conditions, mentioned above. Tissue histological structure should be 

tested at different steps of encapsulation, when first tissue received, after minimal 

processing and encapsulation, and after incubation in the hydrogel for the duration of the 

assay. Validating histological structure of tissue samples at different encapsulation steps 

confirms the suitability of the system to preserve tissue sample structure for the duration 

of the assay. Immunohistochemical staining such as hematoxylin and eosin (H&E) stains 
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could be utilized to validate tissue structure. As demonstrated in chapter 2 and 3, MMP 

and metabolic activity signal intensity are directly proportional to encapsulated cell 

quantity (Figures 15A and 15B) and tissue size (Figures 23B and 23D). Therefore, it is 

necessary to determine cell cluster size of encapsulated tissue samples by quantifying cell 

number and area of tissue sample. Determining cell cluster size may provide a suitable 

internal control for variability caused by tissue size, especially for FNAB as 

demonstrated earlier in chapter 3 (Figures 24A and 24C). Different cell types have 

different MMP and metabolic activity, which was demonstrated when multiple cell types 

were encapsulated in the MMP-degradable hydrogel, having different MMP and 

metabolic activity signal intensity (Figures 15A and 15B). Thus, proportions of different 

cell types within a tissue sample should be evaluated to determine dominant cell type and 

correlate cell type to MMP and metabolic activity. Different cell types can be recognized 

by staining a variety of biomarkers such as lipids or PPAR-gamma in adipocytes, 

fibroblast specific protein-1 (FSP-1) or proteoglycans in fibroblasts, pan-cytokeratin or 

epithelial membrane antigen (EMA) in epithelial cells and CD68 or F4/80 in 

macrophages. 

 

4.2.5 Validation of MMP Activity measurements of Ex Vivo Tissue Samples  

To validate MMP activity detected from tissue samples, our MMP activity assay could be 

compared to standard MMP activity assays, such as gelatin and in situ zymography (ISZ). 

In gelatin zymography, media of cells encapsulated in hydrogels is collected then run via 

electrophoresis through gelatin gels that segregate gelatinases (MMP-2 and -9) by their 
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molecular weight. Then, through a process of protein renaturing and denaturing with an 

SDS-PAGE zymogram, active and non-active gelatinases form bands proportional to 

amount of enzymes. To visualize MMP activity within tissue samples, ISZ is utilized by 

incubating fluorescent MMP degradable peptides on tissue slices, in which MMP activity 

are localized. ISZ enables visual and quantitative comparison of MMP activity within and 

across tissue slices highlighting MMP activity differences, such as the difference between 

MMP activity in normal and cancerous tissue. 

 

4.2.6 Drug Treatment Effects on MMP Activity of Breast Tissue Samples 

Many studies have demonstrated effects of chemotherapeutics on MMP expression and 

activity of a variety of cancers (Chiang et al., 2012; Ha et al., 2015; Leight et al., 2015; 

Schnaeker et al., 2004). However, isolated cell lines, which lack tumor heterogeneity, 

were cultured in 2D or 3D systems that may not adequately represent clinical outcomes. 

Therefore, testing drugs utilizing our HT ex vivo culturing system may bridge the gap 

between HT 2D and 3D models and PDX models, which are known for their excellent 

representation of clinical responses. Bridging the gap may be done in steps, starting with 

testing drug effects on MMP activity between 2D and 3D cultures (spheroids). Next, 

comparing results with FNAB MMP activity in response to the same drugs. Then, 

comparing MMP activity of FNAB to PDX models in response to drugs that altered 

MMP activity in the previous step. In breast cancer, similar to many other cancers, MMP 

activity is not usually considered in drug screening. Therefore, breast cancer cell lines 

could be cultured on 2D plastic and 3D spheroids to measure MMP activity in response 
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to several drugs. Several drugs that are used to treat breast cancer in clinics could be 

utilized, such as cisplatin, paclitaxel, gemcitabine, and doxorubicin. Comparing MMP 

activity of 2D culture to 3D spheroids in response to chemotherapeutics will determine 

how multicellular culture affects MMP activity in response to drugs and helps in 

predicting responses of FNAB with similar drugs. 

 

Drug screening of FNAB may provide a closer representation of drug treatment responses 

in patients. This closer representation might be due to FNAB maintaining tumor 

heterogeneity, structure and molecular characteristics, all of which affect cellular 

responses to treatments and lack in 3D spheroids from isolated cells. Therefore, the same 

drug screen with spheroids could be done on FNAB tissue samples encapsulated ex vivo. 

PDX are a well-established methodology that was demonstrated in many studies to 

produce similar responses to patients. Therefore, drug candidates that alter MMP activity 

in FNAB could be tested using other technologies such as PDX models to confirm results 

found with FNAB and to prove the concept of the closer representation of FNAB to in 

vivo responses. Additionally, drug resistance (viability) of FNAB could be compared to 

tumors of PDX models as another indicator of the closer representation of the FNAB 

response to in vivo response. Other molecular characteristics and biomarkers might be 

compared between FNAB and PDX models in response to tested drugs. For instance, 

staining for apoptosis, proliferation, or suppression/activation of signal molecules and 

comparing them between FNAB and PDX models gives an indication of how close or far 

FNAB would predict cellular responses to in vivo. 
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4.2.7 FBS Effects on MMP and metabolic Activity 

FBS added to assay media was heat inactivated and charcoal stripped as mentioned above 

in chapter 2. FBS heat inactivation and charcoal stripping reduce fluorescent background 

noise by reducing unspecific cleavage of the fluorescent peptide. This reduction of 

fluorescent background noise might be due to inactivating and stripping of proteases, 

growth factors and hormones from FBS (Cao et al., 2009). However, charcoal stripping 

also reduce other important compounds, such as vitamins, glucose, folic acid and 

phosphorus, which are necessary for cell growth and affect their responses (Cao et al., 

2009). Therefore, it’s important to determine which compounds in FBS that cause the 

increase of fluorescent background noise, to try to individually eliminate them from FBS 

without affecting other crucial compounds. Once compounds of interest are determined, 

their effects on cellular functions should be known, to control for any unwanted cellular 

co-variables during drug screenings. To test the effects of heat inactivation and charcoal 

stripping of FBS on fluorescence signal and cellular functions, processed and un-

processed FBS might be incubated with functionalized hydrogels with and without 

encapsulated cells, and MMP and metabolic activity would be measured and compared. 

Other cellular biomarkers and functions, such as intracellular signaling, in response to 

processed and un-processed FBS might be tested, to further evaluate the effects of heat 

inactivation and charcoal stripping on MMP and metabolic activity. 
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4.3 Conclusion 

To conclude, the value of 2D drug screening models has degraded over the years, due to 

its incompetency to accurately represent clinical outcomes. Therefore, HT 3D culture 

platforms are utilized. But because of the complexity and impracticalities introduced by 

HT 3D models, they are limited to viability assessment. Yet, potential treatments may be 

hidden underneath other cellular functions, hence it is important to consider them in drug 

screening and development. We developed, characterized, validated and demonstrated the 

utility of a HT assay for cellular encapsulation in 3D microenvironment to measure 

cellular functions such as MMP activity. Interestingly, sorafenib increased MMP activity 

in a dose dependent manner in fibrosarcoma. This MMP increase encourages us to further 

investigate other related cellular functions such as fibrosarcoma invasion and migration 

in response to sorafenib. 

 

Cellular responses and functions using in vitro cultures are affected by their culture 

environment. The closer in vitro models representing in vivo microenvironment, the 

closer in vitro cellular responses might be to clinical responses. To improve tumor 

representation in vitro, we developed an ex vivo culture system, in which tissue samples 

lived for 24 hours and MMP and metabolic activity were detected. Further, tissue 

samples characterization (viability and histological fidelity) and MMP activity validation 

(with gelatin and in situ zymography) should be performed, before utilizing the assay for 

drug testing. The developed system opens new doors towards many applications 

pertaining biology fundamentals research, drug discovery, and precision medicine. 
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Appendix A.  Structure, substrates specificity, unique domains, substrates 

interactions and functions of different subclasses of MMPs 

 
Structural 

Classification 
Substrate 

Specificity 
Name 

(MMP-#) 
Unique 

Domains 
Interact with Following 

Substrates Functions 

Gelatinases Gelatinases 

Gelatinase A 

(MMP-2) 

3 repeats 

of 

fibronectin 

type II 

domains 

Gelatin, collagens (type I, II, 

III, IV, V, VII, X, and XI), 

elastin, vitronectin, laminin, 

entactin, tenascin, SPARC, 

aggrecan, galectin-3, versican, 

myelin basic protein, 

fibronectin, 

chondroitinsulphate 

proteoglycan, IGFBP-3, 

laminin 52 chain, degrading 

IL-1, Monocyte 

chemoatractant protein-3, 

decorin, big endothelin, 

adrenomedullin, and Stromal 

cell-derived factor 1 (SDF-1). 

Cell migration, 

neurite outgrowth, 

mesenchymal cell 

differentiation, 

increase IGF1, cell 

proliferation, 

epithelial cell 

migration, anti-

inflammatory, 

Increase TGF-, 

generate 

vasoconstrictor, 

convert 

vasoconstrictor to 

vasodilator, and 

neurons apoptosis. 

Gelatinase B 

(MMP-9) 

Gelatin, collagens (type IV, V, 

XI, and XIV), elastin, 

vitronectin, laminin, SPARC, 

aggrecan, versican, decorin, 

myelin basic protein, ICAM-1, 

plasminogen, processing IL-1, 

degrading IL-1, IL-2R, 

precursor of TGF, and 

galactin-3. 

Tumor cell 

resistance, 

angiostatin-like 

fragment 

formation, pro-

inflammatory, 

anti-inflammatory, 

IL-2 response 

reduction, TGF- 

bioavailability, 

thymic 

neovascularization, 

chondrocytes 

apoptosis, and 

osteoclast 

recruitment. 
 

Continued on the next page. 

 

Table 4: Structure, substrates specificity, unique domains, substrates interactions 

and functions of different subclasses of MMPs (Folgueras et al., 2004; Llano et al., 

1999; Marchenko et al., 2001; Nagase, Visse, & Murphy, 2006; Nakamura, Fujii, 

Ohuchi, Yamamoto, & Okada, 1998; Sohail et al., 2008; Stolow et al., 1996; Uría & 

López-Otín, 2000; Visse & Nagase, 2003). 
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Structural 

Classification 
Substrate 

Specificity 
Name 

(MMP-#) 
Unique 

Domains 
Interact with Following 

Substrates Function 

Archetypal 

Collagenases 

Collagenase-1 

(MMP-1) 

No unique 

domains 

other than 

main 

common 

domains 

Collagens (type I, II, III, VII, 

VIII, X, and XI), gelatin, 

vitronectin, laminin, 

entactin, tenascin, aggrecan, 

link protein, myelin basic 

protein, versican, 

fibronectin, IGFBP-3, 

processing IL-1, degrading 

IL-1, and Monocyte 

chemoatractant protein-3. 

Cell and 

keratinocyte 

migration, platelet 

aggregation, 

increase IGF1, cell 

proliferation, 

apoptosis, pro-

inflammatory, and 

anti-inflammatory. 

Collagenase-2 

(MMP-8) 
Collagens (type I, II, and 

III), and aggrecan. Apoptosis. 

Collagenase-3 

(MMP-13) 

Collagens (type I, II, III, IV, 

VI, IX, X, and XIV), 

collagen telopeptides, 

gelatin, fibronectin, SPARC, 

aggrecan, perlecan, large 

tenascin-C3, perlecan, and 

Monocyte chemoatractant 

protein-3. 

Osteoclast 

activation, release 

of bFGF, 

apoptosis, and 

anti-inflammatory. 

Collagenase-4 

(MMP-18) 

(Xenopus) 
Collagen type I. 

Maturation of 

digestive tract, tail 

resorption, and 

hindlimb 

morphogenesis in 

tadpoles. 

Stromelysins 

Stromelysin-1 

(MMP-3) 

Collagens (type III, IV , V , 

VII, IX, X, and XI), collagen 

telopeptides, gelatin, elastin, 

vitronectin, laminin, 

entactin, tenascin, SPARC, 

aggrecan, link protein, 

decorin, myelin basic 

protein, versican, fibulin, 

fibronectin, basement 

membrane, E-cadherin, 

plasminogen, perlecan, 

IGFBP-3, processing IL-1, 

Monocyte chemoatractant 

protein-3, and decorin. 

Increase cell 

migration and 

invasion, 

mammary 

epithelial cell 

apoptosis and 

alveolar formation, 

EMT, angiostatin-

like fragment 

formation, release 

of bFGF, increase 

IGF1, cell 

proliferation, pro-

inflammatory, 

anti-inflammatory, 

Increase TGF-, 

and cell 

aggregation 

disruption. 

Stromelysin-2 

(MMP-10) 

Collagens (type III, IV, and 

V), gelatin, elastin, 

fibronectin, aggrecan, and 

link protein. 

Activates 

proMMP-1, -7, -8, 

and -9. 

 

Continued on the next page. 
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Structural 

Classification 
Substrate 

Specificity 
Name  

(MMP-#) 
Unique 

Domains 
Interact with Following 

Substrates Function 

Archetypal Others 

Metalloelastase 

(MMP-12) 

No unique 

domains 

other than 

main 

common 

domains 

Plasminogen, osteonectin, 

aggrecan, myelin basic 

protein, collagens (type I, 

V, and IV), gelatin, elastin, 

fibronectin, vitronectin, 

laminin, and entactin. 

Angiostatin-like 

fragment 

formation. 

(MMP-19) 

IGFBP-3, laminin 52 

chain, collagen type IV, 

gelatin, large tenascin-C, 

fibronectin, aggrecan, 

laminin, and entactin. 

Increase IGF1, 

cell proliferation, 

and epithelial cell 

migration. 

Enamelysin 

(MMP-20) Amelogenin, and aggrecan. Autolysis 

CMMP (MMP-

27) (Gallus) 
Gelatin, and casein. Autolysis 

Matrilysins 

Matrilysins 

Matrilysin-1 

(MMP-7) 
No 

hemopexin 

domain 

Fibronectin, plasminogen, 

IGFBP-3, decorin, E-

cadherin, collagens (type I, 

and IV), gelatin, elastin, 

vitronectin, laminin, 

entactin, tenascin, SPARC, 

aggrecan, link protein, 

decorin, myelin basic 

protein, fibulin, and 

versican. 

Increase cell 

invasion, 

adipocyte 

differentiation, 

angiostatin-like 

fragment 

formation, 

increase IGF1, cell 

proliferation, 

Increase TGF-, 

and cell 

aggregation 

disruption,  

Matrilysins-2 

(MMP-26) 
Collagen type IV, gelatin, 

fibronectin, and vitronectin. 

Activate 

proMMP-9, tumor 

progression, and 

angiogenesis. 

Furin-

activatable 

Matrilysins-3 

(MMP-11) 
Furin 

cleavage 

site 

IGFBP-1, gelatin, 

fibronectin, collagen type 

IV, and laminin. 

Increase IGF1, 

and cell 

proliferation. 

Others 

XMMP (MMP-

21) (Xenopus) Gelatin.  

Epilysin 

(MMP-28) Casein.  

 

Continued on the next page. 
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Structural 

Classification 
Substrate 

Specificity 
Name 

(MMP-#) 
Unique 

Domains 
Interact with Following 

Substrates Function 

Furin-

activatable 
Membrane 

Bound 

MT1-MMP 

(MMP-14) 

C-terminal 

transmembrane 

domain, and 

Furin cleavage 

site 

Collagens (type I, II, and III), 

gelatin, fibronectin, tenascin, 

vitronectin, laminin, entactin, 

aggrecan, CD44, type I 

collagen, laminin 52 chain, 

lamin 53, Monocyte 

chemoatractant protein-3, tissue 

transglutaminase on cell 

surface, and perlecan. 

Cell migration, 

kidney 

tubulogenesis, 

epithelial cell 

migration, 

anti-

inflammatory, 

cell adhesion, 

and spreading 

reduction. 

MT2-MMP 

(MMP-15) 

Tissue transglutaminase on cell 

surface, aggrecan, perlecan, 

fibronectin, tenascin, entactin, 

and laminin. Cell adhesion, 

and spreading 

reduction. 
MT3-MMP 

(MMP-16) 

Tissue transglutaminase on cell 

surface, collagen type III, 

gelatin, fibronectin, vitronectin, 

and laminin. 

MT5-MMP 

(MMP-24) 

Fibronectin, gelatin, 

chondroitin sulphate 

proteoglycan, and dermatan 

sulphate proteoglycan. 

Activating 

MMP-2 

MT4-MMP 

(MMP-17) glycosylphosph

atidylinositol 

(GPI) anchor, 

and Furin 

cleavage site 

Gelatin, fibrinogen, and fibrin. 

Activating 

MMP-2, and 

cancer 

progression. 

MT6-MMP 

(MMP-25) 

Collagen type IV, gelatin, 

fibronectin, chondroitin 

sulphate proteoglycan, 

dermatan, and sulphate 

proteoglycan. 

Cancer 

progression. 

CA-MMP 

(MMP-23) 

No hemopexin 

domain, and 

Furin cleavage 

site 

Gelatin  
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Appendix B.  MMP-Degradable Peptide Coupling with Dabcyl and Fluorescein 

Protocol 

1. OBJECTIVE  

To add dabcyl and then fluorescein onto a previously synthesized peptide. 

  

2. DEFINITIONS AND ACRONYMS  

1. DMF= N,N-Dimethylformamide, Anhydrous  

2. DCM= Dichloromethane  

3. TIPS= Triisopropylsilane  

4. TFA=Trifluoroacetic acid  

5. DIPEA= Diisopropylethylamine 

 

3. MATERIAL LIST  

1. Hydrazine (Cat # 215155-50g, Sigma-Aldrich)  

2. DMF (Cat # 227056-2L, Sigma-Aldrich)  

3. Dabcyl (Cat # 50-850-476, Fisher Scientific)  

4. NHS-Fluorescein (Cat # PI-46409, Fisher Scientific)  

5. DCM (Cat # 676853-4L, Sigma-Aldrich)  

6. DIPEA (Cat # D125806-500ML, Sigma-Aldrich)  

7. Phenol (Cat # 185450-100G, Sigma-Aldrich)  

8. Ether (Cat # E1381, Fisher Scientific)  

9. Kaiser Test Solutions (see Kaiser Test Protocol)  

  

4. DABCYL ADDITION  

1. Remove resin from the peptide synthesizer reaction vessel using DMF, 

and place into a glass peptide synthesis reaction vessel.  Rinse 2-3 more times 

with DMF to remove as much resin as possible.    

2. Clean the Liberty Blue reaction vessel with methanol and allow to dry in 

the fume hood before placing it back.  

3. Fill glass reaction vessel with ~15-20 mL of DMF.  Allow resin to 

swell while continuously stirring in DMF for 15 min.  

4. Place a waste beaker below the glass vessel.   

5. Open stopcocks and allow DMF to flow out.  Use compressed gas to aid in 

making the fluid flow faster (do this for each wash/solution).  

6. Wash resin with ~15-20mL of DMF three more times, ~1min for each 

wash.  

7. Take two small samples (3-4 resin beads) of peptide and place in two 

tubes.  

8. Test one tube via the Kaiser Test.  

1. Kaiser Test = add 20uL of each vial to sample, vortex, spin down, 

place in heat block @ 100°C for 2min.  Positive= turns blue, Negative= no 

color change  
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9. Immerse resin with Dabcyl solution O/N  

1. Dabcyl solution: 100mg Dabcyl + 5mL DMF + 200µL DIPEA  

*KEEP VESSEL COVERED WITH FOIL O/N*  

  

5. DEPROTECTION, AND FLUORESCEIN ADDITION  

1. Rinse resin with ~15-20mL of DMF three times.  

2. Take two small samples of resin and place in two tubes.  Perform Kaiser 

Test on a sample before dabcyl addition, and a sample after dabcyl addition 

before continuing.  

3. Make a 2% Hydrazine deprotection solution: 20mL DMF + 400µL 

Hydrazine.  

4. Immerse resin with 10mL of hydrazine solution for 10min.  

5. Drain and wash resin with ~15mL of DMF 3-4 times  

6. Immerse resin with remaining hydrazine solution for 10min.  

7. Drain and wash resin with ~15 mL of DMF 3-4 times.    

8. Take two small samples of resin and place in two tubes.  Perform Kaiser 

Test on a sample after dabcyl addition, and a sample after deprotection before 

continuing.  

9. Immerse resin in Fluorescein solution O/N  

1. Fluorescein solution: 150mg Fluorescein + 2.5mL DMF +100µL 

DIPEA  

10. *KEEP VESSEL WRAPPED IN FOIL O/N (sensing a theme here?)*  

  

6. CLEAVAGE OFF THE RESIN AND PRECIPITATION OF PEPTIDE  

1. Rinse resin with ~15-20mL of DMF three times.  

2. Take a small sample of resin and place in a tube.  Perform Kaiser Test on 

a sample after deprotection, and a sample after fluor. addition before continuing.  

3. Wash resin 4 times with ~15mL of DCM.  Allow resin to dry for a few 

minutes.  

4. Prepare cleavage cocktail:   

1. Cocktail:  250mg Phenol + 125µL TIPS +125µL H2O + 5mL TFA  

5. Immerse resin in the cleavage cocktail for 2-3 hours.   

*KEEP VESSEL COVERED IN FOIL (but you already knew this)*  

6. Drain liquid into a 50mL conical tube.  *THIS IS YOUR PEPTIDE*  

7. Add up to 48mL of cold ether to the peptide.  Vortex well to precipitate.   

8. Centrifuge tube at 3000rpm for 3 min*.    

*Remember! Balance needs to weigh the same, since ether is lighter then 

water.  

9. Carefully pour off ether into a waste beaker without dumping the peptide.  

10. Add 40-45mL of ether to the sample tube, vortex well, and spin down 

again.  Pour off ether into waste beaker.  

11. Repeat step 6.10  

12. Rubber band a kimwipe over the tube. *WRAP TUBE IN 

FOIL (derp)* Allow tube to dry in the fume hood for ~1 hr*.  
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*Ether must be fully evaporated before placing sample in 

the desiccator to avoid explosions  

13. Place tube in desiccator O/N  

14. Perform degradation and Ellman’s assays, or store peptide -20°C for long 

term storage.  
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Appendix C: Poly(Ethylene Glycol) Functionalization with Norbornene Protocol 

1. OBJECTIVE  

To add norborbene to PEG monomers. 
 

2. DEFINITIONS AND ACRONYMS  

1. PEG= polyethylene glycol  

2. NB= Norbornene  

3. DIC= N,N’-Diisopropylcarbodiimide  

4. DMAP= 4-(Dimethylamino)pyridine  

5. DCM= Dichloromethane, must be anhydrous! 

 

3. MATERIAL LIST  

1. DCM, use the 100mL bottles(270997, Sigma-Aldrich)  

2. Norbornene (446440-25ML, Sigma-Aldrich)  

3. Pyridine (270970-100ML, Sigma-Aldrich)  

4. DIC (D125407-100G, Sigma-Aldrich)  

5. DMAP (107700-5G, Sigma-Aldrich)  

6. PEG (JenKem)  
  

4. DRYING THE PEG  

1. Weigh out 2g of PEG into a 50mL conical tube  

2. Freeze tube O/N or at least 4hrs in the -70C (Ultra low freezer)  

3. Lyophilize tube O/N to remove any water in the sample  
  

5. ADDITION OF NORBORNENE  

1. Add the dried PEG to 100mL round bottom flask.    

2. Add 15mL of DCM to the flask.  Stir continuously until PEG dissolves 

completely.    

3. Add DMAP and pyridine to PEG flask.  Allow to stir continuously under 

Argon for 30min.  

4. In another flask, add 10mL DCM, then add the NB*, and DIC.  Allow to 

stir continuously under Argon for 30min.  

5. Pour contents from PEG flask into NB flask.  Allow to stir O/N.  

*NOTE: use a syringe for dispensing NB, change gloves after 

handling NB  
  

6. PRECIPITATION AND FILTRATION OF PEG-NB  

1. Fill a large flask with ~900mL of cold ether, add a large stir bar.  

2. Add PEG-NB solution dropwise, slowly, into the stirring ether.  

3. Filter precipitate using a vacuum filter funnel and another large flask*.    

4. Place solid from funnel into a 50mL conical tube, leave tube in hood (~1-

2hrs) w/ kimwipe to evaporate the ether.  

5. Place PEG-NB in desiccator until it looks “light and fluffy” (~2-4hrs).  
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6. Add 20mL of DI H2O to dried PEG-NB, vortex till fully dissolved.  

7. Cut a section of dialysis tubing to ~14cm in length, clamp one end.  Pipet 

solution into the dialysis tubing, and clamp other end.  Immerse dialysis tube 

in 2500-3000mL of DI H2O.  

8. Leave tube immersed for 24-48hrs (the longer the better).  Change water 

at least 3 times during this period.  

9. Pipette solution into a 50mL falcon tube after dialysis, and freeze 

for lyophilization.  

*NOTE: All items that come in contact with NB will need to be placed 

in a 10% bleach bath after cleaning with acetone.  
  

7. LYOPHILIZATION AND QUALITY CHECK  

1. Lyophilize PEG-NB.  May take up to 3 days to fully freeze dry.    

2. Test dried PEG-NB to see if it will polymerize into a gel.  

3. Check purity via NMR on 3-4mg of dried sample.  
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Some common PEG-NB recipes:  

  PEG arms:  4        

MF:  4 arm PEG 

(g)  

NB (uL)  Pyridine 

(uL)  
DIC 

(uL)  
DMAP 

(mg)  

MW (g/mol)  20000  138.7  79.1  126  122.17  

mmoles of 

amines:  

0.4  2  2  1  0.02  

Equivalence:  1  5  5  2.5  0.05  

Density 

(g/mL)  

-  1.129  0.98  0.8  -  

Amount:  2  245.70  161.43  157.50  2  

            

  PEG arms:  8        

MF:  8 arm PEG 

(g)  

NB (uL)  Pyridine 

(uL)  
DIC 

(uL)  
DMAP 

(mg)  

MW (g/mol)  10000  138.7  79.1  126  122.17  

mmoles of 

amines:  

1.6  8  8  4  0.08  

Equivalence:  1  5  5  2.5  0.05  

Density 

(g/mL)  

-  1.129  0.98  0.8  -  

Amount:  2  982.82  645.71  630.00  10  

            

  PEG arms:  8        

MF:  8 arm PEG 

(g)  

NB (uL)  Pyridine 

(uL)  
DIC 

(uL)  
DMAP 

(mg)  

MW (g/mol)  40000  138.7  79.1  126  122.17  

mmoles of 

amines:  

0.4  2  2  1  0.02  

Equivalence:  1  5  5  2.5  0.05  

Density 

(g/mL)  

-  1.129  0.98  0.8  -  

Amount (g):  2  245.70  161.43  157.50  2  
 


