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ABSTRACT OF THE THESIS 

 

 

 

The Fabrication and Characterization of a Dynamic Hyaluronic Acid Hydrogel Scaffold 

for Tissue Engineering Applications 

 

by 
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Master of Science in Bioengineering 

University of California, Los Angeles, 2018 

Professor Andrea M. Kasko, Chair 

 

 

Chronic wounds affect many patients in the United States every year and generally 

coincide with other cardiovascular diseases, such as diabetes and foot ulcers. Current 

treatments for chronic wounds are lacking effectiveness and in the case of surgical intervention 

cause pain to patients. Therefore, new therapies are emerging that involve the use of hydrogels 

to promote natural healing by the body. Hydrogels (used as a biomaterial scaffold) have 

emerged as an option to treat chronic wounds, however, these scaffolds are implanted into the 

body and may not actually mimic the native tissue. Typically, scaffolds are completely rigid, 

whereas the human body is dynamic, with forces pushing and pulling constantly on tissues and 

cells. This thesis explored the creation of a dynamic scaffold for the repair of chronic wounds. 



iii 
 

 This work focused on creating a scaffold from modified hyaluronic acid polymer building 

blocks that could form after injection into the body, thus decreasing the need for surgical 

intervention. The scaffold contained differing ratios of cross-linkable and non-cross-linkable 

microspheres (or building blocks). The cross-linkable spheres form the porous network of the 

scaffold, while the non-cross-linkable spheres are able to move around and introduce dynamic 

forces into the system. In addition to the scaffold creation, a large portion of this work included 

optimizing the fabrication of these polymer building blocks (or microspheres). The microspheres 

were created using both inverse suspension and microfluidic setups. The goal was to create 

uniform spheres to eliminate the possible effect differing geometries could have on the 

scaffolds. The observable difference in the scaffolds was thus the amount of cross-linked 

spheres and non-cross-linked spheres.   

 After fabrication of the microspheres, a scaffold was created by mixing the microspheres 

together with a cross-linker and characterized through Rheometry, and microscopy. After 

analysis, the time and minimum amount of cross-linkable spheres required for gelation to occur 

in the scaffolds was determined to be 1 hour and 30 minutes and 50% respectively. Additionally, 

it was observed that after decreasing the amount of cross-linkable spheres below 80%, the 

overall scaffold strength and modulus significantly decreased. Lastly, it was observed that the 

void space or free space in the scaffolds did not significantly change between any of the 

scaffold conditions. Following physical characterization, the scaffolds were cultured with human 

dermal fibroblasts to determine how the dynamic scaffold would interact with the cells. For all 

the dynamic scaffolds, as well as the control scaffold (a completely cross-linked porous 

microsphere scaffold) there was an increase of proliferation and spreading over the 7-day trial. 

Although there was improvement in all the conditions, there was no statistical difference seen 

between the conditions. Thus, it was concluded that all these scaffolds are biocompatible and 

can improve cell growth; however, at the moment it cannot be stated that a dynamic scaffold 

has improvement over the traditionally cross-linked scaffold.  
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1.) Introduction: 

Chronic wounds are a growing problem affecting more than 6.5 million patients in the 

United States, with a total cost exceeding more than US$25 billion annually on treatment [1]. 

Generally, wounds to the skin will heal on their own, passing through three stages of repair 

(inflammation, proliferation, and remodeling) in a series of weeks [2]. During this time the wound 

is covered with a fibrin clot and immune cells clean the site, then native cells (endothelial, 

epithelial cells and fibroblasts) break down the clot and lay down new matrix, eventually leading 

to new skin. However, a chronic wound is one that deviates from the natural progression of 

healing and remains trapped in one of the healing phases [3]. Patients with chronic wounds 

often acquire them as a secondary condition due to a larger health issue, or due to deep burns, 

where the damage is too severe. Many suffer from diabetes and other cardiovascular disease 

which lead to problems with the natural healing. It has been observed that age is a contributing 

factor and with a growing population and more prevalence of cardiovascular disease, chronic 

wound issues will only increase in number [4].  

The first step in treating chronic wounds is determining the extent of damage and 

amount of revascularization needed to resume normal function [5]. Generally, the treatments will 

look to reduce pressure around the wound and improve vascular flow to the region, which is 

necessary for function. This could include techniques such as hyperbaric oxygen therapy where 

a device is placed over the wound to seal the area and pump oxygen around the wound [6]. 

Other products involve applying topical creams or dressings over the wound, however, there 

has not been conclusive data to support the efficacy of these treatments [7]. The last technique 

usually involves surgical intervention, in which the disease tissue of the wound is scrapped 

away until only healthy tissue remains (indicated by bleeding), or in extreme cases amputation 

is required [8]. Most of these techniques do not work and there is still a wound after treatment, 
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and in the case of surgery there is major pain associated with the procedure itself. Due to these 

constraints and short-comings, new therapeutic options are needed. 

Injectable biomaterial hydrogel scaffolds, as a treatment for chronic wounds, are 

desirable for a multitude of reasons; first and foremost, the elimination of invasive surgery for 

implantation [9]. This eliminates patient discomfort as well as the time and money spent on the 

procedure itself. Especially important for wound repair, these injectable material scaffolds can 

mold into the shape of the wound site [10]. This leads to the ability for the scaffold to take the 

shape of complex geometries without changing the fabrication techniques of the building blocks 

themselves. Hydrogels, or highly cross-linked water swollen networks of hydrophilic polymers, 

have long been studied and shown promise as biocompatible materials for the treatment of 

chronic wounds [11]. A key attribute is that hydrogels can be fabricated to mimic the 

extracellular matrix (ECM) surrounding cells, which can be useful during tissue repair [12,13]. 

Hydrogel components can be made from both natural and synthetic sources [14]. 

Hyaluronic acid (HA) is a non-sulfated glycosaminoglycan component of the natural ECM and 

has been shown to be a viable material for hydrogels [15,16]. HA has been used for hydrogels 

because when placed in the body it is easily cleared, which is useful, so native cells can 

eventually replace the scaffold with their own matrix (as seen during the natural wound healing 

progression) [17]. Additionally, HA is commonly used due to its low immunogenicity, or low 

immune response, which means that the body will not reject or attack the scaffold [18]. This is 

important so that the body will interact with the material instead of breaking it down, leading to 

inflammation and pain. 

As mentioned, these scaffolds attempt to mimic the EMC around the cells to promote 

infiltration and new cell growth during wound repair. A major attribute of native tissue is the 

dynamic forces that interact with other surrounding tissue [19]. Cells have forces push and pull 

on them while they interact with other cells and that can influence how they function and 
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develop [20]. Completely rigid scaffolds may not actually mimic this movable and dynamic 

environment, possibly limiting the efficacy that these therapies can provide. The goal of this 

work is to then test how introducing a dynamic component to these scaffolds will influence cell 

growth and proliferation, representing a wound model. 

A common issue with traditional hydrogels is that cells must degrade the mesh (usually 

on the order of tens to hundreds of nanometers) or solid network formed to infiltrate and lay 

down new matrix [21]. Furthermore, if the material is degraded too quickly the mechanical 

strength will not be maintained and the scaffold will break at the site causing problems, possibly 

inflammation. Therefore, a balance between degradability and mechanical support must be 

achieved [22]. A different approach is to create micron sized pores in the mesh during 

fabrication, leading to cellular infiltration decoupled from degradation [15]. Common approaches 

to fabrication include salt leaching [23-25], gas foaming [26-28], lyophilization [29-32], and 

sphere templating [33-36]. While these methods work, they are cytotoxic and require purification 

and seeding of cells post-fabrication. Recently, a new class of in situ forming microporous 

(Microporous Annealed Particle or MAP) hydrogel was introduced that allows cell seeding 

during the formation of these microscale pores [37]. These microspheres and cells can be 

loaded into a syringe and, following injection into the body, the spheres cross-link together 

whereby the cells reside in the micron sized porous network. These porous scaffolds have also 

shown to decrease inflammation around the site of injection, which can be beneficial when 

treating chronic wounds. This new technique in porous hydrogel creation showcases two 

important aspects: first, the benefit of having an injectable therapeutic; and second, how 

microsphere building blocks can create a useful scaffold for tissue repair [38].  

These injectable scaffolds can be cross-linked in situ by many methods, including 

temperature [39,40], pH [39] and light [41]. The difficulty with these injectable microsphere 

building blocks is the ability to fabricate them in a uniform and time efficient manner. Techniques 
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have ranged from microfluidics [37,38] to emulsion setups using different stirring or 

homogenization [42-45] or even acoustic vibrations from piezo electric transducers [46] to 

impart energy into the system. Most of the emulsion setups have large size distributions, though 

homogenization has shown the most promise with the lowest dispersity [47]. The drawback with 

this setup is that the size of the particles formed are usually on the nanometer scale, which is 

too small to create microporous scaffolds. Thus, an additional goal of this work will be to 

establish a fabrication method that optimizes the size of the microspheres as well as minimizing 

the size distribution. Three techniques will be used to fabricate the microspheres, and each will 

be analyzed to determine an appropriate use and function.  

Overall, porous hydrogel scaffolds have been used for many tissue engineering 

applications, including treating chronic wounds. This work seeks to expand upon existing 

material ideas and fabrication techniques to optimize a method for creating a dynamic hydrogel. 

This hydrogel will be made of microsphere building blocks that can be cross-linked in situ, 

allowing for an injectable therapy that has high porosity and mechanical strength. The model will 

consist of different building blocks to attain movable portions and be seeded with human dermal 

fibroblasts to simulate a wound and repair. The efficacy of the fabrication techniques will be 

based on the size particles created and the dispersity. The wound model will determine if having 

a dynamic component increases the cell growth and proliferation compared to a traditional 

microporous scaffold, while maintaining the geometric properties of the scaffold.  

 

2.) Materials and Methods:  

2.1.) Base Materials: 
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Sodium hyaluronate was purchased from Contipro (Dolní Dobrouč, Chech Republic) at 

molecular weight 50kDa – 90kDa. All other chemicals were purchased from Sigma Aldrich (St. 

Louis, MO) or Fisher Scientific (Pittsburgh, PA), unless otherwise noted. 

2.1.1.) Hyaluronic Acid-Norbornene Modification:  

Sodium hyaluronate (HA), a naturally occurring glycosaminoglycan, was modified to contain 

norbornene groups. Initially, 1g of HA was dissolved in 200mM 2-(4-Morpholino)ethane Sulfonic 

Acid (MES) buffer at pH 5.5 in a 50 mL conical tube. In a separate 50 mL conical tube, 3.11g of 

4-(4,6-Dimethoxy[1.3.5]triazin-2-yl)-4-methylmorpholinium chloride (DMTMM) (TCI America, 50-

014-32155) was dissolved  in 40 mL of 200 mM MES buffer. The two conical tubes, of HA and 

DMTMM, were mixed in a 250 mL flask with a stir bar (30 mm in length) and left to react by 

spinning at 1000 RPM for 10 minutes at room temperature. While the reaction was stirring, 5-

Norbornene-2-methylamine (mixture of isomers) NMA (MW 123.2 Da) (ρ 0.96 g/mL) (TCI 

America, N0907) was prepared. 0.677 mL of the NMA was added dropwise to the stirring flask, 

covered with foil and left to react overnight under continuous stirring. The solution was then 

precipitated in 100% ethanol and put through a 0.22 μm filter. The solid was collected and 

dissolved in 2M solution of NaCl and then dialyzed (8000 MWCO) against DiH2O for 30 

minutes, dialyzed against 1M NaCl for 30 minutes and then against DiH2O for 30 minutes 

again. This was repeated for a total of three times and then dialyzed against DiH20 for 24 hours, 

changing solution a total of three times. The final solution was filtered with a 0.22 μm filter and 

collected in 50 mL conical tubes. Using liquid nitrogen, the tubes were flash frozen and then 

lyophilized for long-term storage. The product was analyzed using 1H NMR in D2O and the 

degree of functionalization (47.5%) was determined by dividing the mulitplet peak at δ = 6 (vinyl 

protons, exo and endo [48], seen as 1 in Figure 1) by the singlet peak at δ = 1.9 (singlet peak of 

acetyl methyl protons in HA monometer, seen as 2 in Figure 1).  
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Figure 1: Schematic of hyaluronic acid modification with norbornene groups, above. 

Modification was determined as 47.5% using 1H NMR by comparing hydrogens 1, from 

the vinyl groups of norbornene with hydrogens 2 from the acetyl of hyaluronic acid 

backbone, bottom.  

 

2.1.2.) Hyaluronic Acid-Acrylate Modification:  

Hyaluronic acid was modified to contain an acrylate group using a previously described two-step 

synthesis [15]. Briefly, HA (2.0g, 5.28 mmol) was dissolved in DiH2O mixed with adipic 

dihydrazide (ADH, 36.8g, for a ratio of 40 ADH hydrazide to each HA carboxyl group) and with 

1-ethyl-3-(dimethylaminopropyl) carbodiimide hydrochloride (EDC, 4.0g, for a ratio of 3.95 EDC 

to each HA carboxyl group) with pH adjusted to 4.75. The mixture was reacted overnight to form 

hydrazide-modified hyaluronic acid (HA-ADH). The following day, purification via dialysis (8000 

MWCO) in deionized water was performed for a total of 2 days. HA-ADH was collected and 

lyophilized for storage and later use. HA-ADH (1.9g) was dissolved in HEPES buffer (10 mM 

HEPES, 150 mM NaCl, 10 mM EDTA, pH 7.4) and mixed with N-acryloxysuccinimide (NHS-AC, 

1.33g, 4.4 mmol) and was left to react overnight. The following day, purification through dialysis 

against DiH2O was performed for a total of 2 days. The acrylate modified hyaluronic acid (HA-
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Ac) was lyophilized for long term storage and placed at −20 °C thereafter. The product was 

analyzed previously using 1H NMR in D2O and the degree of functionalization (14%) was 

determined by dividing the multiplet peak at δ = 6.2 (cis and trans acrylate protons, 3 and 4 in 

Figure 2) by the singlet peak at δ = 1.6 (singlet peak of acetyl methyl protons in HA monomer, 2 

in Figure 2) [15].  

 

Figure 2: Schematic of two step modification reaction of hyaluronic acid with acrylate 

groups. Previously [15], a modification of 14% was determined with 1H NMR, comparing 

hydrogens 3 and 4 from the acrylate with hydrogens 2 from the acetyl of HA.  

 

2.2.) Fabrication of Microspheres:  

 

 

Table 1: Fabrication methods used to create microspheres. Including the modified type 

of hyaluronic acid, cross-linking chemistry, and creation force used to make the spheres. 
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2.2.1.) Inverse suspension (HA-Norb Microspheres):  

HA-Norb microspheres were formed by a water-in-oil inverse suspension using two different 

energy imparting techniques. Each used the following procedure to create a gel precursor 

solution. All reagents were dissolved in 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid 

(HEPES) buffer (0.3 M HEPES, pH 7.8), unless otherwise stated.  

Initially, 30mg of HA-Norb was dissolved in 764 μL of buffer in a 1.5 mL microcentrifuge tube. 

Next, 8.33 μL of 60 mM RGD peptide (Ac-RGDSPGERCG-NH2, Genscript), 32 μL of 50 mM 

TCEP and 5 μL of 2.2 mM lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP, TCI America) 

were mixed in a separate 1.5 mL microcentrifuge tube. 634.8 μL (roughly three-quarters) of the 

HA-Norb solution was added to the RGD solution to create a clustering ratio of 1.75 mol 

RGD/mol HA. This solution was exposed to UV light for 1 minute at 18 mW/cm2 at room 

temperature. After exposure, an additional 59.6 μL of 2.2 mM of LAP was added to the HA 

solution. The solution was covered in foil until further use. During the exposure, in a separate 

microcentrifuge tube 12.5 μL of 0.0174 mM Alexa 488-Maleimide (Thermo Fisher Scientific) and 

118 μL of a 25 mM 1-4-dithiothreitol (DTT, Sigma-Aldrich) solution were mixed. Lastly, the 

cross-linker solution (DTT) and the polymer solution (HA-Norb) were mixed in a single 1.5 mL 

microcentrifuge tube and foiled until added to the round bottom flask. *Note solution should be 

used same day or this will form a gel. If the two components are not mixed, then the polymer 

solution can be stored in the dark and stay reactive for multiple days.  

2.2.1.1.) Stir Bar Fabrication: 

A 100 mL round bottom flask was prepared by twirling 20 mL of sigmacote (Sigma-Aldrich) in 

the bottom for 1 minute and then removed. This was repeated for a total of three times to 

ensure that the glass is hydrophobic, so microspheres will not adhere to flask during fabrication. 

The round bottom flask was secured above a stir plate and then filled with 10 mL of 3, 4, or 6% 

v/v span-80 in hexane solution and a 20 mm Teflon stir bar (see Figure 2). A syringe connected 
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to a tank of nitrogen gas was inserted 1 cm below the liquid in the flask and the plate was set at 

300-600 RPM (see Figure 2). Lastly, 100-1000 μL of gel precursor solution, prepared earlier that 

day, was added using a 1000 μL positive displacement pipet while the solution was stirring and 

left for 1 minute. The solution was exposed to UV light at 18 mW/cm2 from above for 10 

minutes. After exposure, the stirring was stopped and the mixture of microspheres in 

oil/surfactant was transferred into a 50 mL conical tube. The flask was rinsed with additional 

hexane to remove any material that remained after initial transfer. The tube was then 

centrifuged at 300 Gs for 5 minutes and the supernatant was removed, leaving the 

microspheres in a pellet. Fresh hexane was added, and the above process was repeated a total 

of three times. The microspheres were then suspended in phosphate buffer saline (1xPBS, pH 

7.4) in a 1.5 mL microcentrifuge tube. This tube was centrifuged at 18,000 Gs for 5 minutes and 

then the supernatant was aspirated. Fresh 1xPBS was added and this was repeated until all the 

excess oil was removed from the spheres (3-4 times). The spheres were then suspended in 

1xPBS and stored at 4°C fridge until later use. 

2.2.1.2.) Homogenization Fabrication: 

The same preparation as above was used; however, a homogenizer was used instead of a stir 

bar to create the microspheres. After, a flask was coated with sigmacote (Sigma-Aldrich) and it 

was attached to a stand along with the handheld homogenizer (Tissue Tearor, Cole-Parmer), 

placing the homogenizer above the flask. The flask was filled with 10 mL of 3% v/v span-80 in 

hexane. The homogenizer was then lowered 2 cm into the hexane/span-80 solution and 

secured. Then 100 μL of gel precursor solution was added through the side port of the round 

bottom flask. The homogenizer was set at either 10000, 12000, or 15000 RPM and either ran 

for 10 or 30 seconds (see Figure 3). The homogenizer was removed from the flask and the 

solution was exposed to 18 mW/cm2 UV light for 10 minutes. After exposure the solution was 
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gathered in a 50 mL conical tube and purified following the same procedure as with the stir bar 

method (2.2.1.1).  

2.2.2.) Microfluidic Approach (HA-Ac Microspheres): 

2.2.2.1.) Microfluidic Device Design: 

Microfluidic water-in-oil flow focusing master molds were a generous gift from Doctor Sasha Cai 

Lesher-Perez. A channel height of 55 μm was used. 

Poly(dimethyl)siloxane (PDMS) Sylgard 184 kit (Dow Corning) devices were made from the 

master molds as previously described [15,37]. In brief, a 10:1 ratio of base to curing agent was 

mixed and poured over the mold. Following degassing, the molds were left in a 60°C oven for a 

minimum of 4 hours. The mold, as well as a glass microscope slide (VWR), were oxygen 

plasma treated at 500 mTorr and 75 W for 10 seconds three times and pressed together to seal 

channels. This was then left on a hot plate at 150°C for 10 minutes to ensure a stable bond. 

Immediately after, a solution of Rain-x was infused into the device with a syringe and allowed to 

react for 30 minutes at room temperature, to functionalize channels. Rain-x was aspirated out of 

mold and device was placed in a desiccator overnight for additional air drying.   

2.2.2.2.) Generation of particles: 

The HA-Ac gel microspheres were formed using a four inlet, one outlet microfluidic droplet 

generator as previously reported [15]. Two inlets were used for the “pinch” oil (1% v/v span-80 

in heavy mineral oil) and “outer” oil (5% v/v span-80 in heavy mineral oil) while the other inlets 

allowed the mixing of the HA-Ac solution and cross-linker solution immediately before the 

“pinching” point. The HA-Ac solution was freshly prepared prior to each run by first dissolving 

the lyophilized HA-Ac in 0.3M triethanolamine (TEOA) pH 8.8 at 7% w/v. Two-thirds of the 

solution was used to dissolve the thiol-containing peptide RGD (Ac-RGDSPGERCG-NH2, 

Genscript) at 1000 μM for a clustering ratio of 1.75 mmol RGD/mmol HA. This mixture was set 
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aside to react for 30 minutes and then loaded into a 1 mL Hamilton Gas-tight syringe along with 

the additional HA-Ac solution for a total volume of 750 μL. While the RGD and HA-Ac solution 

react, the cross-linker solution was prepared by dissolving the dithiol matrix metalloproteinase 

(MMP) sensitive linker peptide (Ac-GCRGDPQGIEGIWGQDRCG-NH2, Genscript) in distilled 

water at 7.8 mM followed by the addition of 17.5 μM Alex-Fluor-maleimide (Either 488, 647, Life 

Technologies) and reacting for 10 minutes. 750 μL of cross-linker solution was then loaded into 

a separate 1 mL Hamilton Gas-tight syringe. Two syringe pumps were used to separately 

control the flow rates of the oils and the gel precursor solutions (6-8 μL/min for oil flow, 0.5-0.6 

μL/min for gel solutions). Gel precursor solutions were co-flowed at a 1:1 volume to make final 

microspheres and left overnight in oil at 25°C. The final microsphere composition consisted of 

3.5 wt% HA-Ac, 500 μM RGD, 8.75 μM Alexa-Fluor-maleimide and 3.9 mM cross-linker. The 

microspheres were transferred to 1.5 mL microcentrifuge tubes with HEPES buffer saline (50 

mM HEPES, 100 mM CaCl2, pH 7.4). The tubes were centrifuged at 18,000 Gs for 5 minutes, 

allowing for pellet formation of the gel spheres and separation from oil plus surfactant. The 

supernatant was aspirated, and the above procedure was repeated until all oil and surfactant 

was removed from microspheres (5-6 times). Final solution of microspheres was stored in 4°C 

fridge until needed.  

2.3.) Characterization: 

2.3.1.) Size Distribution of Microspheres: 

A Nikon Ti Eclipse equipped with C2 laser LED excitation was used to capture images of the 

microspheres after production. Each tube was centrifuged at 18,000 Gs and 5 μL of 

microspheres were extracted and diluted in 45 μL of 1xPBS (pH 7.4). For each condition, two 10 

μL drops of the diluted solution were placed on glass slides and z-slice images were taken. A 

minimum of 10-slices were taken in order to cover 100 μm of distance. The images were then 

compressed into a maximum intensity projection (MIP) and analyzed using a custom written 
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MATLAB code with the help of Dr. Sasha Cai Lesher Perez. The objective of the code is to 

measure the diameter of the spheres based on the fluorescent intensity in the images. The 

program finds a center point of intensity and, based on a radius specified by the user, the 

program measures the distance around that center point.    

MATLAB Script for Microsphere Analysis: 
close all 
%This script was written for the use of droplet & circle identification 
 
%% 
SRadius=30;  % The minimum droplet/microsphere radius (in pixels) the script will seek out (and recognize) 
LRadius=50;  % The maximum droplet/microsphere radius (in pixels) the script will seek out (and recognize) 

% The sensitivity of the circle-hunting command.  Lower values will  
% lead the script to be more selective, while higher values will lead to it being less selective. 
SensitivityFactor = .96; 
RawImage = imread('___________.jpg');  % Change value to the filename you want to analyze 
figure, imshow(RawImage)% Will show your image, and contains data to analyze 
B = RawImage; % This is all your information for analysis 
LofI = length(B); % Determining the length of the matrix, to know dimensions (normally all images are squares so one dimension is fine) 
  
%% 
%Isolating the data for your analysis later on 
red = B(:,:,1); % Red channel data 
green = B(:,:,2); % Green channel data 
blue = B(:,:,3); % Blue channel data 
a = zeros(size(B, 1), size(B, 2)); %Makes an all zero matrix to blot out channels that are not of interest, i.e they become 0 
  
%% 
%Producing matrices that are only composed of a single channel's worth of data 
just_red = cat(3, red, a, a);     %Creates a new set of data only composed of red channel data 
just_green = cat(3, a, green, a); %Creates a new set of data only composed of green channel data 
just_blue = cat(3, a, a, blue);  %Creates a new set of data only composed of blue channel data 
back_to_original_img = cat(3, red, green, blue); %Back to your original image such that you can evaluate 
 
%% 
%Preparing image analysis and output 
L = bwlabel(green); %labels connected components in a 2D array/ 
s = regionprops(L, 'PixelIdxList', 'PixelList', 'Area', 'Centroid', 'FilledArea'); %measures properties of image   
figure, imshow(RawImage) %Produces an image  
[centersBright, radiiBright] = imfindcircles(just_green,[SRadius LRadius],'ObjectPolarity','bright','Sensitivity',SensitivityFactor); 
%places circles around your objects, should help visualize the specific beads or droplets identified 
viscircles(centersBright, radiiBright,'EdgeColor','r') 
 
%% 
DiaBrightAdj = radiiBright*1.24*2; %Gives you diameter of the beads/droplets  
figure,histogram(DiaBrightAdj) %Gives you a histogram of the data 
title('Droplet size distribution','FontSize', 14) % title of your plot 
xlabel('Diameter (um)', 'FontSize', 14) % x-axis label of your plot 
ylabel('Number of beads', 'FontSize', 14) % y-axis label of your plot 
countDia = size(DiaBrightAdj,1);  
DiaMean = mean(DiaBrightAdj);     
DiaSTD = std(DiaBrightAdj);       
Variance = var(DiaBrightAdj) 
t=DiaBrightAdj; 
Diam_cube=t.^3; 
Difference = t-DiaMean; 
Absolute = abs(Difference); 
Top_portion = (Diam_cube.*Absolute); 
Uniformity=(1/DiaMean)*(sum(Top_portion)/sum(Diam_cube)) 
A =[countDia; DiaMean; DiaSTD; Uniformity] 
DataInfo= {'Samples Counted: %.3f';... 
           'Mean Diameter: %.3f';... 
           'St.Dev: %.3f';... 
           'Uniformity: %.3f'} 
str = compose(DataInfo, A) 
dim = [0.65 0.6 0.3 0.3] 
annotation('textbox',dim,'String',str,'FitBoxToText','on'); 

 

End of MATLAB Script for Microsphere Analysis: 
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2.3.2.) Generation of Scaffold for Gelation Sweep: 

Tetra-Polyethylene Glycol-SH (tetra-PEG-SH) was modified to have Tetrazine functional groups 

on the end as created by Nicole J. Darling and Dr. Weixian Xi of the Segura Laboratory. In brief, 

PEG-Tetrazine (PEG-Tet) was synthesized by reacting tetra-PEG-SH with excess 

Methyltetrazine-PEG4-maleimide.  

Solutions of microspheres were pelleted by centrifugation at 18,000 Gs for 5 minutes and the 

supernatant was discarded. 35 μL of microspheres were put into a 1.5 mL microcentrifuge tube 

and mixed with 0.45 mM of Peg-Tet dissolved in DiH2O for a total volume of 42 μL. The solution 

was vortexed and then spun down in a table spinner and thoroughly mixed with a positive 

displacement pipet. 40 μL of hydrogel mixture was then placed on a plate-to-plate rheometer 

(Physica MCR 301, Anton Paar, Ashland, VA). The storage modulus of the HA-microspheres 

was measured over a 2-hour period under constant 1% strain at 37˚C using a 8 mm plate with 

an evaporation blocker system.  

2.3.3.) Mixing Conditions of Norb and Ac microspheres: 

The previous gelation procedure was repeated three times for each of the following conditions 

(see 2.3.2). The microspheres mentioned above were a combination of HA-Norb and HA-Ac 

microspheres. First, six homogeneous scaffolds were created, three consisting only of HA-Norb 

spheres, and three consisting only of HA-Ac spheres (referred to as 100N:0A for 100% HA-Norb 

spheres and 0N:100A for 100% HA-Ac spheres) using the above-mentioned technique. Next, 

twelve heterogeneous scaffolds were fabricated (three for each of the mixing ratios of 80% HA-

Norb and 20% HA-Ac spheres, 60% HA-Norb and 40% HA-Ac spheres, 50% HA-Norb and 50% 

HA-Ac spheres, and 40% HA-Norb and 60% HA-Ac spheres referred to as 80N:20A, 60N:40A, 

50N:50A, 40N:60A, respectively). The total volume for the heterogeneous microspheres 

conditions was maintained at 35 μL. Appropriate volumes (e.g., 17.5 μL of HA-Norb spheres 
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and 17.5 μL of HA-Ac spheres for 50N:50A condition) from each microsphere stock were mixed 

together and then the PEG-Tet was added following the homogenous protocol above. 

2.3.4.) Strength of Material: 

Three scaffolds (12 total) were made for each mixing ratio that met the gelation criteria 

(100N:0A, 80N:20A, 60N:40A, 50N:50A). The hydrogel scaffold was prepared between two 

glass slides (1 mm thickness) surface coated with sigmacote (Sigma-Aldrich) and placed in a 

37˚C oven for 90 minutes for complete cross-linking. The hydrogel was allowed to swell in 

1xPBS buffer overnight at room temperature. After swelling, hydrogels were cut to 8 mm circles 

using a biopsy punch and placed on the rheometer. The modulus was measured at a frequency 

range of 0.05-5 rad/s at 2% strain at 37˚C using an 8 mm plate with an evaporation blocker 

system. This was repeated for all scaffold conditions.  

2.3.5.) Void Fraction of Scaffold: 

Three scaffolds were made for each mixing condition (12 total), that met the gelation criteria 

following the same procedure used for the strength of material study (see 2.3.4). After swelling, 

the hydrogels were transferred to a solution of high molecular weight Dextran that was 

fluorescently tagged with FITC, a green fluorescent protein, for 5 minutes. The hydrogels were 

then washed with 1xPBS three times to remove FITC-Dextran from the exterior. Then using a 

Nikon Ti Eclipse, mentioned above, 11 z-slices were taken of each hydrogel, spanning a total 

distance of 100 μm. The images were analyzed using IMARIS to measure the ratio of 

microspheres (gel) to free space (void). To obtain the ratio a 3D render of the images was 

constructed, and the area of the gel was measured in relation to the area of the void space 

(labeled green due to the FITC-Dextran). 
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2.4.) Cell Interaction: 

2.4.1.) Cell Culture Methods and Study: 

Human dermal fibroblasts (HDF, Life Technologies) were cultured in Dulbecco’s modified 

Eagle’s medium (DMEM, Invitrogen) with 10% fetal bovine serum (FBS, Invitrogen) and 0.1% 

penicillin/streptomycin (Invitrogen). They were cultured at 37˚C with 5% CO2 using standard 

protocols. Cell culture of the microsphere scaffolds was done in a 384 well plate (Corning 

Polypropylene, Sigma-Aldrich).  

The solution of microspheres was taken from 4˚C fridge and pelleted by centrifugation at 18,000 

Gs, discarding the supernatant. 125 μL of microspheres, for each mixing condition explored 

above (see 2.3.2-2.3.4), were put into 1.5 mL microcentrifuge tubes and filled with media and 

serum. The mixtures were then incubated at 37˚C for 30 minutes and then pelleted and 

supernatant removed. During incubation of microspheres, four microcentrifuge tubes were filled 

with 225,000 cells each. These tubes were centrifuged at 100 Gs to form a pellet of 225,000 

cells and the supernatant was aspirated. The microspheres were then transferred to separate 

tubes, with a total of 125 μL per tube. 25 μL of a 0.46 mM PEG-Tet solution (dissolved in media 

and serum) was added to each tube for a total volume of 150 μL in all tubes and a concentration 

of 1,500 cells/μL of gel. The solutions were thoroughly mixed with a positive displacement pipet, 

along with gentle vortexing and centrifugation. 15 μL of scaffold and cell mixture was added to 

the cell culture plate nine times for each mixing condition mentioned earlier (36 total scaffolds). 

These were arranged into three distinct sections on the plate delineating which day the 

conditions would be analyzed. The plate with all conditions was placed in the incubator for 45 

minutes to allow cross-linking and then 75 μL of media and serum was added to each well and 

placed back in incubator. Cells were fixed with 16% paraformaldehyde (PFA) in media at room 

temperature for 30 minutes on days 1, 3 and 7 after seeding. The scaffolds were stained for F-
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actin and nuclei using a Rhodamine-B conjugate of Phalloidin (Life Technologies) and DAPI, 

respectively, for 3 hours and imaged using a Nikon Ti Eclipse mentioned above.  

 

3.) Results and Discussion: 

3.1.) Generation of Microspheres: 

Microspheres were created utilizing either HA modified with norbornene or acrylate 

groups as the backbone for a cross-linked network. These spheres were fabricated by two 

distinct techniques, with one technique offering two ways of imparting energy into the system, 

as can be seen in Figures 2, 3 and 4. In order to better understand how these techniques 

affected the size of the spheres, initial emphasis was placed on finding the average diameter 

that is yielded with each method. Both HA solutions were mixed with an Alexa-Fluor-maleimide; 

which, coupled with the cross-linkers of both solutions (the DTT for HA-Norb and MMP-linker for 

HA-Ac) fluorescently tagged the spheres during fabrication. This allows the visualization and 

analysis of the spheres under confocal microscopy. After the purification of the spheres, a small 

aliquot was used and multiple images were taken for each condition.  
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Figure 3: Analysis of microspheres and visualization under fluorescence microscopy. (A) 

Initial image taken with microscope where spheres are tagged with Alexa-Fluor-488 to 

express green. (B) MATLAB code creates circle around spheres that can be measured.  

 

Then a custom MATLAB code was written to measure the diameter of the spheres 

based on the fluorescence shown on the images. The program searches for spots of bright 

intensity and puts this as the center of a sphere and then based on input from the user will 

measure out radii from that spot and create a circle around the spheres (see Figure 3).  Based 

on the circles a size distribution of the average diameters was able to be made for all the 

conditions explored.  

3.2.) Stir Bar Size Distributions: 

The HA-Norb microspheres were fabricated using an inverse suspension water-in-oil 

setup to quickly create a large quantity. The previously mixed HA-Norb gel precursor solution, 

composed of HA modified with norbornene groups, a thiol containing RGD Peptide, fluorescent 

tag, DTT (cross-linker) and LAP (photo-initiator) was loaded into a 1000 μL positive 

displacement pipet.  
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Figure 4: Inverse suspension fabrication of HA-Norb microspheres using a stir bar and 

stir plate. (A) schematic of setup involving round bottom flask and then exposure of UV 

light. (B) average diameters of spheres found by changing either the stir speed or the 

amount of surfactant in the hexane (oil) solution. All experiments completed in triplicate, 

a minimum of 1500 microspheres were analyzed for diameter calculation.  

 

Prior to the loading of the pipet, a solution of either 3, 4 or 6% v/v span-80/hexane was 

prepared, and 10 mL were added to a 100 mL round bottom flask with a 20 mm stir bar, as 

illustrated in Figure 4. The flask was then secured above a stir plate and set to spin at either 

300, 450 or 600 rotations per minute (RPM) and then the gel solution was injected into the 

center of the flask. The solution was exposed to UV light for 10 minutes under continuous 

stirring where the thiol groups of the DTT will form links between the norbornene on the HA by 

thiol-ene chemistry with free radicals from the LAP. Following collection and multiple washing 

steps, the microspheres were collected in 1.5 mL microcentrifuge tubes for storage and 

analysis. A small aliquot of 5 μL of microspheres was taken and diluted in PBS and imaged for 

size analysis. 

 Figure 4 illustrates the range of diameters that were attained by the different conditions, 

by varying the amount of surfactant and stir speed. The most apparent conclusion is that the 

speed of the stir bar has a much greater impact on the size of the spheres than the amount of 
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surfactant. For example, the average diameter for a speed of 300 RPM and 3 or 4% surfactant 

ranges from 375-200 μm, respectively, while the average diameter for a speed of 600RPM and 

3 or 4% surfactant ranges from 150-80 μm, respectively. This means that the surfactant has a 

small effect on the average size and dispersity, while the speed will dictate whether the 

spheres will be small or large, with faster speeds leading to smaller spheres. The major 

drawback with this setup is the large range of sizes that are present and the possible need for 

filtration to obtain a more uniform size range of spheres. The condition of 600 RPM and 4% 

surfactant had the smallest average size of 84 μm and smallest standard deviation of 25 μm. 

However, due to the large polydispersity that this method creates and the possible need for 

filtering, I would not recommend this fabrication technique be used. In the context of this study, 

having a very diverse population could have effects on the geometry and void space created. 

That is why different fabrication methods were explored.  

3.3.) Homogenization Size Distributions: 

 HA-Norb spheres were created using the same inverse suspension mentioned 

previously, with a homogenizer instead of a stir bar (Figure 5). The same 100 mL round bottom 

flask was filled with 10 mL of 3% v/v span-80/hexane and then a handheld homogenizer was 

mounted and lowered into the oil solution. The microspheres were created by injecting the gel 

precursor solution below the homogenizer tip and spinning the mixture at either 10,000, 12,000 

or 15,000 RPM. The homogenizer was removed and then the solution was exposed to UV light 

for 10 minutes to accomplish gelation and quench all additional free radicals from LAP (the 

photo-initiator used). A total of six experimental conditions were explored to determine an 

optimal method to create a uniform size range of desired diameter spheres.  

The experiment consisted of varying the speed of the homogenizer from 10,000, 12,000 

and 15,000 RPM and the duration of homogenization for either 10 or 30 seconds and analyzed 

using a design of experiment, DOE (Figure 5). The major contributing parameter was the 
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duration of homogenization over the speed at which the homogenizer ran. Briefly, when looking 

at a duration of 10 seconds, the average diameter size was 68.9, 68.4 and 69.4 μm for 

conditions 10R-10s, 12R-20s, and 15R-10s, respectively; compared to average diameters of 

57.6, 58, and 59.8 μm for conditions 10R-30s, 12R-30s, 15R-30s, respectively. The diameters 

did not significantly change when the speed was increased, however there was significant 

change from 70 μm with a duration of 10 seconds to 60 μm with a duration of 30 seconds. In 

addition to smaller spheres, having a longer homogenization duration leads to more uniform 

spheres, or a smaller dispersity. 

Dispersity is a measure of how diverse a population is and with microspheres; it 

measures how variant the size range of the population is. To better understand the dispersity of 

the microspheres, a variable defined by the Surfactant and colloid group at the University of Hull 

in 2005, called uniformity was used [49]. 𝑁𝑖 is the number of microspheres with diameter 𝑑𝑖 and 

𝑑𝑚 is the average diameter of all spheres (see Equation 3.1). 
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Figure 5: Inverse suspension fabrication of HA-Norb using a tissue tearor homogenizer 

and UV light. Tested speeds from 10,000-15,000RPM on homogenizer for 10-30s 

durations to find most optimal average diameter and uniform size range of microspheres. 

Distribution of diameter sizes are shown as percent to the total amount of spheres for 

that condition. Includes representative image of each population produced. All 

experiments were completed in triplicate.  

 

Uniformity of Microspheres: 

𝑈 =
1

𝑑𝑚

∑ 𝑁𝑖𝑑𝑖
3|𝑑𝑚−𝑑𝑖|𝑖

∑ 𝑁𝑖𝑖 𝑑𝑖
3     [49]    (3.1) 
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Uniformity describes how much the population of microspheres will differ from the 

average size (Figure 6). For example, the uniformity of the 12R-10s condition has an average 

diameter of 68.4 μm and a uniformity of 0.85. This means that the diameters of spheres created 

would range 85% from the average of 68.4 μm (10-126 μm). Comparatively, for the 12R-30s 

condition, the average diameter was 58 μm with a uniformity of 0.32, meaning that the 

diameters would range from (40-76 μm). An ideal uniformity would be zero indicating that all the 

spheres created are the same size, which means they are the average diameter, making 𝑑𝑖 =

𝑑𝑚. Using a least squares fit with the DOE elements, it was observed that changing the amount 

of time the homogenizer was used had a significant effect on the diameter and uniformity 

(p<<0.05), whereas changing the speed had no significant change (p<25).   

The average size of the spheres for condition 12R-30s was 58 μm and had the smallest 

size distribution with 80% of the total spheres in the range of 50-70 μm, with almost 50% having 

a diameter of 60 μm. No other condition had over 40% of the total spheres measuring one 

diameter, meaning they had a more diverse population. It has been shown that microspheres 

with a diameter of around 60-80 μm have promise in creating microporous scaffolds for cell 

growth and interaction due to the scale and pore space created. Due to this constraint and the 

desire to have the most uniform population to minimize variation, the condition of 12R-30s was 

chosen to produce all further HA-Norb microspheres. This fabrication technique is very fast, 

able to create mL’s of solution in 1-2 hours, with the ability to create a large amount of product 

in a short time. The uniformity is not ideal but considering that approximately 80% of the 

population created was in a 20 μm range, this method can be used for many applications 

needing microspheres. In the context of this study, this uniformity and size range will be 

sufficient to create a dynamic scaffold. 



23 
 

 

Figure 6: Uniformity of both the homogenization and microfluidic fabrication methods. 

The 10R-10s condition has a larger range than the other conditions, seen on the left. 

The insert on the right, exemplifies that the higher speed of the homogenizer leads to a 

lower uniformity value. Additionally, the microfluidic technique has the lowest uniformity 

value of all the conditions. All experiments were conducted in triplicate.  

 

3.4.) Microfluidic Size Distributions: 

HA-Ac microspheres were fabricated using a water in oil four inlet, one outlet microfluidic 

device, as previously reported [15]. In brief, a solution of HA modified with acrylate groups and a 

thiol-containing RGD peptide, mentioned above, was loaded into a 1 mL syringe opposite a 

syringe loaded with a dithiol matrix metalloproteinase (MMP) sensitive linker peptide (Ac-

GCRGDPQGIEGIWGQDRCG-NH2) and fluorescent tag. The two solutions, with a speed of 0.5 

μL/min, met at the apex of the “pinching” oil solution (speed of 8 μL/min, 1% span-80/heavy 

mineral oil) to form microspheres (Figure 7). As the spheres flow downstream, the acrylate 

groups are linked together by the thiol groups of an MMP sensitive cross-linker through a 

Michael-type addition. After collection and multiple wash steps with HEPES, the spheres are 

imaged and analyzed with the same MATLAB script and procedure above to determine a size 

distribution.  
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After a total of three trials the average diameter of the spheres was determined to be 

63.8 μm with a standard deviation of 10.3 μm (Figure 7). Unsurprisely, the range of sizes was 

much smaller for this technique compared to the inverse suspension model, 0.14 to 0.32 

uniformity respectively (Figure 6). This tehcnique has much more control over the sizes because 

the flow rates can be adjusted in real time, and the production can be visualized with 

microscopes. In addition, the range of sizes is smaller due to less flucuations in the pinching or 

actual formation of spheres, opposed to the inverse supsension model which can have energy 

changes caused by turbulence. The major drawback to this method is the time required to 

fabricate the spheres. Using a flow rate of 0.5 μL for HA-Ac, to create 1 mL of microspheres it 

takes hours whereas the inverse suspension takes minutes to produce similar quantities. 

Therefore, the microfluidic approach should be used for projects that require greater control 

over the product size, and size is critical for function, while the homogenization method should 

be used in projects that require a large amount of product, especially in a short amount of time.  
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Figure 7: Microfluidic fabrication of HA-Ac microspheres using a four inlet, one outlet 

device. Schematic of device with combination of gel precursor and cross-linker being 

“pinched” by oil to form spheres. Distribution of diameter sizes are shown as percent to 

the total amount of spheres created. Representative image of fluorescent spheres after 

purification. The experiment was conducted in triplicate. 

 

3.5.) Creating a Dynamic Scaffold from Microsphere Building Blocks: 

 Using HA-Norb microspheres as building blocks, a 3D scaffold was made using a 4-star 

PEG-Tetrazine as a cross-linker. The HA-Norb microspheres have excess norbornene groups 

covering the surface and when mixed with the PEG-Tet, the tetrazine (through click chemistry) 

binds the norbornene groups to from a fixed 3D network (Figure 8A, B). The 3D scaffold has 

interconnected pores created by the packing of the microspheres and cross-linking. The next 

development involved combining non-cross-linkable spheres to this network to induce a 
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dynamic aspect in which parts of the scaffold could shift and move freely in the space. This was 

accomplished by mixing the HA-Ac microspheres with the HA-Norb, where there is no reactivity 

of the HA-Ac with PEG-Tet linker, and there is no loss of biocompatibility or RGD-peptides. HA-

Ac microspheres have shown great promise in regenerative medicine, involving healing with 

stroke models in mice [38] and should have no negative effects to the scaffold created. Rather, 

the addition of these pro-regenerative microspheres may increase the potential of the HA-Norb 

scaffolds.  

 The mixed scaffolds were created using the above method; however, instead of having a 

homogenous addition of HA-Norb spheres, there were both HA-Norb and HA-Ac spheres 

(Figure 8C, D). Four different conditions were explored. The first, having a homogeneous HA-

Norb scaffold of 100% norbornene spheres and 0% acrylate (100N:0A), which means that it is 

completely cross-linkable. The other conditions, having 80% HA-Norb spheres to 20% HA-Ac 

spheres (80N:20A), having 60% HA-Norb spheres to 40% HA-Ac spheres (60N:40A) and 50% 

HA-Norb spheres to 50% HA-Ac spheres (50N:50A). The goal of having different ratios was to 

determine how the overall scaffold properties are affected by introducing non-cross-linked 

sections and what influences this can have on cells.  

3.6.) Gelation Time of Dynamic Scaffold: 

 To characterize the effects of adding non-cross-linked spheres to this dynamic scaffold, 

a plate to plate rheometer was used. First, the minimum amount of cross-linkable spheres (HA-

Norb) needed to actually create a scaffold and achieve gelation was tested. The two controls for 

this test were the two homogeneous solutions of microspheres (100N:0A and 0N:100A). The 

100N:0A, composed entirely of HA-Norb spheres, was mixed with the PEG-Tet solution and 

placed on the rheometer for 2 hours (under constant strain) while the storage modulus was 

continuously recorded, representing the standard for this gelation process. It was observed that 
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following approximately 40 minutes, the storage modulus rose to what would be 75% the total 

strength of the scaffold, with full polymerization occurring after 90 minutes (Figure 9A).  

 

Figure 8: Generation of a 3D scaffold from different microspheres as building blocks. (A) 

single z-slice image of 100% HA-Norb sphere scaffold. (B) 3D render from multiple z-

slice images of 100% HA-Norb sphere scaffold. (C) single z-slice image representing 

mixed condition scaffold, 60% HA-Norb spheres (purple) to 40% HA-Ac spheres (red). 

(D) 3D render of mixed condition of 60N:40A. Scale bar for all is 100 μm and green color 

is FITC-dextran solution representing void (free) space in scaffolds. 

 

The 0N:100A condition, composed solely of HA-Ac spheres, followed the above protocol and 

acted as a negative control. Following the full 2-hour period, the solution had no change in 

storage modulus (aside from fluctuations due to error with measuring liquids with this machine), 

indicating that there was no reaction with the PEG-Tet and no scaffold formation.  

 Then, different mixing amounts were tested and it was observed with the 50N:50A 

condition that the overall strength, following the entire 2-hour period, was half of the 100N:0A 
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condition and the 40N:60A condition was even lower. In addition, upon physical inspection of 

the 40N:60A “scaffolds” after the test there were multiple sections and not one mass (as seen 

with all other conditions), indicating that the solution did not completely form a sustainable 

scaffold. With these two observations it was concluded that the minimum amount of HA-Norb or 

cross-linkable building blocks is 50% of the intended volume for the scaffold. This is somewhat 

intuitive as having more non-cross-linkable spheres would not naturally be held together as well 

as having more cross-linkable spheres. Due to these observations, the four conditions that were 

used in all other tests were 100N:0A, 80N:20A, 60N:40A and 50N:50A.  

3.7.) Strength of Dynamic Scaffold: 

 After gelation testing, the overall strength of the scaffolds was determined through 

frequency sweeps using the same rheometer (Figure 9B). The different conditions were 

prepared by mixing the components in a 1.5 mL centrifuge tube and then fixing between two 

sigmacoted glass slides. The slides were then incubated at 37˚C for 45 minutes and left in PBS 

to swell overnight. Upon removal from the PBS, the scaffolds (now a solid gel) were placed on 

the rheometer and the storage modulus was measured by varying the frequency from 0.05-5 

rad/s at 2% strain. The overall strength of the scaffold was then taken as the average value 

across the frequency range for three trials.  

For the homogeneous scaffold (100N:0A), the strength was found to be 725 Pa, which is 

slightly higher than endothelial (or native tissue found around wound sites). The only condition 

that maintained the same bulk strength was the 80N:20A, in which there was no statistical 

difference. The two other conditions had very different overall strengths, measuring 525 Pa and 

350 Pa for 60N:40A and 50N:50A, respectively. This leads to the conclusion that having lower 

than 80% HA-Norb (or cross-linkable) spheres leads to a lower overall strength of the bulk 

scaffold.  
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3.8.) Void Space of Dynamic Scaffold: 

The last physical characteristic that was analyzed was the amount of void (free) space 

for the different mixing ratios. By changing the amount of free space that exists in the gel, this 

could affect the way in which cells interact and move; and by adding non-cross-linkable 

components there could be gaps in the scaffold.  

 

 

Figure 9: Dynamic scaffold physical characteristics analysis. (A) time required for 

scaffold to gel and form 3D structure. (B) overall strength of scaffold based on mixing 

ratio of spheres. (C) amount of gel or microspheres relative to void space in scaffold (D) 

3D surface render, illustrating fluorescent labeling of gel (purple) and void (green) to 

measure relative area. All experiments performed in triplicate. All data are presented as 

average ± s.e.m. Statistical significance performed using one-way ANOVA with a 

Dunnett post hoc multiple comparison test (∗∗p<0.01). 
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The void gives an indication of the packing and the amount of space that cells can use to 

maneuver through the scaffolds that are created. After the scaffolds were formed (following the 

previous protocol), they were placed into a FITC-dextran solution for 5 minutes. This solution 

fills the free space with a high-molecular weight dextran that is fluorescently tagged green and 

better differentiates the scaffold from free space under microscopy. Using the Nikon Ti eclipse, 

z-stack images were taken of all conditions and then using IMARIS, a 3D surface render of the 

scaffold and void space was created (Figure 9D). The area of the surface created was then 

calculated for both the scaffold and void portions.  

 The amount of gel compared to free space is then simply the total area of scaffold to the 

area of both the scaffold and the void. Under general packing conditions with spheres the typical 

void space is 25-30% meaning that 70-75% of the area is taken up by the scaffold itself. Based 

on the calculations from IMARIS, all the conditions, whether it was the homogeneous 100N:0A 

or the 60N:40A, maintained the same void space to gel volume. The gel space was on average 

around 70-72% for the first three conditions, with the only change being the 50N:50A condition 

with 68% gel to void (Figure 9C). This is beneficial because it minimizes potential errors from 

having gaps in the scaffolds and differences in free space and pores. The goal of this work is to 

explore non-cross-linkable spheres and not changing pore shape or space. Therefore, 

maintaining the void in all conditions rules out that as a potential influence. 
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Figure 10: Human dermal fibroblasts seeded in dynamic scaffolds for 7 days. (A-D) 

60N:40A mixing condition (A) representative z-slice image of day 1. (B) representative z-

slice image of day 7. (C) representative 3D surface render of day 1. (D) representative 

3D surface render of day 7. (E) relative amount of cell proliferation on day 3 and day 7 to 

initial day of cell seeding. (F) amount of cell spreading as a function of area of actin per 

cell. All scaffold conditions seeded with cells were performed in triplicate.  

 

3.9.) Seeding HDFs in Dynamic Scaffold: 

 To determine the biocompatibility of these dynamic scaffolds and test if having non-

cross-linked components influence cell growth, scaffolds were seeded with human dermal 

fibroblasts for 7 days. All the microspheres after production were autoclaved to ensure sterility 

with cell culture. After autoclaving, the microspheres were mixed into the proper ratios for the 4 

conditions stated before and incubated at 37˚C with media and serum for 30 minutes. Then in a 

1.5 mL centrifuge tube, both the cells and microspheres were combined with the PEG-Tet and 

mixed thoroughly with a positive displacement pipet. After thorough mixing, the solutions (now 

containing cells) were plated on a 384 well plate and incubated at 37˚C and 5% carbon dioxide 



32 
 

for 45 minutes to allow total gelation and then media was added. All the conditions were fixed 

with PFA either 1,3 or 7 days post seeding and then stained for F-actin using rhodamine-

phalloidin and DAPI for nuclei. The two things that were determined in this study were the 

viability of the cells, based on the proliferation, and the growth of the cells determined by the 

amount of area that they take up, using F-actin to quantify (integral part of cell structure).  

 For each condition, the proliferation was calculated by the total number of cells on day 3 

and day 7 relative to the number on day 1. The number of cells were determined by spots 

fluorescently tagged with DAPI and counted using IMARIS. Day 1 was used as the number of 

cells with which each scaffold started. Day 3 and day 7 were observed to have more DAPI spots 

than day 1.  All conditions saw this positive trend of proliferation with more cells than initially 

present on day 1 (Figure 10E). The caveat; however, is that there was no statistical difference 

between the conditions. The largest proliferative improvement was 1.8-fold with the 60N:40A 

condition. None of the mixed (or dynamic) scaffolds had statistically better proliferation than the 

homogenous 100N:0A condition. Therefore, it cannot be said that one condition will cause 

better proliferation of the cells. Even though no condition is better than another, the data still 

suggests that all the scaffolds are indeed biocompatible with the cells, which is encouraging.  

 Spreading was evaluated between day 1 and day 7 after seeding and determined by the 

amount of F-actin around each nucleus of the cell. The amount of actin was found by creating a 

3D surface render using IMARIS, like the void section, for the fluorescent actin and then 

measuring the area per cell in the scaffold (Figure 10C, D). The more actin around the cells 

means more spreading, indicating cell growth. As with the proliferation data there was a positive 

trend with all the conditions from day 1 to day 7. All the conditions had more spreading on day 7 

than on day 1 with the largest increase observed in the 60N:40A condition at an almost 3-fold 

increase of area. Although there were large increases in area, there was still no significant 

difference between the conditions. Once again, there is no condition that is best suited for cell 
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growth relative to each other. Both the homogeneous and 60N:40A conditions saw over two-fold 

increase of actin area after seven days which shows that cells once again are growing and 

biocompatible. For both the proliferation and spreading results, the 60N:40A condition saw the 

largest increases over the seven days leading to the idea that it is best suited for this model; 

however, because there was no statistical difference between the conditions, it cannot be 

concluded. Overall, the dynamic scaffolds are biocompatible and do promote growth, and thus, 

any of these conditions could be used for this wound model in the future. 

 One reason why the dynamic scaffolds may not have shown improvement over a 

homogenous cross-linked scaffold is that the setup did not allow for dynamic motion. The setup 

involved putting the scaffolds into a tissue plate that is rigid and has little motion aside from 

natural flow of media in a well. Due to this setup the dynamic scaffold could have been acting 

like a completely cross-linked structure because there was no external force to induce motion 

into the system. An alternative approach to this experiment could be to place the scaffold in a 

bioreactor that has some external force, for example a compressive force pushing on it. By 

having a force continually press on the scaffold and make the movable (or non-cross-linked) 

spheres shift around, this may cause more observable differences between the scaffolds. With 

continual shifting of the spheres, the system would be more dynamic and could better mimic the 

motion of tissue in the body.  

4.) Conclusion:  

Regenerative medicine, at its core, focuses on creating therapeutics that can promote 

the natural repair of the body. The development of porous hydrogels has shown promise in 

promoting cellular infiltration and re-integration, though, often the materials are difficult to 

fabricate and don’t always mirror the native environment. In this work the aim was to explore 

two challenges in porous scaffold development. The first is in the fabrication of microsphere 
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building blocks for porous hydrogels, and the second, creating a scaffold that can better mimic a 

dynamic environment and how that compares to a traditional cross-linked microsphere hydrogel. 

Generally, when creating microspheres for hydrogels, the goal is to have uniform sized 

spheres or at the very least have the smallest distribution of sizes. The problem that arises is 

how to create these spheres in an efficient manner without having a large range of sizes. The 

first technique explored was using a water-in-oil inverse suspension setup and different tools to 

impart energy. The initial energy tool was a stir bar and stir plate to break apart the HA-Norb 

solution with a photo-initiator into small spheres and expose UV light to cross-link the spheres. 

After testing various surfactant amounts and stir speeds it was concluded that for a 20 mm stir 

bar, the ideal speed was 600 RPM with 4% v/v span-80/hexane, yielding an average size of 84 

μm with a deviation of 25 μm. This method is fast and efficient; however, the general size range 

was too large to be used as a reliable option without the need for filtration after fabrication, 

leading to further complications and length of time. This led to the need for a better method of 

fabrication. The second tool, a homogenizer, gave much smaller size distributions with a similar 

setup. The main contributor to the average size and distribution with this method was the 

duration of homogenization where longer duration gave smaller sizes and distributions. The 

most effective condition was 12,000 RPM for 30 seconds which yielded an average size of 58 

μm and a uniformity of 0.32.  

The second fabrication technique involved a four-inlet water-in-oil microfluidic device that 

utilized Michael-type addition to cross-link the HA-Ac microspheres. This method yielded much 

more uniform spheres, average size of 64 μm and uniformity of 0.14, than the inverse 

suspension, light activation method. The major disadvantage of this method is the time that it 

takes to fabricate the microspheres, which takes a matter of hours whereas the other methods 

take minutes. Due to these observations, it is suggested that the microfluidic device be used for 

projects that involve tight size distributions, where small changes in size will greatly affect 
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outcomes. The inverse suspension method with a homogenizer is suggested for large scale 

projects where a large quantity of product is required in a short time period to test many 

conditions. In the context of scaffolds, comprised of microsphere building blocks, both 

techniques (homogenizer and microfluidic) have effective yield and can be used. 

To create a dynamic scaffold, a mixture of cross-linkable (HA-Norb) and non-cross-

linkable (HA-Ac) spheres were combined with a PEG-Tet cross-linker in differing ratios. The 

minimum amount of cross-linkable spheres needed to actually form a scaffold was 50%.  

Additionally, the time that this reaction requires is 45 minutes for 75% completion and 90 

minutes for full gelation at 37˚C. This allows for the mixture of components in a single syringe or 

pipet to inject into a wound site to cross-link in the body. As more non-cross-linkable spheres 

were added to the scaffold, eventually the overall strength decreased. It was observed that the 

80N:20A condition had the same storage modulus as the fully cross-linked condition; however, 

below this ratio the strength decreases to 75% and then 50% of the homogenous condition for 

60N:40A and 50N:50A, respectively. The last physical characteristic analyzed was the void 

space or amount of gel to free space for each mixing condition. There was no statistically 

significant difference between all the conditions meaning that adding non-cross-linked 

components does not affect the amount of pore space to scaffold space and, therefore, no 

defects are observed. As well, this eliminates a possible reason for differences in cell culture, as 

the amount of free space around scaffolds affects cell growth and proliferation. By excluding this 

difference, the scaffolds would express differences based solely on the movability of the 

spheres rather than the spaces in the scaffold.  

Lastly, the dynamic scaffold was assessed for its compatibility with mammalian cells 

compared to a homogeneous microporous cross-linkable scaffold. It was found that there was 

no statistical difference in the proliferative ability of the human dermal fibroblasts after seven 

days of culture between the scaffolds. In addition, there was no statistical difference in the 
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amount of cell spreading with a dynamic scaffold. Nevertheless, all conditions saw improved 

proliferation over the seven days as well as increased spreading area. The 60N:40A condition 

had the largest increase in both cell proliferation and spreading out of all conditions studied, with 

the second largest increase being the homogenous HA-Norb scaffold. The dynamic scaffold is 

thus biocompatible and provides a platform for cell growth and proliferation, however at this time 

it cannot be concluded to be better than a completely cross-linked scaffold. A limitation of this 

study was observed in the placement of the scaffolds on a culture plate (rigid structure) rather 

than a movable media. This may have limited the amount of motion that the scaffolds 

possessed and thus all the conditions may have resembled completely static scaffolds. By 

introducing an external force on the scaffolds (in the form of a bioreactor and pressure), the 

system could better mimic a dynamic environment in future experiments. This could be very 

interesting to look at in the future and may reveal differences between the scaffolds that were 

not observed in this study.  
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