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ABSTRACT 

Cartilage is the padding in joints that protects the bones and aids in motion. 

Problems with the cartilage in the knee can be caused by mechanical damage or diseases 

like osteoarthritis. Chondrocytes make cartilage. The objective of this study is to 

determine the doubling time of chondrocytes per passage. I also want to determine the 

base amount of collagen-II created by chondrocytes as they age. I also want to determine 

how long it takes CuHARS to break down in different cell medias.  

Chondrocytes, human dermal fibroblasts, and CRL 2303 cells were grown and 

cultured for over a year. During that time, media was collected for a collagen assay, and 

the cells were imaged mid-passage to determine the doubling time. Also, CuHARS were 

mixed with cell media to determine the time required for the material to break down in 

the media.  

Cell growth rates were inconsistent. CRLs make less collagen as they age. 

Results on collagen production by HDFs were inconclusive. Treated chondrocytes 

may make more collagen than untreated chondrocytes, but more testing is necessary.   

 Ultimately, much more experimentation is necessary. CRL 2303 cells appear to 

make less collagen as they age. Human dermal fibroblasts need much more 

experimentation. Treated chondrocytes initially make more collagen than untreated ones.  
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CHAPTER 1 

INTRODUCTION 

Cartilage is the collagen-rich padding in joints that protects the bones and aids in 

motion. For example, the cartilage in the knee, created by chondrocytes is critical to pain-

free, fluid movement. Problems with the cartilage in the knee can be caused by 

mechanical damage or diseases like osteoarthritis. Cartilage is created by a cell known as 

a chondrocyte. However, cartilage heals poorly in adults.1  

1.1  Copper 

Copper is critical to the extracellular matrix of chondrocytes.2 Copper is a 

micronutrient that occurs in foods like shellfish and organ meats.3 It has an estimated 

bioavailability of 75%, when the body consumes 400
𝜇𝑔

𝑑𝑎𝑦
 .3 However, copper toxicity can 

occur and presents as liver and gastrointestinal damage.3  This study examines the 

physiological response of chondrocytes to additives like copper high-aspect ratio 

structures (CuHARS) which were created by the DeCoster lab at Louisiana Tech 

University.4 The study also examines how the CuHARS break down throughout different 

physiological conditions.  

1.2 Collagen 

Collagen is a protein that contributes to the extracellular matrix to aid in structure, 

strength, flexibility and support for joints.5,6  Collagen type II, which was discovered at 
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the end of the 1960s, is the most important for the creation of cartilage.5,7 Collagen type 

II makes up over 90% the collagen composition of cartilage.2,8,9 

1.3 Alternative cell types 

Collagen is not only created by chondrocytes. It is one of the most prevalent 

proteins in the body.10 Therefore, the research analyzed fibroblasts and cancer cells to 

determine how they compare to chondrocytes in terms of proliferation and collagen 

creation.  

1.4 Research Goals 

Articular cartilage resists self-repair, which could be a consequence of either slow 

proliferation by chondrocytes or low production of collagen by these cells. The current 

research aimed to determine the doubling time of chondrocytes and the amount of 

collagen produced by them.  

Much research has been conducted into the response of chondrocytes to various 

growth factors.11 This topic is extremely broad, but the primary interest is the effect on 

metabolism and secretions of chondrocytes.12 The current study examines the process by 

which chondrocytes make type II collagen in an effort to increase the current 

understanding of the metabolism of chondrocytes and the process by which they make 

cartilage. This study will in turn provide insight into the pathology of chondrocytes. 
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CHAPTER 2 

BACKGROUND 

Cartilage is a critical tissue of the body that works together with bones to form the 

structural support system of the body.13 Articular cartilage is considered to be the most 

studied.13 Articular cartilage is the thin layer connecting the ends of bones that articulate 

in synovial joints.13 It allows for smooth movement of the bones as they move.14 The 

articular cartilage in the knee and the elbow is made of hyaline cartilage.15 The matrix of 

hyaline cartilage is rich in collagen type II, glycosaminoglycans (GAGs), and water.15,16 

The cellular component of articular cartilage in the knee is 3-5% with the rest of the 

volume being ECM.16 Defects in articular cartilage are difficult to repair because it has 

low vascularization and it is not connected to the lymphatic system.17 Cartilage repair 

ability also decreases with the age of the patient.17  

2.1 Overview 

Articular cartilage lessens joint stress and friction on the surface of joints, and 

when the body is in motion, cyclic forces applied to the joints are up to eight times the 

body weight.17 When cartilage degrades, it leads to arthritis or other joint diseases which 

are the primary cause of human mobility disability.13 An effort to repair cartilage defects 

was initiated in 1987 with the culture and implantation of chondrocytes into humans.1 In 

this application, chondrocytes are often stimulated to proliferate more and create more 

extracellular matrix.18 Chondrocytes account for only about 1% of the cartilage tissue, 
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and the rest of the tissue is made up of the extracellular matrix (ECM).18 The ECM 

network is the component that handles the mechanical stress of movement by the body.18 

Further studies examine the effect of mechanical stress on chondrocytes in cell 

culture (in vitro).19 Kelly et al. compared the mechanical properties of cultured 

chondrocytes and donor chondrocytes, and they concluded that cultured chondrocytes are 

comparable to donor chondrocytes.20 However, the cultured chondrocytes exhibited 

higher tension strength when placed under dynamic deformation.20 Middendorf et al. 

compared the surface characteristics between native cartilage and cultured cartilage and 

concluded that cultured cartilage and native cartilage are comparable after enough time in 

culture. 21 They used type I collagen scaffolding from the company Koken from Tokyo, 

Japan.21 The comparative research indicates that cultured chondrocytes are mechanically 

similar to chondrocytes in the body in terms of tensile strength, compressive strength, and 

friction coefficients.20,21  

Researchers have studied the benefits of oxygen deprivation of chondrocytes in 

culture. Oreffo examined the amount of matrix produced by chondrocytes in an oxygen 

environment below 8% of atmospheric pressure.22 The paper used Alcian blue and Sirius 

red to quantify the composition of the extracellular matrix.22 Alcian blue stains 

proteoglycans in general, and the  proteoglycan aggrecan specifically, which is plentiful 

in the collagen matrix.23 Aggrecan is a proteoglycan that complexes with hyaluronic acid 

and gives the tissue its ability to withstand high compressive loads.23 Sirius red stains for 

collagen, but does not appear to differentiate between different types of collagen.24  
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2.2 Proliferation  

2.2.1 General Cell Proliferation  

Cell division is the process by which cells multiply and increase their numbers 

over time.25 Cellular proliferation is the specific increase in the number of cells present.25 

The process by which cells divide, or proliferate, is called mitosis.25 Cell proliferation can 

be measured through several techniques including various assays or a hemocytometer.26 

Hemocytometers are relatively low cost, but the number of cells must be sufficiently 

large, and the user must be skilled to mitigate error.26 The luminescence assay detects 

cells from their luminescent signal, which is proportional to the metabolic activity.26 Use 

of an imaging platform is a relatively new method for cell counting.26 Digitally counting 

cells involves different types of computer software that count the cells automatically.26 

A researcher could also analyze the metabolic activity of cells and extrapolate 

those data to determine how the cells are proliferating. An MTT (3-(4,5-Dimethylthiazol-

2-Yl)-2,5-Diphenyltetrazolium Bromide) assay is a common metabolic assay that detects 

cell proliferation based on a linear relationship between cell activity and absorbance.27 

The MTT assay uses a spectrophotometer to estimate the number of viable cells.28 The 

Alamar blue assay is similar to the MTT assay in that it is used to measure cytotoxicity 

and cell proliferation.29,30 The Alamar blue assay measures a combination of cytotoxicity, 

proliferation, and the metabolic response of cells.29 The results of the test are correlated 

to the proliferation of the cells.29 However, the results of the test do not appear to directly 

correlate with an exact number of cells within the well being tested.  

Cells proliferate at different rates, as can be observed from a comparison of 

cancerous cells to non-cancerous cells. Cancerous cells are often characterized by their 
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high proliferation rates.26 Often, a mutation occurs during cell division, allowing a pre-

cancer cell to proliferate out of control which may cause it to grow into a dangerous 

tumor. Non-cancerous cells, however; have cellular mechanisms in place to control 

proliferation.31 Chondrocytes are known to have relatively low proliferation rates in 

general and in comparison to cancer cells.17  

2.2.2 Growth Factors on Cell Proliferation 

Cell proliferation is controlled by growth factors.32 Fibroblast growth factor 

(FGF) is of particular interest to the research since it can promote the growth and 

proliferation of both fibroblasts and chondrocytes.33 FGF also plays a role in tissue repair, 

making it attractive to the research.33 However, some research in rats has indicated that 

FGF decreases the expression of collagen type II.34 In contrast, newer research has 

indicated that FGF is critical to cartilage homeostasis.35 FGF-2 is produced in the 

cartilage, and released when the tissue is damaged.35 It is then released into the 

extracellular signal-related kinase (ERK) pathway which is used for increasing cell 

proliferation.35,36 

 Fetal bovine serum (FBS) is used in media as a supplement and is full of growth 

factors and hormones.37,38 However, some ethical concerns arise with FBS.37 To create 

the serum, blood is required from a calf, and legal regulations appear to be lacking in the 

United States and the European Union.38 Horse serum appears to lack the same concerns 

as FBS.37 Yet, because FBS is so rich in growth factors, it remains the most prevalent 

serum supplement for cell culture media.37 
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2.3 Collagen 

Collagen is a protein that contributes to the extracellular matrix to aid in structure, 

strength, flexibility and support for joints.5,6 At least 27 types of collagen have been 

discovered and categorized.39 Collagens types I-V are the most common of the protein 

family that is the most abundant protein in mammals.10 Collagen is crucial for the cellular 

matrix, but it is often used in grafts during surgery and cosmetics because of its supposed 

anti-aging effects.10 Collagen type II, which was discovered at the end of the 1960s, is the 

most important for the creation of cartilage.5,7 Collagen type II makes up over 90% the 

collagen composition of cartilage.2,8,9 It has a molecular weight of 2488.745 

g

mol
.40 Figure 2-1 shows the structure of Collagen type II. Dark circles are carbon, 

white circles are hydrogen, light blue circles are nitrogen, and red circles are 

oxygen.  

 

Figure 2-1: Structure of Collagen Type II40 

Collagen makes up two thirds of the dry weight of cartilage, but little evidence 

exists as to how much collagen is produced by the cells per passage.41 Despite the current 

knowledge that type II is the most important for cartilage generation, collagen type I 
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devices are the most common in therapeutic research.42 Figure 2-2 shows the structure of 

type I collagen. It is much straighter than the collagen type II seen in Figure 2-1. 

Collagen type I weighs a little more than half of type II.40,43 

 

Figure 2-2: Structure of Collagen Type I.43 

All types of collagen share similar features of three polypeptide chains formed 

into a triple helix.39 Type II collagen is shaped like fibrils which are dotted with 

proteoglycans, glycoproteins, water, and ions, and the components’ layout gives cartilage 

its strength.44 The structure of the molecule consists of three 𝛼1-polypeptide chains with 

a large triple-helix region.45 Figure 2-3 shows that collagen fibrils are rather tightly 

packed when they form networks of tendons. However, the image does not show that the 

fibrils form interconnected networks that give the tissue gets its strength.46  
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Figure 2-3: SEM of cross-section of collagen in a tendon. Scale Bar: 50μm.46 

  Type II collagen is made by the cells, but it can also be isolated to be used as a 

dietary supplement.7 Osteoarthritis is crippling disease for those who experience it. 

Miosge et al. conclude that the progression of osteoarthritis correlates to the increased 

production of type I collagen.47 While type II collagen is still being made, type I collagen 

appears to override the type II collagen.47 Some researchers have experimented with 

supplementing patients with over-the-counter collagen type II supplements.7 The 

researchers concluded that supplementing type II collagen into the diet was beneficial to 

the joint pain and quality of life of the patients dealing with knee osteoarthritis.7  

Assay methods exist to quantify collagen in tissues. The Sircol™ collagen assay, 

based on Sirius red staining, is one of the most popular assays, but it overestimates the 
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amount of collagen in the sample because Sirius red also interacts with amino acids of 

non-collagen proteins.48 

Fluorescein is a fluorescent agent that can be used to test the instrument that reads 

fluorescence. It is a yellow substance that is often used in bioimaging for diagnostic 

purposes.49,50 It has a molecular weight of 332.3 
g

mol
, and it is highly fluorescent even in 

large dilutions.50 It has an excitation peak at 498 nm and an emission peak at 517nm.51 

Fluorescein was used in this study to ensure adequate functioning of the 

spectrofluorometer.  

2.4 Copper 

Copper is critical to the extracellular matrix of chondrocytes.2 The lysyl oxidase 

(LOX) family is a group of cuproenzymes that links collagen and elastin to create 

cartilage.52 The LOX family removes the amine group of certain lysine and 

hydroxylysine residues of collagen, allowing for the covalent bonding of the collagen 

molecules.52,53 Dietary copper is processed in the liver before being attached to 

apoceruloplasmin, making it into ceruloplasmin.54 Research suggests that copper is aided 

by a carrier protein in the body. Copper enters the cells via protein-mediated transport by 

high affinity copper uptake protein 1 (hCTRI).55,56 However,  unknown minor transport 

mechanisms in addition to hCTRI are likely involved.56 Once in the cells, copper is 

processed and linked to proteins by the Golgi apparatus.54,56 

2.4.1 CuHARS 

When configured as high-aspect ratio structures, copper has a needle-like shape 

with a large surface area to volume ratio.  Figure 2-4 shows an image of CuHARS under 

brightfield microscopy. The synthesis of CuHARS from nanoparticles (CuNPs) was 
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initially published by the DeCoster lab, but the process has been modified since then.57 

The current method uses copper sulfate in place of CuNPs. The synthesis can be scaled 

up and down in volume and in amount of materials according to need. 

 

Figure 2-4: Brightfield image of CuHARS at 100x Magnification. Scale bar = 100μm. 

CuHARS are biodegradable in cell culture media.4 Research has also been 

conducted to determine the behavior of CuHARS in cell culture.58 These studies used 

pheochromocytoma brain cells from rats which differ greatly from chondrocytes because 

cells in the brain have much larger oxygen and metabolic needs than chondrocytes as 

cultured in the lab. 58 

CuHARS Breakdown 

CuHARS were found to be stable in alcohol and water, but to break down over 

time in cell media.4 Some research has analyzed the breakdown of the structures in 
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astrocyte media, but that research is more qualitative than quantitative. This research 

aims to convert the images taken by previous researchers and turn that into usable, 

quantitative data that can be used to determine the breakdown rate of the CuHARS in 

media.  

2.5 Other Cell Types 

Because research indicates that chondrocytes can begin to differentiate to more of 

a fibroblast like cell over time, the study of other cell types is relevant.1 

2.5.1 Human Mesenchymal Stem Cells 

Human mesenchymal stem cells (HMSCs) can also undergo chondrogenesis 

differentiation.59 They are cells found in the bone marrow capable of differentiating into 

various cell types.60 HMSCs were acquired by the lab, but ultimately not used because 

they lacked chondrogenic properties.  

2.5.2 Astrocytes: 

After discussion with the sponsor, Stone Clinic, astrocytes were chosen as a cell 

to study because they have long processes like chondrocytes. Per their name, astrocytes 

are star-shaped cells with long processes that end in peri synaptic astrocytic processes 

(PAPs) that communicate with synapses.61 Astrocytes support the central nervous system 

(CNS).62 They contribute to signal transmission of nerves, but they do not send the action 

potentials themselves.62 The cells play several roles withing the CNS. Ultimately, 

astrocytes were not used in this study because of their slow proliferation rate.  

Chondrocyte media and astrocyte media are similar. However, astrocyte media 

uses Ham’s F-12K with L-Glutamine, and chondrocyte media uses DMEM 1X. The 

DMEM also contains L-Glutamine. The only discernable difference is that the Ham’s 
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media contains sodium pyruvate and higher levels of amino acids.63 When mixing the 

media, both medias have the base medium, a supplement of fetal bovine serum (FBS), 

and penicillin/streptomycin. However, the astrocyte media also uses horse serum, and 

horse serum has less growth factors within it compared to FBS.37  

2.5.3 Human Dermal Fibroblasts  

Human dermal fibroblasts (HDFs) are the main cell type in human skin.64 The 

dermal, epidermal interactions are critical for homeostasis, and the dermal fibroblasts are 

also key players in wound healing.64 When participating in tissue repair, the HDFs 

change their behavior from proliferation to a more migratory phenotype.64 HDFs improve 

skin grafts and wound healing when they are used to supplement the other cells of skin 

grafts.64 Similar to chondrocytes, they produce a robust extracellular matrix (ECM) so 

that they can interact with epidermal cells.64 However, in contrast to chondrocytes, the 

ECM of HDFs is rich in collagens types I and III instead of the collagen type II that 

chondrocytes create.5,64  

2.5.4 CRL 2303 

CRL2303 cells are rat glioma cells that exhibit a morphology similar to 

fibroblasts.65 Glial cells and neurons are the two categories of ells in the CNS.66 

Astrocytes, and oligodendrocytes are two of the main types of glial cells in the CNS.66 

Gliomas are brain tumors that are suspected to come from neuroglial stem or progenitor 

cells.67 In the United states 6 cases of glioma per 100,000 people are diagnosed per 

year.68 
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2.6 Research Need  

The rate at which chondrocytes grow and their morphology as they age is not well 

understood. More in-depth research is necessary to further characterize late passage 

chondrocytes.  

This work will use cells in vitro as a model to study how copper is processed and 

regulated in the body. The first question to be addressed is whether copper needs a carrier 

or any other modification to be accepted by cells. The second question is whether 

cartilage creation differs in vivo and in culture. The third question is how the CuHARS 

breaks down in cell media.  

2.7 Hypotheses 

Three specific hypotheses were tested in this study.  The first is that the addition 

of copper to chondrocyte culture increases cartilage formation. The second is that 

chondrocytes proliferate at a slower rate with further passages.  The third is that 

CuHARS break down faster in chondrocyte media than in astrocyte media. 
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CHAPTER 3 

METHODS 

Experiments were completed in three major phases: growth, proliferation 

research, and the collagen assay. First, the cells were grown and passaged. They were 

counted at various stages of growth, and media was saved for the collagen assay. 

3.1 Treating Cells with CuHARS: 

CuHARS were acquired from the lab supply. Once the chondrocytes were 

successfully thawed and passaged to the fifth passage, they were treated with 30
μg

mL
 of 

CuHARS and the proliferation rate and collagen production were analyzed.  

3.2 Cell Culture 

Adult human chondrocytes were obtained from Cell Applications (cat.#: 402-05a). The 

cells were grown until the fourth passage and then frozen for later use. Once thawed for 

use, the cells were passaged to the fifth passage and proliferation data were collected. An 

incubator from VWR was used to maintain the temperature at 37 ℃, carbon dioxide at 

5%, and oxygen at 20%. The cells were primarily cultured on VWR 12.5 cm2 tissue 

culture flasks (North American Cat. No. 10062-870Cell manipulations were performed 

under an ENVIRCO 6278C30 cell culture hood, and centrifugations were completed with 

a Hermle LaborTechnik GmbH - Z 323 K Universal high speed centrifuge. Reagents 

included DMEM (CORNING, Ref: 10-017-CV) to make cell culture media, phosphate 
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buffered saline (PBS)  (GIBCO, Ref: 14200-075), and 0.25% Trypsin-EDTA from 

GIBCO supplied by ThermoFisher Scientific which lifts cells off a plate to split them.  

3.3 Cell Counting Procedure: 

Cell proliferation was measured by counting the cells at various time points 

throughout their growth. The number of cells was always known when they were plated 

on the flasks, and they were counted again when they were lifted for passaging. For the 

chondrocytes, the number of cells was also measured mid-passage. 

3.3.1 Hemacytometer 

 After centrifuging, the cells were resuspended in media. Then, 10 μL of the 

resuspended cells, and 10 μL of trypan blue (Sigma-Aldrich, cat #T8154) were added to a 

PCR tube (VWR North American Cat No. 20170-012) and mixed by pipetting up and 

down multiple times. A second PCR tube was made with the same mixture. Next, 10 μL 

of the mixture from each PCR tube was placed on each side of the hemacytometer 

(Hausser Scientific, Catalog No: 1483). The cells were counted in the 5×5 block shown in 

Figure 3-1, and the cells were counted with a tally counter from VWR.  
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Figure 3-1: Layout of the hemacytometer with the relevant section outlined in red. 69 

The trypan blue is not absorbed by living cells, allowing them to appear bright. 

However, dead cells do absorb the trypan blue, causing them to appear dark blue.  
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Figure 3-2: View of the hemacytometer with stained cells on it, showing high viability as 

no cells are stained blue. 
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Equation 3-1 was used to convert the counted number of cells into the suspension 

concentration in cells per milliliter.  

 Cell Count 1 + Cell Count 2

2
(2)(10,000) 

Equation 3-1 

Equation 3-1 is then multiplied by the volume of media used to resuspend the 

cells to get the total amount of cells in the centrifuge tube. Each time the cells were 

passaged, the plates were seeded with 150,000 cells with a few exceptions. In some 

instances when passaging the CRLs, they were seeded with 75,000 cells because they are 

extremely prolific.  

3.3.2 Hemocytometer Control 

The hemocytometer can be a useful tool in experienced hands. However, to 

ensure accuracy of the research, a control experiment was carried out. Beads of known 

size and quantity were put on the hemocytometer and counted. The beads were acquired 

from Thermo Scientific, formerly Duke Scientific (Cat.#35-5). They are green 

polystyrene beads with a measured average diameter of 24 𝜇𝑚. The particle density is 

1.05
𝑔

𝑐𝑚3.  According to   Equation 3-2, the volume of an individual bead was 7238.23 

μm3. 

Volumesphere =
4

3
πr3 

   Equation 3-2 

 Equation 3-3 was used to determine the weight of each bead to further calculate 

how many beads are in the sample. 

7238.23 μm3 (
1 × 10−12 cm3

μm3
) (

1.05 g

cm3
) = 7.6

ng

bead
 Equation 3-3 
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A 1
𝑚𝑔

𝑚𝐿
 sample was made and aliquoted into a vial. Equation 3-4 was used to 

determine how many beads per milliliter of water were aliquoted.  

1 bead

7.6 ng
(

1 mg

mL
) (

1 × 106 ng

1 mg
) ~131,579

beads

mL
  Equation 3-4 

Next, 10 μL of the sample and 10 μL of water were pipetted into a PCR tube 

before 10 μL of the solution were placed on each side of the hemocytometer. Next, the 

beads were counted under 100x magnification as shown in Figure 4-11. The total number 

of beads in the 1
mg

mL
 sample was calculated with Equation 3-1.  

3.3.3 Counting cells in between passages 

 To better understand how the cells grew and divided in between passages, it 

would be impractical to lift and count the cells every day. To investigate cell 

proliferation, multiple techniques were attempted. First, cells were plated, then lifted 

from the wells every few days and counted with the hemacytometer. However, despite 

trying multiple volumes of trypsin, lift times, spin speeds, and plate seeding densities a 

consistent lift and count was not obtained from the wells.  

 Next, cells were imaged and counted them with computer software. After the cells 

were split, there were imaged every few days on a Leica DMI 6000 B microscope with a 

Kubler Codix light source. Leica software version 2.0 was used to power the microscope. 

Five images per flask were obtained on 100x magnification with phase contrast. 

Brightfield washed out the cells too much but was useful when imaging the CuHARS. 

Phase allowed for the cleanest imaging.  BROAD Institute’s Cell Profiler version 4.2.6 

was used to count the cells mid-passage.  
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 First, all the images were uploaded into the software. Next, the images were 

cropped to be 400×400 pixels for ease of processing. The RGB channels were next split 

to put the image into greyscale as shown in Figure 3-3.  

Figure 3-3: Original on the left and greyscale on the right of P10 Chondros 

The red channel was then carried through the pipeline and dark holes, nuclei, of 

pixel size 15 to 25 pixels were enhanced to allow the nucleus to be more distinct as 

shown in Figure 3-4.  
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Figure 3-4: Enhanced Nuclei of Chondrocytes, showing counting success by 

CellProfiler. 

Next, the nuclei were identified by circling the dark holes previously enhanced. 

The image underwent global, two-class Otsu thresholding to identify cells that were 20 

pixels wide or larger. Otsu thresholding is neither parametric nor unsupervised. 70 When 

the two-class model is in use, it is a binary threshold model. Next, outlines were placed 

over the identified cells, and the cells were counted by the software. The software was 

instructed to ignore the borders of the image because the algorithm was inaccurate near 

the edges.  

Finally, the results were exported to a spreadsheet and the relevant images were 

saved. The spreadsheet created by CellProfiler put all the results in one column, so 

RStudio was used to modify the Excel sheet for ease of reading. The RStudio code can be 

found in Appendix A.       
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3.3.4 HDFs 

The HDF images had notably lower contrast than the chondrocytes, making it 

difficult for CellProfiler to differentiate between the boundaries of cells.  

3.3.5 CRL2303 

The CRLs are small cells. To account for their size, the original image was 

cropped to 200×200 pixels of the original image. Also, CRLs are so prolific that they 

needed to be split every four days or so. Consequently, only one set of images was taken 

for the CRLs as it did not feel necessary to image them as frequently because they had 

shorter times between passages.  

3.3.6 Accuracy 

The cells being measured were not stained. As a result, CellProfiler was an 

imperfect instrument to use because the cells had less contrast with their background as 

they would be had they been stained. To verify that CellProfiler was counting the cells 

accurately, ten images from each set were manually counted and compared to the 

CellProfiler results. The cropped image from CellProfiler was uploaded to OneNote for 

Windows 10, and the cells were circled by hand. Then, the image with the circles was 

uploaded to MATLAB where the circles were counted. Next, the CellProfiler and MATLAB 

data were compared by calculating the percentage error for each image with Equation 

3-5. 

|
Manual Count − CellProfiler Count

Average of the 2
(100)| 

Equation 3-5 

 The percentage error was then averaged per cell type. An average percent error of 

20% or lower was considered acceptable.  
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 The code for CellProfiler was modified until it produced adequately accurate 

results. The counts were then exported and converted to total cells per flask. 100 μm was 

measured to be 110 pixels long. Each cropped image is 400×400 pixels. The flasks used 

to culture the cells has a surface area of 12.5 cm2. Equation 3-6 was used to convert cells 

per image to cells per flask.  

(
Cells

image
) (

1.21 
pixels2

μm2

160,000 
pixels2

 image

) (
12.5 cm2

flask
) (

108 μm2

cm2
) =

Cells

flask
 Equation 3-6 

 To simplify Equation 3-6, all of the constants were combined and multiplied by 

cells per image. The resulting equation is 9453.125 
Cells

image
=

Cells

flask
.  

3.4  Collagen Assay 

Because collagen is important to the creation of cartilage by chondrocytes, a 

collagen assay kit was purchased from Sigma Aldrich to determine how much collagen 

was being created by the various types of cells being studied.  

3.4.1 Protocol 

The assay kit MAK322 (Sigma-Aldrich)10  was used to determine the amount of 

collagen being produced by the cells. The kit consists of a dye reagent, buffer, digestive 

enzyme, collagen standard, and a developer as shown in Table 3-1. 

Table 3-1: Components of Sigma-Aldrich Collagen Assay. 

 

Compnents of Kit Catalog Number Amount

Dye Reagent MAK322A 5 mL

Buffer MAK322B 5mL

Digest Enzyme MAK322C 70 μL

Collagen Standard MAK322D 40 μL

Developer MAK322E 1 mL 
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According to the kit instructions, it is intended to perform 100 assays on 96 well 

plates.10 However, the protocol provided by Sigma-Aldrich was modified slightly. Only 

one-fourth of each standard was prepared to preserve the assay kit. When testing samples, 

the proportions of the master mix were maintained, but the final volume was 49 µL of 

mix. Whereas 450 µL of sterile water was added to ensure adequate volume in the 

cuvette for the spectrofluorometer to be able to read the sample.  

The assay is not a radioactive one, making it safer than some other assays.10 The 

first step is to enzymatically digest the collagen into peptides so the N-terminal glycine 

peptides can bind to the dye to form a fluorescent complex.10 The samples were then put 

in cuvettes from Perfector Scientific (Catalog# 9012) with 500 µL of sterile water and 

read from 465 nm to 499 nm wavelength with the peak at 465 nm in the F-2500 

Fluorescence Spectrophotometer Model No- 251-0097. The fluorescence intensity is 

directly proportional to the collagen content.10 

First, collagen standards were prepared according to the protocol, but with the 

modifications to extend the life of the assay. Table 3-2 lists the proportions of the 

collagen standard and water used to create the calibration curve of the assay.  

Table 3-2: Collagen Standard Proportions 

 

Ten μL of each standard were placed in duplicate into vials and they were labeled 

accordingly. The bulletin for the assay suggests diluting the samples because the assay is 

Tube
50 μg/mL 

standard (μL)

Water 

(μL)

Collagen 

(μg/mL)

1 25 0 50

2 15 10 30

3 7.5 17.5 15

4 0 25 0
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meant to detect small levels of collagen.10 Samples were therefore diluted with a dilution 

factor of ten and placed in labeled tubes in duplicate.  Next, the reaction mix was 

assembled consisting of a 70:1 ratio of the buffer and digestive enzyme. The protocol 

insists that 30 μL of the mix are necessary for each well, but 15 μL was used to extend 

the life of the assay. The mix was added to the vials, the plate was mixed by tapping on it, 

and the vials were incubated for one hour at 37 ℃. Next, 20 μL of the dye reagent were 

added before a further 10 minutes of incubation. Four μL of the developer were added to 

each sample followed by another 10 minute incubation. The total volume in the vials at 

this point in the process was 49 𝜇𝐿. Four-hundred and fifty μL of water were added to 

ensure an adequate volume that the spectrophotometer could read. Finally, the 

florescence was measured at 375 nm excitation and 465 nm for emission.  

3.4.2 Analysis 

Fluorescent values from the blank sample were subtracted from those of the 

standard and sample values to standardize them. The adjusted standards were plotted 

against the concentration of collagen in the standards. The slope was calculated and used 

to determine the amount of collagen in each sample. For the samples, Equation 3-7 was 

used to account for the dilution factor.  

Collagen (
μg

mL
) =

Fsample − Fblank

Slope of Equation
 (Dilution Factor) Equation 3-7 

3.4.3 Accuracy 

At one point, the spectrophotometer began to display similar fluorescence results 

for different samples. To ensure the instrument was working, fluorescein was used in 

several dilutions. The first set of dilutions were factors of 10, 20, and 30. Next, the first 

set of dilutions were treated like collagen samples. 50 μL of the fluorescein mix was 



27 

 

27 

 

added to a further 450 μL of water. That dilution created dilution factors of 460, 470, and 

480 respectively. The fluorescence of these samples was read again.  

At several points in the assay, the accuracy of the instrument was a concern 

because the second sample often displayed a lower value than the first. So, one 

calibration was done, samples were run, then another calibration was carried out to check 

for instrument drift. Two calibration equations were created, one with each calibration. 

The collagen values were calculated, and the error was calculated according to Equation 

3-8. 

Error = (value1 − value2)2 Equation 3-8 

Little could be done to minimize the error. It was primarily calculated to ensure it 

was a consistent value.  

3.5 CuHARS Breakdown 

Other researchers in the lab put 25μg/mL of  CuHARS in astrocyte media and 

imaged the flasks every day for 18 days.   The images were then imported into MATLAB 

where a ratio of dark pixels (CuHARS) to light pixels was calculated to determine the 

percent coverage of the CuHARS on the flask.  The results were standardized by 

subtracting the number of dark pixels taken up by the scale bar. The results were then 

plotted against how long the CuHARS had been on the media.  The code used can be 

found in Appendix B.  

The experiment was replicated twice. The first experiment used chondrocyte 

media where one sample was refrigerated, one was held at room temperature, and one 

was kept in the incubator. The purpose was to determine the effect of temperature on the 
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breakdown of the material. Images were taken at day 0 and each day following until no 

more CuHARS could be detected by the microscope.  

The results of the first replication created the need to determine the effect of the 

type of media on the breakdown of the material. So, one flask was astrocyte media with  

25μg/mL  CuHARS. The second flask was 25μg/mL of CuHARS with chondrocyte 

media. Images were taken at day 0 and each day following until no more HARS were 

detected.  

The results of the second replication tested whether the CuHARS broke down 

faster in either media. So, the second experiment was replicated with four flasks each of 

astrocyte and chondrocyte media. The images were taken from day 0 to day 9 to create 

ten data points. The same data processing procedure was used as when only one flask was 

used for each medium A paired, one-tailed t-test was then run to compare the time 

constants of each media.  

For each replication experiment, the same MATLAB code in Appendix B was used 

to determine the percent coverage of the CuHARS on the flask.  Once all the data were 

collected, a mathematical model was fit to the data. Because the data resembled an 

exponential decay curve, Equation 3-9 was used.  

% Coverage = (xpeak − xfinal)e−
t
τ + xfinal Equation 3-9 

The following exponential fit method was applied. First, the final value was 

subtracted from the data set so that the adjusted data resembled a curve of the form 

𝐴𝑒−𝑡/𝜏.  An initial value for 𝜏 was selected, and the squared error (𝜎2) was calculated 

between the resulting model and the adjusted data at each tine point.  

σ2 =  (Valuemodel − Valuematlab)2 Equation 3-10 
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 The sum of these errors was then calculated, and the Solver add-in of Excel was 

used to find the value of 𝜏 that minimized this sum.  The subtracted final value was then 

added back to the model equation.  
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CHAPTER 4 

 

RESULTS 
 

Immediately after synthesis, CuHARS are clumpy and comparatively large. So, 

they were sonicated for 5-10 minutes before the cells were treated with them. Figure 4-1 

shows the CuHARS before and after sonication.  

 

Figure 4-1: A) CuHARS prior to sonication, B) CuHARS after 5 minutes of sonication. 

Sonication acts like a top-down manufacturing process that decreases the size of 

the material into something the cells can more readily uptake.  
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4.1 CuHARS Breakdown

 

Figure 4-2 shows 25
μg

mL
 of CuHARS on astrocyte media at zero days and B is one 

day post treatment. The particles are smaller and appear to cover much more of the 

surface of the flask.  

 

Figure 4-2: A) Day 0 CuHARS B) Day 1 CuHARS 

The breakdown data were collected until there were no discernable CuHARS  were 

visible and only particulate was observed, as seen in Figure 4-3.  
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Figure 4-3: CuHARS in Astrocyte media at Day 0 (A) and Day 8 (B). 

The original CuHARS breakdown data in Figure 4-4 show a peak on day one, 

followed by exponential decay. When the decay was modeled, a time constant of 6.7 days 

was determined with a least squares regression fit designed to minimize the error between 

the model and the data by varying the time constant.  
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Figure 4-4: CuHARS Breakdown in Astrocyte Media. 

Figure 4-5 is the result of replicating the experiment that created Figure 4-4 but 

comparing the breakdown between chondrocyte and astrocyte media. The same least 

squares regression fit was used. Then, the time constants of the two models were 

compared. The time constant for the astrocyte media was 3.07 days, and the time constant 

for the chondrocyte media was 2.56 days. To test the statistical significance of this result, 

the same experiment that created Figure 4-5 was carried was repeated with five samples 

for each media instead of one.  
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Figure 4-5: CuHARS breakdown with Astrocyte and Chondrocyte media with 

accompanying models. 

Table 4-1 shows the time constant values for the CuHARS breakdown in 

astrocyte and chondrocyte media. The p-value for the paired t-test is 0.0135 indicating 

that the CuHARS in chondrocyte media break down faster than the CuHARS in astrocyte 

media. The 3rd flask of chondrocytes was infected with E. Coli and could not be used. 

Therefore, the outlier of the astrocyte flasks was not used. The plots for Table 4-1: Time 

Constants for CuHARS breakdown in Astrocyte and Chondrocyte media. can be found in 

Appendix C.  
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Table 4-1: Time Constants for CuHARS breakdown in Astrocyte and Chondrocyte 

media. 

 

Figure 4-6 shows fifth passage chondrocytes 30 minutes post treatment with 

30
μg

mL
 of CuHARS. A is the chondrocytes at 100 magnification, B is at 200 magnification 

with a CuHARS urchin noted to show that the image is of the same section of the flask. 

The CuHARS were sonicated for 10 minutes prior to their placement on the cells, so they 

are not difficult to see.  

 

Figure 4-6: A) Chondrocytes 30 minutes post treatment at 10x, B) 20x. 

Figure 4-7 A shows the chondrocytes six hours post treatment and B shows the 

chondrocytes three days post treatment. The CuHARS are challenging to distinguish, but 

Astrocyte Tau Chondrocyte Tau

2.97 2.39

2.39 2.05

2.75 2.56

3.28 3.02

Astrocyte Average Chondrocyte Average

2.84 2.51

p value 0.014
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if the brightness were higher, or the images taken in brightfield, they would be more 

visible.  

 

Figure 4-7: A) Chondrocytes 6hr post treatment. B) CuHARS 3 days post treatment. 

Figure 4-8 is like Figure 4-7 in that A shows chondrocytes six hours after being treated 

with CuHARS. Panel B is an image from the same conditions as panel A but at 200x 

magnification so that, upon close examination, the CuHARS are visible as stick-like 

objects.  

 

Figure 4-8: Chondrocytes 6 hours post treat 100x (A) and 200x (B). 
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Figure 4-9 shows image B from Figure 4-8 on a larger scale so that the CuHARS 

are more easily distinguishable as being inside the cells. CuHARS appear to be excluded 

from the cells’ nuclei, which indicates that the material is inside the cell and not just 

laying on top of it. The larger circle is of particular interest because the CuHARS within 

it seem to be grouped in the processes of the cell. The three small circles show HARS 

that have not been taken up by the cell.  

 

 

Figure 4-9: Chondrocytes 6hrs post treatment 200x. Areas of interest are circled in red. 

Figure 4-10 shows the cells six days after they were treated with the CuHARS. A 

is the control, and B is the treated cells. The cells in B appear to be more numerous than 

those in image A.  



38 

 

38 

 

 

Figure 4-10: 6 days post-treatment: A) Control B) Treated 

4.2 Proliferation 

Figure 4-11 is an example of the calibration beads as they appear on the 

hemacytometer. The grid contains approximately 30 beads, which amounts to 600,000 

beads per milliliter according to Equation 3-1.  
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Figure 4-11: Polystyrene beads on the hemocytometer. The beads are 24 μm in diameter 

as per vendor specifications.  

Figure 4-12 shows the output of CellProfiler including the number of cells it 

counted in the image. A is the greyscale, cropped image, with dark holes (nuclei) 

removed. B and C are cells that were identified and their outlines. D is the information on 

the image that CellProfiler calculated.  
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Figure 4-12: A) Greyscale of image with dark spots removed. B) Identified cells, C) Cell 

outlines, D) Accepted cell amount and accompanying data. 

Another output of CellProfiler is Figure 4-13 which shows the greyscale image 

next to the outlined cells. As evidenced by Figure 4-13, the system is not perfect.  
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Figure 4-13: Greyscale image (Left), and the outlined cells (Right). 

Figure 4-14 shows a bar chart of untreated chondrocytes, treated chondrocytes, 

and HDF proliferation. The untreated chondrocytes and HDFs show no discernable trend 

in proliferation rates. The treated chondrocytes show a general downward trend in 

proliferation rates as the passage number increases. The asterisk indicates a proliferation 

rate determined by CellProfiler. Those values are considered invalid because they are 

substantially smaller than the hemacytometer counts.  
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Figure 4-14: Bar Chart of Chondrocyte, Treated, and HDF Proliferation as Counted by 

the Hemacytometer. (* - CellProfiler Count) 

Figure 4-15 shows the bar chart of how many CRL cells were created as counted 

by the hemacytometer. No discernable trend is detectable in the chart. If anything, CRL 

proliferation rates do not appear to change drastically as the passage increases.  

 

Figure 4-15: Bar Chart of CRL Proliferation 
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4.3 Collagen Assay 

Figure 4-16 shows the calibration curve of the collagen assay. The curve is fit 

with a linear trendline as per the bulletin’s instructions. The R2 value is 0.96 which 

indicates that the trendline does not perfectly match the data. However, the data are 

relatively linear. Equation 3-7 was used to convert the fluorescence values to collagen 

content for the samples.  

 

Figure 4-16: Calibration Curve of Collagen Assay. 

Fluorescein was used to standardize the calibration curve. Fluorescein is highly 

fluorescent, and the only potential problem is that even high levels of collagen in the 

assay do not produce fluorescence levels that high. In Figure 4-17, the difference 

between dilution factors 10 and 20 are minimal. It is possible that fluorescein is self-

quenching.  
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Figure 4-17: Fluorescein test at 10, 20,and 30 dilution factors 

In Figure 4-18, it is unclear why the trendline is the exact opposite from that of 

Figure 4-17. Also, fluorescence decreases initially and then increases for no discernable 

reason.  

 

Figure 4-18: Fluorescein Test at Collagen Assay Dilutions 
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Figure 4-19 shows the collagen assay plot for the CRL 2303 cells. The trend in  

Figure 4-19 indicates that collagen production generally decreases as the passage 

increases.  

 

Figure 4-19: Collagen Production by CRL Cells. 

Figure 4-20 shows the results of the collagen assay for the HDF cells. Generally, 

the trend is positive, but the three points at passage five are not as similar as expected. 

The culture media for the human dermal fibroblasts was switched from their own media 

to chondrocyte media halfway through the fifth passage. It is unknown whether that 

impacted the collagen production.  
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Figure 4-20: Collagen Production of Human Dermal Fibroblasts. 

Figure 4-21 shows the results of the collagen assay for the treated and untreated 

chondrocytes. Treated chondrocytes initially made more collagen than untreated 

chondrocytes. After the initial treatment, it is unclear whether it makes notably more 

collagen until the last passage of treated chondrocytes.  
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Figure 4-21: Chondrocyte and Treated Chondrocyte Collagen Production. Two data 

points were taken for each time point.  The error bars are the difference between the two 

data points, divided by 2.
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CHAPTER 5 

DISCUSSION 

It would be useful to know the breakdown rate of copper nanoparticles in various 

media to compare this with our novel studies here showing breakdown of CuHARS. 

Because the true chemical formula of CuHARS is not yet known, the mechanism by 

which the material breaks down or dissociates in the media cannot be deduced. Research 

does not seem readily available that states the solubility of copper in water because it 

appears stable in water, however Cuppet et al. cite it as only 0.3 mg/L at pH 7.4.71    

Copper therefore cannot be dissolving as a metal in these experiments.  

 Karan et al. showed that the ratio of copper ions to L-cysteine, the other major 

component in CuHARS, is 1:1.72 The solubility of L-cysteine is six orders of magnitude 

larger, at 277 g/L73, so that it might serve as a carrier for copper in the media.  Important 

questions to answer, if the breakdown mechanism of CuHARS is to be identified, are the 

mode of attachment of copper to L-cysteine and the mode of attachment between L-

cysteine units.   One possibility is that copper is attached to the sulfur on L-cysteine, 

while another idea is that the copper is binding to the carboxylic acid portion of the 

cystine, = COO-, because that portion is negatively charged and the Cu++ could then bind 

to two of them, helping to explain the linearity (high aspect ratio) of the material.  In the 

future, it could be beneficial to test the media and the remaining particulate to obtain 

more information about the breakdown process.  Another interesting experiment is to see 

if copper nanoparticles break down in media without the presence of cells. That 
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experiment would answer whether the copper was being altered by the cell media alone. 

The particles that appear in Figure 4-3 may be essentially copper that remains after the 

breakdown of the non-copper components of the CuHARS. 

In normal cell functions, copper is removed from its carrier protein, and it enters 

the cells alone via transport proteins. However, in the case of CuHARS, Figure 4-9 

indicates that the entire structure enters the cell, which hints that a different transport 

mechanism may be involved instead of the normal copper pathway.  

Nuclear exclusion provides evidence that the CuHARS enter the cells. Moving 

forward, the cells should be washed after a day or so of being treated. Washing the cells 

would remove excess CuHARS and provide better evidence that those remaining were in 

the cell. If the cells still look like they do in Figure 4-8 after they are washed, then one 

could confidently say that the CuHARS are inside the cell. Alternatively, use of a 

confocal microscope could show conclusively that the material has entered the cell. 

However, a confocal microscope was inaccessible for this project.  

Figure 4-11, Equation 3-1, and Equation 3-4 collectively indicate that the positive 

control for cell counting failed. The positive control was off by a factor of 4.56. When the 

positive control experiment does not produce the anticipated results, it calls into question 

the experiment as a whole.  

Use of CellProfiler to count cells mid-passage was inaccurate and inconsistent for 

reasons still to be discovered. The algorithms used should have worked in theory, but 

they did not. A probable reason is the differences in contrast and size of the cells. For 

example, the HDFs had very low contrast in their images, making it nearly impossible for 

CellProfiler to count them. It is possible that different lighting and focus on the 
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microscope could aid in the issue. However, without staining the cells, perfect contrast 

may not be attainable. Staining the cells would have contradicted the experimentation 

because most stains require “fixing” or killing the cells. Therefore, to get data on the cells 

without killing them, most stains are not applicable. DAPI could be a good stain because 

it does not kill the cell and highlights the nucleus. Future work would probably benefit 

from experimenting with DAPI staining.  

CellProfiler should have worked in theory, but it was inconsistent. The primary 

issue with the features used here is that they needed pronounced, round nuclei to count. 

The treated cells were morphologically elongated to the point where a difference in 

proliferation could be discerned visually, but not through the results of the software.  

Figure 4-12 and Figure 4-13 show what appear to be reasonably accurate results by the 

software. Most of the cells appear to be outlined and highlighted. However, the number 

of cells counted in the images did not correspond to the number of cells present in the 

flask. The results can be seen in Figure 4-14 where the CellProfiler count was so small 

that it invalidated the process altogether. 

The other problem with cell counting is the failure of the positive control for the 

hemacytometer. A hemacytometer has the potential to be a great tool within the lab. 

However, it appears like the research carried out here had some errors. The 

hemacytometer counts determined appear to be larger than those of the positive control.  

Where the hemacytometer counts were too big, the CellProfiler counts were too 

small. There is an accurate median value somewhere between those two research 

methods. The untreated chondrocytes appear to yield the most precise of values, but they 
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are still somewhat inconsistent. For the CRLs, they are so numerous that even a slight 

mistake by either method could lead to massive differences in the measurement.   

When replicating the CuHARS breakdown data, the peak at day one was not 

replicated. A third replication could help to confirm the peak values, but it is unknown 

whether the peak is an artifact. Figure 4-2 shows what appears to be smaller, more 

numerous pieces of the CuHARS. However, during imaging while replicating the 

experiment, the phenomenon was not seen which raises concerns about the validity of the 

experiments.  

The collagen assay produced mixed results. For example, the fluorescein  

experiment was not consistent. The fluorescein experiment was performed to demonstrate 

that the fluorometer was working. The inconsistency appears to arise from over-dilution 

of the media samples for the collagen assay.  In the end, the samples were not diluted at 

all, and consistency improved. 

The results of the collagen assay on the CRL 2303 cells are interesting. Figure 4-15 

indicates that cell proliferation does not change with the number of passages. However,  

Figure 4-19 suggests that age does influence collagen production. If the outlier of 

passage 16 increasing age leads to a monotonic decrease in collagen production. More 

research into the progression of these cells is required.   

The collagen assay on the human dermal fibroblasts is ultimately inconclusive as 

seen in Figure 4-20 because the type of media was changed after the original media was 

depleted. The chondrocyte media might not have affected collagen production, but that 

speculation needs to be verified experimentally.  

The later passages for the collagen assay on chondrocytes had consistent values, 

generally around 25 μg/m (Figure 4-21).  The treated chondrocytes ultimately made 
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more collagen in the latest passage. However, to demonstrate statistical significance, 

measurements on multiple samples must be obtained for each time point. Those 

measurements would require a large amount of resources.  

It can be said with some confidence that only the CuHARS entered the cells, but 

the experiment needs to be redone with a wash to ensure loose material is removed so 

that any CuHARS remaining can be confidently said to be inside the cell. Only the 

treated cells had a discernable trend with regards to proliferation. All other cell types lack 

consistent trends that make sense, begging for the experiments to be repeated. The 

problem is that a researcher needs to go in with a solid game plan because chondrocytes 

take a long time to grow. CRL 2303 cells appear to show age, in that they produced less 

collagen at the later times, in the collagen assay, but not in proliferation data.  

The experiment should be conducted again with chondrocytes that are at their 

second passage. Previously noted research indicates that chondrocytes start to differ in 

proliferation rates and morphology around passage 6. However, the chondrocytes used in 

this experiment were thawed at passage four and therefore could not be counted until they 

were passaged to the fifth passage. That, in the opinion of this researcher, did not create 

enough data to compare early passages to late ones.  

The collagen assay had debatable reliability in these studies. The drift in the 

calibration curve (Figure 4-16) is problematic. Perhaps the dilution of the assay critically 

hindered the assay in some way. Fluorescein is a good positive control for the 

fluorometer, but it is not a good model to base measurements off of because neither 

Figure 4-17 nor Figure 4-18 showed discernable patterns that could be modeled.  
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It is challenging to confirm that treated cells definitively make more collagen. 

More research is needed in that case. However, Figure 4-21 shows that the treated cells 

did make more collagen immediately after being treated. Perhaps chronically treated cells 

would be better for wound healing purposes.  
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CHAPTER 6 

CONCLUSIONS AND FUTURE WORK 

6.1 Conclusions 

It can be said with some confidence that only the CuHARS entered the cells. The 

experiment needs to be redone with a wash to ensure loose material is removed so that 

any CuHARS remaining can be confidently said to be inside the cell.  

Only the treated cells had a discernable trend with regards to proliferation. All 

other cell types lack trends that make sense, begging for the experiments to be repeated. 

These repeated experiments must be carefully planned months in advance because 

chondrocytes are slow-growing cells. For example, if the cells are to be chronically 

treated, the experimenter needs to decide when the cells are to be treated throughout their 

lifetime. Further, if the collagen assay were to be repeated, media would need to be saved 

from the earliest passage possible.  

It is challenging to determine whether treated cells definitively make more 

collagen. More research is needed in that case. Interestingly, Figure 4-21 shows that the 

treated cells did make more collagen immediately after being treated. Perhaps chronically 

treated cells would be better for wound healing purposes.  
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6.2 Future Work 

CellProfiler is a potentially useful tool for counting cells mid-passage. However, 

the method used for this research often yielded results that were drastically lower than 

anticipated. DAPI staining could solve this issue in the future. 

An alternative method to count cells mid-passage is a cell counter. However, cell 

counters use live cells within flasks, so the research would need to be started again. A cell 

counter could ameliorate the issue of low contrast seen in cells like the HDFs. Cell 

counters could also probably handle the large volume of cells seen in the CRLs. A 

limitation, however; is that it took almost a year to grow and passage chondrocytes 

enough times to collect adequate data.  

Collagen assay research would benefit from expanded the effect of media. Does 

the media directly from cells contain enough collagen to be representative of the collagen 

content of the ECM? A different assay may suit the research better. Further, the Sigma 

Aldrich assay does not specify which type of collagen it detects. More research into the 

specific, notable differences of collagen type I and II  could lead to the ability to 

differentiate between them when analyzing the cells and their extracellular matrix. Is 

there a way to magnify the collagen with PCR and then run a gel to see truly how much 

of each collagen is produced by the cells? Real-Time PCR could prove useful in this 

setting. 

The CRL 2303 cells were not treated with the CuHARS, and they should be in the 

future to see if that affects collagen production, which is currently one of the few 

indicators that the cells are aging. Further, since the CRLs are so prolific, it is reasonable 

to take them through a relatively large number of passages, from early to late, in a short 
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amount of time. The prolific character of the CRL cells is challenging, however. The 

cells are less hardy than chondrocytes, so missing a day when they needed to be split 

could prove fatal to both the cells and the progress of the experiment.  
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APPENDIX A  

RStudio Code 

 
data.raw <- read.csv("C:\\Users\\User\\Desktop\\Cell Counting\\Cells.csv")  

#directly read in file  

data.raw <- data.raw[,1:3] 

data <- data.frame(ImageNumber = NA, ObjectNumber = NA, FileName_DNA = NA) 

for (image_num in unique(data.raw$ImageNumber)){ 

 x <- data.raw[data.raw$ImageNumber == image_num,] 

  x <- x[x$ObjectNumber == max(x$ObjectNumber),] 

    data <- rbind(data, x) 

} 

write.csv(na.omit(data) ,"C:\\Users\\User\\Desktop\\Cell 

Counting\\Cells_Processed.csv", row.names = F) 

x <- na.omit(data) 
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APPENDIX B  

MATLAB code for CuHARS breakdown 

%Add to path the folder with the images. The Leica produces .tif images 
%The directory may need to be altered depending on file type. 
clear 
close all; 
tifFiles = dir('*.tif');  
numfiles = length(tifFiles); 
mydata = cell(1, numfiles); 
 
for k = 1:numfiles  
  mydata{k} = imread(tifFiles(k).name);  
I = imread(tifFiles(k).name); 
% J = medfilt3(I); 
% K = imsharpen(J,'Radius',2); 
L = mat2gray(I); 
%  figure('name','Grayscale') 
% imshow(L); 
% imshowpair(I,L,"montage") 
%imsave 
BW = imbinarize(L,'adaptive', 'ForegroundPolarity','dark'); 
% figure 
% imshowpair(I,BW, "montage") 
image_size = size(BW) 
binaryImage = BW> 128; % Find bright pixels instead of dark pixels. 
numDarkPixels = sum(~BW(:)); % Notice I had to invert the image with~. 
 
% Create a table from the outputResults matrix 
outputResults(:, k) = image_size; 
outputResults2(:,k)=numDarkPixels; 
 
%Have MATLAB do the calculations for me(Standardize by removing the scale 
%bar pixels 
stdpercentcoverage(:,k) = (numDarkPixels-6431)/(1024*1360)*100; 
%1024 and 1360 are the dimensions of the image. They are all the same. 
end 
 
xlswrite('CuHARS breakdown MATLAB.xlsx', {tifFiles.name}, 'Sheet1','A1'); 
%put the label of the file at the top of the Column to ensure no mix-ups 
xlswrite('CuHARS breakdown MATLAB.xlsx',outputResults, 'Sheet1','A2'); 
%Parameters of the image 
xlswrite('CuHARS breakdown MATLAB.xlsx', outputResults2, 'Sheet1','A4');  
%Number of Dark Pixels 
xlswrite('CuHARS breakdown MATLAB.xlsx',stdpercentcoverage, 'Sheet1', 'A5') 



 

66 

 

APPENDIX C  

Astrocyte and Chondrocyte CuHARS Breakdown Plots 
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