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Abstract

Photostimulation deals with the use of light ta\aate molecules, pathways, and
functions within cells. Photostimulation techniquas be applied to tissue engineerimgitro
to reduce the field’s dependency on chemical grdedtors by using light to control stem cell
proliferation and differentiation. Researchers hareviously shown that photostimulation
positively affects cell proliferation, extracellulaatrix composition and organization, and the
rate of healing (de Souza 2005; Medrado 2008; Kuiksi2009). However, the effects of various
wavelengths of visible light on stem cell growttdatifferentiation have not been previously
studied. Human mesenchymal stem cells (hMSCs) pleveostimulated with LEDs at
wavelengths of 455, 470, 528, 617, and 656nm. Exmerts analyzing hMSCs’ proliferation
and bone differentiation were performed. It wasdatned that blue light at 455 and 470nm had
an inhibitory effect on cell proliferation and difentiation. Red light at 656nm had positive
effects on hMSC differentiation shown by increaali@line phosphatase (ALP) and calcium
production after two weeks. It was concluded thae tight’'s higher energy inhibited the cells’
metabolic activity, while red light's lower energphanced bone differentiation. These positive
results suggest that photostimulation can imprboeenechanical properties and functionality of

bone tissue engineering models.
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1. Introduction

1.1 Significance

Tissue engineering provides opportunities to sigaiftly advance clinical treatments in
wound healing and regenerative medicine for a tyagétissue injuries ranging from ligament
tears to bone fractures. For tissue engineeringetspd is important to develop a mechanically
strong, functional, biomimetic extracellular mat(&kCM) in order for the resultant product to be
applicable to clinical treatments. Currently, ts®ngineering uses chemical stimuli to adjust the
ECM composition and control stem cell differentiati These chemical stimuli, including
growth factors, tend to promote tissue overgrowdhich is a deterrent tim vivo implantation of
tissue engineering constructs. Therefore, it isartgnt to reduce tissue engineering’s
dependency on growth factors by developing altereahethods to improve stem cell
differentiation.

Photostimulation is a technique that uses ligl#tdiivate molecules, pathways, and
functions within cells. Light activation has thetgatial to affect cell proliferation and
differentiation by increasing metabolic activityda@nhancing the production of lineage specific
proteins. Moreover, photostimulation is a noninvassafe technique that allows for the control
of one to several million cells within a tissue r@gring model. This provides the ability to
induce specific growth rates and lineage speciperties of only the photostimulated cells. By
controlling what cells are exposed to light, sgegfoperties can be tailored to certain regions
of tissue engineering models. This specificitypsimal for multi-tissue co-culture models.

Currently, the effects of photostimulation in thsible to near infrared wavelength range
have been studied in animal wound healing modedsaaiew cell culture systems. Researchers

have shown that photostimulation positively affexg8 proliferation, extracellular matrix
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composition and organization, and the rate of hgdlde Souza 2005; Medrado 2008; Kushibiki
2009). These findings apply to regenerative mediaind tissue engineering because
photostimulation has lead to improved tissue dgualent bothin vitro andin vivo (Freitas 2000;
Medrado 2008). Despite this success, the effegihofostimulation at various visible
wavelengths on stem cells have not been investgaten though stem cells are the main cell
source for tissue engineering and regenerativeaimediA noninvasive photostimulation method
using light emitting diodes (LEDS) is used to stiate stem cells in order to study how light
affects stem cell proliferation and bone differatiain.

These photostimulation techniques can be appli¢dibwitro andin vivo for clinically
relevant situations, such as tissue repair or cepteent for patients with injured or diseased
tissues. This contribution could be significantdese the relatively simple technique of
photostimulation could enhance stem cell proliferatnd differentiation of tissue engineering
constructs for clinical applications. It is expetthat tissue engineered constructs developed
with photostimulation could better mimic nativestiges because light would activate certain cell
molecules, pathways, and functions that would p@sit affect cell growth and differentiation
properties. The knowledge gained from these phiotattion experiments can be applied

vitro andin vivoto clinically relevant applications, such as bogeair.

1.2 Specific Aims and Hypotheses

First, it is desired to assess the effects of laghstem cell proliferation. It is
hypothesized that photostimulation at a specifigel@ngth will improve cell proliferation.
Human mesenchymal stem cells (hMSCs) will be stataa with light at various wavelengths in

the visible spectrum, and cell proliferation, metabactivity, and confluency will be analyzed.
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Second, it is aimed to determine the effects ot@stimulation on hMSC bone
differentiation. It is hypothesized that photostlation at a certain wavelength will greatly
improve bone differentiation. hMSCs will be direttato a specific lineage using a simple bone
differentiation media and stimulated with variouswslengths of visible light. The cells’ bone-
like phenotype will analyzed by measuring a borexs protein and mineral. It is expected
that photostimulation will increase the expressibthe bone specific protein and deposition of

calcium.

1.3 Long Term Goals

The long term goal of this research is to use @totwlation to control stem cell growth
and differentiationn vitro andin vivoto improve the functionality of tissue engineering
constructs for clinical treatments. It is hoped thr@e can choose a specific wavelength in the
visible spectrum to either increase the rate dfpreliferation or control stem cell
differentiation. By testing several combinationsrafious wavelengths and intensities of light, a
specific growth rate or specific differentiatioroperties could be enhanced. For instance, if a
researcher wants to grow cartilage, they would sgmtem cells to low intensity yellow light to
obtain chondrocytes with enhanced collagen-2. Batresearcher wants to grow bone, they
would subject growing stem cells to high intensédg light to get osteoblasts with increased
calcium deposition. The application of this prireipo three dimensional tissue engineering
structures would allow for the creation of mul8gue systems without the need for growth
factors. Light could be targeted to specific argfahe tissue engineering scaffold to induce

differentiation into specific lineages and to impedECM properties.



Wilner 7

2. Background

2.1 Photostimulation Overview

Photostimulation is a method used in the field mtbgenetics, which uses light to control
cell behavior. The research in this field has bemrcentrated in neuroscience. Optical methods
have been developed to control and target neurtritgdn vitro andin vivo using light in the
visible to near-infrared range (Berdyyeva 2009)uidas can be stimulated with optical fibers,
lasers, or LEDs, and this field has applicationsearomodulation and neural disease
therapeutics (Zhang 2007). The same photostimulabmcepts can be applied to tissue
engineering. Tissue engineering deals with theticreaf three dimensional systems in the
laboratory consisting of cells, scaffolds, and nagtal stimuli. These structures are developed
to repair or replace damaged tissues in the huradwy. @ he principles of photostimulation are
thought to be applicable to tissue engineeringitusdplanned to observe how light affects stem
cell proliferation and differentiation as theseeets have not been previously reported.

Photostimulation combined with tissue engineeriygjeams could enhance the formation
of functional tissues. Currently, tissue enginegnelies on mechanical and chemical stimuli to
develop tissuem vitro but there are various issues associated with stirchuli. First, for tissue
engineering, it is desirable to mimic native megbalforces in the body helping direct stem cell
lineage specification and extracellular matrix sgsis (Sandino 2008). However, this
mechanical stimulation requires a bioreactor, wlisch device that exerts specific forces on cells
in culture. Bioreactors are very expensive to baitd maintain, and they have a high rate of
contamination, which makes it a very inefficienbgess. In addition, the mechanical stimuli in
the body are complex and hard to model completelytro. Photostimulation might provide an

inexpensive method of improving mechanical properby affecting cell growth, differentiation,
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and ECM composition (Medrado 2008). Second, chdmtaaulation uses growth factors to
control stem cell differentiation and enhance edHalar matrix synthesis. For instance, bone
morphogenetic protein (BMP) is an osteogenic grdathor that helps induce osteogenic
differentiation (Kawasaki 2010). However, BMP, ligk other growth factors, sometimes
promotes bone overgrowth because it is a very gtcbiemical stimulus molecule, and it cannot
be removed completely from culture media. Thisp@ential to cause problenmsvivo by
promoting tumor growth or cancer. Therefore, désired to have a growth factor free system
for clinical applications. Photostimulation is &heaique that could remove dependence on
growth factors. Also, photostimulation can initigertain signal pathways depending on the
energy of light, and these activated pathways cprodnote the production of important
chemical signals in a safe, effective manner (KinighR010). Because of the issues with
mechanical and chemical stimuli, photostimulatias promise as a useful technique for
improving cellular proliferation and differentiation tissue engineering structures.

One commonly used form of photostimulation treatigiow level laser therapy
(LLLT). LLLT is defined as a light treatment methtuhat uses light of a single wavelength.
LLLT has applications in wound healing, therapesjtend regenerative medicine (Pereira 2010).
Any light source can be used to stimulate the cblis lasers are typically used because of their
wavelength specification and high monochromatiitsiru 1999). In addition, lasers work at
high powers, so very short exposure times rangmig fl to 15 minutes are typically used to
avoid over stimulating cells (de Souza, 2005; F20@3). Another method of photostimulation
uses light emitting diodes (LEDs). LEDs are sematartor light sources capable of emitting
light within a small wavelength range. They opetta lower power than lasers, but they allow

for lower intensity and longer photostimulation éisn(Vinck 2003; Ishikuza 2005). The effects
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of photostimulation with lasers and LEDs on stethloehavior should be studied in order to
understand how different light sources interachwlls. This topic has the potential to advance

the fields of stem cell biology, regenerative med¢and tissue engineering.

2.2. Mechanisms of Photostimulation

The key process of photostimulation deals withutetl molecules absorbing light and
becoming energized. When a sample is photostindjlatelecules with conjugated double
bonds, like cytochrome-c, which is a terminal eneywhthe respiratory chain, absorb light at a
certain wavelength depending on their chemistryetdr a more energized state. These excited,
energized molecules can pass their added enexi¢o nearby molecules, which induce a
series of chemical processes. Specific biochemgzadtions and metabolic processes, such as
adenosine triphosphate (ATP) synthesis and groadtof production, are affected by
photostimulation at various wavelengths (Karu 1999)

Photostimulation can be used to increase the ptmucf adenosine ATP and growth
factors. ATP is the main energy source for the egltl it is produced in the mitochondria
through cellular respiration. In cells, light igmarily absorbed by the respiratory chain
constituents in the mitochondria because manyesgdimolecules have conjugated double bonds
and aromatic chemical structures. This causesaserein reactive oxygen species (ROS) and
ATP, which initiates signaling pathways that inw@leell proliferation and cytoprotection
(Kushibiki 2010). First, increased ATP productieads to increased growth factor expression
and changes in cell function. This is beneficialhiducing stem cell lineage specification.
Pereira et al. found higher concentrations of vias@ndothelial growth factor (VEGF) after

photostimulation at 670nm at skin wound sites (P&12010). Second, increases in ROS affect
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homeostatic parameters like pH, which can indu@sghs in cell function (Kushibiki 2010).
Small amounts of ROS, like hydrogen peroxide, amgartant in performing many cellular
activities. Increases in ROS also cause an inclieabe concentration of calcium ions, which
stimulates cell signaling pathways, including aation of photoreceptors and the production of
growth factors (Lavi 2003). Because photostimulaticreases the amount of ATP and the
production of growth factors, there is great patrior photostimulation to have a positive,
regulatory effect on stem cell proliferation antfetientiation.

In the cell, there are many endogenous fluoroph@figgire 1). A fluorophore is a
molecule that absorbs energy at a specific wavéheangd then emits this energy at a different,
longer wavelength. A cell has many endogenous dipioores that absorb light, typically in the

ultraviolet (UV) region (Richards 1996).
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Figure 1. Table of Endogenous Fluorophores at Bloygical pH

Excitation Emission
Chromophore maxima maxima
HP, collagen,
elastin 325 nm 400 nm
LP, collagen,
elastin 325 nm 400 nm
280, 265 nm 310, 385 nm
Collagen powder
330, 450nm 390nm
350, 410nm 420, 500 nm
Elastin powder
450nm 520nm
Tryptophan 280 nm 350 nm
Tyrosine 300 nm
Phenylalanine 280 nm
Pyridoxine (PN) 332 nm 400 nm
Pyridoxal (PL) 330 nm 380 nm
Pyridoxamine
(PM) 335 nm 400 nm
Pyridoxal 5 330 nm 400 nm
4-Pyridoxic 315 nm 425 nm
290 nm 440 nm
NADH 340 nm 450 nm
NAD+
FAD 450 nm 515 nm
Ceroid 340-395nm 430-460 nm
540-640 nm
Lipofuscin 340—-395 nm 430-460 nm
540nm
Eosinophils— 370 nm, 440 nm
circulating 500nm 550 nm
Eosinophils— 380 nm 520 nm
Granules 450nm
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It is not advised to use UV light in tissue engnireg because it has poor penetration depth into
three dimensional scaffolds and high energy lighises cell damage. Most importantly, a few
molecules absorb in the visible blue region at loareergy than UV, such as FAD, collagen
powder, elastin powder, circulating eosinophilgd granular eosinophils (Richards 1996). FAD,
flavin adenine dinucleotide, is an important moledn cell metabolism. FAD gets reduced to
FADH; in the process of generating ATP, the main enarglecule of the cell. Collagen and
elastin are extracellular matrix proteins, but pradchately do not exist in powder form in the

cell. Eosinophils are white blood cells that playke in the immune system. These cells do not
play a role in cell culture because blood cellsrarte used in culture media. Instead, fetal bovine
serum (FBS) is used, so various components of viahoied cells maybe included, such as

eosinophil granules.

2.3 Photostimulation and Proliferation

Photostimulation has been shown to improve celiferation (de Souza 2005). In a
study with amputateBugesia tigrinaworms, low power laser stimulation at 685nm farB
minutes daily led to an increase in the numbetehscells and proliferation at wound sites. The
largest increase of neoblasts, which are undifteatad cells that are involved in regeneration,
occurred on day four of regeneration (de Souza R00%s study shows potential in using
photostimulation to improve proliferation and tissegeneration. Furthermore, Vinck et al.
showed the proliferation rates of fibroblasts iftwe to increase when stimulated with a light
emitting diode (LED) at 570, 660, and 950nm for diButes. The highest rate of fibroblast
proliferation occurred at 570nm (Vinck 2005). Irnesed fibroblast and cell proliferatiomvitro

have applications to improve cell growth in tisemgineering and wound healimgvivo.
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2.4 Photostimulation and Wound Healing

Studies have shown that photostimulation improvesnd healing. Rats with dorsal
wounds showed enhanced wound healing after exptsaréaser at 670nm for 124 seconds
every other day during recovery. Increased collatgposition, organization, and density were
seen after 60 days (Medrado 2008). In another stadbpits with fractured bones had improved
wound healing with LLLT at 623, 805, and 904nm withreased collagen synthesis and nerve
regeneration. Collagen synthesis is necessaryglwaund healing to improve the mechanical
strength of the damaged tissue. There was alsaeatidlood cell activity and increased levels
of macrophage, fibroblast, and osteoclast at thendites after photostimulation (Kushibiki
2009). Photostimulation has positive effects on mebhealing, in which there was enhanced
collagen synthesis, cell migration, and morpholdgis expected that similar characteristics will

result if stem cells are stimulated with light besa they are also willing to take instructions.

2.5. Photostimulation and Differentiation

Photostimulation has been shown to improve celédhtiation by exhibiting enhanced
extracellular matrix (ECM) formation (Kushibiki 2000 The ECM is a key component of tissue
engineering because each tissue has a different &hposition of proteins and other
molecules. It is desired to mimic the ECM enviromtngsing the mechanical stimuli of a
biomaterial scaffold while inducing cells to pro@uan appropriate ECM composition that could
lead to the development of a functional tissuesdésdevelopment is enhanced when tissues are
stimulated with visible to near infrared light. Fes et al. demonstrated that laser treatment at

633nm for 5 or 15 minutes on rat bone lesions deid¢reased formation of trabecular bone. The
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newly formed bone also demonstrated a higher cdreten of collagen I, the main structural
protein of bone, and higher osteoblastic activitgomparison to bone developed without
photostimulation (Freitas 2000). This demonstr#tas matrix deposition and composition is
enhanced due to photostimulation. Photostimuladien affects connective tissue remodeling
during wound healing. Rats with dorsal wounds wezated with low level lasers at 670nm for
124 seconds every other day for 60 days. The teatiad to the reduction of swelling and a
decrease in inflammatory cells. Moreover, collageposition, organization, and density were
improved (Medrado 2008) and this new collagen gtesipositive mechanical stimuli to stem
cells upon differentiation and tissue formatiorLLI was performed on medial collateral
ligaments (MCL) in rats. Ligament sites treatedm@60nm laser light for 7.5 or 15 minutes had
a denser, more organized collagen structure. Thediad enhanced mechanical properties as
shown by having an increased ultimate tensile gtreUTS) compared to the controls. The
UTS for the healed ligaments with laser light wamparable to the UTS for normal, uninjured
MCL (Fung 2003). Photostimulation helped improvechranical properties and extracellular
matrix formationin vivo, which shows that photostimulation of stem celighwhe appropriate
tissue engineering scaffold could improve tissuenfition and composition.

In addition, photostimulation has been shown tedftlifferentiation and ECM
formation of progenitor cells. Kushibiki et al. dted chondrogenic progenitor ATDC5 cells
treated with a laser at 405nm for 3 minutes. Afftey weeks, there was increase in aggrecan,
collagen type II, and SOX-9. Aggrecan and collafjeare key extracellular matrix proteins of
cartilage, and SOX-9 is a key transcription factbchondrogenic differentiation. Ap-2a
negative transcription factor of chondrogenic défgiation, was decreased immediately after

laser treatment (Kushibiki 2010). This shows tHattpstimulation of chondrogenic progenitor
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cells targets the proper regulatory molecules aadd to enhanced ECM deposition, and both of
these are beneficial in tissue engineering. Moreal@nm laser light led to improved
osteogenic differentiation and suppressed adip@ieé mouse adult stromal cells (Kushibiki
2010). Similar effects should be observed in stelis,cwhich have a higher multipotency in

comparison to progenitor cells.

2.6 Background Conclusions

Due to the previous successes using photostimuolatie effects of photostimulation on
stem cell behavior and differentiation ought teshedied to see how they relate to engineering
tissues. There have not been previous publisheliestinvestigating how light at various
wavelengths in the visible spectrum affects huntamscells proliferation and differentiation.
There is great potential for improvements in tissangineering, wound healing, and regenerative
medicine by finding alternatives to growth factarsl other artificial chemical stimuli.
Photostimulation can be used to improve proliferaand differentiation of tissue engineering
systems in order to make better, more functiosablisn vitro for in vivoimplantation. This has

beneficial clinical applications to treat millioo§ people with diseased or injured tissues.
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3. Methods

3.1 Optical Setup

a. Dragon LEDs

Golden Dragon Plus LEDs (Osram Opto Semiconducteese used because of their
high power and long lifetime. This type of LED casrig a wide range of wavelengths from 455-
656nm. 455, 470, 528, 617, and 656 nm were usetthégphotostimulation experiments. Two
blue LEDs at 455 and 470nm were chosen becauseaheknown cell absorbers in the blue
region. 528nm emits green light, 617nm yellow ligirid 656nm red light. The emission spectra
of the LEDs were measured using an OceanOpticdrepeeter. The power of each LED was
measured at 10mA intervals from 0 to 130mA. Thernisity was calculated by dividing the
power of each LED by the surface area of the ponater. In addition, power and intensity were
determined with and without a 6-well plastic cowefront of the LED. This was done to
determine the power loss of the LED when illumidaterough the cover. The cover values

represent the actual power and intensity the eelldbe exposed to in culture.

b. Printed Circuit Boards (PCBs)

PCBs were designed to meet design criteria fotgstionulation of cells. The customized
PCBs enabled the powering of the Dragon LEDs sl @lrovided an easy manner of reproducing

multiple boards and conducting experiments in anlator.

i. Design Criteria
PCBs were customized to fit on top of a 6-wellussulture plate with one LED per

well. It was desired to have a parallel circuitpihich each LED received the same voltage.
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Moreover, an on-on switch was added in series ®@aith LED to allow for the manual control of
each LED. A potentiometer was added in series thighLED in order to control the brightness
of individual LEDs on a PCB. This was done by chagdhe resistance of the potentiometer,
which altered the current flowing through the LED addition, the PCBs were able to withstand
the heat of the current from the power source hachimidity of the incubator. The PCBs were

able to be soaked in ethanol to ensure sterilignyplacement in the incubator.

ii. Software
PCB Artist from Advanced Circuits (4pcb.com) wasd to design the PCBs. A

customized PCB design was used that met the designa.

iii. Circuit Design
A parallel circuit was created with each branchimga switch, resistor, potentiometer,

and LED in series. The circuit schematic is shoetlow in Figure 2:
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Figure 2. PCB Circuit Design. A parallel circuit svdesigned with each branch consisting of a
switch, resistor, potentiometer, and LED.

The PCB was designed to handle 5V from a powercgoiar make sure the component did not
overheat and malfunction. In addition, if any of thranches were turned off or malfunctioned,

the others would be unaffected on the same board.

iv. Components

The PCBs were designed to handle specific comgen&he switch is an on-on switch
(C&K Components, 7101MD9AQE). When the switch wasrtected to port 3 (Figure 2), the
LED would turn on. A 0.5W, 10 ohm resistor (Visha§/ Components, SFR16S0001009FR500)
was chosen to protect the LED from overheatingW 100 ohm potentiometer (Bourns Inc.,
3059Y-1-101LF) was used to provide a wide rangeteisities for the LEDs. The switch and
two resistors fit through the board, and the DragBbBs (Osram) were surface mounted on top

of the board.
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v. Manufacturing
The completed PCB design was manufactured by Amb@agircuits (4pcb.com), and the

design is shown below in Figure 3:

Figure 3. PCB Schemac Design. This representedt¢hematic for six-well PCB. The colored
lines were the wires connecting the various p&tay circles were holes for the components to
fit through. The dark blue outlines were the plaeatof the components along the board’s
surface.

The gray circles were holes through the board.grkeen outline was the board dimensions. Red
lines represented wire connections on top of tredyaand blue lines are wire connections on the

bottom of the board. The thin dark blue lines waudines of the various components of the

circuit, which were printed onto a silkscreen.
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Once the boards were manufactured, the variouponants were manually soldered to
the board to ensure a solid connection. Wires weldered to the PCB to connect the board to

the power source. A picture of the soldered boatd blue LEDs is shown below in Figure 4:

Figure 4. Picture of PCB. Six blue LEDs at 470nmen#uminated by a power source. The red
pieces were switches, and the blue rectangulaepi@ere potentiometers. The thin wires with a
cylindrical center were resistors.

c. Interfacing Boards

For the experiments, multiple boards were conmkicigarallel in order to utilize a
single power source. The brightness of the LEDsadjssted by changing the resistance of the
potentiometer. For each wavelength, the LEDs hadg#me current and brightness. The parallel
branching of boards sat easily on a single sheti@fincubator, and it ensured that each board

received a constant voltage.
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3.2 Cell Culture
a. Cell Lines

Human mesenchymal stem cells (hMSCs) derived fsome marrow were maintained in
culture. hLMSCs were used because they are multipstem cells willing to take instructions.

They are capable of self-renewal and can be diftexted into bone, cartilage, or fat.

b. Media

Cells were grown in proliferation, or control, needonsisting of -MEM (Invitrogen)
without phenylalanine. Phenylalanine was the redrghtator and it was not used to prevent the
media from absorbing light from the LEDs. Prolifsa media consisted of 10%
(volume/volume) fetal bovine serum (FBS), 1% pdlncstreptomycin antibiotic (Invitrogen),
and 1% non-essential amino acids (Invitrogen).

Bone differentiation media consisted of cledvlEM, 10% FBS, 1% penicillin-
streptomycin, 1% non-essential amino acids, 1%mMN%&scorbic acid 2-phosphate (Sigma-
Aldrich), 0.01% 10nM Dexamethasome (Sigma-Aldriadnd 1% 10mM -Glycerolphosphate
(Sigma-Aldrich). Bone differentiation media was aoided to the cells until they were almost

confluent in the culture dish.

c. Technigues

When the cell line was under expansion, no liglgse used and media was changed
every 4-5 days. Lights were used for proliferationl differentiation experiments. For
proliferation experiments, media was changed d&iby.differentiation experiments, media was

changed every 2-3 days.
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During expansion, hMSCs were passaged every &y t keep the passage number

low. Cells were passaged using 0.05% trypsin tookentell adherence to the culture dish.

3.3 Proliferation Experiments

a. Experiment Overview

A six day proliferation study was performed toestigate the effects of light on stem cell

growth.

i. Experimental Groups
PCBs with five different wavelengths, 455, 4708517, 656nm, were used. The
wavelengths represented the treatment groups hancbintrol consisted of stem cells cultured in

the dark without photostimulation.

ii. Light Settings

The five PCBs were attached in parallel and hoaketb the same power source. The
power source was run at 2.6V and 180mA. The paierdiers were tuned to obtain a
comparable brightness for the LEDs. Figure 5 shinescurrent, power, and intensity for each

LED.

Figure 5. Table of Light Settings for ProliferatiBiperiment

Wavelength| Current Power Intensity
(nm) (mA) (mW) (mMW/mm”2)
455 5.2 1.93 0.0075
470 5.2 2.28 0.0080
528 4.7 1.18 0.0044
617 7.4 0.45 0.0014
656 7.8 1.68 0.0063
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iii. Cell Seeding

Six well plates were used in order to have siicages for each treatment and control
group. 25,000 hMSCs (P3) were seeded per welld¢arerone week of proliferation before the
cells reached confluency. Proliferation media ascdked in section 3.2b was used throughout

the experiment.

iv. Time

The experiment ran for a total of six days. On @athe cells were seeded into the wells,
and the lights were turned on. There was 24 hontirmaous light exposure for the hMSCs from
seeding on day 0 to analysis on day 6. The firgliferation assay using AlamarBlue was
completed 24 hours after seeding (day 1). Theferalion assay, AlamarBlue, was completed

every 24 hours on day 2, 3, 4, 5 and 6.

b. AlamarBlue
AlamarBlue (Invitrogen) was used because it maeasel proliferation and cytotoxicity.

This assay was chosen because it can be used letitties without killing the cells.

i. Procedure

200 L (1/10 of total media volume) of AlamarBlue waslad to the media and cells.
The samples were incubated for two hours in th&€3i€ubator. The lights were turned off
during the incubation process because the blualgerbed light and the light induced dye
photobleaching. 10Q. of the media and AlamarBlue solution was transf@érto a 96 well

opaque bottomed plate. The fluorescence was maehsueeplate reader with a 570nm excitation
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and 610nm emission. The blue solution was aspirata media was given to the cells, and

photostimulation was continued.

c. Brightfield Microscopy

Every 24 hours, a brightfield microscope was usedke images of the cells at 10x. This

was done to get an idea on cell confluency andnecetphology.

3.4 Differentiation Experiments

a. One and Two Week Bone Differentiation Experiment

In general, hMSCs were exposed continuously fineeione or two weeks with light and
were fed bone differentiation media. The experinvesas$ performed twice, one for a 7 day time
point and the other for 14 days. After 7 or 14 dagdcium and alkaline phosphatase (ALP)

assays were performed.

i. Experimental Groups

The treatment light groups consisted of PCBs yitf, 528, 617, and 656nm. There were
two PCBs for each wavelength (8 total PCBs) in pfdethere to be six replicates for the
calcium and ALP assays. The controls were hMSQsi@d in the dark and fed either control or

bone differentiation media. These groups were dalbrk/control and dark/diff, respectively.
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ii. Light Settings
The eight PCBs were attached in parallel, angtientiometers were adjusted to set
LED brightness. The power source was run at 2.8Y/3%0mA. Figure 6 shows the current,

power, and intensity for each LED.

Figure 6. Table of Light Settings for 1 and 2 W@&ale Differentiation Experiments

Wavelength| Current Power Intensity
(nm) (mA) (mW) (mMW/mm”2)
470 4.5 2.16 0.0076
528 5.2 1.22 0.0046
617 8.8 0.58 0.0018
656 9.2 1.86 0.0070
iii. Cell Seeding

150,000 hMSCs (P7 for 1 week experiment, P5 fae2k experiment) were seeded into
one well of a six-well plate. The cells were cuttdiin the dark for 2.5 days in control media
until they were approximately 85% confluent. Atstipioint, bone differentiation media was

added and the lights were turned on.

iv. Time
Bone differentiation media was changed every 2y dor one or two weeks. The lights
were on continuously for 7 or 14 days. At the ehthe time point, calcium and ALP assays

were completed.

b. Varying Light Intensity Bone Differentiation Egpment

In general, hMSCs are exposed to varying inteessidf light. This experiment was

completed to show how increasing light intensitigetfs calcium production.
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i. Experimental Groups

PCBs for 470, 528, 617, and 656nm were used asrent groups. Each wavelength had
4 subgroups of LEDs that were operated at varyitgnsities. There were 3 replicates per
intensity level, and 12 samples per wavelength. ddmrols were dark/control and dark/diff, and

there were 6 replicates per control group.

ii. Light Settings

Eight PCBs were connected in parallel, and thegg@ource was operated at 3.3V and
500mA. The potentiometers were tuned to get foffierdint intensity subgroups per wavelength.
It was aimed to get 3 higher intensities than #térgys used for the 1 and 2 week bone

differentiation experiments. Figure 7 shows theent; power, and intensity of the LEDs.

Figure 7. Table of Light Settings for Varying Ins#y Bone Experiment

Wavelength| Current Power Intensity
(nm) (mA) (mW) (mMW/mm”2)
3.2 1.94 0.0066

470 4.9 2.23 0.0078
9.1 2.94 0.0108

11.9 3.42 0.0127

5.5 1.24 0.0047

528 7.7 1.40 0.0053
9.1 1.50 0.0057

14.1 1.86 0.0072

8.4 0.54 0.0017

617 9.7 0.66 0.0021
12.1 0.88 0.0028

14.8 1.13 0.0036

9.3 1.87 0.0071

656 11.4 2.14 0.0081
13.2 2.37 0.0090

22.4 3.55 0.0136
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iii. Cell Seeding
150,000 hMSCs (P3) were seeded into one well of wall plate. The cells were
cultured without lights for 2 days in control mediatil they were approximately 85% confluent.

At this point, bone differentiation media was added the lights were turned on.

iv. Time
Bone differentiation and control media were chahgeery 2 to 3 days. The lights were
on continuously for 13 days. On the™day, the calcium assay was completed. In additfmn,

temperature and pH of the media was measured @vary days before media was changed.

c. Calcium Assay

The Calcium LiquiColor Assay Kit (Stanbio Labonaés) was used to measure total
calcium content of h(MSCs undergoing bone differidn. Media was aspirated and 750f
5% (mass/volume) tricholoroacetic acid was addeshtth well. The acid was left on the cells
for 30 minutes before solution was collected frém tells. Absorption was measured at 550nm
in a 96 well clear bottom plate. A standard curv@.4, 0.05, 0.025, 0.0125, 0.00625, and 0.0
mg/mL was created, and a linear regression lineagded to predict the amount of calcium in

each well.

d. Alkaline Phosphatase (ALP) Assay

The Alkaline Phosphatase Fluorometric Assay Kib¢am) was used to measure ALP
enzyme production. The cells were trypsinized gnchsdown in eppendorf tubes. 4@0of

Lysis Assay Buffer consisting of ALP Assay Bufferdal% Triton 100x was added to each tube



Wilner 28

and the pellet was resuspended. 6f the lysed solution and 10k of the Lysis Assay Buffer
was added to a 96 well opaque bottom plateL28f 0.5mM of the 4-methylumbelliferyl
phosphatéMUP) substrate was added to each well. Fluoresceasemeasured using 360nm

excitation and 440nm emission at 20 minutes.

3.5 Statistical Analysis

A one-way ANOVA was used to detect significanfeliénces between experimental
groups. p<0.05 for the one-way ANOVA indicated ttietre were significant mean differences
between groups. If p<0.05 for ANOVA, a post-hoc &uls Honestly Significant Difference
(HSD) test was performed to compare experimentalgs to each other. p<0.05 for Tukey’s

HSD indicated that there was a significant diff@ebetween two experimental groups.
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4. Results

4.1 Optics

a. Emission Spectra

The emission spectra of the LEDs were graphe@terchine the wavelength range of
emissions (Figure 8). For each spectrum, theresigagp peak around the LED’s specified

wavelength.
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Figure 8. Emission Spectra of Dragon LEDs. The simisspectra of LEDs were determined
using an OceanOptics spectrometer. The curremeof ED was manually adjusted to get an
intensity of approximately 3000 counts.

The emission spectra properties, minimum, pead naaximum wavelengths, were

calculated (Figure 9). The peak wavelength wasagmprately equal to the provided wavelength

by the LED manufacturer. The provided wavelengtl l@aated within the range for all five
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LEDs. The range for 528nm was the largest at 3immie the other LEDs had a range of

approximately 15nm.

Wavelength (nm)
Minimum | Peak | Maximum | Range
455nm 443 451 459 16
470nm 454 463 472 18
528nm 516 530 547 31
617nm 614 621 626 12
656nm 648 656 662 14

Figure 9. Table of Emission Spectra Properties. mlemum, peak, and maximum wavelengths
were determined for each LED’s emission spectra. finge was calculated by subtracting the
minimum from the maximum wavelength.

b. LED Power and Intensity

The power and intensity were measured to havendaratanding of the amount of light
exposure cells received in a six-well plate. Thedir regression model showed that power and
intensity increased linearly, noted by ahvlue of greater than 0.99 for all groups (FigL®.
These Rvalues showed that the line of best fit can bel useredict over 99% of the actual
data.

Furthermore, only a slight amount of power andnsity was lost when a plastic cover
was put in front of the LED. In addition, the diéaces of power and intensity with and without
a cover were more apparent at higher values andrasr The difference was also more
pronounced in shorter wavelength LEDs compareddioen wavelength LEDs.

In all of the figures, the y-axis is the samedtipower graphs and intensity graphs. Blue
light at 455 and 470nm had a higher power and sitythan all of the other LEDs. Amber and

red light at 617 and 656nm, respectively, had ¢theekt power and intensity. For instance at
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100mA, blue light produced approximately 25mW, whall of the other wavelengths produced

about 10mW.
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Figure 10. Power and Intensity of Dragon LEDs. pbwer of the LEDs was measured at 10mA
intervals from 0 to 130mA. The intensity was caétat by dividing the power by the surface
area of the power meter. Power and intensity wetertchined for a single LED with and without
a 6 well plate cover in front of the light souréelinear regression model was fit to each set of
values. The average power and intensity of the B4 &re shown in figures above.
4.2 Proliferation
a. AlamarBlue

There were no statistically significant effectdight on cell proliferation until day 2
(Figure 11). Starting on day 2, there were sigaiiicdifferences in the amount of fluorescence
between all groups (ANOVA F(5,30)=9.96, p<0.00@gginning on day 2, a significant
decrease in cell proliferation in wells exposetigbt at 455 and 470nm was observed in

comparison to the dark control (Tukey’s HSD, p<0.d%is trend continued from day 2 until

day 6, which was the last day of the experimenkéyis HSD, p<0.05). Light did not cause a
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statistically significant increase in cell proliétion when compared to the control over 6 days. In

addition, on day 5 and 6, the amount of fluoreseatecreased in every group.
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Figure 11. The Effects of Wavelength on hMSC Peodifion (Fluoresence). An AlamarBlue
assay was used to measure proliferation, in tefrflaarescence. hMSCs continuously exposed
to light for 6 days. Data are shown mean + standexiation (sd) with n=6. (*) represents a

p<0.05 with Tukey’s HSD.
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b. Brightfield Microscopy

25,000 hMSCs were seeded per well on day 0, antights were turned on. On day 1,
the cells were attached to the bottom of the 6-plalle as shown in Figure 12 for the wells
exposed to dark control, 455nm, and 656nm. Thegenealifference in cell confluency on day
1. However, at the end of the experiment on ddyM&5Cs grown exposed to blue light at 455nm
and 470nm were not confluent. On day 6, cells gras28nm, 617nm, 656nm, and dark were
fully confluent. This trend in limited confluencyas initially observed on day 3 when 455 and
470nm exposed wells had fewer cells in a Brighdfimicroscope image (Appendix 7.1). Figure
12 shows images of the cells on day 6 for darkpahmand 656nm, and Appendix 7.1 has a

comprehensive collection of all Brightfield images.
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Dark

455 nm

656 Nnm

Flgure 12 The Effects of Wavelength on hMSC Cceﬂh:e A Brlghtfleld microscope was used
to take images of hMSCs in the six well plates miyithe proliferation experiment. 10x Images
on day 1 and day 6 are shown for the dark cont&sihm, and 656nm. The scale bar is shown at

100 m.
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4.3 Bone Differentiation

a. Alkaline PhosphatagALP) Assay

The ALP assay was used to quantify the amountléf Anzyme present in each well
after 1 and 2 weeks (Figure 13). With the ALP tig level of fluorescence is correlated to the
amount of ALP production. After 1 week, there weaesignificant differences in the amount of
ALP production between all groups (ANOVA F(4,24)84.,. p=0.146).

After 2 weeks, there were significant differencesLP production between all groups
(ANOVA F(5,23)=18.79, p<0.0005). There were sigrafit decreases in ALP production in the
dark/control and 470nm in comparison to dark/diféa2 weeks (Tukey's HSD, p<0.05). In
comparison to the dark/control group, there wegaiicant increases in ALP production in
dark/diff, 528nm, 617nm, and 656nm groups (Tuk&y3D, p<0.05). In general, the higher
wavelengths had higher ALP production than the lomeavelengths after 2 weeks.

There is an approximate 10 fold increase in AL&dpction after 2 weeks compared to 1
week. At 1 week, the maximum fluorescence was 2826 for 528nm. However, at 2 weeks,

the maximum fluorescence was 20997 units for 656nm.
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Figure 13. The Effects of Light on ALP Productidiie top and bottom figures show results
after 1 and 2 weeks, respectively. An ALP kit wasdito quantify the amount of ALP enzyme
present by providing a fluorescent response. Fhoamece was measured after 20 minutes of the
addition of MUP. Data are shown as mean + sd.gpjesents a p<0.05 with Tukey’s HSD in
comparison to the dark/diff group.

b. Calcium Assay

The calcium assay was used to measure the ambaalcaum produced by hMSCs after
1 and 2 weeks of continuous light exposure (Fig4re After 1 week, there were significant
differences in calcium production between all g®(#NOVA F(5,26)=4.06, p=0.007). There

were only significant increases in calcium productof hMSCs exposed with 528, 617, and



Wilner 40

656nm in comparison to dark/control, not dark/difikey’s HSD, p<0.05; significance not
shown on the Top Figure 14). Yet, the higher wawgtles, such as 656nm, tended to produce
more calcium than the lower wavelengths, such @sdh7 There were also larger variations in
the amount of calcium after 1 week.

After two weeks, there were significant differesade calcium production between
treatments (ANOVA F(5,23)=61.86, p<0.0005). In camgon to the dark/differentiation media
(dark/diff) group, there was a significant decrei@sealcium production in the dark/control and
470nm groups, and there was a significant incremasalcium production in the 656nm group
(Tukey’'s HSD, p<0.05). Yet again, higher wavelesdtid increased calcium production

compared to lower wavelengths.
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Effects of Light on Calcium Production: 1 Week
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Figure 14. The Effects of Light on Calcium ProdantiThe top and bottom figures show the
results after 1 and 2 weeks, respectively. A catcassay kit was used to measure absorbance at
550nm for each well. The average concentratioratsiem was determined using a linear
regression line of the standard curve generateddh experiment. Data are shown as mean + sd.

(*) represents a p<0.05 with Tukey’'s HSD in comgani to the dark/diff group.

c. Varying Light Intensity

The calcium assay was used to measure calciunermointthe each well after nMSCs

were exposed to varying intensity light for 13 déygure 15). At this time point, there were

significant differences in the amount of calciunpdsited between all groups (ANOVA
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F(17,42)=4.309, p=5.8x1). There were significant increases in calcium puitn in wells
exposed to 656nm intensity 3 and 4 in comparisdahdalark/control and wells exposed to
470nm at all intensities (Tukey’s HSD, p<0.05).

The cells exposed to longer wavelengths tendeavte Increased calcium production
compared to those exposed to shorter wavelengtiesewas also a large amount of standard
deviation, as shown by the large error bars. Fedérk groups, there were 6 replicates, while 3
replicates were used for each intensity level.

There was no clear trend in terms of how incredighd intensity altered calcium
production. There were no significant differenaesalcium production as intensity increased
when looking at each wavelength individually (TuleelSD, p<0.05). In other words, changing
the intensity of the light did not result in angtsstical significant differences when looking at a
specific wavelength. At 528nm, it appeared thateasing intensity decreased calcium
production. At 656nm, increasing light intensitgs®d to show an increase in calcium

production between intensity 1 and 2. The upwaddralted with intensities 3 and 4.
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The Effects of Varying Intensity Light on Calcium Production
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Figure 15. The Effects of Varying Intensity Light €alcium Production. For each wavelength,
there were four increasing intensity levels with tbwest represented by 1 and the highest by 4.
A calcium kit was used to measure the absorbansgtatm for each well. The average
concentration of calcium was determined using @dinmegression line of the standard curve
generated in each experiment. Data are shown as mga. n=6 for dark and n=3 for all
wavelength groups. (*) represents a p<0.05 withéei& HSD in comparison to the dark/control
and 470nm group.

During this experiment, the temperature and pH efliaa was measured before each
media change, which occurred every 2-3 days. Tlwaseno change in temperature between
samples as all samples were between 36.7 and 37T6&ecrease in temperature was seen for
the samples measured last. These last samplesewgwsed to room temperature longer before
their temperature was measured, so a slightly |deraperature was expected. In addition, there
were no differences in pH amongst samples. All dasipad a pH between 6.7 and 6.8. Changes

in intensity did not affect temperature and pH pest
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5. Discussion

5.1 Optics

a. Emission Spectra

The emission spectra of the LEDs confirmed thatRragon LEDs emitted light within a
narrow wavelength range (Figure 8,9). The minimunak maximum values for the peaks were
measured by determining the smallest and largestieagths with 1500 intensity counts using
OceanOptics. All of the LEDs, except 528nm, hadawaremission ranges of approximately
15nm. The 528nm LED had a range of 31nm. This shbelnoted because the wider intervals
can influence the most number of molecules. Morgdbe range for the 455nm LED was
between 443 and 459nm. This range has a potentsiinbulate endogenous fluorophores, such

as FAD, in the blue visible range.

b. LED Power and Intensity

The power of the blue LEDs was much higher awvargcurrent compared to the other
LEDs. The longer wavelengths had lower power thanshorter wavelengths. This was useful in
determining the operating currents of the LEDshm éxperiments as it allowed for a
determination of how much power was applied to eaelh As current increased, the power and
intensity increased linearly (Figure 10). This aléml for the use of linear regression equations to
predict power at various current values. There avasong linear relationship exhibited by afl R
values greater than 0.99. This showed that over 8@te data can be predicted by the linear
regression equations. This provided confidencesingithe linear regression equations to predict

power and intensity of the light in the proliferatiand differentiation experiments.
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It was difficult to measure power at low currentues because there was limited light
emitted from the LED. The power meter more acclyateeasured light sources with a higher

power, such as a laser.

5.2 Proliferation
The AlamarBlue assay was used to quantify cellif@raition. This assay requires the

conversion of resazurin to resofurin (Figure 16).

\[:;/I-\,.;I\ﬁ " ﬁjrm:t[:re

Figure 16. AlamarBlue Reaction. AlamarBlue wasdhsay used to measure cell proliferation. It
requires the reduction of resazurin to resofuriguantify cell metabolic activity and number.

Resazurin is a nonfluorescent blue dye, and whisrciinverted to resofurin, it transitions to a
red fluorescent dye. This is a reduction reacti@t bccurs due to the oxidation-reduction
(redox) reactions inside the cell. When ATP, themesmergy molecule of the cell, is created,
several redox reactions occur, and these reaabiolysoccur in living, metabolically active cells
(Nakayama 1997).

Using AlamarBlue, it was determined that blue tigignificantly inhibited cell
proliferation (Figure 11). Less resazurin was coteceto resofurin, which showed that there
were fewer, less metabolically active cells. Thaswonfirmed by looking at the Brightfield
microscopy images of hMSCs on day 6. On day 6¢timtrols and treatment groups, except 455
and 470nm, were confluent (Figure 12). It was ¢jealbserved that there were many fewer cells

as the proliferation experiment continued.
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Therefore, it was concluded that blue light inteditcell proliferation. Blue light at 455
and 470nm were the highest energy wavelengthsingadé experiment. It seemed reasonable
that too much high energy would slow down cell fpeoation because both blue LEDs emit light
at 450nm, which is the peak absorption for FAD. F&[R key oxidation-reduction molecule in
cell metabolism. During cell metabolism, it getdueed to FADH and enters the electron
transport chain at complex Il to help generate Alhe,key energy molecule in the cell.
Overexposure to blue light could prevent FAD froteepting electrons, thus inhibiting cell
metabolism. The failure of metabolism to functioogerly would induce senescence and the
inhibition of growth.

For the other wavelengths, 528, 617, and 656nrhpodiferation was comparable to
that of the dark control. These LEDs emit lowerrggdight, which did not affect cellular
metabolism. This was confirmed by observing a aarft well after 6 days. Continuous
exposure with blue light would not be beneficial fissue engineering models because it would
inhibit cell proliferation upon scaffold seedingoWever, limited cell proliferation can be desired
to study disease models involving aging and limaelll growth. Further studies should be
completed to determine if short exposure timedue bght could increase the rate of cell

proliferation.

5.3 Differentiation

a. One and Two Week Bone Differentiation Experiment

Differentiation was measured using ALP and calcassays. ALP production and
calcium deposition are important in bone formatidbP is an enzyme that is predominately
expressed in bone cells. This enzyme removes phatsghoups from various molecules inside

the cell at basic pH. Most importantly, ALP hasimportant function in the development of
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bones, and it is involved in the mineralizationqass of bone. Bone mineralization is the
process in which calcium and phosphorous are diggbsnto the surface of bone. Calcium helps
provide the mechanical properties of the tissue2(106). Because ALP and calcium production
are very specific to bone cells, they were useahakers for bone differentiation. It was desired
to have light cause increases in ALP and calciuraléein comparison to the controls. This
would show that the stem cells were become moeeddne cells, or osteoblasts, because they
had high concentrations of the bone-specific pmtaLP, and a bone specific mineral, calcium,
in its extracellular environment.

Both the ALP and calcium assays showed similardgen how light affected the
differentiation of hMSCs into bone cells. After ek, there were no significant differences
between the dark/diff control and the photostinedagroups in the ALP and calcium assays
(Figure 13,14). However, a trend was observed,hichvthere was a decrease in ALP and
calcium production for cells exposed to the shostavelengths and an increase in ALP and
calcium at the longer wavelengths. The trend wasemapparent after week 2, in which there
was a decrease in both ALP and calcium for 470noomparison to the dark/diff control.
Moreover, there was a noticeable increase in AldPaasignificant increase in calcium
production when hMSCs were treated with 656nm (fedLB,14).

The trend of the shorter wavelengths having aibitdry effect and longer wavelengths
having an activation effect was first observed vpitbliferation and then seen again with bone
differentiation. It was positive to see this conttg with the trends between the two experiments.
A decrease in proliferation, or metabolic activityth blue light also yields an inhibitory
response in differentiation. This was probably thuthe higher energy light being continually

applied to the hMSCs which might have triggereér@escence-like response in the cells. Blue
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light could inactivate FAD, which would inhibit ¢ehetabolism and cell differentiation. Cell
differentiation requires a great deal of energystem cells would not undergo differentiation
without the ability to synthesize ATP.

Continuous exposure to blue light could be incoapent into bone disease models. With
blue light, cells tend to have reduced metaboliveg and limited bone specific properties,
such as decreased ALP and calcium production. r&sidt, bone disease models could be
developed with blue light to study metabolic bomedse (abnormalities in calcification),
osteopenia (low mineral density), and osteoporibkianing of bone tissue).

For red light, the significant increase in calciafter two weeks demonstrated that the
cells were having increased calcium deposits oatid cell. This would be useful for tissue
engineering structures because stem cells woulddgered to have a bone phenotype with high
calcification. Calcification is important in celighaling and obtaining the appropriate
mechanical properties for bone tissue. As a reBahig tissue engineering models developed
with red light would have improved tissue signalargl mechanical properties. The entire tissue
engineering scaffold could be photostimulated waitth light to increase entire tissue
calcification, or only the exterior of the scaffalduld be exposed to light to improve upon
external calcification.

It is difficult to understand the effects of reght on cell differentiation because there are
no known absorbers in the cell around 656nm bes$idesglobin. However, hemoglobin is not
used in cell culture. As a result, it is hypotheslizhat red light inhibits the mitogen activated
protein kinase (MAPK) and extracellular regulatedtgin kinase (ERK) pathways. When the
MAPK and ERK pathways are inhibited, osteobladiedéntiation and mineralization of the

extracellular matrix (ECM) is induced. Higuchi ét@emonstrated that when MAPK1 is
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inhibited, ALP, collagen-I, and calcium depositienels are increased (Higuchi 2002). Kono et
al. showed that inhibition of the ERK pathway stlatas early mineralization of bone cells
(Kono 2006). Bone differentiation of hMSCs with rgght also had increased ALP levels and
calcium deposition. As a result, it is expected tha MAPK and ERK pathways are inhibited in
order to improve the bone differentiation phenotypa@ther investigation needs to be completed
in order to determine the specific inhibitory megisan inside the cell when cells are stimulated

with red light.

b. Varying Light Intensity Bone Differentiation Egpment

The same trend of increased calcium productiareils exposed to longer wavelengths
compared to shorter wavelengths was observed imatyéng intensity experiment (Figure 15).
This pattern was first observed in the one andwwek bone differentiation experiments. As
wavelength increased, the amount of calcium ine@aSells exposed to light at 656nm
produced the most amount of calcium, and this waigraficant increase in comparison to
dark/control and 470nm (Tukey’s HSD, p<0.05). Hoemthere was no significance of any of
the 656nm intensity groups to the dark/diff con{figure 15). Many groups had large standard
deviations, which was most likely a result of hayvonly three replicates per photostimulation
intensity. This limited the ability to demonstratatistical significance between groups and to
fully explain the effects of intensity on calciumoguction.

Varying intensity did not appear to have a cldtot for all wavelengths. There were no
significant differences in calcium production agemsity increased when analyzing each
wavelength (Tukey’'s HSD, p>0.05). Yet again, it wigfcult to determine the trends of

increasing intensity because of the large standeveéations. For 470nm, all intensities had an
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inhibitory effect on calcium production. Becausewigtle calcium was produced for all

intensity groups, it was difficult to determine adifferences between the groups. At 528nm,
increasing intensity tended to decrease calciurdymton. At 617nm, it appeared that changing
intensity had no effect on calcium production asrireans of the intensity groups were
approximately the same. At 656nm, it appearedititatases in light intensity increased the
concentration of calcium. This increase was mogaemt between intensity 1 and 2. In general,
there seemed to be negative effects of increasedsity for 470 and 528nm, but mute or
increased effects 617 and 656nm. 470 and 528 Wwerevb higher energy wavelengths used in
this experiment, and higher energy seemed to indussnescence-like effect in hMSCs
undergoing differentiation.

Furthermore, there were no differences in tempegaand pH amongst samples. Changes
in intensity of light did not affect temperaturedgoH profiles. The small changes in temperature
were due to samples exposed longer to room temyperedther than the incubator. It was
beneficial that temperature and pH did not varyalise this rules out the possibility of excess
heat or acidity damaging cell function. For exampte inhibitory effects of blue light on cell
metabolism cannot be attributed to cell heatinge &bnsistency in temperature and pH showed

that the PCBs did not generate excess heat arigtihelid not induce increases in pH.

5.4 Conclusions

A similar trend was observed throughout the peodifion and differentiation
experiments. Higher energy, shorter wavelength ligiu negative effects on cell proliferation
and differentiation, while lower energy, longer wdangths had positive effects. Blue light had
an inhibitory effect on cell proliferation and difentiation. It significantly decreased metabolic

activity and bone differentiation as shown by I8&#® and calcium production. Blue light could
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be used to simulate bone disease models, suchempenia. On the other hand, red light
increased proliferation and differentiation of hMSEligher intensity red light appeared to have
an even further enhancement of calcium produciibe. results showed that red light should be
incorporated into bone tissue engineering modegsl. light improves upon bone specific
properties, such as the development and calcificaif bone. Both of these enhanced properties
would improve the mechanical properties and fumetiiby of bone tissue engineering models.
Additional studies could reveal further improvenseint other bone specific markers, such as
collagen I, osteocalcin, and osteopontin. Findilyther studies should be completed in order to
further analyze and understand the beneficial effetred light photostimulation on stem cell

proliferation and differentiation.
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6. Future Work

Because of the consistent effects of photostinarain stem cell proliferation and
differentiation, and thus the potential to advatieefield of tissue engineering, this topic should
be further explored. In particular, additional as& of the beneficial effects of red light on stem
cell behavior should be investigated. Moreover egixpents should be designed to better
understand the mechanisms of photostimulation o8@GNrowth and lineage specification. Five
different research areas are proposed to bettemaéwthe field of photostimulation in tissue
engineering.

First, the proliferation and bone differentiatiexperiments should be repeated with the
intensity of light tuned to the exact same powereiach LED. This would ensure increased
certainty in the statistically significant resul3uring the repetition of these experiments it
would be advisable to use one power source periR§iBad of one power source for eight PCBs
in order to improve the power tuning efficiencyeaich PCB. In addition, more replicates per
treatment group should be used to ensure greaeispn, especially for the varying intensity
experiment.

Second, more work should be performed on the &figcvarious light intensities light on
stem cells. Varying intensity light might affecififeration, as well as differentiation. Moreover,
a wider range of intensities could be used to pbgsee more pronounced effects. More
replicates should be used in order to gain incbataistical confidence.

Third, the effects of light on differentiation shd be studied for other stem cell lineages.
Other lineages, such as cartilage, fat, and nemght show different results as a result of
photostimulation. In addition, skin stem cells wabblke an interesting cell source because they

naturally experience photostimulation from the and outdoor environment. Perhaps, there will
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be highly distinctive effects of photostimulatiomwd be observed for skin cells. Furthermore,
differentiation experiments could be performed withgrowth factors or without the addition of
chemicals to the media. This could provide a bettelerstanding of the mechanisms of how
light induces stem cell differentiation.

Fourth, other light parameters should be testemteMvavelengths can be used to better
determine how light in the visible spectrum affestism cell growth and differentiation. Various
exposure times, such as 1, 4, or 12 hours, coulgsed instead of continuous, 24 hour exposure.
Higher power light and shorter exposure times dso lae used in experimentation. Pulsed light
could also be tested to see how various frequenlsgp affect stem cells or pulsating cells, such
as cardiomyocytes.

Finally, in correspondence to the long term gphftostimulation at various wavelengths
could be applied to three dimensional tissue emging scaffolds. This would pair
photostimulation effects with mechanical stimulni§ combination could be successful in
effectively differentiating hMSCs without growthctars. It would be very interesting to pair red
light with a scaffold to differentiate hMSCs intore cells to see if an enhanced bone phenotype

is obtained.
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7. Appendix

7.1 Brightfield hMSC Proliferation Images

This section of the Appendix includes Brightfietdcroscopy images of h(MSCs
throughout the proliferation experiment. Imagesiackuded for day 1 to 6. In addition, images
are shown for all treatment groups, and the pistare at 10x with a 10én scale bar shown in

the bottom left corner.
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455nm

470nm 528nm

617nm
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d. Day 4
Dark 455nm
470nm 528nm

617nm 656nm
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e. Day 5
Dark 455nm
470nm 528nm

617nm 656nm
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f. Day 6
Dark 455nm
470nm 528nm

617nm 656nm
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7.2 Statistical Analysis

This section of the Appendix contains the ANOVAlarukey’s HSD tests for the
proliferation, one and two week bone differentiatiand varying intensity experiments. The
important values in each table are bolded. A ong-AMOVA was used to detect significant
differences between experimental groups. p<0.05®one-way ANOVA indicated that there
were significant mean differences between groups<0.05 for ANOVA, a post-hoc Tukey’s
Honestly Significant Difference (HSD) test was pemfied to compare experimental groups to
each other. p<0.05 for Tukey's HSD indicated that¢ was a significant difference between

two experimental groups.

a. Proliferation

i. Day 1
ANOVA
Fluorescence
Sum of Mean
Squares df Square F Sig.
Between | 40371.272 5] 8074.254 1.414 .248
Groups
Within 171328.71 30 | 5710.957
Groups
Total 211699.98 35
Multiple Comparisons
Fluorescence
Tukey HSD
(I) Wavelength | (J) Wavelength Mean 95% Confidence Interval
Difference (I-J) | Std. Error Sig. Lower Bound Upper Bound
455 470 -15.71450 | 43.63086 .999 -148.4219 116.9929
528 -50.12300| 43.63086 .857 -182.8304 82.5844
617 -81.47283 43.63086 441 -214.1802 51.2346
656 -91.95717 43.63086 311 -224.6646 40.7502
Dark -67.60583 43.63086 .636 -200.3132 65.1016
470 455 15.71450| 43.63086 .999 -116.9929 148.4219
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528 -34.40850 | 43.63086 .967 -167.1159 98.2989
617 -65.75833| 43.63086 .662 -198.4657 66.9491
656 -76.24267 43.63086 .513 -208.9501 56.4647
Dark -51.89133 43.63086 .838 -184.5987 80.8161
528 455 50.12300 43.63086 .857 -82.5844 182.8304
470 34.40850 | 43.63086 .967 -98.2989 167.1159
617 -31.34983| 43.63086 .978 -164.0572 101.3576
656 -41.83417| 43.63086 .927 -174.5416 90.8732
Dark -17.48283 43.63086 .999 -150.1902 115.2246
617 455 81.47283 43.63086 441 -51.2346 214.1802
470 65.75833 43.63086 .662 -66.9491 198.4657
528 31.34983 | 43.63086 .978 -101.3576 164.0572
656 -10.48433| 43.63086 1.000 -143.1917 122.2231
Dark 13.86700 | 43.63086 1.000 -118.8404 146.5744
656 455 91.95717 43.63086 311 -40.7502 224.6646
470 76.24267 43.63086 .513 -56.4647 208.9501
528 41.83417 43.63086 .927 -90.8732 174.5416
617 10.48433| 43.63086 1.000 -122.2231 143.1917
Dark 24.35133| 43.63086 .993 -108.3561 157.0587
Dark 455 67.60583 | 43.63086 .636 -65.1016 200.3132
470 51.89133 43.63086 .838 -80.8161 184.5987
528 17.48283 43.63086 .999 -115.2246 150.1902
617 -13.86700 43.63086 1.000 -146.5744 118.8404
656 -24.35133| 43.63086 .993 -157.0587 108.3561
ii. Day 2
ANOVA
Fluorescence
Sum of Mean
Squares df Square F Sig.
Between | 426799.48 5 | 85359.896 22.271 .000
Groups
Within 114986.03 30 [ 3832.868
Groups
Total 541785.51 35
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Multiple Comparisons

Fluorescence

Tukey HSD
(I) Wavelength (J) Wavelength 95% Confidence
Mean Interval
Difference Std. Lower Upper
(1-9) Error Sig. Bound Bound
455 470 -37.44533 | 35.74385 .898 -| 71.2729
146.1636
528 -251.625 | 35.74385 .000 - -
360.3433 [ 142.9067
617 -279.154 | 35.74385 .000 - -
387.8718 | 170.4352
656 -207.478 | 35.74385 .000 - | -98.7599
316.1964
Dark -238.458 | 35.74385 .000 - -
347.1759 | 129.7394
470 455 37.44533 | 35.74385 .898 | -71.2729 | 146.1636
528 -214.18 | 35.74385 .000 - -
322.8979 | 105.4614
617 -241.708 | 35.74385 .000 - -
350.4264 | 132.9899
656 -170.033 | 35.74385 .001 - | -61.3146
278.7511
Dark -201.012 | 35.74385 .000 - | -92.2941
309.7306
528 455 251.62500 | 35.74385 .000 | 142.9067 | 360.3433
470 214.17967 | 35.74385 .000 | 105.4614 | 322.8979
617 -27.52850 | 35.74385 .970 - | 81.1898
136.2468
656 44.14683 | 35.74385 .816 | -64.5714 | 152.8651
Dark 13.16733 | 35.74385 .999 | -95.5509 | 121.8856
617 455 279.15350 | 35.74385 .000 | 170.4352 | 387.8718
470 241.70817 | 35.74385 .000 | 132.9899 | 350.4264
528 27.52850 | 35.74385 .970 | -81.1898 | 136.2468
656 71.67533 | 35.74385 .363 | -37.0429 | 180.3936
Dark 40.69583 | 35.74385 .861 | -68.0224 | 149.4141
656 455 207.47817 | 35.74385 .000 | 98.7599 | 316.1964
470 170.03283 | 35.74385 .001 | 61.3146 | 278.7511
528 -44.14683 | 35.74385 .816 -| 64.5714
152.8651
617 -71.67533 | 35.74385 .363 - | 37.0429
180.3936
Dark -30.97950 | 35.74385 .952 -| 77.7388
139.6978
Dark 455 238.45767 | 35.74385 .000 | 129.7394 | 347.1759
470 201.01233 | 35.74385 .000 | 92.2941 | 309.7306
528 -13.16733 | 35.74385 .999 - | 95.5509
121.8856
617 -40.69583 | 35.74385 .861 - | 68.0224
149.4141
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| 656 30.97950 | 35.74385 .952 | -77.7388 | 139.6978 |
iii. Day 3
ANOVA
Fluorescence
Sum of Mean
Squares df Square F Sig.
Between | 800564.1 5| 160112.8 16.843 .000
Groups
Within 285178.8 30 | 9505.961
Groups
Total 1085743 35
Multiple Comparisons
Fluorescence
Tukey HSD
(I) Wavelength (J) Wavelength 95% Confidence
Mean Interval
Difference Std. Lower Upper
((EN)) Error Sig. Bound Bound
455 470 -54.40867 | 56.29080 .925 - | 116.8051
225.6224
528 - | 56.29080 .000 - -
341.13200 512.3458 | 169.9182
617 - | 56.29080 .000 - -
331.19683 502.4106 | 159.9831
656 - | 56.29080 .000 - -
378.99600 550.2098 | 207.7822
Dark - | 56.29080 .000 - -
300.86633 472.0801 | 129.6526
470 455 54.40867 | 56.29080 .925 - | 225.6224
116.8051
528 - | 56.29080 .000 - -
286.72333 457.9371 | 115.5096
617 - | 56.29080 .000 - -
276.78817 448.0019 | 105.5744
656 - | 56.29080 .000 - -
324.58733 495.8011 | 153.3736
Dark - | 56.29080 .002 - | -75.2439
246.45767 417.6714
528 455 341.13200 | 56.29080 .000 | 169.9182 | 512.3458
470 286.72333 | 56.29080 .000 | 115.5096 | 457.9371
617 9.93517 | 56.29080 1.000 - | 181.1489
161.2786
656 -37.86400 | 56.29080 .984 - | 133.3498
209.0778
Dark 40.26567 | 56.29080 .979 - | 211.4794
130.9481
617 455 331.19683 | 56.29080 .000 | 159.9831 | 502.4106
470 276.78817 | 56.29080 .000 | 105.5744 | 448.0019
528 -9.93517 | 56.29080 1.000 - | 161.2786
181.1489
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656 -47.79917 | 56.29080 .955 - | 123.4146
219.0129
Dark 30.33050 | 56.29080 .994 - | 201.5443
140.8833
656 455 378.99600 | 56.29080 .000 | 207.7822 | 550.2098
470 324.58733 | 56.29080 .000 | 153.3736 | 495.8011
528 37.86400 | 56.29080 .984 - | 209.0778
133.3498
617 47.79917 | 56.29080 .955 - | 219.0129
123.4146
Dark 78.12967 | 56.29080 734 | -93.0841 | 249.3434
Dark 455 300.86633 | 56.29080 .000 | 129.6526 | 472.0801
470 246.45767 | 56.29080 .002 | 75.2439 | 417.6714
528 -40.26567 | 56.29080 .979 - | 130.9481
211.4794
617 -30.33050 | 56.29080 .994 - | 140.8833
201.5443
656 -78.12967 | 56.29080 734 - | 93.0841
249.3434
iv. Day 4
ANOVA
Fluorescence
Sum of Mean
Squares df Square F Sig.
Between | 2412794 5| 482558.8 12.616 .000
Groups
Within 1147493 30 | 38249.765
Groups
Total 3560287 35
Multiple Comparisons
Fluorescence
Tukey HSD
(I) Wavelength (J) Wavelength 95% Confidence
Mean Interval
Difference . Lower Upper
(1-3) Std. Error Sig. Bound Bound
455 470 2.26050 | 112.91555 1.000 - | 345.7038
341.1828
528 - | 112.91555 .000 - -
603.80450 947.2478 | 260.3612
617 - | 112.91555 .004 - -
457.42600 800.8693 | 113.9827
656 - | 112.91555 .000 - -
578.38783 921.8311 | 234.9445
Dark - | 112.91555 .001 - -
517.09567 860.5390 | 173.6524
470 455 -2.26050 | 112.91555 1.000 - | 341.1828
345.7038
528 - | 112.91555 .000 - -
606.06500 949.5083 | 262.6217
617 - | 112.91555 .004 - -
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459.68650 803.1298 | 116.2432
656 - | 112.91555 .000 - -
580.64833 924.0916 | 237.2050
Dark - | 112.91555 .001 - -
519.35617 862.7995 | 175.9129
528 455 603.80450 | 112.91555 .000 | 260.3612 | 947.2478
470 606.06500 | 112.91555 .000 | 262.6217 | 949.5083
617 146.37850 | 112.91555 .785 - | 489.8218
197.0648
656 25.41667 | 112.91555 1.000 - | 368.8600
318.0266
Dark 86.70883 | 112.91555 971 - | 430.1521
256.7345
617 455 457.42600 | 112.91555 .004 | 113.9827 | 800.8693
470 459.68650 | 112.91555 .004 | 116.2432 | 803.1298
528 - | 112.91555 .785 - | 197.0648
146.37850 489.8218
656 - | 112.91555 .889 - | 222.4815
120.96183 464.4051
Dark -59.66967 | 112.91555 .995 - | 283.7736
403.1130
656 455 578.38783 | 112.91555 .000 | 234.9445 | 921.8311
470 580.64833 | 112.91555 .000 | 237.2050 | 924.0916
528 -25.41667 | 112.91555 1.000 - | 318.0266
368.8600
617 120.96183 | 112.91555 .889 - | 464.4051
222.4815
Dark 61.29217 | 112.91555 .994 - | 404.7355
282.1511
Dark 455 517.09567 | 112.91555 .001 | 173.6524 | 860.5390
470 519.35617 | 112.91555 .001 | 175.9129 | 862.7995
528 -86.70883 | 112.91555 971 - | 256.7345
430.1521
617 59.66967 | 112.91555 .995 - | 403.1130
283.7736
656 -61.29217 | 112.91555 .994 - | 282.1511
404.7355
v. Day 5
ANOVA
Fluorescence
Sum of Mean
Squares df Square F Sig.
Between 495226 51 99045.199 12.745 .000
Groups
Within 233132.4 30 7771.081
Groups
Total 728358.4 35
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Multiple Comparisons

Fluorescence

Tukey HSD
(I) Wavelength (J) Wavelength 95% Confidence
Mean Interval
Difference Std. Lower Upper
((EN)) Error Sig. Bound Bound
455 470 -32.62200 | 50.89558 .987 - | 122.1817
187.4257
528 - | 50.89558 .001 - | -72.0830
226.88667 381.6904
617 - | 50.89558 .013 - | -28.4906
183.29433 338.0980
656 - | 50.89558 .000 - -
306.12517 460.9289 | 151.3215
Dark - | 50.89558 .000 - -
283.34533 438.1490 | 128.5416
470 455 32.62200 | 50.89558 .987 - | 187.4257
122.1817
528 - | 50.89558 .008 - | -39.4610
194.26467 349.0684
617 - | 50.89558 .060 - 4.1314
150.67233 305.4760
656 - | 50.89558 .000 - -
273.50317 428.3069 | 118.6995
Dark - | 50.89558 .000 - | -95.9196
250.72333 405.5270
528 455 226.88667 | 50.89558 .001 | 72.0830 | 381.6904
470 194.26467 | 50.89558 .008 | 39.4610 | 349.0684
617 43.59233 | 50.89558 .954 - | 198.3960
111.2114
656 -79.23850 | 50.89558 .632 - | 75.5652
234.0422
Dark -56.45867 | 50.89558 .874 - | 98.3450
211.2624
617 455 183.29433 | 50.89558 .013 | 28.4906 | 338.0980
470 150.67233 | 50.89558 .060 -4.1314 | 305.4760
528 -43.59233 | 50.89558 .954 - | 111.2114
198.3960
656 - | 50.89558 .184 - | 31.9729
122.83083 277.6345
Dark - | 50.89558 .385 - | 54.7527
100.05100 254.8547
656 455 306.12517 | 50.89558 .000 | 151.3215 | 460.9289
470 273.50317 | 50.89558 .000 | 118.6995 | 428.3069
528 79.23850 | 50.89558 .632 | -75.5652 | 234.0422
617 122.83083 | 50.89558 184 | -31.9729 | 277.6345
Dark 22.77983 | 50.89558 .998 - | 177.5835
132.0239
Dark 455 283.34533 | 50.89558 .000 | 128.5416 | 438.1490
470 250.72333 | 50.89558 .000 | 95.9196 | 405.5270
528 56.45867 | 50.89558 .874 | -98.3450 | 211.2624
617 100.05100 | 50.89558 .385 | -54.7527 | 254.8547
656 -22.77983 | 50.89558 .998 - | 132.0239
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| | |177.5835|
vi. Day 6
ANOVA
Fluorescence
Sum of Mean
Squares df Square F Sig.
Between | 1382536 5| 276507.2 9.956 .000
Groups
Within 833185.5 30 | 27772.849
Groups
Total 2215722 35
Multiple Comparisons
Fluorescence
Tukey HSD
(I) Wavelength (J) Wavelength 95% Confidence
Mean Interval
Difference Std. Lower Upper
(1-9) Error Sig. Bound Bound
455 470 9.76350 | 96.21651 1.000 | -282.8881 | 302.4151
528 - | 96.21651 .003 | -696.4029 | -111.0998
403.75133
617 - | 96.21651 .009 | -654.9856 -69.6824
362.33400
656 - | 96.21651 .002 | -712.6482 | -127.3451
419.99667
Dark - | 96.21651 .001 | -736.8386 | -151.5354
444.18700
470 455 -9.76350 | 96.21651 1.000 | -302.4151 | 282.8881
528 - | 96.21651 .002 | -706.1664 | -120.8633
413.51483
617 - | 96.21651 .007 | -664.7491 -79.4459
372.09750
656 - | 96.21651 .001 | -722.4117 | -137.1086
429.76017
Dark - | 96.21651 .001 | -746.6021 | -161.2989
453.95050
528 455 403.75133 | 96.21651 .003 | 111.0998 | 696.4029
470 413.51483 | 96.21651 .002 120.8633 | 706.1664
617 41.41733 | 96.21651 .998 | -251.2342 334.0689
656 -16.24533 | 96.21651 1.000 | -308.8969 | 276.4062
Dark -40.43567 | 96.21651 .998 | -333.0872 252.2159
617 455 362.33400 | 96.21651 .009 69.6824 | 654.9856
470 372.09750 | 96.21651 .007 79.4459 | 664.7491
528 -41.41733 | 96.21651 .998 | -334.0689 | 251.2342
656 -57.66267 | 96.21651 .990 | -350.3142 234.9889
Dark -81.85300 | 96.21651 .955 | -374.5046 | 210.7986
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656 455 419.99667 | 96.21651 .002 127.3451 712.6482
470 429.76017 | 96.21651 .001 137.1086 722.4117
528 16.24533 | 96.21651 1.000 | -276.4062 308.8969
617 57.66267 | 96.21651 .990 | -234.9889 350.3142
Dark -24.19033 | 96.21651 1.000 | -316.8419 268.4612
Dark 455 444.,18700 | 96.21651 .001 151.5354 736.8386
470 453.95050 | 96.21651 .001 161.2989 746.6021
528 40.43567 | 96.21651 998 | -252.2159 333.0872
617 81.85300 | 96.21651 .955 | -210.7986 374.5046
656 24.19033 | 96.21651 1.000 | -268.4612 316.8419
b. One Week Differentiation Experiment
i. ALP Assay
ANOVA

Fluorescence

Sum of Mean
Squares df Square F Sig.

Between 1892928 4| 473231.9 1.884 .146

Groups

Within 6028440 24 251185

Groups

Total 7921368 28

il. Calcium Assay
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Calcium Assay: Standard Curve

T 0% y = 2.5024x + 0.0652
c 03 2= —
o . R =0.971/
Lo
N
o 0.2
e
S 0.15 .
2
(@) Ol n
8 0.05
< .
O T T T T
0 0.02 0.04 0.06 0.08 0.1 0.1
Concentration (mg/ml)
ANOVA
Absorbance
Sum of Mean
Squares df Square F Sig.
Between .038 5 .008 4.057 .007
Groups
Within .049 26 .002
Groups
Total .087 31
Multiple Comparisons
Absorbance
Tukey HSD
() Wavelength | (J) Wavelength 95% Confidence
Mean Interval
Difference Std. Lower Upper
(1-3) Error Sig. Bound Bound
470 528 -.02784 .02618 .891 -.1083 .0526
617 -.03479 .02618 767 -.1152 .0457
656 -.05164 .02618 .384 -1321 .0288
Control .07316 .03158 .223 -.0239 1702
Differentiation .00386 .02618 1.000 -.0766 .0843
528 470 .02784 .02618 .891 -.0526 .1083
617 -.00695 .02496 1.000 -.0837 .0698
656 -.02380 .02496 .928 -.1005 .0529
Control .10100 .03058 .030 .0071 .1949
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Differentiation .03170 .02496 .798 -.0450 .1084
617 470 .03479 .02618 767 -.0457 1152
528 .00695 .02496 1.000 -.0698 .0837
656 -.01685 .02496 .983 -.0936 .0599
Control .10795 .03058 .018 .0140 .2019
Differentiation .03865 .02496 .638 -.0381 1154
656 470 .05164 .02618 .384 -.0288 1321
528 .02380 .02496 .928 -.0529 .1005
617 .01685 .02496 .983 -.0599 .0936
Control .12480 .03058 .005 .0309 .2187
Differentiation .05550 .02496 .262 -.0212 1322
Control 470 -.07316 .03158 .223 -.1702 .0239
528 -.10100 .03058 .030 -.1949 -.0071
617 -.10795 .03058 .018 -.2019 -.0140
656 -.12480 .03058 .005 -.2187 -.0309
Differentiation -.06930 .03058 .243 -.1632 .0246
Differentiation 470 -.00386 .02618 1.000 -.0843 .0766
528 -.03170 .02496 .798 -.1084 .0450
617 -.03865 .02496 .638 -.1154 .0381
656 -.05550 .02496 .262 -.1322 .0212
Control .06930 .03058 .243 -.0246 .1632
c. Two Week Bone Differentiation Experiment
i. ALP Assay
ANOVA
Fluorescence
Sum of Mean
Squares df Square F Sig.
Between | 851369924 5| 170273985 18.791 .000
Groups
Within 208409212 23 | 9061270.1
Groups
Total 1059779136 28
Multiple Comparisons
Fluorescence
Tukey HSD
(I) Wavelength (J) Wavelength 95% Confidence
Mean Interval
Difference Std. Lower Upper
(1-J) Error Sig. Bound Bound
| 470 | 528 -5861.12 | 1737.937 .028 | -11253.9 | -468.296
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617 -11172.6 | 1737.937 .000 | -16565.5 | -5779.81
656 -12713.6 | 1822.763 .000 | -18369.7 | -7057.57
Control 2578.439 | 2128.529 .827 | -4026.39 | 9183.272
Diff -9347.4 | 2128.529 .003 | -15952.2 | -2742.56
528 470 5861.121 | 1737.937 .028 | 468.2964 | 11253.94
617 -5311.52 | 1737.937 .055 | -10704.3 | 81.30774
656 -6852.49 | 1822.763 .012 | -12508.5 | -1196.45
Control 8439.559 | 2128.529 .007 | 1834.726 | 15044.39
Diff -3486.28 | 2128.529 .583 | -10091.1 | 3118.558
617 470 11172.64 | 1737.937 .000 | 5779.813 | 16565.46
528 5311.516 | 1737.937 .055 | -81.3077 | 10704.34
656 -1540.98 | 1822.763 955 | -7197.02 | 4115.066
Control 13751.08 | 2128.529 .000 | 7146.242 | 20355.91
Diff 1825.24 | 2128.529 953 | -4779.59 | 8430.074
656 470 12713.61 | 1822.763 .000 | 7057.571 | 18369.65
528 6852.492 | 1822.763 .012 | 1196.451 | 12508.53
617 1540.976 | 1822.763 .955 | -4115.07 | 7197.018
Control 15292.05 | 2198.335 .000 | 8470.609 | 22113.49
Diff 3366.216 | 2198.335 .649 | -3455.23 | 10187.66
Control 470 -2578.44 | 2128.529 .827 | -9183.27 | 4026.395
528 -8439.56 | 2128.529 .007 | -15044.4 | -1834.73
617 -13751.1 | 2128.529 .000 | -20355.9 | -7146.24
656 -15292.1 | 2198.335 .000 | -22113.5 | -8470.61
Diff -11925.8 | 2457.813 .001 | -19552.4 | -4299.23
Diff 470 9347.397 | 2128.529 .003 | 2742.563 | 15952.23
528 3486.276 | 2128.529 .583 | -3118.56 | 10091.11
617 -1825.24 | 2128.529 .953 | -8430.07 | 4779.593
656 -3366.22 | 2198.335 .649 | -10187.7 | 3455.227
Control 11925.84 | 2457.813 .001 | 4299.23 | 19552.44

ii. Calcium Assay
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Calcium Assay: Standard Curve
—~ 0.35
c y = 2.4662x + 0.0593
c 03 -
S R"=0.9726 ¢
Lo |
B 0.25
N
o 0.2
=
S 0.15
2
(@) Ol n
3 005§
< .
O T T T T T
0 0.02 0.04 0.06 0.08 0.1 0.1
Concentration (mg/ml)
ANOVA
Absorbance
Sum of Mean
Squares df Square F Sig.
Between 144 5 .029 61.858 .000
Groups
Within .011 23 .000
Groups
Total .154 28
Multiple Comparisons
Dependent Variable:Absorbance
() Wavelength | (J) Wavelength 95% Confidence
Mean Interval
Difference Std. Lower Upper
(I-9) Error Sig. Bound Bound
470 528 -.07557 .01305 .000 -.1161 -.0351
617 -.14931 .01305 .000 -.1898 -.1088
656 -.16081 .01305 .000 -.2013 -.1203
Control .03829 .01574 .186 -.0106 .0871
Differentiation -.11277 .01574 .000 -.1616 -.0639
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528 470 .07557 .01305 .000 .0351 1161
617 -.07373 .01244 .000 -.1123 -.0351
656 -.08523 .01244 .000 -.1238 -.0466
Control .11387 .01524 .000 .0666 1612
Differentiation -.03720 .01524 .184 -.0845 .0101
617 470 14931 .01305 .000 .1088 .1898
528 .07373 .01244 .000 .0351 1123
656 -.01150 .01244 .936 -.0501 .0271
Control .18760 .01524 .000 .1403 .2349
Differentiation .03653 .01524 .198 -.0108 .0838
656 470 .16081 .01305 .000 .1203 .2013
528 .08523 .01244 .000 .0466 .1238
617 .01150 .01244 .936 -.0271 .0501
Control .19910 .01524 .000 .1518 .2464
Differentiation .04803 .01524 .045 .0007 .0953
Control 470 -.03829 .01574 .186 -.0871 .0106
528 -.11387 .01524 .000 -.1612 -.0666
617 -.18760 .01524 .000 -.2349 -.1403
656 -.19910 .01524 .000 -.2464 -.1518
Differentiation -.15107 .01760 .000 -.2057 -.0965
Differentiation 470 11277 .01574 .000 .0639 .1616
528 .03720 .01524 .184 -.0101 .0845
617 -.03653 .01524 .198 -.0838 .0108
656 -.04803 .01524 .045 -.0953 -.0007
Control .15107 .01760 .000 .0965 .2057

d. Varying Intensity Bone Differentiation Experinien
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Standard Curve for Calcium Assay
= 04
= 2.8038x + 0.0643
£ 035 Y=<
S RP=09755 __— @
—
< 0.25 ®
o /
o 0.2
% /
P 0.15
S 01
8 .
< 0.05
0 -
0 0.02 0.04 0.06 0.08 0.1 0.1
Concentration of Calcium (mg/ml)
ANOVA
Absorbance
Sum of Mean
Squares df Square F Sig.
Between .196 17 .012 4.309 .000
Groups
Within 113 42 .003
Groups
Total .309 59
Multiple Comparisons
Absorbance
Tukey HSD
() Wavelength (J) Wavelength 95% Confidence
Mean Interval
Difference Std. Lower Upper
(1-9) Error Sig. Bound Bound
470a 470b -.00760 .04229 1.000 -.1646 .1494
470c .00127 .04229 1.000 -.1557 .1583
470d -.00040 .04229 1.000 -.1574 .1566
528a -.11593 .04229 .385 -.2729 .0411
528b -.03610 .04229 1.000 -.1931 .1209
528c -.06577 .04229 .980 -.2228 .0912
528d -.05677 .04229 .996 -.2138 .1002
617a -.10943 .04229 484 -.2664 .0476
617b -.11003 .04229 AT74 -.2670 .0470
617c -.11743 .04229 .364 -.2744 .0396
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617d -.07947 .04229 .904 -.2365 .0775
656a -.05323 .04229 .998 -.2102 .1038
656b -.15057 .04229 .073 -.3076 .0064
656¢ -.17760 .04229 .014 -.3346 -.0206
656d -.16430 .04229 .032 -.3213 -.0073
Control .00263 .03662 1.000 -.1333 .1386
Diff -.07448 .03662 .836 -.2104 .0615
470b 470a .00760 .04229 1.000 -.1494 .1646
470c .00887 .04229 1.000 -.1481 .1659
470d .00720 .04229 1.000 -.1498 .1642
528a -.10833 .04229 .501 -.2653 .0487
528b -.02850 .04229 1.000 -.1855 .1285
528c -.05817 .04229 .994 -.2152 .0988
528d -.04917 .04229 .999 -.2062 .1078
617a -.10183 .04229 .606 -.2588 .0552
617b -.10243 .04229 .596 -.2594 .0546
617c -.10983 .04229 ATT -.2668 .0472
617d -.07187 .04229 .956 -.2289 .0851
656a -.04563 .04229 1.000 -.2026 1114
656b -.14297 .04229 111 -.3000 .0140
656¢ -.17000 .04229 .022 -.3270 -.0130
656d -.15670 .04229 .051 -.3137 .0003
Control .01023 .03662 1.000 -.1257 .1462
Diff -.06688 .03662 .922 -.2028 .0691
470c 470a -.00127 .04229 1.000 -.1583 .1557
470b -.00887 .04229 1.000 -.1659 .1481
470d -.00167 .04229 1.000 -.1587 .1553
528a -.11720 .04229 .367 -.2742 .0398
528b -.03737 .04229 1.000 -.1944 .1196
528c -.06703 .04229 .976 -.2240 .0900
528d -.05803 .04229 .994 -.2150 .0990
617a -.11070 .04229 464 -.2677 .0463
617b -.11130 .04229 454 -.2683 .0457
617c -.11870 .04229 .346 -.2757 .0383
617d -.08073 .04229 .892 -.2377 .0763
656a -.05450 .04229 .997 -.2115 .1025
656b -.15183 .04229 .068 -.3088 .0052
656¢ -.17887 .04229 .012 -.3359 -.0219
656d -.16557 .04229 .030 -.3226 -.0086
Control .00137 .03662 1.000 -.1346 .1373
Diff -.07575 .03662 .818 -.2117 .0602
470d 470a .00040 .04229 1.000 -.1566 1574
470b -.00720 .04229 1.000 -.1642 .1498
470c .00167 .04229 1.000 -.1553 .1587
528a -.11553 .04229 391 -.2725 .0415
528b -.03570 .04229 1.000 -.1927 1213
528c -.06537 .04229 .981 -.2224 .0916
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528d -.05637 .04229 .996 -.2134 .1006
617a -.10903 .04229 490 -.2660 .0480
617b -.10963 .04229 480 -.2666 .0474
617c -.11703 .04229 .369 -.2740 .0400
617d -.07907 .04229 .907 -.2361 .0779
656a -.05283 .04229 .998 -.2098 .1042
656b -.15017 .04229 .074 -.3072 .0068
656¢C -.17720 .04229 .014 -.3342 -.0202
656d -.16390 .04229 .033 -.3209 -.0069
Control .00303 .03662 1.000 -.1329 .1390
Diff -.07408 .03662 .842 -.2100 .0619
528a 470a .11593 .04229 .385 -.0411 .2729
470b .10833 .04229 .501 -.0487 .2653
470c 11720 .04229 .367 -.0398 2742
470d .11553 .04229 391 -.0415 .2725
528b .07983 .04229 .901 -.0772 .2368
528c .05017 .04229 .999 -.1068 .2072
528d .05917 .04229 .993 -.0978 .2162
617a .00650 .04229 1.000 -.1505 .1635
617b .00590 .04229 1.000 -.1511 .1629
617c -.00150 .04229 1.000 -.1585 .1555
617d .03647 .04229 1.000 -.1205 .1935
656a .06270 .04229 .987 -.0943 .2197
656b -.03463 .04229 1.000 -.1916 1224
656¢C -.06167 .04229 .989 -.2187 .0953
656d -.04837 .04229 .999 -.2054 .1086
Control .11857 .03662 152 -.0174 .2545
Diff .04145 .03662 .999 -.0945 1774
528b 470a .03610 .04229 1.000 -.1209 1931
470b .02850 .04229 1.000 -.1285 .1855
470c .03737 .04229 1.000 -.1196 .1944
470d .03570 .04229 1.000 -.1213 1927
528a -.07983 .04229 .901 -.2368 .0772
528c -.02967 .04229 1.000 -.1867 1273
528d -.02067 .04229 1.000 -1777 .1363
617a -.07333 .04229 .948 -.2303 .0837
617b -.07393 .04229 .945 -.2309 .0831
617c -.08133 .04229 .887 -.2383 .0757
617d -.04337 .04229 1.000 -.2004 .1136
656a -.01713 .04229 1.000 -.1741 .1399
656b -.11447 .04229 407 -.2715 .0425
656¢C -.14150 .04229 .120 -.2985 .0155
656d -.12820 .04229 .231 -.2852 .0288
Control .03873 .03662 1.000 -.0972 1747
Diff -.03838 .03662 1.000 -.1743 .0976
528c 470a .06577 .04229 .980 -.0912 .2228
470b .05817 .04229 .994 -.0988 .2152
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470c .06703 .04229 .976 -.0900 .2240
470d .06537 .04229 .981 -.0916 .2224
528a -.05017 .04229 .999 -.2072 .1068
528b .02967 .04229 1.000 -.1273 .1867
528d .00900 .04229 1.000 -.1480 .1660
617a -.04367 .04229 1.000 -.2007 .1133
617b -.04427 .04229 1.000 -.2013 1127
617c -.05167 .04229 .998 -.2087 .1053
617d -.01370 .04229 1.000 -.1707 .1433
656a .01253 .04229 1.000 -.1445 .1695
656b -.08480 .04229 .850 -.2418 .0722
656¢C -.11183 .04229 446 -.2688 .0452
656d -.09853 .04229 .659 -.2555 .0585
Control .06840 .03662 .908 -.0676 .2044
Diff -.00872 .03662 1.000 -.1447 1272
528d 470a .05677 .04229 .996 -.1002 .2138
470b .04917 .04229 .999 -.1078 .2062
470c .05803 .04229 .994 -.0990 .2150
470d .05637 .04229 .996 -.1006 .2134
528a -.05917 .04229 .993 -.2162 .0978
528b .02067 .04229 1.000 -.1363 1777
528c -.00900 .04229 1.000 -.1660 .1480
617a -.05267 .04229 .998 -.2097 .1043
617b -.05327 .04229 .998 -.2103 .1037
617c -.06067 .04229 991 -.2177 .0963
617d -.02270 .04229 1.000 -1797 .1343
656a .00353 .04229 1.000 -.1535 .1605
656b -.09380 .04229 731 -.2508 .0632
656¢C -.12083 .04229 .318 -.2778 .0362
656d -.10753 .04229 .514 -.2645 .0495
Control .05940 .03662 971 -.0766 .1954
Diff -.01772 .03662 1.000 -.1537 .1182
617a 470a .10943 .04229 484 -.0476 .2664
470b .10183 .04229 .606 -.0552 .2588
470c .11070 .04229 464 -.0463 .2677
470d .10903 .04229 490 -.0480 .2660
528a -.00650 .04229 1.000 -.1635 .1505
528b .07333 .04229 .948 -.0837 .2303
528c .04367 .04229 1.000 -.1133 .2007
528d .05267 .04229 .998 -.1043 .2097
617b -.00060 .04229 1.000 -.1576 .1564
617c -.00800 .04229 1.000 -.1650 .1490
617d .02997 .04229 1.000 -.1270 .1870
656a .05620 .04229 .996 -.1008 .2132
656b -.04113 .04229 1.000 -.1981 .1159
656¢C -.06817 .04229 972 -.2252 .0888
656d -.05487 .04229 .997 -.2119 .1021
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Control 11207 .03662 .219 -.0239 .2480
Diff .03495 .03662 1.000 -.1010 .1709
617b 470a .11003 .04229 A74 -.0470 .2670
470b .10243 .04229 .596 -.0546 .2594
470c 11130 .04229 454 -.0457 .2683
470d .10963 .04229 480 -.0474 .2666
528a -.00590 .04229 1.000 -.1629 1511
528b .07393 .04229 .945 -.0831 .2309
528c .04427 .04229 1.000 -.1127 .2013
528d .05327 .04229 .998 -.1037 .2103
617a .00060 .04229 1.000 -.1564 .1576
617c -.00740 .04229 1.000 -.1644 .1496
617d .03057 .04229 1.000 -.1264 .1876
656a .05680 .04229 .995 -.1002 .2138
656b -.04053 .04229 1.000 -.1975 .1165
656¢C -.06757 .04229 974 -.2246 .0894
656d -.05427 .04229 .997 -.2113 .1027
Control 11267 .03662 212 -.0233 .2486
Diff .03555 .03662 1.000 -.1004 1715
617c 470a 11743 .04229 .364 -.0396 .2744
470b .10983 .04229 ATT -.0472 .2668
470c .11870 .04229 .346 -.0383 .2757
470d .11703 .04229 .369 -.0400 .2740
528a .00150 .04229 1.000 -.1555 .1585
528b .08133 .04229 .887 -.0757 .2383
528c .05167 .04229 .998 -.1053 .2087
528d .06067 .04229 991 -.0963 2177
617a .00800 .04229 1.000 -.1490 .1650
617b .00740 .04229 1.000 -.1496 .1644
617d .03797 .04229 1.000 -.1190 .1950
656a .06420 .04229 .984 -.0928 2212
656b -.03313 .04229 1.000 -.1901 .1239
656¢C -.06017 .04229 .992 -.2172 .0968
656d -.04687 .04229 1.000 -.2039 1101
Control .12007 .03662 139 -.0159 .2560
Diff .04295 .03662 .999 -.0930 .1789
617d 470a .07947 .04229 .904 -.0775 .2365
470b .07187 .04229 .956 -.0851 .2289
470c .08073 .04229 .892 -.0763 .2377
470d .07907 .04229 .907 -.0779 .2361
528a -.03647 .04229 1.000 -.1935 .1205
528b .04337 .04229 1.000 -.1136 .2004
528c .01370 .04229 1.000 -.1433 1707
528d .02270 .04229 1.000 -.1343 1797
617a -.02997 .04229 1.000 -.1870 1270
617b -.03057 .04229 1.000 -.1876 .1264
617c -.03797 .04229 1.000 -.1950 .1190




Wilner 80

656a .02623 .04229 1.000 -.1308 .1832
656b -.07110 .04229 .960 -.2281 .0859
656¢ -.09813 .04229 .665 -.2551 .0589
656d -.08483 .04229 .850 -.2418 .0722
Control .08210 .03662 .716 -.0539 .2181
Diff .00498 .03662 1.000 -.1310 .1409
656a 470a .05323 .04229 .998 -.1038 .2102
470b .04563 .04229 1.000 -.1114 .2026
470c .05450 .04229 .997 -.1025 .2115
470d .05283 .04229 .998 -.1042 .2098
528a -.06270 .04229 .987 -.2197 .0943
528b .01713 .04229 1.000 -.1399 1741
528c -.01253 .04229 1.000 -.1695 .1445
528d -.00353 .04229 1.000 -.1605 .1535
617a -.05620 .04229 .996 -.2132 .1008
617b -.05680 .04229 .995 -.2138 .1002
617c -.06420 .04229 .984 -.2212 .0928
617d -.02623 .04229 1.000 -.1832 .1308
656b -.09733 .04229 .678 -.2543 .0597
656¢ -.12437 .04229 274 -.2814 .0326
656d -.11107 .04229 458 -.2681 .0459
Control .05587 .03662 .983 -.0801 .1918
Diff -.02125 .03662 1.000 -.1572 1147
656b 470a .15057 .04229 .073 -.0064 .3076
470b .14297 .04229 11 -.0140 .3000
470c .15183 .04229 .068 -.0052 .3088
470d .15017 .04229 .074 -.0068 .3072
528a .03463 .04229 1.000 -.1224 1916
528b 11447 .04229 407 -.0425 .2715
528c .08480 .04229 .850 -.0722 .2418
528d .09380 .04229 731 -.0632 .2508
617a .04113 .04229 1.000 -.1159 .1981
617b .04053 .04229 1.000 -.1165 .1975
617c .03313 .04229 1.000 -.1239 .1901
617d .07110 .04229 .960 -.0859 .2281
656a .09733 .04229 .678 -.0597 .2543
656¢ -.02703 .04229 1.000 -.1840 .1300
656d -.01373 .04229 1.000 -.1707 .1433
Control .15320 .03662 .014 .0172 .2892
Diff .07608 .03662 .814 -.0599 .2120
656¢ 470a 17760 .04229 .014 .0206 .3346
470b .17000 .04229 .022 .0130 .3270
470c .17887 .04229 .012 .0219 .3359
470d 17720 .04229 .014 .0202 .3342
528a .06167 .04229 .989 -.0953 .2187
528b .14150 .04229 .120 -.0155 .2985
528c .11183 .04229 446 -.0452 .2688
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528d .12083 .04229 .318 -.0362 .2778
617a .06817 .04229 972 -.0888 .2252
617b .06757 .04229 974 -.0894 .2246
617c .06017 .04229 .992 -.0968 2172
617d .09813 .04229 .665 -.0589 .2551
656a 12437 .04229 274 -.0326 .2814
656b .02703 .04229 1.000 -.1300 .1840
656d .01330 .04229 1.000 -.1437 .1703
Control .18023 .03662 .002 .0443 .3162
Diff .10312 .03662 341 -.0328 .2391
656d 470a .16430 .04229 .032 .0073 .3213
470b .15670 .04229 .051 -.0003 .3137
470c .16557 .04229 .030 .0086 .3226
470d .16390 .04229 .033 .0069 .3209
528a .04837 .04229 .999 -.1086 .2054
528b .12820 .04229 .231 -.0288 .2852
528c .09853 .04229 .659 -.0585 .2555
528d .10753 .04229 514 -.0495 .2645
617a .05487 .04229 .997 -.1021 .2119
617b .05427 .04229 .997 -.1027 .2113
617c .04687 .04229 1.000 -.1101 .2039
617d .08483 .04229 .850 -.0722 .2418
656a 11107 .04229 458 -.0459 .2681
656b .01373 .04229 1.000 -.1433 1707
656¢C -.01330 .04229 1.000 -.1703 .1437
Control .16693 .03662 .005 .0310 .3029
Diff .08982 .03662 .575 -.0461 .2258
Control 470a -.00263 .03662 1.000 -.1386 .1333
470b -.01023 .03662 1.000 -.1462 1257
470c -.00137 .03662 1.000 -.1373 .1346
470d -.00303 .03662 1.000 -.1390 1329
528a -.11857 .03662 .152 -.2545 .0174
528b -.03873 .03662 1.000 -1747 .0972
528c -.06840 .03662 .908 -.2044 .0676
528d -.05940 .03662 971 -.1954 .0766
617a -.11207 .03662 .219 -.2480 .0239
617b -.11267 .03662 212 -.2486 .0233
617c -.12007 .03662 139 -.2560 .0159
617d -.08210 .03662 .716 -.2181 .0539
656a -.05587 .03662 .983 -.1918 .0801
656b -.15320 .03662 .014 -.2892 -.0172
656¢C -.18023 .03662 .002 -.3162 -.0443
656d -.16693 .03662 .005 -.3029 -.0310
Diff -.07712 .02990 490 -.1881 .0339
Diff 470a .07448 .03662 .836 -.0615 .2104
470b .06688 .03662 .922 -.0691 .2028
470c .07575 .03662 .818 -.0602 2117




470d
528a
528b
528c
528d
617a
617b
617c
617d
656a
656b
656¢C
656d
Control

.07408
-.04145
.03838
.00872
.01772
-.03495
-.03555
-.04295
-.00498
.02125
-.07608
-.10312
-.08982
07712

.03662
.03662
.03662
.03662
.03662
.03662
.03662
.03662
.03662
.03662
.03662
.03662
.03662
.02990

.842
.999
1.000
1.000
1.000
1.000
1.000
.999
1.000
1.000
.814
341
.575
490

-.0619
-1774
-.0976
-.1272
-.1182
-.1709
-.1715
-.1789
-.1409
-.1147
-.2120
-.2391
-.2258
-.0339
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.2100
.0945
.1743
1447
.1537
.1010
.1004
.0930
.1310
1572
.0599
.0328
.0461
.1881
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