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Abstract
60 % of school children have some form of untreated tooth decay or have suffered trauma
to the front teeth which results in pulp damage. If left untreated, these teeth are susceptible
to premature fracture/loss under daily stresses. In cases of adolescent tooth loss, teenagers
cannot get dental implants until after the growth spurts; their only option is using
removable dentures which lowers their quality of life. Conventional endodontic treatment
(root canal treatment) is used in cases of pulp necrosis, but cannot be performed in
immature permanent teeth due to major differences in tooth anatomy. Currently the
American Dental Academy has approved a procedure called Regenerative Endodontic
Treatment (RET) for such cases, but the outcomes are still unpredictable and the method
is largely unreliable. One issue that we are trying to address in this work is the regeneration
of the pulp-dentin complex (PDC), specifically the interface. Endeavors in regenerating
either pulp or dentin have been successful individually, but the interface region is the
anatomical and physiologic hallmark of the PDC and has not been addressed. We have
proposed a biomimetic scaffold to facilitate early stage stratification of these different
tissues and allow recapitulation of their interface. Tissue engineering principles and
biomaterial processing techniques were used simultaneously to encourage dental pulp stem
cells into mineralize selectively only on one side. This effectively allows the scaffold to
serve as the interface region between the hard dentin and the soft vascular pulp.
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CHAPTER 1
Chapter 1: Introduction

Overview
Organization of Dissertation
This dissertation is divided into four main chapters. Chapter 1 is a literature review which
discusses the unmet clinical need in the field of Regenerative Endodontics, its current state
and tissue engineering attempts at increasing the success rate of this technique. Specific
reviews for materials and methods used in various chapters are discussed independently in
each chapter. Chapter 2 focuses on the fabrication of an appropriate biomaterial scaffold
and its characterization. Chapter 3 addresses cytocompatibility and cell penetration into the
porous biomaterial. Chapter 4 evaluates the spatial control of odontogenic differentiation
that is offered through this scaffold.
Wherever relevant, the significance between groups has been discussed either through twotailed heteroscedastic student’s t-tests or through ANOVA. In cases of ANOVA’s
significance has been elaborated by using the connected letters plot, wherein levels
connected by the same letter are not significant.
This work is focused on fabricating and characterizing a novel device for increasing the
success rates of Regenerative Endodontic Technique (RET). Close attention was given to
clinical translation and handling properties at all times of the design process.
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Summary of Specific Aims:
Specific Aim 1: Fabricate a Flexible & Porous Membrane
In order to temporarily segregate the lumen of the pulp chamber from dentinal wall, a degradable
barrier that will last more than 6 weeks in vivo is required. To be clinically translatable and
facilitate in vitro evaluation, this membrane should be flexible enough to be rolled and placed into
a lumen 2-5 mm in diameter. The membrane should be able to stratify cells into two compartments,
and the respective sides should have topography that supports different differentiation pathways.
This aim involves membrane fabrication & characterization of the material through morphology
and mechanics.
Specific Aim 2: Assess Cytocompatibility and Scaffold-Barrier properties of the membrane
Cytocompatibility is the first step towards clinical translation; given the rich population of stem
cells from the apical papilla (SCAP), the scaffold’s potential to differentiate these stem cells is the
next priority. Since SCAP cells are not well characterized, using DPSC is the closest practical
variation to SCAP. Models using DPSC have been widely used in literature. This aim uses DPSC
to evaluate the cytocompatibility and scaffold-barrier properties of the membrane using confocal
microscopy.
Specific Aim 3: Spatial Control of Odontogenic Differentiation
Since aberrant calcifications typically invade the pulpal cavity, the scaffold should preferentially
enhance odontogenic differentiation on one side only and protect this pulp space. The main
objective of odontogenic differentiation in DPSC is to mineralize the matrix, which occurs through
phases. This aim evaluates the temporal upregulation of genes involved in the phases along with
its effect on extra cellular matrix (ECM) mineralization.
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Relevant Background
Clinical Need
The dental pulp becomes vulnerable when tooth decay or trauma compromises its
protective dentin barrier, frequently resulting in pulp damage and subsequently a nonvital tooth. In fully developed adult teeth, pulp injury is usually alleviated with a nonsurgical endodontic procedure, e.g. a “root canal.” These procedures are popular because
they relieve pain instantly with high success rates, at the expense of shortening the
structural life of the tooth; without vascular perfusion, the dentin will eventually become
brittle and over lifetime of the tooth often results in tooth fracture. [1–3] Though this
trade-off may be reasonable for a middle-aged adult, an adolescent patient will likely go
on to lose their affected tooth in the prime of their life, or even earlier and may have to
live with removable dentures until after their growth spurts. Newly erupted permanent
teeth are still developing and have immature roots and can take up to 2 more years to
complete their development. [4] These immature permanent teeth have short root lengths,
open apices and thin cervical dentin, making them under prepared for prolonged function.

Pulpal damage during this time will stunt root growth, leaving the roots short [5], with
thin cervical dentin and open apices. [6,7] Undeveloped roots increase probability of
tooth fracture and/or premature loss and will ultimately compromise the oral health of the
patient.[8,9] Conventional endodontic procedures are impossible to perform on immature
permanent teeth due to certain anatomical differences. [10] Problems arise from open root
apices, i.e. “blunderbuss apices,” in immature permanent; their apical diameters are much
larger than conventional endodontic instruments. [6] The insertion of conventional
bioinert intracanal fillers like gutta-percha don’t allow for regeneration of the pulp dentin
3

complex (PDC). The PDC is a highly organized tissue consisting of healthy pulp that is
protected by the dentin. There is a clear boundary between these soft and hard tissues
which is marked by a layer of odontoblasts.

Immature permanent teeth with untreated pulpal damage will subsequently discolor
and/or fracture. [11] Current outcomes involve (1) living with the affected tooth, often
discolored by trauma initially and later by continual desiccation of the tooth, and/or (2)
substituting bridges or dentures for the missing teeth. [12–15]

The emerging treatment alternatives are from Regenerative Endodontics (RE), a field that
encompasses biologically based procedures designed to replace damaged root structures,
including cells that form the pulp-dentin complex (PDC). The American Association of
Endodontists (AAE) has stated, “[RE] is one of the most exciting development in dentistry
today and endodontists are at the forefront of this cutting-edge research. These
developments in regeneration of a functional [PDC] have a promising impact on efforts
to retain the natural dentition, the ultimate goal of endodontic treatment”. In light of this
statement from the AAE, the American Dental Association (ADA) approved a procedure
in 2001 called the regenerative endodontic technique (RET) (Figure 1) and made it a
mandatory training requirement for newly certified endodontists; it’s currently regarded
as the best treatment option available for immature permanent teeth. [16,17] RET is a
promising technique that has gained momentum both in the clinic and in research labs
around the world. [17–19]
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Figure 1: Comparing conventional technique to the Regenerative Endodontic Technique (RET). Note how
the induced bleeding is allowed to fill the canal in the lower panel which is the basis of RET

The most important source of regenerative potential comes from the undeveloped roots
of immature permanent teeth, where there resides an additional developmental tissue,
which depletes as the roots mature. This tissue is called the apical papilla (AP), which
regenerates the root structures of mature permanent teeth; the effectiveness of adolescent
RET depend on the stem cells from the apical papilla (SCAP). [20–22]

To access this stem cell niche, RET procedures perforate the AP and allow blood to fill
the root canal (See Figure 1– Bottom panel). This blood forms a gelatinous blood clot.
The clot also brings an abundance of not only growth factors and signaling molecules
[23–25], but also SCAP and endothelial cells. [13,21,26–29]

Accessory steps involved in conventional endodontic procedures deemed prudent for
infection control are detrimental in RET (e.g. canal debridement, intracanal medicament
placement, and dentin conditioning) and significantly affect the survival of these SCAP.
5

[30–35] Even with the rising popularity the new procedure, it has failed to achieve the
near perfect outcomes of conventional endodontics. [36] Although endodontic priorities
are changing for younger patients, PDC regeneration cannot be sacrificed for infection
control, these treatments need to work together. Newer protocols for canal disinfection
and dentin conditioning that will support RET are being investigated. [37–39]

The current RET technique has unpredictable outcomes and most often canal aberrant
calcifications are the end result in treated or untreated teeth. [40,41] (See Figure 2)

Figure 2: Current RET is faced with unpredictable outcomes such as tooth fracture, lack of root elongation,
disorganized tissue or calcified canals

Dental implants can’t be given to patients until the end of their adolescent growth spurt, as
recipients must first reach maxillofacial maturity [42] and until then the only option is removable
dentures.

Odontoblasts and their importance
The odontoblasts are terminally differentiated cells that are responsible for forming the
dentin [43], which is organized into dentinal tubules that run perpendicular to the long
axis of the tooth. In the event of pulp damage these odontoblasts metabolize serum
calcium and reform the injured dentin, protecting the pulp from further damage. [44] Their
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development and matrix mineralization is comparable to osteoblasts in bone. Unlike
osteoblasts, odontoblasts are not embedded in the mineralized matrix. Their cell bodies
line this mineralized matrix and they remain in contact, line and protect the dental pulp
from chemical, mechanical and biological attacks. [45]

In case of pinpoint pulp

exposures, when only part of this odontoblast lining is lost, it is hypothesized that DPSC
go through odontoblastic differentiation to form odontoblasts that can re-line the
compromised pulp. [46] Dentin formation is the primary and most discussed role of the
odontoblast, but its sensory and defense functions make it an indispensable part of the
functional PDC. [47] During tooth formation, the odontoblasts are responsible for primary
dentin formation that makes up bulk of the tooth, this takes place at a rate of about 4-8
um per day. Once the tooth has erupted, these odontoblasts are involved in continuous
maintenance of the dentin matrix by forming secondary dentin or reparative dentin at
about 0.5um per day. [43,48] This secondary or reparative dentin formation is involved
in dentin bridge formation during pin point pulp exposure. [49][50]

In the early tooth development, the odontoblasts provide cues to the axons of the
trigeminal nerve to innervate the tooth and a dense network in the sub-odontoblastic
regions. [51] The axons project into the dentin-pre-dentin interface. [52] Here with
support of the odontoblasts, axons can sense mechanical stimulus and trigger rapid
immune response to dental caries. Also, it’s worthwhile to mention that de-innervated
pulps show poor dentin formation and survival after injury. [53]

The peculiar location of the odontoblasts surrounding the vascular/innervated pulp is not
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a coincidence. They are the first line of defense when the pulp tissue faces chemical or
biological attack, secreting cytokines that stimulate immune reactions. [54,55] The
odontoblastic processes (also called Tomes’ fibers) go through the dentinal tubules into
the dentin-enamel junction. [56–58] These processes can sense mechanical, chemical and
thermal changes within the tooth and respond with pain sensation.

In case of bacteria associated with caries, components such as lipopolysaccharide and
lipoteichoic acid in gram positive bacteria stimulate toll like receptor expression on
odontoblasts which activated cytokine production. [59,60] Decrease in these nociceptive
receptors through lifetime of the tooth compromises the ability of the odontoblast to
respond with pain to early stage caries, which is vital in saving the tooth. [47] All of these
factors combined make the odontoblast the functional unit of the PDC in form and
function. Its position and proper functioning, and its recapitulation during regenerative
endodontics may be the key to long term survival of the immature permanent tooth.

Relevant Science
Part of the any endodontic procedure involves conditioning the dentin surface to (1)
remove debris (smear layer) deposited in dentin tubule openings during canal abrasion
and (2) enhance micromechanical bonding of obturating materials to the dentin [33].
Dentin conditioning serves a very special purpose in RET, opening dentin tubules and
releasing signaling molecules from the dentin matrix into its microenvironment.
[31,34,61] This finding is key in the development of our scaffold.

These signaling molecules help nascent stem cells to differentiate into odontogenic
8

lineages (dentin producing: Odontoblasts), thereby allowing dentin tissue re-growth. [61–
63] Endodontically conditioned dentin is an excellent example of an autologous
decellularized ECM (dECM). [64–68] The tissue engineering and regenerative medicine
potential of these matrices has already been investigated [69,70] and this information has
improved dECM conditioning procedures for RET. [67,71–75] The predominant
signaling molecules that are sequestered in dentin and released during conditioning are
transforming growth factor beta isoform-1 (TGFb1) and fibroblast growth factor (FGF).
[19,72,73,76,76] Improved dentin conditioning methods could nurture autologous stem
cell (SCAP/DPSC) migration, proliferation, differentiation, and ultimately regeneration.
[63,75]
Research so far and support from the National institutes of dental and craniofacial research
(NIDCR) have supported the potential to harness the pre-existing tooth environment
coercing regeneration from host tissues. Regenerative medicine is always challenged with
sourcing of both stem cells and signaling molecules: neither conventional limitations are
hindering to RET. Apical papilla (AP) are a source of stem cells and dECM at the source
of the defect provides signaling molecules, making tissue engineering interventions more
translatable.
Stem cells that are in contact with conditioned dentin can differentiate into odontoblastic
lineages and produce calcified tissue. [19,64,67,77,78]

Since the root canal is

predominantly (and should remain) dental pulp; calcification of the pulp space, tooth
fracture or an empty pulp chamber are not acceptable regenerative outcomes. Although
some of these outcomes (eg. calcifications) may be clinically acceptable in the short term,
a compromised hollow tooth does not hold good long term prognosis. These will eventually
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lead to failed patient outcomes in a hyper-elective healthcare field.

Although the

immediate clinical goals of RE such as root elongation and apical closure have been met,
these do not indicate regenerated tissue. The ultimate goal of RE is to regenerate the PDC
but current outcomes do not indicate this. [79] Although the clinical goals of RET (root
elongation and resolution of pulp pathology) have been met, the overall objective of RET
to successfully regenerate the PDC along with its cells has not yet been achieved. The
importance of true regeneration can be elaborated as follows:
1. Without the presence of odontoblasts and other pulp components, secondary tooth
decay cannot be detected and the tooth is susceptible to further damage. [80]
2. A pulpless tooth is an empty shell which has to be restored through more invasive
treatments such as post and core procedures. These lead to further damaged to the
remaining tooth which may ultimately lead to root fracture. [1,81–83]
3. An un-innervated and non- vascularized tooth lacks structural integrity and is more
susceptible to catastrophic failures. [84]
RET must aim beyond just root elongation to recapitulate both the structure and the
function of the PDC. [85] Out of the many aspects that have to still be answered to make
RET successful, we are in the initial in vitro stage and through this thesis we have
attempted to partially answer part of the pathway; How to control tissue phenotype during
regeneration?

Pulp and dentin producing cell populations should terminally differentiate, respectively
and independently. During tooth maturation and development, the same group of stem
cells (SCAP) differentiate into the soft pulp and the hard dentin. When this development
10

process is interrupted by pulp infection or inflammation, it can hamper the final root
maturation process Early separation of cell populations that ultimately form pulp and
dentin would be a prudent idea to form the final biomimetic PDC. Also, as elaborated
above, pulpless teeth are weaker than their native vascularized counterparts, thus pulp
regeneration in these immature permanent teeth may be the solution for long term oral
health.

Engineering solutions
Amongst scaffolds that have been investigated for use in RET only natural platelet rich
plasma (PRP) has cleared Food and Drug Administration (FDA) approval but its use
within regenerative medicine is still considered “off-label”. [86] Although it does bring a
plethora of growth factors with it, the odontoblastic layer organization is not restored.
[13,17,23,24,87–90] This could partially be due to the presence of injured dentin ECM
which is providing a sustained supply of pro-odontogenic growth factors and there is no
barrier to it. This usually results in calcification of the entire canal [91] Since most adult
teeth have fully mature root canals that are narrow with apices under 0.6 mm in diameter,
hydrogels are favored in these cases for regeneration [92–95] SCAP if they are even
present at the bases of mature teeth have low differentiation potential and probably why
research into these advances involves using the hydrogel as a carrier of stem cells [96–
99] These materials are versatile, providing the broadest range of degradation times,
processing methods, and resultant scaffold morphologies. Although easy to inject into
the root canal space, natural hydrogels do not provide spatial guidance to the regenerated
tissues. Immature permanent teeth on the other hand have wide open apices >1 mm and
11

can easily accommodate scaffolds which are thin membranes or porous compressible
polymer foams. [100–105]
In the past subcutaneous implantation of tooth slice experimental models have attempted
in situ formation with porous polymers foams and have provided reasonable success.
[106] The main drawback of such efforts is the presence of residual monomers and
solvents that can ultimately cause more harm to the tissues and the stem cells. Polymers
have been combined with natural ECM like collagen and hyaluronic acid to form
composite scaffolds though solvent casting and salt leaching have shown potential for
odontogenic differentiation DPSC under induction with dexamethasone. [107]
Some efforts have also been made towards tissue guidance: layered membranes [101,108]
and functionalized membranes using electrospinning and fiber alignment using
electrospinning. The orientation provided by the fibers in this case in the long axis of the
tooth while cells that eventually form dentin need to proliferate through the scaffold and
organize in a direction perpendicular to the long axis of the tooth.
Some, in vivo small animal trials have demonstrated hard tissue deposition in tooth slice
models but the results from large animal studies have mostly been unsatisfactory with
sporadic [109] or total calcification filling the pulp space. [110] The origin of these
calcified tissues has not yet been determined, it’s thought to be periodontal in origin or
even cementum. In more recent efforts, the idea of introducing dental pulp stem cells into
endodontically treated root canals via carriers like microparticles and hydrogels have
received attention for pulp regeneration. [111] Implantation of these devices in small
animal models have regenerated pulp-like soft [112] and in combination with Bone
morphogenic protein (BMP-2) can produce sporadic calcifications. [113] In both cases we
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see, either sporadic pulp like soft tissue and or random calcifications within the entire canal
result. Both groups have explicitly discussed the importance of odontoblastic organization
and spatial control of calcifications but this was not addressed in design of the
biomaterial/device.
The main factors that impedes translation of technologies assessed above is the sourcing
of stem cells for these procedures that usually take place in a dental office and the time
required for FDA approval since these devices are classified as Class III biologics. With
no tissue engineering interventions currently available avoiding this time lag from bench
to clinic is crucial.

(http://www.fda.gov/MedicalDevices/DeviceRegulationandGuidance/Overview/ClassifyY
ourDevice/).
The key clinical issue of RET is reliability. By relying on the three pillars of tissue
engineering; these outcomes can be tailored and eventually manipulated. The proposed
scaffold can be the first step to a translatable clinical solution. to provide the necessary (1)
initial separation of the pulp space from the outer dentin walls and (2) provide spatial
guidance so that SCAP on the pulp side to occupy bulk of the 3D lumen created by the
scaffold while the odontoblasts line its outer surface.

We have proposed that a barrier membrane that can spatially separate cell populations
that are present in the clot to recreate the PDC (Figure 3). Since the membrane must
behave as a barrier to dentin and a scaffold to pulp, an asymmetrical scaffold would be
the best solution.
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Figure 3: Introducing a barrier after inducing the blood clot in RET

The pores would get smaller from one side to the other making it the guider and barrier
side respectively. Cell penetration into pores does not hinder them from attaching and
growing onto either of its surface, we intend that the dentin side will act not only as a
barrier but also support their odontogenic differentiation of cells.

Figure 4: Projected cell response to the bilayer membranes

Our hypothesis relies on the evidence that dentin ECM produces ossified wound healing: a formal
tissue stratification by physical barrier could improve regeneration of the PDC’s structure.
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Figure 5: Stratification of cells into two compartments inside and outside of the tube

The hypothesis is to design a barrier membrane with varying porosity, one side being
porous isolates cells and the other side being a non-porous barrier allows formation of
confluent cell sheets that can participate in odontogenic differentiation.

Figure 6: Hypothesis of bilayer membrane design

Initial separation and ultimately minimizing the amount of biomaterial left after
degradation will be valuable since majority of the pulp cavity will be a blood clot formed
from over- instrumentation rather than the scaffold material. The preformed membranes
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will be useful since it can remedy tissue mixing by stratifying the nascent cells into two
populations that are initially isolated.
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Chapter 2: Specific Aim 1 - Fabricating a bilayered flexible porous scaffold
Sub Aims within this section encompass in vitro characterization of pore structure through
morphology and mechanics.

i.

Scanning Electron Microscopy (SEM) imaging

ii.

Local modulus as felt by cells through Micro-indentation

iii.

Surface properties and roughness: Contact profilometer and Atomic Force
Microscopy (AFM)

Introduction
Clinical Constraints: Regenerative endodontic techniques usually require 3-6 months postoperative assessments to visualize the initiation of regenerated tissues using either
conventional radiography techniques or sometimes advanced computed tomography (CT)
scanning methods. [40,41] The canal is a hollow cylinder and in cases of immature
permanent teeth this diameter can be pretty wide >2 mm. The final membrane should be
flexible to be rolled for insertion into canals of different sizes, but also rigid enough to
maintain its shape when being inserted into a root canal cavity being filled with clotting
blood. The scaffold should not significantly degrade until 3 months in order to ensure
adequate tissue support without inhibiting regeneration.
Significance: Achieving biomimetic regeneration is essential for preserving the structurefunction relationship of the PDC. SCAP differentiate into odontoblasts to make dentin but
the rest of the canal lumen should not calcify as well. Early time separation into two
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compartments could help these types of tissues to remain initially isolated. Having a
membrane that offers spatial guidance along with tissue separation would be ideal.
Material selection: Biodegradable polymers can be classified into synthetic polymers such
as α- hydroxyl acids like PLGA & PLA and polyanhidrides, and naturally occurring
complex sugars like cellulose, chitosan etc. Polyester PLGA is co-polymer of Poly-lactic
acid (PLA) and Poly glycolic acid (PGA). PLA has an asymmetrical α- carbon atom that
can be described as D or L forms. PLGA can be a copolymer with equal mixture of both D
and L forms of PLA, and smaller amount of PGA; when formed from ring opening
procedures it would be referred to as Poly (d,l- lactide-co-glycolide) (PLG). The copolymer itself contains an asymmetric center due to the equal contributions from the
racemic mixtures which are connected in an alternating form with the PGA. [114]

PLA has a methyl (-CH3) group on its carbon backbone due to which it can be either highly
crystalline in its L-form or highly amorphous in its D-form. PGA on the other hand does
not share this disorder and is therefore highly crystalline (Figure 7). When forming copolymers, the amount of PGA dictates the degree of crystallinity of the final polymer.
Addition of PLA to form a co-polymer reduces the overall crystallinity of the molecule.
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Figure 7: Chemical structures of PLA, PGA and PLGA

PLG degrades through hydrolytic degradation of the ester linkages and methyl side groups
on the PLA make it more hydrophobic than PGA, which in turn slows its degradation. The
amount of PLA affects both crystallinity and degradation times of the polymer. [115,116]

PLG drug delivery grade blends have degradation varying from 3-6 months depending on
processing methods [102,117–119] and re ideal candidates for our application. To maintain
flexibility of scaffolds, PLG blends with a 7525 lactide to glycolide ratio were considered.
The lower glycolide content prevents burst degradation which maintains local pH, and is
less glassy than lactides alone. Ester capped PLG were considered over acid terminated
ones, since these resistant hydrolysis and increase degradation time. [120]

As for the choice of solvents, PLG is soluble is many solvents like chloroform, and other
polar solvents like dimethyl formamide and dimethyl sulfoxide (DMSO). After trying all
4, DMSO showed the best cytocompatibility.
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Method
75:25 PLG from Evonik Biomaterials (Resomer RG 750S) with an intrinsic viscosity range
of 0.8-1.2 dL/g was used for making the scaffolds. 12 % (w/v) or 20 %(w/v) of PDLG was
dissolved in Dimethyl sulfoxide (DMSO) overnight on a magnetic stirrer using a modified
method. [121,122] These are referred to as 12 PLG or 20 PLG.
12 or 20 PLG was cast on a glass plate lined with tape (Magic tape, Scotch) on either sides
to make a valley 150 um in depth was used to tape cast these PLG blends independently as
shown in Figure 8.

T
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15 cm

T
A
P
E

150 um

Figure 8: Tape casting for 12 and 20 PDLG for DIPS

Phase separation was initiated by carefully submerging the glass slab with a casted film in
glass trough filled with 2 liters of DI water. The water is changed every 6 hours for the first
24 hours and then every 12 hours for the next 2 days. DMSO being miscible in water causes
the PLG-DMSO blend to start demixing, leaving behind precipitated polymer sheets with
finger like continuous pores (channels) across its thickness. The 2 aforementioned
membranes were then laminated under vacuum and stored at 4ᵒC in vacuum sealed bags
until they are used. The water side of the 12% PLG and glass side of the 20% PLG were
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laminated to create an intentional anisotropy within the pores of the scaffolds; the process
is explained in detail below.

Figure 9: Forming laminated bilayer PDLG scaffolds using DIPS

When casted PLG films are dropped in the non-solvent water bath, the thermodynamic
stability can be represented on an isothermal phase diagram describe in Figure 10 for ternary
polymer systems. [123] In the diagram below represents the polymer (PLG) was dissolved
in solvent (DMSO) and immersed in a non-solvent coagulation bath (water). Inherently for
such a system the non- solvent has to be miscible with the solvent but should and
immiscible with the polymer.
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Figure 10: Isothermal phase diagram explaining the thermodynamics involved in phase separation of
ternary polymeric solution

In the figure above, relative proximity between points of the triangle represent relative
concentrations of the three constituents. Zone I describes the stable zone where PLG
dissolved in the DMSO and the slurry exists as a homogenous liquid. As soon as the cast
film is dipped in the non-solvent coagulation bath (water), it is brought to a super saturated
state and the dynamics shift towards the unstable Zone II. This leads to formation of a
dense skin layer at the interface of the polymer film and water. This skin becomes denser
and thicker with increase in polymer concentration. In this transitioning phase, the polymer
slurry starts existing in different stages of a gel with variable amounts of water. The binodal
nature of the boundary curve that separates Zone I and Zone II describes the concentration
at which gel-solidification (polymer precipitation) occurs. At this binodal zone, liquidliquid phase separation lowers the free energy in the system and the blend can exist either
as a polymer rich (PR) phase or a polymer lean (PL) phase on either ends of the tie line
(Solid Red) bound by the Spinodal curve (Green Dotted). [124] It is this PL zone that is
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washed away in the water bath and contributes to formation of the finger like porous
channels.
When this theory is applied to thin films (<500um), the binodal front or the liquid-liquid
gelation fringe, changes position and progresses deeper from the film surface (film-non
solvent/diffusion boundary). As the bionodal reaches further into the film there is a lag
between the transition from Zone I to Zone II making the PL phases larger in size, leading
to the classic gradient of channel diameters which defines asymmetric porous scaffolds.

The independently cast polymer films can be compared to hydrogels since the solvent
exchange procedure leaves behind channels that filled with the antisolvent (water). Uncrosslinked hydrogels can form strong adhesive bonds and the plasticizing effects of water
allow good contact between the films. [125,126] The DIPS method results in
conformational changes in the precipitated polymer which results in apolar groups to be
oriented preferentially at the polymer/water interface. [127] This conformation helps with
chain diffusion at the gel-gel interface on lamination. [128,129] This diffusion increases
adhesive strength between the casted polymer sheets and the overnight vacuum drying
eventually relaxes the polymer chains in their final fused position at the bilayer interface.
[130,131]

Results
Laminated PLG membranes were flexible and could be rolled into a tube, an important
design requirement that dictates iusability in the clinic. The membranes also held their
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shape without significant deformation on being inserted into a clot like gel, very similar to
the blood clot that will be encountered in the root canal during RET. (Figure 11).

Figure 11: Scaffolds can be rolled into tubes without significant deformation

SEM imaging of the cross section shows that the pore sizes formed on the exposed surfaces
of the laminated membrane were quite different. The 12% PLG provides open pores to the
laminated membrane, and will from now on be referred to as OPEN side. The 20% PLG
side provides a closed barrier to the laminated membrane, and from now on will be referred
to as the CLOSED side. The OPEN side had pore diameters between 20-40 um, while the
CLOSED side had small pores that were closed. (Figure 12).
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Figure 12: SEM image showing cross section of bilayer membrane (center). 12 side has large open pores
(Top left) and 20 side has closed pores (lower right). Scale=200 um

The cross sectional image also shows the open channels formed across the thickness of
both sides are asymmetrical (tapered from one side to the other) (Figure 13). The laminated
region is a true interface between these two sides and will be the cell-free zone that
prevents early interaction between cells on the two sides.

Figure 13: SEM image showing asymmetrical pores structure on 12 and 20 PLG layers. Also notice the
maintenance of a clear interface after lamination and lyophilization. Scale= 200 um
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Discussion
Amongst the variables that affect this system (i.e. polymer concentration, miscibility of
solvent with non-solvent, solvent: non-solvent ratio and temperature,) polymer
concentration was chosen to derive different pore morphologies. The most important
outcomes of this variation is
a. higher polymer concentration that gives rise to small channel diameters and surface
pores that are closed by a thick skin.
b. Lower polymer concentration causes a dramatic increase in channel diameters,
decrease in the surface skin that leads to large open pores

At lower polymer concentration (12 % PLG) the liquid-liquid phase separation occurs
faster because the system is closer to its miscibility limit represented by the spinodal curve
in Figure 10. This helps to form larger PL phases much earlier in the fringe propagation
front. When PL phases are washed out into the water, the channels formed are larger and
the demixed polymer shows thinner skin (Figure 14). Conversely for higher polymer
concentration (20% PLG) the fringe is more stabilized, moves slower and results in smaller
PL phases (Figure 15). When washed these result not only in smaller channels but also a
thicker skin at the film-non solvent interface. [121]

26

Figure 14: Diagrammatic representation of the large diameter channel formation for 12 PLG in DIPS.

Figure 15: Diagrammatic representation of the large diameter channel formation for 20 PLG in DIPS.
Also notice the thicker skin in blue during the unstable phase

At this stage we can successfully make a bilayer membrane which has a smaller pores on
one side and larger pores on the other side. The pores in each of the side are continuous
and open, and in the cross section can be seen as channels connecting one side to the other.
Relevant material characterization of this bilayer is explained in detail in the next section.
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Characterization of fabricated scaffold
In this section, the material characterization for the bilayer is divided into degradation,
mechanical testing and surface analysis.
Degradation in cell culture media
PLG like many other polymers undergoes bulk degradation via hydrolysis. In this process,
there is formation of water soluble lactic acid (LA) /glycolic acid (GA) groups on the
surface along with insoluble low weight oligomers in the interior bulk. [132] Bulk
degradation is common for larger more solid devices, but microspheres and membranes
that are < 300 µm undergo uniform degradation at the surface and the core. [133,134]
Degradation kinetics are based on the transport of fluid into the system initially and
transport of degradation products out of the system later. [135] Since thin films like our
membrane have a short diffusion distances for small molecular weight degradation
products to leach out, the chances of building up LA or GA products that causes
autocatalysis is low. [136]
The two layers 12 PLG and 20 PLG have different channel/pore sizes, morphology and
polymer concentration. The skin layer on the exposed surface that allows for water influx
is thicker on the 20 PLG (CLOSED side) than the 12 PLG (OPEN side) which affect how
each side of the scaffold degrades. [137]
Our interest in degradation is particularly in the patency of the channels and thickness of
each side. This scaffold design is based on initial isolation of two tissue compartments. The
OPEN side will degrade faster and allowing cells to populate majority of the internal 3D
structure due to simultaneous penetration in open pore. The CLOSED side is designed to
be a barrier for cell penetration, will degrade slower to initially keep the cell populations
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on either side in independent compartments. This was also carried out body temperature
since higher temperatures mimic physiologic degradation behavior. [138]
Method
The bilayer scaffold was fabricated as previously mentioned and cut into squares 2cm x
2cm. The squares placed in 12 well plates and held in place by chemical resistant vitonrings (McMAster Carr) and covered with 2mL culture media containing MEM Alpha (with
nucleotides and L-glutamine), 15% Donor horse serum and 1% pen-strep in an incubator
(37ᵒ C and 5% CO2). Media was changed every other day and scaffolds were harvested at
Week 1, 2 and 3. Scaffolds were air dried and freeze fractured in liquid nitrogen for SEM
imaging of their cross section to see changes channel morphology changes with
degradation.
Statistical Analysis: Results were analyzed using JMP Pro Version 12.1 from Temple
University and displayed as means and standard error of the means. Significance was based
on a Tukey’s HSD test with α < 0.05. and demonstrated via connected letters plot. These
results were based on 5 scaffolds derived from independent castings.

Results
Across three weeks the OPEN side of the laminated scaffold showed significant changes
in its pore morphology and its thickness. The CLOSED side maintained its continuous
porous channel and showed a slight increase in thickness (Figure 16).
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Figure 16: SEM imaging showing degradation of the laminated scaffold in cell culture media showing
differences in channel morphology between the OPEN and CLOSED side. Scale = 100 um

The thickness of the OPEN side also reduces significantly while that of the CLOSED side
shows a small but not significant increase in thickness (Figure 17).

Figure 17: Thickness differences in the OPEN and CLOSED side of the laminated scaffolds based on SEM
images
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Discussion
The thick skin that covers the CLOSED side also protects water from getting through to
the inner channels. Since most of the water is absorbed only on its surface, it’s possible
that the skin layer may have started to swell, before allowing water penetration into
deeper parts of the scaffolds. This could explain the increase in thickness of CLOSEd
side during the 3 weeks.
The OPEN side on the other hands starts absorbing water as predicted almost
immediately. It displays significant degradation of the channels and significant reduction
in its thickness as early as Week 1.
This combination effect was only possible through lamination since it blocks of all water
entry points into the CLOSED side while keeping the OPEN side susceptible to faster
degradation. This can help with maintaining adequate spatial separation distance between
cell types during the early part of the scaffolds life in RET.
Bulk mechanical properties derived through equilibrium stiffness testing are provided in
supplemental data appendix (See Figure 51)). This ensures the porous channels will remain
open when inserted into a blood clot. Notice how the lamination also significantly
improves the stiffness over 4 weeks in degradation conditions.

Mechanical Testing: Microindentation
Cells seeded on scaffolds can sense the surface not only through the topography but also
through the compliance / stiffness of the materials on which they are seeded. . Cells
respond to this compliance through various responses, and amongst them gene expression
has been studied in great detail. This effect can be caused by variations in microtopogtaphy
and/or stiffness. Evaluation of differences in the local stiffness and roughness were done
using a microindenter (CSM) with a Vickers tip and Contact profilometer (Surfcorder),
respectively. The process of converting mechanical information from the cell’s
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environment into genetic expression is called mechanotransduction, which often includes
focal adhesion kinases. [139,140]

Method
Laminated scaffolds were indented either on the OPEN or CLOSED side. Different pieces
of the scaffolds 3cm x 5cm length were used for each indentation set. Elastic modulus of
indentation (EIT) was evaluated through indentation using a Microhardness Tester (CSM
instruments). Detailed description of methods used is mentioned below.

Laminated scaffolds were indented on the OPEN side or the CLOSED side using a
pyramidal shaped Vickers indenter. Indents were made using a load (FN) of 0.005N to
maintain contact with the scaffold. The approach speed of the indenter was set to 2.5 %/min
and load to displacement readings were taken at a constant loading/unloading rate of 0.1
N/min at an acquisition rate of 10 Hz. A pause of 15 seconds was incorporated at the
maximum displacement to account for creep effects in the scaffold. Max load limit was set
to 0.01N. Poisson’s ration was assumed to as 0.3, as per manufacturers recommendation
for the instrument, which is common for viscoelastic biological materials such collagen
membranes.
Scaffolds were glued down to a glass slide using a UV light cured polymer resin on the
edges. An array of 4 x 4 indents was made 400 um spacing in to account for any remaining
plastic deformations in the previously indented areas. Elastic modulus was derived using
the Oliver Pharr method [141] by the using initial unloading curve and area of contact by
the indenter. This method can be has its best use in being applied to small features more as
a comparative procedure rather than an absolute reading.
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Statistical Analysis: Results were analyzed using JMP Pro Version 12.1. Experiments were
repeated two times and elastic modulus was reported as means and standard error of means.
Students t-test (two tailed, heteroscedastic) was used for significance at p < 0.05.

Results
The mean modulus for the OPEN side and CLOSED side was 17.23 MPa and 83.53 MPa
respectively which was statistically significant (p < 0.001) which is represented in Figure
18.

Figure 18: Indentation modulus derived by micro-indentation of the OPEN or CLOSED side of
laminated scaffold in a 400 um spacing in a 4x4 array

Discussion
Both and sides of the scaffold are made from the same polymer but variation in polymer
concentration affected the pore structure and the indentation modulus. Since the pores on
the CLOSED side <10 um at every indent the load is dispersed across many struts that form
the wall of these tiny pores. Conversely on the OPEN sides, the large pores allow load
distribution only on a few struts that form the large pores resulting in catastrophic failure
due to Euler beam buckling of these strut walls (assuming characteristic strut length is the
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same). [142] The distribution and size of pores in the CLOSED side lets it behave like a
single unit with equal load being dispersed across the struts while there are unequal high
loads across a few struts in the OPEN side. The anisotropy results in a significantly higher
EIT observed on the CLOSED side compared to the OPEN side. The mean modulus for the
CLOSED side is within ranges described for odontogenic differentiation of DPSC in vitro
on polymer films [143] and in vivo implantation of porous nanofibrous scaffolds. [144] In
reports studying the effect of matrix stiffness for osteogenic differentiation the ranges
evaluated as the high are around 100 KPa for low are around 20 KPa correlating to the
organic matrices of bone or muscle/nerve respectively. These studies have confirmed that
matrices > 100 KPa upregulate osteogenic/odontogenic differentiation while < 20KPa
ranges are suited for neurogenic and myogenic differentiation of stem cell. [144–146] This
can be explained in part because ECM compliance affects integrin binding which
transduces at the plasma membrane to stimulate focal adhesion kinases (FAK). On stiffer
matrices FAK phosphorylation is increased [147] which turn activates RhoA/Rock and
ERK (1/2) / MAPK pathways [148] to increase activity of transcription factors such as
Runx2 which upregulates osteogenic genes such as OCN, BSP and ALP. [145] Also Runx2
which is an important transcriptional factor for osteoblastic differentiation is also
mechanosensitive. [149] The CLOSED side having modulus of 85 MPa, which is
significantly stiffer than the OPEN side would support odontogenic differentiation.
Technically, both these sides from a purely mechanical standpoint have equal potential for
mineralization. This hypothesis is evaluated in detail in Aim 3.
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Surface Roughness measurement:
Roughness is a term used to quantify perturbations/topography on any surface, it can
broadly be measured by contact methods like profilometry and atomic force microscopy
(AFM) or non-contact methods like interferometry and confocal microscopy.
Based on our prior experiments using confocal and brightfield microscopy, we have
learnt that the surface of the polymer membrane reflects and refracts too much light to be
mapped; thus contact methods were chosen: profilometry and AFM.

Method
Contact profilometer (Surfcorder SE1700, Kosakalabs) was used to measure surface
topography on the OPEN and CLOSED side of the laminated membrane. Membranes were
attached to a glass slide and sealed with UV light cured resin on the edges to prevent
movement.
The profilometer used a conical tip with a radius of 0.2 um mapping a region 750 um in
length at a speed of 200 um/sec.
Experiments were repeated twice in triplicate sample sets.
Statistical Analysis: Results were represented as means and standard error of the means. A
students t-test (heteroscedastic, two- tailed) with a p < 0.05 used for significance.
Atomic Force Microscopy:
AFM was used to map roughness and topography of the CLOSED side. The OPEN side
had pores that too large to allow the AFM scanning.

Nanoscope IIIa (Veeco digital) was used in tapping mode with a cantilever using a scan
size of 10 um at a scan rate of 2.15 Hz and tip velocity of 43 um/sec. The drive frequency
was et to 326.24 kHz and the amplitude set point was set at 1.722 V.
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Results
Surface profilometry profiles for the OPEN and CLOSED side looked different from each
other qualitatively and quantitatively. Figure 19 below shows the measured roughness Ra
max for the two sides are significantly different. The roughness on the CLOSED side is
within the nanoscale range that has been attributed to MSC differentiation which is
discussed in more detail in the conclusions.

Figure 19: Surface roughness of OPEN and CLOSED side showing only CLOSED side has the nano scale
roughness required for osteogenic differentiation of MSC

AFM microscopy of the nano-rough CLOSED side shows the roughness is about 10-20
nm on average (Figure 20).
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Figure 20: AFM imaging of the CLOSED side (left) of the laminated scaffold showing nano roughness of
the surface (right)

Discussion
Microtopography are known differentiating factors for all mesenchymal stem cells (MSC).
When these are seeded on the synthetic matrices they go through a variety of interactions
resulting in cell adhesion, spreading, proliferation and differentiation, all of which rely on
surface morphology. Convex microconcavities have demonstrated increased osteogenic
differentiation of DPSC along with an increase in focal adhesion kinases. On the other
hand, convex topographies show downregulation of osteogenic differentiation due to the
lack of cell-cell interaction in these topographies. [150–152] Differences in surface
topographies and its effect on DPSC differentiation has been analyzed in controlled
experiments using pillars of various heights, inter pillar distances and arrangements of
these pillar. An inter-pillar distance of 4 um showed highest upregulation of odontogenic
markers. [153] Our scaffolds have pore sizes within this range and these pores serve the
same purpose of micro-topography as the pillars.
Surface topography in the submicron/nano range can be regarded as surface roughness
has been used commercially and in research for metals, ceramics and polymeric surfaces
for osteogenic induction of osteoblast like cells, MSC and other stem cells. Rougher
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surfaces with Ra (Average roughness) in the submicron range increase ALP activity in
MG63 osteoblast like cells. [154,155] Surface nanoroughness are in the range of proteins
that can be passively adsorbed on such rough surface and lead to differences in integrin
expression.
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Chapter 3: Specific Aim 2 - Cytocompatibility & Evaluating barrier guidance
capability
Dental Pulp Stem Cells (DPSC) were used to evaluate cytocompatibility of the membrane
in vitro. DPSC are clonogenic and highly proliferative cells that are present in post natal
dental pulps. DPSC are positive for pluripotency transcription factors, such as Oct-4, Sox2, Nanog and c-Myc. Flow-cytometric evaluations show that these pleuripotent cells are
positive for CD73, CD90, CD105 and CD166, but negative for CD34, CD45 and CD133
making them mesenchymal like. The can differentiate into osteogenic, neurogenic and
adipogenic lineages under controlled culture conditions. When cultured with endothelial
cells, DPSC stabilize tubes formed in Matrigel assay. These are well characterized cell
lines have been studied in detail and are comparable to SCAP especially when it comes to
odontogenic differentiation. [156,157] Since we were testing out a novel scaffold we used
the well characterized DPSC as a model cell line in this thesis.
In is divided into the following section
a. Cytocompatibility assessed via Alamar blue assay
b. Cell morphology on OPEN and CLOSED side images via LSCM
c. Cell penetration into the OPEN and CLOSED side is quantified using z-stacks from
the LSCM by finding nuclei

39

DPSC from AllCells at Passage P5 were used for the study. DPSC-P5 were cultured on T175 flasks using proliferation media with MEM Alpha, 15% FBS and 1% Pen-strep which
had been filtered through a 0.2 um filter flask. Culture conditions were maintained in an
incubator at 37ᵒC/ 5 % CO2. Once cells had reached 80% confluence, excess media was
aspirated and flask was rinsed with 5mL HBSS with Calcium/Magnesium (Corning 21023- CV; Manassas, VA). HBSS was replaced with 5 mL 0.25% Trypsin EDTA and
incubated for 1 minute in the incubator at 37ᵒC/ 5 % CO2. Once the DPSC were detached,
trypsin EDTA was neutralized with 18 mL cell culture media and transferred to a 50 mL
centrifuge tube. The mix was centrifuged at 80 rcf for 5 minutes at room temperature. The
supernatant was aspirated and the acquired pellet was gently re-suspended in 5 mL culture
media before counting.

Cell Counting: 100 uL of the DPSC suspension was mixed with 100 uL Trypan Blue
(Corning, NY) and loaded onto hemocytometer (Neubabuer Chamber, Celeromics). Cells
were counted using a previously published protocol[158].

Cell seeding: 104 cells/mL were resuspended in cell culture media after counting.
Laminated membranes were used cut into squares 2cm x 2cm and placed in 12 well plates
(Fisher 353043), with the OPEN side facing upwards or the CLOSED side facing upwards
as shown in Figure 21.. Autoclaved Viton O-rings (McMaster Carr) were used to prevent
scaffold movement during cell culture. The well-plates containing scaffolds and rings were
then sterilized under UV light in the cell culture hood for 20 minutes on each side. In order
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to pre-wet the scaffolds cell culture media was added to the scaffold-ring setup in well
plates and place in the incubator for 1 hour . Cell culture media was added to these scaffolds
and they were incubated at 37ᵒC/ 5 % CO2 for 1 hour. Before seeding the DPSC, prewetting media was aspirated entirely and 105 cells/mL were seeded on each scaffold
dropwise without much disturbance and placed in the incubator at 37ᵒC/ 5 % CO2 (Figure
21).

Media was changed every other day and scaffolds were harvested at 3, 7 and 14 days

to extract mRNA.

Scaffolds were harvested at Week 1 and 2, stained with fluorescent dyes and imaged using
laser scanning confocal microscopy (LSCM). Images were processed using Image J and a
custom MATLAB script was used for quantifying the depth of the nucleus relative to the
surface of the scaffold.

Figure 21: Diagrammatic representation of DPSC seeding on the OPEN and CLOSED of the laminated
scaffold
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Alamar blue: Cell Metabolism Assay
Alamar blue is dye that can be used to measure cell proliferation and cytotoxicity by
quantifying cell respiration, it contains blue Resazurin which under REDOX conditions
shows colorimetric change to pink Resorufin. The color intensity of the Resorufin is
comparable cell number. Since the dye is not harmful to cells, this was not a terminal
assay; providing with the ability to acquire multiple readings from an individual scaffold
across different time points. Since the assay quantifies cell respiration, which is a direct
indication of cell health, this test can be used to compare cell numbers amongst scaffold
groups.

Method
104 cells/mL were cultured on either the OPEN or CLOSED side of the laminated scaffold
in 24 well plates. At different time points (3, 5, 7, 10, and 14 days), Alamar blue assays
were performed with cells cultured on the scaffolds to verify their metabolic activities. A
detailed description of the assay technique is provided below.
At the time points mentioned above, cell culture media was aspirated and scaffolds were
rinsed with HBSS. 10% Alamar blue (AbD Serotec, BUF012A) in DPSC culture media
was added to and incubated in the dark for 4 hours at 37ᵒC/ 5 % CO2. After 4 hours, the
incubated Alamar blue solution was transferred to a 96 well plate for fluorescent readings.
200uL of the solution was used in technical triplicate readings for fluorescence at 590 nm
wavelength using a plate reader (Tecan).
After taking the readings, remaining Alamar blue from the cell culture set up was aspirated,
scaffolds were rinsed with HBSS and replaced with DPSC cell culture media to continue
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the experiment. Readings obtained from cell culture on 12 or 20 side were normalized
using blank scaffolds without any DPSC.
Statistical Analysis
Results were analyzed using JMP Pro Version 12.1. Experiments were repeated three times
and results are reported as means and standard error of the means. Significance was
ascertained by student’s t -test (two tailed, heteroscedastic) with a p < 0.05.

Results
Alamar blue did not show any significant differences in cell number between the OPEN or
CLOSED side (except Day 5) suggesting that both sides had comparable cell numbers.

Figure 22: Alamar blue assay showing cell metabolism for DPSC on 12 or 20 side
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Laser Scanning Confocal Microscopy
Methods
Scaffolds were rinsed three times with ice cold HBSS (with calcium and magnesium) in
an ice bath to get rid of excess media. Once rinsed, scaffolds were fixed in 4% formalin
in 1X Phosphate Buffered Saline (PBS) without Calcium or Magnesium) at room
temperature for 15 minutes. The fixed scaffolds were then rinsed three times in 1X PBS
to removed excess formalin. The scaffolds were then permeabilized for 1 hour (0.2%
Bovine Serum Albumin (BSA) and 0.1% Triton X solution in 1X PBS).

DAPI and Alexafluor 546 dyes (LifeCell) were used to stain the nucleus and f-actin
respectively within the cell. 1:1000 DAPI and 1:500 Alexafluor 546 was suspended in 1X
PBS. 2mL of this solution was used for each well. Staining was carried out for 1 hour
followed by three washes in 1X PBS to remove any unbound dye. Scaffolds were then
mounted glass cover slides using Vectashield mounting media (Vector Labs) and protected
from light until being imaged.

LSCM (Olympus 1X 83, Tokyo, Japan) using Fluoview system (FV-1200 ) was used to
image mounted samples Laser of wavelength 403 nm was used for DAPI and 543 nm
was used for Alexafluor 546. Scan depth was set to 100 um and slice height was defined
at 2.5um. Maximum intensity projections from image stacks were used to created
composite 3D reconstructed images to visualize DPSC cells on scaffolds.
All confocal images shown below have the following color scheme:
Green = Phalloidin (Alexafluor 546)
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Blue= Nucleus (DAPI)
Red/Pink= Scaffold (Reflected light)

Results
At Week 1 the DPSC proliferate on the surface of both the OPEN and CLOSED side of
the laminated scaffolds. Notice the differences in the cell shape and morphology; the OPEN
side shows randomly arranged (almost polygonal) cells while the CLOSED side shows
elongated cells which have started to show some degree of organization (Figure 23– Top
panel).

Figure 23: Confocal microscopy images showing DPSC on laminated scaffolds OPEN side (Top, left),
CLOSED side (Top, right). CS at week 1 show DPSC penetrate into OPEN side only (Bottom, left) but not
in the CLOSED side (Bottom, right). Scale = 100 um

As early as week 1 seen above (Figure 23-Bottom Panels), DPSC have started to penetrate
the OPEN side (Bottom, Left) of the scaffold but only proliferate on the surface with no
evident invasion on the CLOSED side (Bottom, Right).
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By the second week this trend continues and the OPEN side of the scaffold is completely
populated by the DPSC as they actively migrate into its internal 3D structure (Figure 24Left, Top and Bottom). On the CLOSED side, the DPSC proliferate on the surface only
and show a remarkable degree of organization and directionality compared to Week 1
(Figure 24- Top, right). There is no penetration into the CLOSED side even at Week 2 (Figure
24- Right,

Bottom)

Figure 24: Confocal microscopy images showing DPSC on laminated scaffolds OPEN side (Top, left),
CLOSED side (Top, right). Cross sections at week 3 show DPSC actively penetrate further in OPEN side
only (Bottom, left) but not the CLOSED side (Bottom, right). Scale = 50um

In the 3D rendering done below using a custom MATLAB script on the confocal z-stack
images (Figure 25), the depth of DPSC penetration is easily observed and is very apparent.
The DPSC on the open side have penetrated the entire layer on which they were seeded
and have almost reached the second layer. On the closed side, DPSCs remain only on the
surface and show no signs of penetration.
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Figure 25: 3D rendering of Confocal stacks showing penetration depths of DPSC on the closed and open
side of the bilayer membrane (blue= nuclei, green= actin, red=scaffold)

Quantification of DPSC penetration into the scaffold
Method
Images obtained from the LSCM were used to quantify the position of nucleus relative to
the scaffold surface. The nuclei location histograms are represented by probability
densities, comparing both culture time (weeks 1 versus 2) and scaffold surfaces (OPEN
versus CLOSED sides).
Results
At week 1, DPSCs seeded on both sides of the scaffold were close to the surface (black
dotted line). The OPEN side shows more DPSC nuclei under the surface while the
CLOSED side shows more nuclei above the surface (Figure 26)
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Figure 26: Quantification of DPSC penetration into OPEN side (Red) and CLOSED side (Blue) of the
scaffold. The surface is the on which the DPSC were seeded is represented by a black dotted line.

At the second week, this divergent trend of DPSC penetrating on the OPEN side versus not
penetrating on the CLOSED side continues (Figure 27). The DPSC on CLOSED side show
more wide distribution and probable formation of multilayers above the surface (Blue
dotted line). DPSC on the OPEN side actively migrate further into the 3 D channels and
reach up to 30 - 40 um below the surface (Red dotted line).

Figure 27: Quantification of DPSC penetration into OPEN side (Red) and CLOSED side (Blue) of the
scaffold at Week 2 showing active penetration on OPEN side only. The surface is the on which the DPSC
were seeded is represented by a black dotted line.
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Discussion
Morphometric quantification of the confocal imaging revealed that the DPSCs do indeed
penetrate only into the OPEN side of the scaffold, which has pore sizes between 30-40um.
Some penetration started early as week 1, but by week 2 the DPSCs populated the entire
3D interior. This behavior was not seen on the CLOSED side.

Based on this evidence, the DPSC interact very differently with either sides of the scaffold;
the cells can be separated into two populations, either those only on the surface of the
CLOSED side, or those both on the surface and in the lumen of the OPEN side. Another
important feature was observed, DPSC on the CLOSED side were arranged much closer
to each other and formed a confluent monolayer. Such organization and confluence was
not observed on the OPEN side. Organization is one of the early signs of differentiation
and can be used to determine fate of stem cells. Cell shape and cytoskeletal rearrangement
is an early hallmark of fate determination and eventually differentiation. As MSCs
differentiate into osteoblast, they become more elongated and show more focal adhesions.
[159] Conversely when MSC are confined to micro-patterned surfaces (like the large pores
on the OPEN side), they assume a more spherical morphology which prevents osteogenic
differentiation. [160] Rho-ROCK pathway is the dominant pathway which is involved in
MSC cytoskeleton. Even in the absence of induction media, activation of ROCK is enough
to induce osteogenic differentiation of MSC. [161]
The differences induced by the morphological and physical differences of the OPEN and
CLOSED side of the scaffold on DPSC differentiation are analyzed in Specific Aim 3.
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Chapter 4: Specific Aim 3 - Odontogenecity of laminated membrane
DPSCs, passage 4, were used to evaluate the odontogenecity of the membrane.
Differentiation of DPSC into odontogenic lineages without the use of induction media is
key to make the novel membrane physiologically relevant. We hypothesized that the close
cell-cell contact in the confluent multilayers on the CLOSED side will lead to upregulation
of SIBLING genes on this side.

To assess differentiation, we looked specifically at the small integrin binding N-linked
glycoproteins (SIBLING) family along with Alkaline Phosphatase (ALP) and Collagen I
(Col1A1). The SIBLING family consists of osteopontin (OPN), dentin matrix proteins
(DMP), dentin sialophosphoprotein (DSPP), integrin binding sialoprotein (iBSP), and
matrix extracellular phopshoglycoprotein (MEPE). These play a significant role in
mineralization and remodeling of mineralized tissue like dentin and bone [162] With the
exception of ALP, which is a pericellular molecule, the others are structural proteins form
the bulk of the dentin. SIBLING proteins share a common evolutionary heritage, they
display Arg-Gly-Asp (RGD) motifs [163] and are involved in dentin and bone matrix
mineralization by regulating inorganic phosphate (Pi) metabolism. [164]
MEPE partially acts through the MAPK and Wnt3a canonical pathway [165,166] and
involved in the proliferative and early matrix maturation phase of osteoblasts. [167]

BSP is found in hard tissues like bone, enamel and dentin. [168,169] It is expressed at
early stage of bone formation and is associated with initial formation and nucleation of
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HA. Its effect on initiating nucleating works through interaction with along with ALP.
[170] BSP overexpressing cells also show an increased expression in ALP. [171–173]
BSPs capability to form these nucleations are enhanced when bound to Collagen. [174]

DSPP was originally thought to be found only in dentin, recently it has also been localized
to bone but the amount in bone compared to dentin is very small (1:400). It is considered
a mature marker for dentin formation. [175–177] DSPP has two proteolytic fragments,
Dentin sialoprotein (DSP) and dentin phosphoprotein (DPP). DSPP plays a prominent role
in dentin mineralization [178] and dspp deficient mice produce hypomineralized dentin
[179] with significant tooth decay, this condition is called Dentinogenesis imperfecta. [180]
It plays a role in initial mineralization as remodeling of dentin and bone. [181] DPP
fraction is involved in the initial formation and growth of HA crystals and it has a strong
affinity for calcium ions when bound to the collagen fibrils. [182,183] The DSP fragment
is more involved in matrix maturation and mineralization. [184] DSPP works through the
BMP2 canonical signaling pathway to regulate HA crystal nucleation. [185,186]

In all three, DSPP, BSP & MEPE the presence of Collagen I in the ECM increases their
potential to initiate mineral nucleation. Thus, in the sequence of mineralization, the
upregulation of Col1A1 precedes induction of odontogenic genes which eventually results
in matrix maturation and finally matrix mineralization[174,181,184,187].
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Real Time Polymerase Chain Reaction (RT-qPCR)
Cell Culture: DPSC-P4 were cultured on T-175 flasks using proliferation media with
MEM Alpha, 15% FBS and 1% Pen-strep which had been filtered through a 0.2um filter
flask. Once cells had reached 80% confluence, excess media was aspirated and flask was
rinsed with 5mL HBSS with Calcium/Magnesium (Corning 21-023- CV; Manassas, VA).
HBSS was replaced with 5mL 0.25% Trypsin EDTA and incubated for 1 minute in an
incubator at 37ᵒC/ 5 % CO2. Once DPSC were detached, trypsin EDTA was neutralized
with 18mL cell culture media and transferred to a 50mL centrifuge tube. The mixture was
centrifuged at 80 rcf for 5 minutes at room temperature. The supernatant was aspirated and
the acquired pellet was gently re-suspended in 5mL culture media before counting.

Cell Counting: 100uL of the DPSC suspension was mixed with 100uL Trypan Blue
(Corning, NY) and loaded onto hemocytometer (Neubabuer Chamber, Celeromics). Cells
were counted using a published protocol. [158]

Cell seeding: 105 cells/mL were resuspended in cell culture media after counting.
Laminated membranes were used cut into squares 2cm x 2cm and placed in 12 well plates
(Fisher 353043), with the either the OPEN side facing upwards or the CLOSED side facing
upwards. Autoclaved Viton O-rings (McMAster Carr) were used to prevent scaffold
movement during cell culture. For sterilization this set up was the placed under UV in cell
culture hood (BSL 2) for 20 minutes. For pre-wetting, cell culture media was added to these
scaffolds and they were incubated at 37ᵒC/ 5 % CO2 for 1 hour. Before seeding the DPSC,
this media was aspirated entirely 105 cells/mL were seeded on each scaffold dropwise
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without much disturbance and placed in the incubator at 37ᵒC/ 5 % CO2. Media was
changed every other day and scaffolds were harvested at 3, 7 and 14 days to extract mRNA.
Cell pellets from this concentration were centrifuged in a 2 mL microcentrifuge tube
(Eppendorf), supernatant media was aspirated.

RNA Extraction: Qiagen RNAeasy Minikit was used to acquire the mRNA from scaffolds.
All steps were performed on ice to prevent denaturation of RNA during extraction. Well
plates were allowed to cool on ice for 10 minutes, media was aspirated and replaced with
1mL with ice cold HBSS (with Calcium/magnesium). HBSS was aspirated and replaced
with 1mL Lysis Buffer (Qiagen 79216) provided in the kit. Using tweezers, Viton 0-rings
were removed, scaffolds were kept immersed in the lysis buffer and chopped fine with
autoclaved scissors. DPSC grown on Tissue culture plastic (TCP) was lysed with RLT
buffer and a cell scraper was used to detach cells. Next, the chopped scaffolds were
carefully transferred to 5mL polypropylene culture tubes(BD) and made into a slurry using
a high speed homogenizer on ice. The slurry was then transferred to 15mL centrifuge tubes
(BD) and centrifuged at 5000 rcf at 4ᵒC for 10 minutes. Supernatant was collected, and
transferred to a new 15 mL centrifuge tube. Equal amounts of 70% 200 proof ethanol in
nuclease free molecular grade water (Corning) was added to this tube and mixed well.

At this stage mRNA extraction was carried out using the RNAeasy Minikit (Qiagen 74106)
using manufacturer’s instructions. The bound mRNA was released from the affinity
columns in 30 uL of nuclease free water provided in the kit and centrifuged at 12,000g for
1 minute using a high speed microcentrifuge (Labnet International, Inc. Z233M). mRNA
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concentration in water was measured using a NanoDrop® TM Lite Spectrophotometer
(Thermofisher). Samples with A260/A280 ratio over 1.8 and concentration above 50 ng/uL
were used for cDNA synthesis. The RNA was either immediately used for cDNA synthesis
or stored -80ᵒC. Quality of mRNA was checked after each freeze/thaw cycle.

cDNA Synthesis: All reagents including the extracted mRNA were thawed on ice before
use. Sample with higher than 50ug/nL of mRNA were used for cDNA synthesis and
amplification using the iScript Advanced cDNA synthesis kit (BIORAD). The synthesized
complimentary cDNA was used to assess expression of various genes in Table 2. All
reactions were performed on ice until being loaded into the Thermocycler (Eppendorf,
Realplex 4s) 1000ng of RNA was used for the reaction from each sample. The volume
varied depending on the concentration of mRNA in the 30uL sample. 5uL of cDNA
synthesis cocktail (4uL of the 5x iScript Advanced Reaction mix and 1uL of the iScript
reverse transcriptase) was added. The total volume was brought up to 20uL using variable
amount of nuclease free water (provided in the kit) in a 0.2mL nuclease free
microcentrifuge vials (Eppendorf). Vials were briefly vortexed and centrifuged at 3000 rcf
for 3 minutes at 4ᵒC. These were then loaded into a MasterCycler EP RealPlex 4S,
(Eppendorf) using the following protocol with fast thermocycling (See Table 1). cDNA was
stored at -20ᵒC until it was used for the PCR reaction. Equal amplification was assumed
and 1000ng of mRNA will be converted to 1000ng of cDNA of every sample.
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Step

Time

Temperature

Reverse Transcription

20 minutes

46 ᵒC

RT Inactivation

1 minute

95 ᵒC

Table 1: Protocol for Thermal cycler (cDNA synthesis)

Forward and reverse primers:
Human SYBR ® Green primers were purchased from BIORAD
Gene

Length

Gene ID

Assay Design

GAPDH

117

qHsaCED0038674

Exonic

DSPP

83

qHsaCED0002962

Exonic

MEPE

71

qHsaCED0002952

Exonic

ALP

99

qHsaCID0010031

Intron Spanning

iBSP

88

qHsaCED0002933

Exonic

Col 1 A 1

113

qHsaCED0043248

Exonic

HIF1A

72

qHsaCID0014755

Intron-spanning

VEGFA

114

qHsaCED0006937

Exonic

Table 2: Primer probes use for RT-qPCR analysis

RT-qPCR:
Real Time-quantitative Polymerase Chain Reaction (RT-qPCR) was carried out using the
cDNA synthesized in the above step with a MasterCycler EP RealPlex 4S (Eppendorf) with
fast thermocycling using the SSOAdvanced ® Universal SYBR® Green Supermix
(BIORAD) with primers enumerated in Table 2. cDNA samples and reaction mixes were
thawed on ice and vortexed/centrifuged briefly. 10 uL of the SSO Advanced universal
SYBR ® Green supermix was mixed with 1 uL of the forward and reverse primers
enumerated in the table above. 50 ng (equivalent to 1 uL of the cDNA sample since 1000
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ng /20 uL of cDNA) of synthesized cDNA and 8 uL of nuclease free water was added to
this mix. Samples were briefly vortexed and centrifuged at 3000rcf for 3 minutes at 4ᵒC.
Triplicate reactions were repeated three times independently in 96-well real-time PCR
plates (Eppendorf 951022055) sealed with MicroAmp Optical Adhesive
Film (Thermo 4311971) using protocol suggested by supermix (See Table 3)

Polymerase

Denaturation

Annealing/

activation

Melt curve

Extension

30 seconds

15 second

30 seconds

65-95 ᵒC

95 ᵒC

95 ᵒC

60 ᵒC

5 secs/step

30 cycles

30 cycles

0.5ᵒC increments

Table 3: Protocol for Thermal cycler (RT-qPCR)

Gene expression was normalized to endogenous control GAPDH and relative expression
was derived by comparing to the Day 0 controls and quantified using the comparative CT
method (2-∆∆CT ). [188]
Statistical Analysis:
Results were analyzed using JMP Pro Version 12.1 software provided by Temple
University (SAS, Cary, NC) and represented as means and standard error of means. Results
were analyzed across time points and groups using two-way ANOVA with Tukey’s HSD
test with an α < 0.05 for statistical significance. Significance is shown using the connected
letters plot.
All experiments were performed three independent times in triplicate sample sets.

56

Results: Odontontogenic genes from the SIBLING family, COL1A1 (See Figure 28),
MEPE (See Figure 29)

and DSPP (SeeFigure 30) and iBSP (See Figure 31) were

significantly upregulated on CLOSED side compared to the OPEN side (α < 0.05).

Figure 28: RT-qPCR showing the temporal upregulation of COL1A1

Figure 29: RT- qPCR for MEPE showing significant upregulation on CLOSED side at day 7 and 14
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Figure 30: RT- qPCR for DSPP showing significant upregulation on CLOSED side at day 7 and 14

Figure 31: RT- qPCR for iBSP showing significant upregulation on CLOSED side at day 7 and 14

ALP is also significantly upregulated on Day 14 on the CLOSED side (See Figure 32).

Figure 32: RT- qPCR for ALP showing significant upregulation on CLOSED side at day 14

Cells deep within pores have been known to experience localized hypoxia. [189] To
establish whether or not hypoxia has affected the differentiation of DPSCs within the pores
of this scaffold, transcription factor HIF1A (Figure 52) and downstream target VEGFA
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(Figure 53) were evaluated for their upregulation. were evaluated for their upregulation.
Neither has shown significant upregulation across either scaffold surface or time points
observed (see appendix for supplemental data).

Discussion
The upregulation of odontogenic genes on days 7 and 14 of the CLOSED side of the
membrane suggests that DPSCs seeded on this side are odontogenically differentiating.
SIBLING genes are well documented in literature during DPSC differentiation either under
induction media conditions or on bioceramics [190] such as Calcium phosphates and
hydroxyapatites [191], hydrogels with hydroxyapatites. [192] SCAP and DPSC are
comparable to each other in their potential for odontogenic differentiation. [156] The
significant upregulation of COL1A1 is the key prerequisite for other non-collagenous
protein genes to be upregulated and support odontogenic differentiation.
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Alkaline Phosphatase Assay
DPSC from Passage 4 were used for this assay. Same cell culture method and culture
conditions as for RT-qPCR were used. This assay measures the extracellular ALP after
mRNA upregulation in phases of the odontogenic differentiation. Scaffolds were harvested
at Week 1, 3 and 5. Since the number of DPSC may differ between scaffolds, results
derived from ALP assay are normalized with total protein content of that scaffolds using
the bicinchoninic acid (BCA).

Cell culture and measuring ALP activity:
To terminate the culture at set time points, scaffolds were rinsed with ice cold HBSS while
on ice. An alkaline phosphatase (ALP) kit (Annaspec) was used after warming the
reagents. 1X Assay buffer was made with 10X Assay buffer provided in the kit with
deionized water (DI water) and 0.02% Component D (Triton X). Scaffolds were
homogenized in this 1X assay buffer on ice in the same way as detailed in RT-qPCR.
Homogenized scaffolds were then collected in 15mL centrifuge tubes and centrifuged at
10,000g for 15 minutes at 4ᵒC. The supernatant was transferred to 2mL microcentrifuge
tubes (Eppendorf) and kept on ice. ALP standard dilutions were made from standard
provided in the kit to derive a standard curve. Dilutions were made at 200ng/uL, 100ng/uL,
50 ng/uL,25 ng/uL, 12.4ng/uL, 6.2 ng/uL, 3.1 ng/uL and 0 ng/uL. This standard curve was
repeated for each time point to assure accuracy for comparison.
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50uL of ALP from samples and standards was added in technical triplicates in a flat bottom
transparent 96 well plate (Corning, NY). To this, 50uL of pNPP substrate (provided in the
kit) was added and mixed for one minuet n an orbital shaker. The reaction mix was allowed
to incubate at 37ᵒC for 45 minutes. 50uL of stop solution (Component C) was added to each
well to stop the reaction and readings were taken at 405nm wavelength on a
spectrophotometric plate reader (Tecan).
Readings were normalized by subtracting absorbance from blanks, in case of measuring
ALP for DPSC on membranes, the membranes cultured without DPSC were considered as
blanks and for DPSC on TCP, standard ALP dilution of 0 mg/mL of ALP was considered
as blank.
Standard curved were used to derive the trend line equations to predict absolute values of
ALP expressed.
Experiments were run two times independently in triplicates.

BCA Protein Assay:
Supernatant collected from homogenized membranes for the ALP assay was stored on ice
and used for analyzing the protein content through BCA assay (Thermofisher, Pierce).

Bovine serum albumin (BSA) standards provided in the kit were used to make a standard
curve for checking protein content. Standards were made in the same 1X Assay buffer used
in the ALP activity to ensure similar background absorbance. The following concentrations
were used as standards, 1.5 mg/mL, 1 mg/mL, 0.75 mg/mL, 0.5 mg/mL, 0.25 mg/mL, 0.12
mg/mL, 0.025 mg/mL and 0 mg/mL.
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BCA working solutions were prepared by using 50 parts of Reagent A and 1 part of reagent
B in 15 mL centrifuge tubes and vortexed for mixing. 25uL of the supernatants from
homogenized membranes or the prepared BCA standards were mixed with 200uL of the
working solution were mixed in a flat bottom transparent 96 well plate and placed on an
orbital shaker for 1 minute. The plates were incubated for 1 hour at 37ᵒC. Plates were colled
to room temperature for 5 minutes after 1 hour and absorbance was measured by
spectroscopic plate reader (Tecan) at 562nm. Absorbance was normalized by subtracting
blanks; in case of measuring BCA for DPSC on membranes, the membranes cultured
without DPSC were considered as blanks and for DPSC on TCP, standard BCA dilution of
0 mg/mL of BCA was considered as blank.
Standard curved were used to derive the fit equations to derive absolute values of protein
expressed.
Experiments were run two times independently in triplicates.

Statistical Analysis:
Absolute ALP activity values were normalized by absolute protein expression values (from
BCA assay) to represent the amount of ALP per unit protein. Results were reported as
means and standard error of means of the ALP values calculated from the standard curve
derived for each time point. JMP software was used analysis. Comparison between sides
and time points was done using two-way ANOVA using an α < 0.05 and Tukey’s HSD test
for significance represented a connected letters plot. For comparisons between sides at a
single time point, multiple Students t-tests were performed using p < 0.05 for significance.
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Results:
ALP activity was significantly higher on the CLOSED surface only at Week 5 (See Figure
33).

Figure 33: ALP activity normalized to protein content shows higher expression at 5 weeks on CLOSED
side

Discussion

Alkaline phosphatase (ALP) is an enzyme that is encoded by various genes depending on
the isoform in the tissue that it is in. It is strongly implied in the mineralization of bone
and other hard tissue like dentin. In early bone development ALP is expressed as mRNA
and very soon appears on the cell surface and in matrix vesicle. The major signaling
pathways that leads to ALP upregulation are BMP2/Runx2. Wnt and osteix pathways.
[193] ALP plays an important role in calcium ion metabolism which is the key endpoint
of odontogenic/osteogenic differentiation. It degrades inorganic pyrophosphate (PPi) that
inhibits hydroxyapatite (HA) crystal formation and generates inorganic phosphate (Pi) that
promotes HA growth. ALP controls mineralization through a balance of PPi/Pi within the
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tissue. [194] The temporal upregulation of ALP after the proliferative phase in tissue
formation provides cues for ECM maturation and readies it for calcification. Genes in the
proliferative phase, specifically Col1A1 have to be downregulated to allow ECM
maturation. [195]
In the earlier part of this chapter where RT-qPCR is used for mRNA, the temporal
upregulation of Col1A1 is seen only on the CLOSED side at Day 3 and goes down by Day
7. This sequence is not observed on the OPEN side. The induction SIBLING protein genes
(iBSP, DSPP and MEPE) also show concurrent upregulation at Day 7 only on the CLOSED
side after the Col1A1 has been downregulated. Although the ALP increase on both OPEN
and CLOSED side equally in the RT-qPCR study until Day 14 and ALP colorimetric assay
until Week 5, upregulation of COL1A1 and SIBLING genes are only seen on the CLOSED
side. Even in the presence of ALP, if there is no upregulation of Col1A1 before [187],
adequate ECM is not deposited and in the absence of induction markers, the DPSC do not
show odontogenic differentiation into cells that can metabolize calcium to mineralize the
matrix. [196]
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Mineralization of laminated membranes
DPSCs from passage 4 were used to check for mineral nodule deposition on OPEN or
CLOSED side of the laminated membrane. The same culture methods and conditions as
RT-qPCR was used for this assay.
Membranes were harvested at weeks 1, 3, and 5, stained with Alizarin stain (ARS), and
imaged using stereo-microscopy with reflected light. The presence of elemental calcium
was confirmed using SEM/EDX.

Fourier-transformed infrared – Attenuated total

reflectance (FTIR-ATR) spectroscopy was used to confirm presence of bone-like
hydroxyapatite.

Alizarin Red Stain (ARS)
Methods
Cell culture:
Laminated scaffolds were placed on 24- well plates using the same method mentioned RTqPCR. DPSC-P4 were seeded on either the 12 or 20 side of the membrane at 104 cells/mL
in DPSC culture media and maintained for up to 5 weeks. Control scaffolds without DPSC
seeded on them were treated with the same culture conditions as the experimental group.
Alizarin Red (ARS) (Sigma Aldrich, A5533) was dissolved in DI water to make a 40mM
stain solution. ARS was filtered using a Whatman No.1 filter paper and pH was adjusted
to 4.1.
At Week 5 scaffolds were rinsed with ice cold phosphate buffered saline (PBS) on ice.
Membrane cultures were fixed using 4% formaldehyde in PBS for 20 minutes at room
temperature. Fixative was rinsed 3 times with PBS. 1mL of ARS was added to each
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membrane for 20 minutes at room temperature. The dye was then washed using DI water
on an orbital shake for 10 minutes, this process was repeated 3 times.
Scaffolds were then air dried overnight and imaged using stereoscopic microscope (Nikon).
Results
ARS showed observably more intense staining of the CLOSED side of the membrane as
compared to the OPEN side. Also the membranes without cells that were put through the
same culture conditions did not passively absorb a significant amount of dye, see top row
Figure 34.

OPEN

DPSC/

Blank/We

CLOSED

Figure 34: Alizarin Red staining of cultured membranes at 5 week.
Without DPSC (Top) and with DPSC (Bottom). Scale bar= 2mm

The Energy dispersive x-ray spectroscopy and Fourier Transform Infrared- Attenuated
Total Reflectance (FTIR-ATR) spectroscopy was used to confirm presence of elemental
calcium and the phase of mineral that contributed to Alizarin red staining.
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Energy Dispersive X-ray Spectroscopy (EDX)
Method
EDX was performed on the samples cultured with DPSC and stained with Alizarin Red
above to search for elemental Calcium and phosphorus that was precipitated by the cells.
EDX analysis was done using Aztec (Oxford Aztec Energy Advanced EDS System).
Results
Elemental analysis scans show evidence of calcium and phosphorus only on the CLOSED
side. This calcium deposited on the CLOSED side is also in the form of nodules which is
characteristic of biologic mineralization (See Figure 35).

Figure 35: EDX surface analysis showing presence of calcium and phosphorus only on CLOSED side and
this calcium is in the form of granules

Fourier Transform Infrared – Attenuated Total Reflectance (FTIR -ATR)
Scaffolds that were stained with Alizarin Red were using FTIR-ATR in absorbance mode.
Spectroscopic scans were used to detect the presence of PO4, CO3, Amide I and Amide II
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bands that would reflect the presence of Collagen and bone like hydroxyapatite on the
scaffolds.
Method
Spectrum 400 FT Mid IR (Perkin Elmer, Akron, OH) was to collect spectra from scaffolds
stained with alizarin red. Scans were taken from 600 to 4000 cm-1 using 32 co-added scans
at a spectral resolution of 8cm-1. Each scaffold was scanned in three randomly selected
areas and process was repeated for 3 independent samples for OPEN and CLOSED sides
of the cultures and stained membranes. Control membranes (OPEN and CLOSED at the
same time points) that were cultured without DPSC and stained using ARS were used as
controls for spectral subtraction to remove effects of PLG using GRAMS –AI (Thermo
electron corporation, Version 8.0) software.
Results
Spectra from control scaffold shows hallmark peaks that are representative of PLG. 1745
cm-1 is the carbonyl stretching from the ester group, 1080 cm-1 is the C-O-C stretching,
between 1450 cm-1 C-H stretching of methyl groups and 1040 is the C- CH3 cm-1 stretching
of methyl groups. [127,197]
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Figure 36: FTIR-ATR spectra of the bank scaffold/no cells after alizarin red staining used for spectral
subtraction. These were kept in the same conditions as the test groups

The control spectrum (Figure 36) was used for spectral subtraction from the experimental
groups, and the below are the spectra for the CLOSED side and OPEN side of the
membrane. Both groups show peaks for Amide I (1630 cm-1) and Amide II (1539 cm-1)
peaks that are related to protein. CLOSED side in particular shows a prominent Collagen
peak at 1338 cm-1 and characteristics phosphate peaks (950-1035 cm-1) and carbonate peak
(866 cm-1). [198] (Figure 36)
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Figure 37: FTIR-ATR spectra of the CLOSED side after alizarin red staining following spectral
subtraction

The OPEN side (Figure 38) shows the Amide I and II peaks but not the phosphate and the
carbonate peaks seen above on the CLOSED side.

Figure 38: FTIR-ATR spectra of the OPEN side after alizarin red staining following spectral subtraction
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Mineralization discussion:
The calcium and phosphorus deposits located through SEM/EDX were confirmed to be
bone like apatite on the CLOSED side using FTIR-ATR. Although both samples are made
from the same polymer and are kept in same culture conditions, only CLOSED side showed
ECM mineralization. The ultimate goal of odontogenic or osteogenic differentiation of
stem cells is to mineralize their ECM. This path to mineralization starts as soon as the cell
is seeded on a surface and is orchestrated through a combination of cell-cell and cellbiomaterial interactions.

Phosphorylated MAP enters the nucleus and activates transcription factors, Runx2, which
ultimately transcribes iBSP, OCN and ALP within the nucleus. The MAPK-Erk 1/2 can
positively regulate osteogenic differentiation through Runx2 transcription. [148,149]
Porous PLGA scaffolds can be biomimetically mineralized through immersion in
simulated body fluid by modifying the surface to expose free hydroxyl (-OH) and carboxyl
(-COOH) groups that serve as nucleation sites for minerals in 3 days. Without surface
activation this process usually takes 2-3 weeks. [199] Our scaffolds were not surface
activated and instead of having pre-activated mineralization sites, the collagen laid down
by DPSC during the initial time period as evidenced by upregulation of COL1 A1 at week
1 in RT-qPCR act as nucleation sites. The higher COL1A1 gene expression on the
CLOSED side in addition to increased ALP activity to metabolize free calcium present in
the basic proliferation media, sets the cascade for biologically relevant mineral formation.
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Matrix mineralization occurs in 3 specific periods, cell proliferation, matrix maturation and
matrix mineralization. In concerto, the gene expression starts with initial upregulation of
cell proliferation markers such Collagen I, followed by upregulation of induction specific
markers such as BSP,(and in our specific case DSPP, MEPE as well). Immediately after
this phase there an increase in ALP expression leading to matrix maturity and ultimately
Osteocalcin (OCN) and osteopontin (OPN) expression followed matrix mineralization
(Figure 39). [195]

Figure 39: Sequence of mineralization in hard tissues

Specific ECM proteins are crucial for mineralization, collagen I has to be post
translationally modified and organized before mineralization can occur using it as
nucleation sites. [200] RT-qPCR results show this sequence of events starting with an
upregulation of Collagen I at Day 3 (proliferation period), followed by upregulation of
induction specific markers DSPP, iBSP and MEPE at Day 7 (induction period). Day 7 and
14 shows upregulation of ALP (end of proliferation period). ALP activity shown via the
ALP assay shows consistent increase from days 7 until week 5 which, during which the
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matrix undergoes significant maturity ultimately resulting in mineralization shown via
Alizarin staining.
The nanoroughness of the surface that the cell is seeded on is a significant determinant of
its final fate during the differentiation cascade through cell signal transduction. Cells sense
nanorough surfaces by clustering specific integrin at the interface. Integrin clustering leads
to focal contacts that recruit focal adhesion kinases (FAK). Phopshorylation of FAK
activates the mitogen activated protein kinase (MAPK) pathway which enters the nucleus
through phosphorylation and activates Runx2 which leads to upregulation of osteogenic
genes in the nucleus. [201]
In Aim 2 we’ve seen significant differences in the cell response to the OPEN and CLOSED
side of the scaffold, not only in the DPSC penetration but also in DPSC morphology.

DPSCs on the OPEN side are isolated in pores which prevent cell-cell contact. The cells
were tented across the pore walls (see Figure 40) and only a few cells are present in each
pore. Cells that are isolated in pores smaller than 100um are not known to support
osteogenic differentiation in MSCs. [202,203] On the CLOSED side, DPSCs grew in
confluent monolayers and have shown elongated anisotropic morphology which favors
osteogenic differentiation (rounded morphology favors adipogenic differentiation of
MSCs).
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Figure 40: DPSC are isolated in pores (Left) and are tented across the walls on the 12 side. On 20 side
proliferate as well contacted monolayers they show anisotropic elongated morphology. Scale= 50 um

Both of these observations have been made before with mesenchymal stem cells and
osteoblast and have been used to predict their osteogenic differentiation. Cell- cell contact
initiates signal transduction pathways similar to cell-ECM pathways through cell adhesions
molecules (CAM), juxtracrine-ligand receptors and gap junctions. [204] Gap junctions
are particularly important for differentiation of mesenchymal stem cells [205] and isolated
cells do not support osteogenic differentiation. [206] Cells grown on roughened surfaces
assume an elongated morphology which is an early stage predictor of osteogenic
differentiation. [159,207]
Please note that this study was conducted in the absence of exogenous factors such as
dexamethasone, beta glycerophosphate, or ascorbic acid which are known to induce
osteogenic differentiation. These results of selective differentiation of DPSCs were in
response to the biomaterial alone, without exogenous interruption.

The addition of

induction media can overwhelm differences that nano topography induces. The beta-
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catenin pathway is partially responsible for mechanosensing of topographies in MSC which
play an important role in bone morphogenetic protein (BMP) and Wnt signaling during
bone development. [208][209] Dexamethasone downregulates BMP/Wnt signaling
pathway which can mitigate the effect of topography. [210] Also, increased Collagen I
production due by addition of ascorbic acid can further reduce the effect of topography.
[211,212] The elimination of induction media not only isolated the biomaterial as the only
variable in this system but also made the model translatable and clinically relevant.
Nano scale roughness and pits/concavities on polymeric surfaces have also shown to
increase the ALP, BSP and OCN levels in MG63 and MG3T3 cells types. [213,214]

DPSC’s grown on the CLOSED side, cannot detect the pores as large enough to invade
(<5um) but instead use them as focal points for adhesion (See Figure 42). Cellular
adhesions on rough surfaces take place with the help of these focal adhesions which
transduce signals for cytoskeletal rearrangement, settings up the cascade of differentiation
shown through RT-qPCR. [215]
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Conclusion and Future work

The RET technique is a relatively new protocol that has been introduced to dentistry for
the treatment of pulp necrosis in immature permanent teeth. The current state of the therapy
calls for tissue engineering interventions to assure reproducible prognosis. Therapies under
research include both biomaterial based (cell-free) and cell based approaches and some
include a combination of both. Many of these methods use either induction or hypoxia to
modulate stem cell behavior or have their basis in biologics delivery into the root canal.
PRP can be used in many regenerative medicine cases as “off label”. [86] The value of
PRP lies in the concoction of growth factors that are present; its effect on stem cells has
been well documented, particularly in neo-vascularization.

Revascularization is

paramount since the pulp is the living component of the tooth. The blood clot that forms
after overinstrumentation of the apical papilla contains SCAP, which ultimately
differentiate to form both pulp and dentin. Stratification of the tissues formed from SCAPis
the current issue. As seen in many examples, there is either complete calcification of the
pulp chamber or the sporadic formation calcified tissues within pulp like soft tissue. Either
of these scenarios can be envisioned because of the a few probable reasons. Firstly, the clot
is an amorphous soft tissue with developmental cues that do not provide specific directional
guidance for pulp or dentin regeneration. [24,216] Secondly, the remaining dentin wall that
has been prepared through abrasive files followed by cleaning with sodium hypochlorite is
similar to injured ECM. It releases growth factors which direct odontogenic stem cell
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differentiation of which TGF-ß1 and FGF have been studied extensively. [19,61,72,217]
These growth factors can actively diffuse through the soft blood clot which may lead to the
sporadic calcifications within sift matrices. The presence of an asymmetric porous
membranes can serve two main purposes; Initial separation of the blood clot into two
compartments and to increase initial diffusion distance of the growth factors released from
injured dentin ECM.

This two pronged approach can potentially conserve the

vascularization potential of the blood clot in the center while allowing ECM components
to act of the outer surface. Making a bioactive membrane that can separates the blood clot
(and the SCAPs that are part of it) in two independent compartments may solve the tissue
separation issue. The combination of this membrane (made from FDA approved polymers)
and the PRP together can provide a successful kit that has much better chances to be
patented and approved by the FDA. Due to the immediate need to improve the RET, we
should focus more on looking for candidate therapies that can make it to human trials.

Results derived independently from RT-qPCR, Alizarin Red staining and EDX analysis
show that the CLOSED side of the scaffold supports odontogenic differentiation of DPSC
without the use of induction media. Surface topography (Porosity and roughness) are the
most predominant features that separate the OPEN and CLOSED side of the bilayer
membrane. The pores on the OPEN side of the scaffold are 20-40 um in diameter and the
CLOSED side has pores <5 um which are closed due to thick skin that forms on the surface.
The initial cell-biomaterial interactions in these pore sizes affects cell morphology and cellcell interactions that ultimately result in differentiation through upregulation SIBLING
genes on CLOSED side. The entire pathway of ECM mineralization has been evaluated
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through different biological and chemical analytical regimes and indicates the CLOSED
side for being more favorable to biomimetic matrix mineralization. The differentiation of
the same DPSC cells into two different lineages was brought about without the use of
exogenous induction chemicals. The differences in the physical properties (specifically
surface roughness) on either sides of the bilayer membranes activated odontogenic
differentiation pathways on the CLOSED side only. In vivo large animal implantation in
immature teeth can translate will be require to translate the in vitro potential that has been
established.

The novel membrane that has been developed in this thesis is different from other similar
technologies due to
a. The membrane can differentiate the same stem cells (DPSC) into two different cell

lines, the ones on the CLOSED side have a greater potential to mineralize than the
ones of the OPEN side.
b. The bilayer membrane has two sides; OPEN side serving as a scaffold and

CLOSED side serving as a barrier. Both sides support cell attachment and
proliferation.
c. The differentiation takes place without the use of induction media (dexamethasone,

ß-glycerophosphate & ascorbic acid) or growth factors such as BMP-2 or VEGF.
The surface morphology of the membrane is responsible for the upregulation of
SIBLING protein on one side only, arguably due to cell-biomaterial interactions
discussed in literature. These points make the model more relevant as it is closer to
physiologic conditions.
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d. FDA approved degradable polymer is used in different concentrations for making

either sides of the bilayer. The solvent (DMSO) has also been FDA approved for
formulations for many inflammatory conditions eg. Interstitial cystitis. This
combination can make clinical translation more achievable. Future work should
entail verifying exact amounts of residual solvent that may be remaining within the
membrane.
e. The DIPS process used to make these membranes is easy to scale up for

manufacture as well.

DPSC show elongated aligned cytoskeleton on CLOSED side (See Figure 41 below). It will
be interesting to understand the cellular level differences that are produced by the different
scaffold surface morphologies.

Figure 41: DPSC showing random morphology on surface of OPEN side (left) and elongated aligned
morphology on surface of CLOSED side (Right)

The presence of nanoroughness may cause aggregation and phopshorylation of Focal
adhesion kinases (FAK). There is some evidence that the DPSC may be sending out
projection into the scaffold by degrading the surface of the CLOSED side without
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penetration. These can be seen as bright spots on the surface of CLOSED side. They are
more apparent in the cross sections since the nuclei in blue and detected only on the surface
while the projections show up as bright green (See Figure 42). Further investigation with
anti-vinculin stains can localize the presence of FAK’s.

Figure 42: CLOSED side seeded with DPSC; The surface (Top panel) showing intense pinpoint green spots
which in cross sections (Bottom panel) appear to be cytoskeletal projections into the scaffold. Scale= 50um

The diversity of applications that the scaffold offers should be explored in more details.
Pilot studies have been performed on mouse osteoscarcoma cells (7F2) to look into its
potential to be used as a novel Guided Tissue regeneration membrane. In this application,
it will be used to support periodontal ligament on OPEN side and bone on the CLOSED
side Figure 43. The initial patent application for this primary disclosure for such an
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application has been published online under “Biomimetic scaffold for regenerative
dentistry: WO 2016011039 A1”.

Figure 43: 7F2 cells on OPEN and CLOSED side of laminated membrane at Day proof of concept for
Periodontal ligament regeneration. Scale= 50um

Growth factor printing is another active area that has been assessed. Peptides sequences
such RGD or GRGDS can be printed on either sides of the membrane to mimic
attachment points. Surface modifications such as EDC-NHS chemistry can be used to
obtain spots of peptides. This has been looked at through primary printing of fluorescent
eosin dye with custom designed 3D Bioprinting setup (See Figure 44).

Figure 44: Fluorescent eosin printed using a custom built print head. On Glass (left) showing gradient and
on OPEN side of membrane (right). Scale= 500 um
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Appendix: Supplemental Data

Using melt molding for phase separation: With PLG and PVA (Poly vinyl alcohol):

Figure 45: Forming porosity through melt molding process with PLG and PVA. SEM images, Scale= 50um

Figure 46: Using different temperature ranges followed by leaching of PVA with water. SEM
images.
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Using regular solvent casting with various solvents for creating pores:

Figure 47: Using regular solvent casting techniques provided promising morphology with DMSO (bottom
panel). SEM images
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Glass Transition temperature (Tg) across 4 weeks of degradation in cell culture media
Laminated membranes were cut in 2cm x 2cm squares and kept in cell culture media under
physiologic conditions for 4 weeks. Every week 3 scaffolds were harvested and lyophilized
to measure the changes that degradation brings in glass transition temperature. Results are
displayed below as means and standard error of means using a student’s t-test (two-tailed,
heteroscedastic) for significance with p < 0.05.

Figure 48: Glass transition temperature changes for laminated membranes

Mass loss experiments on independent layers of the membranes
The OPEN and CLOSED (not laminated) side were casted independently and cut in 2cm
x 2xm squares and weighed on a precision mass balance. The squares were immersed in
independent 15 mL centrifuge tubes with cell culture media for 5 weeks under physiologic
conditions (37ᵒ C at 5% CO2). At every week, five scaffolds were harvested, lyophilized
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and weighed again to trace mass loss over time. Results were analyzed in JMP Pro version
12.1 and displayed as a box plot using α < 0.05 for significance with a Tukey’s HSD test (
Figure 49).

Figure 49: Weight loss of independent OPEN and CLOSED layers in cell culture media

Due to large variations in groups it is difficult to provide significant results from this mass
loss trial. Although the box plots do show a divergent trend between the two layers, OPEN
side showing mass loss and CLOSED side showing no mass loss or a slight increase.
pH changes during this degradation phase are displayed as means and standard error of
means as analyzed through JMP Pro software (Figure 50). Although both groups show a
decrease in pH from Day 0, there is no significant differences between sides. These studies
showed no significant differences in pH between the OPEN and CLOSED side.
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Figure 50: pH changes during degradation of the OPEN and CLOSED side independently (not laminated)
during degradation

Equilibrium stiffness through degradation
Bulk mechanical testing of the laminated and independent layers (OPEN and CLOSED
PLG and Laminated membranes) was done using the Bose Electroforce by plotting
equilibrium stiffness.
The laminated membrane or independent membranes were cut into 20.5 mm diameter
circles and suspended independently in 50 mL centrifuge vials filled with 30 mL of DPSC
culture media This setup was kept at 37C in an incubator for up to 8 weeks.
Scaffolds were harvested every 2 weeks and equilibrium stiffness measurement were
recorded using the method below.
Stress relaxation experiments were used to extrapolate the equilibrium modulus of the
films. All tests were conducted on a Bose Electro-force mechanical testing machine with
25 mm diameter compression platens and a 1,000 gram load cell. After being removed
from PBS solution, sample thicknesses were measured with micrometer to calculate
displacements for strain controlled crosshead movements. The geometry of the film disks
did not remain flat during degradation, some samples curled and/or became ruffled near
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their edges. In order to reassert 2-D geometry, contact force was arbitrarily chosen to flatten
each sample. Subsequently, three progressive strain steps were applied at 5, 7.5, and 10%.
Samples were allowed to undergo stress relaxation for 0.5 to 7 minutes per step, until stress
was significantly decayed and approaching an asymptote.
Force relaxation data over time was segmented per strain step, and extrapolations of
equilibrium stresses were made from curve fitting the following equation.
𝜎(𝑡) = 𝜎0−𝐸𝑞 ∗ 𝑒 −𝑘∗𝑡 + 𝜎𝐸𝑞
Equilibrium stress was plotted against strain steps in order to fit a line, wherein the slope
is considered to be equilibrium stiffness.
Statistical Analysis: JMP Pro Version 12.1 was used for statistical analysis which is
represented below as means and standard error of means. Two- way ANOVA was used to
analyze data using Tukey’s HSD test with α < 0.05 for significance.

Figure 51: Equilibrium stiffness of independent and laminated layers showing effect of lamination through
degradation in cell culture media, OPEN, CLOSED and Laminated (Lam)

In the above graph (Figure 51, the stiffness of the laminated group is significantly higher
than the independent layers at Week 0 and remains higher than the OPEN or CLOSED
10
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through 4 weeks of degradation. Also notice how the absence of lamination causes
accelerated loss of stiffness of the CLOSED on its own. This data further supports the our
claims that lamination protects the barrier side (CLOSED) from degrading
.

MATLAB protocol for DPSC penetration studies:
Matlab R2016a was used to interpret cell penetration of DPSCs within the biodegradable
scaffolds, as observed through fluorescent microscopy image stacks of the Laser Scanning
Confocal

Microscope

(LSCM).

The

Bio-formats

Matlab

toolbox

(www.openmicroscopy.org) was used to import the image stacks into Matlab for
morphological measurements and quantification. Images were collected at a resolution of
1024 pixels by 1024 pixels, with a variable number of stacks depending on observed cell
penetration (38 +/- 14 stacks, n=30). Pixel size in the X and Y planes was held constant at
0.365 μm, with a consistent z-stack spacing of 2.5 μm. Three color channels were observed
in each image stack: Dapi (nuclei), phalloidin (cytoskeletal), and reflected light (scaffold).
After importing images, individual color channels were smoothed with a box filter (7 pixels
in the X and Y, and 3 z-stacks tall). Next, individual color channels were normalized and
thresholded individually via Otsu’s method to create black and white images. White pixels
of the nuclei channel were removed from the scaffold channel to reduce channel bleedover. Next, alpha shapes were utilized to classify the clustering of voxels into polyhedral
that represent separate objects (i.e. individual nuclei and scaffold walls); the alpha radius
(or minimal gap between objects) was set to twice the pixel distance in either the X or Y
plane.
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The top surface of the scaffold was determined from positively fluorescent scaffold points
based on three criteria: (1) that they are highest z point per column, (2) that the first XYspatial derivatives are zero representing a flat point, and (3) that the second spatial
derivatives are negative indicating that they are at a peak rather than a valley. These points
were used to create a 2-D map of the local highpoints around each pore opening, which
was fit to a plane via Matlab’s Curve Fitting toolbox (2-D first order polynomial with linear
least squares method). Finally, the cell penetration depth was calculated as the distance
between the planar surface fit and the centroid of each nuclear polyhedra. Histograms were
generated from cumulative statistics of three image stacks from each scaffold seeding side
(open versus closed pores), at three time points (1,2,3 weeks), in duplicate. Bin width was
set at 5 μm.

RT-qPCR: DPSC do not encounter hypoxic stimulation while penetrating into the
scaffold

Figure 52: RT-qPCR for hypoxia transcription factor (HIF1A)
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Figure 53: RT-qPCR for Downstream target VEGFA, relevant to pulp regeneration

Alkaline phosphatase assay and BCA activity: Standard curves used to calculate absolute
values
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Figure 54: Standard curve derivation for ALP standards
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Figure 55: Standard curve derivation for BCA standards
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