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ABSTRACT

When a peripheral nerve injury (PNI) occurs, the gold standard for tissue regeneration is the use
of autografts. However, due to the secondary effects produced by multiple surgeries involved in
the removal and implantation of autografts for very small lesions, it is possible to replace them
with the use of Nerve Guide Conduits (NGCs). However, NGCs are limited to short lesions (less
than 1 cm). This limitation is caused by the absence of compounds in the extracellular matrix
(ECM) that autografts can provide. Since much of the regenerative process takes place on the
NGC surface, our work aims to modify its surface using heparin and collagen coatings, two natural
polymers present in the ECM. Heparin/collagen bilayers (HEP/COL) will increase biocompatibility,
cell adhesion and migration, and allow the incorporation of neurotrophic factors such as Nerve
Growth Factor (NGF). This research evaluates the effects on human Schwann cells (hSCs) when
cultured on a commercial collagen NGC under four conditions: without coatings and with six
heparin/collagen bilayers (HEP/COL)s with and without NGF supplemented to the culture medium
(10 ng/ml). We have exhaustively characterized (HEP/COL)s coatings. The chemical structures of
the polymers, the morphology, and the surface charge of the coatings could be determined. Real-
time analysis of hSCs behavior showed three main phases: adhesion, proliferation, and
adaptation. The adhesion phase was increased in the conditions with (HEP/COL)s, and the
viability studies showed an increase of up to 250% compared to cells grown on polystyrene
without coatings. The cell morphology has never been altered by (HEP/COL)e, as well as the
morphology of the coated NGC. Cell migration was favored, and (HEP/COL)¢ also increased the
expression of some proteins such as BDNF, which promotes the duration of the myelination
process, or TNF alpha, which is a mediator of inflammatory and immune functions. Concerning
the surface modification of a commercial NGC, these studies showed an increase of more than
200% in cell viability when compared to uncoated NGCs. We also determined the presence of
heparin and evidenced the cell adhesion on (HEP/COL)s coated NGCs. In conclusion,

(HEP/COL)s seems to be a promising strategy to improve the performance of NGCs.
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INTRODUCTION

Peripheral nerve injury (PNI) is a lesion that causes damage to peripheral nerve tissue and
prevents nerve function.[1] Therefore, if the PNI severity involves a complete nerve rupture, self-
regeneration is impossible, and a surgical process is necessary to repair the tissue.[1,2] More
than 500,000 surgeries caused by PNIs are reported annually in the United States.[3,4] In these
cases, the most standardized procedure is autograft implantation.[5] However, despite its
significant advantages, the use of autografts implies the possibility that the patient suffers some
adverse side effects such as the appearance of scars, loss of function of the donor site, infections,
or additional surgeries.[3,6,7] As a result, nerve guide conduits (NGCs) have recently been
studied as potential substitutes for autografts.[2] Nevertheless, the challenge is to repair larger
lesions because, due to the lack of components in the extracellular matrix (ECM), NGCs are

limited to short lesions of no more than 1 cm.[2]

Accompaniment with growth factors (GFs) is vital to promote neuronal regeneration when NGCs
are used.[5] However, inefficient methods of dosing GFs result in unintended negative effects [8]
Tissue engineering is advancing in studying and developing biodegradable devices containing
growth factors.[9] Once implemented, their primary function is to release GFs in a controlled
way.[10] The challenge is to improve the performance, biocompatibility, and functionalization of
GFs to NGCs. A simple but effective method to modify the surface of implants is the production
of polyelectrolyte multilayers through the Layer-by-layer (LbL) method.[11] The LbL technique
uses electrostatic interactions between polymers by alternating a polycation to a polyanion to
create stable multilayers. Polyelectrolyte coatings on substrate surfaces are gaining wide
attention from the scientific community. When polymers of a biological character are used, their
properties can be manipulated to bind growth factors and promote their stabilization and

delivery.[12]



Our group has worked hard by combining heparin (HEP) and collagen (COL) polymers to create
multilayers and in vitro assays with different types of cells.[13-17] This research mainly uses six
bilayers HEP/COL or what will be the same (HEP/COL)6. The choice of HEP/COL lies primarily
in two critical factors, their properties as biopolymers and their difference in electrical charge,
negative for HEP and positive for COL.[13-15] Briefly, HEP is present in the ECM, has a strong
negative charge and high GFs affinity, drives axon growth during regeneration processes, and is
widely known as an anticoagulant agent.[18] On the other hand, COL is a protein commonly found
in many tissues and is known as one of the leading providers of support to the ECM; therefore,
its use will decrease the immune response.[19] For this research, our experimental design also
focus on in vitro tests on a Collagen-based NGC approved by the FDA since this type of implant

is ideal for promoting nerve tissue regeneration and generating a low immune response.[19]

The neuron is the fundamental unit of the nervous system and, therefore, of the peripheral nerve.
In some nerve fibers, the axons of neurons are surrounded by Schwann cells, which produce a
compound called myelin, thereby creating a layer along the length of the axon called the myelin
sheath. The function of myelin is to increase the speed of communication between neurons.[20]
SCs play an essential role in peripheral nerve regeneration since they not only produce myelin,
but once PNI occurs, they execute a package of functions in a way known as "Repair Schwann
cells." Among these functions are sending survival signals, producing GFs, activating the immune
response, and facilitating the action of macrophages.[15,21,22] Therefore, it is vital to improving
the abilities of SCs, such as the adhesion, migration, protein expression, and other factors

involved in peripheral nerve tissue repair.



This thesis focuses on three main objectives: (1) the use of the layer-by-layer method to deposit
(HEP/COL)s on different surfaces, including a commercial collagen-based NGC, a complete
characterization of the coatings, and some stability tests; (2) in vitro studies of (HEP/COL)s on
tissue culture polystyrene (TCPS), including studies of proliferation, adhesion, viability, migration,
extension, and protein expression potential by SCs; and (3) the modification of the surface of an

NGC with the use of (HEP/COL)s and some in vitro assays to study the response of the SCs.
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CHAPTER 1. LITERATURE REVIEW

1.1 Peripheral Nerve Regeneration

The nervous system is the platform that communicates, transfers, and integrates the details for
regulation and control of each of their biologic actions, reactions, and intermediate events. This
occurs via a dedicated set of cells (e.g., neurons and glial cells) that together constitute the neuron
fibers, fascicles, nerve ramifications, and overall nervous system that interconnects everything in
the body. A nerve may be damaged due to severe nerve injury (neurotmesis or axonotmesis) [1]
or neurodegenerative diseases (peripheral neuropathy),[2] both requiring medical intervention.
Currently, healing and recovery of the nerves’ fundamental performance remains limited: even
with a successful nerve reconstruction resulting from an autologous nerve transplantation.
Autologous nerve transplantation is the first line therapy (the “gold standard”) as it is ready to
address complicated nerve gaps resulting from a serious wound. It is non-immunogenic and
provides an immediate nerve bridge that contains viable Schwann cells (SCs) and crucial
signaling molecules involved in axonal renewal. However, there are multiple limitations in the use
of autografts, including the potential need for a second surgery, the scar and/or neuroma
formation, the inferiority against the original nerve, and functional loss (only 51.6% may gain a

motor recovery, and 42.6% may obtain sensory healing).[3-5]

In the USA, damage to the nervous system is impacting approximately 20 million people,[4] and
implicates around US $150 billion in annual healthcare expenses.[5] Therefore, significant efforts
and resources for the studies of nerve regeneration strategies have been invested, including a
deep fundamental understanding of the regeneration process using cellular models. Platforms for
3D cell culture have been developed to mimic the native peripheral nerve system (PNS) cell
growth and function, in order to study tissue repair or diseases of the nervous system (e.g.,

Parkinson and Alzheimer).[6—-8] There is a need to introduce better approaches for therapeutic



nerve regeneration. 3D cell culture models provide a practical and empirical way of observing cell
activity and enable the quantification of the possible outcomes under different controlled
conditions. The properties and functions of every cell in a distinct body are already encoded within
the cells, at a level of detail that organizes and supports the complete sequence of biologic events
for the development of cells to their mature stage with a specific role.[9] In the case of a damaged
cell and/or tissue, it is expected that with the appropriate conditions the cells will activate and
respond to specific signals to perform their role in the reconstruction and regeneration of damaged

tissue.[10,11]

Experimental strategies are focused on modeling the ideal settings to provide the appropriate
environment for neurons in an effort to restore a level of performance comparable prior with any
injury. Research in regenerative medicine and tissue engineering uses a variety of polymeric
devices to offer a suitable 3D cellular arrangement that supports neuronal growth and maturation
to produce modern healthcare alternatives.[12] 3D cell culture models will precede in vivo
developments. The general approaches for 3D cellular models are relevant as they are closer to
in vivo systems and enable a more profound perspective of the cell development and fate
characteristics (e.g., via imaging, molecular biology and genomics/transcriptomics techniques,
and other analytical techniques); thus, ensuring the proposed designs, treatments, and potential
benefits are well understood before any test subject is exposed to measured risks, or otherwise

unwanted effects.[8]

1.2 Selection of cells for in vitro models

The use of in vitro cellular models have advantageous features over in vivo models, particularly
those aspects regarding technical complexity, costs, and ethical concerns.[13] The appropriate

selection of cells for the in vitro cellular models will support projections and expectations for



potential in vivo models. Moreover, in vitro cellular models are not necessarily subjected to
regulations as with animal or human models. The goal is to obtain representation of the subject
tissues and translate the research towards clinical developments. Yet, the biological
characterizations made at the laboratory barely exemplifies what is to be expected in normal
conditions, regardless of the source. For this, researchers can use primary cells (cells isolated
directly from human or animal tissue), or cell lines (cells that have been continually passaged over
a long period of time). Cell lines are cost-effective option but may be less physiologically
representative of native cells because cell lines have been immortalized. Primary cells may be
more representative of the native tissue; however, they need to be isolated from animals leading
to increased oversight. Within the PNS, there is increased accessibility to obtain primary cells,
such as SCs from sciatic nerve and neurons or mixed cultures from dissociated or whole dorsal
root ganglia (DRG), compared to CNS cells that typically need to undergo several cell-specific
purification steps. Researchers should select their test subjects strategically considering the
resources available, and in a step wise approach per the progress obtained, and future

developments envisioned.

1.3 Peripheral Nerve Biology

There are two (2) areas defining the nervous system, the central nervous system (CNS) consisting
of the brain and the spinal cord; and the PNS, which is distributed along a large network of
neurons connected to the tissues, organs, and anatomical systems in the body that sustain life.
The nervous system is the channel for inputs and outputs (stimulus and a response) that enables
organisms to become aware of their environment. The nervous system manages all the actions
in a body, either voluntary or involuntarily. For this, different types of neurons are continuously
active: the afferent neurons, which obtain information from the five senses, and pass it to the

CNS; the multipolar interneurons, which relay messages between other neurons within the CNS;



and the efferent neurons, which drive our motor skills via the PNS. If a patient suffers an efferent
fiber injury, they may not be able to move the innervated tissue because the brain impulse would
not relay to the muscle. Likewise, if the impairment happens in an afferent fiber, the brain will not
sense stimulus within the environment. As nerves carry both types of neuron fibers, a combination
of efferent and afferent fibers are affected by injury. There are many levels of complexity among
voluntary and involuntary reactions that are made possible by the nervous system. ldentifying a
situation, deciding what to do next, and performing an action is an example of the communication
of the brain and the body, and the velocity of this process will vary on other factors not in the
scope of this discussion. However, there are some “closed loops” where afferent fibers are directly
connected to efferent fibers, and an impulse does not necessarily reach the brain (e.g., reflexes,

equilibrium, and other involuntary actions).

Nerves are formed as a cascade of conduits inside other conduits.[14] The nerve is surrounded
by a protective tissue known as the epineurium. Inside of it are the blood vessels and neuron
bundles along with conduits called fascicles. As illustrated in Figure 1-1, the neurons can carry
impulses or action potentials to the soma, then propagate the signals along the axon and axon
terminals. The axons are protected by a myelin sheath produced by SCs located within the
endoneurium. Early regeneration of the axon is what prompts the restitution of the nerve
function.[15] There is some regenerative ability in the nervous system,[16] and this is true
specifically in the PNS as it is exposed to macrophages that clear damaged tissue; and later
assisted by SCs, which guide axon regeneration and provide the myelin sheath to support the re-

connection between any gap.[17]

The PNS nerves branches out of the CNS to sense and collect input signals, and it is also
responsible for transmitting the commands that controls muscle movement. The biochemical
explanation of neuronal impulses, also known as potential actions, is described as an electro-

chemical wave propagated within the surface membrane of a neuron. The initial stimulation of



neuron opens channels leading to sodium (Na*) influx that depolarizes the membrane. The signal
propagates as the adjacent section of membrane allows Na+ influx and depolarization. This wave
of depolarization continues at a rapid rate down the neuron, resulting in a nerve impulse traveling

inbound (afferent, sensory) and outbound (efferent, motor) to or from the brain in milliseconds.[14]
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Figure 1-1. Basic structure of a nerve. From Polymeric scaffolds for three-dimensional culture of
nerve cells: a model of peripheral nerve regeneration. Copyright®, Reprinted with permission.

After a severe nerve injury, the axon separates from the soma and, cytokines/GFs surrounding
the injury will recruit and activate macrophages, which then infiltrate the site of injury to clean-up
axon and myelin debris — this is known as Wallerian degeneration.[18,19] Wallerian degeneration
is a controlled phase that extends to the following node of Ranvier, which is a gap in the myelin
sheath that is exposed to the ECM. Wallerian degeneration stops the synapse and communication
between the neural networks leading to atrophy of the associated muscle or gland, which could

become permanently deteriorated if the axon fails to re-establish connectivity.

The neuron gap is defined as two parts: the proximal stump closest to the soma and distal stump
that will degenerate. After macrophages remove the degenerated debris, the soma grows as the

nucleus migrates towards the cell boundaries, and the local non-myelinating SCs at the
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endoneurium align to guide axon regeneration. A regenerated axon sprouts from the proximal
end and grows to join the two ends to reestablish the network connection. To ensure the proper
reconnection, surgery helps to establish a guide for these sprouts leading to eventual re-

innervation, either by using autologous nerve transplant or an engineered scaffold.

During nerve regeneration, the native ECM must be reconstructed. The major components of the
ECM in the nervous system can be divided in four (4) groups: collagens and related molecules
as structural parts (e.g., Types |, Il, 1ll, IV, and V); non-collagenous glycoproteins as binding
agents of cells to mediate their effects or induce cell binding to other molecules (e.g., laminin (LN),
fibronectin, entactin, and vitronectin.); glycosaminoglycans (GAGSs) to facilitate cell migration,
adhesion, and organization, as well as support the formation of proteoglycans by providing the
chains of several functional groups (e.g.,hyaluronic acid, dermatan, chondroitin, keratan,
heparan); and finally proteoglycans, which have been closely associated with fundamental cellular
processes, cell attachment and growth, and cell receptor signaling/binding (e.g.,chondroitin

sulfate, heparin sulfate).[20,21]

1.4 Schwann cells

Glial cells are the main neuronal support cells of the nervous system with the SCs (e.g., S42 cell
line, or primary SC isolated from the sciatic nerve) being the most widely studied for PNS
regeneration.[22—27] These cells contribute to neuron pathfinding by guiding their axons between
the proximal to distal stumps, and by producing myelin sheath to protect them. SCs are so
important to nerve regeneration that further alternatives for them have been explored by using
differentiated stem cells (ADSC or iPSC) to SC-like cells[28-31] or BMSC to effect nerve
regeneration, either by direct and/or indirect paracrine signaling to express glial markers.[32,33]

SCs can be induced from ADSCs cells by addition of glial growth factor and co-culture with SCs.
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A key factor when working with cell differentiation and proliferation is cell density, since it has
been reported that higher cell density equals an increase of cell-cell interactions, which is also

related to the influence of glial growth factor.[34]

Schwann cells (SCs) develop along the following path: Neural crest cells = Precursors of
Schwann cells =& Immature Schwann cells. Once the immature cells are formed, they give way
to two types of Schwann cells: myelinating and non-myelinating.[35] However, despite being two
different kinds of cells, once PNI occurs, both types become a phenotype known as "Repair
Schwann cells" which send signals to neurons to promote their survival, express components of
the ECM (several growth factors) and activate the immune response.[36—38] Given the
importance of this type of cell, a large part of the research for the nervous tissue regeneration

revolves around finding strategies to improve the adhesion and proliferation of SCs.

15 Peripheral Nerve Injury

Peripheral nerve injury (PNI) is defined as damage patrtial or total to the peripheral nerve tissue
that causes the malfunction of the nerve.[39] The main causes for PNIs are the physical trauma,
genetic factors, or immune diseases.[40] There are two fundamental categories for the
classification of PNIs: the Seddon classification that describes pathological damage in a broad
way, and the Sunderlan classification that groups 5 levels of anatomical damage (See Figure 1-
2).[39,41] Although peripheral neurons can regenerate, in the case of PNI this depends on the
severity and damage of the injury. Specifically, Neurotmesis or Category V involves the complete
rupture of the nerve and therefore self-regeneration is not possible. For these cases a surgical
intervention is necessary, and the gold standard is the use of autografts. Due to the negative
implications that these procedures have, such as the risks of infections, loss of mobility, or

additional surgeries; another option is the use of Nerve Guide Conduits (NGCs).[39,41]
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Figure 1-2. The Seddon classification and the 5-levels Sunderland classification of PNIs. [39]

1.6 Nerve Guide Conduits

An Nerve Guide Conduit (NGC) is a cylindrical implant made of synthetic or natural materials that
is placed in the lesion to promote tissue regeneration by functioning as a bridge that connects
both ends of the gap.[41-43] However, there is a need to improve their performance since they
are limited to short lesions (1 to 2 cm) due to the lack of components that autografts can
provide.[41] There are three types of NGCs based on the material of manufacture. The NGCs can
be of the natural type, made with Collagen, silk or Chitosan for example, synthetics (with PCL or
PLLA), or composite that use a combination of polymers either natural-natural, synthetic-

synthetic, or natural-synthetic.[42—-44]

Collagen is a common protein found in various tissues such as skin and bone.[45] Collagen-based

NGCs are ideal for supporting tissue growth or regeneration since they generate a very low
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immune response, are easily broken down and absorbed by the body, and can be used as an
effective system for drug and protein delivery. For our experimentation processes, these studies
will be carried out using a commercial collagen NGC approved by the FDA, generously donated

by Integra LifeScience Corporation, whose trade name is NeuraGen® (See Figure 1-3).

NeuraGenr
Nerve Guide

Figure 1-3. NeuraGen®, a commercial collagen-based NGC.

1.7 The Layer-by-layer method

Layer-by-layer (LbL) is a technique used to produce thin layers or coatings on surfaces, taking
advantage of the sequence-specific electrostatic interactions between polyelectrolytes [1][2]. It
has been widely used for: biomedical applications [3], corrosion control [3], catalysis [4], drug
delivery [5], electrochemical sensing [6], protein purification [7], electrochromism [8], ultrastrong
materials [9], optics and optoelectronics [10], among others [11][12][13]. Figure 1-4 describes the
principle of this method.[38,46] These types of polymeric multilayers can be performed on

different types of substrates such as silicon, glass, or polystyrene of the cell culture plates.[47]
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Figure 1-4. Principle of the Layer-by-layer method. The layer deposition occurs due the ionic
interactions between polymers with different charges.

LbL coatings can be applied on 3D scaffolds and thus mimic or add to the properties of the ECM.
The inclusion of components present in the ECM makes it possible to improve cell proliferation
and adhesion.[48,49] Likewise, the coatings will effectively serve as reservoirs and release

systems for growth factors, peptides, or drugs.[38]

Previously, we have developed coatings with the HEP/COL combination on polystyrene for cell
culture.[50,51] COL, which will be used as a polycation, is characterized as one of the most
important components of the ECM. The main function of COL is to provide support to the ECM,
therefore, when used as a coating, its immune response will be low, and it will be highly
biocompatible.[45] On the other hand, HEP, which has a negative charge and is also one of the
components present in the ECM, has been shown to improve axon growth during the regeneration

of peripheral nerve, and it has a high affinity with different growth factors.[52]
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1.7.1 HEP/COL Multilayers Chemistry and Growth

For natural multilayers of HEP/COL, it was also possible to characterize the physical, chemical,
and mechanical properties using Infrared Variable Angle Spectroscopic Ellipsometry (IRVASE)
and Atomic Force Microscope (AFM). Our results over the analysis of the chemistry of the
multilayers revealed the presence of the characteristic bands of both polymers. Figure 1-5A
shows the spectrum of 3, 6, 9, and 12 bilayers. The intensity of the peaks is more defined as the
number of bilayers increases. For 12 bilayers of HEP/COL the spectrum is more defined,
observing the characteristic peaks of both polymers. For both collagen and heparin, the amide |
or NH; peak 1628 cm, and the amide Il peak at 1512 cm™ are observed [15][50][51][52]. In this
spectrum, it is also possible to identify other characteristic peaks of HEP such as: CH: scissoring
at 1442 cm?, SOz at 1211 cm?, C-N stretching at 1072 cm? & 1026 cm?, and the C-O-S
stretching vibration at approximately 987 cm™ [15][49]. Thus, the characteristic peaks of collagen
and heparin are observed. Similar results are presented by N. Huang and his team when they
prepared multilayers of collagen type | and unfractioned heparin over titanium substrates [35][34].
In these studies, they used HEP/COL films as an anticoagulant coating over titanium
cardiovascular implants [34]. They also investigated the effect on coagulation of the degradation
of the HEP/COL coating [35]. Of note, we were not able to obtain spectra of any of the multilayered

films using the FTIR-ATR equipment.

For HEP/COL films, the behavior of growth and roughness shows a linear tendency with
increasing number of layers (Figure 1-5B and 1-5C). Thicknesses of 44.72 nm, 91.26 nm, 128.8
nm, and 162.44 nm were obtained for 3, 6, 9 and 12 bilayers, respectively (Figure 1-5B). An
average of 12.66 nm in increase of thickness per bilayer was observed. A significant difference
of p < 0.01 in the thickness measurements between 6, 9, and 12 multilayers compared with 3

bilayers is observed. Also, a significant difference of p < 0.05 was obtained between 9 and 12
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bilayers. Jian Ji and her team, who also worked with a HEP/COL system [39], found the same
linear behavior in the construction of the films. In their work, they used low molecular weight
heparin and collagen type | from bovine cartilage. They dissolved the polymers in acetate buffer
solution (0.018 M NaAc, 0.082 M HAc, 0.14 M NacCl, pH 4.0) at 1 mg/mL. Their ellipsometric

results showed a thickness of approximately 14 nm for one bilayer, which is close to our results.

Analyzing the roughness and the topographic images (Figure 1-5C and 1-5D), it is possible to
observe that as the number of bilayers increases the roughness also increases. For 3, 6, and 9
bilayers of HEP/COL, our results show roughness of 33.58 nm, 101.66 nm, and 163.06 nm,
respectively. A significant difference of p < 0.01 in the roughness measurements between 6, 9
and 12 multilayers compared with 3 bilayers is observed. A significant difference of p < 0.05 was
obtained between 6, 9, and 12 bilayers (Figure 1-5C). Chau-Chang Chou and his group [36] in
one of their works evaluated 5 and 15 bilayers of HEP/COL to study the blood compatibility and
adhesion of multilayers coated on cp-Ti substrates. They used heparin sodium salt at 5 mg/mL in
DI water and collagen type | derived from bovine Achilles tendon dissolved in 0.2 M acetic acid at
2.5 mg/mL in DI water at pH 4. Their results obtained for roughness by AFM indicated an average
of 110 nm for the multilayer system composed of 5 bilayers, which resembles a close relationship

to 101.66 nm obtained for our polymeric system of 6 bilayers.
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Figure 1-5. Multilayer growth, chemical, and physical characteristics for HEP/COL system by
IRVASE. A) Spectrum of plain substrate, 3, 6, 9, and 12 bilayers, B) Thickness vs. number of
bilayers, C) Roughness vs. number of bilayers and D) Surface morphology as measured by AFM
of: Substrate, 3 bilayers, 6 bilayers, 9 bilayers and 12 bilayers. The error bars indicate the
standard deviation of the samples as is described in the materials and methods section. The p-
values < 0.01 are represented by #, @, &, ¢ and ©. The p-values < 0.05 are represented by $,
% and !. The bars that have the same symbol are statistically different. Reprinted from[51],
Copyright 2018, with permission from Elsevier.
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CHAPTER 2. Real-time monitoring of human Schwann cells on heparin-collagen

coatings reveals enhanced adhesion and growth factor response

2.1 Abstract

In this work, we evaluate the enhancing effect of six bilayers of heparin/collagen (HEP/COL)s
layer-by-layer coatings on human Schwann cell (hSCs) adhesion and proliferation in the presence
or absence of nerve growth factor (NGF). hSCs behavior and in vitro bioactivity were studied
during six days of culture using end-point viability and proliferation assays as well as an
impedance-based real-time monitoring system. An end-point viability assay revealed that hSCs
cultured on the (HEP/COL)s coatings increased their growth by more than 230% compared to
controls. However, an EdU proliferation assay revealed that the proliferation rate of hSCs in all
conditions were similar, with 45% of cells proliferating after 18 hours of incubation. Fluorescence
microscopy revealed that hSCs spreading was similar between the tissue culture plastic control
and the (HEP/COL)s. The presence of NGF in solution resulted in cells with a larger spread area.
Real-time monitoring of hSCs seeded on (HEP/COL)s with and without NGF reveals that initial
cell adhesion is improved by the presence of the (HEP/COL)e coatings, and it is further improved
by the presence of NGF. Our results suggest that (HEP/COL)s coatings enhance Schwann cell
behavior and response to NGF. This simple modification could be applied to current nerve

regeneration strategies to improve the repair of damaged nerve.

2.2 Introduction

Peripheral nerve injuries exceed $150 billion annually in medical expenses in the US, and
surgeries with the use of autografts (a nerve from the same patient) are the "gold standard" to

treat these types of injuries. However, the use of grafts can cause pain, scarring, or other diseases
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at the donor site.[1-3] One of the biggest challenges is to replace the autograft with an artificial
guide conduit, which can repair significant gaps (lesions larger than 1 cm). This achievement
would only be possible if the conduit surface enhances the development and interactions of cells

with the extracellular matrix (ECM).[4,5]

When an injury to the peripheral nervous system (PNS) occurs, a crucial stage of collaboration
between macrophages and neurons is facilitated by human Schwann cells (hSCs).[6] Schwann
cells arise from a group of neural crest cells, which in turn generate the precursors of Schwann
cells. Then, these precursors become another type of cell known as immature Schwann cells.
Finally, once formed, immature cells produce two types of Schwann cells: myelinating and non-
myelinating.[7] A nerve lesion causes Schwann cells (of both kinds) to become a phenotype
responsible for promoting repair, by sending the signals necessary for neuron survival.[8]
Additionally, Schwann cells develop other essential functions such as the activation of the immune
response,[6] the expression of components of the ECM, and efficient destruction of remains of
damaged peripheral nerve.[9] Mature myelin-forming Schwann cells are responsible for
regulating the gene expression for the production of myelin. Similarly, Schwann cells release
several cytokines and neurotrophic factors such as the nerve growth factor (NGF), brain-derived
neurotrophic factor (BDNF), and ciliary neurotrophic factor (CNTF). In this way, Schwann cells
contribute greatly to the replacement of injured neurons and allow the extension of the
axon.[1,8,10-13] Since Schwann cells functions involve a series of challenging steps, this type
of cells are essential for the repair of PNS lesions. Therefore, there is a need to find strategies at

the therapeutic level to improve hSCs response and proliferation.[12,14]

The ECM is composed of a series of biomacromolecules such as proteins, glycoproteins,
proteoglycans, and polysaccharides.[15] Therefore, surfaces interacting with cells must have

properties similar to the ECM.[16] For surface improvement, the layer-by-layer (LbL) technique
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has gained significant importance in the last two decades, thanks to the manufacturing of stable
and biocompatible coatings.[17-19] LbL method uses electrostatic interactions to build
multilayers that modify the surface properties. In this manner, cellular response is favored through
the interaction with natural or synthetic polymers.[17] An important application of the LbL
technique is the modification of biodegradable 3D scaffolds to mimic native ECM and enhance
cell growth and adhesion. Also, the scaffolds serve as a reservoir for the storage and release of
growth factors.[19,20] The technique is relatively simple, and the coatings are achieved by a
sequential changing of the net surface charge, which allows the adsorption of the polyelectrolytes
by the interactions of opposite charges (Figure 2-1A).[17,21] Additionally, because of the nature
of the polymers used, a wide variety of in vitro assays can be made without the stability of the
films being affected by culture media.[22,23] Furthermore, not only polymers but also peptides,

proteins,[18,24—26] viruses,[27] or drugs[2,28] can be deposited in LbL films, which makes the

technique even more versatile.

One of the major components of the ECM is collagen.[29] This natural protein provides the
structural basis for the ECM, is biocompatible, and elicits a low immune response.[29]
Additionally, collagen allows the manufacturing of different types of scaffolds such as fibers,

sponges, or hydrogels, and is currently used efficiently in nerve tissue regeneration.[30,31] On

the other hand, heparin is a polysaccharide of great use. This polymer is highly present in the
ECM and has a strong negative charge as well as a specific affinity with multiple growth factors.
Heparin has also been shown to improve the growth of axons in peripheral nerve lesions.[24] Our
group has developed heparin/collagen (HEP/COL) LbL coatings as surfaces for cell
culture.[18,21] Specifically, we have shown that mesenchymal stromal cells have an enhanced
response to growth factors when cultured on these coatings.[18] In our previous work, we
demonstrated that the chemistry of the coatings is maintained for temperatures between 25 to

37°C. Also, as the number of bilayers increases, the growth of bilayers occurs in a linear manner,
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which allows the coatings to be adjusted to the desired application.[21] Spectroscopic ellipsometry
and quartz crystal microbalance with dissipation have been used to measure the stability of
HEP/COL LbL coatings. Li et al. showed that after 18 hours in incubation in phosphate-buffered
saline, five bilayers of HEP/COL coatings remained stable.[32] In a recent work, Cifuentes et al.
demonstrated that after 30 days of manufacture, the characteristic functional groups for heparin
and collagen were present confirming the structural presence of the coatings.[23] HEP/COL LbL
coatings are being used[33] with the incorporation of neurotrophic factors such as NGF to release

the neuropeptide by diffusion and promote cell regeneration more efficiently.[24]

This research aims to improve the proliferation, adhesion, and viability of hSCs. The action of
surfaces modified by LbL coatings minimizes any adverse effect on development and cell
morphology. In the same way, this work seeks to study the real-time behavior of cultured cells on
heparin-collagen films. We evaluated the response and real-time growth of hSCs over four
conditions including tissue culture polystyrene (TCPS) and TCPS coated with six bilayers of
HEP/COL combination, which will be noted as (HEP/COL)s (see Scheme 2-1). We also used NGF
added to the culture medium as a supplement. Viability, proliferation, morphology, and adhesion
were analyzed using specific assays and by fluorescent microscopy. Finally, we evaluated
whether the the bioactivity of the NGF was altered by the (HEP/COL)s coatings by culturing PC-

12 cells in the presence or absence of NGF.
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Scheme 2-1. Schematic illustration for experimental study of hSCs cultured on four different
surfaces: TCPS, TCPS + NGF in solution, (HEP/COL)s, and (HEP/COL)s + NGF in solution.
Reproduced from [53]with permission from the Royal Society of Chemistry.

2.2 Materials and Methods
2.2.1 Cell culture

Human Schwann cells from ATCC® (sNF96.2 ATCC® CRL-2884™), from a 28-year-old male,
were used between passages 17-20. hSCs were grown in Dulbecco’s Modified Eagle’s Medium
from SIGMA-ALDRICH® (Cat. # D5648) containing 10% Fetal bovine serum from Gibco® (Cat. #
10-437-028),1% Penicillin-streptomycin  from SIGMA-ALDRICH® (Cat. # P4333) and
supplemented with sodium bicarbonate and sodium pyruvate. PC-12 Cells from ATCC (ATCC®
CRL-1721™), from a male rat, were used between passages 5-7. PC-12 cells were grown in

RPMI-1640 Medium from SIGMA-ALDRICH® (Cat. # R6504) containing 5% Fetal bovine serum
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from Gibco® (Cat. # 10-437-028), 1% Penicillin-streptomycin from SIGMA-ALDRICH® (Cat. #
P4333) and supplemented with sodium bicarbonate. Both types of cells were incubated in a humid

incubator at 37°C with an air atmosphere containing 5% CO..

2.2.2 LbL coatings fabrication

(HEP/COL)s were constructed as described in our previous works.[18,21] Briefly, Lyophilized type
| collagen sponges (generously donated by Integra Lifesciences Holdings Corporation, Afiasco,
PR), sodium heparin produced by Celsius Laboratories, Inc. (Cat. # PH3005) and poly-(ethylene
imine) (PEI) (50% solution in water, Mw = 750,000) from Sigma-Aldrich (Cat. # P3143) were used
to perform the multilayer polymer coatings in the wells of microplates. All polymer solutions were
prepared at a concentration of 1.0 mg/mL in sodium acetate buffer (at pH=5 for HEP and PElI,
and pH=4 for COL). We used sodium acetate buffer at pH=5 as the washing solution, and ultra-
pure water from a MilliporeSigma™ Direct-Q™ 3 (Cat. # ZRQSVP3US) at 18.2 MQ-cm to prepare
the solutions. To produce a strong positive charge, we performed an anchoring layer prior to
HEP/COL coatings fabrication by adding the PEI solution for 15 minutes to each well and following
with a washing step for 3 minutes. After this, HEP and COL were deposited for 5 minutes
alternating with an intermediate wash of 3 minutes. This procedure was done to form one bilayer
and was repeated 6 times to reach (HEP/COL)s. As a final step, a wash was performed with
phosphate-buffered saline (PBS 1X) from Thermo Scientific™ (Cat. # 28372) for 3 minutes, and
the wells were left with 200 pL of PBS. A UV sterilization step was performed for 10 minutes

before cell culture.
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2.2.3 Physicochemical characterization of (HEP/COL)s

2.2.3.1 Chemical composition and thickness of (HEP/COL)s

(HEP/COL)s were created on silicon wafers from WRS Materials (resistivity of 5-10 Ohm-cm and
thickness between 356—406 um). A StratoSequence VI Robotic Unit was used for the automated
multilayers processing on silicon according to the method illustrated in Figure 1A. After drying the
samples completely, an Infrared Variable Angle Spectroscopic Ellipsometry device (IR-VASE® -
Mark I, J.A. Woollam Co., Inc. IR-VASE, Lincoln, Nebraska) was used to determine the chemical
composition and thickness of the multilayers. The analysis was performed with a DTGS detector
under the following parameters described in one of our previous publications:[21] a wavenumber
range from 800 — 1800 cm-1, a spectral resolution of 16 cm-1, an angle of incidence of 70°, 200
scans per cycle, 2 cycles, a bandwidth of 0.01 um, a minimum intensity ratio of 2, zone average

as polarizer, single position as RCE analyzer, and sample type as Isotropic.

2.2.3.2 Topography analysis of (HEP/COL)e

An Agilent Atomic Force Microscope (AFM), model 5500 (Keysight Technologies, Santa Rosa,
CA), and a Laser microscope & 3D profile measurement (VHX-7000 Series Digital Microscope)
from Keyence were used for the topographical characterization of (HEP/COL)6. To analyze the
topography by AFM, measurements were performed using a silicon SPM sensor cantilever for
contact mode (Cat. # N9832B). All measurements were carried out in the air, under ambient
conditions, and each image measurements on a sample correspond to 512 x 512 pixels. The

scanning speed used was 1.96 lines/s. The size of the scanned area was 80 x 80 um.
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2.2.3.3 Surface charge of (HEP/COL)s

The surface charge of 1.5, 3, 4.5, and 6 bilayers was analyzed by Z-potential studies using an
instrument from Beckman Coulter Delsa NanoHC, Brea, Ca (Cat. # A53879). A flat surface cell
(Beckman Coulter P/N A54117) was employed for the determination of zeta-potential on the
polymeric surface. Dry samples were immersed in the feed solution with predefined pH value for
the measurement of zeta-potential. NaCl was used for calibration. Triple measurements were

carried out.

2.2.3.4 Qualitative colorimetric determination of heparin deposited within

(HEP/COL)s

We prepared wells with 1, 2, 3, 4, 5, and 6 bilayers on 24-Well Corning™ Costar™ flat-bottom
polystyrene microplates (Fisher Cat. # 07-200-740, area of 1.9 cm?/well) following the procedure
described in Section 2.2 (LbL coatings fabrication). The microplate was dried for 3 hours in a
laminar flow hood. Once the samples were completely dry, 1 mL of Taylor's Blue dye solution was
added on each well. Taylor's Blue dye solution was prepared by adding 0.76 g of Glycine
Ultrapure Bioreagent from J.T. Baker (VWR Cat. # JT4059-0), 0.59 g of Sodium chloride (NaCl)
from VWR Chemicals (Cat. # BDH9286-500G), and 4 mg of 1,9-Dimethyl-Methylene Blue zinc
chloride double salt (Taylor's Blue dye) from Sigma-Aldrich (Cat. # 341088-1G) in 23.75 mL of
0.1 M HCI and completed with deionized water up to 250 mL. Reaction between heparin and
Taylor's blue dye solution was allowed by incubation at room temperature for 30 minutes. Then,
we removed Taylor’'s blue dye solution and added to each well 1 mL of the Dissociating agent
solution (3M GuHCI solution), which was prepared by dissolving 5.74 g of Guanidinium chloride
from TCI (VWR Cat. # TCG0197-025G) in 20 ml of PBS. The microplates were shaken at 750

rpm for 10 minutes to facilitate the release of the heparin molecules adhered to Taylor's Blue dye
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into the dissociating solution. 200 pyL of each sample was transferred to a 96-well Corning™
Costar™ flat-bottom polystyrene microplate (Fisher Cat. # 07-200-87), and we read the
absorbance at 653 nm at the endpoint using a BioTek Multi-Mode Microplate Reader (Model

Synergy™ 2).

2.2.4 Experimental design

Time points and the initial number of cells were selected according to the nature and sensitivity
of the specific method used and by performing a preliminary qualitative trial for cell confluence
after three days of cell culture on an uncovered surface and on (HEP/COL)s (Figure 2-S1,

Appendix).

2.2.4.1 Human Schwann cells culture conditions

(HEP/COL)s were constructed on Corning™ 3603 96-Well clear bottom black polystyrene
microplates (Fisher Cat. # 07-200-565, cell growth area of 0.32 cm2 per well) to culture hSCs and
analyze their behavior under different conditions. In this study, we analyzed cell proliferation,
viability, and morphology in 2 different conditions: on (HEP/COL)s with and without recombinant
human beta nerve growth factor (NGF) from R&D Systems (Cat. # 256-GF/CF) added to the
culture medium. Cell cultures were also performed as the controls on TCPS with and without
NGF. All the cultures were done in a quadruplicated manner for 3 and 6 days. For cultures with
NGF in solution, NGF was evaluated at a concentration of 10 ng/mL dissolved in the culture
medium. This concentration was determined by a preliminary study and consulting the

literature.[34—36]
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2.2.4.2 Human Schwann cells viability on (HEP/COL)s

We quantitatively measured hSCs viability using the PrestoBlue™ cell viability reagent from
Invitrogen (Cat. # A13261). PrestoBlue is modified by the reducing environment of the cells and
becomes a fluorescent reagent.37 A concentration of 25000 cells/cm2 was seeded for each
condition. After 6 days of culture, the medium was removed, and 100 uL of fresh culture medium
was added with PrestoBlue Reagent in a 9:1 ratio according to the protocol of the manufacturer.
The cells were incubated for 3 hours, and the fluorescence intensity measurement was
determined with a BioTek Multi-Mode Microplate Reader (Model Synergy™ 2). According to the

protocol, the reading was made by fluorescence with excitation/emission of 560/590 nm.

2.2.4.3 Human Schwann cells proliferation on (HEP/COL)s

We measured the ability of cells to proliferate using the Click-iT™ Plus EdU Alexa Fluor™ 488
imaging kit from Invitrogen (Cat. # C10637). A concentration of 6250 cells/cm2 was seeded for
each of the conditions previously described (see section 2.4.1). After three days of culture, the
medium was removed, and EdU solution was added according to the protocol provided by the
manufacturer. The EdU solution was left in incubation for 18 hours, and then the samples were
washed with PBS and fixed with 3.7% formaldehyde for 15 minutes. The protocol states a
permeabilization stage with a 0.5% Triton® X-100 solution and several washes with 3% BSA
(bovine serum albumin). Then the Click-iT™ reaction cocktail was added for detecting EJU and
followed again by several washes with 3% BSA. An additional stage was performed for nucleus
staining with Hoechst 33342 from Invitrogen (Ref. # H3570) and finished with several washes
using PBS. A Leica inverted fluorescence microscope (Model: DMIL LED Fluo with a Leica

DMFC3000 G camera) was used to take photographs of the cells. A filter with excitation/emission
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of 495/519 nm was used to detect Alexa Fluor™ 488. ImageJ software was used to determine,

by counting in the images, the percentage of positive nuclei for EdU.

2.2.4.4 Real-time monitoring of human Schwann cells behavior

(HEP/COL)s were constructed on the wells of an ACEATM E-Plate L8 (Cat. # 300600840, cell
growth area of 0.64 cm? per well), and hSCs at a concentration of 25000 cells/cm? were seeded.
hSCs growth was evaluated under three different conditions using LbL coatings: on uncovered
sensors, on (HEP/COL)s and (HEP/COL)s with NGF. NGF was also evaluated by adding 10 ng/mL
to the culture medium. We monitored a cell culture as a control on the surface of uncoated
sensors. All assays were done in duplicate. A Real-Time Cell Analyzer (RTCA) iCELLigence
instrument from ACEA Biosciences Inc. (Cat. # 380601000) was used to measure real-time cell
behavior. According to the iCELLigence Guide protocol described by the manufacturer, the
instrument was initially equilibrated in the incubator for 2 hours. There was no condensation
formed on the station after that period. The RTCA was used for monitoring cell proliferation and
attachment every 10 minutes. The experiment was carried out for 5 days of cell culture (120

hours). We performed fluorescence imaging to analyze cell morphology.

2.2.4.5 Fluorescent imaging for cell morphology and extension

Fluorescent staining to study cell morphology was performed for the detection of the blue
fluorescent dye Hoechst 33342 from Invitrogen (Ref. # H3570). This dye stains the nucleic acid
because is permeable to the cell. Additionally, we detected the red-orange fluorescent dye
ActinRed™ 555 ReadyProbes™ from Invitrogen (Ref. # 37112), which is selective to Actin F (a
fundamental component of the cellular cytoskeleton). After three days of culture, the medium was

removed, and the cells were fixed with 3.7% formaldehyde solution for 15 minutes. The samples
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were washed several times with PBS to continue with a permeabilization stage for 10 minutes
with Triton X100. This step allows the entry of the dyes by incubating the cells. ActinRed™ 555
was first added with an incubation period for 30 minutes and then Hoechst 33342 for 10 minutes.
Both dyes had washing steps with PBS before and after being added. For cell imaging, we used
a Leica inverted fluorescence microscope with a standard DAPI filter (excitation/emission of
350/461 nm) for Hoechst 33342, and a standard TRITC filter (excitation/emission of 540/565 nm)
for ActinRed™ 555. Measurement of the cell area in the different cell culture conditions was made
using ImageJ software for images at 20X. We took 6 photos for each culture condition. For each

photo, 20 cells were randomly selected to obtain a total of 120 measurements per condition.

2.2.5 PC-12 cells gualitative response to (HEP/COL)s

Due to their ability to respond to NGF,[33] PC-12 cells were used in a qualitative test to evaluate
the bioactivity of NGF in the presence of (HEP/COL)s. TCPS coated with poly(l-lysine) was used
as a control as a known surface to promote adhesion of PC-12 cells. The cultures were carried
out with and without NGF. A cell concentration of 25000 cells/cm? was used in 96-well plates. The

cells were cultured for six days.

2.2.6 Statistical analysis

The results were compared for the conditions where (HEP/COL)6 was used by a one-way
analysis of variance (ANOVA). P-values <0.05 were considered statistically significant. The
statistical analysis was carried out using SigmaPlot 14 software. The results are presented with

the standard error of the mean (SEM).

34



2.3 Results and Discussion
2.3.1 Characterization of (HEP/COL)s Layer-by-Layer films

To confirm the chemical deposition of the polymers, (HEP/COL)s were constructed on flat silicon
samples applying the method described in Figure 2-1A. The samples were analyzed using an
IRVASE to determine the chemical composition of the coatings as well as their thickness. Figure
2-1B shows the IRVASE spectrum of (HEP/COL)e. The characteristic peaks for amide | and amide
Il present in both collagen and heparin can be observed in the approximate regions of 1620 and
1530 cm™, respectively. Also, some usual peaks for HEP were found, such as the band that
represents the CH. scissoring close to 1430 cm?, and SOs in1210 cm™? (Ref. [21]). For this

sample we obtained a thickness of 91 nm which is consistent with our previous results.[21]

The spectrum in Figure 2-1B confirmed the characteristic bands for heparin and collagen, as
described in one of our published work, where this system was thoroughly characterized. [21] We
demonstrated that the IRVASE technique is useful for determining the chemical composition of
coatings on surfaces. [21] IRVASE results were validated by comparing the spectrum of each

polymer obtained by the Fourier Transform Infrared Spectroscopy (FTIR) technique.[21]

The intensity of the peaks increased as the number of bilayers was higher. The same behavior
was obtained for the thickness in the HEP/COL bilayers. As the number of bilayers increased, the
thickness of the coatings increased linearly with an average of 12 nm per bilayer. [21] In the same
way, we were able to identify the effect of temperature on HEP/COL films, and we can affirm that
in the temperature range of 25 to 37 ° C, the chemistry and thickness of the coatings is not
affected. A temperature higher than 37 °C produces a decrease in the thickness and in the
intensity of the characteristic peaks in the spectra, which suggests a possible polymer

degradation.[21]

35



Z-potential measurements also confirmed that HEP/COL multilayers were successfully deposited
on the substrate. Figure 2-1C shows the charge values of 1.5, 3, 4.5, and 6 bilayers. These
results showed that the Z-potentials of the HEP/COL multilayers alternated from negative to
positive depending on the layer added. As heparin is a polyanion, this polymer has a negative
charge, which can be observed for 1.5 and 4.5 HEP/COL bilayers (See Figure 2-1C). Similarly,
the formation of the polymeric layers on the surface also was confirmed using the AFM technique
and a laser microscope 3D. Figure 2-1D shows an AFM image of (HEP/COL)¢ after heating the
multilayers on the substrate at 37 °C for 30 minutes (simulating temperature of incubation). This
image demonstrates that the surface is still coated for the (HEP/COL) films after it is heated at
incubation conditions. A 3D image of (HEP/COL)s maintained at room temperature is shown in
Figure 2-1E. Like AFM results, the 3D image also reveals the characteristic roughness
topography of HEP/COL bilayers, as reported in our recent study,[21] and shows that the coatings

occur on most of the surface.

Qualitative determination of heparin contained in (HEP/COL) bilayers was performed using a
variation of the Taylor’s Blue colorimetric method defined by Ferreira et al.[37] Figure 2-2 shows
the absorbance values obtained for samples with 1 to 6 bilayers constructed in microwells. It was
possible to observe the color change in the Taylor's Blue dye solution corresponding to the
positive detection of heparin contained in the bottom of the microwells (from blue to purple / violet).
A detailed sequence of changes in coloration is explained in the Figure 2-S2 in the appendix.
Finally, the Dissociating agent solution changed from colorless to light blue as the heparin
molecules adhered to the dye were dissolved. A higher tone in the range of blue coloration in the
Dissociating agent indicates a higher heparin content per bilayer. This behavior could be
confirmed by determining the absorbance values of each sample. We found a linear increase in
absorbance from 1 to 6 bilayers, 0.17 to 0.39 units, respectively, and it was possible to establish

a constant average increase close to 0.043 absorbance units for each bilayer added (Figure 2-
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2). This result strongly agrees with the behavior of the thickness determined by IR-VASE, which

also showed a linear increase related to the number of bilayers.[21]
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Figure 2-1. A) Scheme of the LBL process by immersion of a flat substrate on beakers. Polyanion
and polycation represent the immersion in solution of negatively (heparin) and positively
(collagen) charged polymers, respectively, (B) IRVASE spectrum of (HEP/COL)6 on silicon flat
substrates, (C) charge values for coatings with 1.5, 3, 4.5, and 6 bilayers of HEP/COL, and (D)
AFM image of (HEP/COL)6 at 37 1C, and (E) 3D image of (HEP/COL)6 at 25 1C. Data set for
(C) is presented as the mean + standard deviation of n = 3 samples. Reproduced from [53] with
permission from the Royal Society of Chemistry.

2.3.2 PrestoBlue viability assay on (HEP/COL)s after six days of cell culture

The PrestoBlue reagent was used for indirectly measuring cell viability after six days of culture. A
cell concentration of 25000 cells/cm? was used in 96-well plates (working volume 200 um). hSCs
were seeded on TCPS and on (HEP/COL)s with and without NGF.TCPS without NGF was
selected as the positive control and its fluorescence intensity was normalized to 100%. We
evaluated all other conditions in relation to the positive TCPS control. Cultures on TCPS with NGF

showed fluorescence intensity values close to 130%, indicating an approximate increase of 30%
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in cell number in the presence of soluble NGF. hSCs viability greatly increases in the culture
conditions where (HEP/COL)s were used. For these two conditions (HEP/COL)es with and without

NGF in solution, the values obtained were 255% and 226%, respectively (Figure 2-3B).
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Figure 2-2. Absorbance values at 653 nm for heparin samples dissolved in Taylor's blue dye
solution applied to coatings with 1, 2, 3, 4, 5, and 6 bilayers of HEP/COL. Data are presented as
the mean + standard deviation of n = 4samples. Reproduced from [53] with permission from the
Royal Society of Chemistry.

Again, an approximate 29% increase in cell viability is observed. Coatings with (HEP/COL)s
demonstrated hSCs with a significant increase in cell viability of up to more than twice above the
control. Although (HEP/COL)s without NGF greatly improves cell behavior, the effect of soluble
NGF shows an increase in cell viability of up to 30%. The use of NGF has a considerable impact
on the conditions with (HEP/COL)s; suggesting that there is a synergistic action of both
components. Also, when the TCPS and (HEP/COL)s conditions are compared, the fluorescence
images showed a huge difference in cell confluence, represented by blue nuclei (see Figure 2-

3A). The response of hSCs to different surfaces has not been studied extensively; nevertheless,
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other studies have obtained similar results. It has been shown that rat Schwann cells can increase
their proliferation by up to 130% in implants with titanium or hydroxyapatite coatings without
presenting any alteration in their morphology.[14] In a recent study, our group recently
demonstrated that human mesenchymal stromal cells (hMSC) showed an increase in their
proliferation and protein expression when they were grown in multilayers of HEP/COL
supplemented with a cytokine known as interferon-gamma (IFN-y).[18] Coatings of 5.5 bilayers
applied through the LbL method to aligned poly-L-lactide (PLLA) nanofibers were used to
encapsulate and release NGF to Schwann cells and PC-12 cells. Both types of cells showed a
significant increase in growth, and PC-12 displayer neurite formation in response to NGF.[24] Our
coatings may provide a more ideal surface to the hSCs thanks to the presence of the ECM
compounds. However, since the PrestoBlue assay is specifically a viability test, which detects
only living cells, our results may indicate that either cell adhesion or proliferation —or both—

increase when hSCs are in contact with (HEP/COL)s.
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Figure 2-3. PrestoBlue Viability assay for cultured hSCs. (A) Representative fluorescence
microscopy images of hSCs nuclei labeled with Hoechst after 6 days of culture. Cellular behavior
in cell cultures on TCPS and on (HEP/COL)s coatings with and without NGF, and (B) viability
percentage for hSCs on TCPS and on (HEP/COL)s coatings with and without NGF after 6 days
of culture. Data are presented as the mean + standard deviation of n = 8 samples. The p values
<0.05 are represented by **. Reproduced from [38] with permission from the Royal Society of
Chemistry.

(HEP/COL),
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2.3.3 EdU proliferation assay on LbL-Coatings after three days of cell culture

hSCs were labeled with 5-ethynyl-2'-deoxyuridine (EdU) to measure whether the cells have some
alteration in the capacity to proliferate under different cell culture conditions. Since EdU binds to
the DNA of the cells that are proliferating,[38] EdU is considered as a specific assay for cell
proliferation and allows for the determination of if the HEP/COL coatings directly affect

proliferation.

After three days of cell culture, we incubated hSCs with EdU for 18 hours. We decided to seed
the cells for three days with an initial density of 6250 cells/cm?, since due to the sensitivity of the
method when using this initial number of cells, full confluency was not reached after three days
of culture, which allowed for an accurate EdU reading. Followed by the incubation period, the
cells were fixed, nuclei were counterstained with Hoechst, and were visualized using fluorescence
microscopy. Cells that are positive for EAU show their nuclei stained with a different color (green
on Figure 2-4A). hSCs were seeded on TCPS with and without NGF added (at 10 ng/mL). TCPS
without NGF was treated as the control culture condition. Additionally, hSCs were seeded on
(HEP/COL)s with and without NGF. We determined the percentage of the cells which were
positive for EJU in relation to the total amount in the field of view (labeled with DAPI). The results
can be seen in Figure 2-4. It is not possible to identify an obvious difference in the images of
Figure 2-4A due to the closeness of the results (between 40 and 47% approximately). After the
cell culture period, the exposure to EdU at an equal concentration for all culture conditions showed
average results close to 43% of cells positive for EDU. The ANOVA results indicate that there is
only a significant difference between the condition with (HEP/COL)s with NGF and the TCPS

control.

(HEP/COL)s did not alter the ability of hSCs to proliferate even under culture conditions where
NGF was not used. After 18 hours with EJU, hSCs showed normal behavior during the incubation

time, and the percentage of positive cells for EdU is similar in all conditions compared to the TCPS
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culture. We obtained the highest percentage values for culture on (HEP/COL)s with NGF
dissolved in the culture medium, where some trials showed results close to 47% of cells positive
for EdU. This finding could be due to the affinity and coupling interactions between heparin and
many types of proteins, which could increase the behavior of hSCs by offering a more favorable
environment for cell development.[18] Our results suggest that the synergistic combination of
(HEP/COL)s and NGF slightly increase the proliferation of hSCs and, at the same time, show that
(HEP/COL)s favor cell adhesion more than proliferation. However, there is an indirect increase in
proliferation since these two factors (proliferation and cell adhesion) are closely related since
hSCs are a type of adherent cells.[39] If there is a greater number of cells attached to the surface
of the substrate there will be a greater number of cells proliferating. This effect explains why there
is no similarity between the results obtained for the viability test with PrestoBlue (Figure 2-3B)
and the proliferation test with EdU. Additionally, the presence of type | collagen in the coatings
can stimulate cell adhesion by activation of integrin receptors, dystroglycan, and N-syndecan, that
connect directly to many types of collagen.[40,41] Several researchers previously demonstrated
that the incorporation of collagen increases the adhesion and proliferation of MSC, human breast

adenocarcinoma cell line, MCF-7, and human cervical adenocarcinoma cell line, HeLa S3.[42,43]

2.3.4 Real-time monitoring of cell behavior and proliferation

To evaluate the real-time behavior related to the hSCs growth, in this study, we cultured hSCs at
25000 cells/cm? on (HEP/COL)s with and without NGF in solution. We also cultured cells on
uncovered biosensors as a control surface. The RTCA iCELLigence™ instrument was used to
guantify proliferation and analyze real-time cell behavior. RTCA iCELLigence is a system that has
biosensors to measure proliferation, viability, migration, and cell growth among several factors.
The analysis is achieved through the constant monitoring of the bioelectrical impedance using

microchips located in the E-plates microwell.[44]
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Figure 2-4. Detection of EdU added to cultured hSCs. (A) Representative fluorescence
microscopy images of hSCs labeled with EdU Alexa Fluor t 488 and incubated for 18 hours after
3 days of culture (EdU: green; Hoechst: blue). Cellular behavior in cell cultures on TCPS and on
(HEP/COL)6 coatings with and without NGF, and (B) percentage of positive cells for EdU on
TCPS and on (HEP/COL)6 coatings with and without NGF. Data are presented as the mean +
standard deviation of n = 8 samples. The p values <0.05 are represented by **. Reproduced from
[38] with permission from the Royal Society of Chemistry.

This system provides a parameter called Cell Index (Cl), which can be used as a measure of
proliferation, adhesion, or cytotoxicity. Cl at a point i is defined as the difference between the
background electric resistance (measured using only cell media) Zo, and the resistance measured

at time t in the point i, Z.. The Cl value is taken at a frequency of 15Q.[45,46]

Cl values are given by the following equation:

_(Zi—2y)
cr =220 1)
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In Figure 2-5, cell index values as a function of time for each of the experimental conditions are

shown. We could identify three main regions related to the behavior of Schwann cells.

A first region, between 0 to 30 hours, can be attributed to cell adhesion. A maximum peak is
observed near the first 8 to 10 hours, followed by a stabilization period. Compared to the uncoated
sensor control, cell adhesion is favored by cultures where (HEP/COL)s coatings are presented.
(HEP/COL)s in the presence of NGF showed the highest result for ClI values during the initial
stage of adhesion, suggesting an increase in cell adhesion produced by the joint action of the
coatings and NGF in solution. The addition of NGF (at 10 ng/mL) to has been shown to produce
increased migratory activity and motility in cell cultures of rat Schwann cells.[47,48] The slope of
each curve can be related to the adherence in each culture condition. After 8 hours of culture, a
decrease in the slope of all the conditions is observed; this change is attributed to a possible
cellular detachment. We obtained similar results when comparing cultures on uncoated sensors
with and without NGF. In a range of 80 hours of analysis, an adhesion stage is identified, followed

by cell detachment and the beginning of a proliferation stage, and the condition where

NGF is used shows higher values for ClI (Figure 2-S3, appendix).

The second phase, which starts after 30 hours of culture, is attributed to cell proliferation. The
beginning of this stage coincides with the doubling time reported by the manufacturer of the cells
in the uncovered sensor condition and the (HEP/COL)s coated sensor without NGF. For the hSCs
used in our experiments, the doubling time is 33 hours.[39] During the range between 30 and 90
hours, the culture conditions without NGF show a steady proliferation phase without any decrease
in the CI values. The proliferation stage identified for hSCs during this period is consistent with
the proliferation results we obtained at a time of three days of cell culture (72 hours), for the EDU

test, where about 43% of the cells showed proliferation and the result was similar in the different
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conditions (Section 3.3). However, this stage shows an atypical behavior for the condition where
(HEP/COL)s was used with NGF. In this condition, there was almost no proliferation occurring.
This performance could be because of the rapid increase in cell adherence observed for this
condition in the first 10 hours leading to a confluence close to 100% in a short period. A confluence
close to 100% could affect the impedance reading of the microsensors, which is reflected in a
straight line with almost no changes. Even so, the range of 50 to 65 hours shows a slight increase

in the CI before reaching and maintaining the saturation stage.
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Figure 2-5. Monitoring of real-time hSCs growth on (HEP/COL)s. (A) Cellular behavior on
(HEP/COL)s during 5 days of culture (120 hours), and (B) representative fluorescence microscopy
images of hSCs nuclei and actin labeled with Hoechst and Actin Red, respectively, after 5 days of
culture. Cellular behavior in cell cultures on TCPS and on (HEP/COL)e coatings with and without
NGF. Reproduced from [38] with permission from the Royal Society of Chemistry.

Finally, the last phase period is between 90 to 120 hours and is the stage in which the growth of
the cell stops and stabilizes. This stage can be related to a saturation phase of the biosensors.
Several factors can explain this behavior: the cells may have achieved a high confluence (relative
to the microwell area), do not have the necessary nutrients to continue growing, or may have the

presence of metabolites and cellular secretions that affect cell growth.
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The images in Figure 2-5B show a complete confluence for cultures on (HEP/COL)s. The
conditions with (HEP/COL)s and NGF may have reached the maximum confluence during the first
stage. Maximum confluence can explain the rapid increase in the adhesion stage, with a marked
decrease in the CI, followed by a stabilization during the next two phases. Again, we can infer
that there is an improvement in the hSCs adhesion for the conditions where (HEP/COL)s and NGF

are used.

2.3.5 Cell morphology and extension

After three days of culture, the hSCs seeded on (HEP/COL)s remained a normal morphology
(bipolar or tripolar spindle shape).[14,33] There are no significant differences in the morphology
of cells seeded in TCPS or (HEP/COL)s (See Figure 2-6A). On the other hand, Figure 2-6B
shows the average cell area of 120 measurements made at each culture condition. Our results
showed that the cells seeded in (HEP/COL)s, in the presence of NGF solution, showed a
significant increase in their cell extension, close to 1400 um? compared to an average of 1100
um? in the other three conditions. Several factors could explain this particular result. During the
regeneration processes, hSCs increase their cell elongation (up to three times the size of standard
hSCs) and at the same time express adhesion molecules.[6,13] Also, the addition of NGF greatly
increases the production of myelin by the hSCs, which can increase the regenerative functions of
the cells.[13,49] Finally, we hypothesize that the increase in cell area may be due to the fact that
the (HEP/COL)6 with NGF mimics the native ECM during regeneration. The presence of collagen
in our coatings provides binding sites for NGF-activated hSCs, promoting their adhesion and

extension.[50]
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Figure 2-6. Study of morphology and extension of hSCs on (HEP/COL)6. (A) Representative
fluorescence microscopic images of hSCs nuclei and actin labeled with Hoechst and Actin Red,
respectively, after 3 days of culture. Cellular behavior in cell cultures on TCPS and on
(HEP/COL)6 with and without NGF, and (B) average cell area under different cell culture
conditions. Data are presented as the mean + standard deviation of n =120 measurements. The
p values <0.05 are represented by **. Reproduced from [38] with permission from the Royal

Society of Chemistry.
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Additionally, ANOVA analysis shows a significant difference in cell extension for the condition in
which hSCs are seeded on (HEP/COL)s without NGF (See Figure 2-6B) when compared to TCPS
with and without soluble NGF. We consider that this difference is mostly due to the nature of the
method of analysis used. To obtain cell area, 20 cells per image we manually measured. A more
robust approach must be used in order to obtain an accurate representation. Nonetheless, our
results do consistently show that (HEP/COL)s+NGF yields a larger cell area which might explain

the behavior observed in the iCELLigence.

2.3.6 Evaluation of NGF bioactivity using PC-12 cells on (HEP/COL)s

After six days of culture, the morphology of PC-12 cells was normal under all conditions (Figure
2-7). The cells showed the small and irregular shape that characterizes them, and there were no
differences between the control and the other cultures, and the formation of clusters and
agglomerations was evident.[51] In all the conditions where we use NGF, PC-12 cells showed the
formation of neurites that corresponds to their transition to neuron-like cells.[33] PC-12 cells are
sensitive to NGF when cultured on collagen.[51] This result indicates that (HEP/COL)e do not alter
the response of PC-12 to NGF, indicating that the bioactivity of the NGF is not compromised by
the (HEP/COL)s coatings. On the other hand, it is necessary to pre-treat TCPS surfaces with
poly(I-lysine) to achieve the adhesion of PC-12. Poly(l-lysine) allows adhesion due to the charge
interaction between the polymer and the cells.[52] This action is replaced by the HEP/COL

coatings. Coatings of (HEP/COL)s promote PC-12 adhesion without the need of PLL.
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Figure 2-7. Effect of (HEP/COL)6 on the behavior of PC-12 cells. Representative microscopic
images of PC-12 cells morphology after 6 days of culture in different conditions: on TCPS with
PLL and NGF; and on (HEP/COL)6 with and without NGF in solution. Reproduced from [38] with
permission from the Royal Society of Chemistry.

2.4 Conclusion

The LbL technique can be efficiently applied to microwells for cell culture; therefore, it can be
used to modify any other surface. Our results showed that: (1) hSCs cultured in HEP/COL
coatings showed improved growth compared to TCPS. (2) hSCs cultured in HEP/COL coatings
showed an increase in cell number of up to 250% in comparison to cultures in TCPS. (3) The EdU
assay revealed that HEP/COL coatings in combination with NGF slightly increases hSCs
proliferation and that (HEP/COL)s greatly promote cell adhesion under different conditions. (4)
Real-time monitoring revealed an enhancement in cell adhesion by HEP/COL and HEP/COL
coatings with NGF. (5) The morphology of hSCs is not altered in any of the culture conditions
since the cells were found in their characteristic form. (6) An increase in the cell area was
observed in the condition where (HEP/COL)s with NGF was used, which suggests that this

combination favors cell expansion. And (7) (HEP/COL)s coatings do not alter the bioactivity of
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NGF as evaluated using the PC-12 cells. Therefore, the present study demonstrates that the
combination of NGF with HEP/COL coatings further improves hSCs adhesion and expansion.
These results are also reflected in an indirect increase of the proliferation thanks to a greater
number of cells attached to the substrate surface. Our results showed that HEP/COL coatings
could be a useful strategy to improve nerve repair by enhancing human Schwann cell behavior
and adhesion. For nerve tissue regeneration, HEP/COL coatings could be a potential application

to modify nerve guide conduits to improve their regeneration potential.
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CHAPTER 3. Heparin-collagen layer-by-layer coatings improve protein expression
potential and cell migration in human Schwann cells: stability studies

and application to a commercial Nerve guide conduit.

3.1 Abstract

In this work, we studied the enhancing effect of six bilayers of heparin/collagen (HEP/COL)s layer-
by-layer coatings on human Schwann cell (hSCs) protein expression and cell migration in the
presence or absence of nerve growth factor (NGF). (HEP/COL)s stability and in vitro bioactivity
effects were also studied during 28 days after incubating the coatings with cell culture medium.
Finally, (HEP/COL)s was applied to a commercial collagen-based nerve guide conduit,
NeuraGen®, and the hSCs viability was studied after 6 days of cell culture on the coated implants.
hSCs cultured in (HEP/COL)s showed an improved protein expression potential, and our coatings
greatly promote hSCs migration. (HEP/COL)s was very stable up to 21 days after incubation with
cell media before the cell seeding showing an increased viability. Finally, the morphology of
NeuraGen® is not altered by the action of (HEP/COL)s, and an increase in the cell viability was

observed in the condition where NeuraGen® with (HEP/COL)s was used.

3.2 Introduction

Peripheral nerve injury (PNI) is defined as damage to peripheral nerve tissue that results in its
malfunction.[1] Most often PNIs are the result of physical trauma, genetic factors, or immune
diseases.[2] The annual estimate for medical expenses exceeds 150 billion, with an average of
more than 550,000 surgeries in the US caused by PNIs.[3,4] The gold standard for PNI repair is
autograft surgery. In this process, healthy tissue is extracted from the patient and implanted in

the lesion.[5] Autograft implantation can cause loss of function at the donor site, infection,
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scarring, or even the need for additional surgeries.[3,6,7] As a result of this, there is a need to find

strategies aimed at solving this clinical problem.

Nerve guide conduits (NGCs), which are currently approved for clinical use in the treatment of
PNI, have emerged in recent years as possible substitutes for the use of autografts.[8] However,
the challenge is to repair large gaps using NGCs, this being possible only if the implant improves
the interactions between the cells and the extracellular matrix (ECM).[8,9] The limitation of using
NGCs is that they are able to repair short lesions of less than 1 cm, due to the lack of components

present in the ECM that can be found in autografts.[8]

When PNI occurs, human Schwann cells (hSCs) are activated to facilitate an important
collaboration between macrophages and neurons, and additionally they promote and support
tissue repair.[10] In this sense, these cells adopt a genotype known as Repair Schwann Cells.[11]
Therefore, it is important to improve hSCs properties such as cell adhesion, proliferation,

migration, and protein expression.

To target this aim, this research looks for the creation of a novel and enhanced implant, by
modifying the surface of a commercial NGC using layer-by layer coatings with natural polymers.
The coatings will be composed of 6 bilayers composed of heparin (HEP) and collagen (COL),
which from this point on will be noted as (HEP/COL)s. Making the coatings with HEP/COL, both
natural polymers widely present in the ECM, will offer mimetic properties that will decrease the
immune response of NGCs. HEP and COL will provide a high affinity for drugs or proteins, and
supporting and structural properties, respectively.[12,13] The resulting NGC will improve cell

behavior and will be highly adaptable, since an important complement when using NGCs is the
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presence of growth factors (GFs) such as the Nerve growth factor (NGF) or Brain derived

neurotrophic factor (BDNF).[14]

Therefore, this research aims to study hSCs behavior in vitro in terms of cell migration, and protein
expression on Tissue culture Polystyrene (TCPS), and the cell adhesion and proliferation when
cultured on NGCs modified by the layer-by-layer method with coatings using (HEP/COL)s. The
effect of NGF is also considered by the addition of this protein to the cell media. The stability of

(HEP/COL)s will be studied by incubating the coatings during 30 days before sending the cells.

3.3 Materials and methods

3.3.1 Cell Culture and experimental conditions

Human Schwann cells (hSCs) from ATCC® (sNF96.2 ATCCs CRL-2884™), from a 28-year-old
male, were used between passages 17 to 20, and grown in Dulbecco’s Modified Eagle’s Medium
from SIGMA-ALDRICH® (Cat. #D5648) containing 10% Fetal bovine serum from Gibco® (Cat.
#10-437-028), 1% Penicillin—streptomycin from SIGMA-ALDRICH® (Cat. #P4333) and
supplemented with sodium bicarbonate and sodium pyruvate. The cells were incubated in a humid
incubator at 37 °C with an air atmosphere containing 5% CO.. These culture conditions are similar

to those used in our previous work.[15]

The parameters resulting from this research were evaluated under two conditions: on (HEP/COL)s
and on (HEP/COL)s with recombinant human beta nerve growth factor (NGF) from R&D Systems
(Cat. #256-GF/CF) at a concentration of 10 ng/mL dissolved in the culture medium.[16—-18] Two

controls, on TCPS or uncoated NGCs, with and without NGF were also used.
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3.3.2 (HEP/COL)s construction on well plates and on NGCs using the Layer-by-

layer method

The traditional layer-by-layer dipping method was used to fabricate (HEP/COL)s on NGCs. In
contrast, a variation of the technique was used to perform coatings to cell culture plates by adding
polyelectrolyte solutions to each well (Figure 3-1). However, the basics of both methods are the
same and described in our previous works.[15,19] Briefly, poly-(ethylene imine) (PEI) (50%
solution in water, Mw = 750,000) from Sigma-Aldrich (Cat. # P3143), sodium heparin produced
by Smithfield Bioscience, Inc. (Cat. # PH3005) and Lyophilized type | collagen sponges
(generously donated by Integra Lifesciences Holdings Corporation, Afliasco, PR), were used to
prepare polymer solutions. Polymer solutions were prepared at a concentration of 1.0 mg/mL in
sodium acetate buffer (at pH=5 for HEP and PEI, and pH=4 for COL). We used ultra-pure water
at 18.2 MQ-cm to prepare solutions and as the washing solution, sodium acetate buffer at pH=5
and. The procedure was carried out as follows: samples were pre-treated, either wells or NGCs,
by adding PEI solution for 15 minutes, followed by a 3-minute wash. This pretreatment was
performed to produce a highly positive anchor layer before applying the HEP/COL coatings. After
this, HEP and COL solutions were deposited for 5 minutes alternating with an intermediate wash
of 3 minutes. This procedure is done to form one bilayer and was repeated in a total of 6 times to
reach (HEP/COL)s. As final steps, a wash was performed with sterile DI water and another with
phosphate-buffered saline (PBS 1X) from ThermoScientific™ (Cat. # 28372) for 3 minutes each.
NGC samples were left to dry overnight. A UV sterilization step was performed for 10 minutes

before cell culture.
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Figure 3-1. Scheme of LBL method applied by adding and removing the polymeric solutions to a
cell culture plate to create coatings on the bottom of the wells.

3.3.3 hSCs protein expression on (HEP/COL)s

Protein determination, for a total of 12 analytes, was performed with a Luminex MAGPIX® and
using two Invitrogen Kkits: ProcartaPlex 5 PLEX PPX05 (Assay ID: MXYMKUE) and Human
ProcartaPlex PPX07 (Assay ID: MXXGR9G). Briefly, cells were seeded at a density of 30000
cells/cm? in wells of 24-Well Corning™ Costar™ flat-bottom polystyrene microplates (Fisher Cat.
# 07-200-740, area of 1.9 cm?/well), and after 3 and 6 days of culture, samples of 500 uL of the
supernatant culture medium were taken. These samples were then stored in a freezer at -80°C.
On the analysis day, the samples were slowly thawed on ice, vortexed, and centrifuged at 2000
g for 1 minute. After this step, 50 UL of each sample was analyzed according to the protocol

established by each kit.
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3.3.4 hSCs migration on (HEP/COL)s

In vitro cell migration was evaluated with a circular barrier—based assay. A 3D model with a 2 mm
diameter circular tip was designed using SketchUp 2020 software and printed on the 3D printer
owned by the Ralph E. Martin Department of Chemical Engineering at the University of Arkansas.
Red Polyacrylonitrile-butadiene-styrene (ABS) from Push Plastic (d = 2.85 mm) was used for the
plastic models. The barriers were inserted into wells of 24-Well Corning™ Costar™ polystyrene
microplates previously coated with (HEP/COL)s. hSCs were seeded at a density of 100,000
cells/cm?, allowing cells to adhere to the entire bottom of the well and around the circular barrier.
After three days of incubation, the barrier was removed, and the cell-free area was left exposed.
Monitoring with photographs will be done every 5 to 10 hours. Migration was determined in terms
of the area covered by the cells over time. ImageJ software will allow you to measure the area

covered in each photo.

3.3.5 (HEP/COL)sstability studies

Stability assays were carried out by studying the effects of cell medium over time on TCPS and
ACEA™ E-Plates 16, covered with (HEP/COL)s. We evaluated the cell proliferation and adhesion
and, simultaneously, the real-time cell behavior of human Schwann cells during and after three
days of culture on coated microwells. Coatings were performed on five plates of each type, then
4 of those were subjected to incubation with 200 pl of cell culture medium over the coatings (the
incubation periods are shown in Table 3-1). Incubation was done after storage without shaking
inside an incubator at 37°C and in an environment with 5% CO2. After each incubation period,
the cell medium was removed, and the cells were seeded on the plates at 25,000 cells/cm2. As

in previous experiments, hSCs growth was also evaluated under two different conditions on
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(HEP/COL)s, and (HEP/COL)s with NGF at 10 ng/mL, and the results were compared with two

controls: uncovered wells with and without NGF.

Table 3-1. Incubation time for plates used in stability studies

Plate No. Incubation time
1 0 hours*
2 7 days
3 14 days
4 21 days
5 28 days

*Cells seeded immediately the coatings are applied

3.35.1 Effect of the (HEP/COL)6 age on the hSCs viability

(HEP/COL)s was constructed on the wells of five on Corning™ 3603 96-Well clear bottom black
polystyrene microplates (Fisher Cat. # 07-200-565, cell growth area of 0.32 cm2 per well), and
PrestoBlue™ cell viability reagent from Invitrogen (Cat. # A13261) were used for this analysis.
We followed the directions detailed in Section 3.3.5 and after 3 days of culture, the medium was
removed, and 100 uL of a mixture containing 90 % of fresh culture medium with 10% of
PrestoBlue™ Reagent was added. The cells were incubated for 3 hours, and the fluorescence
intensity measurement was determined with a BioTek Multi-Mode Microplate Reader (Model

Synergy™ 2) with excitation/emission of 560/590 nm.

3.3.5.2 Effect of the (HEP/COL)6 age on the hSCs real-time behavior

(HEP/COL)s was constructed on the wells of five ACEA™ E-Plate 16 (Cat. # 05469830001, cell
growth area of 0.19 cm? per well), and a Real-Time Cell Analyzer S16 (RTCA) xCELLigence
instrument from ACEA Biosciences Inc. (Cat. # 00380601430) was used to measure real-time

cell behavior for 3 days. We followed the directions detailed in Section 3.3.5 and monitored the
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cell behavior for 3 days of culture. The readings of cell attachment were done every 10

minutes.[15]
3.3.5.3 Cumulative heparin release assays from (HEP/COL)e

To determine the cumulative release of heparin from the coatings, we prepared (HEP/COL)6 in 8
wells in two different 24-Well Corning™ Costar™ polystyrene microplates, one for the tests with
PBS and another for the cell culture medium. We add 1mL of PBS or culture medium to each well
(Plate #1, only PBS; and Plate #2, only cell medium). Both plates were placed inside the incubator
for 30 days (37°C and CO2 at 5%). Sampling corresponded to 1 mL of the supernatant and was
taken every 72 hours for 30 days. Quantification of heparin in the collected supernatant was
determined by preparing and measuring the absorbance of a mixture of 50 pL of each sample
with 50 pL of Azure A solution (80 pg/mL). The results were translated into heparin concentration
values when compared to a calibration curve prepared according to the method for heparin
guantification described by Warttinger, et al.16 Briefly, sodium heparin standards were prepared
in PBS and in cell medium at concentration values of 0, 5, 10, 15, 20, 30, and 40 ng/mL. Then,
50 uL of each standard was mixed with 50 pL of Azure A solution, and the mixture was placed in
a 96-well Corning™ Costar™ flat-bottom polystyrene microplate (Fisher Cat. # 07-200-87).
Standards and samples were analyzed in triplicate on a BioTek Multi-Mode Microplate Reader

(Model SynergyTM 2) at a wavelength of 630 nm.

3.3.6 Surface deposition of (HEP/COL)s on a commercial NGC

(HEP/COL)s was carried out on the NeuraGen® from Integra LifeScience Corporation (Cat. #
PNG330) surface applying traditional layer-by-layer dipping method described in Section 3.3.2.
To qualitatively demonstrate heparin deposition due to (HEP/COL)s, a colorimetric test will be

performed with Azure A reagent from Thermo Scientific™ (Cat. # AAJ6134614). For this, an 80
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pg/mL solution of Azure A was prepared in deionized water, and a 200ul of solution was applied
to the NGC samples with and without (HEP/COL)s. Azure A solution is blue and turns purple in
the presence of heparin.[20] The morphology of NGCs samples, with and without (HEP/COL)s,

was assessed by Scanning Electron Microscopy (SEM).[19]

3.3.7 hSCs viability and adhesion on coated NGCs

Small circles of NGCs (d = 6 mm), with and without (HEP/COL)s, were cut and then placed in the
wells of a Corning™ 3603 96-Well clear bottom black polystyrene microplates (Fisher Cat. # 07-
200-565, cell growth area of 0.32 cm2 per well). hSCs were seeded with a cell density of 31,250
cells/cm?, with a 15-minute incubation period at room temperature with prior incubation to
complete the necessary volume of culture medium and NGF solution. Cell viability studies were
carried out after six days of culture, using the PretoBlue™ reagent and following the instructions
described in Session 3.3.5.1. Cell adhesion was carried out by fluorescence imaging by

subjecting the samples to the Hoechst 33342 and Actin Red staining protocol (see next section).

3.3.8 Immunofluorescence staining

Cellular staining was performed with the fluorescent blue dye from Hoechst 33342 from Invitrogen
(Ref. # H3570), which stains the cell nucleus. A Leica inverted fluorescence microscope was used
to capture images of cells over NGCs, with standard DAPI filter (excitation/emission of 350/461

nm) to detect Hoechst 33342.
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3.4 Results and Discussion

3.4.1 Effect of (HEP/COL)s on hSCs protein expression potential

A total of 12 analytes were determined for the protein expression study. The panel includes some
proteins involved in cell proliferation, differentiation, growth, migration, and adhesion. Similarly,
proteins related to the Schwann cell myelination process and cytokines that regulate the pro and
anti-inflammatory response are included. Table 3-2 shows the list of analyzed analytes as well

as their functions.

Table 3-2. List of analytes quantitatively determined in this study and their functions.

. Abbreviatio .
No. Protein Name n Function
1 Fibroblast Growth Factor 2 FGE-2 Contribute to the proliferation and

differentiation on different types of cells.[21]
Acts specifically on endothelial cells
2 Vascular Endothelial Growth Factor A VEGF-A regulating permeability, differentiation,
growth, and migration.[22]
Regulate cell growth, cell motility and tissue
regeneration.[23]
Mediator of inflammatory and immune
4 Tumor Necrosis Factor a TNF alpha functions. Regulate growth and
differentiation.[24,25]
Inflammatory and immune functions.
Contribute to the proliferation and
differentiation on different types of cells.
Regulates many other growth factors.[26]
Protein involved in the chemotaxis and
activation of neutrophils.[27]
Related to anti-inflammatory response.[25]
IL-10 inhibits the expression of
proinflammatory cytokines such as IL-1 and
TNF-a.[28]
Promote both the timing and extent of
myelination in vitro.[29]
9 S100 proteins A8 & A9 S100 A8/A9 Protein suppressed during myelination.[30]
Promotes the growth and remodeling of
blood vessels and lymphatic vessels[31].
10 Vascular Endothelial Growth Factor D VEGF-D Regulates tumor progression. Its over
expression induces changes in the
morphology of fibroblasts.[32]
Provides essential signals for neuronal
11 Nerve Growth Factor beta NGF-beta survival and repair.[33] Increases cell
adhesion.[16,18]
Promote both the timing and extent of
myelination in vitro.[29] Promotes the
differentiation and survival of neurons in
vitro.[34]

3 Hepatocyte Growth Factor HGF

5 Transforming Growth Factor beta 1 TGF beta 1

6 Interleukin 8 IL-8 (CXCLS8)

7 Interleukin 10 IL-10

8 Brain Derived Neurotrophic Factor BDNF

12 Glial Cell line-derived Neurotrophic Factor GDNF
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Figure 3-2 shows a heat map format of the results for each analyte concerning the calculated Z-
score (from -1.5 to 1.5). Eight samples were analyzed per condition for hSCs cultured for 3 and 6

days.

TCPS (HEP/COL),

NGF (+) NGF (-) NGF (+)
FGF-2
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VEGF-A I I
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Figure 3-2. hSCs protein expression potential as a response of 3 and 6 days of cell culture on
(HEP/COL)s. Heatmap shows the Z-score values of 11 human proteins. Data is presented as the
mean of n = 8 samples.

Most of the proteins, compared to controls, had a higher secreted concentration on (HEP/COL)e
with and without NGF added to the cell culture.[35] FGF-2 expression was slightly upregulated by
(HEP/COL)s, and the increase was maintained from 3 to 6 days of culture even if NGF was not
used. In contrast, FGF-2 expression remained constant under the TCPS conditions. Again, the
concentration of VEGF-A, HGF, THF Alpha, VEGF-D, and TGF beta 1, increased enormously for
the six days of culture in all culture conditions, being the highest results in (HEP/COL)s, where
the increase in the secretion was approximately 1.5-fold higher compared to controls. NGF
stimulation favors the expression of VEGF-A and HGF. The secretion of IL-8 and IL-10 is not

significantly affected by (HEP/COL)s or the addition of NGF to the culture medium. We were able
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to determine that there is an increase in the concentration of these cytokines in all conditions,

showing constant values in the results of 3 and 6 days, respectively.

Figure 3-3 shows the results for the concentration of BDNF (pg/ml) expressed by hSCs.
Interestingly, for BDNF, we found the highest increase relationship, which is an exciting finding
since this protein is widely related to the myelination process of hSCs.[29] We also observed that
the concentration of BDNF improved in all conditions when comparing the samples taken at 3 and
6 days. However, our coatings exert a favorable effect on BDNF expression by raising its
concentration by 360% for (HEP/COL)s without NGF and 305% for (HEP/COL)s with NGF after 6

days.
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Figure 3-3. hSCs expression of BDNF in response to 3 and 6 days of cell culture in (HEP/COL)s.
Data are presented as the mean * standard deviation of n = 8 samples.

S100 proteins analysis showed a 6% decrease in the samples corresponding to 6 days of cell
culture on TCPS with NGF and, surprisingly, 22% on (HEP/COL)s without NGF. It has been

previously shown that the expression of S100 A8/A9 proteins are suppressed during the
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myelination process.[30] Therefore, this considerable decrease is another crucial finding

attributed to a favorable use of (HEP/COL)s.

When studying NGF external effects in some of the conditions, the analysis for this growth factor
is a little different. The conditions where NGF was not added to the culture medium showed 6 and
12 pg/ml for the samples of 3 and 6 days, respectively (50% increase). In contrast, for TCPS and
(HEP/COL)s with NGF, a 50% reduction in the final concentration was obtained since the results
were close to 4000 and 2000 pg/ml for 3 and 6 days, respectively. Considering that the initial
concentration used for NGF at cell seeding was 10,000 pg/ml (10 ng/ml), the decrease in this

protein is mainly attributed to its degradation over time or the effects due to the presence of hSCs.

Finally, GDNF was not detected since it is possible that the cells did not secrete this protein, or
its levels in the samples were much lower than the kit detection limit (58.2 pg/ml). This result may
be because GDNF expression is increased dramatically under specifically controlled culture
conditions of SCs,[36] and it is also widely known that GDNF is one of the neurotrophic factors

whose expression is increased after a peripheral nerve injury.[37]

3.4.2 hSCs migration to (HEP/COL)s

Figure 3-4 summarizes the results obtained in a circular barrier—-based migration assay. We
designed and printed a 3D model with a circular tip with a 2 mm diameter (Figure 3-4B). The
device was placed in contact with the bottom of the wells with or without (HEP/COL)s. For this
experiment, a high density of cells was seeded and allowed to grow around the circular barrier.
Once 100% cell confluency was around the tip (approximately after three days of culture), the
device was removed, and the hSCs were allowed to migrate to the cell-free area. How the cells
covered the cleared area was monitored by taking pictures every 5 to 10 hours for a total of 70

hours. The covered area was determined on each photo using ImageJ (see Figure 3-4C).
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percentage for hSCs from 5 to 70 hours of cell culture in different conditions: on TCPS with and
without NGF; and on (HEP/COL)e with and without NGF in solution, (B) 3D printed barrier used
in this experiment; and (C) Representative microscopic images of hSCs morphology after 70
hours of culture in different conditions: on TCPS with and without NGF; and on (HEP/COL)¢ with
and without NGF in solution.
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The bar graph in Figure 3.4A shows the hSCs confluence percentage towards the cell-free area
from 5 to 70 hours. Surprisingly, (HEP/COL)s obtained the best results. After 52 hours, the hSCs
migrated into the coatings and reached 100% confluency (red arrow), whereas, by the same time,
TCPS, (HEP/COL)s + NGF, and TCPS + NGF only got 74%, 70%, and 41% confluence,
respectively. Finally, a notable difference was observed where NGF was used compared to the
other conditions. In contrast to other experiments, NGF favors cell adhesion allowing the lowest
migration results. By 70 hours, cell confluency reached 80% and 77% in (HEP/COL)6 + NGF and
TCPS + NGF, respectively. These results are consistent with other researchers who have shown

that the effects of NGF induce cell adhesion in hSCs.[15,16,18,38]

3.4.3 (HEP/COL)s stability studies from 0 to 30 days

3.4.3.1 Effect of the (HEP/COL)6 age on the hSCs viability

We prepared five microplates with (HEP/COL)s and pre-incubated them with cell medium during
the periods established in Table 3-1. After each incubation period, the cell medium was removed,
and the cells were seeded following the standard procedures for cell culture. Coating stability
studies are carried out in relation to the hSCs response to (HEP/COL)s with different ages post-
fabrication (0, 7, 14, 21, and 28 days). PrestoBlue™ cell viability reagent was used to determine
the hSCs viability on (HEP/COL)¢ after three days of cell culture. The reducing environment of the
cells modifies the structure of PrestoBlue, and it becomes a fluorescent molecule; therefore, by
measuring the amount of fluorescence, we can also indirectly determine the number of living

cell.[39]

Figure 3-5 shows the results of cell viability percentage for each microplate related to the
manufacturing time of (HEP/COL)s. As a first observation, Plate 1 cell cultures on (HEP/COL)e

with and without NGF showed an increase in fluorescence intensity values close to 200%
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compared to the TCPS control. Therefore, hSCs viability increases considerably under the culture
conditions in which (HEP/COL)s was used. This result is consistent with our previous
investigation, where for cultures after 6 days, we obtained an increase greater than 225% in
cultures where (HEP/COL)s was used.[15] However, the favorable effects of (HEP/COL)s
decrease as the hSCs are seeded on coatings with a longer fabrication time. Although in
(HEP/COL)s of 14 and 21 days of manufacture, a slight increase in cell viability can still be
observed, when culturing hSCs in 28-day coatings, the viability results were practically the same
for all conditions, either TCPS or (HEP/COL)s, which suggests that at this time there is an almost
complete degradation of the multilayers. Cifuentes et al. characterized eight samples of HEP/COL
multilayers deposited on flat silicon plates at 0- and 30-days post-fabrication. After analyzing the
IR spectra, they demonstrated that in both types of samples, the relevant functional groups
belonging to heparin and collagen were present in the wavelength range between 800 and 1700
cm? even after incubation for 30 days at ambient conditions (22°C and 40% relative humidity).
Their results also showed that the 30-day samples showed very little change in peak intensity in
comparison with same-day prepared samples.[35] For our case, (HEP/COL)s was incubated in
parallel for 7, 14, 21, and 28 days with the Dulbecco's Modified Eagle's Medium. The incubation
process was done by storage without shaking in an incubator (37°C and 5% CO;). Almost
complete (HEP/COL)s degradation at 28 days can be due to the action of the components of
DMEM itself since it contains inorganic salts, such as NaCl, CaCl,, or KCI; amino acids, and

vitamins, among others.[40]
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Figure 3-5. (HEP/COL)s stability assay showing hSCs viability after 3 days of cell culture on pre-
incubated coatings. Before cell seeding, (HEP/COL)s was incubated during 0, 7, 14, 21, and 28
days with cell medium. Data are presented as the mean * standard deviation of n = 5 samples.

3.4.3.2 Effect of the (HEP/COL)6 age on the hSCs real-time behavior

To investigate the real-time behavior of hSCs growth and adherence, we used the xCELLigence
technology over (HEP/COL)e with different fabrication times. XxCELLigence holds a system of
biosensors that constantly measure bioelectrical impedance. The microsensors are in special
microwell plates known as E-plates. Once the cells adhere to the bottom of the microwells, the
system determines the resistance Z; at a time t. Z; values are compared with the initial background
Zo, which is measured using only culture medium solution.[41] This way, the number of adhered
cells is translated into a special unit, the Cell Index (Cl).[42,43] Cl values are given by Equation
1

_ (Z; — Zy)

¢l 15Q

€3]
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For this study, four plates were prepared with (HEP/COL)s and incubated with cell medium for 7,
14, 21, and 28 days before the hSCs were seeded. In Figure 3-6, cell index values are shown as
a function of time for each plate. All the experiments were monitored for 80 hours. hSCs showed
normal behavior for 80 hours on all plates, which is consistent with the results obtained in our
previous investigation. Two regions attributed to cell adhesion and the proliferation phase were
identified, between 0 to 30 hours and 30 to 80 hours, respectively.[15] This performance is

independent of using (HEP/COL)s or its manufacturing time.
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Figure 3-6. Real-time monitoring of hSCs behavior cultured for 80 hours in (HEP/COL)s. Before
cell seeding, (HEP/COL)s was previously incubated in cell culture medium for (A) 7, (B) 14, (C)
21, and (D) 28 days.

It is possible that initially (HEP/COL)s of 7 days post-fabrication is favored thanks to the coupling

in the multilayers of some nutrients, vitamins, or other compounds from the culture medium (see
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Figure 3-6A). However, Figure 3-6 also showed how as we use coatings with a greater
manufacturing time, the adhesion of the hSCs seeded on (HEP/COL)e tends to be more like that
of the controls. This behavior can be seen when comparing Figure 3-6A and Figure 3-6D. The
vast difference in cell adhesion initially found in 7-day coatings decreases considerably in 28-day
plate, where the Cl values for hSCs are almost the same. Again, this tendency suggests that with
the increase of incubation days, the culture medium exerts a degrading effect on (HEP/COL)s,

and by 28 days, the multilayers may have completely reduced.

3.4.3.3 Cumulative heparin release from (HEP/COL)6 in cell medium

and in PBS

Heparin release from (HEP/COL)e during contact tests with culture medium and PBS for 30 days
is shown in Figure 3-7. Sampling in each well was performed every 72h. The manufacturing
process of (HEP/COL)s involves the use of a washing step with a solution at pH=5; however,
throughout the assay, no alteration in pH was observed in the culture medium, which would be
indicated by a coloration change of the samples from red to orange. Whether the heparin release
occurred towards the culture medium or PBS, a linear behavior was observed with a notable more
significant effect exerted by the culture medium. Despite this linearity, it was possible to find a
considerable difference in the average amount of heparin released in the different conditions,
being 1.38 pg/day in culture medium against 1.12 pg/day in PBS, which represents a difference

of 19% in the rate of dissolution for each day.
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3.4.4 Surface deposition of (HEP/COL)s on a commercial NGC

There is not much research on heparin/collagen coatings on NGCs. However, in this study we
seek to demonstrate that using the traditional layer-by-layer dipping method, (HEP/COL)s could
be deposited on NeuraGen®, a commercial collagen-based nerve guide conduit surface, as is

shown in the representative approach in Figure 3-8.
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Figure 3-8. Approach for assembling of (HEP/COL)s on a collagen-based NGC.

74



(HEP/COL)s coated-NeuraGen® samples were analyzed with the Azure A dye colorimetric method
to qualitatively determine the presence of heparin. The top of Figure 3-9A shows that mixing solid
sodium heparin with Azure A solution turns the latter from blue to purple. When Azure A solution
was applied to (HEP/COL)s coated-NeuraGen® samples (Figure 3-9A bottom), a change from
blue to purple was also observed, which indicates the presence of heparin on the NGC surface.
Assays or kits to detect collagen are expensive, and most require special conditions for their
handling, involving some specific risks. Therefore, we consider that the positive colorimetric result
with Azure A is sufficient evidence to demonstrate that the (HEP/COL)s deposition was performed

over the NeuraGen® surface.

Finally, the structure of NeuraGen® is not affected by HEP/COL coatings, at least when 6 bilayers
are deposited on its surface. Although the polymeric solutions have an acidic pH (close to 5), the
morphology of the NGC was normal when compared to the control uncoated sample, and the

formation of coatings on the fibers can be also evidenced (Figure 3-9B).
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of Azure A (Purple); and (B) SEM images of uncoated commercial NGC (top) and (HEP/COL)s
coated commercial NGC (bottom).

3.4.5 hSCs viability and adhesion on coated NGCs

Small circles of (HEP/COL)s coated and uncoated NeuraGen® samples were punched out with a
diameter of 6 mm and placed in the bottom of wells of 96-well plates (working volume 200 pm).
The samples were pretreated overnight by immersion in a culture medium solution. A high cell
density of hSCs, 31,250 cells/cm?, was allowed to grow for six days on the implants. After this
time, the PrestoBlue reagent was used to measure cell viability. hSCs performance over coated
NeuraGen®was similar to the results shown in Sections 3.4.3.1 and 3.4.3.2 since (HEP/COL)s
improved the cellular behavior concerning to the viability and adhesion. Uncoated samples were
selected as the positive control, and their results were normalized to 100%. The effect of NGF
added to the cell medium at 10ng/ml was also evaluated for this study. Uncoated NeuraGen® with

NGF indicated a 25% increase in cell viability. At the same time, the conditions where NeuraGen®
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was used with (HEP/COL)e, with and without NGF, showed a more significant increase of 40%
and 60%, respectively. Interestingly, the best results were achieved with (HEP/COL)g without NGF
(Figure 3-10B). The effect of NGF in solution does not appear to increase viability significantly,

as demonstrated in the TCPS assays.[15]

The fluorescence images evidenced cell adhesion, represented by blue nuclei, on both

(HEP/COL)s coated and uncoated NeuraGen® samples (see Figure 3-10A).
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Figure 3-10. hSCs viability and adhesion on uncoated and (HEP/COL)s coated commercial
NGCs. (A)Representative fluorescence microscopy image of hSCs nuclei labeled with Hoechst in
cell cultures on uncoated and (HEP/COL)s coated commercial NGCs with and without NGF; and

(B) PrestoBlue Viability assay for cultured hSCs on uncoated and (HEP/COL)s coated commercial
NGCs with and without NGF after six days of culture.

3.5 Conclusions

The LbL technique can be efficiently applied to commercial collagen-based nerve guide conduit;
therefore, we were able to modify NeuraGen® surface using (HEP/COL)s. Our results showed

that: (1) hSCs cultured in (HEP/COL)s showed an improved protein expression potential. (2)
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(HEP/COL)s greatly promote hSCs migration, and the use of NGF exhibits an anti-migration effect.
(3) (HEP/COL)s was stable up to 21 days after incubation with cell media before the cell seeding.
The cell media exerts a strong action to degrade the coatings by 28 days post-fabrication and
increasing the release of heparin in comparison with the effect of PBS. (4) Real-time monitoring
also revealed a decrease in the enhancing potential of (HEP/COL)s when the coatings are
exposed to cell media over time. (5) The morphology of NeuraGen® is not altered by the action of
(HEP/COL)s. And (6) An increase in the cell viability was observed in the condition where

NeuraGen® with (HEP/COL)s was used.
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CHAPTER 4. CONCLUSIONS AND FUTURE WORKS
4.1 Conclusions

This dissertation demonstrated that hSCs cultured over HEP/COL coatings showed improved
growth compared to TCPS. An increase in cell number of up to 250% were evidenced in the cell
cultures in where we use (HEP/COL)s. Also, several properties of hSCs were also observed with

an enhanced behavior:

» An advanced protein expression potential.

» Anincrease in the cell area over (HEP/COL)s with NGF.

»  The real-time monitoring study revealed an enhancement in cell adhesion for the first
phase in the cell growth.

» A non-altered morphology of hSCs in any of the culture conditions

Additionally, we could find that (HEP/COL)s greatly promote hSCs migration, the use of NGF
exhibits an anti-migration effect and EdU assay revealed that (HEP/COL)s in combination with

NGF slightly increases hSCs proliferation.

In relation to the characterization and stability of the coatings, by applying (HEP/COL)s to different
substrates, we were able to determine the chemistry, surface charge, thickness, and morphology
of coatings. (HEP/COL)s was stable up to 21 days after being incubated with cell medium solution
prior to the cell seeding. Real-time monitoring also revealed a decrease in the enhancing potential
of (HEP/COL)s when the coatings are exposed to cell media over time, and the heparin release
experiment showed that cell media increases the release of heparin in comparison with the effect
of PBS. We can conclude that cell media exerts a strong action to degrade the coatings by 28

days post-fabrication.
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Finally, we were able to modify NeuraGen® surface using (HEP/COL)s and the morphology of
NeuraGen® is not altered by the action of (HEP/COL)s. As in TCPS tests, an increase in hSCs

viability was reflected in the conditions where NeuraGen® with (HEP/COL)s was used.

4.2 Future works

Future studies of the (HEP/COL)6 effect on primary Schwann cells behavior are necessary.
Because we would like to apply our coated NGCs in animal experimentation, initially with rats or
mice, and we will seek to generate a PNI and use the implants as a repair treatment. Another
critical study is the functionalization of GFs to the surface of NGCs. Within future minor studies,

we will include:
» Perform a greater study of Protein Expression Potential using coated NGCs.
» Obtain SEM images of hSCs on coated NGCs.

» Study of the effect of the pH over the physical-chemical characteristics of (HEP/COL)

multilayers.
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APPENDIX
A.1 Supporting Information for Chapter 2

A preliminary qualitative test was carried out to determine the optimal initial cell
concentration to be used in the experiments. Cells were seeded at 10,000, 40,000,
65,000, and 100,000 cells / cm? per well and confluence was observed after three days.
Two culture conditions were compared: uncovered surfaces vs. (HEP/COL)s. The results

are shown in Figure 2-S1 as fluorescence microscopy images.

10000 40000 65000 100000
cells/cm? cells/cm? cells/cm? cells/cm?

—
100 ym

Figure 2-S1. Qualitative evaluation of the cell confluence after 3 days of culture according
to the initial cell number. Representative fluorescence microscopic images of hSCs nuclei
and actin labeled with Hoechst and Actin Red, respectively. Cellular behavior in cell cultures
on uncoated surface and on (HEP/COL)s.

Uncovered
surface

(HEP/COL),

The three most important stages of the colorimetric assay for the detection of Heparin
using the Taylor’s blue dye are shown in the Figure 2-S2. Coatings of 1, 2, 3, 4, 5, and 6
bilayers of HEP/COL were made on a 24-well plate. Once the bilayers were completely
dry, the dye solution was added, which changes from blue to purple when interacting with

Heparin. After the incubation period, the dye was removed, and the Heparin adhered to
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the bottom of the well was observed to be stained purple. The last step is carried out by
adding the dissociation reagent with a period of stirring to remove the Heparin from the

bottom of the well. This step includes changing from colorless to light blue.

1 bilayer 2 bilayers 3 bilayers 4 bilayers 5 bilayers 6 bilayers

Figure 2-S2. Three main stages of the qualitative colorimetric assay for the detection of
heparin with Taylor's blue dye. A) Incubation with Taylor's Blue dye (30 minutes), B) Dye
adhered to Heparin (purple color at the bottom of the well) after removal of the solution, and
C) Incubation with Dissociation Reagent with shaking for 10 minutes (change from colorless
to light blue). The three images correspond to the same set of samples.

Figure 2-S3 shows the results for two experiments performed in which we analyzed the
cellular behavior of hSCs in uncoated sensors with and without NGF added to the culture
medium. An initial concentration of 20000 cells/cm? were seeded from our cell stock
(passages No. 19 and 24). The Cell Index values were determined using the iICELLigence

technology for 80 hours of cell culture.
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Figure 2-S3. Monitoring of real-time hSCs growth on uncoated sensors. Initial concentration
of 20000 cells/cm? A) Experiment 1. Cellular behavior during 80 hours of cell culture,

passage No. 24; and B) Experiment 2. Cellular behavior during 80 hours of cell culture,
passage No. 19.
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