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Abstract

The repair of bone defects and non-union fractures is a significant challenge for
clinicians as it requires tissue replacement. The current graft approaches used to
treat these injuries have limitations with regard to quality and availability. This
has resulted in research efforts to develop alternative synthetic materials that are
able to aid tissue regeneration. These materials usually combined with biological
factors to induce cells proliferation and differentiation. Transcription factors can
provide specific regulatory effect, however, these transcription factors are very
difficult to be delivered intracellularly. A recent work, conducted at Tissue
Engineering group — University of Nottingham, has shown that recombinant
transcription factors can be expressed, purified and delivered efficiently to
control cell behaviour for further tissue engineering applications. Efficient
delivery of these factors can be achieved by using Glycosaminoglycan-binding
enhanced transduction (GET) peptides, which are multi-domain peptides
comprising a GAG-binding peptide (to promote cell interaction) and a cell-
penetrating peptide (CPP) for high efficiency membrane transduction.

The aim of the work presented in this thesis was to develop a poly-(lactic-co-
glycolic acid) (PLGA) based delivery system to release RUNX2 transcription
factor, which is significantly involved in osteogenesis. GET peptide was utilised
to enhance the intracellular delivery of RUNX2. The advantage of this system is
to control the dose and localisation of the released RUNX2 as well as providing
a biodegradable scaffold to support the newly formed tissue.

Reproducible procedures were developed to manufacture spherical PLGA
microparticles (MPs) using Solid-in-oil-in-water (S/O/W) emulsion method.

Red florescent protein (RFP) coupled with GET peptide was used as model



protein to evaluate the stability of peptide during microparticles fabrication and
release. Efficient encapsulation (~65%) and tailored protein release profiles
could be achieved, however intracellular transduction was significantly inhibited
post-release. Co-encapsulation of L-Histidine, which may form a complex with
the PLGA degradation products under acidic conditions, was used as a strategy
to retain GET peptide activity. Simulations of the polymer microclimate showed
that hydrolytic acidic PLGA degradation products directly inhibited GET
peptide transduction activity, use of L-Histidine significantly enhanced released
protein delivery.

GET-RUNX2 was efficiently encapsulated (~60%) within PLGA MPs using the
developed S/O/W method and release profile was adopted to match the optimal
RUNX2 dose needed to induce osteogenesis of hMSCs (i.e. 60ug in the first 7
days of the study). GET-RUNX2 activity post release was evaluated. Results
showed comparable transduction and transfection activities (compared to
experimental control) throughout the release period. GET-RUNX2 loaded MPs
were mixed with temperature-sensitive PLGA/PEG particles to provide scaffold
structures.

hMSCs were used for an in-vitro differentiation assessments. Osteogenesis gene
markers were comparable to experimental controls for both early and late
markers. Moreover, the scaffold formula was optimised to be 3D printable to
provide complex and irregular shape scaffolds matching defect size.

The ability to control intracellular transduction of functional proteins into cells
will facilitate localised delivery of therapeutics, with minimised risk of systemic
dosing that may lead to non-targeted activity, and allow approaches to direct

cellular behaviour for regenerative medicine applications.
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samples, black histograms are the experiment control. (C) Relative transduction
activity of the samples. Protein transduction activity was compared to the

experiment control. Error bars indicate SD (n = 3). * is p<0.05, ** is p<0.01.98
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Figure 3.12 GET-peptide stability at various pH values mimicking the PLGA
Microenvironment. P21-mR-8R stability in cell culture media of various pH
values (3, 5 & 7), pH was adjusted using 1M glycolic acid solution Protein
sample was transduced into cells by addition to plated NIH3t3 cells. (A)
Fluorescence microscopy images of the NIH3t3 cells treated with the protein
samples (Scale bar 10um). (B) Flow cytometry histograms showing cellular
uptake of P21-mR-8R after application of the samples to NIH3t3 cells. The red
histograms represent P21-mR-8R samples taken at day 1, while the grey
histograms represent day 7 samples, black histograms are the experiment
control. (C) Relative transduction activity of the samples. Protein transduction
activity was compared to the experiment control. Error bars indicate SD (n = 3).
* 05 P<0.05, ** IS P<O.0L. ooiiiiiecicce e 99
Figure 3.13 GET-peptide stability at various pH values mimicking the PLGA
Microenvironment. P21-mR-8R stability in cell culture media of various pH
values (3, 5 & 7), pH was adjusted using 1M acetic acid solution Protein sample
was transduced into cells by addition to plated NIH3t3 cells. (A) Fluorescence
microscopy images of the NIH3t3 cells treated with the protein samples (Scale
bar 10um). (B) Flow cytometry histograms showing cellular uptake of P21-mR-
8R after application of the samples to NIH3t3 cells. The red histograms represent
P21-mR-8R samples taken at day 1, while the grey histograms represent day 7
samples, black histograms are the experiment control. (C) Relative transduction
activity of the samples. Protein transduction activity was compared to the
experiment control. Error bars indicate SD (n = 3). * is p<0.05. .......ccevenee, 100
Figure 3.14 P21-mR-8R stability in cell culture media of various pH values (3,

5 & 7). pH was adjusted using 1M phosphoric acid solution. (A) Fluorescence
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microscopy images of the NIH3t3 cells treated with the samples contain P21-
MR-8R (Scale bar 10um). (B) Flow cytometry histograms showing cellular
uptake of P21-mR-8R after application of the samples to NIH3t3 cells. The red
histograms represent P21-mR-8R samples taken at day 1, while the grey
histograms represent day 7 samples, black histograms are the experiment
control. (C) Relative biological activity of the P21-mR-8R. Protein transduction
activity was compared to the experiment control. Error bars indicate SD (n = 3).
* iS5 P<O.05, ** iS5 P<O.0L. cvvooverreeereeereeereseseseseeeeeeeseeseseseeesseeseee e s seseseseeees 102
Figure 3.15 P21-mR-8R stability in cell culture media of various pH values (3,
5 & 7). pH was adjusted using 1M hydrochloric acid solution. (A) Fluorescence
microscopy images of the NIH3t3 cells treated with the samples contain P21-
mMR-8R (Scale bar 10pum). (B) Flow cytometry histograms showing cellular
uptake of P21-mR-8R after application of the samples to NIH3t3 cells. The red
histograms represent P21-mR-8R samples taken at day 1, while the grey
histograms represent day 7 samples, black histograms are the experiment
control. (C) Relative biological activity of the P21-mR-8R. Protein transduction
activity was compared to the experiment control. Error bars indicate SD (n = 3).
F S PRO.05. ettt 103
Figure 3.16 P21-mR-8R stability in cell culture media of various pH values (3,
5 & 7). pH was adjusted using 1M sulfuric acid solution. (A) Fluorescence
microscopy images of the NIH3t3 cells treated with the samples contain P21-
MR-8R (Scale bar 10um). (B) Flow cytometry histograms showing cellular
uptake of P21-mR-8R after application of the samples to NIH3t3 cells. The red
histograms represent P21-mR-8R samples taken at day 1, while the grey

histograms represent day 7 samples, black histograms are the experiment
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control. (C) Relative biological activity of the P21-mR-8R. Protein transduction
activity was compared to the experiment control. Error bars indicate SD (n = 3).
F S PRO.05. ettt bbbttt 104
Figure 3.17 GET peptide interaction with 25mg PLGA MPs at various pH
conditions in presence of different L-Histidine quantities. PLGA MPs were
suspended in solution of different pH values and P21-mR-8R with L-Histidine
was then added, the solution was then centrifuged and the P21-mR-8R quantity
in the supernatant was measured. Error bars indicate SD (N = 3)........ccoc....... 107
Figure 3.18 Effect of L-Histidine on GET peptide stability in media contains
PLGA degradation product. Blank PLGA MPs were left to degrade in media,
after that P21-mR-8R was mixed with the media and different quantities of L-
Histidine. Protein was then transduced into cells by addition to plated NIH3t3
cells. (A) Fluorescence microscopy images of the NIH3t3 cells treated with the
sampled P21-mR-8R (Scale bar 10um) and flow cytometry histograms showing
cellular uptake of P21-mR-8R after application of the samples to NIH3t3 cells.
The red histograms represent P21-mR-8R samples while black histograms are
the experiment control. (B) Relative transduction activity of the sampled P21-
mR-8R. Protein transduction activity was compared to the experiment control.
Error bars indicate SD (n = 3). * iS P<0.05......ccceiiiiiiiiiieec e, 109
Figure 3.19 GET-peptide stability at various pH values mimicking the PLGA
Microenvironment. P21-mR-8R with L-Histidine stability in cell culture media
of various pH values (3, 5 & 7), pH was adjusted using 1M lactic acid solution
Protein sample was transduced into cells by addition to plated NIH3t3 cells. (A)
Fluorescence microscopy images of the NIH3t3 cells treated with the protein

samples (Scale bar 10um). (B) Flow cytometry histograms showing cellular
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uptake of P21-mR-8R after application of the samples to NIH3t3 cells. The red
histograms represent P21-mR-8R samples taken at day 1, while the grey
histograms represent day 7 samples, black histograms are the experiment
control. (C) Relative transduction activity of the samples. Protein transduction

activity was compared to the experiment control. Error bars indicate SD (n = 3).

Figure 3.20 GET-peptide stability at various pH values mimicking the PLGA
Microenvironment. P21-mR-8R with L-Histidine stability in cell culture media
of various pH values (3, 5 & 7), pH was adjusted using 1M glycolic acid solution
Protein sample was transduced into cells by addition to plated NIH3t3 cells. (A)
Fluorescence microscopy images of the NIH3t3 cells treated with the protein
samples (Scale bar 10um). (B) Flow cytometry histograms showing cellular
uptake of P21-mR-8R after application of the samples to NIH3t3 cells. The red
histograms represent P21-mR-8R samples taken at day 1, while the grey
histograms represent day 7 samples, black histograms are the experiment
control. (C) Relative transduction activity of the samples. Protein transduction

activity was compared to the experiment control. Error bars indicate SD (n = 3).

Figure 3.21 GET-peptide stability at various pH values mimicking the PLGA
Microenvironment. P21-mR-8R with L-Histidine stability in cell culture media
of various pH values (3, 5 & 7), pH was adjusted using 1M acetic acid solution
Protein sample was transduced into cells by addition to plated NIH3t3 cells. (A)
Fluorescence microscopy images of the NIH3t3 cells treated with the protein
samples (Scale bar 10um). (B) Flow cytometry histograms showing cellular

uptake of P21-mR-8R after application of the samples to NIH3t3 cells. The red
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histograms represent P21-mR-8R samples taken at day 1, while the grey
histograms represent day 7 samples, black histograms are the experiment
control. (C) Relative transduction activity of the samples. Protein transduction

activity was compared to the experiment control. Error bars indicate SD (n = 3).

Figure 3.22 GET-peptide stability at various pH values mimicking the PLGA
Microenvironment. P21-mR-8R with L-Histidine stability in cell culture media
of various pH values (3, 5 & 7), pH was adjusted using 1M phosphoric acid
solution Protein sample was transduced into cells by addition to plated NIH3t3
cells. (A) Fluorescence microscopy images of the NIH3t3 cells treated with the
protein samples (Scale bar 10um). (B) Flow cytometry histograms showing
cellular uptake of P21-mR-8R after application of the samples to NIH3t3 cells.
The red histograms represent P21-mR-8R samples taken at day 1, while the grey
histograms represent day 7 samples, black histograms are the experiment
control. (C) Relative transduction activity of the samples. Protein transduction

activity was compared to the experiment control. Error bars indicate SD (n = 3).

Figure 3.23 GET-peptide stability at various pH values mimicking the PLGA
Microenvironment. P21-mR-8R with L-Histidine stability in cell culture media
of various pH values (3, 5 & 7), pH was adjusted using 1M hydrochloric acid
solution Protein sample was transduced into cells by addition to plated NIH3t3
cells. (A) Fluorescence microscopy images of the NIH3t3 cells treated with the
protein samples (Scale bar 10um). (B) Flow cytometry histograms showing
cellular uptake of P21-mR-8R after application of the samples to NIH3t3 cells.

The red histograms represent P21-mR-8R samples taken at day 1, while the grey
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histograms represent day 7 samples, black histograms are the experiment
control. (C) Relative transduction activity of the samples. Protein transduction
activity was compared to the experiment control. Error bars indicate SD (n = 3).
F IS PRO.05. ittt 116
Figure 3.24 GET-peptide stability at various pH values mimicking the PLGA
Microenvironment. P21-mR-8R with L-Histidine stability in cell culture media
of various pH values (3,5 & 7), pH was adjusted using 1M sulfuric acid solution
Protein sample was transduced into cells by addition to plated NIH3t3 cells. (A)
Fluorescence microscopy images of the NIH3t3 cells treated with the protein
samples (Scale bar 10um). (B) Flow cytometry histograms showing cellular
uptake of P21-mR-8R after application of the samples to NIH3t3 cells. The red
histograms represent P21-mR-8R samples taken at day 1, while the grey
histograms represent day 7 samples, black histograms are the experiment
control. (C) Relative transduction activity of the samples. Protein transduction
activity was compared to the experiment control. Error bars indicate SD (n = 3).
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Figure 3.25 pH values for media before and after addition of L-Histidine
(200pg/ml). pH was initially adjusted using 1M acetic acid solution. Error bars
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Figure 3.26 Effect of L-Histidine on P21-mR-8R stability upon storage in cell
culture media of pH 3, adjusted using 1M acetic acid solution. 200pg/ml P21-
mR-8R solution of pH 3 was prepared and stored at 37°C for 7 days. A sample
was taken from the solution, after 7 days, and diluted 1:10 in fresh cell culture
media, producing a P21-mR-8R solution of 20ug/ml. 20ug of L-Histidine was

then added to the solution. Protein was then transduced into cells by addition to
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plated NIH3t3 cells. (A) Fluorescence microscopy images of the NIH3t3 cells
treated with the sampled P21-mR-8R (Scale bar 10um). (B) Flow cytometry
histograms showing cellular uptake of P21-mR-8R after application of the
sample to NIH3t3 cells. The red histograms represent P21-mR-8R sample, black
histogram is the experiment CONtrol. ..........ccccoevieii i 120
Figure 3.27 Dose of L-Histidine required to promote GET-peptide activity.
Effect of different quantities of L-Histidine on P21-mR-8R stability upon storage
in cell culture media of pH 3 (pH was adjusted using 1M acetic acid solution).
200ug/ml P21-mR-8R solution was prepared with various quantities L-Histidine
(0 — 200pg) and stored at 37°C. A sample was taken from each solution, at
defined time points, and diluted 1:10 in fresh cell culture media. Protein was then
transduced into cells by addition to plated NIH3t3 cells. (A) Fluorescence
microscopy images of the NIH3t3 cells treated with the sampled P21-mR-8R
(Scale bar 10pm). (B) Flow cytometry histograms showing cellular uptake of
P21-mR-8R after application of the samples to NIH3t3 cells. The red histograms
represent P21-mR-8R samples taken at day 1, while the grey histograms
represent day 7 samples, black histograms are the experiment control. (C)
Relative transduction activity of the sampled P21-mR-8R. Protein transduction
activity was compared to the experiment control. Error bars indicate SD (n = 3).
S PL0.05. v eee e eee e ee e 122
Figure 3.28 MP characterization; SEM and size analyses. MPs were prepared
with addition of 200uL PBS to the primary emulsion. MPs were loaded with
P21-mR-8R (0.5% (w/w)) mixed with L-Histidine (25% (w/w)). SEM analyses

for MPs (scale bars represent 50 um on left image, and 10 um on right image).
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Representative size distribution, average of three different loaded PLGA
microparticles batches (N=3). ...ccviveiiie s 124
Figure 3.29 In vitro release profiles of P21-mR-8R from porous PLGA MPs (pH
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Figure 3.30 Transduction activity of the released P21-mR-8R. Porous MPs were
prepared using S/O/W method and loaded with P21-mR-8R (0.5% (w/w)) mixed
with L-Histidine (0.25% (w/w)). Transduction activity of the released protein
was assessed by addition to plated NIH3t3 cells. (A) Fluorescence microscopy
images of the NIH3t3 cells treated with the sampled P21-mR-8R (Scale bar 10
um). (B) Flow cytometry histograms showing cellular uptake of P21-mR-8R
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Figure 3.31 Relative biological activity of P21-mR-8R released from PLGA
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Figure 3.32 Schematic for hypothesis of GET peptide interaction with Carboxyl
groups and L-Histidine. Interaction between GET peptide released from MPs
and cells in presence of carboxyl groups resulted from PLGA degradation, with
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(w/w)), and mixed with PBS 0.1% (w/w) and L-Histidine 25% (w/w). (A) SEM
analyses for MPs (scale bars represent 100um on left image, and 10pum on right
image). (B) Summary of size characterization and corresponding loading
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Figure 4.2 In vitro release profiles of P21-RUNX2-8R-FITC from PLGA MPs
(pH 7.4 at 37 °C). MPs were fabricated using PLGA (50:50), loaded with P21-
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Histidine 25% (w/w). Protein release was quantified using Micro BCA assay kit
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Figure 4.3 Transduction activity of the released P21-RUNX2-8R-FITC. PLGA
MPs were prepared using S/O/W method, loaded with P21-RUNX2-8R-FITC
(0.5% (w/w)). Transduction activity of the released protein was assessed using
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hMSCs treated with the sampled P21-RUNX2-8R-FITC (Scale bar represents

Figure 4.4 Relative transduction activity of the released P21-RUNX2-8R-FITC.
PLGA MPs were prepared using S/O/W method, loaded with P21-RUNX2-8R-
FITC (0.5% (w/w)). Transduction activity of the released protein was assessed
using hMSC in monolayer. (A) Flow cytometry histograms showing cellular
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Figure 4.5 Relative transfection activity of the released P21-RUNX2-8R-FITC.
PLGA MPs were prepared using S/O/W method, loaded with P21-RUNX2-8R-
FITC (0.5% (w/w)). (A) Schematic showing the experimental procedure. (B)
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containing blank MPs cultured in osteo-inductive media (DAB). ................. 161
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Figure 4.9 Cells differentiation on scaffolds. Von Kossa-stained samples at
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osteo-permissive  media. Loaded MPs represents cell-seeded scaffolds
containing P21-RUNX2-8R-loaded MPs cultured in osteo-permissive media.
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Chapter I: Introduction



1. Introduction

Elderly people have an increasing incidence of bone fracture complications. The
number of hip and knee replacement procedures in 2010 in US alone was around
7 million cases [1]. When bone damage is larger than the normal repair
mechanisms can handle (critical size defect), synthetic fillers or grafts are
required. Grafting materials are categorised based on the source; autograft,
allograft and synthetic materials. Accordingly, the need for synthetic fillers,
which can be compatible with patients, is increasing [2].

Tissue engineering aims for the renewal or replacement of tissue functions lost
through disease or trauma [3], The aim of tissue engineering is to generate new
tissues from cells seeded onto scaffolds [4, 5]. These scaffolds can be employed
to deliver therapeutic factors essential for the regeneration process. Tissue
engineering utilises cell, biological factors and scaffolds to restore functions of
lost tissues [6, 7].

In this thesis an injectable scaffold was utilised to incorporate transcription factor
(RUNX2) loaded microparticles essential for osteogenesis, the injectable
scaffold will serve as a template for the seeded cells. The essential tissue
engineering components; scaffolds, biological factor and cells were employed

for this purpose.

1.1.Bone physiology and structure

Bone is a complex tissue supporting framework of the body, characterized by its
rigidity and hardness. It protects the vital organs, controls calcium homeostasis,
acts as a reservoir of growth factors and also takes part in acid—base balance [8,

9.



Bone can be divided into two components, based on the structure; the cortical
bone and the cancellous bone. Cortical bone characterised by its density and
hardness, also, it surrounds the marrow space. Alternatively, the cancellous bone
is more lightweight and porous and consists of a network of random fine plates
of lamellar bone called trabeculae that are separated by interconnecting pores
(Figure 1.1) [8, 10, 11].

The structure of bone is composed of inorganic component (99%

hydroxyapatite) and organic component (90% collagen) [8, 9].



Basic structure of bone
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Figure 1.1 Basic structure of bone. The cortical or compact bone structure is
shown at the circumference with the more porous cancellous or spongy bone

structure within the centre of the bone. [11]



1.2.Bone development and growth

Bone has a number of inherent cell types which play an important role in bone

development and maintenance.

Osteoblasts (bone forming cells) are mononuclear cells. These cells are derived
from mesenchymal stem cells. The main role of these cells is the synthesis and
mineralisation of osteoid. They usually found below the bone matrix which they
secrete. Osteoblast cells may become osteocytes once trapped inside the
mineralised matrix, or they may undergo apoptosis [11, 12].

Osteoclasts (bone resorption) are large multinucleated cells derived from the
monocyte/macrophage lineage. The role of these cells is mainly during the bone
resorption. It helps in local degradation of the bone matrix.

Osteocytes are terminally differentiated, star shaped cells derived from
osteoblasts entrapped within the bone matrix. They form the largest component

of the bone, and they exceed the osteoblasts in number [11, 12].

Osteogenesis is the process of new bone formation by osteoblast cells. The
formation of normal and healthy bone is carried out by two important routs:
1. Intramembranous osteogenesis characterized by laying down of bone into
the connective tissue (mesenchyme) resulting in the formation of bones.
2. Endochondral osteogenesis where a cartilage model acts as a precursor.
Three basic steps involved in osteogenesis are:

e Synthesis of extracellular organic matrix (osteoid).

e Matrix mineralization leading to the formation of bone.

e Re-modelling of bone by the process of resorption and reformation.



1.3.Bone repair
Depending on biomechanical properties, fractures can be divided into two main
types.
Primary bone healing: there is absolute stability (no motion between fracture
surfaces under functional load).
Secondary bone healing: at this healing type, movement at the fracture site is
required. There are four main stages of bone healing that occurs sequentially
(haematoma, inflammation, repair and remodelling) figure 1.2 summarises the
stages [13].

Haematoma: Blood cells accumulate in tissues at the injury site. A blood
clot of insoluble fibrin is formed, which called haematoma. Bone ends at the
fracture site are destroyed by osteoclasts.

Inflammation: the formed clot provides a framework for the influx of
various migrating cells (e.g. neutrophils, platelets). These cells release various
cytokines (such as transforming growth factor-f3). Endothelial cells undergo
mitosis to form capillaries and, together with fibroblasts, granulation tissue is
formed. Primary healing occurs via granulation tissue, which tolerates high
strains. Osteoclasts start to resorb the dead bone ends and phagocytes remove
other necrotic tissue.

Repair: at this stage, soft callous formation occurs which refers to the
cartilaginous phase that form at the fracture gap which then differentiates into
hard callus. The process whereby soft callus is replaced by hard callus is called
endochondral ossification. The chondrocytes become hypertrophic, calcify and
die, allowing angiogenesis to occur, and osteoblasts lay down woven bone on

the collagen framework left by the chondrocytes.



Remodelling: osteoblasts and osteoclasts deposit and remove bone until

the normal shape is restored.

1.4.Clinical interventions for non-union bone Fracture

In some cases, normal physiological mechanisms fail to fulfil the needed
outcome, which requires clinical intervention. Hypertrophic non-union fractures
(sufficient callus formed but without union) are treated with rigid
immobilisation. Atrophic non-union fractures (where little or no callus formed)
have other treatment options. Bone graft is one of the used treatment [14].

Bone grafts can be of various types: Autograft, allograft, or synthetic. Each have
their own advantages and disadvantages.

Autograft: bone grafts involve processing the patient’s own bone. Autografts
are currently considered the clinical gold standard. The best grafting success
rates have been achieved with vascularised autografts [15]. This method avoids
issues of tissue rejection. However, there is a limited supply of bone [16, 17].
Allograft: bone is obtained from a donor and can be fresh or freeze dried. Bone
banks specialise in preparing these grafts. The risks associated with this process
are pathogenic infection and immune rejection.

Synthetic implants: various types of synthetic components are used in
orthopaedic surgeries. These can be grouped into two categories: ceramics and
polymers. Ceramics include glass ceramics [18, 19], calcium sulphate [20] and
calcium phosphate [21]. Polymeric implants are another option. Available

commercial product is HEALOS® (DePuy Synthes).
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HEALOS® consists of cross-linked collagen coated with hydroxyapetite. These
implants lack the required functions to encourage tissue integration and self-
repair. Methods are currently under investigation that impart bio-functionality
onto these materials [22, 23].

Autografts, the clinical gold standard have good efficacy but limited availability,
allograft may cause infection. There is an increasing need for a synthetic
materials of unlimited supply and functional characteristics.

The aim in conducting this research was to develop a synthetic scaffold, that can
be moulded in any shape, and provide the needed biological molecules to initiate
osteogenesis.

Therapeutic molecules (such as growth factors) can be utilised to provide the
needed functionalities [24, 25]. Scaffolds can be utilised to provide a template
for cells, as well as supply the needed therapeutic molecules [24]. The
combination of scaffolds component, cells and therapeutic molecules can be
used for localised and targeted bone regeneration therapies [25].

The upcoming sections will summarise and discuss the materials used for
synthetic scaffolds as well as the therapeutic molecules (and their delivery

mechanisms) to regenerate bone.



1.5.Growth factors for bone regeneration
Autografts are considered effective way for bone regeneration as they contain
the necessary signalling molecules [26]. These molecules are osteo-conductive
(process of bone growth on a surface) scaffold, growth factors needed for osteo-
induction (process of osteogenesis induction and stimulation of cells to develop
into pre-osteoblasts) and cells with osteogenic potential. These signalling
molecules are not available in synthetic implants, however, can be added to the
scaffold material.
Bone Morphogenetic Proteins (BMPs) are a group of signalling molecules that
belongs to the Transforming Growth Factor-p (TGF-B) superfamily of proteins
[27-30]. BMPs were initially known for their ability to induce bone formation.
BMPs are important in embryogenesis, and also in maintenance of adult tissue
homeostasis [27, 28].
More than 15 known BMPs are structurally related and can be further
categorized into subgroups based on amino acid or nucleotide similarity [27].
BMP 2, 4,6, 7, and 9 are commonly referred to as the osteogenic BMPs, based
on their potent bone-inducing activity [27, 31].
FDA has approved two recombinant human bone morphogenetic protein
(rhBMP) carrier systems for clinical use; OP-1 (Stryker ®) which delivers BMP-
7 and InNFUSE™ (Medtronic) which delivers BMP-2. These systems are
collagen carrier based and deliver a supra-physiological concentrations of
growth factor.
BMP-2 is the most researched osteo-inductive protein and InNFUSE is indicated
for various uses; such as tibial fractures, oral maxillofacial bone and spinal

fusion [32, 33]. However, with more use of BMP-2, an increasing side effect
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profiles had been reported [27-29]. This includes postoperative inflammation,
ectopic bone formation, osteoclast-mediated bone resorption, and inappropriate

adipogenesis [28, 29].

In 2008, the FDA issued a public health notification of ‘Life-threatening
Complications Associated with Recombinant Human Bone Morphogenetic

Protein in Cervical Spine.’

1.5.1. BMP-2 signalling pathway

BMP-2 induces osteoblast differentiation via SMAD 1/5 proteins which are
intracellular proteins that transduce extracellular signals from ligand binding at
the cell membrane to the nucleus where they activate gene transcription (Figure
1.3). Initiation of the BMP-2 signalling pathway occurs at the cell membrane by
the binding of BMP-2 to a BMP type Il receptor resulting in the phosphorylation
and activation of the BMP type | receptor. This in turn, transmit the signal by
phosphorylating a family of proteins known as SMAD proteins. These proteins
transduce extracellular signals from ligand binding to the nucleus where gene
transcription is activated. The type | receptor will firstly phosphorylate the
receptor-regulated SMADs (R-SMADSs) which then bind the coSMAD SMADA4.
[27, 30, 34].

R-SMAD/coSMAD complexes accumulate in the nucleus where they act as
transcription factors and participate in the regulation of target gene expression.
This complex may cooperate with RUNX2 or function alone to induce the
expression of osteogenesis related genes and then regulate the osteogenic

differentiation at the transcriptional level [27, 30, 34].
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1.6. Transcription factor (RUNX2)

The major transcription factor regulating osteoblast commitment and osteogenic
differentiation of mesenchymal stem cells is RUNX2, also named Chfal [35-
37]. Activation of RUNX2 in human bone marrow (BM) mesenchymal stem
cells induces the expression of specific osteoblastic markers such as alkaline
phosphatase (ALP), and osteocalcin (OC) during osteoblast maturation [38].
RUNX2 belongs to RUNX family which composed of three genes,
RUNX1/Cbfa2 RUNX2/Cbfal, and RUNX3/Cbfa3. All three genes contain a

runt domain, which is the DNA-binding domain [35, 36].

RUNX2 is first detected in pre-osteoblasts, and the expression is increased
initially at the immature osteoblasts, but the expression decreases upon
osteoblast maturation. RUNX2 is the earliest transcription factor needed for
identification of the osteoblast lineage, while Sp7 and canonical Wnt-signaling
further direct the fate of mesenchymal cells to osteoblasts [35, 36, 39-41].
Interestingly, in differentiated osteoblasts, RUNX2 needs to be suppressed in
order to form mature bone [42, 43]. Therefore RUNX2 activity is clearly
required to trigger the initial osteogenic gene regulatory network and direct the
bone developmental program.

Accordingly, and in order to direct cells differentiation selectively to the
osteoblast lineage and to avoid using BMP-2, many groups have studied
delivering RUNX2 to control osteogenesis. However, since RUNX2 has
relatively high molecular weight (~56kDa), delivery vector is needed to deliver
RUNX2 into the cells. Zhao et. al. studied the delivery of RUNX2 to Marrow
stromal cells (MSCs) using adenoviral vectors [44]. Matrix mineralisation as

well as calcium deposition were assessed against control samples. The results
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showed cells differentiation into osteoblast lineage in response to RUNX2
transduction. It was concluded that RUNX2 gene therapy enhances the
osteogenic activity of MSCs [44].

Zheng et. al. investigated the effect of RUNX2 on bone formation [45].
Adenoviral vector carrying mouse RUNX2 gene to transduce primary cultured
bone marrow stromal cells (MSCs) was used. It was found that transduced MSCs
produced RUNX2 protein and differentiated into osteoblast-like cells. The
transduced MSCs had increased alkaline phosphatase activity, increased
expression of osteocalcin, osteopontin and bone sialoprotein, and increased
matrix mineralization. The study concluded that RUNX2 can induce osteoblast
differentiation and bone formation both in vitro and in vivo [45].

Another study by Byers et. al. investigated RUNX2 gene delivery using retroviral
vector to bone marrow stromal cells [46]. The modified cells were combined into
three dimensional polymeric scaffolds to create tissue-engineered constructs.
RUNX2 transduced cells showed osteoblastic differentiation and mineralization.
The study concluded that RUNX2 overexpression enhanced mineralization and
the transduced cells can be integrated with three dimensional scaffold structures
[46].

The mentioned gene delivery approaches focus on overexpression of osteogenic
factors to induce osteoblastic differentiation and matrix mineralization.
However, the unregulated production of osteo-inductive molecules may result in
abnormal bone formation and tumorigenesis [47]. To address these limitations,
Gersbach et. al. described a retroviral system to deliver the RUNX2 transcription
factor under control of hydro-tetracyline inducible system. Osteoblastic gene

expression, alkaline phosphatase activity, and matrix mineralization were
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evaluated. Moreover, engineered cells were seeded onto collagen scaffolds and
implanted intramuscularly in the limbs of syngeneic mice. The results showed
successful regulation of osteoblast differentiation [47].

It can be seen that the mentioned approaches are utilising viral vectors to deliver
RUNX2 gene [45-47]. Two main limitations are associated with this approach,
the use of gene to program cells, which needs to be switched off [48-50] and the
risks associated with viral vectors [51-53].

The driving force of the work presented in this thesis was to be able to deliver
RUNX2, eliminating the need for BMP-2, and to use safe delivery vectors
instead of the currently used viral vectors.

RUNX2 contains a nuclear localization signal domain that directs nuclear
localization, however, RUNX2 does not get endocytosed [54, 55]. This limits
the use of RUNX2 unless it is combined with a delivery tool, to facilitate
endocytosis.

Various delivery systems have been reported, Um et. al. summarised them in
their review article [56]. The main reported methods are viral- and lipid-
mediated transfection systems. However, these methods have been reported to
be inappropriate for therapies due to virus-based safety risks and low efficiency
in vivo, respectively [57-60].

In order to remove the need for RUNX2 gene delivery, it was suggested to deliver
RUNX2 as recombinant protein. Delivery of proteins has been considered as the
safest and most useful application in therapeutic application of stem cells [50],
because proteins can regulate gene expression transiently without any genomic

alteration.
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Since the discovery of Cell Penetrating Peptides (CPPs), several techniques have
been reported to deliver various molecules such as oligonucleotides, small
molecules, siRNA, nanoparticles, peptides and proteins [61-63]. Ravindran et.
al. have reported successful delivery of RUNX2 protein using cell penetrating
peptide [54]. A novel fusion peptides were developed in our group (lead by Dr.
James Dixon) called GET peptides, the aim was to utilise these peptides to
deliver RUNX2 to induce hMSCs differentiation. An overview of this

technology is presented in the upcoming section.

1.7.Glycosaminoglycan Enhanced Transduction (GET) Peptides

The previously mentioned transfection methods (viral, and lipid delivery) have
some drawbacks, such as low efficiency and high toxicity. An alternative
strategy to deliver cargos intracellularly was needed.

In 1988, the HIV TAT trans-activating factor was discovered [64-66]. TAT was
the first discovery of a new type of molecular vectors, which can enhance the
delivery of cargos, called cell-penetrating peptides (CPPs).

Cell-penetrating peptides are class of various peptides; usually consist of 5-30
amino acids. This type of peptides can cross the cellular membrane, by
endocytosis. Due to their ability in crossing the cellular membrane, CPPs can be
used for different applications [67]. CPPs were used as vectors for SiRNA [68]
nucleotides, small molecules, and proteins [69, 70]. Moreover, CPPs were used
to carry a functional peptide, and can incorporate a functional motif [71, 72].
CPPs may have different amino acid contents and 3D structure. CPPs have
different degrees of hydrophobicity and polarity; this can be seen with different

examples of cationic, anionic, and neutral CPPs. The various structures of CPPs
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can result in different levels of cellular uptake. Also, the type of cargo carried by
a CPP will affect the mode and levels of uptake [73].

The exact mechanism of cellular uptake of CPPs was not clear, various debates
were reported [66, 67, 74-76]. However, endocytosis-mediated uptake is
assumed to be the main pathway through which CPPs are internalized within
membranes [66, 77, 78], specifically, lipid raft-dependent micropinocytosis [76,
79].

The main limitation related to CPPs protein delivery mediated via endocytosis
is the entrapment of the internalized cargo in the cytoplasm within endosomes.
This prevents the release of the cargo and exposes it to degradation in lysosome
[77]. Eventually, this will require high starting concentration of CPPs to bypass
entrapment inside endosomes [77, 80] and this may expose the cells to toxic
dose.

Tissue engineering group at University Of Nottingham (lead by Dr. James
Dixon) has developed a novel cellular delivery system to overcome the delivery
limitations using CPPs. This novel system is a series of fusion proteins that binds
a membrane docking peptides to heparin sulphate glycosaminoglycans (GAGS)
with cell penetrating peptide [81].

Heparan sulphate (HS) is a proteoglycan commonly present on cell surfaces
which plays an important role in the extracellular matrix regulating a variety of
biological processes [82]. For this reason, P21, a heparin binding domain (HBD)
that IS comprised of a short 21 peptide residue
(KRKKKGKGLGKKRDPCLRKYK) was used to enhance cell binding.

The GAG-binding peptide (arginine) was added to stimulate cell interaction and

the CPP functions for high efficiency membrane transduction [81].
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This technology provides combination of cell-targeting and cell-penetrating
potentials and allows the delivery of therapeutic proteins to different cell-types.
Functional quantities of various protein cargos, such as fluorescent proteins,
transcription factors and enzymes, were successfully delivered using this
proposed technology [81]. An example for delivery of Red Fluorescent Protein
is shown in figure 1.4. This figure was printed from Dixon et. al. research [81]

This technology will be utilised in this research to deliver the transcription factor

RUNX2.
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Figure 1.4 Printed from Dixon et. al. [81]. P21 improves PTD-mediated cellular uptake.
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(A) Schematic of the proteins created after screening domains that improve efficiency of protein delivery to cells. P21-mR is mRFP with an N-
terminal fusion of the P21 domain of HB-EGF. P21-mR-8R is mRFP with N-terminal fusion of P21 and C-terminal fusion of 8R. (B) Fluorescence
microscopy images of NIH3t3 cells treated with proteins (20 pug/mL) for 12 h in standard media conditions. (Scale bar, 100 um.) (C) P21-mR-8R
is efficiently taken into hESCs and mESCs (HUES7 and CGR-8, respectively) and hiPSCs (IPS2) and mouse cardiomyocyte cell line HL1. Flow
cytometry analyses of the mR-8R inefficiently delivered cell lines treated with proteins mR-8R (20 pg/mL) for 12 h. (D) P21-mR-8R initially
strongly interacts with cell membranes and progressively is taken up and localized perinuclearly. Fluorescence (Top) and confocal laser scanning
microscopy (Bottom) images of NIH3t3 cells treated with P21-mR-8R (20 ug/mL) for 1 h, 1 h with washes and a further 5 h incubation (in serum-
free media), or 6 h treatment. Cells were pre-incubated for 1 h in serum-free media and transduced for the desired time in serum-free media. (Scale
bars, top, 50 um; bottom, 10 um). [81].
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1.7.1. RUNX2 delivery using GET peptides

It was previously shown that CPPs can be used to deliver RUNX2 protein [54].
Accordingly, it was suggested to study the combination of RUNX2 protein with
the previously mentioned GET peptides (section 1.7).

A study was done in our group (Tissue Engineering group — University of
Nottingham) investigated the effect of GET-RUNX2 delivery on hMSCs
differentiation [55].

P21-RUNX2-8R cDNA was synthesised and cloned into the pGEX6-P1
expression vector and expressed proteins in BL21 (DE3) pLysS Escherichia coli.
The synthesised protein was transduced to hMSCs, dose, dose frequency, as well
as cell viability were first evaluated before studying cells differentiation were
evaluated. Figure 1.5 shows the evaluation results (figure was printed from
Thigarajan et. al. [55]).

The results showed that the cells commit to osteoblast lineage in response to
P21-RUNX2-8R treatment. The best response was at dose of 60ug supplied in
two equal doses (30ug each). Moreover, BMP-2 and Dexamethasone were used
as positive controls to compare to P21-RUNX2-8R effect. The results showed
comparable cells behaviour [55].

Based on these findings, and in order to achieve the needed dose of P21-
RUNX2-8R when cells seeded on scaffolds, for the purpose of bone tissue
engineering, polymeric microparticles will be employed to release P21-RUNX2-

8R.
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Figure 1.5 Printed from Thiagarajen et. al. [55]. P21-RUNX2-8R delivery
induce osteogenesis. (A) Design of the osteogenic constructs. P21-RUNX2-8R
IS @ RUNX2 transcription factor with an N-terminal fusion of P21 and a C-
terminal fusion of 8R. P21-RUNT-8R contains only the DNA binding domain,
RUNT, sandwiched between P21 and 8R. (B) To assess the delivery of the fusion
peptide, the proteins were labelled with FITC and delivered at different
concentrations overnight. Flow cytometry analysis of percentage positivity and
relative fluorescence unit (RFU) of hMSCs treated with different concentrations
of P21-RUNX2-8R-FITC (10, 30, 50 ug/ml) overnight. Statistical significance
was determined using the Holm-Sidak method, 0=0.05. (C) Viability of hMSCs
measured using trypan blue at day 1 and 7 after overnight treatment with 30
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pg/ml of P21-RUNX2-8R. 30 pg/ml of P21-RUNX2-8R was used as the optimal
concentration on further experiments. Statistical significance determined using
the Holm-Sidak method, with alpha=5.000%. (D) Fluorescence microscopy
images of hMSCs treated with 10, 30 and 50 pg/ml P21-RUNX2-8R-FITC
overnight. As the concentration increases, fluorescence intensity of P21-
RUNX2-8R-FITC inside hMSCs increases. Scale bar is 50 um. (E) For the first
week, hMSCs were treated overnight with P21-RUNX2-8R (30 pg/ml) every
other night (3x), every three days (2x) or treated only once (1x). Viability of
hMSCs measured using trypan blue at day 1 and 7 after overnight treatment with
30 pg/ml of P21-RUNX2-8R once, twice and thrice per week. Statistical
significance determined using the Holm-Sidak method, with alpha=5.000%. (F)
Treated hMSCs were cultured in osteo-permissive medium for three weeks,
stained with Alizarin Red S (ARS) for matrix mineralization and quantified
using a microplate reader. 30 pg/ml of P21-RUNX2-8R treated twice during the
first week was identified as the optimal dose and the same conditions were used
in the subsequent assays. Statistical significance was determined using one way
ANOVA. Error bars indicate standard deviation (SD).

22



1.8.Therapeutic molecules delivery from microparticles

In vivo, therapeutic proteins can be delivered by subcutaneous and intramuscular
administration, or intravenous infusion. However, most proteins possess short
biological half-lives in bodily fluids which means that frequent injection
regimens at high dosages are required for sustained effect. Moreover, systemic
delivery by nature does not allow targeted or localised delivery of proteins,
meaning off-target effects and significant amounts of the administered therapy
is miss-targeted. In order to overcome these limitations, biodegradable polymers
have been used to control the release of therapeutic proteins locally at the disease
site. These controlled release approaches can be powerful as they extend the
duration of activity, overcoming the need for frequent administration, and also
implantation at the therapeutic site allows localized delivery to the tissue of
interest [83-87].

Controlled delivery devices can provide the flexibility to optimise the system
based on the needed drug release rate; for example, providing a continuous rate
of delivery or fluctuating release. Second, controlled release devices can be used
to protect drugs from being destroyed in the body; such as proteins. Moreover,
controlled release systems can enhance patient compliance by having less
frequently administered doses [87, 88].

Biodegradable polymeric microparticles are one of the common types for the
controlled release delivery devices [87, 89]. Polymeric microparticles have
many advantages; they can be used to encapsulate different types of drugs,
including small molecules, proteins and nucleic acids. Polymeric microparticles
are easily administered by syringe; they can provide high bioavailability.

Moreover, they can sustain the release for longer periods [87, 89]. Disadvantages
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of microparticles include limitations of large-scale manufacturing and loss of
drug activity during fabrication [87, 88].

1.8.1. Polymers used for controlled drug release systems

Many polymers can be used for controlled delivery applications; however, in
order to facilitate their study, polymers have been classified into groups with
common properties, of the polymers, within the group.

Polymers are categorised into the two major types; natural polymers and
synthetic polymers. Synthetic polymers can be classified into biodegradable
polymers and non-biodegradable polymers [90-95].

A- Natural polymer:

1. Protein-based polymer: albumin, collagen, gelatine.

2. Polysaccharides: alginate, chitosan, agarose, hyaluronic acid, cellulose,
starch.

B- Synthetic polymers

The below table summarizes the types of synthetic polymers.
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Table 1.1 Synthetic polymers classes and examples.

Material Class Example

Polyester Poly lactic acid, poly glycolic acid,
poly lactide-co-glycolide (PLGA),
poly hydroxyl butyrate, polyester,
polycaprolactone.

Polyanhydride Poly adepic acid, poly sebacic acid.

Biodegradable
Polyamides Poly amino acid, poly imino
polymers
carbonate.

Phosphorous Polyphosphates, poly phosphonates.

based polymer

Others Poly cyanoacrylates, poly
urethanes, etc.

Cellulose based | Carboxy methyl cellulose, ethyl
cellulose, cellulose acetate hydroxyl
propyl methyl cellulose.

Non-
Silicons Polydimethyl siloxane, colloidal
biodegradable
silica, polymethacrylate,
polymers
polymethyl methacrylate.
Others Poly vinyl pyrolidine, Ethyl vinyl

acetate, Poloxamine etc.
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Microbial contamination, batch to batch variation and uncontrolled rate of
hydration are the main disadvantages of natural derived polymers [96]. On the
other hand, synthetic polymers can overcome these disadvantages and they are
preferred to be used in formulation. Moreover, biodegradable polymers can
provide localized and sustained delivery of drug, with an expected release rate

[89].

1.8.2. PLGA use in controlled drug release systems

PLGA properties make it an attractive polymer to be used for drug delivery
applications. PLGA biocompatibility, biodegradability, and flexible erosion
times make it of interest to use in controlled delivery systems. Moreover, PLGA
has flexible mechanical properties and is FDA approved polymer [97].

For the development of controlled delivery systems for small molecules,
proteins, DNA, peptides and RNA, PLGA has been widely studied in both
commercial and research use [98-100].

Polyester PLGA is a copolymer of poly lactic acid (PLA) and poly glycolic acid
(PGA). Poly lactic acid contains asymmetric a-carbon which is described as the
D or L form. The enantiomeric forms of the polymer PLA are poly D-lactic acid
(PDLA) and poly L-lactic acid (PLLA). PLGA is generally an acronym for poly
D,L-lactic-co-glycolic acid where D- and L- lactic acid forms are in equal ratio

[97].
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1.8.3. Physico-chemical characteristics of PLGA

The physicochemical properties of optically active PDLA and PLLA are nearly
the same. PLA can be either highly crystalline (PLLA) or highly amorphous
(PDLA). PGA doesn’t have any methyl side group, and have crystalline
structure. Figure 1.6 shows the PLGA structure.

PLGA is soluble in various solvents such as tetranydofuran, chlorinated solvents,
ethyl acetate and acetone [89, 101]. PLGA biodegrades by hydrolysis of its ester
linkages.

Methyl side group in PLA component is making it more hydrophobic.
Accordingly, the polymer that has more lactide content is considered more
hydrophobic (or less hydrophilic). As a result, the lactide rich polymer absorbs

less water and degrades more slowly [97].

1.8.4. Factors Affecting Polymer Degradation
Several factors can affect the degradation behaviour of PLGA polymer. The

polymer composition plays an important role in determining degradation rate.
Increasing the glycolic acid content will facilitate the polymer weight loss.
PLGA 50:50 (PLA/PGA) has a faster degradation than PLGA 65:35. This might
be attributed to the degradation of glycolic acid proportion associated with
higher hydrophilicity. In addition, PLGA 65:35 shows faster degradation than
PLGA 75:25 and PLGA 75:25 than PLGA 85:15 [102-104]. The degradation of
the polymer, and consequently, drug release rate, can be controlled by the

quantity of glycolic acid.
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Another factor affecting the degradation rate is the polymer average molecular
weight (Mw). Lower degradation rates can be achieved with higher molecular
weight polymers [105]. The polymer chain size is influencing the molecular
weight. Increasing the polymer chain length will results in higher molecular
weight polymer which will results in longer degradation time, compared to the
small polymer chains. There is an exception in the PLLA polymer, where longer
chains will degraded faster, due to lower degree of crystallinity with the higher
molecular weight [105, 106].

The ratio of surface area to volume is another important factor for polymer
degradation rate. Higher surface area ratio will result in higher degradation rate.

Higher surface are to volume ratio has faster release profile [107-109].

1.8.5. Microparticle fabrication techniques

Various fabrication techniques are available to create polymeric microparticles,
such as emulsion techniques, spray drying, supercritical CO2 and microfluidic
and solvent exchange [110-112].

Spray drying is a common method to fabricate microparticles. The polymer
solution is placed in a chamber through an atomiser where it is rapidly dried by
a hot gas [111]. The cost of spray drying equipment is a limiting factor to use it
for microparticles production.

Microfluidic and solvent exchange techniques have resulted in the manufacture
of polymer microparticles of uniform size [112], however, these techniques are
slow to produce feasible yield [113].

The most common method to fabricate polymeric microparticles is using a

variety of emulsion techniques and these will be discussed in the coming Section.
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1.8.5.1.  The Principle of Emulsion Formation

An emulsion is formed as a result of mixing two immiscible liquids (e.g. oil and
water) together. The emulsion is formed by dispersing one liquid in the other in
the form of drops (figure 1.8). The emulsions can be either oil in water (O/W) or
water in oil (W/O). A stabilizer has to be used to maintain the stability of the
emulsion as when mixing stops, the drops may coalesce and the two phases may
separate and the emulsion may collapse. The stabilizers are usually in form of
surfactants that form a film at the interface of the droplet and resist coalescence.
The stability of an emulsion is dependent on interfacial viscosity, electric charge
on drops, droplet size and concentration, and viscosity of the continuous phase.

Walstra did a review of the principles of emulsion formation [114].

oil

c:j Q
“ol:j
Water Homogenizer

Figure 1.8 The principle of oil in water emulsion [115]
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1.8.5.2.  Microparticles Manufacture by Emulsion and
Solvent Evaporation
The principle of emulsion formation has been exploited to manufacture drug

encapsulated polymeric microparticles for use in drug delivery applications. The
work presented here will focus primarily on encapsulation of proteins as these
have complex structures which are directly related to their function and thus pose
challenges to avoid denaturation and loss of bioactivity during the encapsulation
process. There are two major methods developed to encapsulate proteins into
polymer microparticles, solid-in-oil-in-water (S/O/W) emulsion and water-in-
oil-in-water emulsion (W/O/W) [116-120]. The W/O/W method of
microparticles production is widely used and involves dissolving the required
drug or protein in a small volume of water then creating a primary water-in-oil
emulsion by homogenising the protein solution with a solution of the required
polymer in an organic solvent such as dichloromethane. The primary emulsion
Is then transferred into another aqueous solution comprising of an emulsion
stabiliser such as polyvinyl alcohol where it is homogenised for a second time.
The organic solvent must then be removed by solvent extraction or evaporation
to leave protein loaded microparticles (figure 1.9).

Proteins tend to adsorb at water/organic solvent interfaces and this is thought to
destroy the delicate conformation of proteins and to affect various physico-
chemical transformations leading to protein destabilization reactions [121, 122].
Therefore the S/O/W method which maintains proteins in their solid state and
only subjects them to one oil water interface would therefore seem more
appropriate to maintain protein function. A novel method of protein
micronisation with polyethylene glycol (PEG) by lyophilisation was suggested

by Morita to improve protein encapsulation and stability [116].
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Although the double emulsion is simple, it has a number of variables which will
affect the resulting microparticles. Without proper control of the method, the
microparticles will have a wide distribution of the size and variable protein
content [123]. The challenge would be to optimise a reproducible and robust
fabrication protocol to produce microparticles in defined size range with feasible
entrapment efficiency without loss of biological activity of the entrapped

molecule.

A) Form primary (water/oil) emulsion

MECHANICAL AGITATOR

aqueous solution of
sample compound

aqueous droplets
organic polymer solution of sample compound
in polymer solution

B) Form secondary (water/oil/water) emulsion

MECHANICAL AGITATOR sample compound solution
(aqueous)

4 polymer solution (organic)

=— PVA solution (aqueous)

primary emulsion

evaporate solvent,

aqueous solution — dispersion of polymer — wash, collect, dry
of emulsion stabiliser droplets containing aqueous microparticles
(e.g. PVA) sample compound

Figure 1.9 Schematic showing the water-in-oil-in-water double emulsion

method of polymer microparticles manufacture [120].
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1.8.6. Factors affecting protein stability during MPs fabrication

During MPs fabrication, many factors can affect protein stability, such as protein
instability at the water — organic interface using double emulsion methods such
as water-in-oil-in-water (W/O/W) [121], protein—polymer interaction [124], and
local acidity created within degrading polymer matrix [125-127].

Several approaches have been developed to protect protein activity during MPs
fabrication, such as adding excipients to the inner aqueous phase or removing
the need for the primary aqueous phase [128-131]. Excipients (such as
Cyclodextrin and PEG [86, 129-131]) can be added to compete with the
therapeutic protein for exposure at the water-organic interface. A study by
Morita et al [132] suspended dry protein particles in the organic solvent with the
aid of PEG, which removes the primary water—organic interface, and is termed
solid-in-oil-in-water (S/O/W) emulsion.

In order to overcome local acidity limitation, many groups studied pH
neutralization in the PLGA microenvironment [86, 133-135]. Various low
soluble basic salts were studied, such as magnesium hydroxide [135] and Poly-
L-Histidine coupled with PEG [86]. The use of these excipients resulted in
neutralized acidic microenvironment within the PLGA MPs system. Other issues
can arise if the therapeutic proteins interacts with the polymer used [86]. Protein—
polymer interactions can occur through hydrogen bonding, and through
hydrophobic or electrostatic interactions [86]. Furthermore, proteins may
interact with the degradation products of the polymer; PLGA degrades through
an acid-catalysed hydrolysis and produces carboxylic acid molecules which can
interact with cationic molecules. Electrostatic and hydrophobic interactions are

also common factors for protein—polymer complexation [136-138].
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1.9. Scaffolds for bone regeneration applications

A scaffold is a temporary framework used to fill and support cells in the repair
of large structures. Bio-absorbable scaffolds are temporary replacement
structures that preserve tissue, and provide template to the cells during repair
process [139, 140]. Scaffolds can be fabricated from inorganic, synthetic and
naturally sourced materials as an alternative to grafting strategies [141].
Scaffolds were developed to serve as an adhesive structure for the implanted
cells, enhances cell growth, and allow the retention of differentiated cell
functions. In order to do this function appropriately, scaffolds design should
meet certain criteria: (1) surface properties: it should allow cell adhesion to allow
cell growth; (2) It should be biocompatible and biodegradable; (3) Porosity
should be suitable for scaffold function; (4) The materials should be reproducible
and process-able [142].

The utilisation of scaffolds as a template for cells and delivery device for
biological factors has showed enhanced in vivo tissue engineering [143].
However, the cells have to be able to form 3D tissue structure of full viability

and with homogenous cell phenotype [144].

1.9.1. Scaffold Materials
The main function of scaffolds is to provide support in the development of tissue
constructs; these scaffolds have a defined shape at room temperature. Also, they
can be utilised in helping tissue restoration by temporary filling of a defect site,
or temporary replacement of the tissue. Hydrogels are swollen materials which
composed of highly hydrated polymeric chains [145]. Solid and hydrogel

scaffolds are derived from natural polymers such as collagen, or synthetic
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polymers such as poly (a-hydroxyacids), or inorganic materials such as

tricalcium phosphate.

Table 1.2 summarizes examples of some scaffold

materials used for various tissue engineering applications.

Table 1. 2 Scaffolds materials used for tissue engineering application

Materials Types Advantages/disadvantages
Chitosan, Chitin, Collagen, | Advantages: Biocompatible,
Gelatin, biodegradable.
Natural Hyaluronic acid, alginate,
Disadvantages: Poor
Polymers Agarose
mechanical strengths, disease
transfer, processability.
Calcium orthophosphate Advantages: good mechanical
Inorganic cements; porous coralline; Strength, biocompatible.
Materials ceramics; Hydroxypaptite;
o . Disadvantages: difficult to
titanium; bioactive glass,
B-tricalcium phosphate; mould into different shapes and
Ceramics
Forms.
Poly (lactic acid); Poly Advantages: design flexibility,
(glycolide); Poly (lactide — tailored biodegradability.
co- glycolide); Poly(lactic
acid-co-ethylene glycol); Disadvantages: solvents are
Poly (propylene fumarate); | required for processing. Poor
Synthetic Polycaprolactone; cell adhesion. Acidic
Polymers Polyhydroxyalkanoates;
Poly(glycerol sebacate): microenvironment upon
Pluronic F127. degradation.
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1.9.1.1. Natural Polymers
Natural polymers used to create scaffolds include collagen [146], chitosan [147],
alginate [148] . They are biocompatible and biodegradable. However, the poor
control of degradation rate and limited mechanical properties are the two main

disadvantages for using naturally derived polymers in tissue engineering [149].

1.9.1.2.  Inorganic Materials
It includes ceramics, like calcium phosphate (e.g. hydroxyapatite (HAP), and
tricalcium phosphate (TCP)). Another inorganic components are metals and
bioglass. HAP is commonly used because it is the main component of bone and
it is been used clinically since the 1980s [150]. HAP has the ability to fuse
directly with bone since its chemical nature is similar to that of bone. HAP is
brittle, unless mixed with other materials, moreover, HAP blocks are difficult to

mould into bone defects.

1.9.1.3.  Synthetic Polymers

The main biodegradable synthetic polymers include polyfumarates,
polycarbonates,  polycaprolactone,  polyesters,  polyanhydrides and
polyorthoesters [151]. Polyesters such as poly(glycolic acid) (PGA), poly (lactic
acid) (PLA) and their copolymer of poly[lactic-co-(glycolic acid)] (PLGA), are
widely used as they have gained the approval of US Food and Drug
Administration for certain human clinical use, such as surgical sutures.

A novel polymeric scaffold formulation has been developed in Tissue
Engineering Group at University of Nottingham. This formulation undergoes

thermo-responsive sintering under physiological conditions to form solid
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scaffolds [152-154]. The particles in this formulation are composed of a blend
of PLGA and poly(ethylene glycol) (PEG). The PEG component acts to lower
the glass transition of the mixture to be around the body temperature (i.e. 37°C)
[154]. These particles can be suspended in an aqueous carrier to form a paste for
use as an injectable defect filler. When the temperature of the paste is raised to
37°C the particles soften and form adhesion bridges to one another. The presence
of the carrier then allows the hydrophilic PEG component to leach out. This
causes the polymer and thus the particle-to-particle adhesion bridges to re-

solidify.

1.9.2. Injection of the Scaffold

The traditional tissue engineering model is based on a matrix that can be used as
filling material for the defect and a host for cells and a delivery system for
therapeutic agents. Injectable materials is promising for various tissue
engineering applications as they have superior advantages over pre-fabricated
scaffolds [155].

Injectable delivery systems for RUNX2 could provide a less harm method for
repair of bone defects, minimizing invasive surgery. Injectable scaffolds provide
the flexibility to fill the space in which they are placed and will fill irregular
shape defects. Clinical indications might include nonunion fractures, or delayed
union of bone which may cause serious complications in fracture treatment, and

large defects associated with bone tumor resection [155, 156].

1.9.2.1. Injectable Scaffold Requirements
Choosing a material for tissue engineering applications requires the material to

have certain characteristics. Essentially, the material must be biocompatible.
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Moreover, the degradation products (for biodegradable materials) need to be
biocompatible, as well as any material leachable molecules [156]. Another
important parameter needs to be considered is the scaffold porosity. Spaces
within the scaffold structure are necessary to permit tissue growth and
transportation of nutrients waste products [24]. Another essential factors that
have to be taken into consideration are the mechanical properties and the
degradation rate of the scaffold. For example, if a scaffold will be used as a tissue
carrier, it must have enough mechanical strength to support the tissue, especially
at the beginning of the development [156].The scaffold degradation rate is
critical. Ideal degradation rate would be matching new tissue formation, a
quicker degradation rate is needed sometimes, especially to allow the release of
bioactive agents, other applications need a slower degradation rate which can
keep its structural and mechanical characteristics for longer periods of time
[156].

Injectable scaffolds have been thoroughly studied for applications in bone
regeneration. Multiple factors play important roles in bone formation; such as
macromonomer concentration, localized release of therapeutic agents within the
injectable matrix [24].

Bone formation can be stimulated by controlled release of biological factors used
in the scaffolds. For example, the release of osteo-inductive factors from PEG
hydrogels was shown to be dependent on the macromonomer concentration and

quantity of the degradable chains in the polymer [157].
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1.9.3. 3D printing of scaffolds for bone tissue engineering

3D printing, is used to create complex three-dimensional scaffolds by building
up layers of polymer using a 3D printer [158, 159]. It involves precise deposition
of the polymeric material which can be further sintered via various techniques
(i.e. temperature, chemical and laser cross linking). 3D printing allows
fabrication of scaffolds with very complex structures and irregular shapes which
are difficult to mould. Utilising 3D printing technique allows the treatment of
the scaffolds before being introduced to the body, such as seeding and growing
cells. Different materials (such as PLGA and ceramic) were printed with
optimized scaffolds characteristics such as porosity and mechanical strength
[158, 160, 161].

3D printing is a scaffold manufacturing technique where a nozzle extrusion
system can be used to fabricate thermally or chemically treated materials [162].
The materials are deposited in a layer-by-layer fashion, where each layer may
contain a combination of different materials. A key feature of 3D printing
systems is that they can print cell-laden gels, with other polymeric materials such
as PCL, to produce functional scaffolds [163]. The printer has a pneumatic
pressurized system to extrude the material from the ink cartridges.

A recent study from our group showed that we can 3D print PLGA based
polymeric scaffolds with optimised mechanical properties [158]. The material’s

properties as well as sintering mechanism will be discussed in chapter 4.
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1.10. Thesis Aims

This introduction has highlighted the need to deliver safe therapeutic molecules
to help in bone regeneration. Utilising GET peptide, transcription factor
(RUNX2) can be delivered to control osteogenesis. This transcription factor has
to be delivered at defined dose and time intervals. Polymeric microparticles will
be used to deliver GET-RUNX2 molecule to the needed site at the needed time.
Scaffolds, which serve as a template for both the loaded microparticles and the
cells, are usually used in bone regeneration. Polymeric scaffolds will be used, in
this work, to evaluate stem cells osteogenesis in response to released GET-
RUNX2. The ability to 3D print the scaffold material will provide advantage to
the technology, providing complex structures and irregular shapes.
The goal of the work presented here is to create polymeric scaffolds to deliver
selected transcription factors in a controlled manner with the potential to serve
as injectable biomaterials for skeletal repair.
The aims of the following results chapters are as follows:
e Chapter 2: GET peptide loaded PLGA MPs
o Develop a protocol to create PLGA microparticles with
controllable size and morphology, ideally MPs to be below
50um, to allow 3D printing.
o Encapsulate of GET-tagged protein within PLGA MPS with high
efficiency.
o Investigate the effect of the fabrication process on encapsulated
GET peptide.
o Optimise the fabrication parameters to have biologically active

encapsulated GET peptide.
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e Chapter 3: Optimisation of the release profile matching the RUNX2

therapeutic dose and test the activity of the released GET peptide

o

o

Characterise the release profile from the fabricated MPs.
Optimise the release profile to match the needed therapeutic
dose.

Test the activity of the released GET tagged protein.
Investigate the effect of the release process on biological
activity of GET peptide.

Investigate potential stabilisation approaches for the released

GET peptide, if needed.

e Chapter 4: Evaluate mesenchymal stem cells differentiation in response

to released GET-RUNX2

O

Translate the technology from model protein delivery to GET-
RUNX2 delivery.

Determine that biological activity of GET-RUNX2 is retained
post release.

Scaffolds fabrication using thermosensitive particles and GET-
RUNX2 loaded microparticles.

Study the effect of the released GET-RUNX2 on stem cells
osteogenesis.

Develop a technique using 3D printer to provide complex

structures of scaffolds to be used as defect fillers.
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Chapter I1:
Development of a method to
fabricate GET-protein loaded

PLGA microparticles
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2. Development of a method to fabricate GET-protein loaded

PLGA microparticles

2.1.Introduction

Biodegradable polymeric microparticles (MPs) have been used for many years
as drug delivery devices and in the field of tissue engineering as 3D scaffolds for
tissue support. They have been utilised to provide alternatives for bone graft.
However, there still a need for an efficient tissue-engineered substitute that can
provide suitable environment for successful new tissue regeneration.

MPs can be utilised to serve as biological factors delivery devices to help in
tissue regeneration. Various methods have been developed to create MPs; such
as solvent evaporation, phase separation and spray drying. Dan Cho et al.
summarised them in their review article about MPs fabrication methods [164].
The emulsion method is considered inexpensive and easy to use for MP
fabrication. However, there are number of factors which can affect the resultant
MPs. This may include size distribution and the encapsulation efficiency of the
loaded molecule which will be reflected on the efficiency of the system.

Many emulsion methods can be utilised to produce microparticles, depending on
the characteristics of the molecule to be encapsulated. Water in Oil in Water
(W/O/W), Solid in Oil in Water (S/O/W) and Water in Oil (W/O) or Qil in Water
(O/W) were all studied as methods for microparticles fabrication [116, 165, 166].
Amongst these methods, W/O/W and S/O/W were considered in this work to
encapsulate GET tagged molecules within PLGA MPs. Generally, these two
methods have similar procedure. They mainly consist of three phases; protein
encapsulation phase, microparticles formation phase and microparticles drying.
At each phase, there are certain parameters affecting the produced microparticles
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and the stability of the encapsulated molecule. In order to validate a method for
PLGA MPs fabrication, both methods were extensively investigated. Figure 2.1
summarises the potential factors affecting the MP morphology and stability of
the encapsulated protein.

There is a need to have a robust microparticles fabrication method that is
reproducible and maintain the activity of the encapsulated protein during MP
formation. Moreover, the microparticles should be able to release the
encapsulated protein at the right dose (time and quantity) without loss of protein
activity over time.

There are many parameters affecting protein stability during MP fabrication,
such as shear force, organic solvent, surfactants and surface tension. The limiting
factor, to choose a suitable method, is the encapsulated protein. The balance
between all the parameters can provide the needed MP characteristics and
maintain the activity of the protein.

Several approaches have been developed to protect protein activity during MP
fabrication, such as adding excipients to the inner aqueous phase or removing
the need for the primary aqueous phase [128-131]. Excipients (such as
Cyclodextrin and PEG [86, 129-131]) can be added to compete with the
therapeutic protein for exposure at the water-organic interface. A study by
Morita et al. [116] suspended dry protein particles in the organic solvent with

the aid of PEG, which removes the primary water—organic.
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Figure 2.1 Phases of MP formation using W/O/W and S/O/W methods and
factors affecting MP morphology and possible factors affecting protein stability

during MP fabrication. Adopted from van de Weert wt al. [167].
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Proteins have different characteristics (physically and chemically) which
suggests that a MP fabrication method suitable for a certain protein is not
necessary to be suitable for another protein. Method validation has to be done
for each protein to ensure compatibility of the used method and the protein, to
provide the needed MP characteristics.

The work presented in this thesis is aiming to have a robust delivery system for
GET peptide [81] tagged with various therapeutic molecules. The encapsulated
molecules will have two parts; GET peptide (to enhance cellular uptake) and
therapeutic agent. In order to have a robust MP fabrication method, the
encapsulated molecule should maintain the activity of both GET peptide and
therapeutic activity.

Therefore, in order to understand the effect of fabrication method on GET
peptide, they were tagged with a self-reporter model protein Red Fluorescent
Protein (MRFP). The activity of the molecule (P21-mR-8R) can be evaluated
directly by testing its transduction activity. P21-mR-8R was used during the

methods investigation and validation.

2.1.1. Aims

The main aims for this chapter were to thoroughly investigate the double
emulsion methods (W/O/W and S/O/W) and identify the parameters affecting
the GET peptide stability during MP fabrication. Also, the concerns were to
identify the parameters affecting MPs morphology and try to balance between
them to have a reproducible method to fabricate spherical MPs with identified

size ranges and maintain the GET peptide activity during fabrication stages.
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2.2.Materials and methods

2.2.1. Expression and purification of P21-mR-8R

P21-mR-8R was expressed as recombinant protein as previously described by
Dixon et al. [81]. cDNA for mRFP1 (mR) was provided as a kind gift from Dr.
R. Y. Tsien (University of California, USA). 8R and P21 were synthesized by
de novo (Eurofins MWG Operon).cDNAs were cloned into the pGEX6-P1
expression vector (Novagen) to create in-frame fusions and expressed proteins
in BL21 (DE3) pLysS Escherichia coli (Novagen). Exponentially growing LB
cultures (OD600 = 0.4) were shaken at 220rpm at 37°C and then induced using
0.5mM Isopropyl B-D-1-thiogalactopyranoside (IPTG) and shaken for 48 hours
at 25°C. bacterial pellets were then lysed and sonicated (10 amplitudes, 30
second , 5 times) in extraction buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1 mM
EDTA containing 1mM DTT, 0.2 mg/ml lysozyme, and 1X protease inhibitor
cocktail). Insoluble protein was retrieved using the Rapid GST inclusion body
solubilisation and renaturation kit (AKR-110; Cell Biolabs, Inc., San Diego,
CA). Recombinant proteins were purified by affinity chromatography using
Glutathione-Sepharose resin (GE Healthcare). GST-tags were removed and
eluted from resin by PreScission™ Protease cleavage (GE healthcare) in
cleavage buffer (50 mM Tris-HCI pH 7.0, 150 mM NaCl, 1 mM EDTA and 1
mM DTT).

Protein concentration was determined using a BCA-based protein assay
(BioRad) with absorbance measured at 595nm using recombinant mR as a

standard. Protein purity was checked through SDS-PAGE gel electrophoresis.

47



2.2.2. Microparticles fabrication using S/O/W
Poly (D,L-lactide-co-glycolide, (PLGA) LA:GA ratio: 50:50; Mw 52 kDa,

Evonik Industries, USA) MPs were formed using solid-inoil- in-water (S/O/W)
emulsion as previously described by Morita et al. [116], with some
modifications. Briefly, 1 mg of P21-mR-8R, was mixed with 0.5 mg PEG 6000
(Sigma-Aldrich, UK) and freeze dried overnight (this ratio was reported to
produce protein-PEG particles of less than 5um [116]). Blank MPs were
prepared by freeze drying 0.5 mg PEG 6000 only. PLGA was dissolved in
dichloromethane (DCM, Fisher, UK) (200 mg of PLGA was dissolved in 1.5 ml
DCM) and then added to the freeze dried powder. The solution was then mixed
by vortexing. 4 ml of 0.25% (w/v) methylcellulose (Sigma-Aldrich, UK)
solution was then added to the mixture and vortexed again. The resultant
emulsion was then poured into 400 ml of distilled water; and the resultant
(S/0O/W) emulsion was left stirring for 3 h to allow DCM evaporation. The
hardened MPs were then collected by centrifugation and washed three times by
distilled water (DW). The obtained MPs were then freeze dried for 24 h. Figure

2.2 summarises the S/O/W fabrication method.
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Figure 2.2 Schematic showing the solid-in-oil-in-water emulsion method of

PLGA MPs manufacturing.
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2.2.3. Microparticles fabrication using W/O/W

This method was adapted from the method previously mentioned by Bible et al.
[120]. PVA solution (0.3% (w/v)) was prepared by adding 3 g of PVA to 1 litre
of distilled water and stirred overnight. The PVA solution was then filtered
through a 0.2 pum filter. 200mg PLGA (LA:GA ratio: 50:50; Mw 52 kDa, Evonik
Industries, USA) was weighed into a PTFE jar and 1.5ml of DCM was then
added. 1mg protein of protein solution was then added to the PLGA/DCM (100
ul of distilled water was used to prepare blank microparticles). The mixture was
then homogenised using the Silverson L5M at 4,000 rpm for 2 minutes. This
emulsion was then transferred to 40 ml of 0.3% (w/v) PVA and further
homogenised at 9,000 rpm for 2 minutes to produce a secondary emulsion. The
solution was then stirred to allow the solvent to evaporate. The hardened MPs
were then collected by centrifugation and washed three times by distilled water

(DW). The obtained MPs were then freeze dried for 24 h.

2.2.4. Microparticles characterisation

2.2.4.1.  Microparticles sizing: laser diffraction

The mean MP diameter and size distribution were measured using a Coulter
LS230 particle size analyser (Beckman, UK). MPs were suspended in HPLC
grade water, under stirring conditions. Size distribution data was collected after
achieving an obscuration value of 8-12%. Three different batches for each

condition were analysed. The results represent average of these batches £+ SD.
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2.2.4.2.  Microparticles imaging: scanning electron
microscope

A thin layer of MPs were placed onto an adhesive stub and gold coated using a
SCDO030 gold sputter coater (Balzers Union Ltd., Lichtenstein), for five minutes
at 30 mA. The morphology of the MPs was assessed by scanning electron
microscopy (SEM), using a JEOL 6060L imaging system (JEOL Ltd.,

Hertfordshire, UK) with the accelerating voltage set to 10 kV.

2.2.4.3. Measurement of entrapment efficiency

Measurement of protein content in the MPs was conducted as previously
described [168, 169] (modified from a technique proposed by Sah [170] and
Morita et al. [171]). 10 mg of PLGA MPs were added to 750 pl DMSO and
shaken at room temperature for one hour; 2150 pl of 0.02% (w/v) SDS in 0.2 M
NaOH was then added and incubated for one hour at room temperature. The
Micro BCA protein assay kit was used to measure the total protein content and
compared against a freshly generated standard curve of P21-mR-8R. 150 uL
sample volume was mixed with 150 uL u-BCA working reagent and incubated
at 37°C for 2 h. Absorbance at 562 nm was then measured using a plate reader

(Infinite M200, Tecan UK Ltd.).

2.2.5. Protein extraction from PLGA microparticles by acetone
precipitation

Protein transduction activity was evaluated after the manufacturing process of
PLGA MPs. This was done to test the effect of PLGA MPs manufacturing
process on protein activity. Known quantity of MPs were vortexed with cold

acetone and incubated for 1 h at -20°C. The solution was then centrifuged at
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12,000g for 10 min. The acetone was then removed, and the pellet was allowed
to dry from the remaining acetone. Growth media was then added to the protein
pellet. The protein activity was evaluated by adding the protein to plated NIH

3t3 cells, as mentioned in Section 2.3.7.

2.2.6. Cell Culture
NIH3T3 mouse fibroblast cells were maintained in Growth Media (GM; DMEM

with 10% (v/v) foetal calf serum (FCS; Sigma) media supplemented with 2 mM
L-glutamine, 100 units/ml penicillin and 100 Ig/ml streptomycin). Cells were
maintained in a humidified tissue-culture incubator at 37°C and with 5% CO2

atmosphere.

2.2.7. GET peptide transduction activity

Protein transduction activity was evaluated using pre-plated NIH 3t3 cells.
Briefly, 1X10° cells/well (in 24-well plates) were plated and attached for 4 h,
culture media was then replaced with the media containing P21-mR-8R protein
samples. After 18 h, cells were washed with PBS, trypsinized and fixed in 4%
(w/v) PFA for flow cytometry analysis. Transduction activity term will be
referred to as indication of the protein biological activity and ability of

internalisation within cells.

2.2.8. Flow cytometry and microscopy

Fixed cells were analysed on a Beckman Coulter Astrios EQ Flow Cytometer
using green laser (561 nm). (20,000 cells; gated on live cells by forward/side
scatter). Mean fluorescence was used for statistical analyses with background
from un-transduced cells subtracted and values were then calculated in ratio to
the experimental control. For microscopy, cells were imaged with fluorescence

microscope using a TRITC filter (Leica DM IRB).
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2.3.Results

2.3.1. Microparticles fabrication using W/O/W and S/O/W
methods

2.3.1.1.  Protein synthesis and characterisation

The synthesised GET peptide protein (P21-mR-8R) (Figure 2.3A) was collected
and ran through SDS-PAGE gel electrophoresis to confirm the size and purity.
Figure 2.3B shows representative sample of the prepared P21-mR-8R. the

protein molecular weight is expected to be , as previously shown by [172].
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Figure 2.3 Schematic of P21-mR-8R structure (A). P21-mR-8R characterisation
through SDS-PAGE gel electrophoresis (B). Protein sample was ran through

against ladder to confirm molecular weight.
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2.3.1.2.  Microparticles size

Initially, blank MPs were fabricated in order to investigate the effect of
fabrication method (for both W/O/W and S/O/W) on the resultant MP size. Three
batches were fabricated for each method. Size distribution was then assessed
using laser diffraction. As it is previously mentioned (section 2.2.2), S/O/W was
adopted to remove the homogeniser use, and instead vortexer will be used to
create emulsion (this will be discussed later).

The size distribution profiles showed that using the homogeniser, we can achieve
small MPs (~30um), and narrow size distribution profile (W/O/W fabrication
method) (figure 2.4). On the other hand, S/O/W method resulted in larger MP
size (~45um) and wider distribution profile (figure 2.4). Taking into
consideration that in S/O/W method, vortexer was used to create emulsion
(compared to 9000rpm homogeniser in W/O/W), this gives advantage to
encapsulate delicate molecules which are sensitive to shear force.

It is know that the difference in surfactant viscosity can influence the fabricated
MPs size [173-175]. MPs fabricated using S/O/W method have diameter
comparable to the MPs fabricated following W/O/W method although no
homogenisation was used. Accordingly, viscosity of both surfactants (0.3% PVA
and 0.25% methylcellulose) was studied (figure 2.4). It was shown that viscosity
of 0.25% methylcellulose is 50 times higher than 0.3% PVA, which supports
that methylcellulose is preventing droplets from fusion, resulting in relatively

small diameter MPs.
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Figure 2.4 (A) MP size distribution comparing MPs manufactured by W/O/W
(grey line) and S/O/W (black line). The mean MP size for the W/O/W batch was
31.94 4.3 um and for the S/O/W batch 42.5 + 2.5 um. (B) 0.25% methylcellulose
solution and 0.3% PVA solution viscosity measured at various shear rates at

25°C. Error bars indicate SD (n = 3).
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2.3.1.3. Entrapment efficiency

Microparticles were fabricated using the two previously described methods;
W/O/W and S/O/W. The microparticles were loaded with P21-mR-8R (self-
reporter protein mR tagged with GET peptide P21 and 8R) (Figure 2.5). The
loading quantity was 0.5% (w/w) for both methods. The average entrapment
efficiency for MPs prepared using W/O/W method was 87.3% (£1.4). On the
other hand, the MPs prepared using S/O/W showed lower entrapment efficiency
(compared to W/O/W method) with average efficiency of 73.2% (£7.6%). In
both methods, the entrapment efficiency is considered feasible for MPs
fabrication, however, W/O/W can be considered superior to S/O/W method.

The loaded microparticles size was assessed using laser diffraction method, and
compared to blank MPs. No significant size difference could be detected
between blank and loaded MPs in both studied fabrication methods, with slight
increase in diameter for the loaded MPs compared to the blank MPs (40.3um vs
31.9um for the W/O/W MPs and 44.2um vs 42.5 um for the S/O/W MPs). Figure

2.5 summarises the size distribution profile.
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2.3.1.4.  Microparticles morphology
The two methods of MP fabrication were investigated (W/O/W and S/O/W). It

was important to ensure that the resultant MPs have spherical morphology
indicating that a stable emulsion had been formed, and to determine whether
there were any surface pores on the MPs which may affect the outcome of future
protein release studies. Accordingly, blank and loaded MPs were imaged using
SEM.

Figure 2.6 shows the morphology of the blank MPs fabricated by the two
methods. In both methods, SEM showed very few surface pores and exhibit a
smooth surface for blank MPs. On the other hand, loaded MPs prepared using
W/O/W showed some pores on the surface (figure 2.7), which may be attributed
to the salt content of the protein solution. Although protein de-saltation was
done, the pores still there. A study was done to compare MPs porosity with
different buffers (ammonium bicarbonate, PBS and tris-buffer), ammonium
bicarbonate showed the lowest porosity among the buffers. No further
optimisation was done at this stage as the fabrication method was dropped later.
Loaded MPs prepared using S/O/W method showed smooth spherical surface

with no pores (figure 2.7).
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Figure 2.6 Scanning electron images comparing blank PLGA MPs
manufactured by the W/O/W emulsion method (left) and the S/O/W emulsion

method (right). Scale bars are as indicated.
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Figure 2.7 Scanning electron images comparing P21-mR-8R loaded PLGA MPs
manufactured by the W/O/W emulsion method (left) and the S/O/W emulsion

method (right). Scale bars are as indicated.
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2.3.2. Protein activity upon extraction from microparticles
produced by W/O/W and S/O/W

The main aim for the work presented in this chapter was to develop a PLGA
microparticles fabrication method that does not affect protein activity upon
encapsulation inside the MPs. After showing that we were able to fabricate
PLGA MPs using two different methods, and load GET peptide (tagged with a
self-reporter protein) with high efficiency, it was critical to show that the
encapsulated protein still have the activity.

In order to validate protein activity after encapsulation inside PLGA MPs
(prepared using the two mentioned methods; W/O/W and S/O/W), the GET
peptide tagged protein (P21-mR-8R) was extracted from PLGA MPs using cold
acetone extraction method, after that, the protein was quantified and the activity
was tested on plated NIH 3t3 cells. Protein activity was compared to fresh non
encapsulated protein (diluted to the same concentration).

Incubated cells were then evaluated for transduction by fluorescence microscopy
and flow cytometry analyses.

Fluorescent microscopy showed significant GET protein internalization for
samples extracted from MPs prepared using S/O/W, with relative transduction
activity of 89.9 % (+3.3%) (Figure 2.8). On the other hand, samples extracted
from MPs prepared using W/O/W showed limited protein internalization and
relative transduction activity of 24.5% (£3.9%) (Figure 2.8).

It was a very important finding that the protein lost its transduction activity upon
encapsulation inside PLGA MPs using W/O/W, but not the S/O/W. The W/O/W
method exposes the protein to a water-organic interface and high shear stress to

create emulsion, which can be considered harsh for GET peptide. On the hand,
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protein was exposed to organic solvent (DCM) and PLGA polymer in both
fabrication methods, however, the protein maintained its activity for MPs
prepared using S/O/W, it was thought that it is less likely that DCM or PLGA
polymer would affect the protein activity, at least during encapsulation,

Accordingly, GET peptide stability upon exposure to shear stress was studied,

to understand their behaviour upon encapsulation using W/O/W.
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Figure 2.8 P21-mR-8R activity after extraction from PLGA MPs prepared
using W/O/W and S/O/W methods. Protein was quantified and added to pre-
plated NIH3t3 cells. Protein transduction activity was evaluated. (A)
Fluorescence microscopy images of the NIH3t3 cells treated with the sampled
P21-mR-8R (Scale bar 10 um). (B) Flow cytometry histograms showing
cellular uptake of P21-mR-8R after application of the samples to NIH3t3
cells. The red histograms are the P21-mR-8R samples, while the black
histograms are the experimental control. (C) Relative biological activity of
the sampled P21-mR-8R. Protein transduction activity was compared to the

experiment control. Error bars indicate SD (n = 3).
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2.3.3. Protein stability at shear stress

In order to assess GET tagged protein stability upon exposure to
homogenisation, protein solution samples were exposed to various
homogenization speeds (2000 rpm, 4000 rpm and 9000 rpm), mimicking the
PLGA MPs fabrication conditions (for W/O/W method). After that, the protein
was incubated with plated NIH3t3 cells to evaluate its transduction activity.
Incubated cells were then evaluated for transduction by fluorescence microscopy
and flow cytometry analyses. Protein samples were compared to non-
homogenized protein.

Fluorescent microscopy showed significant GET protein internalization for
samples homogenized at 2000rpm with relative transduction activity of 90.9%
(£7.5%) (Figure 2.9). On the other hand, samples homogenized at 4000rpm and
9000rpm showed very low GET protein internalisation, with relative
transduction activity of 10.4% (£1.6%) and 13.1% (£5.2%) respectively (Figure
2.9). This finding demonstrates that the protein is losing its activity upon
exposure to high shear force (i.e. above 2000 rpm homogenization speed) which
may justify loss of activity for P21-mR-8R encapsulated inside PLGA MPs
using W/O/W method. Inactivation due to shear force has been reported in
literature before [167, 176]. The suggested approaches to protect protein were to
reduce homogenization time, minimize exposure to shear or use other
homogenization method [167].

In order to confirm that homogenization is affecting protein activity upon
encapsulation, PLGA MPs were prepared using W/O/W but without application
of any homogenization force, the emulsions were created by low vortexing

speed, to minimise harsh conditions. The PLGA MPs were then characterised
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and GET protein was then extracted from them, and the transduction activity was
evaluated as previously mentioned (Figure 2.10).

Interestingly, fluorescent microscopy showed significant GET protein
internalization with relative transduction activity of 87.0% (£12.8%) (Figure
2.10). This finding demonstrates that the homogenization is affecting GET
peptide activity and W/O/W method in its current procedure cannot be used to
encapsulate GET peptide.

The current results suggested that the GET peptide part (P21 and 8R) is affected
by homogenisation as the fluorescent part of the protein (mR) could be detected
upon protein quantification (using fluorometric analysis), however once applied
on cells, no transduction activity could be noticed. No further characterisation
was carried out (i.e. check if GET peptide were detached from mR protein or

lost their functions) as the fabrication method dropped at this stage.
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Figure 2.9 P21-mR-8R activity upon exposure to various homogenisation
speeds. P21-mR-8R was then added to pre-plated NIH3t3 cells. P21-mR-8R
transduction activity was evaluated. (A) Fluorescence microscopy images of the
NIH3t3 cells treated with the sampled P21-mR-8R (Scale bar 10um). (B) Flow
cytometry histograms showing cellular uptake of P21-mR-8R after application
of the samples to NIH3t3 cells. The red histograms are the P21-mR-8R samples,
while the black histograms are the experimental control. (C) Relative biological
activity of the sampled P21-mR-8R. Protein transduction activity was compared

to the experiment control. Error bars indicate SD (n = 3).
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Figure 2.10 PLGA MPs characterisation upon preparation using W/O/W
method without homogenisation and activity of P21-mR-8R extracted from
these microparticles. (A) SEM analyses for prepared MPs (scale bars as
indicated). (B) Fluorescence microscopy images of the NIH3t3 cells treated with
the sampled P21-mR-8R (Scale bar 10 um) (Left) and flow cytometry
histograms showing cellular uptake of P21-mR-8R after application of the
samples to NIH3t3 cells (right). The red histograms are the P21-mR-8R samples,

while the black histograms are the experimental control.
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2.4. Discussion
PLGA MPs were prepared using two fabrication methods, W/O/W and S/O/W.

Homogeniser was used to create emulsion for the MPs prepared using W/O/W,
on the other hand, vortexing (low shear stress) was used to create MPs using
S/O/W. Interestingly, the resultant MPs (fabricated using both methods) showed
similar size distribution range, although high homogenisation speed were used
for the W/O/W method, but not in the S/O/W method. This can be attributed to
the different excipient (surfactant) used in the two mentioned methods.
Polyvinyl Alcohol (PVA) was used as surfactant in the W/O/W while
methylcellulose was used in the S/O/W method. It was shown that surfactant
type can influence the produced particle size [173-175]. Difference in viscosity
between methylcellulose solution and PVA solution can justify getting small
MPs size (figure 2.4). The high viscosity may prevent droplets from fusion or
aggregates. Another advantage of the S/O/W method was having smooth surface
of the MPs, without pores, compared to MPs obtained from W/O/W.
encapsulating the protein in the solid form helped removing the salt leach from
the MPs (which help creating pores on the surface). On the other hand, MPs
prepare using W/O/W showed smaller MPs size (compared to the MPs prepare
using S/O/W method), which can be of superior advantage to match the needed

release profile for RUNX2 (i.e. fast release within 7 days).

Protein encapsulation efficiency was comparable between the two followed
methods, with feasible values (i.e. above 70.0%). The limiting factor to choose
a fabrication method will be the characteristics of the encapsulated protein and

it’s stability during the applied fabrication process.
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Upon protein extraction from the fabricated PLGA MPs, the activity of the
protein was tested. It was important to extract the protein from the MPs rather
than release it, to study the effect of the fabrication method on the protein activity
eliminating the effect of the release environment on the protein (i.e. acidic

microclimate upon PLGA degradation).

After testing the transduction activity of the extracted protein, it was concluded
that the homogenisation is affecting the GET peptide activity, this was confirmed
by homogenising the protein solution itself (eliminating the effect of PLGA,
DCM and PVA) at various speeds. It was clearly shown that increasing the
homogenisation speed will result in inactive GET peptide. Further confirmation
was done by preparing P21-mR-8R loaded PLGA MPs following W/O/W but
without application of homogenisation. The extracted protein showed
transduction activity comparable to the experimental control, confirming the
homogenisation effect on the GET peptide. Homogenisation was previously
reported to affect protein activity [167, 177-179], it can be attribute to either
GET peptide degradation or detachment from the reporter protein. The MPs
prepared using W/O/W method without application of homogenisation showed
active protein, however, the MPs size is considered a limitation to proceed with

this method as the aim is to prepare MPs in the size of below 50um to allow 3D

printing.

A robust method to prepare GET peptide loaded PLGA MPs was optimised
using S/O/W approach. GET peptide activity post encapsulation was shown to
be comparable to fresh samples, indicating GET peptide stability throughout the

fabrication process. The prepared MPs can be used for further studies.
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2.5.Conclusions
This Chapter has highlighted two methods to create PLGA MPs; W/O/W and

S/O/W. These two methods were evaluated for MPs size distribution,
morphology and protein entrapment efficiency. Moreover, the potential
manufacturing parameters that may affect the GET peptide activity upon
encapsulation in PLGA MPs were tested.

High encapsulation efficiency was achieved in both described methods. Smaller
MPs size could be achieved using W/O/W, which is beneficial to our targeted
release profile, however, upon validating GET protein activity after
encapsulation, it was clear that shear stress is affecting protein activity and
homogenizer can’t be used to create PLGA MPs. Accordingly, the adopted
S/O/W fabrication method was preferred to prepare GET protein encapsulated
PLGA MPs,

The aim of this chapter was to develop a robust method to fabricate PLGA MPs,
without affecting GET protein activity, which can be used for further studies and
applications. The S/O/W MPs fabrication technique will be used to make MPs
for future studies to determine the release profile over time and optimise the
formulation in attempt to tailor the release profile to match the needed

therapeutic dose for the transcription factor RUNX2.

70



Chapter 111
Control of Protein Delivery and

Bioactivity Assessment of

Released GET peptide

71



3. Control of protein delivery and bioactivity assessment of

released GET peptide

3.1.Introduction

The previous chapter described the development and optimisation of a process
to produce PLGA microparticles (MPs) in defined size ranges. In addition, the
MPs were successfully loaded with GET peptide (tagged with a reporter protein).
Moreover, some of the potential causes of GET peptide degradation resulting
from entrapment into MPs were studied. One of the main causes is the shear
force (i.e. homogenisation) present during emulsification. The process was
optimised to specifically address this. This included optimisation of a fabrication
method without need of high shear force (i.e. applying minimum vortexing
agitation for emulsification). Moreover, in order to remove the risk of GET
peptide denaturation at water-organic interface, protein was encapsulated in the
solid form, utilising a solid in oil in water emulsion method.

This chapter will utilise the developed MPs manufacturing method to study the
release profile of GET peptide from the fabricated PLGA MPs utilising in-vitro
release assays and attempt to accelerate the protein release from the
microparticles, matching the needed dose for a therapeutic molecule (RUNX2)
that will be used later in this work.

It was previously shown that protein release from PLGA is a tri-phasic profile
[180]. This involves two mechanisms; diffusion and erosion. The three phases
can be defined as an initial burst release followed by a lag phase and then a
second phase of release. In the burst and lag phase, protein release is mainly due
to diffusion through a network of water filled channels. The burst is caused by
the rapid diffusion of surface and near surface protein. The lag phase continues
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until erosion of the polymer matrix by hydrolysis occurs releasing more of the
entrapped protein from the structure.

Polymer type, loading quantity, size and porosity of the microparticles are
highlighted as main roles affecting release mechanisms [181]. A study
investigated altering MP fabrication procedures to modify internal morphology
to change the release kinetics was done by Mao et. al. [182].

The strategy proposed in this chapter, to accelerate GET peptide release, was to
make porous PLGA MPs by incorporating a porogen (such as PBS) at the point
of MP fabrication. PBS was previously shown to produce porous microparticles
[183] and pore size can be modulated through an additional EtOH - NaOH
treatment.

Encapsulated GET peptide will be exposed to physiological temperature and,
once the polymer hydrates, will be exposed to water and a pH drop [86, 184]. At
this stage the protein is more susceptible to hydrolysis or degradation due to
acidic conditions. Moreover, as the pH continues to drop, the risk of interaction
between the negatively charged carboxylic acid (resulting from PLGA
degradation) and the positively charged GET peptide is increasing. In order to
validate the robustness of PLGA MPs as a delivery system of GET peptide, the
activity of GET peptide post-release has to be guaranteed.

In order to overcome local acidity limitation, many groups studied pH
neutralization in the PLGA microenvironment [86, 133-135]. Various low
soluble basic salts were studied, such as magnesium hydroxide [135] and Poly-
L-Histidine coupled with PEG [86]. The use of these excipients resulted in
neutralized acidic microenvironment within the PLGA MPs system. Proteins

may interact with the degradation products of the polymer; PLGA degrades
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through an acid-catalysed hydrolysis and produces carboxylic acid molecules
which can interact with cationic molecules. Electrostatic and hydrophobic
interactions are also common factors for protein—polymer complexation [136-
138].

Assessment of GET peptide activity post release was carried out using a
fluorescently labelled GET peptide (red fluorescent protein; mR). Evaluation
involved releasing P21-mR-8R in-vitro (in cell culture media) and collect the
supernatant and quantify it, then measure the cellular uptake of the released P21-

mR-8R and compare it to equivalent fresh quantities.

3.1.1. Aims
The purpose of the work presented in this chapter was to modulate the release

profile of GET peptide to match the required does for the potential transcription
factor to be used (RUNX2). Also, it was essential to test if the released GET
peptide were active, and if not active, attempt to understand the mechanism of
loss of activity and find a suitable stabilisation approach for GET peptide, post

release.
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3.2.Materials and Methods

3.2.1. Porous PLGA microparticles preparation using S/O/W
method
Poly (D,L-lactide-co-glycolide, (PLGA) LA:GA ratio: 50:50; Mw 52 kDa,

Evonik Industries, USA) MPs were formed using solid-in oil-in-water (S/O/W)
emulsion as previously mentioned. Briefly, 1 mg of P21-mR-8R, was mixed with
0.5 mg PEG 6000 (Sigma-Aldrich, UK) and freeze dried overnight. For MPs
containing L-Histidine, 0.25 mg L-Histidine (Sigma-Aldrich, UK) was mixed
with the P21-mR-8R-PEG solution and then freeze dried. Blank MPs were
prepared by freeze drying 0.5 mg PEG 6000 only. PLGA was dissolved in
dichloromethane (DCM, Fisher, UK) (200 mg of PLGA was dissolved in 1.5 ml
DCM) was added to the freeze dried powder. The solution was then mixed by
vortexing. For MPs prepared with phosphate buffered saline (PBS), 200 pL PBS
(Gibco, UK) was added to the solution and vortexed to produce homogenous
emulsion. 4 ml of 0.25% (w/v) methylcellulose (Sigma-Aldrich, UK) solution
was then added to the mixture and vortexed again. The resultant emulsion was
then poured into 400 ml of distilled water; and the resultant (S/O/W) emulsion
was left stirring for 3 h to allow DCM evaporation. The hardened MPs were then
collected by centrifugation and washed three times by distilled water (DW). The

obtained MPs were then freeze dried for 24 h.

3.2.2. MP characterization: Size, charge and morphology

A thin layer of MPs were placed onto an adhesive stub and gold coated using a
SCDO030 gold sputter coater (Balzers Union Ltd., Lichtenstein), for five minutes

at 30 mA. The morphology of the MPs was assessed by scanning electron
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microscopy (SEM), using a JEOL 6060L imaging system (JEOL Ltd.,
Hertfordshire, UK) with the accelerating voltage set to 10 kV.

The mean MP diameter and size distribution were measured using a Coulter
LS230 particle size analyser (Beckman, UK). MPs were suspended in HPLC
grade water, under stirring conditions. Size distribution data was collected after
achieving an obscuration value of 8-12%.

The zeta potential of the MPs was measured using NanoZS instrument (Malvern,

UK) in PBS buffer of various pH values (3, 5 & 7).

3.2.3. Protein release from PLGA microparticles prepared using
SIO/W
Known quantity of MPs were re-suspended in 1 ml Growth media (GM) or

HBSS. Samples were rocked on a 3D shaker (Gyrotwister, Fisher Scientific UK
Ltd) at 5 rpm in a humidified incubator at 37°C. At defined time points, samples
were centrifuged and the supernatant was removed from the MPs and replaced
with fresh GM or HBSS. The supernatants were assayed for GET and total
protein content using fluorometric analysis for mRFP1 (excitation: 584 nm;
emission: 620 nm; GM samples) and mBCA assay kit (HBSS samples). Released
protein contents were compared against freshly generated standard curve of P21-

mR-8R.

3.2.4. Cell culture
NIH3T3 mouse fibroblast cells were maintained in Growth Media (GM; DMEM

with 10% (v/v) foetal calf serum (FCS; Sigma) media supplemented with 2 mM
L-glutamine, 100 units/ml penicillin and 100 pg/ml streptomycin). Cells were
maintained in a humidified tissue-culture incubator at 37°C and with 5% CO2

atmosphere.
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3.2.5. GET peptide stability at various pH conditions
GET peptide stability in different pH conditions was evaluated. The pH of cell

culture media was adjusted (pH 3, 5 & 7) using one of the following solutions;
1 M lactic acid, 1 M glycolic acid, 1 M acetic acid, 1 M phosphoric acid, 1 M
hydrochloric acid and 1 M sulfuric acid. 200 pg/ml P21-mR-8R (with or without
L-Histidine; 200 ug/ml) solution was prepared and incubated at 37°C. At defined
time-points, samples were taken and diluted 1:10 in fresh cell culture media to
neutralize the sample to pH 7.2. Protein was then transduced into cells by

addition to pre-plated NIH3t3 cells.

3.2.6. GET peptide transduction activity assessment

Protein transduction activity was evaluated using pre-plated NIH 3t3 cells.
Briefly, 1 X 10° cells/well (in 24-well plates) were plated and attached for 4 h,
culture media was then replaced with the media containing P21-mR-8R protein
(protein released from MPs or protein samples from stability test). After 18 h,
cells were washed with PBS, trypsinized and fixed in 4% (w/v) PFA for flow
cytometry analysis. Transduction activity term will be referred to as indication

of the protein biological activity and ability of internalisation within cells.

3.2.7. GET peptide interaction with blank PLGA microparticles
Known quantity of P21-mR-8R was mixed with blank PLGA MPs, for 30 min

at 37°C in 1 ml PBS. The solution was centrifuged (10,000g for 10 min) and the
free P21-mR-8R quantity in the supernatant was measured using fluorometric

analysis for mRFP1 (excitation: 584 nm; emission: 620 nm).
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3.2.8. GET peptide interaction with PLGA degradation product
GET peptide interaction with PLGA degradation products was tested by

suspending blank PLGA MPs in media for one week at 37°C. The solution was
centrifuged (10,0009 for 10 min) to collect PLGA degradation products. The
supernatant was mixed with P21-mR-8R and different quantities of L-Histidine
(P21-mR-8R: L-Histidine ratios were 1:0, 1:0.1, 1:0.25, 1:0.5 & 1:1). Protein

was then transduced into cells by addition to pre-plated NIH3t3 cells.

3.2.9. Flow cytometry and Microscopy
Fixed cells were analysed on a Beckman Coulter Astrios EQ Flow Cytometer

using green laser (561 nm). (20,000 cells; gated on live cells by forward/side
scatter). Mean fluorescence was used for statistical analyses with background
from un-transduced cells subtracted and values were then calculated in ratio to
the experimental control. For microscopy, cells were imaged with fluorescence

microscope using a TRITC filter (Leica DM IRB).

3.2.10. Statistical analysis

Statistical analysis was carried out using GraphPad Prism (version 6). The
statistical significance was determined using one way ANOVA with Sidak post
hoc test. Results were considered significant at p < 0.05, mean values are given

plus or minus the standard deviation (SD).

78



3.3.Results and Discussion

3.3.1. Protein release from PLGA microparticles prepared using
SIO/W

The previous chapter described a method to fabricate PLGA microparticles
(S/0O/W) with high encapsulation efficiency. The results showed that the
encapsulated protein didn’t lose the activity during the fabrication process. The
mentioned method was used to produce P21-mR-8R loaded PLGA
microparticles to examine the release profile. The aim was to release all the
protein quantity in 7 days (as required for delivery of RUNX2). Accordingly,
release study for P21-mR-8R was carried out. The study was done for 21 days,
to ensure complete release. Microparticles characterisation and release study
profile are shown in figures 3.1 and 3.2 respectively.

The microparticles showed spherical structure with smooth, non-porous surface.
The mean diameter of these MPs was 45.2 + 9.7 um, with average loading
efficiency of 73.2 £ 7.6%. Protein release was quantified by two methods,
biochemically using uBCA assay (spectrophotometry) and intensity of the
released mRFP1 fluorescence (fluorometry). MPs showed initial burst release
(around 20% + 4.2 of total loaded) within the first day, with no further detectable
protein was released even with a further 21 days of incubation. It is known that
after burst release, the protein release depends on the hydrophobic PLGA
degradation rate [185]. Another study was performed and showed that the release
will continue after day 21 [169]. However, in this project, all the quantity of GET
peptide needed to be released in the first week, as the requirement of RUNX2
dose.

Since the needed release profile could not be achieved with the current formula,

further formulation optimisation was needed.
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Figure 3.1 MP characterization; SEM and size analyses. MPs were loaded with
P21-mR-8R (0.5% (w/w)). SEM analyses for MPs (scale bars represent 50 um
on left image, and 10 um on right image). Representative size distribution,

average of three different loaded PLGA microparticles batches (n=3).
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Figure 3.2 In vitro release profiles of P21-mR-8R from PLGA MPs (pH 7.4 at
37°C) MPs were prepared using S/O/W method loaded with P21-mR-8R (0.5%
(wiw)). (A) Protein was quantified using Micro BCA assay kit. (B) Protein was

quantified using fluorescence intensity. Error bars indicate SD (n = 3).
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3.3.2. Acceleration of protein release using porous PLGA
microparticles

It was shown that the size and porosity of the microparticles are the main
parameters in release mechanisms [181, 186]. Accordingly, changing
microparticles porosity was considered to enhance release profile.

PBS is known to be used for porous microparticles fabrication [183]. PBS work
as a porogen, which is expected to increase MPs porosity and generate channels
within and on the surface of the MPs.

MPs were fabricated with addition of PBS to the primary emulsion, the
microparticles morphology, size and encapsulation efficiency were studied and
compared to the formulation without PBS. Additionally, the release profile was
evaluated.

Spherical structure of microparticles, with some pores on the surface, could be
achieved. Pores were seen on most of the fabricated particles using SEM
imaging. The prepared MPs diameter was 41.5um (+10.5), comparable to the
non-porous MPs (45.2um £9.7) (Figure 3.3). Encapsulation efficiency remained
feasible (around 65%) and compared to the previous formulation (73.2% vs.
65.7%). The release profile of the developed formulation was then studied and
compared to the previously achieved one (Figure 3.4).

The release profile obtained from MPs with PBS-created pores showed similar
burst release (on day 1, 18% % 3.7) but this level was retained producing a
continuous protein release over 5-7 day period. More than 90% * 7.9,
cumulative release, could be achieved after 10 days, after which little further
protein was released (Figure 3.4). This finding shows that we have a process to
encapsulate GET peptide with high loading efficiency and a formulation that

releases the peptides gradually over 10 days’ time, matching the needed dose.
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The use of porous MPs for protein release has been used previously [187],

however it is suggested that the release is dependent on the protein diffusion

from MPs rather than bulk PLGA MPs degradation.

20 30 40 50 60
Microparticles Diameter (um)

Figure 3.3 MP characterization; SEM and size analyses. MPs were prepared

with addition of 200pL PBS to the primary emulsion. MPs were loaded with

P21-mR-8R (0.5% (w/w)). SEM analyses for MPs (scale bars represent 50 um

on left image, and 10 um on right image). Representative size distribution,

average of three different loaded PLGA microparticles batches (n=3).
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Figure 3.4 In vitro release profiles of P21-mR-8R from PLGA MPs (pH 7.4 at
37°C) MPs were prepared with addition of 200uL PBS to the primary emulsion.
MPs were loaded with P21-mR-8R (0.5% (w/w)). Protein was quantified using

Micro BCA assay kit. Error bars indicate SD (n = 3).

3.3.3. Released GET peptide transduction activity assessment
Efficient release of GET peptide was achieved utilising S/O/W method to

fabricate PLGA porous-MPs, and the required release profile could be obtained.
The aim was at this point to show that we have active GET peptide post release.
The work in previous chapter demonstrated active GET peptide upon
encapsulation, and here the effect of release conditions on GET peptide activity

will be studied.
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The released GET peptide transduction activity evaluated by comparing released
P21-mR-8R to non-encapsulated controls. Released GET-protein (from porous
PLGAPBS MPs) was collected over the 7 day time course and was incubated
with NIH3t3 cells to assess internalization and transduction ability. Importantly
transduction activity was compared to non-encapsulated controls diluted to the
same final concentration. Incubated cells were then evaluated for transduction
by fluorescence microscopy and flow cytometry analyses.

Fluorescent microscopy showed significant GET protein internalization for
samples released from PLGA-PBS MPs in the first day (Figure 3.5). Flow
cytometry results showed that the protein released at the first day has a relative
transduction activity of 85% + 12.3 (Figure 3.6). However, GET-protein released
from these MPs (PLGA-PBS) showed gradual loss of protein transduction
activity with relative transduction activity below 35% + 4.7 at day 7 (Figure 3.6).
Overall, activity of the fully released GET-protein over the 7 days is therefore
significantly inhibited (with only 35% =* 4.7 activity could be achieved towards

the end of the release profile).
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Figure 3.5 Transduction activity of the released P21-mR-8R. MPs were

prepared using S/O/W method and loaded with P21-mR-8R (0.5% (w/w)),

mixed with PBS. Transduction activity of the released protein was assessed by

addition to plated NIH3t3 cells. (A) Schematic showing the sampling of the

released protein and quantification. (B) Fluorescence microscopy images of the

NIH3t3 cells treated with the sampled P21-mR-8R (Scale bar 10 um). (C)Flow

cytometry histograms showing cellular uptake of P21-mR-8R after application

of the samples to NIH3t3 cells. The red histograms are the P21-mR-8R samples,

while the black histograms are the experimental control.
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Figure 3.6 Relative biological activity of the sampled P21-mR-8R. GET Protein
transduction activity was compared to the experiment control. Error bars indicate

SD (n = 3).
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3.3.4. Building a hypothesis for GET peptide loss of activity

The released protein could be detected using fluorometric analysis, which
suggests that the fluorescent part of the protein (mR) was intact but the GET
peptide, enhancing the protein internalization in the cells, were no longer
functional. This may be attributed to protein hydrolysis (i.e. detachment of the
GET peptide (P21 & 8R) from the fluorescent part (mR)), or interaction between
the negatively charged PLGA (or it’s degradation product) with the positively
charged GET peptide [86, 133-138, 186], which would prevent the interaction
between GET peptide and cell membrane heparan sulfate.

This inhibitory phenomenon would restrict the use of GET-protein in this
controlled release system and it was needed to further understand the loss of
activity mechanism and to optimize the delivery system formula to improve the

relative transduction activity of GET protein post release.

3.3.5. Validation of GET peptide loss of activity hypothesis
Loss of protein activity during release can be due to possible interaction between

the molecule and PLGA material, it’s degradation products, or protein instability
in low pH values [86]. Accordingly, and in order to understand the loss of GET

peptide activity mechanism, the mentioned possibilities were studied.

3.3.5.1. GET peptide interaction with blank PLGA
microparticles
PLGA MPs are negatively charged [188]. In order to confirm this, blank PLGA

MP charged was measured at various pH values (3, 5 & 7). The results showed
that the PLGA MPs are negatively charged at all studied pH values (Table 3.1).

As GET peptide are positively charged [81] (the calculated isoelectric point (pl)
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for P21 and 8R is 10.9 and 12.9 respectively (Table 3.2) it is expected that P21-
mR-8R interacts with the negatively charged PLGA MPs. In order to evaluate
the interaction between the GET peptide and PLGA MPs, direct interaction
between P21-mR-8R and PLGA MPs was assessed in a pulldown assay. P21-
mR-8R was mixed with various quantities of blank PLGA MPs. After
incubation, MPs were removed by centrifugation and the loss of soluble P21-
mR-8R (binding to PLGA) was assessed by fluorometry. This assay was
designed to determine if there was any direct interaction of P21-mR-8R with
intact PLGA polymer. The results demonstrated that at neutral pH less P21-mR-
8R protein remains free in the supernatant with increasing MPs quantities (i.e.
only 20% of the protein quantity could be detected when mixed with 25 mg of
PLGA MPs) indicating that the P21-mR-8R interacts with PLGA polymer in the
MPs (Figure 3.7). Many interaction types can be associated in P21-mR-8R
binding to PLGA MPs, but the main type to control the interaction, in presence
of positively charged peptides, is electrostatic interaction [189]. Hydrophobic
interaction might be affecting the adsorption of P21-mR-8R on the surface of
PLGA MPs due to the fact that the PLGA is hydrophobic. However this

interaction was considered negligible [136, 138, 189].
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Table 3.1 Blank MPs surface charge at various pH conditions (3,5 & 7).

pH ZP (mV) Average (£SD)
3.0 -15.6(1.3)

5.0 -7.9(1.0)

7.0 -1.0(0.4)

Table 3.2 P21-mR-8R, mR, P21 & 8R theoretical molecular weights, isoelectric points and charge at various pH values

Molecular Isoelectric

Charge at various pH

Peptide Weight point
(kDa) (pl) 30 35 40 45 50 55 60 65 70 75 80
mR 26.6 5.7 361 331 266 164 7.3 2.3 -0.3 22 -3.8 49 57
P21 25 10.9 125 122 118 115 112 111 11 11 108 106 102
8R 1.3 12.9 8.6 8.3 8.1 8 8 8 8 8 7.9 7.8 7.5
P21mR8R  30.7 9.6 56.1 53 463 358 265 213 187 167 151 14 13
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Figure 3.7 GET peptide interaction with blank PLGA MPs at pH 7.4 PLGA MPs
were suspended in solution and P21-mR-8R was then added, the solution was

then centrifuged and the P21-mR-8R quantity in the supernatant was measured.

Error bars indicate SD (n = 3).
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It was shown that P21-mR-8R is interacting with PLGA MPs at neutral pH,
however, as PLGA degrades it releases lactic and glycolic acid molecules
(carboxylic acid containing molecules) which decrease the pH. It’s been
hypothesized that the interaction between P21-mR-8R and PLGA will be
affected by the presence of carboxyl groups. The pull down assay was repeated
at lower pH value (~ pH 3) where the pH was adjusted using acetic acid (to create
carboxylic acid rich environment). Interestingly, at pH 3, all the protein
remained in the supernatant, and there was no significant interaction with the
PLGA MPs (Figure 3.8). This was unexpected as it’s been hypothesized that in
a low pH microenvironment (which would be similar to that generated in
hydrolysing PLGA during the release process) that P21-mR-8R would still
interact with PLGA polymers, as the results suggested that the PLGA will be
negatively charged at this pH (Table 3.1). This observation was important,
demonstrating that P21-mR-8R can directly interact with PLGA, but that this
can be disrupted by the presence of carboxylic acid. We therefore conclude that
P21-mR-8R can interact with both PLGA directly (most likely electrostatically)

and also with carboxylic groups (which can disrupt the PLGA interaction).
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Figure 3.8 GET peptide interaction with blank PLGA MPs at pH 3. PLGA MPs
were suspended in solution of pH 3 and P21-mR-8R was then added, the solution
was then centrifuged and the P21-mR-8R quantity in the supernatant was

measured. Error bars indicate SD (n = 3).
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3.3.5.2.  GET peptide activity in presence of PLGA

degradation products

It’s been identified that the controlled release (i.e. PLGA degradation) as the
inhibitory process on GET transduction activity. The aim was to assess any
possible interaction between the GET peptide and the PLGA degradation
products and its impact on GET peptide transduction activity. When PLGA
degrades by hydrolysis, it releases carboxyl group containing molecules which
may interfere with GET transduction activity. Accordingly, the GET peptide
activity in presence of PLGA degradation products, collected from PLGA
degradation in media, was studied. The pH of the media upon GET peptide
addition was 6.0 £ 0.2. Fluorescence microscopy showed that there was very low
transduction activity for P21-mR-8R added to cells with degraded PLGA
supernatants (Figure 3.9), flow cytometry showing a relative transduction
activity of 34% = 8.9. This data therefore confirms that during controlled release,
PLGA degradation products will have an inhibitory effect of GET protein

transduction activity.
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Figure 3.9 Effect of PLGA degradants containing media on GET peptide
stability. Blank PLGA MPs were left to degrade in media, after that P21-mR-8R
was mixed with the media. Protein was then transduced into cells by addition to
plated NIH3t3 cells. Fluorescence microscopy images of the NIH3t3 cells
treated with the sampled P21-mR-8R (left) (Scale bar 10um) and flow cytometry
histograms showing cellular uptake of P21-mR-8R after application of the
samples to NIH3t3 cells (right). The red histograms represent P21-mR-8R

samples while black histograms are the experiment control.
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3.3.5.3.  GET peptide stability in various pH conditions
simulating PLGA MP Microenvironment

3.3.5.3.1. GET peptide activity in presence of carboxylic
acid groups

In order to fully understand the mechanism by which GET protein transduction
activity is inhibited post-release, it was aimed to model the conditions
experienced by the P21-mR-8R protein inside the MPs without the fabrication.
During protein release the degrading PLGA is hydrolysed, releasing glycolic and
lactic acid (carboxyl group containing molecules) into the microenvironment
and it is progressively acidified. It has been previously shown that the pH
microclimate within PLGA MPs can be very acidic (pH ~2) [86, 125]. To test
the effect of such acid groups and the overall pH have on retention of GET-
transduction activity, P21-mR-8R was incubated in cell culture media of various
pH values (3, 5 & 7), pH adjusted using either 1 M lactic acid, 1 M glycolic acid
or 1 M acetic acid solutions. After incubation, samples were neutralized by
dilution and protein transduction activity was evaluated, using NIH 3t3 cells
(fluorescence microscopy and flow cytometry). The neutralization process is
important as all proteins were transduced into cells at the same neutral pH (pH
7.2), therefore this directly assesses the effect of pH during the incubation, with
transduction as a readout of functionality. Protein storage, sampling and
transduction into cells were done as diagrammed in Figure 3.10. Fluorescence
microscopy showed significant protein internalization, for samples stored at pH
3, at day 1 compared to controls, however, protein transduction was undetectable
for day 7 samples. This can be seen in samples of all studied solutions; lactic

acid, glycolic acid and acetic acid. Flow cytometry results confirmed a loss in
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transduction for day 7 samples (Figures 3.11, 3.12 and 3.13), and gradual loss of
relative transduction activity over the time-points, reaching values below 30%
at day 7. Interestingly, fluorescent microscopy showed protein transduction for
samples stored at pH 5 & 7 at all studied time points. For pH 5, flow cytometry
results confirmed this with relative transduction activity above 80% of non-
treated controls at all studied time points. For pH 7, flow cytometry results
showed minimal decrease in relative transduction activity with values of 60% at
all studied time points. Importantly both pH 5 and 7 data shows high levels of
activity is retained, even with extended storage (7 days). This is unlike activity
seen at pH 3 samples which is progressively decreased until very low levels are
left at day 7 (~ 25%). Therefore high concentration carboxylic acid inhibits the
activity of GET transduction over time. Importantly this is not due to stability of

the protein as fluorescence of the P21-mR-8R was not affected by these

conditions.
pH treatment pH neutralization Intracellular delivery
(assessed by flow
"~ | Incubation at 37°C Transduction CYtometry and microscopy)

O
= (0,1,3, X days) [12h]
OD\j

200pg/ml P21mR8R solution in  1:10 dilution in Mammalian Cells

media (pH 3, 5 & 7). fresh cell culture
media

Figure 3.10 Schematic of the protein storage and sampling, 200pg/ml P21-mR-
8R solution prepared with various pH values (3, 5 &7) and stored at 37°C. A
sample was taken from each solution, at defined time points, and diluted 1:10 in
fresh cell culture media. Protein was then transduced into cells by addition to

plated NIH3t3 cells.
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Figure 3.11 GET-peptide stability at various pH values mimicking the PLGA
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Microenvironment. P21-mR-8R stability in cell culture media of various pH
values (3, 5 & 7), pH was adjusted using 1M lactic acid solution Protein sample
was transduced into cells by addition to plated NIH3t3 cells. (A) Fluorescence
microscopy images of the NIH3t3 cells treated with the protein samples (Scale
bar 10um). (B) Flow cytometry histograms showing cellular uptake of P21-mR-
8R after application of the samples to NIH3t3 cells. The red histograms represent
P21-mR-8R samples taken at day 1, while the grey histograms represent day 7
samples, black histograms are the experiment control. (C) Relative transduction
activity of the samples. Protein transduction activity was compared to the
experiment control. Error bars indicate SD (n = 3). * is p<0.05, ** is p<0.01.
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Figure 3.12 GET-peptide stability at various pH values mimicking the PLGA
Microenvironment. P21-mR-8R stability in cell culture media of various pH
values (3, 5 & 7), pH was adjusted using 1M glycolic acid solution Protein
sample was transduced into cells by addition to plated NIH3t3 cells. (A)
Fluorescence microscopy images of the NIH3t3 cells treated with the protein
samples (Scale bar 10um). (B) Flow cytometry histograms showing cellular
uptake of P21-mR-8R after application of the samples to NIH3t3 cells. The red
histograms represent P21-mR-8R samples taken at day 1, while the grey
histograms represent day 7 samples, black histograms are the experiment
control. (C) Relative transduction activity of the samples. Protein transduction
activity was compared to the experiment control. Error bars indicate SD (n = 3).
*is p<0.05, ** is p<0.01.
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Figure 3.13 GET-peptide stability at various pH values mimicking the PLGA
Microenvironment. P21-mR-8R stability in cell culture media of various pH
values (3,5 & 7), pH was adjusted using 1M acetic acid solution Protein sample
was transduced into cells by addition to plated NIH3t3 cells. (A) Fluorescence
microscopy images of the NIH3t3 cells treated with the protein samples (Scale
bar 10um). (B) Flow cytometry histograms showing cellular uptake of P21-mR-
8R after application of the samples to NIH3t3 cells. The red histograms represent
P21-mR-8R samples taken at day 1, while the grey histograms represent day 7
samples, black histograms are the experiment control. (C) Relative transduction
activity of the samples. Protein transduction activity was compared to the

experiment control. Error bars indicate SD (n = 3). * is p<0.05.
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3.3.5.3.2. GET peptide activity is inhibited in presence
of other acidic groups
In order the study the GET peptide stability in presence of other acidic groups

(i.e. strong acids), GET peptide were incubated, for 7 days, in media of various
pH values (3, 5 & 7), the pH was adjusted using different solutions, 1M
phosphoric acid (weak acid), 1M hydrochloric acid (HCI) (strong acid), or 1M
sulfuric acid (strong acid). This will indicate the stability of GET peptides in
various acidic groups and suggest degradation mechanism (i.e. chemical
degradation or electrostatic interaction). The collected samples were then
applied to plated NIH 3t3 cells and cellular uptake of GET peptide was evaluated
using fluorescence microscopy and flow cytometry. Fluorescence microscopy
showed significant protein internalisation, for samples stored at pH 3, at day 1,
for samples stored in media containing phosphoric acid. However, protein
transduction was undetectable for day 7 samples. Flow cytometry results
confirmed a loss in transduction for day 7 samples, and gradual loss of relative
transduction activity over the time-points, reaching values below 20% at day 7
(Figure 3.14). Interestingly, fluorescent microscopy showed protein transduction
for samples stored at pH 5 & 7 at all studied time points. Flow cytometry results
confirmed this with relative transduction activity above 80% of non-treated
controls at all studied time points. This behaviour is comparable to the previous
obtained results using lactic, glycolic and acetic acid. On the other hand,
fluorescent microscopy for samples stored at pH 3 media containing strong acids
(hydrochloric or sulfuric acid) showed major loss of GET peptide activity from
day 1, with relative transduction activity below 40% (figure 3.15 and 3.16).
Samples stored at pH 5 & 7 showed minimal loss of activity with relative

transduction activity above 60% in all studied time points.
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Figure 3.14 P21-mR-8R stability in cell culture media of various pH values (3,
5 & 7). pH was adjusted using 1M phosphoric acid solution. (A) Fluorescence
microscopy images of the NIH3t3 cells treated with the samples contain P21-
MR-8R (Scale bar 10um). (B) Flow cytometry histograms showing cellular
uptake of P21-mR-8R after application of the samples to NIH3t3 cells. The red
histograms represent P21-mR-8R samples taken at day 1, while the grey
histograms represent day 7 samples, black histograms are the experiment
control. (C) Relative biological activity of the P21-mR-8R. Protein transduction

activity was compared to the experiment control. Error bars indicate SD (n = 3).
*is p<0.05, ** is p<0.01.
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Figure 3.15 P21-mR-8R stability in cell culture media of various pH values (3,
5 & 7). pH was adjusted using 1M hydrochloric acid solution. (A) Fluorescence
microscopy images of the NIH3t3 cells treated with the samples contain P21-
MR-8R (Scale bar 10um). (B) Flow cytometry histograms showing cellular
uptake of P21-mR-8R after application of the samples to NIH3t3 cells. The red
histograms represent P21-mR-8R samples taken at day 1, while the grey
histograms represent day 7 samples, black histograms are the experiment
control. (C) Relative biological activity of the P21-mR-8R. Protein transduction
activity was compared to the experiment control. Error bars indicate SD (n = 3).
* is p<0.05.
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Figure 3.16 P21-mR-8R stability in cell culture media of various pH values (3,
5 & 7). pH was adjusted using 1M sulfuric acid solution. (A) Fluorescence
microscopy images of the NIH3t3 cells treated with the samples contain P21-
MR-8R (Scale bar 10um). (B) Flow cytometry histograms showing cellular
uptake of P21-mR-8R after application of the samples to NIH3t3 cells. The red
histograms represent P21-mR-8R samples taken at day 1, while the grey
histograms represent day 7 samples, black histograms are the experiment
control. (C) Relative biological activity of the P21-mR-8R. Protein transduction
activity was compared to the experiment control. Error bars indicate SD (n = 3).
* is p<0.05.
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3.3.6. Building a hypothesis for protein inactivation and
stabilisation approach of GET peptide using L-histidine

Low pH usually develops in PLGA MPs as a result of accumulation of acidic
degradants [86, 135, 186]. From the performed simulation studies, a highly
acidic environment (~ pH 3) was needed to inactivate the protein transduction
activity. The results suggested that the negatively charged carboxylic acid
groups, which results from PLGA degradation, will interact with the positively
charged GET peptide, preventing them from binding to the cell membrane and
consequently preventing protein internalization.

Since GET peptide activity is compromised in presence of carboxylic acid group,
the intended approach is to scavenge this group by adding a molecule that will
compete with the protein in interaction with carboxylic acid. GET peptide are
positively charged, and it is expected that they will interact with the negatively
charged molecules. L-Histidine is positively charged amino acid at pH ~6. L-
Histidine is expected to compete with the P21-mR-8R in interacting with the
carboxylic group. Consequently, to test whether the L-Histidine could enhance
GET peptide activity at low pH, the pH simulation study was repeated, in
presence of L-Histidine. L-Histidine was added in quantities that will not affect
the solution pH. Various pH conditions were studied (3, 5 & 7) with L-Histidine,
and the same protein behaviour was noticed, which suggests that the L-Histidine
works at low pH only, due to its charge, and the presence of L-Histidine along

with the protein, at higher pH, will not alter its activity.
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3.3.7. Validation of L-Histidine stabilisation approach

In order to validate the above mentioned hypothesis about L-Histidine capability
of stabilising GET peptide in presence of PLGA (and its degradation products),
it was important to test all the previously studied parameter in presence of L-

Histidine and compare the findings.

3.3.7.1.  GET peptide interaction with blank PLGA
microparticles in presence of L-Histidine
It was shown that GET peptide interact with the negatively charged PLAGA

MPs at neutral pH, and at low pH the GET peptide interacted with the carboxylic
groups and remained in the supernatant. Accordingly, addition of L-Histidine to
both pH conditions was tested. It was expected that L-Histidine will disrupt GET
peptide interaction with carboxylic groups.

Applying the same conditions in presence of L-Histidine resulted in GET peptide
interaction with MPs at neutral pH (Figure 3.17), with only 20% of the protein
quantity could be detected, which is expected as the L-Histidine is not positively
charged at this pH. Interestingly, at pH 3, the positively charged L-Histidine
appeared to act as a scavenger for the carboxyl groups from the added carboxyl
groups and P21-mR-8R retained its ability to interact with the negatively
charged PLGA MPs. Therefore, it was conclude that P21-mR-8R can interact
with both PLGA directly (most likely electrostatically) and also with carboxylic
groups (which can disrupt the PLGA interaction). By using L-Histidine we could
retain P21-mR-8R/PLGA interaction, most likely through a sequestering of free

carboxylic acid groups by positively charged L-Histidine (Figure 3.17).
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Figure 3.17 GET peptide interaction with 25mg PLGA MPs at various pH
conditions in presence of different L-Histidine quantities. PLGA MPs were
suspended in solution of different pH values and P21-mR-8R with L-Histidine
was then added, the solution was then centrifuged and the P21-mR-8R quantity

in the supernatant was measured. Error bars indicate SD (n = 3).
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3.3.7.2.  GET peptide activity in presence of PLGA
degradation products in presence of L-Histidine
The previous results showed that PLGA degradation product is inhibiting GET

peptide activity, in order to assess L-Histidine effect on GET-PLGA degradation
product interaction, the experiment was repeated with various quantities of L-
Histidine being incorporated with P21-mR-8R (Figure 3.18). Addition of L-
Histidine resulted in enhanced transduction activity, as the L-Histidine is
expected to interact with the carboxylic group containing PLGA degradants.

Samples of 1:0.1 ratio (P21-mR-8R:LHistidine) showed enhanced transduction
activity, compared to samples with no L-Histidine (Figure 3.18), however, only
55% =+ 4.3 transduction activity could be achieved. For samples prepared with
addition of L-Histidine >25% of the P21-mR-8R quantity, fluorescent
microscopy and flow cytometry results showed comparable protein transduction
activity at all time points, with relative transduction activity above 80% could be
achieved. This clearly demonstrates the role of L-Histidine in maintaining the
activity of GET peptide in presence of PLGA degradation products. A schematic

showing L-Histidine proposed mechanism is shown in figure 3.32 (page 130).
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Figure 3.18 Effect of L-Histidine on GET peptide stability in media contains
PLGA degradation product. Blank PLGA MPs were left to degrade in media,
after that P21-mR-8R was mixed with the media and different quantities of L-
Histidine. Protein was then transduced into cells by addition to plated NIH3t3
cells. (A) Fluorescence microscopy images of the NIH3t3 cells treated with the
sampled P21-mR-8R (Scale bar 10um) and flow cytometry histograms showing
cellular uptake of P21-mR-8R after application of the samples to NIH3t3 cells.
The red histograms represent P21-mR-8R samples while black histograms are
the experiment control. (B) Relative transduction activity of the sampled P21-
mR-8R. Protein transduction activity was compared to the experiment control.

Error bars indicate SD (n = 3). * is p<0.05.
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3.3.7.3.  GET peptide activity at various pH conditions in
presence of L-Histidine

3.3.7.3.1. GET peptide activity in presence of carboxylic
acid groups and L-Histidine

To determine if L-Histidine could promote GET-protein transduction in high
carboxylic acid/low pH as for MP-released protein, the simulation experiments
were repeated in presence of L-Histidine. As before, protein was stored in cell
culture media of various pH values (3, 5 & 7); adjusted using either 1 M lactic
acid, 1 M glycolic acid or 1 M acetic acid. Unlike P21-mR-8R alone, L-Histidine
(200 pg/ml) containing samples (fluorescence microscopy and flow cytometry
analyses) did not lose P21-mR-8R transduction activity for all the studied pH
conditions including those at pH 3 (Figures 3.19, 3.20 and 3.21). Protein relative
transduction activity was above 60% for all the studied conditions and therefore
it was clear that the presence of L-Histidine during incubation prevented the loss

of GET transduction activity.
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Figure 3.19 GET-peptide stability at various pH values mimicking the PLGA
Microenvironment. P21-mR-8R with L-Histidine stability in cell culture media
of various pH values (3, 5 & 7), pH was adjusted using 1M lactic acid solution
Protein sample was transduced into cells by addition to plated NIH3t3 cells. (A)
Fluorescence microscopy images of the NIH3t3 cells treated with the protein
samples (Scale bar 10um). (B) Flow cytometry histograms showing cellular
uptake of P21-mR-8R after application of the samples to NIH3t3 cells. The red
histograms represent P21-mR-8R samples taken at day 1, while the grey
histograms represent day 7 samples, black histograms are the experiment
control. (C) Relative transduction activity of the samples. Protein transduction

activity was compared to the experiment control. Error bars indicate SD (n = 3).
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Figure 3.20 GET-peptide stability at various pH values mimicking the PLGA
Microenvironment. P21-mR-8R with L-Histidine stability in cell culture media
of various pH values (3, 5 & 7), pH was adjusted using 1M glycolic acid solution
Protein sample was transduced into cells by addition to plated NIH3t3 cells. (A)
Fluorescence microscopy images of the NIH3t3 cells treated with the protein
samples (Scale bar 10um). (B) Flow cytometry histograms showing cellular
uptake of P21-mR-8R after application of the samples to NIH3t3 cells. The red
histograms represent P21-mR-8R samples taken at day 1, while the grey
histograms represent day 7 samples, black histograms are the experiment
control. (C) Relative transduction activity of the samples. Protein transduction

activity was compared to the experiment control. Error bars indicate SD (n = 3).
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Figure 3.21 GET-peptide stability at various pH values mimicking the PLGA
Microenvironment. P21-mR-8R with L-Histidine stability in cell culture media
of various pH values (3, 5 & 7), pH was adjusted using 1M acetic acid solution
Protein sample was transduced into cells by addition to plated NIH3t3 cells. (A)
Fluorescence microscopy images of the NIH3t3 cells treated with the protein
samples (Scale bar 10um). (B) Flow cytometry histograms showing cellular
uptake of P21-mR-8R after application of the samples to NIH3t3 cells. The red
histograms represent P21-mR-8R samples taken at day 1, while the grey
histograms represent day 7 samples, black histograms are the experiment
control. (C) Relative transduction activity of the samples. Protein transduction

activity was compared to the experiment control. Error bars indicate SD (n = 3).
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3.3.7.3.2. L-Histidine protect GET peptide in presence

of weak acid but not strong acid

To determine if L-Histidine could promote GET-protein transduction in
presence of various acidic groups, pH incubation experiments were repeated in
the presence of L-Histidine. As before, protein was stored in cell culture media
of various pH values (3, 5 & 7); adjusted using either 1M phosphoric acid, 1M

hydrochloric acid (HCI), or 1M sulfuric acid.

In presence of phosphoric acid (weak acid) L-Histidine (200ug/ml) containing
samples (fluorescence microscopy and flow cytometry analyses) showed
comparable P21-mR-8R transduction activity for all the studied pH conditions
including those at pH 3 (Figure 3.22). Protein relative transduction activity was
above 60% for all the studied conditions and therefore it was clear that the
presence of L-Histidine during incubation prevented the loss of GET
transduction activity. On the other hand, L-Histidine did not protect GET peptide
at pH 3 in presence of strong acids (HCI or sulfuric acid), with relative

transduction activity below 40% from day 1 (Figure 3.23 and Figure 3.24).
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Figure 3.22 GET-peptide stability at various pH values mimicking the PLGA
Microenvironment. P21-mR-8R with L-Histidine stability in cell culture media
of various pH values (3, 5 & 7), pH was adjusted using 1M phosphoric acid
solution Protein sample was transduced into cells by addition to plated NIH3t3
cells. (A) Fluorescence microscopy images of the NIH3t3 cells treated with the
protein samples (Scale bar 10um). (B) Flow cytometry histograms showing
cellular uptake of P21-mR-8R after application of the samples to NIH3t3 cells.
The red histograms represent P21-mR-8R samples taken at day 1, while the grey
histograms represent day 7 samples, black histograms are the experiment
control. (C) Relative transduction activity of the samples. Protein transduction

activity was compared to the experiment control. Error bars indicate SD (n = 3).
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Figure 3.23 GET-peptide stability at various pH values mimicking the PLGA
Microenvironment. P21-mR-8R with L-Histidine stability in cell culture media
of various pH values (3, 5 & 7), pH was adjusted using 1M hydrochloric acid
solution Protein sample was transduced into cells by addition to plated NIH3t3
cells. (A) Fluorescence microscopy images of the NIH3t3 cells treated with the
protein samples (Scale bar 10pum). (B) Flow cytometry histograms showing
cellular uptake of P21-mR-8R after application of the samples to NIH3t3 cells.
The red histograms represent P21-mR-8R samples taken at day 1, while the grey
histograms represent day 7 samples, black histograms are the experiment
control. (C) Relative transduction activity of the samples. Protein transduction
activity was compared to the experiment control. Error bars indicate SD (n = 3).
* is p<0.05.

116



Day 1

Day 7

Cell count

° 107 10° 10° 10° 107 10° 10° 10° 107 10° 10°

Fluorescence

VActivity (%)

Relative Transdudctior
e o
. H
fi =
=
w _
I -
[ TR
.
*
=
i —
T

Figure 3.24 GET-peptide stability at various pH values mimicking the PLGA
Microenvironment. P21-mR-8R with L-Histidine stability in cell culture media
of various pH values (3, 5 & 7), pH was adjusted using 1M sulfuric acid solution
Protein sample was transduced into cells by addition to plated NIH3t3 cells. (A)
Fluorescence microscopy images of the NIH3t3 cells treated with the protein
samples (Scale bar 10um). (B) Flow cytometry histograms showing cellular
uptake of P21-mR-8R after application of the samples to NIH3t3 cells. The red
histograms represent P21-mR-8R samples taken at day 1, while the grey
histograms represent day 7 samples, black histograms are the experiment
control. (C) Relative transduction activity of the samples. Protein transduction
activity was compared to the experiment control. Error bars indicate SD (n = 3).
* is p<0.05.
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3.3.8. L-Histidine does not neutralize carboxyl group acidity

In order to clarify why L-Histidine has such profound effect on carboxyl acid-
mediated inhibition of GET transduction, we determined if the addition of L-
Histidine could neutralize the acidity of the carboxyl acid-containing media. The
pH of the media after addition of L-Histidine (200ug/ml) was measured in the
three studied pH conditions (3, 5 & 7). The pH found to be the same, with no
significant change (Figure 3.25). Also, to confirm the quantities of L-Histidine
required to neutralize the pH we employed, we performed a back titration with
L-Histidine. Our titration showed that the molar ratio of 1:5 between the acetic
acid and L-Histidine is required for neutrality. Accordingly, it is very unlikely
that the L-Histidine is neutralizing the pH conditions in our system, but will work
as a scavenger competing with PLGA degradation products for GET peptide

interaction.

m Before L-Histidine After L-Histidine

pH Value
B

pH 3 pHS pH7

Figure 3.25 pH values for media before and after addition of L-Histidine
(200pg/ml). pH was initially adjusted using 1M acetic acid solution. Error bars

indicate SD (n = 3).
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3.3.9. Co-incubation with L-Histidine is required to prevent
inhibition of GET transduction by carboxylic acid
In order to assess if the mechanism of L-Histidine was during incubation, or

could be manifest by its addition post-incubation, pH incubation experiments
were repeated. After samples were taken and diluted, 20pg L-Histidine was
added and transduction activity tested. Fluorescent microscopy showed no
protein transduction in the cells incubated at pH 3 with or without addition of L-
Histidine post-incubation. Flow cytometry confirmed that L-Histidine addition
had no effect unless it was present throughout the pH incubation, with relative
transduction activity around ~20%. It is therefore likely that L-Histidine prevents
P21-mR-8R/carboxylic acid interaction or pH-dependent inhibition of

transduction which is a gradual process over the 7 days experiment.
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Figure 3.26 Effect of L-Histidine on P21-mR-8R stability upon storage in cell

culture media of pH 3, adjusted using 1M acetic acid solution. 200pg/ml P21-
mR-8R solution of pH 3 was prepared and stored at 37°C for 7 days. A sample
was taken from the solution, after 7 days, and diluted 1:10 in fresh cell culture
media, producing a P21-mR-8R solution of 20ug/ml. 20ug of L-Histidine was
then added to the solution. Protein was then transduced into cells by addition to
plated NIH3t3 cells. (A) Fluorescence microscopy images of the NIH3t3 cells
treated with the sampled P21-mR-8R (Scale bar 10um). (B) Flow cytometry
histograms showing cellular uptake of P21-mR-8R after application of the
sample to NIH3t3 cells. The red histograms represent P21-mR-8R sample, black

histogram is the experiment control.
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3.3.10. L-Histidine dose is important to preserve GET transduction
The previous analyses employed one concentration (200 pug/ml) of L-Histidine
to negate the negative effect of carboxylic acid on GET peptide transduction.
Next the dose requirement for this activity was assessed. P21-mR-8R (200
pg/ml) with different quantities of L-Histidine (0-200 pg/ml) was incubated at
pH 3 in acetic acid adjusted cell culture media. Fluorescence microscopy and
flow cytometry demonstrated gradual loss of protein transduction activity for
samples with no L-Histidine. Samples containing 20 pg/ml L-Histidine showed
enhanced transduction activity, compared to samples with no L-Histidine,
however, only 50% transduction activity could be achieved after 3 days (Figure
3.27). For samples prepared with addition of >50 pg/ml of L-Histidine,
fluorescent microscopy and flow cytometry results showed comparable protein
transduction activity at all time points, with relative transduction activity above
60% could be achieved in all time points (Figure 3.27). Therefore 50 pg/ml L-
Histidine was sufficient to mediate the maximum effect to negate the inhibitory

effect of carboxylic acid. This represents 25% of the P21-mR-8R quantity.
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Figure 3.27 Dose of L-Histidine required to promote GET-peptide activity.
Effect of different quantities of L-Histidine on P21-mR-8R stability upon storage
in cell culture media of pH 3 (pH was adjusted using 1M acetic acid solution).
200ug/ml P21-mR-8R solution was prepared with various quantities L-Histidine
(0 — 200ug) and stored at 37°C. A sample was taken from each solution, at
defined time points, and diluted 1:10 in fresh cell culture media. Protein was then
transduced into cells by addition to plated NIH3t3 cells. (A) Fluorescence
microscopy images of the NIH3t3 cells treated with the sampled P21-mR-8R
(Scale bar 10um). (B) Flow cytometry histograms showing cellular uptake of
P21-mR-8R after application of the samples to NIH3t3 cells. The red histograms
represent P21-mR-8R samples taken at day 1, while the grey histograms
represent day 7 samples, black histograms are the experiment control. (C)
Relative transduction activity of the sampled P21-mR-8R. Protein transduction
activity was compared to the experiment control. Error bars indicate SD (n = 3).
* is p<0.05
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3.3.11. Co-encapsulation of L-Histidine during fabrication of
porous PLGA MPs
In the light of the above findings, porous PLGA MPs containing L-Histidine

(25% w/w in respect to protein quantity) were fabricated. L-Histidine MPs
prepared with addition of PBS, have the average diameter and loading efficiency
of 42.3 £ 9.1 mm and 67.4 £ 6.3% respectively. Using SEM and particle sizing,
we were able to determine that incorporation of L-Histidine did not affect the
morphology, size and the loading efficiency of MPs, as shown in the
representative SEM images, size distribution and loading efficiency results
(Figure 3.28). This demonstration was important as we showed it is possible to
add excipients (such as L-Histidine) directly to the formulation without affecting

MP physical properties.
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Figure 3.28 MP characterization; SEM and size analyses. MPs were prepared
with addition of 200uL PBS to the primary emulsion. MPs were loaded with
P21-mR-8R (0.5% (w/w)) mixed with L-Histidine (25% (w/w)). SEM analyses
for MPs (scale bars represent 50 um on left image, and 10 um on right image).
Representative size distribution, average of three different loaded PLGA

microparticles batches (n=3).
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3.3.12. L-Histidine has no effect on sustained release of GET

proteins from porous MPs

To confirm that the same release Kkinetics are retained with incorporation of L-
Histidine, analyses of P21-mR-8R release over time was repeated. Incorporation
of L-Histidine to the formulation (PLGA-PBS-Histidine) did not change the
release profile significantly (Figure 3.29), MPs showed gradual and continuous
release similar to plain porous-MPs (PLGA-PBS), with 83% + 9.8 cumulative

release, after 10 days.
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Figure 3.29 In vitro release profiles of P21-mR-8R from porous PLGA MPs (pH
7.4 at 37°C) MPs were prepared using S/O/W method loaded with P21-mR-8R
(0.5% (w/w)) mixed with L-Histidine (25% (w/w)). Protein was quantified using

Micro BCA assay kit. Error bars indicate SD (n = 3).
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3.3.13. Released GET peptide transduction activity assessment
Whether the addition of L-Histidine to MPs can improve the transduction
activity of the released GET protein (PLGA-PBS-L-Histidine formulations) was
assessed. Flow cytometry results showed that the protein released at the first day
has a relative transduction activity above 85% + 8.6, similar to that of PLGA-
PBS MPs (Figure 3.30). However, GET-protein released from PLGA-PBS-
Histidine MPs retained its relative transduction activity above 80% on all studied
time points (Figure 3.31).

This observation clearly demonstrates that L-Histidine addition to porous-PLGA
MPs significantly prevents the loss of GET transduction activity during protein
release. As it is studied and showed in the previous sections, L-Histidine is
expected to act as a scavenger, minimising the interaction between GET peptide
and negatively charged carboxylic acid containing molecules, resulting from
PLGA degradation.

A schematic showing the mechanism of P21-mR-8R loss of activity upon release
from PLGA MPs and the proposed mechanism of L-Histidine stabilising effect

is shown in figure 3.32.
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Figure 3.30 Transduction activity of the released P21-mR-8R. Porous MPs were
prepared using S/O/W method and loaded with P21-mR-8R (0.5% (w/w)) mixed
with L-Histidine (0.25% (w/w)). Transduction activity of the released protein
was assessed by addition to plated NIH3t3 cells. (A) Fluorescence microscopy
images of the NIH3t3 cells treated with the sampled P21-mR-8R (Scale bar 10
pum). (B) Flow cytometry histograms showing cellular uptake of P21-mR-8R
after application of the samples to NIH3t3 cells. The red histograms are the P21-

mR-8R samples, while the black histograms are the experimental control.
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Figure 3.31 Relative biological activity of P21-mR-8R released from PLGA
MPs prepared using S/O/W (0.5% w/w) and containing L-Histidine (25% w/w).
GET Protein transduction activity was compared to the experiment control. Error

bars indicate SD (n = 3).
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Figure 3.32 Schematic for hypothesis of GET peptide interaction with Carboxyl groups and L-Histidine. Interaction between GET peptide released
from MPs and cells in presence of carboxyl groups resulted from PLGA degradation, with and without L-Histidine. (A) pH 7 without L-Histidine.

(B) pH 7 with L-Histidine. (C) pH 3 without L-Histidine. (D) pH 3 with L-Histidine.
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3.4.Conclusions

The work presented in this chapter evaluated the release profile and activity of
the GET peptide (tagged with fluorescent protein) released from PLGA MPs
fabricated using S/O/W method.

The release was very low, with 20% of the protein released in the first day, and
no further release detected up to 21 days. The PLGA MPs fabrication was
modulated to produce porous MPs, using PBS as a porogen in the primary
emulsion phase. The produced MPs had some pores on the surface on the MPs
without significant influence on the encapsulation efficiency. The release profile
was modulated to match the required dose; releasing the contents in the first 7
days. Upon activity evaluation of the released GET peptide conducted, gradual
loss of activity was noticed, which later on correlated to the degradation of the
PLGA MPs and formation of local acidic environment. L-Histidine was used as
a stabilizer to maintain the GET system activity during release from MPs.
Incorporation of L-Histidine in PLGA MPs did not change the protein release
profile. The presence of L-Histidine in the MPs enhanced the protein stability in
acidic conditions caused by degradation of PLGA. The maintenance of the
protein stability by incorporating L-Histidine in PLGA MPs is enough evidence
supporting that the GET peptide are interacting with acidic degradation products
of the PLGA and the addition of L-Histidine is a successful strategy. The work
in the coming chapter will utilise this delivery system to deliver RUNX2 to
control cells differentiation.

It was noted that in some conditions, the protein showed higher stability (in
presence of L-Histidine) at pH 3 and pH 5 compared to pH 7. This may indicate
the suitable storage condition for the protein (i.e. pH 5), however, further studies

need to be conducted in future.
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4. Development of Injectable Bone system to Study the Effect of GET

Peptide Loaded Microparticles on Bone Regeneration

4.1.Introduction

After the development of a controlled release system for GET peptide, the plan
was to replace the self-reporter protein (MRFP) with a therapeutic molecule
RUNX2. The manufacturing, formulation and release profiles of the PLGA MP
detailed in the first two results chapters in this thesis will be utilised for this
purpose.

Osteogenic transcription factor, RUNX2 (also called Core-binding factor alpha,
CBFal) is essential for osteoblast commitment, differentiation, matrix
production, and mineralization during bone formation [190]. RUNX2 regulates
downstream genes that determine the osteoblast phenotype and controls the
expression of osteogenic marker genes such as ALP, OP, OSX, COL1A1 (type-I
collagen), BSP, and OCN [42, 191-193] in response to physiological signals
[194]. A recent study performed in our group showed that GET-RUNX2
molecule can be used to direct hnMSCs osteogenesis [55], removing the need to
use pleiotropic compounds (such as dexamethasone), or growth-factors (such as
BMP2) which may trigger unwanted off-target cellular responses, however, this
transcription factor needs to be supplied at specific dose over a period of time
[55]. The reported dose (i.e. 60ug in the first week) will be used in the controlled

release system to overcome the need for repeated administration of RUNX2.

In order to supply a therapeutic molecule locally and to provide a host for cells,
scaffolds are usually used [24]. The combination of biomaterials (scaffolds
component), cells and therapeutic molecules can be used for localised and

targeted regeneration therapies [25].
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A novel polymer scaffold formulation has been developed in our group. This
formulation undergoes thermo-responsive sintering under physiological
conditions to form solid scaffolds [152-154]. The particles in this formulation
are composed of a blend of PLGA and poly(ethylene glycol) (PEG). The PEG
component acts to lower the glass transition of the mixture to be around the body
temperature (i.e. 37°C) [154]. These particles can be suspended in an aqueous
carrier to form a paste for use as an injectable defect filler. When the temperature
of the paste is raised to 37°C the particles soften and form adhesion bridges to
one another. The presence of the carrier then allows the hydrophilic PEG
component to leach out. This causes the polymer and thus the particle-to-particle
adhesion bridges to re-solidify.

A solid scaffold is formed with mechanical properties which are comparable to
those of cancellous bone [152-154]. The mild processing conditions used for the
fabrication of these PLGA/PEG scaffolds allow cells to be suspended in the
carrier and then be retained and proliferate within the fully-formed scaffolds
[153]. Moreover, loaded PLGA MPs can be mixed with the PLGA/PEG particles
to allow localised and controlled release of therapeutic molecules.

Various bone structures can be found in the body, for example, mastoid bone is
highly porous (above 80% porosity [195]) and have large pore size. On the other
hand, the vertebrate have very complex structures and fine details that is hard to
mould. In order to provide various scaffolds structures, matching the actual bone
properties, it was suggested that 3D printer can be used to provide complex
structures with high accuracy. Developing a 3D printable formula can provide

solutions to have this variability in structures.
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Bio-printing usually starts by having images for the needed structure (CT scan
or MRI), then design the structure to be printed based on these images, the
material and cells to be printed is then selected [196, 197]

For a material to be printable, some characteristics have to fulfilled, such as;
Viscosity, gelation method and rheological properties [158, 196, 197].
Previously, carboxymethyl cellulose (CMC) and pluronic F-127 (PF-127) were
used to facilitate PLGA/PEG printing [158]. However, minimal cell viability
results were shown in presence of CMC. The aim for the work presented in this
chapter was to demonstrate printing of PLGA/PEG with PF-127 and study cell

viability and proliferation.
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41.1. Aims

The aims of this chapter were to:

Encapsulate GET-RUNX2 molecule in PLGA MPs using the developed
formulation and fabrication process.

Characterise the MPs and evaluate the released GET-RUNX2 activity.
Formulate scaffolds using PLGAE/PEG thermos-responsive particles
with PLGA GET-RUNX2 loaded MPs.

Seed hMSCs on the prepared scaffolds and evaluate cells proliferation.
Evaluate seeded hMSCs differentiation in response to released GET-
RUNX2 molecule.

Utilise 3D printing technology to provide complex scaffolds structure
and evaluate the need to use potential viscosity enhancer compounds.
Study the cells proliferation on the printed scaffolds and evaluate the bio-

printing feasibility.
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4.2.Materials and Methods

4.2.1. Protein synthesis and FITC tagging
CPP (eight arginine, 8R) and heparin binding domain; HBD (P21), which

compose the Glycosaminoglycan — binding enhanced transduction (GET)
system were tagged with RUNX2 producing P21-RUNX2-8R protein. GET-
RUNX2 was expressed and purified from Escherichia coli using GST affinity
purification as previously described [198].

For protein tracking, P21-RUNX2-8R was tagged with FITC using NHS-
Fluorescein as per manufacturers protocol (Thermo Scientific) at a 1:50 protein:
label molar ratio and purified/buffer exchanged to PBS using Bio-Spin P-6 spin

columns (Bio-Rad).

4.2.2. PLGA Microparticles fabrication
Poly (D,L-lactide-co-glycolide, (PLGA) LA:GA ratio: 50:50; Mw 52 kDa,

Evonik Industries, USA) MPs were formed using solid-in-oil- in-water (S/O/W)
emulsion as previously described [132, 199]. Briefly, 1 mg of P21-RUNX2-8R,
was mixed with 0.5 mg PEG 6000 (Sigma-Aldrich, UK) and 0.25mg L-Histidine
(Sigma-Aldrich, UK) and freeze dried overnight. Blank MPs were prepared by
freeze drying 0.5 mg PEG 6000 only. PLGA was dissolved in dichloromethane
(DCM, Fisher, UK) (200 mg of PLGA was dissolved in 1.5 ml DCM) and added
to the freeze dried powder. The solution was then mixed by vortexing. Phosphate
buffered saline (PBS), 200ul PBS (Gibco, UK) was added to the solution and
vortexed to produce homogenous emulsion. 4ml of 0.25% (w/v) methylcellulose
(Sigma-Aldrich, UK) solution was then added to the mixture and vortexed again.
The resultant emulsion was then poured into 400 ml of distilled water; and the

resultant (S/O/W) emulsion was left stirring for 3 h to allow DCM evaporation.
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The hardened MPs were then collected by centrifugation and washed three times

by distilled water (DW). The obtained MPs were then freeze dried for 24h.

4.2.3. MP characterization: size and morphology

A thin layer of MPs were placed onto an adhesive stub and gold coated using a
SCDO030 gold sputter coater (Balzers Union Ltd., Lichtenstein), for five minutes
at 30 mA. The morphology of the MPs was assessed by scanning electron
microscopy (SEM), using a JEOL 6060L imaging system (JEOL Ltd.,
Hertfordshire, UK) with the accelerating voltage set to 10 kV.

The mean MP diameter and size distribution were measured using a Coulter
LS230 particle size analyser (Beckman, UK). MPs were suspended in HPLC
grade water, under stirring conditions. Size distribution data was collected after

achieving an obscuration value of 8-12%.

4.2.4. MP characterization: Determination of protein loading
(loading efficiency)

Measurement of protein content in the MPs was conducted as previously
described [168, 169, 199]. 10 mg of PLGA MPs were added to 750ul DMSO
and shaken until completely dissolved; 2150ul of 0.02% (w/v) SDS in 0.2 M
NaOH was then added and incubated at room temperature until clear solution is
obtained. The Micro BCA protein assay kit was used to measure the total protein
content and compared against a freshly generated standard curve of P21-
RUNX2-8R. 150uL sample volume was mixed with 150uL p-BCA working
reagent and incubated at 37 °C for 2 h. Absorbance at 562 nm was then measured

using a plate reader (Infinite M200, Tecan UK Ltd.).
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4.2.5. MP characterization: P21-RUNX2-8R release
MPs were suspended in 1 ml Growth media (GM) or HBSS. Samples were

rocked on a 3D shaker (Gyrotwister, Fisher Scientific UK Ltd) at 5 rpm in a
humidified incubator at 37 °C. At defined time points, samples were centrifuged
and the supernatant was removed from the MPs and replaced with fresh GM or
HBSS. The supernatants were assayed for protein content using uBCA assay Kit
(HBSS samples). Released protein contents were compared against freshly

generated standard curve of P21-RUNX2-8R.

4.2.6. Cell culture
Human Mesenchymal Stem Cells (hMSCs) were purchased from Lonza (21 year

old male donor) and were maintained in growth medium (Lonza) in 5% (v/v)
CO2 humidified incubator at 37°C. hMSCs were sub-cultured at 80% confluence
preventing spontaneous differentiation and contact inhibition of growth. hMSCs

were used between passage 4 and 6 for all experiments.

4.2.7. GET peptide transduction activity

40,000 cells/well (in 24-well plates) were seeded; incubated for 6 hours for
attachment. Culture media was then replaced with the media containing the
released P21-RUNX2-8R-FITC protein (protein released from MPs). After
overnight transduction, cells were washed with PBS, trypsinized with Trypsin-
EDTA (Lonza) and fixed in 4% (w/v) PFA (Sigma) for flow cytometry.
Transduction activity term will be referred to as indication of the protein

biological activity and ability of internalisation within cells.
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4.2.8. Luciferase reporter assay
Cells were transfected with firefly luciferase reporter (kindly gifted by Dr Haijun

Zhang, Indiana University) mOG2-Luc along with the internal control, Renilla
luciferase reporter pRL-TK as previously described [200]. hMSCs were
transduced with the P21-RUNX2-8R proteins released from MPs (Section 4.2.5)
before & after transfection. As a positive control to compare the promoter
activity, hMSCs were transfected with pSIN-RUNX2 plasmid DNA (1 ug) (as
described in Dixon et. al) [201] using Lipofectamine 2000 (Invitrogen) and
analysed the luciferase activity. Fresh P21-RUNX2-8R equivalent to the
quantity of protein released from MPs was transduced into another samples to
compare the activity of the released protein vs fresh protein sample of the same
concentration. Relative luciferase activities were measured using dual luciferase

assay kit (Promega).

4.2.9. Flow cytometry and microscopy

Fixed cells were analysed on a Beckman Coulter Astrios EQ Flow Cytometer
using 488 laser. (20,000 cells; gated on live cells by forward/side scatter). Mean
fluorescence was used for statistical analyses with background from un-
transduced cells subtracted and values were then calculated in ratio to the
experimental control. For fluorescence imaging, cells were imaged with

fluorescence microscope using a TRITC filter (Leica DM IRB).

4.2.10. PLGA/PEG particle production

Particles were fabricated from blends of poly(DL-lactic acid-co-glycolic acid)
(PLGA) 85:15 53 kDa (Lakeshore Biomaterials, USA) and poly(ethylene glycol)

400 (PEG) (Sigma Aldrich) as previously described by Dhillon et al. [152, 202].
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Briefly, a mixture of 93.5%:6.5% PLGA:PEG (w/v) was blended at 80-90°C,
mixed and allowed to cool. Cooled polymer was ground into particles and sieved
to obtain the 50-100 um size fraction.

The resultant particles were mixed with different carriers of different
concentrations and ratios for paste formation or 3D printing. Table 4.1
summarises the used carriers, concentrations and ratios. The paste was left to

sinter at 37°C to allow scaffolds formation.

Table 4.1 List of carriers (concentration and ratio) used to prepare scaffolds.

Scaffolds were sintered at 37°C.

Carrier Concentration (%) v/v Ratio (PLGA/PEG :
Carrier)
PBS - 1:0.6
TriAcetin 051,25&5 1:0.6
Pluronic 18 1:15
Pluronic - 18-25 1:0.6
Triacetin 18-1 1:15

4.2.11. Scaffold preparation
Scaffolds were prepared in PTFE moulds producing cylindrical scaffolds of 3

mm length and 6 mm diameter. PLGA/PEG particles were mixed with P21-
RUNX2-8R loaded MPs (or blank MPs for blank scaffolds). The mixture was
then mixed with PBS at a ratio of 1:0.6 (mixture: PBS). The paste was packed

into the mould which was placed at 37°C for 2 hours to allow scaffold formation.

4.2.12. Cell seeding on scaffolds

50,000 cell in 20pL suspension was seeded per scaffold. The scaffolds were
incubated for 1 hour at 37°C, to allow attachment, prior to addition of 1ml media

to each well.
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4.2.13. Osteogenesis assay
DMEM: F12 media (Life technologies) supplemented with 10% (v/v) fetal

bovine serum, 2mM L-glutamine, 100 units/ml penicillin and 100 pg/ml
streptomycin (Sigma) was used as the basal media for osteogenic media. 50,000
cells per scaffold (containing blank MPs or P21-RUNX2-8R loaded MPs) were
seeded and cultured for four weeks depending on the experiment with
appropriate media. 50 ug/ml L-Ascorbic acid 2-phosphate sesquimagnesium salt
hydrate (Sigma) and 10 mM  glycerophosphate disodium salt pentahydrate
(Acros organics) were added to the basal media for osteo-permissive medium.
To make osteo-inductive media, 100 nM Dexamethasone (Sigma) was added to
the osteo-permissive medium. Cells were cultured for three to four weeks for

complete osteogenesis. Medium was changed every other day.

4.2.14. Cell viability assay
The PrestoBlue cell viability assay (Invitrogen Life Sciences, UK) was

performed on day 3, 6 and 9 post-seeding on three scaffolds per time point. Each
scaffold was submerged in 900ul of media, and 100l of Prestoblue was added
to each well. The scaffolds were then incubated at 37°C for 2 hours. Three 100pl
media samples were taken from each well and were read on Tecan plate reader
with the excitation wavelength set to 560 nm and the emission wavelength set at
590 nm. The results were then compared with standard curve to calculate number

of cells.

4.2.15. Alkaline phosphatase (ALP) assay
The expression of ALP was measured at day 7 using a SigmaFAST pNPP Kit.

Scaffolds were transferred to new 24 well plate and pNPP solution, made to
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manufacturer’s guidelines, was added (500ul) to the wells and incubated at 37°C
for 45 minutes. Absorbance at 405 nm was then measured (three readings per

well) using Tecan plate reader.

4.2.16. Osteocalcin immunostaining
After 14 days, scaffolds were rinsed with PBS, fixed in 4% (w/v) PFA (Sigma)

in deionized water for 20 min, stained with antibody osteocalcin (OCN)
(Millipore; 1:200), detected with secondary antibody Alexa Fluor 546 (Abcam)

and viewed using Leica TCS SPE confocal Macroscopy.

4.2.17. VVon kossa staining

After 21 days, scaffolds were washed three times with deionized water and fixed
with 4% (w/v) PFA and washed three times with deionised water. Scaffolds were
incubated with 1% silver nitrate solution (sigma) under exposure to UV light for
60 minutes. Scaffolds were then washed with deionized water 3 times and then
with 2.5% sodium thiosulfate solution (Sigma) for 3 times. Scaffolds were then
washed again three times with deionized water. Mineralized nodules were

visualized as black spots using Nikon SMZ1500 dissection microscope.

4.2.18. Gene Expression analysis
The scaffolds with hMSCs were homogenised with RLT buffer (RNAeasy Kit)

using a hand-held homogenizer and total RNA was extracted using QIAShredder
(Qiagen) and RNAeasy kit (Qiagen) according to the manufacturer’s
instructions. RNA samples were treated with DNase | (Invitrogen), quantified
using a NanoDrop 1000 spectrophotometer (Thermo-Fisher). Osteogenic genes

(RUNX2 - Hs00231692_m; OSX/SP7 — Hs00541729_ml1; OPN -

142



Hs00959010_m1) were determined relative to ACTB according to the TagMan
gene expression assay protocol (Applied Biosystems/ Life Technologies).
TagMan primers and probes were from Applied Biosystems. All TagMan PCR

reactions were performed in triplicates with three biological repeats.

4.2.19. uCT
Samples were analysed using Skyscan 1172 (Skyscan, Belgium) desktop x-ray

CT scanner with a pixel resolution of 12.2 um, x-ray source current 800 pA and
voltage 50 kV. Samples were mounted vertically and rotated thorough 360°.
Captured images were then reconstructed using the NRecon software (Skyscan,
Belgium). The construct was then analysed with 3D histomorphometric using
the CTAn software by thresholding the sample lower grey 20 upper grey 150.
For the reconstruction of the cell-seeded samples, cells were stained with
osmium tetroxide and the previous method was used to distinguish the cells from
the 3D pictures. The thresholds for the cells were lower grey 155 and upper grey

255. Materialise 3-matic software (version 9) was used for images overlay.

4.2.20. 3D printing of PLGA/PEG composites
The RegenHU 3D Discovery (Switzerland) was used for 3D printing with Huber

Pilot ONE temperature controller (Switzerland). PLGA/PEG particles (50 — 100
um) were mixed by spatula with different carriers at 4°C before being transferred
into a syringe. The syringe was then placed into the printer and allowed to
equilibrate with the printing temperature. During printing, the pressure was
manually adjusted (1-3 bar) to ensure adequate flow of material through the 20
gauge (0.61mm) tapered syringe tip (adhesive dispensing Ltd. UK). The print
speed varied between 20 and 60 mm/s. BioCAD software (RegenHU) was used
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to design the lattice structure to be printed. Dissection microscope Nikon

SMZ1500 was used to image the printed structures.

4.2.21. Statistical analysis

Statistical analysis was carried out using GraphPad Prism (version 7). The
statistical significance was determined using one way ANOVA with Holm-
Sidak post hoc test for ALP study. Results were considered significant at p <

0.05, mean values are given plus or minus the standard deviation (SD).
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4.3.Results
4.3.1. RUNX2-GET peptide loaded PLGA microparticles
characterisation: morphology, size & entrapment efficiency

PLGA MPs were fabricated using an optimized S/O/W emulsion process and
encapsulated a GET-tagged RUNX2 protein (P21-RUNX2-8R-FITC). PBS was
added to the formulation to accelerate the protein release. L-Histidine was added
to protect GET peptide during release, as previously shown. MPs prepared using
the S/O/W method showed spherical structure with smooth and porous surface
due to the addition of PBS (Figure 4.1). The mean diameter of these MPs was
36.5 £ 7.2 um, with average loading efficiency of 58.4 + 7.0% (Figure 4.1). P21-
RUNX2-8R loaded MPs average diameter was comparable to these loaded with
P21-mR-8R (36.5um £7.2 vs 42.3um 9.1 respectively), they were both in the
same targeted size range (30 - 50um). Moreover, encapsulation efficiency was
feasible and comparable to the previously shown using P21-mR-8R (58.4% vs
67.4%). This finding demonstrates that the developed S/O/W fabrication method
is robust and can give microparticles in the same size range with workable

encapsulation efficiency.
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. . . Size (pm) Loading efficiency (%)
Microparticles Formulation mean £ SD mean & 5D
PLGA-PBS-Histidine 36.5(7.2) 58.4(7.0)

Figure 4.1 P21-RUNX2-8R-FITC loaded MPs characterization. MPs were
fabricated using PLGA (50:50), loaded with P21-RUNX2-8R-FITC (0.5%
(w/w)), and mixed with PBS 0.1% (w/w) and L-Histidine 25% (w/w). (A) SEM
analyses for MPs (scale bars represent 100um on left image, and 10um on right
image). (B) Summary of size characterization and corresponding loading

efficiencies (n = 3).
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4.3.2. RUNX2-GET peptide release from PLGA microparticle

The needed dose was previously mentioned by Thiagarajan et. al. [55], 60ug of
P21-RUNX2-8R is needed to be delivered in the first week, in two doses. P21-
RUNX2-8R release profile was optimised (using PBS to make MPs porous to
accelerate the release and using the MPs in this size range to increase the surface
area of release) to have release quantities matching the dose need of RUNX2 to
initiate differentiation.

The release profile showed comparable P21-RUNX2-8R quantities (i.e. 30ug in
the burst release phase and another 30ug over 5 days) (Figure 4.2) moreover, this
represents more than 90% of the protein loaded in MPs, which guarantees that
minimal quantities protein will be released after the first week. This is necessary
as RUNX2 is needed predominantly during the early stages of osteogenesis and
overexpression of RUNX2 during the late stages delays matrix mineralization

[203].
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Figure 4.2 In vitro release profiles of P21-RUNX2-8R-FITC from PLGA MPs
(pH 7.4 at 37 °C). MPs were fabricated using PLGA (50:50), loaded with P21-
RUNX2-8R-FITC (0.5% (w/w)), and mixed with PBS 0.1% (w/w) and L-
Histidine 25% (w/w). Protein release was quantified using Micro BCA assay kit
(A) Relative cumulative protein release. (B) Cumulative protein quantity. Error

bars indicate SD (n = 3).
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4.3.3. Biological activity evaluation of the released GET-RUNX2
using hMSC

After showing efficient release of P21-RUNX2-8R in the required dose over
identified period using the fabricated PLGA MPs, it was crucial to show that the
released protein retained the biological activity (both GET peptide and RUNX2).
PLGA MPs were fabricated to maintain the biological activity of GET peptide
by incorporation of L-Histidine encapsulated with P21-RUNX2-8R. The L-
Histidine is needed to maintain the activity of GET peptide upon increased
acidity in the microenvironment, as shown in the previous chapter. The
biological activity of the protein was confirmed by comparing the released P21-
RUNX2-8R-FITC to non-encapsulated controls. Released P21-RUNX2-8R-
FITC was collected over the 7 day time course and was incubated with plated
hMSCs to assess internalization, transduction and transcriptional ability.
Importantly the released samples activity was compared to non-encapsulated
controls diluted to the same final concentration. Incubated cells were then
evaluated for transduction by fluorescence microscopy and flow cytometry
analyses (Figure 4.3 and 4.4).
Fluorescent microscopy showed significant GET protein internalization for the
collected samples released from PLGA MPs (Figure 4.3). Flow cytometry results
showed high transduction activity with relative transduction activity above 70%
for all the studied samples (Figure 4.4). Therefore it was clear that the released

protein retained their transduction activity throughout out the release period.
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In order to study the transcriptional activity of the released P21-RUNX2-8R, the
immediate transcriptional activation of RUNX2-responsive luciferase reporters
containing the transcriptional responsive sequence from the OSTEOCALCIN
(OCN) promoter was tested. This test was previously mentioned by Thiagarajen
et. al [55]. The activity of the released P21-RUNX2-8R samples were compared
with non-encapsulated P21-RUNX2-8R.

We observed that the released P21-RUNX2-8R induces mOG2-Luc reporter
expression to a magnitude comparable to the fresh P21-RUNX2-8R (Figure 4.5)
(i.e. 1.57 (x0.51) fold verses 2.2 (+0.21) fold respectively). These findings
indicate that the released P21-RUNX2-8R retained its transduction and

transcriptional activity upon delivery from PLGA MPs.
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Day 1 Day 3 Day 5 Day 7

Figure 4.3 Transduction activity of the released P21-RUNX2-8R-FITC. PLGA MPs were prepared using S/O/W method, loaded with P21-

RUNX2-8R-FITC (0.5% (w/w)). Transduction activity of the released protein was assessed using hMSC in monolayer. Representative fluorescence

microscopy images of the hMSCs treated with the sampled P21-RUNX2-8R-FITC (Scale bar represents 100um).
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Figure 4.4 Relative transduction activity of the released P21-RUNX2-8R-FITC.
PLGA MPs were prepared using S/O/W method, loaded with P21-RUNX2-8R-
FITC (0.5% (w/w)). Transduction activity of the released protein was assessed
using hMSC in monolayer. (A) Flow cytometry histograms showing cellular
uptake of P21-RUNX2-8R-FITC on hMSCs. The red histograms are the P21-
RUNX2-8R-FITC samples, while the black histograms are the experimental
control. (B) Relative transduction activity of released P21-RUNX2-8R-FITC.
Protein activity was compared to the experiment control. Error bars indicate SD

(n=3).
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Figure 4.5 Relative transfection activity of the released P21-RUNX2-8R-FITC.
PLGA MPs were prepared using S/O/W method, loaded with P21-RUNX2-8R-
FITC (0.5% (w/w)). (A) Schematic showing the experimental procedure. (B)
Transcriptional activity of the released P21-RUNX2-8R-FITC measured using

luciferase reporter gene assay. Error bars indicate SD (n = 3).
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The challenging issues in controlled release system are encapsulating and
releasing biologically active molecules [125, 126]. We have previously shown
that GET peptide activity is compromised in presence of carboxylic acid group
produced upon PLGA degradation. The use of L-Histidine was shown to
maintain the activity of GET peptide upon release. Consequently, L-Histidine
was added to the formulation with the encapsulated P21-RUNX2-8R. In order
to validate the biological activity for P21-RUNX2-8R post release, the activity
of the released protein was tested. The results showed that the released P21-
RUNX2-8R has activity comparable to the experimental controls, confirming
our previous findings and validating our delivery system for targeted delivery of

therapeutic molecules.
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4.3.4. Injectable bone scaffolds formation and characterisation: cell
attachment and proliferation

In order to have a vehicle for cells and MPs, and in order to have a localised
delivery of P21-RUNX2-8R, scaffolds were prepared aiming to incorporate the
fabricated MPs and seed the cells on them. The previously developed
temperature sensitive scaffold (composed from PLGA/PEG) was used [152-
154]. This system allows incorporation of PLGA MP with the PLGA/PEG
particles that will sinter at 37°C, while at room temperature will form a paste
once mixed with carrier. PLGA/PEG temperature sensitive particles were
prepared as shown in figure 4.6. PLGA MPs were mixed with the PLGA/PEG
material before the sintering, the material was then loaded into PTFE mould
creating a cylindrical shape scaffold (3mm x 6mm).
After scaffolds sintering, hMSCs were seeded on the scaffolds for attachment.
PrestoBlue was performed on days 3, 6 & 9 to check cells proliferation on
scaffolds. The results showed that the scaffold is conducive for cell proliferation
(i.e. the cell number increased from around 40,000 at day 3 to around 65,000 at
day 9) (figure 4.6). SEM images showed a different morphology for cell-seeded
scaffolds (compared to non-seeded scaffold) with cells covering the scaffolds
with no pores on the surface (figure 4.6).
Scaffolds were formed by mixing thermo-sensitive PLGA/PEG particles with
PLGA MPs, PBS was used to create a paste like material and packed in a PTFE
mould and left for 2 hours at 37°C for sintering. This technology was previously
described by Dhillon et al. [152-154, 204]. The ability to paste the scaffold at a
defect site can offer improved clinical application when compared to metallic

implants.
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PLGA/PEG scaffolds have potential to be used in vivo, the ability of hMSCs to
grow on the scaffolds in vitro was assessed. The results showed attachment and
proliferation of hMSCs on the scaffolds over a 9-day period, demonstrating the
potential for cells to proliferate on the scaffolds, which has implications for their

successful use for bone repair in vivo.
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Figure 4.6 Cell attachment and proliferation on scaffolds. (A) Schematic of scaffolds fabrication and cell attachment on scaffolds. (B) Number of
viable hMSCs measured by the Prestoblue metabolic activity on day 3, 6 and 9 post-seeding. (C) SEM images of scaffolds without cells (scale
bar as indicated). (D) SEM images of cell-seeded scaffolds 3 days post-seeding (scale bar as indicated). Right images are for scaffolds cut in half

to show internal morphology (scale bar as indicated).
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4.3.5. Cell differentiation on injectable bone scaffolds containing
RUNX2-GET peptide loaded PLGA microparticles

To prove that these scaffolds can template the cells and loaded MPs, a cell
differentiation study was performed. For hMSC osteogenic differentiation in
vitro, ascorbic acid and B-glycerophosphate (AB) are essential for final stages of
bone nodule formation by promoting collagen matrix production and providing
inorganic phosphate for mineralization, respectively. In order to test the effect
of P21-RUNX2-8R bone differentiation, this media condition termed ‘osteo-
permissive’ was used during the differentiation study. hMSCs were seeded on
scaffolds containing either P21-RUNX2-8R loaded MPs or blank MPs. Osteo-
inductive media containing 100nM Dexamethasone (along with ascorbic acid
and B-glycerophosphate) was used as a positive control along with scaffolds
containing blank MPs. Differentiation was assessed at different stages by the
following tests, ALP quantification and gene expression at week 1, Osteocalcin

staining and gene expression at week 2, and von kossa staining at week 3.

4.35.1. ALP quantification
Alkaline phosphatase (ALP), which is responsible for the mineralization of the
extracellular matrix (ECM) [205, 206], is usually used to describe osteogenic
differentiation progression [205-207]. ALP expression levels were evaluated as
an early differentiation marker. ALP assay was performed on three types of
scaffolds; blank scaffold in osteo-permissive media, blank scaffold in osteo-
inductive media (DAB) and P21-RUNX2-8R loaded scaffold in osteo-
permissive media. The ALP expression, as measured by absorbance at 405 nm,

was comparable between P21-RUNX2-8R loaded scaffolds and the scaffolds
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cultured in osteo-inductive media and significantly higher than the blank
scaffolds cultured in osteo-permissive media (figure 4.7). This finding proved
that P21-RUNX2-8R released from PLGA MPs could elicit a biological

response on the surrounding cells.

4.3.5.2.  Osteocalcin staining
Osteocalcin (OCN) is a bone-specific protein synthesized by osteoblasts and its
expression can confirm full osteogenic commitment before progression towards
bone nodule formation [207-209]. Accordingly, OCN expression was tested at
day 14. The previously mentioned scaffolds were stained for OCN. The results
were comparable for scaffolds seeded in osteo-inductive media and scaffolds
containing P21-RUNX2-8R loaded MPs, on the other hand there was no
evidence of OCN formation in blank scaffold seeded in osteo-permissive media

(figure 4.8).

4.3.5.3. Von Kossa staining
Mineralisation was tested using von kossa staining utilising silver nitrate at day
21. Bone nodules were spotted in scaffolds seeded in osteo-inductive media and
scaffolds containing P21-RUNX2-8R loaded microparticles. This former
confirms that P21-RUNX2-8R can stimulate osteogenic differentiation on

hMSCs seeded on scaffolds.
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Figure 4.7 Cell differentiation on scaffolds. ALP expression after week 1 for
hMSCs seeded on scaffolds in osteo-permissive and osteo-inductive media
(DAB). Blank MPs represents cell seeded scaffold containing blank MPs
cultured in osteo-permissive media. Loaded MPs represents cell-seeded
scaffolds containing P21-RUNX2-8R-loaded MPs cultured in osteo-permissive
media. DAB media represents cell seeded scaffolds containing blank MPs

cultured in osteo-inductive media (DAB). ** is P< 0.01.
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Figure 4.8 Cell differentiation on scaffolds. Osteocalcin staining at week 2
samples (scale bar as indicated). Blank MPs represents cell seeded scaffold
containing blank MPs cultured in osteo-permissive media. Loaded MPs
represents cell-seeded scaffolds containing P21-RUNX2-8R-loaded MPs
cultured in osteo-permissive media. DAB media represents cell seeded scaffolds

containing blank MPs cultured in osteo-inductive media (DAB).
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Figure 4.9 Cell differentiation on scaffolds. Von Kossa-stained samples at week

3, calcified deposits are indicated by white arrows (scale bar is 1mm). Blank
MPs represents cell seeded scaffold containing blank MPs cultured in osteo-
permissive media. Loaded MPs represents cell-seeded scaffolds containing P21-
RUNX2-8R-loaded MPs cultured in osteo-permissive media. DAB media
represents cell seeded scaffolds containing blank MPs cultured in osteo-

inductive media (DAB).
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4.3.5.4. Gene expression (QPCR)
Finally, we studied the molecular effects of RUNX2 loaded MPs on early and
late osteogenic genes in hMSCs. Significant activation of osteogenic genes can
be observed in RUNX2 loaded cells in both week 1 and 2. As expected, RUNX2
loaded MPs released active P21-RUNX2-8R which induced endogenous RUNX2
expression in hMSCs after week 1 (Figure 4.10). OSTERIX (OSX), one of the
prime target gene for RUNX2 is significantly activated (8.2 fold over non-
induced control; p<0.05) in week 1 of RUNX2 loaded hMSCs (Figure 4.10).
Expression of these two genes in RUNX2-loaded MP cells were similar to cells
cultured on scaffolds in osteo-inductive medium (positive control).
OSTEOPONTIN (OPN), a notable bone matrix protein [210] however was lower
in RUNX2-loaded MP cells in comparison to positive control cells. This might
be due to the continuing release of RUNX2 which is delaying the terminal

differentiation of the hMSCs in comparison to the positive control.
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Figure 4.10 Gene expression analysis on scaffolds at week 1 and 2. Blank MPs represents cell-seeded scaffold containing blank MPs, cultured in
osteo-permissive media. Loaded MPs represents cell-seeded scaffolds containing P21-RUNX2-8R loaded MPs, cultured in osteo-permissive media.
DAB represents cell-seeded scaffolds containing blank MPs, cultured in osteo-inductive media. RNA was extracted from cells at week 1 (A) and
week 3 (B) and gene expression analysis was performed. The results were plotted based on expression fold change to non-induced hMSCs on blank
scaffold. Statistical analysis was performed using two-way ANOVA in comparison with the non-transduced hMSCs, a=0.05. Error bars indicate

SD.
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4.3.6. Scaffold characterisation: SEM and Micro-CT

SEM evaluation of scaffolds was done at day 21. Non-seeded scaffolds (kept in
media for 21 days) was tested to evaluate polymer degradation. The cell seeded
scaffolds showed less porosity as the cells were covering the surface. The cells
were seen to grow on the surface, as shown in the scaffolds cut in half, this can
be attributed to low porosity of the prepared scaffolds. The media used (osteo-
permissive or osteo-inductive) did not have an impact on cell morphology, as in
both cases the cells covered the scaffolds with no noticeable difference (figure
4.11).

The microstructure evaluation of scaffolds (using micro-CT) showed
comparable results between all scaffolds. The cell distribution was mainly on the
surface of the scaffolds, with little cells within the scaffold structure, this may

be due to low porosity of the scaffolds (figure 4.12).
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Loaded MPs Blank MPs No Cells

DAB Media

Figure 4.11 SEM images of scaffolds at day 21. SEM images of scaffolds with
and without cells cultured in growth media for 21 days. No cells represents
scaffold prepared from blank MPs without cells kept in osteo-permissive media.
Blank MPs represents cell-seeded scaffold containing blank MPs cultured in
osteo-permissive  media. Loaded MPs represents cell-seeded scaffolds
containing P21-RUNX2-8R loaded MPs cultured in osteo-permissive media.
DAB media represents cell seeded scaffolds containing blank MPs cultured in
osteo-inductive media. Right images are for scaffolds cut in half to show internal

morphology.
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Figure 4.12 Microstructural analysis of scaffolds. Micro-CT images for

scaffolds at different conditions. Scaffolds were treated with osmium tetroxide
prior to scan. (A) Non seeded scaffold prepared from blank MPs placed in cell
culture media at day 1 (left) and day 21 (right) (B) cell-seeded scaffold prepared
from blank MPs cultured in osteo-permissive media for 1 day (left) and merged
cells and scaffold showing cell distribution (right) cells are in blue. (C) Cell
seeded scaffold prepared from blank MPs cultured in osteo-permissive media for
21 days (left image) and merged cells and scaffold showing cell distribution
(right). (D) Cell seeded scaffold prepared from P21-RUNX2-8R loaded MPs
cultured in osteo-permissive media for 21 days (left image) and merged cells and
scaffold showing cell distribution (right). (E) Cell seeded scaffold prepared with
blank MPs cultured in osteo-inductive media for 21 days (left image) and merged

cells and scaffold showing cell distribution (right). Scale bar is Imm.
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4.3.7. PF-127 concentration and quantity affects the printing
quality
PF-127 is FDA approved ploxamer [211]. It is a triblock copolymer of poly

(ethyleneoxide)/poly (propyleneoxide)/poly (ethyleneoxide) [211-213]. PF-127
has thermo-reversible gelation properties and it has been widely used as cell
carrier and for various 3D printing applications [211-214]. At certain
concentrations, aqueous PF-127 solutions gel at physiological temperatures
[211].

In order to make the scaffold formula printable, it has to have certain viscosity
[196, 197] that allow continuous flow of the material through the printing needle.
In order to achieve the needed viscosity, Pluronic F-127 (PF-127) was mixed
with the PLGA/PEG particles.

The work presented in this section was done with Gordon Bruce, a CDT student,
did his first year rotation in University of Nottingham, Regenerative Medicine
and Cellular Therapies department. Gordon worked on studying the addition of
PF-127 to the PLGA/PEG particles to make printable. This section summarises
what was done in this regard.

Viscosity for various concentrations of PF-127 at different temperatures were
studied. It was concluded that suitable PF-127 concentration for printing should
be between 15 — 20 % (w/v). The temperature was fixed at 25°C. PF-127 will be
gel at this temperature and suitable for printing. Figure 4.13 summarises the used
concentrations and ratios for printing. It was clear that the suitable printing
concertation is 18% (w/v) and in 1:1.5 ratio (PLGA/PEG particles : PF-127).
The optimised formula was used to print a complex structure to demonstrate the
printability of the PLGA/PEG particles, when mixed with PF-127. Figure 4.14

shows L5 vertebrate printed structure.
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Figure 4.13 3D printing formula optimisation using various ratios and
concentrations of PF-127. Dissection microscope images (A) PLGA/PEG:
PF127 15% (1:1.2 ratio). (B) PLGA/PEG: PF127 15% (1:1.3 ratio). (C)
PLGA/PEG: PF127 18% (1:1.5 ratio). Scale bar represents Imm. Images taken

from G Bruce CDT report.
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Figure 4.14 Complex structure printing using the optimised formula
(PLGA/PEG with PF-127 18% 1:1.5 ratio). L5 vertebra printed structure (A) left
and right parts before sintering. (B) After sintering for 2 hours at 37°C. Printed
vertebrae length is 4cm. Scale bar represents 1mm. Images taken from G Bruce

CDT report.
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4.3.8. Tri-acetin can be used to accelerate scaffolds sintering

After optimising the formula to be printable, using Pluronic F-127, it was
suggested that the sintering process and time needs to be shortened. Shortening
the sintering time will help in decreasing the time of cell exposure to pluronic,
which help maintain cell viability.

The current sintering process includes incubating the scaffold (with cells) at
37°C for two hours, which will be affecting cell viability (if bio-printing is
needed). By decreasing the sintering time, it was suggested that more cells will
be viable.

Accordingly, tri-acetin, which is used as a plasticiser [215, 216], was studied to
accelerate the sintering process.

In order to determine the effect of tri-acetin on sintering process, various
concentrations of tri-acetin were studied over time. The studied concentrations
were 0%, 0.5%, 1%, 2.5% and 5% and the studied incubation times were 30
minutes, 60 minutes and 120 minutes at 37°C. To evaluate the sintering
properties, scaffolds morphology (by SEM) was tested. It can be seen that the
scaffolds morphology starts to change after 30 minutes of incubation at 37°C if
2.5% tri-acetin (or more) were added to the scaffolds. The concept of
PLGA/PEG injectable bone is that the PLGA/PEG particles will to fuse together
upon exposure at 37°C, this process is gradually happening. However, upon
addition of tri-acetin (2.5% or 5%), the particles start to fuse together after 30
minutes (figure 4.15). It can be seen that the particles morphology with 2.5%
after 30 minutes is comparable to the scaffolds without tri-acetin after 120
minutes (figure 4.15). Addition of 5% tri-acetin resulted in instant hardening of
the scaffold, and it was difficult to mould the PLGA/PEG into the mould (figure

4.14 A).
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Figure 4.15 Tri-acetin effect on the scaffold structure. Various concentrations
of tri-acetin (0%, 0.5%, 1%, 2.5% and 5%) were mixed with PLGA/PEG and
sintered for various periods (30minutes, 60 minutes and 120 minutes. (A)
Sintered for 30 minutes at 37°C. (B) Sintered for 60 minutes at 37°C. (C)

Sintered for 120 minutes at 37°C. Scale bar as indicated.
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4.3.9. Mixing pluronic and tri-acetin to enhance printing and
sintering properties
After demonstrating that with pluronic the PLGA/PEG particles can be printed

and showing that the addition of tri-acetin can accelerate the sintering of the
scaffold, it was important to study the effect of mixing the two components
together and evaluate the scaffolds structure.

The used pluronic concertation was 18% and mixed with the PLGA/Peg particles
in 1.5 : 1 ratio (PF-127 : PLGA/PE particles), on the other hand, the used ratio
to prepare scaffolds with tri-acetin was 1:0.6 (PLGA/PEG particles : PBS with
tri-acetin). It was critical to stick to the same concentration and ratio of pluronic
as it showed successful printing. Accordingly, it was thought to decrease the
concentration of tri-acetin and use larger volume (i.e. 60uL of 1% tri-acetin
instead of 24uL of 2.5% per 40mg scaffold). By simple calculation 24ul of 2.5%
tri-acetin contains 0.6uL tri-acetin and 60uL of 1% tri-actin contains 0.6puL tri-
actin. Using these quantities will keep the ratio between PLGA/PEG particles
and tr-acetin quantity exactly the same.

Accordingly, scaffolds were prepare with pluronic (18%) and tri-acetin in
different concentrations (2.5% and 1%) and mixed in various ratios (1:0.6 and
1:1.5 PLGA/PEG to carrier). The scaffolds morphology was comparable in
scaffolds prepared with pluronic (18%) and triacetin 2.5% (1:0.6 ratio) and
scaffolds prepare with pluronic (18%) and triacetin 1% (1:1.5 ratio). On the other
hand, scaffolds prepared with pluronic (18%) and tri-acetin (2.5%) in 1:1.5 ratio
were overloaded with tri-actin (figure 4.16). mechanical strength was
comparable in the two previously mentioned scaffolds and significantly higher
than the scaffolds prepared with pluronic (18%) and tri-acetin (2.5%) in 1:1.5
ratio.
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Figure 4.16 Effect of carrier quantity on scaffolds. Scaffolds were mixed with
various concentrations and quantities of tri-acetin. (A) SEM evaluation of
scaffolds. PLGA/PEG was mixed with 2.5% (v/v) tri-acetin and 18% (w/v)
Pluronic in 1:0.6 ratio (left). with 2.5% (v/v) tri-acetin and 18% (w/v) Pluronic
in 1:1.5 ratio (middle). with 1% (v/v) tri-acetin and 18% (w/v) Pluronic in 1:1.5
ratio (right). (B) Mechanical evaluation of scaffolds. Error bars indicate SD (n =

3). *isp <0.05. **isp <0.01.
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4.3.10. Scaffold washing post-sintering

After sintering the scaffolds, it will be cultured in media and incubated at 37°C.
At this temperature, PF-127 was reported to form unstable gel when immersed
in culture media [211] and it was shown that it affects cell viability at these
conditions [212]. Accordingly, it was suggested that PF-127 to be removed after
scaffolds sintering. However, it has to be removed at temperatures low enough
to be liquid rather than a gel.

Accordingly, scaffolds were washed in PBS at 4°C for 45 minutes after sintering,
as a control another scaffold was washed at 37°C for 45 minutes and to evaluate
the washing efficiency, after washing a scaffold at 4°C it was placed in PBS at
37°C for 30 minutes. It was thought that if the washing process was not efficient
at 4°C, the remaining PF-127 will gel at 37°C and the scaffolds will swell.
Scaffolds morphology was evaluated using SEM.

The scaffolds washed at 4°C showed smooth structure with no swelling (figure
4.17), on the other hand, the scaffold washed at 37°C showed swollen structure
with PF-127 adsorbed on the surface of the particles (figure 4.17). The scaffold
washed at 4°C then 37°C showed comparable structure to the scaffold washed

at 37°C indicated efficient removal of PF-127 (figure 4.17).
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Figure 4.17 Effect of washing on scaffold properties. PLGA/PEG mixed with
1% tri acetin and 18% pluronic (1:1.5 ratio). Scaffolds were sintered at 37°C for
30 minutes. Scaffolds were then washed with PBS at 4°C (left), 37°C (middle)

or 4°C then at 37°C (right).
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4.3.11. Cell proliferation on scaffolds

After optimising the formulation and introducing pluronic and tri-acetin to
enhance the viscosity and accelerate sintering process, it was important to
determine the cell density that will be used for printing and to study the effect of
the whole process on cells viability and proliferation.

Accordingly, various cell densities were studied and cell proliferation was tested.
The scaffolds were prepared by mixing ihMSCs with PLGA/PEG particles. The
used carrier was 18% PF-127 and 1% tri-acetin mixed in 1:1.5 ratio (PLGA/PEG
. carrier).

The tested cell densities were (0.05Million (M), 0.1M, 0.25M, 0.5M and 1M per
scaffold). After mixing the cells, the paste was loaded into PTFE moulds and
sintered at 37°C for 30 minutes. The scaffolds were then washed in PBS at 4°C
for 45 minutes.

Scaffolds disintegration was evaluated before and after wash by taking
microscope images. The results showed the scaffolds were intact before washing
in PBS at 4°C (after sintering) and after washing (figure 4.18), indicating that
the sintering time was enough for the scaffolds to maintain the structure and also
that pluronic removal is not affecting the scaffolds structure and integrity.
After that, scaffolds were cultured in growth media and incubated at 37°C.
PrestoBlue® cell viability test was done on the scaffolds to test cell proliferation
(figure 4.18). As expected, the results showed that the more cells we start with,
the more cells will attach to the scaffolds. The cells were proliferating with time

demonstrating viable cells on the scaffolds.
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Figure 4.18 Scaffold disintegration upon washing and cells proliferation.
Various quantities of cells (1M, 0.5M 0.25M 0.1M and 0.05M) were mixed with
60uL of 1% tri-acetin (v/v), 18% pluronic (w/v) solution and added to 40mg
PLGA/PEG forming a paste at room temperature. The paste was then loaded into
Teflon mould to produce cylindrical scaffolds (6mm X 3mm). The scaffolds
were then sintered at 37°C for 30 minutes. The scaffolds were then washed in
PBS at 4°C for 45 minutes and then transferred to 24 well plate and immersed
in 1 ml media and incubated at 37°C for the entire study. (A) Microscope images
for scaffolds after sintering and after washing showing intact scaffolds (scale bar
represents 1mm). (B) PrestoBlue cell viability at different time points for the

cultured scaffolds. Error bars indicate SD (n = 3).
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4.3.12. 3D printing of injectable bone mixed with pluronic and tri-
acetin

After demonstrating that the pluronic and tri-acetin can be mixed to enhance
scaffolds characteristics, it was important to show that the previous printing
approach can be reproduced in presence of tri-acetin. Accordingly, printing was
repeated with tri-acetin included in the formula.

The printed structure was reproducible, showing comparable structure (to the
previously reported in figure 4.13), demonstrating successful addition of tri-
acetin without affecting printing characteristics (viscosity and gelation) (figure
4.19).

Since there will be time between preparing the material, loading it into the
printing syringe and printing process itself, it was suggested to study the time
frame allowed without affecting mixture properties.

Accordingly, after mixing the material with the carrier and loading it to the
printing syringe (at 25°C), a holding time study was done, by leaving the material
in the syringe at 25C for various time points. The printability of the material was
studied by printing similar structures at various time points and compare the
morphology of these structures (figure 4.20).

It can be seen that by increasing the holding time, the printed strands were
thicker. It worth mentioning that the pressure used for printing structures (after
30 minutes and 45 minutes) had to be increased since the material was sticking
inside the syringe and higher pressure was needed to print it. Higher pressure
may justify the thicker strands achieved (figure 4.20).

This finding indicates that the printing time window is within 30 minutes of

material mixing and loading to the syringe.

179



Figure 4.19 3D printed scaffold using PLGA/PEG particles mixed with Pluronic
(18%) and tri-acetin (1%) in 1:1.5 ratio (PLGA/PEG : carrier). Scaffold was

sintered at 37°C for 30 minutes after printing. Scale bar represents Imm.

Figure 4.20 Holding time evaluation study. PLGA/PEG was mixed with 1%
(v/v) tri-acetin and 18% (w/v) pluronic solution at 4°C. The mixture was then
placed at the syringe at 25°C then printed (A). The mixture at they syringe was
then held at 25°C for 30 minutes and then printed (B). PLGA/PEG mixture was
loaded to the syringe at 25°C and left for 45 minutes then printed (C). Scale bar

represents Imm.
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4.3.13. Bio-printing and assessment of cell viability

The main aim presented in the section was to be able to provide complex
structures of polymeric bone scaffolds that can be used for various applications.
However, it was suggested that bio-printing can be demonstrated as well, which
may help for future applications to load all the components together.
Accordingly, cells were mixed with the carrier (18% PF-127 and 1% tri-acetin)
with final density of 10M/ml and mixed with PLGA/PEG particles in 1:1.5 ratio
at 4°C. The mixture was then loaded to the printing syringe and heated to 25°C.
The mixture was then printed, and sintered at 37C for 30 minutes. The sintered
scaffolds were then washed in cold PBS for 45 minutes and then cultured in
media for 7 days.

In order to test cell proliferation, PrestoBlue® cell viability test was done on
days 1, 3, 5 and 7 (figure 4.21). In addition toluidine blue stain was done on day
7 to visualise cells on scaffolds (figure 4.21).

Cells were proliferating with time, indicating successful bio-printing of scaffolds
and robustness of the process, although number of cells could not be estimated,
but were enough to proliferate with time (figure 4.21). Toluidine blue stain
showed distribution of the cells along the strand, as well as within the strand,
shown by cross sectional images of scaffold (figure 4.21), scaffolds were

physically cut and stained to show cell proliferation within scaffold structure.
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Figure 4.21 Bio-printing and cell proliferation on 3D printed scaffolds.
PLGA/PEG particles were mixed with Pluronic 18% - Treacetin 1% solution in
1:1.5 ratio. The solution was mixed with cells (1076 per ml). The mixture was
loaded to the printing syringe and printed at 25°C. After sintering at 37°C for 30
minutes and washing in cold PBS at 4°C, scaffolds were then cultured in media
for 7 days. Cells proliferation was evaluated. (A) PrestoBlue cell viability at
different time points for the cultured scaffolds. Error bars indicate SD (n = 3).

(B) Toluidine blue stain at day 7. Scale bar is represents 1mm.
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4.4.Discussion

Microparticles and scaffolds have been used extensively for the delivery of
growth factors and drug molecules [217-219]. Several studies have demonstrated
successful tissue regeneration with the delivery of a growth factor from
polymeric carriers [220-222]. The incorporation of these molecules into
scaffolds have been shown to further promote stem cells growth and
differentiation [223-225].

The work presented in this chapter focused on controlled release delivery of
transcription factor (RUNX2). RUNX2 was utilised to direct hMSCs
osteogenesis, removing the need to use pleiotropic compounds (such as
dexamethasone), or growth-factors (such as BMP2) which may trigger unwanted
off-target cellular responses. Combining RUNX2 loaded MPs with scaffolds
material will take the benefit of using polymeric scaffolds for tissue regeneration
as well as reduce the disadvantages associated with the use of growth factors or
hormones. The results described here represent induction of osteogenic
differentiation of hMSCs by the controlled release of GET-RUNX2 from PLGA
MPs based scaffolds.

The advantage of controlled release is that the cells will be continuously exposed
to the therapeutic molecule (RUNX2) and protecting the molecule from
hydrolysis or denaturation. On top of that, controlled release system will avoid
multiple administration of the therapeutic molecule avoiding multiple injections
for the patient once applied inside the body.

GET-RUNX2 was encapsulated into PLGA microparticles with high efficiency
(~58%). The release was accelerated, to achieve optimal dose (i.e. 60ug of

RUNX2 over the first week of the study), using PBS as shown in the previous

183



chapter. PBS works as a porogen which will create channels within and on the
surface of the microparticles[183]. Porous MPs have been previously prepared
to accelerate release of various therapeutic molecules depending on diffusion
from microparticles [226-229]. Activity of released GET-RUNX2 was validated
for both; GET peptide (transduction) and RUNX2 (transfection). The activity
was comparable to fresh equivalent quantities of GET-RUNX2 demonstrating
efficiency of the delivery system as well as validation of the stabilisation
approach followed in the development of the delivery system (i.e. addition of L-
Histidine).

GET-RUNX2 loaded MPs have been successfully fabricated and mixed with
PLGA/PEG temperature sensitive particles to provide a polymer based scaffolds.
hMSCs were seeded on the scaffolds fabricated from PLGA MPs mixed with
PLGA/PEG nparticles. Scaffolds were fabricated either from GET-RUNX2
loaded MPs or blank MPs. For differentiation study, scaffolds were cultured in
media containing ascorbic acid and p-glycerophosphate with or without
Dexamethasone.

Dexamethasone (a synthetic member of the glucocorticoid class of steroid
hormones) was used as a positive control to compare the effect of RUNX2 on
cells differentiation. The ability of Dexamethasone for osteoblast differentiation
from stem cells has been reported extensively. It is believed that it plays a major
role in promoting the differentiation of stem cells [230-232].

Ascorbic acid is required for use in the synthesis of collagen (a major component
of bone) and cell proliferation [233]. B-glycerophosphate is an organic phosphate
added to induce mineralization of the collagen matrix through calcium phosphate

deposition. Scaffolds containing GET-RUNX2 loaded MPs were cultured on
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media containing ascorbic acid and B-glycerophosphate, while the positive
control blank MPs were used to fabricate scaffolds and 100nM Dexamethasone
was added to the media along with ascorbic acid and B-glycerophosphate.
Increased alkaline phosphatase (ALP) expression usually used to describe
osteogenic differentiation progression [205-207]. The scaffolds exposed to
RUNX2 showed 3 folds increase in the expression levels of ALP (compared to
scaffolds not exposed to RUNX2) (figure 4.7), moreover, this level of expression
was comparable to scaffolds cultured in Dexamethasone, which indicates the
efficiency of RUNX2 delivery in initiating osteogenic differentiation.

Tissue mineralization is a necessary precursor for bone tissue formation. Bone
tissue is known by bone nodules which occur by secretion of ECM and
osteocalcin which is important for deposition of calcium phosphate crystals
within the matrix by osteoblasts [234-236].

Staining for osteocalcin showed an increased synthesis of osteocalcin (figure
4.8). Increased production is an indication of committal towards osteogenic
differentiation [236]. The distribution of bone nodules indicated the successful
induction of osteogenesis (figure 4.9).

These findings, in 3D structures, are comparable to the previously reported 2D
differentiation findings [55]. The use of P21-RUNX2-8R loaded MPs will help
in targeted stem cells reprograming. This strategy of delivering specific factors
for promoting bone formation also helps in preventing undesirable, undirected
differentiation, off-target or systemic side-effects. It was demonstrated that the
GET peptide promoted TF delivery thereby directing the differentiation towards

a desired lineage.
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RUNX2 transcription factor delivery was previously mentioned by Gersbach et.
al. [47]. Retrovirus was utilised to deliver RUNX2 transcription factor to
osteogenesis, moreover, RUNX2 expression was regulated by
anhydrotetracyline concentration in cell culture media. The developed delivery
system (in this thesis) overcome the risk associated with the use of viral vectors
(i.e. infection) as well as eliminates the need to regulate RUNX2 expression
since the controlled release system will provide the needed dose at the needed
time. Other studies have utilised RUNX2 gene delivery, their strategy as well as
their results were discussed earlier in this thesis (section 1.6) [45-47].

PLGA scaffolds were used, in combination of biological factors, to induce
osteogenesis, Kim et. al. developed PLGA scaffolds releasing ascorbate-2-
phosphate and dexamethasone to induce mesenchymal stem cells osteogenesis
[237]. Mineralisation was significantly higher in these scaffolds compared to
control scaffolds.

Zhang et. al. developed a PLGA and hydroxyapatite scaffolds coated with BMP-
2 and insulin-like growth factor 1 (IGF-1) [238]. Alkaline phosphatase (ALP)
activity, expression of osteogenesis-related genes and the mineralization
capacity of MC3T3-E1 cells were increased by the incorporation of BMP-2 and
IGF-1.

Kim TH et. al. fabricated polycaprolactone/PLGA scaffolds with a heparin-
dopamine (Hep-DOPA) conjugate for controlled release of bone morphogenic
protein-2 (BMP-2). The results showed that (MG-63) cells grown on these
scaffolds had significantly enhanced ALP activity and calcium deposition

compared to controls [239].

186



The previously mentioned approaches to induce osteogenesis on cell seeded
scaffolds followed the use of growth factor (BMP-2) or steroid (dexamethasone),
although both reported to have pleiotropic effects [240, 241]. The use of RUNX2
eliminates the need to use these compounds and the utilisation of GET peptide
technology removed the need to use viral vectors for cellular transduction.

The development of controlled release delivery system was superior to the
previously mentioned approaches of delivering therapeutic molecules, such as
surface coating or mixing with scaffold material.

Following the successful fabrication of PLGA/PEG scaffolds containing P21-
RUNX2-8R loaded MPs and successful programming of seeded hMSCs towards
osteogenesis, it was planned to modulate the PLGA/PEG formula to be 3D
printable to provide various scaffold structures with modified properties.
Pluronic (F-127) was utilised here to enhance printability of PLGA/PEG
particles. PF-127 has temperature sensitive gelation properties [212, 214] which
allows mixing the components together in the liquid state (i.e. ~ 4°C), to provide
homogeneous mixture, then print this structure in the gel state at higher
temperatures (i.e. ~ 25°C).

The gelation properties were found to be dependent on the concentration of the
PF-127, which was previously reported [212, 214]. The quantity of PF-127 along
with concentration showed various printing resolution and accurcy (figure 4.13).
the suitable printing conditions were found to be 18% PF-127 mixed in 1:1.5
ratio (PLGA/PEG particles : PF-127) mixed at 4°C and printing temperature of
25°C.

Shortening the sintering time was important to minimise the work time of

scaffolds preparation, which can give more applications for the injectable bone,
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if needed in emergency cases. Tri-acetin was used for this purpose. Tri-acetin is
an external plasticiser which is previously used as plasticiser for PLA [215, 216,
242]. No full characterisation of tri-acetin effect on PLGA/PEG properties was
done at this stage, however extensive characterisation is needed for better
understanding of the mechanism.

The use of tri-acetin could reduce the sintering time to 30 minutes (instead of
120 minutes) which enhances the feasibility of the printing process as well as
the time efficiency. Moreover, tri-acetin didn’t affect the printing parameters
developed previously, maintaining the same PF-127 concentration and quantity
to be used (figure 4.20).

Since cells were previously reported not to proliferate well in presence of PF-
127, and the structure was reported to be less stable [211, 212], it was suggested
to remove the PF-127 after sintering. PF-127 will be liquid at low temperature
and it will leach out of the scaffold without destroying the structure, it was
suggested to wash out PF-127 in cold PBS (at 4°C). 45 minutes found to be
effective for PF-127 removal (figure 4.17).

Although it was suggested to 3D print the complex structure and then seed the
cells on the printed structure, it was worth studying the bio-printing process,
which will provide more homogenous cells distribution (compared to seeding
process). Accordingly, feasibility of cells proliferation on both moulded and
printed scaffolds was evaluated (figures 4.18 and 4.20). Cells found to proliferate
on the fabricated scaffolds, however, estimation of number of cells remained

alive after the process was difficult and a suitable approach need to be followed.
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4.5. Conclusions
The work presented in this chapter evaluated the encapsulation of GET-RUNX2

molecule within PLGA MPs fabricated using the previously developed S/O/W
method.

The release profile was developed matching the needed therapeutic dose of
RUNX2 to induce osteogenesis. The activity of the released GET-RUNX2 was
evaluated. The transduction and transfection activities were retained with values
above 70% (compared to controls).

hMSCs attachment and proliferation on PLGA/PEG scaffolds was evaluated.
The cells were proliferating indicating compatibility with the scaffold material.
The stem cells seeded on the scaffold can then be induced towards osteogenesis
responding to the transcription factor (RUNX2) released from the
microparticles. The GET peptide tagged on the transcription factor will enhance
cellular uptake of the molecule. The formed scaffold can serve as a host for the
stem cells. The differentiation markers (early, mid and late markers) were
comparable in both; scaffolds containing P21-RUNX2-8R loaded microparticles
and samples seeded in osteo-inductive media. Significant differentiation was
observed in the loaded scaffolds compared to negative control samples. The
advantage of this delivery system is to provide localized release of GET-tagged
therapeutic molecules with minimized risk of systemic dosing that may lead to
non-targeted activity.

PLGA/PEG particles formula was optimised to be 3D printable, by addition of
PF-127, and the sintering time was shortened by addition of tri-acetin as an
external plasticiser. 3D printing of PLGA/PEG particles can provide complex
bone structure for various applications, and can be utilised in future for

incorporation of loaded PLGA MPs for controlled release implants.
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5. Final Conclusion and Future Work

5.1.Conclusions

Successful regenerative medicine strategies often rely on exquisite control of the
biological microenvironment and supplementation of extrinsic therapeutic
molecules to direct cellular behaviour. Cellular processes like migration,
proliferation, adhesion and differentiation occur in response to chemical cues
present within the microenvironment such as interaction with extracellular
matrix (ECM) and stimulation with morphogens or growth factors [243, 244].
These macromolecules trigger intracellular signal transduction pathways, with
complex cross-talk between the cascades and eventual programming of cell
behaviour through transcription factors [244-246]. A recent technology has
shown that recombinant transcription factors can be expressed, purified and
delivered efficiently to control cell behaviour for regenerative medicine
strategies [81]. Such systems will allow the biological control of cells and
promote regeneration of tissues if it is supplied at a functional dose, duration and
location to be effective.

The developed technology named glycosaminoglycan (GAG) enhanced
transduction (GET) [81]. GET technology is a series of novel fusion proteins
that couple a membrane-docking peptide to heparan sulfate glycosaminoglycans
(GAGs) with a PTD. It was demonstrated that this technology can enhance
intracellular transduction upon coupling CPPs with a GAG-binding peptide (the
composite peptide termed GET peptide).

The work presented in this thesis aimed to develop delivery system based on
PLGA MPs to encapsulate these GET peptide (tagged with other molecules) and

release them in the needed dose at the needed time.
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5.1.1. Development of a method to encapsulate GET peptide

The aim of the first experimental chapter was to utilise a double emulsion
method to create GET peptide loaded PLGA MPs. Double emulsion method is
the most used approach to create PLGA MPs [116, 165, 166]. Self-reporter
protein (MR) was used to directly assess activity of GET peptide after
encapsulation in PLGA MPs. Results showed that GET peptide are sensitive to
shear force (i.e. homogenisation) used to create emulsions during the process,
and therefore PLGA MPs need to be fabricated the minimum shear force.
Accordingly, S/O/W emulsion method was optimised to create PLGA loaded
MPs. This approach employed PEG to create protein particles to be suspended
in the organic phase, and encapsulate them in the solid form (removing the risk
of water-organic interface present in W/O/W double emulsion). Vortexing was
followed to create emulsion (instead of homogenisation), removing the harsh
conditions that destroy the GET peptide.

The method optimised in this chapter was robust and efficient (high
encapsulation efficiency) and demonstrates minimal harsh conditions to
fabricate PLGA MPs, which considered optimal for loading GET peptide into

the polymeric microparticles.

5.1.2. Formulation optimisation to accelerate GET peptide release

and evaluate their biological activity
The work presented in the second experimental chapter aimed to optimise GET
peptide release profile and to test the biological activity of these GET peptide.
Release profile found to be low at the first 21 days, it was previously reported

that the release in this type of MPs usually starts after 21 days [169].
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The aim was to release GET peptide within 7 days (matching the optimal dose
of RUNX2). Accordingly, GET peptide release was accelerated by making the
PLGA MPs porous by incorporation of PBS during PLGA MPs fabrication. PBS
will work as a porogen [183] and will create channels within and on the surface
of PLGA MPs, which facilitates the diffusion of the encapsulated molecule from
MPs. Making porous MPs was a successful strategy and the release profile was
accelerated achieving around 90% release within 7 days.

It was critical after that to demonstrate that the released GET peptide maintained
their biological activity. The transduction activity was tested using NIH 3t3 cells.
The results showed gradual decrease of GET peptide activity (i.e. the protein
released at the first day showed 80% activity, while the protein released at day 7
was below 30%). Accordingly, an investigation was started. The results showed
that the carboxylic acid results from PLGA degradation is affecting GET peptide
activity (either by interacting with the positively charged GET peptide) or by
detaching GET peptide form the protein). Stabilisation approach, using co-
encapsulation of L-Histidine was followed. The results showed that GET peptide
activity maintained in presence of L-Histidine upon released from PLGA MPs.
This was confirmed by simulation study using various weak and strong acids.
The work presented in this chapter resulted in optimised formulation of GET
peptide loaded PLGA MPs, with optimised released profile as well as
maintaining the biological activity of the released GET peptide above 70% at all

studied time points.
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5.1.3. Induce stem cells differentiation through controlled release of
GET-RUNX2 molecule on temperature-sensitive scaffold
The work presented in the third experimental chapter aimed to utilise the

previously developed fabrication method of GET loaded PLGA MPs, to
encapsulate osteogenic transcription factor RUNX2.

A validation about RUNX2 release and biological activity was done before
proceeding to differentiation study. The results showed efficient encapsulation
(around 60%) as well as maintained biological activity of released GET-RUNX2
molecule.

A previously developed temperature sensitive PLGA/PEG particles [204] were
used to create scaffolds. These particles were mixed with GET-RUNX2 loaded
PLGA MPs, providing a template for stem cells as well as controlled release
delivery system of osteogenic transcription factor.

Differentiation study results showed efficient delivery of biologically GET-
RUNX2 molecule. Moreover, the results were compared to the employed
positive control (Dexamethasone), which is used in most osteogenic
differentiation approaches [230-232]. This finding clearly demonstrates the
efficiency of the developed delivery system as well as bio-compatibility between
all the ingredients and the stem cells (hMSCs).

Finally, a 3D printing approach was followed to create complex structures of
bone, as well as modified porosity, for future applications. Sintering time was
shortened through the use of tri-acetin. More characterisation of the use of
pluronic (F-127) as well as tri-acetin is needed to understand the interactions
between molecules. The controlled release system can be incorporated in such
formula as previously shown [158], providing a controlled release system of

therapeutic molecule as well as compatible template for the cells.
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5.2.Future Directions

The work presented in this thesis has provided a controlled release system for
GET peptide tagged to different proteins. This technology can be applied for
therapeutic molecules. PLGA MPs release profile can be modulated to provide
the needed dose for each molecule. The addition of thermosensitive
microparticles would localise the release and give mechanical support to the
structure.

Sterilisation of the material is an important factor in the development of a new
medical device. There are a number of sterilisation techniques including gamma,
electron beam and ultraviolet irradiation as well as ethylene oxide treatment and
these may affect the material especially with regard to chain scission and a
reduction in molecular weight. Studies to understand the change in material
characteristics and effect on release profiles would need to be performed post
sterilisation prior to the material entering in-vivo studies.

In vivo study can be done to verify the robustness of the system once applied
inside the body, bone defect can be created to match the scaffold shape for a
proof of concept study.

3D printing is a promising approach to provide complex structure and irregular
shape scaffolds. The combination of scaffold material and loaded MPs need to
be printed and release profile and activity of the released molecule needs to be

validated for future use.
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