






























































































































































































































































































































































or until a 100% cumulative release was achieved. Solutions withdrawn were filtered and
the concentrations were determined by an ultraviolet method of analysis at a maximum
wavelength of 216 nm using a MILTON ROY Spectronic 601 UV/VIS

spectrophotometer.

43.8 Lypholization of Protein with Excipients

Human recombinant Endostatin (thEND) was co-lyophilized with trehalose and
BSA. Trehalose and BSA at a ratio of 1:1 w/w were used, while the END amount
remained 500 ng and to achieve a final amount of 10 % wiw in each device. To prepare
the lyopholized protein, the excipient was added as a solid to aliquots of the protein
solution and stirred gently at room temperature until dissolution was complete. The
Solution was then filtered with a 0.22 um low protein binding filter to remove any
particulate. The filtered solution was subjected to a cycle of freeze drying at -48°C and
36 X 10° mbar for 36 hours to obtain the lyophilized product. The Iyophilized product
was ground into powder using a mortar and pestle and sieved through a 220 m to 300um

mesh.

4.3.9 Preparation of Protein Loaded Elastomer Slabs

Lyophilized powder was mixed with a polymer containing the photoinitiator (0.25
gm of APOT prepolymer + 12.5 l of 30% Wiy of 2,2-dimethoxy-2-phenyl-acetophenone
in acetone). This suspension was poured into Teflon rectangular moulds of 6mm X 5 mm
X 1.5 mm, and then exposed to UV radiation for 5 minutes to crosslink the prepolymer.

After crosslinking, the drug loaded slabs were removed from the moulds and dried in the




fume hood overnight. The drug content in each elastomeric slab was calculated based on

10% whw (corresponding to an approximate 14.4% v/v) to ensure that the loading was

well below the polymer percolation threshold of 30-35%

4310 In Vitro Release Study and Quantitative Analysis of the Protein

“The release study was carried out by immersing the protein loaded elastomeric
slabs in small scintillation vials containing 2 m sterile PBS with pH = 7.4. The vials were
attached to the Glas-Col rugged culture rotator. The rotator was set at a 30% rotation
speed and placed in an oven at 37 °C. The release medium was removed at pre-
determined time intervals and replaced with fresh buffer to ensure sink conditions and
constant osmotic pressure driving force, The collected samples were divided into aliquots,

and frozen at -80°C for subsequent analysis of concentration using a thEND ELISA kit.

4.4 RESULTS AND DISCUSSION

paration and C} ization of a Elastomer: The aliphatic
polyester POT prepolymer with two hydroxyl groups at the terminals was prepared using
solvent free polymerization of 1,8-octanediol and L-tartaric acid at 140 °C in the presence of 2-
ethylhexanoate as a catalyst. The full synthesis procedure and characterization was reported in

chapter 3.

‘The photo-polymerization reactions were conducted with different photo-polymerizable
end groups for the purpose of UV-photo-crosslinking ™2 The acrylation method was selected

because it possesses a high reactivity with photo-polymerization conducted in the order of




‘minutes.* Moreover, the final elastomers degrade into acrylic acid which is extensively
metabolized into water soluble end products that are safely washed out and excreted by the
kidney without bioaccumulation.*” For these unique properties, the terminal hydroxyl groups in
the previously prepared POT were subjected to an acrylation process'***# using acryloyl
chloride for the purpose of replacing the OH groups at the terminal of the aliphatic POT chains
with unsaturated vinyl terminals. These acrylated terminals can undergo crosslinking via UV

photo-polymerization technology in the presence of DMPA as a photoinitiator.

In order to optimize the amounts of acryloyl chloride required to undergo the complete
acrylation process of the hydroxyl group terminals of the POT prepolymer, different molar

ratios of acryloyl chloride were reacted with the POT prepolymer as shown in Table 4.1.

Table 4.1 Acrylated POT synthesized by using different amount of acryloyl chloride to react
with POT prepolymer.

Acrylated POT Code | POT (mol) / Aeryloyl chloride (mol)
POT-0.0 10700
POT-05 10705
POT-1.0 10710
POT-20 10720

‘The FT-IR spectra for the acrylated prepolymers are shown in Figure 4.1. Itis
clear that by increasing the molar ratio of the acryloyl chloride to POT, the intensity of

the corresponding OH stretching at (3500) em” decreased with concomitant increase in
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the formation of vinyl group terminals which are indicated by the appearance of the new

C=C stretching peak at (1690) cm.
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Figure 4.1 FT-IR spectra of the acrylated POT prepolymers reacted with different molar
ratios of acryloyl chloride.

FT-IR spectra showed that the complete disappearance of the OH stretching was

taking place with acrylated POT-2.0 compared to the OH stretching peak in the case of

lated POT-0.0. This observation can be observed learly in Figure 4.2.
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Figure 4.2 FT-IR spectra of POT before and after acrylation process.

‘The calculated conversion percentage of the hydroxyl groups to the corresponding

vinyl groups were measured using the following equation :*'

AUP,,
AUP ..y POt

AUP,,
AP0 ) o

Where AUPoy s the area under the peak of the OH stretching at (3500) cm™ and AUPc-o

% Conversion = 100 - x100

is the area under the peak for C=0 stretching at (1734) cm’

As shown in table 4.2, there was no significant difference between the calculated
percentage of conversion compared to the theoretical values. In general, it was obvious
that the optimum amounts of acryloyl chloride used for the acrylation of POT prepolymer
was one mol of acryloyl chloride to one mol of OH in the polyester POT prepolymer and

resulted in a conversion percentage of 96 %
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Table 4.2 Area under the peak for OH and C=O stretching for POT and acrylated POT
and % conversion of the terminal hydroxyl to the vinyl groups.

Acrylated | AUP | AUP | AUP(OH)/ | Calculated % | Theoretical %

prepolymer | (OH) | (C=0) | AUP(C=0) | Conversion | Conversion

POT-0.0 4651 4588 1.017 0 0

POT-0.5 3452 | 4612 0.749 26 25
| POT-1.0 2333 | 4561 0512 a9 50

POT-2.0 164 4345 0.038 9% 100

The acrylation process and further purification was confirmed using 'H-NMR
spectroscopy. The acrylated groups were represented by the peaks of acryl protons
between 5.9 and 6.1 ppm for OCHC=CH, (cis), and 6.4 and 6.5 ppm for OCHC=CH,

(trans) as shown in Figure 4.3.

Figure 4.3 '"H-NMR of the acrylated POT prepolymer.
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“The thermal analysis of the acrylated POT prepolymer using DSC demonstrated a
semicrystalline structure with a melting endotherm at 53.4°C and with a glass transition
(Tg) of -10.8°C. However, the POT-20 elastomer showed that it has no melting
endotherm, indicating that the final product was an amorphous photoset elastomer with a

Tg of -4.4°C, which is well below body temperature.

The photo-crosslinking process was initiated using DMPA as a photoinitiator.
DMPA was chosen because it possesses many desirable properties. It is a highly reactive

photoinitiator which accelerates the crosslinking reaction. It is biocompatible and has low

toxicity on living tissues. It has good initiation efficiency and a low amount of unreacted

initiator remains in the photocured polymer.”**

Photocured elastomers were produced after 5 minutes of exposure of the acrylated
POT prepolymer to LWUV light at a distance of 5 cm. The polymerization was rapid, the
crosslinked network had formed and was confirmed by immersion of the elastomers in
DCM. The elastomers swelled, but did not dissolve. This behaviour can be used as an

indication that crosslinking has occurred.

The elastomer with the highest amount of crosslinking (POT-2) was used for the

drug release studies, as all the hydroxyl groups were converted to photosensitive termini,

and therefore would provide the highest degree of crosslinking density.



Drug Release Studies: The original purpose of the project was to load the
angiogenic inhibitor protein, END, into a novel biodegradable elastomeric polymer at a
volumetric loading well below the percolation threshold and to achieve a prolonged,
sustained, and osmotic release of the END. The intension was to determine the conditions
for the development of an optimal release profile by monitoring the effect of factors that
govem the release such as particle size, surrounding medium, device geometry, and the
osmotic activity of the incorporated excipients with the protein. For economic reasons,
this determination was initially carried out using Pilocarpine Nitrate salt (PN) as a
peptidomimetic, hydrophilic, water soluble and therapeutic drug. When the optimal

conditions were determined, the END osmotic release study was carried out.

PN was selected because it is a peptidomimetic drug with reasonable osmotic
activity. the concentration in the releasing media can casily be measured using UV
analysis, and it is an inexpensive drug. The stability of PN in the three used media, PBS,
DW, and 3 % NaCl, was tested and showed no significant changes during a one-week

period.

‘The goal was to develop an osmotically controlled drug release system. Iso-
osmotic (PBS), hypo-osmotic (DW) and hyperosmotic (3% NaCl) releasing media were
used to determine the degree of osmotically controlled release of drug from the elastomer.
“The osmolalities of these releasing media, as well as PN and the excipient trehalose are

reported in table 4.3
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Table 4.3. Osmolality of PN solution and release medi

Solution Osmolality

(mOsm/kg)
Deionized Water 20
Phosphate Buffer Saline (PBS) of pH= 7.4 280
3% NaCl 919
Saturated Pilocarpine Nitrate 791
Trehalose 1524

Influence of Particle size on drug release: Figures 4.4 and 4.5 show the release
profiles of PN of different particle sizes, 45, 100, and 300 um, respectively, from tabular
and cylindrical devices in PBS media. It was noted that the release profiles consist of
three distinct regions. A predominant burst release which lasted for the first 24 hours

accounting for 40% release of the loaded drug. This portion resulted from the drug

particles dispersed at or close to the surface of the devices. The burst amount in the two

devices was almost the same. This initial burst segment was similar to many
biodegradable polymers.***” The initial burst release was followed by a slower sustained
and constant release period that lasted up to 10 days. This constant release segment is due

to both diffusion and osmotic phase and accounted for 30-40% release of PN. The further

increase in the release rate was due to the degradation of the elastomers.
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Figure 4.4 Cumulative percent PN released from 10 % whv loaded tablet devices with
different particle sizes in PBS medium at 37 °C.
The high release during the first and second phase of the release profiles can be
attributed to the hydrophilicity of both the polymeric network and the PN salt. It should
be noted that these experiments were performed under highly-accelerated in vitro

degradation processes that increased the high degradation rate of these hydrophilic

elastomers.
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Figure 4.5 Cumulative percent PN released flf:"o % wiw loaded cylinder devices with
different particle sizes in PBS medium at 37

The release profiles of the devices formulated with the same volumetric loading
but with smaller drug particle sizes released drug faster than those devices with larger
particle sizes. This phenomenon can be attributed to the fact that the small particle sizes
dissolve more rapidly and require less water vapour to rupture the capsules. Furthermore,
the shorter distances between the drug particle layers would lead to a shorter time to
rupture the encapsulated drug particles within the elastomeric matrix. As shown in
Figures 4.4 and 4.5, there was no significant difference between the release profiles of the
tabular and cylindrical devices. Clearly, the device geometry did not play a major role in

the release of the PN.
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Influence of Osmolality of the Releasing Media on Drug Release: The effect of
the release media on the release rate of the tabular and cylindrical network is shown in
Figures 4.6 and 4.7 respectively. It was noted for the thre different dissolution media that
the constant release phases started from day 2 up to day 10 for both the tabular and
cylindrical devices and were within the same range. This indicates that one release
mechanism is controlling the release of PN from the these networks, regardless of the

release medium used.

% Release

0 100 150 £ 20 £ %0 0
Time hr

Figure 4.6 Cumulative percent PN released from 10 % w/w loaded tablet devices of
100pm particle size in different osmotic media at 37 °C.
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Figure 4.7 Cumulative percent PN released from 10 % w/w loaded cylinder devices of
100um particle size in different osmotic media at 37 °C.

The osmotic activity of the NaCl media (919 mOsmol/Kg), is higher than that of a

saturated PN solution (791 mOsmol/Kg). No osmotic release occurs under these

conditions. The profile of drug release in 3% NaCl is due to the degradation of the
elastomer. The increase in the amount of the drug released into the PBS medium is due to
an osmotic effect, as the osmotic activity of the PBS medium (280 mOsmol/Kg) is lower
than that of saturated PN solution. Even more drug was released when the the medium

was deionized water.
The predominant mechanism of drug release was degradation with an additional
osmotic effect when the releasing medium had a lower osmolality than a saturated PN

solution. The osmotic effect when the releasing medium was PBS was more clearly seen
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in the tablet than the cylinder. This difference might be attributed to differences in the

surface area of the two devices.

One of the successful strategies utilized to maintain the stability and activity of
therapeutic proteins is to coformulate them with stabilizing agents such as trehalose and
‘mannitol.* Such a strategy would offer protection to the protein from aggregation. PN, as
a model for a protein drug, was formulated with trehalose to study the effect of this
osmotically active agent on the release rate. Two polymeric devices with tabular and
cylindrical geometries were loaded with a 1:1 ratio of trehalose and PN with a total

weight fraction of 10% w/w with a 100 um particle size.

Figures 4.8 and 4.9 show the release profiles from tabular and cylindrical devices
in PBS at pH = 7.4. The addition of the high osmotic excipient, trehalose, resulted in an
increased release rate in all phases. More than 50% was released in the initial burst,
within the first day, with the balance of the 85% total release being released within 5

days. The increase in the release of PN was greater in the tablet than the cylinder.
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Figure 4.8. Cumulative percent PN released from 10 % wiw loaded tablets of 100 um

particle size with or without trehalose in PBS medium at 37 °C.
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Figure 4.9. Cumulative percent PN released from 10 % wi/w loaded cylinders of 100 um
particle size with or without trehalose in PBS medium at 37 °C.




Based on the above observations, it is evident that the osmotic release mechanism
plays a role in the release kinetics of PN since the incorporation of the highly osmotic
release agent, trehalose, increased the amount of drug in the tabular device until all the
drug that was loaded was released. There was no significant additional release of drug in

the presence of trehalose in the cylinders.

Release of rhEND from the Elastomer Formed from POT-2: The above
experiments were carried out to establish the conditions for the release of END from the
elastomer. The main problem in the incorporation of proteins in a polymer delivery
device is the protein aggregation that oceurs during the loading step. Excipients were used

in the formulation to prevent such a problem.

Trehalose was shown to be a good stabilizer of proteins,”” and, as was shown

above, increased the release of a peptidomimetic drug from the el It d
that trehalose would act to stabilize END and increase the amount of END released from

the polymer.

Bovine serum albumin (BSA) was also shown to be a powerful lyoprotectant for
proteins. This effect is attributed o its role in the inhibition of the pH drop that occurs
during Iyophilization in a buffer and inhibition of the protein adsorption to the surface®
In addition, it would protect the protein from the acidic monomers formed from the
degraded polymer within the releasing medium. Therefore, Iyophilization in the presence

of trehalose and BSA would provide the best protection for END during the device

s




preparation and the protection would extend during the release in the releasing medium.

In addition these two excipients would block the exposure of END to the generation of

free radicals in the soluti d to UV radiation during phe
w
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Figure 4.10. Cumulative amount of thEND released from 10% w/w loaded slabs in PBS
‘medium from a slab at 37 °C detected using ELISA assay from stored frozen aliquots.
Values are mean # (standard deviation).

Figure 4.10 shows the release profile for thEND from a slab of the elastomer in
PBS. The slabs were used in this experiment instead of the tablets because of economic

considerations. The release profile consists of three distinct phases. The initial burst

release segment occurred during the first 9 hours of the release study and accounted for

30% of the release of END. This initial phase was followed by a slower, linear, constant,
and sustained release for 5 days and accounted for an additional 20% of the release of the

drug. Finally, the last release segment of the profile was attributed to polymer degradation
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and was extended for another week until the remainder of the drug particles were

released.

‘The release profile was distinctly different from that of PN. The difference might
be due to the presence of BSA or the geometry of the delivery system since the slabs were
smaller and thinner. Also, the two drugs were different, one was a peptidomimetic drug
and the other was a protein. Further experiments would need to be carried out to

determine the reasons for the differences.

4.5 CONCLUSIONS

A solvent free polymerization was carried out using a 1:1 ratio of L-tartaric and
1.8-octanediol to produce a polyester POT prepolymer. The acrylation reaction was
started by adding different ratios of ACRL to convert the terminal OH groups into

photosensitive vinyl termini. Higher amounts of ACRL used in the reaction resulted in an

increase in  the percentag ion with i pl o achieved

‘when 2 moles of ACRL were used to react with 1 mole of POT prepolymer.

A release study of PN (10% wiw loading) from monolithic tablets and cylinders of
the prepared photocured elastomers was carried out. The release profiles were divided
into three release phases in which the second linear release phase was a mix of osmotic
release and diffusion but mainly dominated by a degradation mechanism which was
obvious during the last phase of the release. The release profile was unchanged when PN

‘was co-formulated with trehalose, but more drug was released. Upon using this excipient,
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a larger fraction of PN was released during the initial burst phase, then the release became
linear until complete PN release was achieved. In this situation, osmotic release
contributed to drug release. Our results show that smaller particle sizes are released more
rapidly from photocured devices as compared to drug particles of larger sizes. In addition,
the osmolality of the releasing medium has an effect on the release rate, however,
geometrically different designs do not play a significant role on the relase of PN from

these two different devices.

The objective of this study was to use the photocured elastomer for the delivery of
END. The study demonstrated that the device has a potential to be utilized in delivery of
END in constant and sustained release fashion, but only for a short period of time.
Therefore, continuation of this work would be to extend the time period of release by
incorporation of hydrophobic oligomers to decrease the degradation rate of the polymer,

‘while maintaining the effect of the excipients on the activity and stability of END.

“This novel biodegradable clastomeric drug delivery vehicle can be considered a
potential drug delivery device for proteins other than END. Further studies concentrated
with END activity, conformational changes and possible denaturation and aggregation of

the END particulates are required.
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Chapter 5.

5.1 Summary

The main objective was to emphasize the need to design a new local delivery
system to produce a sustained release of END within the therapeutic window of the drug.
Initial steps towards this goal have been achieved by incorporating END with other
osmotic excipients as solid particles into a photocured elastomer which allowed the

protein to release at a controllable rate into a localized area.

Goal: The review of the literature focused on the evaluation of the different drug
delivery systems and the routes of administration for END, as a therapeutic protein for
cancer treatment. Long term, site localized and sustained release of END is a very
desirable goal in order to maximize the therapeutic outcome of the drug and at the same
time to minimize the side effects due to the exposure of the other body parts to the

inhibitory effect of this powerful angiogenesis inhibitor.

Thermal Preparation of Elastomers and Characterization: A solvent frec
polymerization of 1:1 L-tartaric acid and 1,8-octanediol to form a semicrystalline POT
prepolymer was carried out. The reactive prepolymer that was formed was thermally
crosslinked with different ratios of 2.2-bis(s-caprolactone-yl)-propane (BCP) using
stannous octanoate (SnOct) as a catalyst to prepare crosslinked elastomers. All the
polymer products were thermally, chemically, and mechanically characterized.

Accelerated in vitro degradation studies were conducted. These studies demonstrated a




-

direct correlation between the loss of mechanical properties with time, and confirmed that
bulk hydrolysis was the predominant mechanism of polymer degradation. As a final
observation, the elastomer crosslinking was traditionally performed under elevated
temperature, which is not feasible for most drugs and certainly not for protein drugs;
therefore, it was necessary to find a method that does not require high temperatures in the
preparation of the elastomer. It was decided o develop a non-thermal and photocuring

‘method to prepare a photo-crosslinked elastomer to be used for delivery of END.

: An

Photo-crosslinked Preparation of Elastomers and Drug Release Studi
aliphatic polyester prepolymer was synthesized via a polycondensation reaction of L-
tartaric acid with 1,8-octanediol to form a POT semicrystalline prepolymer. The purified
prepolymer was reacted stepwise with acryloyl chloride (ACRL) and the purified
acrylated poly(octanediol-tartarate) (APOT) prepolymer was then mixed with a UV
initiator and subjected to UV light to form the amorphous photocurable elastomer. For in
vitro release studies, PN powder of three different particle sizes was mixed with APOT to
achieve a 10% wiw (approximately a 14.4% vAv) loading. Lyophilized END with
trehalose and bovine serum albumin (BSA) was also mixed with APOT to achieve the
same volumetric loading. Preparcd devices were used to conduct release studies. The
release profiles showed that devices formulated with the same volumetric loading and
smaller drug particle size released drug more rapidly than the devices with a larger
particle size. It was also shown that osmotic release was a contributing mechanism
governing the linear release pattern of PN from the new POT elastomers. The study

demonstrated that the device has a potential to be utilized in the delivery of END or any
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other hydrophilic protein drug in a constant and sustained release fashion, but only for a
short period of time. Further modifications to the elastomer will be required to extend the
period of sustained release. Using different ratios of L-tartaric with 1,8-octanediol and/or
changing the photosensitive termini of the prepolymer may change the crosslinking
density. That may slow the degradation process and increase the period of the drug

release.
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