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Abstract: We previously investigated the intracellular trafficking
properties of our novel poly(L-glutamate)60-b-poly(L-leucine)20 (E60L20)
vesicles (EL vesicles) conjugated to transferrin (Tf). In this study, we
expand upon our previous work by investigating the drug encapsulation,
release, and efficacy properties of our novel EL vesicles for the first
time. After polyethylene glycol (PEG) was conjugated to the vesicles for
steric stability, doxorubicin (DOX) was successfully encapsulated in the
vesicles using a modified pH-ammonium sulfate gradient method. Tf was
subsequently conjugated to the vesicles to provide active targeting to
cancer cells and a mode of internalization into the cells. These Tf-
conjugated, DOX-loaded, PEGylated EL (Tf-DPEL) vesicles exhibited
colloidal stability and were within the allowable size range for passive
and active targeting. A mathematical model was then derived to predict
drug release from the Tf-DPEL vesicles by considering diffusive and
convective mass transfer of DOX. Our mathematical model reasonably
predicted our experimentally measured release profile with no fitted
parameters, suggesting that the model could be used in the future to
manipulate drug carrier properties to alter drug release profiles.
Finally, an in vitro cytotoxicity assay was used to demonstrate that the
Tf-DPEL vesicles exhibited enhanced drug carrier efficacy in comparison
to its non-targeted counterpart.
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September 10, 2015

To Whom It May Concern:

The manuscript entitled:
“The targeted delivery of doxorubicin with transferrin-conjugated block copolypeptide
vesicles”
by B.S. Lee, A.T. Yip, A.\V. Thach, A.R. Rodriguez, T.J. Deming, and D.T. Kamei has been
revised for consideration of publication in International Journal of Pharmaceutics.

We are grateful for the insightful comments from the reviewers, and have addressed all of the
concerns. A detailed summary of our responses to the comments has been uploaded as the ‘Lee

et al Response to Reviewers’ file.

Thank you very much for your time, and please do not hesitate to contact me if you have any
questions.

Sincerely,

P

Daniel T. Kamei, Ph.D.
Professor
Department of Bioengineering
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Dear Author,

It frequently happens that on receipt of an article for publication, we find that certain elements
of the manuscript, or related information, is missing. This is regrettable of course since it means
there will be a delay in processing the article while we obtain the missing details.

In order to avoid such delays in the publication of your article, if accepted, could you please run
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*Response to Reviewers

Authors: Brian S. Lee, Allison T. Yip, Alison V. Thach, April R. Rodriguez, Timothy J. Deming,

and Daniel T. Kamei (corresponding author)

We are grateful for the insightful comments from the reviewers, and have addressed all of their
concerns. A summary of our detailed responses to their comments can be found below.

Note that the text bolded in blue represents text that has been added to our original document,
and text bolded in red with the strikethrough represents text that has been removed.

Reviewer 1

1. In the Introduction (Line 55), the author claimed that the commercial DOX liposome
technology has limitations, such as instability and short circulation half-life of the vesicles in
the body. But this manuscript did not contain any in vitro and in vivo stability data about the
Tf-DPEL, such as stability in PBS buffer or plasma. The detailed data of Tf-DPEL should be
added in.

We thank the reviewer for this point regarding vesicle stability. We have removed this line from
the Introduction as this was not within the scope of this paper.

Introduction (Line 52-56)

DOXIL® is currently FDA approved for treating Kaposi’s sarcoma and
recurrent ovarian cancer, and is under clinical trials for the treatment of multiple
myeloma, breast cancer, and high-grade glioma (Imordino et al., 2006).
However, there are limitations with the liposome technology, such as, liposome
instability, lack of batch to batch reproducibility, and the short circulation half-
life of the vesicles in the body (Barenholz, 2012).

Therefore, many researchers have been investigating new types of
building blocks for developing more effective drug delivery vesicles.

Has been changed to

DOXIL® is currently FDA approved for treating Kaposi’s sarcoma and
recurrent ovarian cancer, and is under clinical trials for the treatment of multiple

Fherefore; In addition to liposome drug systems, many researchers
have been investigating new types of building blocks for developing more
effective drug delivery vesicles.




2. In Section 3.1, the author characterized the Tf-DPEL with parameters like diameter and PDI,
but without zeta potential. As we know, the zeta potential is quite important for
nanoparticles, especially for stability evaluation, so this detailed data about Tf-DPEL should
be included. What’s more, I recommend examining the morphology of Tf-DPEL by
transmission electron microscopy.

We agree with the reviewer that the zeta potential is an important value for determining the
electrostatic stability of a nanoparticle system. The zeta potential was found to be -21.1 + 2.3 mV
for the extruded EL vesicles, -6.6 + 3.5 mV upon PEGylation, and -19.5 + 1.7 mV after
conjugating Tf. These values have been included in the manuscript as well as a description about
how measurements were taken.

[INSERTION after 2.8 Determining the Tf-DPEL Vesicle DOX Concentration]
2.9 Determining the Zeta Potential

In a separate set of studies, zeta potential measurements were taken using the
Malvern Zetasizer. Solutions were made to contain 10% of the sample and 10%
of 100 mM NaCl in filtered Rockland Ultrapure Sterile Water (i.e., deionized
water). Measurements were taken after the EL vesicles were extruded,
PEGylated, and conjugated with Tf.

[INSERTION after 3.1 Characterization of the Tf-DPEL Vesicles (line #416)]

Vesicle stability was further evaluated by measuring the zeta potential throughout
the conjugation process. A separate set of studies was performed in order to
determine the zeta potential of the EL vesicles upon extrusion, PEGylation, and Tf
conjugation. The values were found to be -21.1 + 2.3 mV for the extruded EL
vesicles, -6.6 = 3.5 mV upon PEGylation, and -19.5 £ 1.7 mV after conjugating Tf.
Due to the no slip boundary condition being positioned further from the surface of
charge, the decrease in the magnitude of the zeta potential was expected when the
EL vesicles were coated with a layer of PEG. The zeta potential was also expected
to become more negative with Tf conjugation as TT is net negative at the pH of the
buffer used during measurement. Similar to the Pdl values, the resulting zeta
potential values suggested that the vesicles remained stable after all conjugation
procedures. Although -6.6 mV would generally represent instability, these vesicles
were still stable due to the steric stabilization provided by the PEG.

The decrease in the magnitude of the zeta potential is expected when the vesicles are coated with
a layer of PEG, which provides steric stability. As suggested by the DLV O theory developed by
Derjaguin, Landau, Verwey, and Overbeek, the stability of a colloidal system is dependent on
both attractive van der Waals forces and repulsive electrostatic interactions between particles.
With respect to our vesicle construct, the effect of a PEG coating is sufficient to keep the vesicles
separated by steric, excluded-volume repulsions, minimizing the effect of attractive van der



Waals forces that would cause our vesicles to aggregate.

This steric stabilization is not captured by the zeta potential, which measures the electrostatic
potential at the no slip boundary. For example, let us consider a case as demonstrated by the
schematic seen below, in which the no slip boundary for the EL vesicle is at r =R, where r is the
radius, and the no slip boundary for the PEL (PEGylated EL vesicles) isat r=a.

‘\a .
EL i !
PEL

The zeta potentials would then be:

Ce =we (r=R") (1)
CreL =Weg (r=2a") (2)

Where ¢ and ¢, are the zeta potentials of the EL and PEL, respectively, and y, and y.,
represent the electrostatic potentials at certain radial positions of the EL and PEL, respectively.

To derive an expression for the zeta potential of the PEL, we can first divide it into three regions
similar to the figure shown below. Let us assume that although water can enter region Il, salt
ions do not enter this region.

To solve for the electrostatic potential in region 11 (v, ), we can begin with the linearized
Poisson-Boltzmann equation:

VZl//m (r) = KZ‘//III (r) (3)

where & is the Debye- Hiickel screening length. If we assume our vesicles to be spherically
symmetric, there is no dependence on & or ¢, and Eq. (3) in the spherical coordinate system can
be simplified to:



1d( ,dy, )
—— — = 4
rdr (r dr KV (4)

Once solved, the ordinary differential equation (ODE) represented by Eq. (4) becomes:

A exp(r—zcr) A exp(r—zcr) 5)

111

where Aand A, are unknown constants of integration that can be solved for with two boundary

conditions. At distances very far from the PEL, we can assume that the electrostatic potential
approaches zero. This boundary condition can be written as:

limy,, —0 (6)
When the first boundary condition, Eq. (6), is applied to Eq. (5), we find that A, =0and the
second term drops out to yield:

exp(—«r)
r

Wi =A (7)

To solve for A , another boundary condition is required, and we can use Gauss’s Law in Eq. (8)
to draw a Gaussian surface just outside the PEL at r =a". Here, ¢, is the permittivity of water,
&, s the permittivity of free space, and q is the included charge.

e, E-dS=" (8)

&y

Since the electric field is the negative gradient of the electrostatic potential (E = (—Vy) ), We can
relate the expression for electrostatic potential to the total charge enclosed by the PEL.
Therefore, when Eq. (8) is applied to Eq. (7), A can be solved to be equal to:

_q exp(xa) (9)
4re,e, 1+ ax)

Therefore, by substituting Eq. (9) into Eq. (7) , Eq. (7) can be simplified as follows:

q  explx(r-a)] (10)
4reye, (1+ ka) r

YV =

Now that we have an expression for the electrostatic potential of the PEL, we can determine the
zeta potential by evaluating the electrostatic potential at the no slip boundary. After combining
Egs. (2) and (10), we obtain:



q
- 11
Sret 4re,y s, (L+xa) (11)

Likewise, it is possible to determine the zeta potential for the EL. In this case, the EL will only
be divided into two regions where region | is at r < Rand region Il isat r > R. Through a
similar systematic analysis, we can derive the expression for the electrostatic potential of the EL
vesicle to be:

__a epl(r=R)] a2
4rgye, 1+ kR) r

40

Combining Egs. (1) and (12) yields the zeta potential for solely the EL.:

q
- 13
Sel 4rg e, R(L+ kR) (13)

To determine the relationship between the two zeta potentials, given by Egs. (11) and (13), we
take a ratio of ¢ to ¢, and obtain the following:

ratio:(i)(“’(a) (14)
R/N\1+xR

Equation (14) provides valuable information since a > R, and we see that the ratio of the two
zeta potentials is greater than 1. Accordingly, based on zeta potential measurements, it will
appear as if the PEL is less stable since the magnitude of the electrostatic potential will be lower
due to the no slip boundary being positioned further from the surface of charge. However, this is
contrary to the fact since the PEG coating will provide steric stabilization, which as mentioned
before, is not measured by the zeta potential.

We have also examined the morphology of our diblock copolypeptide vesicle system by
transmission electron microscopy (TEM). An image of a transferrin conjugated, PEGylated, EL
vesicle will be added to the manuscript as Figure 3 (seen below). This image will be uploaded
separately as well.



[INSERTION after 2.9 Determining the Zeta Potential]
2.10. Transmission Electron Microscopy (TEM)

After all conjugation procedures, the morphology of the resulting vesicles was
examined by TEM. 2.5 uL of the desired vesicle sample to be imaged was placed
on an EMS carbon film 200 mesh grid (Electron Microscopy Sciences, Hatfield,
Pennsylvania) and allowed to stand for 1 min. Filter paper was used to wick away
excess sample before washing the grid with 6 pL of 2.5% (w/v) aqueous uranyl
acetate (UA). After 2 s, the UA was wicked away with filter paper and another 6
uL of 2.5% (w/v) UA was immediately applied to the grid and allowed to stand
for 1 min. Filter paper was then used to wick away residual liquid and the grid
was left to air dry at ambient temperature for 3-5 min. Once completely dry, the
grid was imaged using a FEI TF20 transmission electron microscope (FEI
Company, Hillsboro, Oregon) at 200 kV.

[INSERTION after 3.1 Characterization of the Tf-DPEL Vesicles (line #416)]

In addition, we were interested in examining the morphology of the EL vesicles
after PEGylation and Tf conjugation. Figure 3 shows a TEM image of the
extruded EL vesicles after coating the surface with PEG and decorating the
subsequent surface with Tf. The presence of unilamellar vesicles in Figure 3
suggests that the surface modifications provided by our conjugation protocol do
not significantly alter or jeopardize the morphology of the original EL vesicles.

Figure 3: A transmission electron microscope (TEM) image of a uranyl acetate
negatively stained EL vesicle suspension after PEGylation and Tf conjugation.
Scale bar =70 nm.




Acknowledgments (line #523)
This work was supported by the National Science Foundation DMR 130808L1.
Has been changed to

This work was supported by the National Science Foundation DMR 1308081. The
authors acknowledge the help of Wong Hoi Hui and the use of instruments at the
Electron Imaging Center for NanoMachines supported by NIH (1S10RR23057 to
AHA) and CNSI at UCLA.

3. Insection 3.4, the author compared the in vitro cytotoxicity of Tf-DPEL with DPEL vesicles
to illustrate its better targeting efficacy. | recommend adding two groups, free DOX without
vesicles and DPEL vesicles with non-conjugated Tf to fully evaluate the drug delivery
efficacy of Tf-DPEL. In addition, it would be better to add anti-tumor experiment in vivo.

We appreciate the reviewer’s suggestions. With regard to the comment about in vivo anti-tumor
studies, such studies were outside the scope of this manuscript. With regard to the additional
controls for our in vitro cytotoxicity results, we will discuss these below.

Free doxorubicin (DOX) exhibits its cytotoxic effects by intercalating with DNA to prevent
DNA biosynthesis, damaging DNA by inhibition of topoisomerase I, and generating free
radicals (Gewitz et al., Biochemical Pharmacology, 57: 727-741 (1999)). In order to act on the
cell DNA, the molecule must enter the cell. Literature has shown that free DOX can enter cells
by diffusion through the lipid domain of the cell membrane (Dalmark, M., Storm, H., J. Gen.
Physiol., 78: 359-364 (1981)). Therefore, free DOX can exert its toxic effects without active
targeting. Accordingly, an in vitro cytotoxicity study using free DOX without vesicles would
result in quick and nonspecific cell death since all the free DOX would already be in the cell
media and could enter any of the cells by passive diffusion. This would not be an effective
control against the Tf-DPEL vesicles since we wanted to show that the targeting effect of the Tf-
DPEL vesicles, which allows the vesicles to enter and release the drug inside a specific cell,
results in more effective cell death compared to DOX that is released over time by a non-targeted
DPEL outside the cell. For this reason, we did not perform this in vitro cytotoxicity control
study.

An in vitro cytotoxicity experiment with the DPEL vesicles with non-conjugated Tf is expected
to exhibit a similar cytotoxicity as that of the DPEL vesicles alone. Previous studies have been
performed with the EL vesicles to show transferrin-conjugated EL (Tf-EL) vesicles have
decreased uptake into cells in the presence of excess Tf (Choe et al,. Biomacromolecules 14:
1458-1464 (2013)). In this study, the EL vesicles were labeled with fluorescein isothiocyanate
(FITC) for visualization during the intracellular trafficking studies. Tf was then conjugated to the
EL vesicles. The Tf-EL vesicles were incubated with LAPC-4 and PSCA-transfected 22Rv1
cells, and the fluorescence in the cells was observed. The method of internalization was
determined by using drugs that inhibit specific pathways. Additionally, the internalization of the



Tf-EL vesicles was tested in the presence of an excess of free Tf molecules. The results from this
study are shown in the figure below.

In the figure below, panels (a) and (i) show the Tf-EL uptake with no inhibitor for LAPC-4 and
PSCA-transfected 22Rv1 cells, respectively. The cells in these two panels displayed enhanced
fluorescence in the cells, suggesting greater vesicle uptake due to the Tf targeting. Panels (d) and
(I) show the cellular uptake of the Tf-EL vesicles in the presence of excess Tf for LAPC-4 and
PSCA-transfected 22Rv1 cells, respectively. Both of these panels show greatly decreased
fluorescence levels, demonstrating that the excess Tf is able to outcompete the Tf on the vesicles,
thus preventing vesicle uptake. Additionally, there is very minimal vesicle uptake in the presence
of excess Tf. This would suggest that the DPEL vesicles would also experience very minimal
uptake in the presence of excess Tf. Based on this previously published study, we did not
perform the cytotoxicity study with the DPEL vesicles in the presences of non-conjugated Tf
since it is expected to exhibit similar cytotoxicity as DPEL vesicles alone.



LAPC4

PSCA-transfected 22Rv1

No Inhibitor Clathrin-Mediated Endocytosis

No Inhibitor

Macropinocytosis Caveolae-Mediated Endocytosis




Reviewer 2

1. Summary — there is some concern around the release model validity. Only a single
experiment was compared to the model and the PDI of these vesicles was ~0.2 —indicating
multiple populations of vesicles. As scattering intensity is size dependent, larger particles
will overshadow smaller particles — thus providing an incorrect size to input into the release
model. It would be best to possibly test at least 2-3 different size vesicles and compare this
release profile to the model. This information would greatly enhance the validity of the

model and impact of this manuscript.

Regarding testing vesicles of different sizes to substantiate the validity of the release model, the
release figure in the manuscript was an average of three release studies performed on three
separate Tf-DPEL vesicle formulations. Each release study had different Tf-DPEL vesicle sizes:
128 nm, 176 nm, and 177.5 nm, although two samples coincidently had very similar sizes. We
have provided the predicted release profile based on the mathematical model and their respective
release study data to show that the mathematical model can account for these different vesicle

sizes.

Tf-DPEL DOX Release
Vesicle size =128 nm

100+ .
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Tf-DPEL DOX Release
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The three release profile figures above display that the mathematical model is applicable for
predicting the release profile for different Tf-DPEL vesicle sizes. For the 128 nm vesicle size,
the mathematical model accurately predicted the release profile trend as shown by the coinciding
release profiles. For the 176 nm and 177.5 nm vesicle sizes, which had similar predicted release
profiles, the actual release data exhibited a burst release in the earlier time points unaccounted
for by the mathematical model, which was discussed in the manuscript. However, the
mathematical model still reasonably predicted the overall trend in release data.



2. Title - Majority of the manuscript is on the processing of vesicles and a model predicting
DOX release. Encapsulation was not investigated as only one drug loading of ~15 was
reported. Please rephrase the title.

We thank the reviewer for this oversight on our part, and the title has been changed accordingly.

Title (line #1-2)

The Encapsulation and Targeted Delivery of Doxorubicin with Transferrin-
Conjugated Block Copolypeptide Vesicles

Has been changed to

The Eneapsulation-and-Targeted Delivery of Doxorubicin with Transferrin-
Conjugated Block Copolypeptide Vesicles

3. Graphical Abstract pg 2 - Low quality image — can’t read text. Please modify

The image has been modified to improve the text (see below). The updated image will be
uploaded separately as well.

Model For Predicting

EL Vesicle Tf-DPEL Vesicle Drug Release

c:DOX.bqu

“¥2__ Polyethylene glycol
® Doxorubicin
f& Transferrin

4. Line 110 - Millipore is from MA, not CA

Thank you for correcting that mistake. The text has been appropriately modified.



Materials and Methods — 2.1. Materials (line #109-110)

Spin concentrators (MWCO = 10,000 Da) were purchased from Millipore
(Billerica, California).

Has been changed to

Spin concentrators (MWCO = 10,000 Da) were purchased from Millipore
(Billerica, Galifernia Massachusetts).

5. Line 139 - Rephrase to ZEN3600

We thank the reviewer for this suggestion, and have made the appropriate change.

Materials and Methods — 2.4. Extrusion of EL Vesicles (line #138-140)

The size and polydispersity index (Pdl) were measured using the Malvern
Zetasizer Nano ZS model Zen 3600 (Malvern Instruments Inc., Westborough,
Massachusetts).

Has been changed to

The size and polydispersity index (Pdl) were measured using the Malvern
Zetasizer Nano ZS model Zen ZEN3600 (Malvern Instruments Inc.,
Westborough, Massachusetts).

6. Line 174 — “The first fraction that was red was collected...” Were there multiple red
fractions that also contained vesicles? Were these discarded?

Size-exclusion column chromatography was used in order to obtain the purified Tf-DPEL sample
after we conjugated transferrin (Tf) to the DPEL surface. We only collected the first fraction that
appeared red because we were confident that this fraction contained only the Tf-DPEL
population and nothing else, as confirmed by DLS. In some cases, there were additional red
fractions that also contained vesicles, but these additional fractions were discarded. We did not
use these additional fractions due to our concern that the purity of the Tf-DPEL population was
affected by the presence of other aggregates, such as micelles.

7. Line 176 —184: Was a blank with Tf-PEL (no DOX) prepared and analyzed at 490nm? Also,
was the standard prepared as pure DOX in buffer? It appears that not enough controls were
performed to adequately determine the DOX concentration as the multiple components in the
vesicles may interfere at 490nm. More controls would eliminate this concern.

In order to quantify the amount of DOX within the vesicle, the standard curve used in this
manuscript was prepared from known concentrations of DOX in water. We took 20 uL of each



standard solution with known DOX concentrations and mixed it in 180 pL of DMSO for 1 h
prior to measuring the absorbance at 490 nm and 700 nm to create our standard curve. This

procedure was used to mimic the use of the DMSO solvent to break down the vesicle bilayer in
order to determine the concentration of DOX encapsulated within the Tf-DPEL vesicles.

The aforementioned procedure was chosen because we had previously performed experiments to

ensure that the additional components in the vesicles would not interfere with the absorbance
readings at 490 nm and 700 nm. Shown below are two graphs with data from experiments we
performed to determine the effects of the multiple components of the vesicle on absorbance.
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As indicated by the above data, the differences between the conditions were negligible over the
range of concentrations used in the manuscript. Additionally, many of our absorbance readings
were in the lower regions of the plotted data where the standard curves were very similar. We
therefore concluded that the additional components of our vesicle would not interfere with the
absorbance at 490 nm and 700 nm. As a result, we created our standards only with DOX in
water. Note, however, that the standard curves between the two graphs are different because each
curve used a different stock of DOX. Whenever we received a new DOX stock solution, we
made a new standard curve.

We appreciate the reviewer’s comment and have clarified our statements in the DOX
quantification procedure in the manuscript text.

Materials and Methods — 2.8. Determining the Tf-DPEL Vesicle DOX
Concentration (line #180-184)

The absorbance of the mixture containing Tf-DPEL vesicles and DMSO was
measured at 490 nm and 700 nm using DMSO as the blank. The absorbance at
700 nm (the background absorbance) was subtracted from the absorbance at 490
nm and then compared to a standard curve with known DOX concentrations.
The loading ratio was determined using the following equation:

ug of DOX encapsulated in vesicles

Loadi tio =
oaaing ratio mg of initial polypeptide

Has been changed to

The absorbance of the mixture containing Tf-DPEL vesicles and DMSO was
measured at 490 nm and 700 nm using DMSO as the blank. The absorbance at
700 nm (the background absorbance) was subtracted from the absorbance at 490
nm and then compared to a standard curve with known DOX concentration. This
standard curve was created with standard solutions of DOX in water that
were pipetted into DMSO to mimic the same quantification protocol as used
with the vesicles. Studies were also performed to determine that the
additional components of the Tf-DPEL vesicles did not interfere with the
absorbance measurements at 490 nm and 700 nm (data not shown).
Subsequently, the loading ratio was determined using the following equation:

ug of DOX encapsulated in vesicles

Loadi tio =
oading ratio mg Of initial polypeptide




8. Equation 3 - “v “- term not defined.

In Equation 3, the v term stands for the velocity in the vesicle membrane. We have included this
definition in the manuscript text preceding Equation 3.

Materials and Methods — 2.119. Mathematical Modeling of Drug Release (line
#191-193)

where Cpox mem IS the concentration of DOX at any point in the membrane, t is
time, r is the radial distance from the center of the vesicle, 8 is the polar angle
(taken from the z-axis), and @ is the azimuthal angle (on the xy-plane).

Has been changed to

where Cpox mem IS the concentration of DOX at any point in the membrane, t is
time, v is the velocity in the vesicle membrane, r is the radial distance from
the center of the vesicle, 6 is the polar angle (taken from the z-axis), and @ is the
azimuthal angle (on the xy-plane).

9. Methods - Please state the DLS procedure followed. What was the medium (Tris buffer?).
Please state the viscosity and refractive index used. Also, is the value reported based on
“Intensity” or “Z- Average”?

The DLS procedure has been added to the Materials and Methods section of the manuscript. 450
uL of each sample was measured using DLS to determine the size of the vesicles. The medium
varied with each sample being analyzed. Specifically, the medium was an aqueous solution of 5
uM ammonium sulfate, 50 mM Tris buffer, and HEPES Bicarbonate (50mM HEPES and 20 mM
sodium bicarbonate) for the extruded EL, PEL, and Tf-DPEL vesicles, respectively. The
viscosity used was 0.8872 cP, and the dispersant refractive index used was 1.330. The values
reported in Table 1 are based on the z-average values found from DLS.



Materials and Methods — 2.4. Extrusion of EL Vesicles (line #140-141)

The Bradford assay was then performed using the Coomassie Blue Reagent to
quantify the final concentration of vesicles by using the post-dialyzed vesicles as
the standard.

Has been changed to

The Bradford assay was then performed using the Coomassie Blue Reagent to
quantify the final concentration of vesicles by using the post-dialyzed vesicles as
the standard. 450 pL of the extruded EL vesicles in an aqueous solution of 5
1M ammonium sulfate were then measured using dynamic light scattering
(DLS) to determine the sample size and Pdl. A viscosity of 0.8872 cP and a
dispersant refractive index of 1.330 were used to obtain the z-average value
reported as the vesicle diameter.

Materials and Methods — 2.5. Conjugating PEG (line #151-152)

The sample size and polydispersity index (Pdl) were then measured using
dynamic light scattering.

Has been changed to

The sample size and pelydispersity-index(PdIl} were then measured using
dynamic-hightscattering a DLS protocol similar to the one used for

extruded EL vesicles except the medium used for the PEL vesicles was an
aqueous solution of 50 mM Tris Buffer.

Materials and Methods — 2.7. Conjugating Transferrin (line #174-175)

The first fraction that was red was collected and verified by dynamic light
scattering (DLS) to contain the desired Tf-DPEL population.

Has been changed to

The first fraction that was red was collected and verified by eynamictght
scatterirg(DLS) in an aqueous HEPES bicarbonate (50 mM HEPES and 20
mM sodium bicarbonate) solution to contain the desired Tf-DPEL population.

10. Table 1 — Drug loading is low considered many have reported up to 99% encapsulation.
Please clarify.

When Tf was conjugated to the DPEL vesicles, the DPEL vesicles were in a concentrated sample
volume after spin concentrating. After conjugation, the final Tf-DPEL vesicles were purified
from free, unconjugated Tf as well as other aggregates by size-exclusion column



chromatography. Once the Tf-DPEL vesicle sample was added into the column, elution buffer
was added to aid in the flow. This elution buffer diluted the initially concentrated sample.
Additionally, as the Tf-DPEL vesicles passed through the size-exclusion column, DOX was
slowly released during this process, reducing the amount of encapsulated DOX. This was evident
since a red solution was still observed in the column after collecting our Tf-DPEL vesicle
fraction. Since we did not collect all the fractions, due to concerns that the other fractions would
have DOX encapsulated in micelles and other aggregates, our sample contained a lower DOX
concentration. These factors ultimately led to a lower drug loading.

11. Line 381 — Where is it stated that a monodispered population has a PDI of 0.3? Please cite.
Monodispersed populations are normally around 0.1 or less.

We thank the reviewer for this clarification regarding monodispersity. Monodisperse populations
indeed have a Pdl around 0.1 or less, while a Pdl less than 0.3 indicates a homogenous
population with a narrow size distribution. Appropriate changes have been made to the
manuscript, and the sources discussing the 0 to 0.3 Pdl range have been referenced and cited in
the manuscript.

Results and Discussion — 3.1. Characterization of the Tf-DPEL Vesicles (line
#345-348)

By performing serial extrusion of the vesicles through 1000, 400, and
200 nm polycarbonate filters in the presence of a buffered ammonium sulfate
solution, we were able to generate a monodisperse population of vesicles with a
diameter of 179 nm (Table 1).

Has been changed to

By performing serial extrusion of the vesicles through 1000, 400, and
200 nm polycarbonate filters in the presence of a buffered ammonium sulfate
solution, we were able to generate a menedisperse homogeneous population of
vesicles with a diameter of 179 nm (Table 1).




Results and Discussion — 3.1. Characterization of the Tf-DPEL Vesicles (line
#379-381)

Vesicle stability was assessed using the polydispersity index (Pdl). The
PdI values of the EL, PEL, and Tf-DPEL vesicles were 0.170, 0.198, and 0.190,
respectively (Table 1). All PdI values were within the accepted range of 0 to
0.300 for a fairly monodisperse population.

Has been changed to

Vesicle stability was assessed using the polydispersity index (Pdl). The
PdI values of the EL, PEL, and Tf-DPEL vesicles were 0.170, 0.198, and 0.190,
respectively (Table 1). All Pdl values were within the range of 0 to 0.300,
indicating a fairly menedisperse homogeneous population (Badran et al.,
2012), (Ibrahim et al., 2014).

12. Line 411-422 — The description of how R1 and R2 are calculated measured should be placed
in the Methods section, not in the Results. R1 and R2 were stated previously but not
explained, which may lead to confusion.

We thank the reviewer for this oversight on our part. This description has been moved to the
Methods section.



Results and Discussion — 3.3. Predicted and Measured In Vitro Drug Release
Profiles for the Tf-DPEL Vesicles (line #405-425)

To accurately predict DOX release from the Tf-DPEL vesicles,
parameters such as the vesicle core radius R, the total radius R,, the partition
coefficient of DOX K, the diffusion coefficient of DOX in the vesicle bilayer
Dpox, and the convective mass transfer coefficient for DOX in water k. were
determined based on previously measured data or values reported in the
literature. First, R, was estimated by the DLS measurement presented in Table
1. The Tf-DPEL vesicle diameter was approximately 160 nm, so the radius R,
was set as 80 nm. The inner radius of the vesicle core, R,, was calculated by
subtracting the bilayer thickness from the R, value. We have previously
reported a method for calculating the EL vesicle bilayer thickness (Choe et al.,
2013). Specifically, when the EgoL,o polypeptides self-assemble into vesicles,
we believe that the polypeptides align such that the hydrophobic membrane has
a thickness equal to the length of one hydrophobic Ly segment. Since the Ly
segments form alpha-helices, which typically have 3.6 residues per turn and 5.4
A per turn, the hydrophobic membrane thickness was calculated as 20 residues
multiplied by 5.4 A per 3.6 residues, equaling 3 nm. The hydrophilic Ego
segments of adjacent polypeptides face in opposite directions, either inwards or
outwards, to create the hydrophilic membranes. The average distance of 3.4 A
per glutamate residue was used to calculate the thickness of the Ego Segments,
which were approximated as random coils (Choe et al., 2013). Since two
hydrophilic membranes are created by the inward and outward facing Eg
segments, the collective hydrophilic membrane thickness was estimated to be
40.8 nm. The entire vesicle membrane was determined by adding the thickness
of the hydrophobic membrane to the hydrophilic membranes, resulting in a
value of 40.8 + 3 = 43.8 nm. The inner radius of R, was then calculated as 80 -
43.8 = 36.2 nm.

The DOX diffusion coefficient in the Tf-DPEL vesicle bilayer was
selected based on values reported for a similar vesicle system.

Has been changed to

To accurately predict DOX release from the Tf-DPEL vesicles,
parameters such as the vesicle core radius R4, the total radius R,, the partition
coefficient of DOX K, the diffusion coefficient of DOX in the vesicle bilayer
Dpox, and the convective mass transfer coefficient for DOX in water k. were
determined based on previously measured data or values reported in the

literature. First-R,was-estimated-by the DLS measurement presented-in




R4 and R, were determined as described in section 2.9.
Mathematical Modeling of Drug Release. The DOX diffusion coefficient in
the Tf-DPEL vesicle bilayer was selected based on values reported for a similar
vesicle system.




Materials and Methods — 2.9. Mathematical Modeling of Drug Release (line
#208-211)

For the method of lines, the vesicle bilayer was first divided into a finite
number of nodes as shown in Figure 1. The Tf-DPEL vesicle had an aqueous
core radius of R; and a total radius of R,. Since the accuracy of the numerical
solution increases with the number of nodes, we divided the Tf-DPEL vesicle
membrane into 101 nodes.

Has been changed to

For the method of lines, the vesicle bilayer was first divided into a finite
number of nodes as shown in Figure 1. The Tf-DPEL vesicle had an agqueous
core radius of R; and a total radius of R,. The values of R; and R, used in the
mathematical model were determined by the following method. R, was
estimated by DLS measurements. The inner radius of the vesicle core, R4,
was calculated by subtracting the bilayer thickness from the R, value. We
have previously reported a method for calculating the EL vesicle bilayer
thickness (Choe et al., 2013). Specifically, when the EgoL 2 polypeptides self-
assemble into vesicles, we believe that the polypeptides align such that the
hydrophobic membrane has a thickness equal to the length of one
hydrophobic L, segment. Since the L segments form alpha-helices, which
typically have 3.6 residues per turn and 5.4 A per turn, the hydrophobic
membrane thickness was calculated as 20 residues multiplied by 5.4 A per
3.6 residues, equaling 3 nm. The hydrophilic Eg segments of adjacent
polypeptides face in opposite directions, either inwards or outwards, to
create the hydrophilic membranes. The average distance of 3.4 A per
glutamate residue was used to calculate the thickness of the Eg, segments,
which were approximated as random coils (Choe et al., 2013). Since two
hydrophilic membranes are created by the inward and outward facing Ego
segments, the collective hydrophilic membrane thickness was estimated to
be 40.8 nm. The entire vesicle membrane was determined by adding the
thickness of the hydrophobic membrane to the hydrophilic membranes,
resulting in a value of 40.8 + 3 =43.8 nm. The Tf-DPEL vesicle diameter
was approximately 160 nm, so the radius R, was set as 80 nm. The inner
radius of R, was then calculated as 80 - 43.8 = 36.2 nm.

Since the accuracy of the numerical solution increases with the number
of nodes, we divided the Tf-DPEL vesicle membrane into 101 nodes.
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Abstract

We previously investigated the intracellular trafficking properties of our novel poly(L-
glutamate)go-b-poly(L-leucine),q (EsoL20) Vesicles (EL vesicles) conjugated to transferrin (Tf). In
this study, we expand upon our previous work by investigating the drug encapsulation, release,
and efficacy properties of our novel EL vesicles for the first time. After polyethylene glycol
(PEG) was conjugated to the vesicles for steric stability, doxorubicin (DOX) was successfully
encapsulated in the vesicles using a modified pH-ammonium sulfate gradient method. Tf was
subsequently conjugated to the vesicles to provide active targeting to cancer cells and a mode of
internalization into the cells. These Tf-conjugated, DOX-loaded, PEGylated EL (Tf-DPEL)
vesicles exhibited colloidal stability and were within the allowable size range for passive and
active targeting. A mathematical model was then derived to predict drug release from the Tf-
DPEL vesicles by considering diffusive and convective mass transfer of DOX. Our mathematical
model reasonably predicted our experimentally measured release profile with no fitted
parameters, suggesting that the model could be used in the future to manipulate drug carrier
properties to alter drug release profiles. Finally, an in vitro cytotoxicity assay was used to
demonstrate that the Tf-DPEL vesicles exhibited enhanced drug carrier efficacy in comparison to

its non-targeted counterpart.
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1. Introduction

Doxorubicin (DOX) is one of the most widely used small molecule drugs for the
treatment of several cancers, such as breast and lung cancer (Keizer et al., 1990). However, the
major limitation of the naked delivery of DOX is its nonspecificity, often resulting in undesirable
toxicity to healthy organs and tissues (Imordino et al., 2006). Therefore, research has been
performed in hopes of targeting the delivery of drugs towards only cancer cells by encapsulating
the drug within nano-sized particles. Nano-sized drug delivery vehicles are advantageous since
they can protect the drug from degradation during its circulation in the body, release the drug in a
controlled manner, and provide passive targeting to the tumor tissue through the enhanced

permeability and retention (EPR) effect (Greish, 2010), (Sahoo et al., 2008).

Liposomes have shown great promise as nano-sized drug delivery vehicles. One of the
most well-known liposome drug systems in the market is DOXIL®, which is a formulation of
doxorubicin encapsulated within PEGylated liposomes. DOXIL® is currently FDA approved for
treating Kaposi’s sarcoma and recurrent ovarian cancer, and is under clinical trials for the

treatment of multiple myeloma, breast cancer, and high-grade glioma (Imordino et al., 2006).

In addition to liposome drug systems, many researchers have been investigating new
types of building blocks for developing more effective drug delivery vesicles. An emerging class
of drug delivery vehicles is the block copolypeptide vesicle since it has properties that makes it
promising as an effective carrier for therapeutics. The advantages of block copolypeptides
include synthetic control of chain lengths, incorporation of secondary structure, ability to be
functionalized, and potential to be biocompatible (Carlsen and Lecommandoux, 2009). Our

group previously investigated a novel block copolypeptide vesicle construct, the poly(L-
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glutamate)go-b-poly(L-leucine), (EsoL20). These polypeptides self-assembled into vesicles that
could be controlled in size, encapsulate hydrophilic molecules, and exhibit very low cytotoxicity
towards cells (Choe et al., 2013). However, the main limitation of the EgolLoo Vesicles (EL
vesicles) as a potential drug carrier was their inability to efficiently enter cancer cells due to the
electrostatic repulsions between the negatively-charged surface and the net negatively-charged
cell membrane, thus preventing interactions for cellular uptake. To overcome this limitation,
transferrin (TT) was previously conjugated onto the surfaces of the EL vesicles as Tf is a well-
known targeting ligand for cancer and its intracellular trafficking properties have also been well
studied (Aisen and Listowsky, 1980), (Karin and Mintz, 1981), (Mayle et al., 2012).
Fluorescence and endocytosis inhibitor studies demonstrated that the Tf-EL vesicles exhibited
enhanced cellular uptake into cancer cells, primarily through clathrin-mediated endocytosis
(Choe et al., 2013). Since the Tf-EL vesicles were able to effectively enter cancer cells, it was
hypothesized that this would translate into enhanced therapeutic efficacy if small molecule drugs
were encapsulated within the EL vesicles since many chemotherapeutics, such as DOX, have

intracellular targets (Tacar et al., 2012).

This study is the first investigation of the drug delivery capabilities of the EL vesicles.
After conjugating polyethylene glycol (PEG) to the EL vesicles to form PEGylated EL vesicles,
DOX was successfully encapsulated into the vesicles using a modified pH-ammonium sulfate
gradient. Tf was then conjugated to the vesicles to create a targeted drug delivery system: the
Tf-conjugated, DOX-loaded, PEGylated EL (Tf-DPEL) vesicle. The size and stability of the Tf-
DPEL vesicles were monitored using dynamic light scattering, and the drug loading ratio was
evaluated after the formation of the Tf-DPEL vesicles. Zeta potential measurements were

additionally taken to evaluate the stability of the vesicles throughout the conjugation process and



88  the resulting vesicles were imaged using transmission electron microscopy (TEM). Moreover, a
89  mathematical model was derived to predict the drug release properties of the Tf-DPEL vesicles.
90  Inour mathematical model, we considered the transient diffusion of DOX across the vesicle

91 bilayer as described by the Conservation of Species equation. Mass balance and convective mass
92  transfer equations modeled drug release from the vesicle surface to the bulk solution. The

93  resulting system of differential equations was solved numerically using finite difference

94  equations and the method of lines. In vitro release studies were performed to compare with the
95  drug release properties predicted by the mathematical model. In vitro cytotoxicity studies also
96  demonstrated that the Tf-DPEL vesicles exhibited an improved therapeutic effect compared to

97  the non-targeted DPEL vesicles.

98 2. Materials and Methods

99  2.1. Materials
100 The Bradford reagent was obtained from Bio-Rad (Hercules, California). Dialysis bags
101  (MWCO = 8,000 Da) were obtained from Spectrum Laboratories (Rancho Dominguez,
102  California). The 1000, 400, and 200 nm polycarbonate membranes were purchased from
103  Whatman Nuclepore (Florham Park, New Jersey). The Avanti Mini-Extruder was purchased
104  from Avanti Polar Lipids Inc. (Alabaster, Alabama). Zeba desalt spin columns (MWCO = 8,000
105  Da), N-hydroxysuccinimide (NHS), and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)
106  were obtained from Pierce (Rockford, Illinois). The methoxy-poly(ethylene glycol)sggo-amine
107  (mPEG) and orthopyridyl disulfide-poly(ethylene glycol)sooo-amine (biPEG) molecules that were
108  conjugated onto the vesicles were purchased from Nanocs (New York, New York). Both of these
109  molecules have 5000 MW PEG, where mPEG is amine functionalized on one end, while biPEG

110 is amine functionalized on one end and functionalized with an orthopyridyl disulfide (OPSS)
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group on the other end. Spin concentrators (MWCO = 10,000 Da) were purchased from
Millipore (Billerica, Massachussetts). UltraPure Sterile Water was purchased from Rockland
Immunochemicals (Limerick, Pennsylvania). The prostate cancer cell line PC3 was obtained
from the American Type Culture Collection (Manassas, Virginia). Roswell Park Memorial
Institute (RPMI) 1640 medium, penicillin-streptomycin (P/S), sodium pyruvate (NaPyr),
phosphate-buffered saline (PBS), and 0.25% trypsin with ethylenediaminetetraacetic acid
(EDTA) were purchased from Invitrogen (Carlsbad, California). Fetal bovine serum (FBS) was
obtained from Hyclone (Waltham, Massachusetts). The CellTiter 96® AQueous Non-radioactive
Cell Proliferation Assay (MTS assay) was purchased from Promega (Madison, Wisconsin). All
other reagents, such as apo-transferrin (apo-Tf), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), and Sepharose CL-4B cross linked beads, were purchased from Sigma-Aldrich
(St. Louis, Missouri) unless otherwise noted.
2.2. Synthesis of the EglL 2o Block Copolypeptide

The EgoL20 block copolypeptide was synthesized using the transition metal-mediated a-
amino acid N-carboxyanhydride (NCA) polymerization technique, as previously described
(Deming, 1997), (Holowka et al., 2005).
2.3. Processing the EL Vesicles

A solution of 0.5% w/v polypeptide in tetrahydrofuran (THF) was first prepared. This
solution was sonicated for 30 min, followed by a 30 min interval of inactivity, and then another
30 min of sonication to ensure dissolution of the polypeptide. Subsequently, filtered water was
added dropwise to the solution while vortexing such that the final suspension was a 2:1 volume
ratio of THF to water. This resulted in a vesicle concentration of 0.333% w/v. In order to remove

the remaining THF, the resulting suspension was dialyzed (MWCO = 8,000 Da) against filtered
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water overnight with water bath changes every hour for the first 3 h. After dialysis, the final EL
vesicle concentration was diluted to 0.2% w/v with filtered water.
2.4. Extrusion of EL Vesicles

To prepare the processed vesicles for subsequent drug loading procedures, the
appropriate amount of a 50 UM ammonium sulfate solution was added such that the final
suspension had an ammonium sulfate concentration of 5 uM. The vesicles were then serially
extruded through 1000, 400, and 200 nm Whatman Nuclepore polycarbonate membranes using
the Avanti Mini-Extruder. The size and polydispersity index (Pdl) were measured using the
Malvern Zetasizer Nano ZS model ZEN3600 (Malvern Instruments Inc., Westborough,
Massachusetts). The Bradford assay was then performed using the Coomassie Blue Reagent to
quantify the final concentration of vesicles by using the post-dialyzed vesicles as the standard.
450 pL of the extruded EL vesicles in an aqueous solution of 5 WM ammonium sulfate were then
measured using dynamic light scattering (DLS) to determine the sample size and PdlI. A viscosity
of 0.8872 cP and a dispersant refractive index of 1.330 were used to obtain the z-average value
reported as the vesicle diameter.
2.5. Conjugating PEG

PEG was conjugated onto the vesicles using EDC/NHS chemistry to activate the
carboxylate groups on the EL vesicle surfaces. EDC and NHS, both at a 25,000-fold molar
excess relative to vesicles, were added to the vesicle suspension, and the mixture was incubated
for 25 min. A 0.5 M phosphate buffer (PB) solution was then added to raise the pH of the
suspension to 7.0 and quench the reaction. Subsequently, a solution containing methoxy-
poly(ethylene glycol)soao-amine (MPEG) and orthopyridyl disulfide-poly(ethylene glycol)sooo-

amine (biPEG), both at 12,500-fold molar excess relative to vesicle, was added. This mixture
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was incubated for 2 h. The sample was purified using a spin concentration filter (MWCO =
10,000 Da) and suspended in 500 pL of Tris buffer. The sample size and Pdl were then measured
using a DLS protocol similar to the one used for extruded EL vesicles except the medium used
for the PEL vesicles was an aqueous solution of 50 mM Tris Buffer.
2.6. Encapsulating Doxorubicin

DOX in filtered Ultrapure water and vesicles in Tris buffer were separately heated in a
water bath at 65°C for 2 min. The DOX solution was then added to the suspension of PEGylated
vesicles in 50 mM Tris buffer at a 4:10 mass ratio of DOX to EL vesicles. This suspension was
then placed in a 65°C water bath for 1 h, followed by purification of free DOX from the DOX-

loaded vesicles using a spin concentrator (MWCO = 10,000 Da).

2.7. Conjugating Transferrin

Prior to conjugating Tf, apo-Tf was iron loaded to generate holo-Tf as described in our
previous study (Choe et al., 2013). Briefly, 20 puL of the iron chelating agent nitrilotriacetate
(NTA) was mixed with 10 pLL of 250 mM iron (III) chloride. A 1.0% w/v solution of apo-Tfin a
50 mM HEPES buffer containing 20 mM sodium bicarbonate was also prepared. The chelated
iron was then added to the apo-Tf solution and allowed to iron load overnight at room
temperature. The following day, holo-Tf (iron-loaded Tf) was purified from the free iron using a
Zeba desalt spin column and then thiolated for 1 h using Traut’s reagent. Afterward, the thiolated
Tf was purified with a Zeba desalt spin column. A 10,000:1 molar ratio of thiolated Tf:vesicle
was then added to the DOX loaded and PEGylated, EL (DPEL) vesicle and allowed to react
overnight with constant mixing. In order to purify free Tf from the Tf-DPEL vesicles, size-
exclusion chromatography was performed. A column was packed with Sepharose CL-4B beads

and rinsed with 12 mL of the HEPES elution buffer. This column was then stored in a 4°C
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refrigerator until use. After the Tf conjugation, the concentrated sample was added into the
column. Fractions were taken every two min while running more of the HEPES bicarbonate
elution buffer through the column. The first fraction that was red was collected and verified by
DLS in an aqueous HEPES bicarbonate (50 mM HEPES and 20 mM sodium bicarbonate)
solution to contain the desired Tf-DPEL population.
2.8. Determining the Tf-DPEL Vesicle DOX Concentration

Following purification, the concentration of DOX within the Tf-DPEL vesicle population
was determined using a Beckman Coulter UV-visible Spectrophotometer (Beckman Coulter,
Brea, California). For these measurements, 20 uL of the Tf-DPEL vesicle sample were dissolved
in 180 pL of DMSO for 1 h. The absorbance of the mixture containing Tf-DPEL vesicles and
DMSO was measured at 490 nm and 700 nm using DMSO as the blank. The absorbance at 700
nm (the background absorbance) was subtracted from the absorbance at 490 nm and then
compared to a standard curve with known DOX concentrations. This standard curve was created
with standard solutions of DOX in water that were pipetted into DMSO to mimic the same
quantification protocol as used with the vesicles. Studies were also performed to determine that
the additional components of the Tf-DPEL vesicles did not interfere with the absorbance
measurements at 490 nm and 700 nm (data not shown). Subsequently, the loading ratio was

determined using the following equation:

) ] ug of DOX encapsulated in vesicles
Loading ratio = —— : 1)
mg of initial polypeptide

2.9. Determining the Zeta Potential
In a separate set of studies, zeta potential measurements were taken using the Malvern

Zetasizer. Solutions were made to contain 10% of the sample and 10% of 1200mM NacCl in
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filtered Rockland Ultrapure Sterile Water (i.e., deionized water). Measurements were taken after

the EL vesicles were extruded, PEGylated, and conjugated with Tf.

2.10. Transmission Electron Microscopy (TEM)

After all conjugation procedures, the morphology of the resulting vesicles was examined
by TEM. 2.5 L of the desired vesicle sample to be imaged was placed on an EMS carbon film
300 mesh grid (Electron Microscopy Sciences, Hatfield, Pennsylvania) and allowed to stand for
1 min. Filter paper was used to wick away excess sample before washing the grid with 6 pL of
2.5% (w/v) aqueous uranyl acetate (UA). After 2 s, the UA was wicked away with filter paper
and another 6 pL of 2.5% (w/v) UA was immediately applied to the grid and allowed to stand for
1 min. Filter paper was then used to wick away residual liquid and the grid was left to air dry at
ambient temperature for 3-5 min. Once completely dry, the grid was imaged using a FEI TF20

transmission electron microscope (FEI Company, Hillsboro, Oregon) at 200 kV.

2.11. Mathematical Modeling of Drug Release

We developed a mathematical model to predict DOX release from the Tf-DPEL vesicles.
Our model considered the transient diffusion of DOX across the vesicle bilayer and convective
mass transfer of DOX from the vesicle surface to the bulk solution, as well as mole balance
equations. We began with the Conservation of Species equation, which describes the

accumulation of DOX in the vesicle membrane due to convection, diffusion, and any reactions:

0 CDOX ,mem
at

10 2 acDOX mem 1 0 . aCDOX mem 1 aZCDOX mem (2)
D [——(r : —(sinf : -
DOX |2 gy or T r2sing 06 06 t r2sing 092 t

I
+v- vCDOX,mem =

RDOX ,mem
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where Cpox mem 1S the concentration of DOX at any point in the membrane, ¢ is time, ¥ is the
velocity in the vesicle membrane, r is the radial distance from the center of the vesicle, 8 is the
polar angle (taken from the z-axis), and @ is the azimuthal angle (on the xy-plane). Dp,yx is the
diffusion coefficient of DOX in the membrane, which is a physical parameter that describes the
mobility of DOX in the Tf-DPEL vesicle membrane. Rpox men 1S @ reaction term that describes
the rate of synthesis or degradation of DOX in the membrane. Although there is stirring during
the in vitro release experiment, it is a commonly used approximation to assume that the solution

in the vesicle membrane is stagnant, and therefore,

=0 ©)
Additionally, since the vesicle is spherical and the drug concentration is expected to be
spherically symmetric, there should be no dependence of drug concentration on the angular
coordinates:
aCDOX,mem — aCDOX,mem — (4)
a0 a0
Since there is no reaction involving DOX occurring anywhere in the vesicle membrane,
Rpoxmem =0 ©)
Combining Egs. (2) - (5) yields:
aCDOX,mem — BZCDOX,mem + EaCDOX,mem (6)
ot box or? r or

To solve the partial differential equation (PDE) given by Eq. (6), numerical methods were used.
Specifically, we employed finite difference equations and the method of lines to numerically
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solve for the DOX concentration profile. In this method, the PDE is changed to a system of
ordinary differential equations (ODESs), which can then be solved in MATLAB.

For the method of lines, the vesicle bilayer was first divided into a finite number of nodes
as shown in Figure 1. The Tf-DPEL vesicle had an aqueous core radius of R; and a total radius
of R,. The values of R; and R, used in the mathematical model were determined by the
following method. R, was estimated by DLS measurements. The inner radius of the vesicle core,
R;, was calculated by subtracting the bilayer thickness from the R, value. We have previously
reported a method for calculating the EL vesicle bilayer thickness (Choe et al., 2013).
Specifically, when the EgoL2o polypeptides self-assemble into vesicles, we believe that the
polypeptides align such that the hydrophobic membrane has a thickness equal to the length of
one hydrophobic Ly, segment. Since the L,y segments form alpha-helices, which typically have
3.6 residues per turn and 5.4 A per turn, the hydrophobic membrane thickness was calculated as
20 residues multiplied by 5.4 A per 3.6 residues, equaling 3 nm. The hydrophilic Eg segments of
adjacent polypeptides face in opposite directions, either inwards or outwards, to create the
hydrophilic membranes. The average distance of 3.4 A per glutamate residue was used to
calculate the thickness of the Ego Segments, which were approximated as random coils (Choe et
al., 2013). Since two hydrophilic membranes are created by the inward and outward facing Ego
segments, the collective hydrophilic membrane thickness was estimated to be 40.8 nm. The
entire vesicle membrane was determined by adding the thickness of the hydrophobic membrane
to the hydrophilic membranes, resulting in a value of 40.8 + 3 = 43.8 nm. The Tf-DPEL vesicle
diameter was approximately 160 nm, so the radius R, was set as 80 nm. The inner radius of R;

was then calculated as 80 - 43.8 = 36.2 nm.
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Since the accuracy of the numerical solution increases with the number of nodes, we
divided the Tf-DPEL vesicle membrane into 101 nodes. The nodes of the vesicle membrane

were uniformly spaced by a thickness h, where:

R, — Ry

h ==

()

Additionally, every vesicle membrane node was characterized by a drug concentration Cpoy ;,
where i is an integer ranging from 1 to 101 that was used to index a specific node. Therefore, the
first node at R; was assigned the DOX concentration Cppy 1, and the second node positioned at
R; + h was assigned the DOX concentration Cpx . This was repeated until node 101, which
was positioned at R, = R; + 100h, with the DOX concentration Cpox 191. A node was
designated at the vesicle surface, which corresponded to a distance h away from the vesicle
surface at R,. This surface node was assigned the DOX concentration Cpox surface - Finally, the

bulk solution beyond the vesicle surface was assigned the DOX concentration Cpoy puix -

Figure 1: A schematic of the Tf-DPEL vesicle when applying the method of lines. The vesicle
bilayer was divided into 101 nodes from R; to R, with a thickness h between neighboring nodes.
Each node was also characterized by its own DOX concentration, Cppy ;. A node was also
designated for the vesicle surface Cpoy surface Where DOX undergoes convective mass transfer
to the bulk solution, which has a concentration of Cpox pyx -

The non-boundary nodes, represented by Cpoy ; for all i integer values excluding i=1 and

i = 101, were each described by the PDE from Eq. (6):

0Cpoy i 0%Cpox: 20Cpoy i
DOX,i =DDox< DOX,i +Z DOX,i

= st )forZSiSlOO (8)

This resulted in 99 PDEs describing the change in concentration at each non-boundary node.
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Additional equations were required to describe the nodes Cpox 1, Cpox,101, Cpox,surface »
and Cpoyx puir to complete the system of differential equations. Mole balances were used to

obtain the boundary conditions. At R; and at any time t, moles of DOX from the aqueous core

were lost as DOX diffused into the vesicle bilayer:

a(CDOX,core Vl) aCDOX,l

at = Dpox ar . 471'R12 (9)
1

where Cpox core 1S the DOX concentration in the Tf-DPEL vesicle aqueous core, and V; is the
volume of the Tf-DPEL vesicle aqueous core, which was assumed to remain constant. At R, and
at any time t, the moles of DOX leaving the vesicle membrane per time by diffusion was equal to
the moles of DOX leaving the vesicle surface per time due to convective mass transfer to the

bulk solution:

dCpox 101
—Dpox o ATR,* =k, (CDOX,surface — Cpox bulk )47T(R2 + h)? (10)

Ry
where k. is the DOX mass transfer coefficient. Finally, a mass balance was used to describe
Cpox puie Where any gain in moles of drug in the bulk volume was due to mass transfer from the

surface layer:

dCpox puik

2 dt = kc (CDOX,surface - CDOX,bulk )47T(R2 + h)z (11)

where 1, is the bulk volume set to 1000 mL to mimic the in vitro experiment.
Using the common assumption that equilibrium was immediately reached at the water-

membrane boundaries, Cpox,core aNd Cpox surface Were related to the concentrations in the

vesicle membrane across the interface by the partition coefficient K. The partition coefficient
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was defined as the ratio of the DOX concentration in the vesicle membrane (Cpox men ) t0 the

DOX concentration in an aqueous solution at equilibrium (Cpox qq):

K = CDOX,mem — CDOX,I — CDOX,lOl (12)
CDOX,aq CDOX,core CDOX,surface
Using Eq. (12), Egs. (9) - (11) can therefore be simplified to the following equations,
respectively:
aCDOX 1 KDDOX aCDOX 1 2
~ = : 4mR
ot Vi or g (13)
dCDOX,lOl CDOX,IOI
~Dpox —"— 4mR,” = k. (T — Cpox bulk ) 4m(R, + h)? (14)
r R,
k CDOX,lOl C 471(R h 2
dCpox puik c\7™x  — Cpox buik n(R; +h) (15)
dt - v,

Finite difference equations and the method of lines were then used to transform the
system of PDEs represented by Egs. (8), (13), (14), and (15) into a system of ODESs by replacing

. . . ac i
the spatial derivatives, fo L

d 3%Cpox ;i

an or?

, with finite differences. The first order and second

order spatial derivatives of concentration were rewritten using the centered finite difference

approach:
9Cpox i _ Cpox,i+1 — Cpox,i-1 (16)
ar h
0%Cpox.i _ Cpox,i+1 — 2Cpox,i + Cpox,i-1 17)
or? h?

The first order spatial derivative was also rewritten with either the forward finite difference:
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9Cpox,i _ Cpox,i+1 — Cpox,i (18)
ar h

or the backward finite difference:

0Cpox i _ Cpox,i — Cpox,i-1 (19)
or h

depending on the location of the node being at the initial or final boundary position. These
algebraic expressions then replaced the spatial derivatives. When the centered finite differences
were applied to the non-boundary nodes described by Eq. (8), the PDESs became ODEs since

only one independent variable, t, remained as follows:

dCpox i _ D Cpox ,i+1—2Cpox ,i+Cpox ,i-1 _I_Z Cpox i+1—Cpox ,i-1
dat  Dox h2 r h

(20)
for2<i<100
The forward finite difference given by Eq. (18) was applied to Eq. (13) to yield:
dCpox,1 _ KDpox (Cpox,2 — Cpox,1 2
dt 1 ( h >4HR1 21)

The backward finite difference given by Eq. (19) was applied to Eq. (14) to obtain:

CDOX,lOl - CDOX,IOO CDOX,lOl
Dy (s ) (G

Solving for Cppx 101 N EQ. (22) yields the following expression for Cpox 101:

— Cpox pulk > 4n(R, + h)*  (22)

_ k. An(R, + h)?

c _ Dpox4mR,”
D0X,101 — 1+ kc47T(R2 + h)Z
h " Dpox4nR,*K

c Cpox,100
poXbulk T —

(23)

Equation (15), which described the change in moles in the bulk solution, was already an ODE
only dependent on time t. Therefore, Egs. (15), (20), (21), and (23) were numerically solved to

predict concentration profiles and drug release.
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Since the ODEs were differential equations with respect to time, initial conditions at each
node were required to complete the solution. However, to accurately mimic the in vitro release
study, the equations were solved twice: once to model drug release during the 24 h Tf
conjugation period and a second time to predict the release profile during the in vitro release
experiment following the conjugation. After DOX was encapsulated, Tf was conjugated to the
vesicles to complete the targeted drug delivery system. However, the Tf conjugation lasted for 24
h, and the encapsulated DOX could be released during this time period. After the conjugation
was complete, unconjugated Tf and the released DOX were removed, and the purified Tf-DPEL
vesicles were used for the release study. Therefore, two sets of initial conditions were required as

shown in Figure 2.

Figure 2: A schematic of the initial conditions used to solve the system of ODEs for the 24 h Tf-
conjugation period and the release study. At the beginning of the Tf-conjugation, all of the drug
was loaded within the vesicle core with a concentration C,, and the DOX partitioned from the
aqueous core to the vesicle membrane. After the 24 h period of Tf conjugation, some of the drug
diffused across the vesicle bilayer and entered the bulk solution. After purification, the DOX in
the bulk solution was removed, and the remaining concentration profile in the vesicle membrane
became the initial conditions for modeling the release study.

Beginning with the Tf conjugation process, the DPEL vesicles were modeled to have
DOX initially loaded homogeneously in V; at a concentration Cipitiar (Since Co (teonjugation=0) =
Cinitiar) and not present anywhere else. Since we have been assuming that equilibrium is attained
at the interface between the aqueous phase and the bilayer, the drug loaded in the core
immediately partitioned to the first node. The initial condition at node 1 during the conjugation

process was therefore given by:
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CDOX,l (tconjugation = O) = KCinitial (24)
WhEre teonjugation represents the time during the Tf conjugation process. Drug was initially

loaded only in the aqueous core, so drug was not initially present anywhere else:

CDOX,i(tconjugation = 0) =0 fOT'i >1 (25)
CDOX,surface (tconjugation = 0) =0 (26)
CDOX,bulk (tconjugation = O) =0 (27)

With these initial conditions, the system of ODEs was numerically integrated using the ode45
solver in MATLAB. The output from this solver was the DOX concentration at every node as a
function of time, and the concentration profile was evaluated at t = 24 h.

Experimentally, the Tf-DPEL vesicles were purified after Tf conjugation to remove any
unencapsulated DOX. Therefore, the bulk DOX concentration at the beginning of the release

experiment was 0:

Cpox butk (tretease =0) =0 (28)
where t,...qse rEpresents the time point during the release study. Subsequently, the purified Tf-
DPEL vesicles were placed within the dialysis bag for the release studies. Assuming that the Tf-
DPEL vesicles placed in the dialysis bag had an identical DOX concentration profile as the Tf-

DPELSs after conjugation, the node concentrations at the end of the 24 h conjugation period

became the initial conditions for modeling the release experiment, where:

CDOX,i(tconjugation = 24) = CDOX,i (trelease = O) fOT all i (29)
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The system of ODEs was numerically integrated again using the ode45 solver in MATLAB,
which output the DOX concentration at every node as a function of time. Moles of drug released

at any time t were therefore calculated as follows:

Nyelease (trelease) = CDOX,bulk (trelease )VZ (30)

We then needed to take a ratio of Nrelease (release) t0 the initial number of moles in the vesicle.
Since the moles of drug predicted to be released to the vesicle exterior during the conjugation
process were negligible, the initial moles of drug in the vesicle at the beginning of the release
study were estimated to be the same as the moles of drug that were in the vesicle at the beginning
of the conjugation period. The initial moles of drug at the beginning of the release study were

therefore calculated as follows:
4 3 3 31
Nnitial = Cinitiat V1 + gﬂ[(R1 +h)° — R, ]Cinitial K (31)
where CinitialV1 corresponds to the initial moles of drug in the aqueous core at the beginning of

the conjugation period, and %n[(Rl + h)3 — R13]Cinitial K is equal to the initial moles of drug

that immediately partitioned just inside the vesicle bilayer at the beginning of the conjugation

period. The percent of drug released after t,.;..c. hours was subsequently calculated as follows:

n t
% drug T'elease(trelease ) — release ( release ) (32)

Ninitial
2.12. In Vitro Drug Release Experiment
To prepare for the in vitro release experiment, the Tf-DPEL vesicle sample was added to
a dialysis bag (MWCO = 8,000 Da). The dialysis bag was then placed in a 1000 mL buffer
containing 50 mM HEPES and 20 mM sodium bicarbonate. The release study was performed at

37°C. At selected time points, 20 pL of the Tf-DPEL vesicle suspension were removed from the
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dialysis bag, and the DOX concentration was measured as previously discussed in Section 2.8.
Time points were measured every 2 h for the first 8 h, and then at 24 h intervals until the end of
the experiment at 192 h. Two bath exchanges were performed at 4 h and 24 h in order to
maintain a low concentration of DOX in the exterior to promote mass transfer.
2.13. Cell Culture

The PC3 prostate cancer cell line was grown in RPMI 1640 media supplemented with
10% FBS and 1% P/S. These cells were maintained in a 37°C humidified atmosphere with 5%

CO;and passaged with standard cell culture protocols.

2.14. In Vitro Cytotoxicity Assay

One day prior to the cytotoxicity experiment, PC3 cells were seeded on a 96-well plate at
a density of 7,500 cells/cm?. After allowing the cells to grow overnight, the growth medium was
aspirated. Tf-DPEL vesicles were added to RPMI 1640 medium with DOX concentrations
varying from 0.01 to 3.16 uM. Subsequently, 100 uL of a suspension containing vesicles in the
growth medium were added to each well. After a 96 h incubation period, the cell viability was
determined with the MTS assay. Cell viability relative to the control (PC3 cells incubated in
media without vesicles) was quantified by measuring the absorbance values at 490 and 700 nm.
Cell growth inhibition was then compared against that of the non-targeted DPEL vesicles to
evaluate the killing efficiency of the targeted vesicles.
3. Results and Discussion
3.1. Characterization of the Tf-DPEL Vesicles

The EL vesicles were polydisperse and in the micron size range after processing. By
performing serial extrusion of the vesicles through 1000, 400, and 200 nm polycarbonate filters

in the presence of a buffered ammonium sulfate solution, we were able to generate a
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homogeneous population of vesicles with a diameter of 179 nm (Table 1). Since glutamate
residues were readily present on the surfaces of the EL vesicles, EDC/NHS chemistry was used
to conjugate mPEG and biPEG to the EL vesicles. PEG is a highly soluble polymer that provides
steric stability during the DOX loading process, and also has the potential in the future to provide
in vivo stability by preventing protein adsorption and aggregation (Ahl et al., 1997). The addition
of PEG to create PEGylated EL (PEL) vesicles slightly decreased the diameter to 173 nm. We
were not bothered by this decrease in size upon conjugation since the vesicles are supermolecular
structures generated by the noncovalent self-assembly of the polypeptides, and therefore,
changes in their packing properties within vesicles are possible. DOX was then encapsulated
within the vesicles using a modified pH-ammonium sulfate gradient to create the DPEL vesicles.
Finally, 10,000 Tf molecules per vesicle were added for conjugation to the biPEG linkers to
provide active targeting towards cancer cells and a method for cellular uptake of the vesicles. Tf
conjugation to create Tf-DPEL vesicles resulted in a diameter of 161 nm after purification with
size-exclusion chromatography. By simply controlling the initial size of the extruded EL

vesicles, we have been able to consistently obtain Tf-DPEL vesicles below 200 nm.

Table 1
Conjugation Step Diameter (nm) Polydispersity Index (PdlI) Loading Ratio
Extruded EL Vesicle 179+ 4 0.170 £ 0.024 -
PEL Vesicle 173+2 0.198 + 0.006 -
Tf-DPEL Vesicle 161 + 28 0.213 £ 0.027 15.3+4.0

Table 1: The size and polydispersity index (Pdl) of the vesicles as they were modified to create
the Tf-DPEL vesicles. The loading ratio could only be measured for the Tf-DPEL vesicles since
only the Tf-DPEL vesicles contained the DOX drug.
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The diameter of the final Tf-DPEL vesicle construct satisfied the dual criteria for the size
of a drug delivery vehicle. Firstly, the diameter was within the 60 to 400 nm range, indicating
that it could take advantage of the enhanced permeability and retention (EPR) effect (Bae and
Park, 2011). The EPR effect allows the nano-sized drug carriers to preferentially accumulate into
tumor tissues due to the abnormal characteristics of the tumor tissue, which include increased
vascular permeability and poor lymphatic drainage. The carrier can therefore reach high
concentrations in the tumor compared to that in the plasma, thereby delivering the drugs
preferentially to the cancer cells (Greish, 2010). Secondly, a Tf-DPEL vesicle diameter below
200 nm should enable the vesicles to be internalized via clathrin-mediated endocytosis (Rejman
et al., 2004), (Choe et al., 2013), which is the pathway for the Tf ligand.

Vesicle stability was assessed using the polydispersity index (Pdl). The Pdl values of the
EL, PEL, and Tf-DPEL vesicles were 0.170, 0.198, and 0.190, respectively (Table 1). All PdI
values were within the range of 0 to 0.300, indicating a fairly homogeneous population (Badran
etal., 2012) (Ibrahim et al., 2014). Despite undergoing multiple purification and conjugation
steps, the vesicles maintained their overall integrity, possibly due to the intrinsic stability of
polypeptide-based vehicles. The EgoL,o block copolypeptides are larger building blocks than
lipids, and therefore, experience greater van der Waals interactions to stabilize the vesicle
structure. This allows for greater versatility for the EL vesicles as they can be modified after the
self-assembly process, whereas liposomes often require PEG modification to the lipid prior to
forming liposomes.

Vesicle stability was further evaluated by measuring the zeta potential throughout the
conjugation process. A separate set of studies was performed in order to determine the zeta

potential of the EL vesicles upon extrusion, PEGylation, and Tf conjugation. The values were
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found to be -21.1 + 2.3 mV for the extruded EL vesicles, -6.6 £ 3.5 mV upon PEGylation, and
-19.5 + 1.7 mV after conjugating Tf. Due to the no slip boundary condition being positioned
further from the surface of charge, the decrease in the magnitude of the zeta potential was
expected when the EL vesicles were coated with a layer of PEG. The zeta potential was also
expected to become more negative with Tf conjugation as Tf is net negative at the pH of the
buffer used during measurement. Similar to the Pdl values, the resulting zeta potential values
suggested that the vesicles remained stable after all conjugation procedures. Although -6.6 mV
would generally represent instability, these vesicles were still stable due to the steric stabilization
provided by the PEG.

In addition, we were interested in examining the morphology of the EL vesicles after
PEGylation and Tf conjugation. Figure 3 shows a TEM image of the extruded EL vesicles after
coating the surface with PEG and decorating the subsequent surface with Tf. The presence of
unilamellar vesicles in Figure 3 suggests that the surface modifications provided by our
conjugation protocol do not significantly alter or jeopardize the morphology of the original EL

vesicles.

Figure 3: A transmission electron microscope (TEM) image of a uranyl acetate negatively
stained EL vesicle suspension after PEGylation and Tf conjugation. Scale bar = 70 nm.

3.2. DOX Encapsulation Using a Modified pH-Ammonium Sulfate Gradient

DOX was successfully encapsulated within the Tf-DPEL vesicles using a modified pH-
ammonium sulfate gradient method. First, a 0.5 M ammonium sulfate solution buffered to pH 5.5
was added to the EL vesicle suspension such that the encapsulated ammonium sulfate

concentration was 0.05 M after serial extrusion. The exterior solution was buffered to pH 9.0
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462  using Tris buffer to create the transmembrane pH-gradient so that DOX, originally present as
463  doxorubicin hydrochloride, was deprotonated to its neutral form to more readily cross the

464  hydrophobic bilayer of the vesicle to enter the core. Once inside the aqueous core, DOX could be
465  protonated again due to the lower interior pH, preventing its diffusion back through the

466  hydrophobic bilayer. Moreover, due to the presence of sulfate, a DOX-sulfate complex could
467  form that is an insoluble gel-like solid fiber, further preventing diffusion back out of the vesicle.
468 The DOX loading procedure was performed at 65°C for 1 h since previous reports state that

469 increasing the incubation temperature above the phase transition temperature of a lipid bilayer
470  increases the bilayer permeability to promote drug loading and improve the loading efficiency
471  (Dos Santos et al., 2004). Using this modified transmembrane gradient, DOX was successfully

472  encapsulated within the Tf-DPEL vesicles, achieving a loading ratio of 15.3.

473  3.3. Predicted and Measured In Vitro Drug Release Profiles for the Tf-DPEL Vesicles

474 To accurately predict DOX release from the Tf-DPEL vesicles, parameters such as the
475  vesicle core radius Ry, the total radius R, the partition coefficient of DOX K, the diffusion
476  coefficient of DOX in the vesicle bilayer Dy, and the convective mass transfer coefficient for
477  DOX in water k. were determined based on previously measured data or values reported in the
478 literature.

479 R; and R, were determined as described in section 2.9. Mathematical Modeling of Drug
480 Release. The DOX diffusion coefficient in the Tf-DPEL vesicle bilayer was selected based on
481  values reported for a similar vesicle system. Eisenberg and coworkers investigated the release of
482  DOX in polystyrenes;o-b-poly(acrylic acid)ss (PS310-b-PAA3s) vesicles (Choucair et al., 2005).
483  Since PS310-b-PAAsg, which consists of a negatively-charged acrylic acid group and a neutral

484  polystyrene group, self-assembles into vesicles, the EL vesicle bilayer was expected to have
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similar properties to the PSz;0-b-PAAgg vesicle bilayer. A Dp,y value of 2.5x10™ cm?/s was
investigated for our model, which was in the range of values reported by the Eisenberg group for
the diffusion coefficient of DOX in the PS310-b-PAA3s vesicle polystyrene bilayer (Choucair et
al., 2005).

To determine the value of the convective mass transfer coefficient for DOX in water, we

first needed to estimate the Reynolds number, Re, given by:
Re = — (33)

where p is the density of water, u is the viscosity of water, L is the characteristic length, and v is
the linear velocity of the fluid. However, since the in vitro release experiment was performed by
stirring in a beaker, the linear velocity was replaced with v = wr, where w is the angular

velocity and r is the radial distance from the center of the beaker, to yield:

_ pwrL
U

Re (34)

In addition to the density and viscosity of water, the characteristic length was estimated to be
160x10°° m, which is the Tf-DPEL diameter. The angular velocity w was measured to be 2.5
revolutions/sec according to the stir plate speed, and r was estimated to be 3 cm, half of the stir
bar length. With these values, we calculated a Reynolds number of 0.0048. For this very low
Reynolds number, the Nusselt number, Nu, is approximately equal to 2 based on the literature

(Welty et al., 1984) and the Nusselt number is given by:

k.L
Nu=—
DDOX,Water

(35)

where Dpox water is the diffusivity of DOX in water. We estimated a Dpox water Value of 5x10™°

m?/sec, which is a value similar to the diffusion coefficients of small molecules, such as sucrose
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(Freitas Jr., 1999). From this, we calculated a DOX mass transfer coefficient k. value of 0.00625
m/sec.

After compiling values for the parameters, the DOX concentration profile was
numerically solved to model the release study, and the percent drug released was calculated at
time points that corresponded to those in the in vitro experiment. Both the predicted and
measured in vitro release profiles are plotted in Figure 4.

Figure 4: The measured and predicted in vitro release profiles are plotted over a time period of
192 h. The in vitro release data correspond to the triangles connected with the solid line, while
the predicted release data are indicated by the squares connected with the dashed line.

The predicted release profile showed a faster release at the earlier time points with 55%
of the drug being released by t=96 h. It then exhibited a fairly slow release until t=192 h where
64% of the drug was released. Similarly, for the experimentally measured release profile, a fast
initial release was observed with 51.5% of the DOX being released after the first 24 h, and 63%
of the DOX was released after 96 h. After the burst release, DOX was slowly released from t=24
h until t=192 h where 75.2% of the drug was released. This slow release at later time points has
been observed with other vesicle systems, and it has been hypothesized as being due to the
DOX-sulfate gel-like complexes in the aqueous core (Lasic et al., 1992). Specifically, DOX must
first dissociate from the sulfate anion into solution in order to travel across the vesicle bilayer.

The main disparity between our predicted and measured release profiles is evident in the
early stages of the release. The in vitro release profile exhibits a rapid burst effect within the first
24 h. This burst release was most likely due to drug being adsorbed on the outer surface of the
vesicle bilayer. Since this drug was not encapsulated within the vesicle, it was immediately
released when the release study was performed. Since our mathematical model did not consider

desorption of drug from the vesicle surface, our predicted release profile did not exhibit the same
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level of burst release. Nevertheless, our mathematical model was able to reasonably predict the
in vitro release profile with no fitted parameters. Additionally, the mathematical model has given
us insight into the parameters that can be varied in order to modify future release profiles, such

as the type of drug that is encapsulated and the dimensions of the drug delivery carrier.

3.4. Drug Delivery Efficacy of the Tf-DPEL Vesicle

To mimic the in vivo conditions of Tf receptor (TfR) overexpression on cancer cells, the
PC3 human prostate cancer cell line was used for the cytotoxicity studies. PC3 cells exhibit TfR
levels comparable to their in vivo expression, which are 10-fold greater than that of human
benign prostatic hyperplasia specimens (Keer et al., 1990). The Tf-DPEL vesicles and their non-
targeted counterpart, the DPEL vesicles, were administered to the PC3 prostate cancer cells over
a range of concentrations for 96 h. Cell viability was determined using the MTS assay.

The results of the cytotoxicity assay demonstrate that, for every percent of cellular
growth inhibition, a lower drug concentration was required for the Tf-DPEL vesicles than the
DPEL vesicles to achieve the same percent inhibition (Figure 5). The ICsq value, which is the
concentration of drug required to achieve 50% cell inhibition, of the Tf-DPEL and DPEL
vesicles were 0.087 and 0.133 UM, respectively, corresponding to a 1.53-fold difference. Since
the presence of Tf was the only variation between the Tf-DPEL and the DPEL vesicles, the
increase in growth inhibition was most likely due to the targeting characteristics of Tf.
Specifically, upon entering the cell via receptor-mediated endocytosis, the Tf-DPEL vesicles
were able to release the encapsulated DOX directly within the cell, and this released DOX could
subsequently enter the nucleus and exert its cytotoxic effects. This suggests that the addition of

Tf to the DPEL vesicles successfully improved the drug delivery efficacy as hypothesized.
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Figure 5: In vitro cytotoxicity results for the DPEL and Tf-DPEL vesicles in PC3 cells. The Tf-
DPEL vesicle data correspond to the triangles connected with the solid line, while the DPEL
vesicle data are indicated by the squares connected with the dashed line. The 1Csy value of the
DPEL was 0.133 uM, and the 1Csq value of the Tf-DPEL was 0.087 uM.
5. Conclusions

This study represents the first investigation of the drug delivery properties of the EL
vesicles. We successfully developed a stable, targeted drug delivery system by encapsulating
DOX within PEGylated EL vesicles using a modified pH-ammonium sulfate gradient method
and conjugated Tf to the vesicles to provide active targeting. The resulting Tf-DPEL vesicles
were within the size range that could take advantage of both passive and active targeting.
Subsequently, we derived a mathematical model to predict drug release from the Tf-DPEL
vesicles. The mathematical model captured the diffusion of DOX across the vesicle bilayer and
convective mass transfer to the bulk solution. Additionally, drug release during the 24 h Tf-
conjugation period was considered in the model in order to accurately represent the in vitro
release study protocols. The system of differential equations was solved numerically using the
method of lines to yield a predicated release profile that compared favorably with our measured
profile with no fitted parameters. We believe that this mathematical model can be used in the
future to estimate the effects of adjusting certain parameters on drug release, which is an
important feature for drug carriers. Finally, our in vitro cytotoxicity studies demonstrated that the
Tf-DPEL vesicles showed an improved drug delivery efficacy with a 1.53 fold decrease in the
ICso value due to the increase in uptake of the vesicles with the addition of the targeting ligand.
The theoretical and experimental studies reported here demonstrate the potential for using EL

vesicles in the clinical setting.
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