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Abstract:

Breast cancer is the leading cause of cancer death among women. The human mucin1 protein
(MUC1) is overexpressed in approximately 90% of human breast cancers. In order to increase
therapeutic effect of a model drug, doxorubicin (DOX), on breast cancer, DOX loaded micelles that
target MUC1 was developed. The micelle was self-assembled using copolymer pegylated octadecyl
lithocholate as an amphiphilic platform. MUC1 targeting peptides, QND and HSQ, were identified and
conjugated on micelles. The size and drug entrapment efficiency of untargeted, QND-DOX and HSQ-
DOX micelles were 320, 300 and 319 nm and 71, 86 and 93%, respectively. Critical micelle
concentration (CMC) of untargeted, QND, and HSQ micelle were 110.5, 55.1, and 98.9 uM,
respectively. In 4 h, DOX was released 13.1, 15.8 and 16.9 %, respectively, from untargeted, QND-
DOX and HSQ-DOX micelles in pH 7 buffer. The IC50 of QND-DOX and HSQ-DOX micelles on
BT549-Luc and T47D cells were comparable to that of free DOX. Additionally, we observed
significantly greater binding and uptake of QND-DOX and HSQ-DOX micelles on BT549-Luc and
T47D cells compared to untargeted DOX micelle. These results suggested that QND-DOX and HSQ-

DOX micelles had potential application in triple negative breast cancer treatment.

Keywords : human mucin1 protein (MUC1); targeted therapy; breast cancer; doxorubicin; micelles



2. Executive summary

In order to test our central hypothesis that nanoparticles loaded with anticancer drug that

target MUC1 may offer improve breast cancer therapy, a model drug, doxorubicin (DOX), was

encapsulated in micelles that target MUC1. The micelle was self-assembled using copolymer

pegylated octadecyl lithocholate as an amphiphilic platform. The copolymer were synthesized in

multiple steps. The copolymer synthesis reactions had yield vary from 62.3 to 91.9%. MUC1 targeting

peptides, QND, HSQ, and TNT, were identified from previous study. They were synthesized manually

via Fmoc standard solid phase peptide synthesis (SPPS) and labeled with a fluorescent dye,

fluorescein isothiocyanate (FITC). The fluorescent peptides were purified using semi-preparative

HPLC and had purity 84.7, 89.5, and 75.3%, respectively, on an analytical HPLC. The peptides were

then evaluated specific binding on MUC1 expressing breast carcinoma cell lines, BT549-Luc and

T47D. QND and HSQ peptides showed superior specific binding to BT549-Luc and T47D cells using

fluorescent microscope followed by image analysis. Therefore, QND and HSQ peptides were chosen

to be grafted on micelle surface to make MUCH1 targeting micelle. QND and HSQ were synthesized

again to have thiol functional group which will be used to conjugate to pegylated copolymer that have

maleiimde functional group. Untargeted and MUC1 targeting micelles were then formulated and DOX

was loaded onto micelles. The size and surface charge of untargeted DOX, QND-DOX and HSQ-DOX

micelles were determined using dynamic light scattering (DLS). The hydrodynamic diameter and zeta

potential (surface charge) of untargeted DOX, QND-DOX and HSQ-DOX micelles were 320, 300 and

319 nm and -3.0, 4.5, and 1.6 mV, respectively. Drug entrapment efficiency was assessed using a

microplate reader. The entrapment efficiencies of untargeted DOX, QND-DOX and HSQ-DOX micelles

were 71, 86 and 93%, respectively. Critical micelle concentration (CMC) of micelles were also

examined using a fluorescent probe (pyrene) that emission spectra change according to



microenvironment. The CMC value of untargeted, QND, and HSQ micelle was 110.5, 55.1, and 98.9
MM, respectively. In addition, release profile of DOX from micelles was investigated using a microplate
reader. In general, the release of DOX from drug carriers was pH dependent probably due to the
increase in solubility of DOX at mildly acidic pH. However, release profile of DOX from micelles are
similar in both pH 4 and pH 7 buffer. In 4 h, DOX was released 13.1, 15.8 and 16.9 %, respectively,
from untargeted DOX, QND-DOX and HSQ-DOX micelles in pH 7 buffer. At the same period of time,
DOX was released 12.3, 15.8 and 15.8 %, respectively, from untargeted DOX, QND-DOX and HSQ-
DOX micelles in pH 4 buffer. This slow release phenomenon in both pH may due to high crystallinity
of copolymer octadecyl lithocholate. The cytotoxicity of free DOX, untargeted DOX, QND-DOX, and
HSQ-DOX micelles to BT549-Luc and T47D was evaluated by using MTT assay. Cytotoxicity of tested
micelles was presented as the half maximal inhibitory concentration (IC50). At the concentration, the
test substance inhibits cell viability by 50%. The IC50 of free DOX, untargeted DOX, QND-DOX and
HSQ-DOX micelles on BT549-Luc was 4.3, 4.4, 1.75, and 3.75 yM, and was 5.2, 4.2, 4.6, and 4 uM
on T47D cells, respectively. The relative IC50 value of DOX from each formulation were comparable
to that of free DOX suggesting that the activity of drug encapsulated in micelles was not affected by
the encapsulation process. Additionally, we observed significantly greater binding and uptake of QND-
DOX and HSQ-DOX micelles on BT549-Luc and T47D cells compared to untargeted DOX micelle.
These results suggested that QND-DOX and HSQ-DOX micelles had potential application in breast
cancer treatment.
3. Objective

In this study, (1) we would like to identify MUC1 targeting peptides using both computational
docking experiment and the specific binding of several MUC1 targeting peptides on MUC1 expressing

breast cancer cell lines will be examined. (2) We also would like to formulate and characterize MUC1



targeting micelle. Therefore, the top two targeting peptides were then conjugated to micelle platform.
DOX loaded targeting micelles will be formulated followed by size and surface charge, drug
entrapment efficiency, release, and cytotoxicity assessments. (3) Additionally, we would like to
evaluate targetability of the formulated micelle. The binding and uptake of DOX loaded targeting
micelles will be then evaluated on BT549-Luc and T47D breast cancer cells.
4. Research methodology
Materials

Human breast carcinoma cells (BT549-Luc and T47D) were obtained from the ATCC
(Manassas, VA). Dulbecco’s modified Eagle’s medium (DMEM) was obtained from GIBCO.
Phosphate-buffered saline (PBS) was obtained from Amresco, and penicillin-streptomycin was
obtained from Capricorn scientific. Fetal bovine serum (FBS) was obtained from PAA laboratories.
BT549-Luc and T47D were grown in DMEM. Cells were maintained according to ATCC guidelines.

Lithocholic acid, N,N’-diisopropylcarbodiimde (DIC), N-hydroxysuccinimide (NHS), and pyrene
were obtained from Sigma. Succinic anhydride, 4-(dimethylamino) pyridine (DMAP), N,N-
diisopropylethylamine (DIEA) were obtained from Merck. Octadecyl amine and fluorescein
isothiocyanate (FITC) were obtained from Acros. N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide HCI
(EDC) was obtained from Fluka. Tris (2-carboxyethyl) phosphine HCI (TCEP) was obtained from
Thermo Scientific and 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) was
obtained from AppliChem. Doxorubicin was purchased from LC Laboratories. Methoxy PEG;« amine
and maleiimide PEG;sc amine were obtained from JenKem Technology. Fmoc-amino acids, Boc
amino acids, o-benzotriazole-N,N,N',N'—tetramethyluronium hexafluorophosphate (HBTU) and 1-

Hydroxybenzotriazole (HOBt) and rink amide MBHA resin were obtained from Aapptec. Dialysis



membranes with molecular weight cut off (MWCO) of 12-14 kDa were obtained from Spectrum
Laboratories, Inc. All reagents were used as received.
Identification of peptides bound by MUC1 protein using computational methods
A computational pipeline to predict peptides that efficiently bind MUC1 protein was set up. In

the pipeline, I-TASSER with default parameters was used to predict the structure of MUC1 protein. As
a result, the software provided five MUC1 model structures, and the first model is usually the most
accurate one. Thus, the first model was used as the structure of MUC1 protein in our study. In the
same way, the structures of the candidate peptides was determined. Hex was used to infer the
binding affinity between MUC1 protein and the candidate peptides, respectively. For each peptide,
Hex docked it into the MUC1 structure based on Fast Fourier Transform (FFT), and calculated the p-
value of the docking result. The p-value indicates how well the peptide and the protein fit each other.
Thus, the p-value was used as a proxy of binding affinity between the peptide and the MUCH1
structure.
Determination of MUC1 expression using western blot analysis

The expression level of MUC-1 protein (CD227) in various cell types was evaluated using
Western blot analysis. The whole protein extracts from BT549-Luc and T47D cells were prepared
using RIPA buffer (50 mM Tris-HCI, 150 mM NaCl, 1% Triton X-100, 0.5 mM
ethylenediaminetetraacetic acid (EDTA), and 0.1% sodium dodecyl sulfate (SDS)) containing protease
inhibitors. The protein concentration was measured by the Folin-Lowry method. Then, the proteins at
50 |:|g Were Sepalated by7.5% SDS-PAGE. The analysis for MUC-1 protein was performed using
primary mouse anti-human MUC-1 (BioLegend Inc., San Diego, CA, USA) in the ratio 1:1000, followed
by a treatment with HRP-conjugated anti-mouse IgG (Promaga, WI, USA) in the ratio 1:15000 dilution.

The GAPDH protein was probed with primary rabbit polyclonal anti-GAPDH (Santa Cruz



Biotechnology, CA, USA) in the ratio 1:1000, followed by treatment with HRP-conjugated goat anti-
rabbit IgG in a 1:20000 dilution (Promega, WI, USA). The protein bands were visualized using the
Luminata Forte Western HRP substrate (Merck Millipore Corporation, MA, USA) and quantified by
ChemiDoc XRS (Bio-Rad, CA, USA)
Synthesis and purification of fluorescence labeled MUC1 targeting peptides for in vitro peptide
selection

The panel of candidate peptides (QNDRHPR-GGGSK, HSQLPQV-GGGSK and TNTLSNN-
GGGSK) were synthesized manually using solid phase peptide synthesis with standard Fmoc
chemistry. Fluorescein isothiocyanate (FITC) was conjugated at the C-terminus on the side chain of a
lysine residue via the GGGSK linker. Resins (~0.03 mmol) were swelled in DMF (1 mL). In a separate
tube, FITC (0.045 mmol) was dissolved in DMF (0.6 mL). ~23 [IL of DIEA (46 [IL, 0.26 mmol) was
added to both tubes. FITC solution was added to the resins. The reaction was allowed to stir 2-3 days
at room temperature. The resins were washed and cleaved. The resulting peptides were precipitated
in cold diethyl ether. The peptides were then purified using a semi-preparative HPLC (Shimadzu) with
water-acetonitrile gradient mobile phase containing 0.1% trifluoroacetic acid (TFA). The resulting
peptides were lyophilized and characterized with an ES|I mass spectrometer (MicrOTOF mass

spectrometer, Bruker Daltonics). Peptides purity was determined on analytical HPLC.

Peptide synthesis for micelle conjugation

The QNDRHPR-GGGSC and HSQLPQV-GGGSC peptides were selected for micelle labeling,
and synthesized as described above. At C terminal, cysteine (C) was introduced to make free thiol
group after cleavation. This thiol group is for conjugation to maleiimide PEG octadecyl lithocholate to

form peptide-copolymer conjugate. Resins were washed, cleaved, and the resulting peptide was



precipitated in cold diethyl ether. The resulting peptides were lyophilized. The peptide was then

purified using a semi-preparative HPLC and characterized with an ESI mass spectrometer.

Fluorescence microscopy study of binding and uptake of QND, HSQ and TNT peptides
BT549-Luc cells were seeded in cell culture chamber slide and incubated overnight to allow

cell attachment. The culture medium was removed and washed one time with PBS. The cells were

incubated with 0.5% BSA in PBS for 30 min at 4°C to block non-specific binding. The cells were then

incubated with FITC conjugated QND, HSQ and TNT peptides dissolved in serum-free DMEM for 60
min at 37 OC, 5% CO, and were washed three times with PBS to remove unbound peptides. The

cells were fixed in 4% paraformaldehyde. To visualize nuclei, cells were incubated with 2 Llg/ml
Hoechst33342 for 15 min at room temperature, washed three times with PBS, and examined under
fluorescence microscope. Fluorescence micrographs were acquired using Nikon Eclipse TS100-F and
NIS-Elements, version 4.0 software.

Synthesis of micelles

Octadecyl lithocholate

Lithocholic acid (1.5 g, 4 mmol) and HOBt (1.5 g, 10 mmol) were dissolved in N,N-
dimethylformamide (DMF) (12 mL). DIC (1.5 mL, 10 mmol) was added. After 10 min for activation,
octadecyl amine (0.9 g, 3.3 mmol) was added along with dichloromethane (DCM) 4 mL, and the
reaction was allowed to stir overnight at room temperature (RT). The resulting product was filtered
and vacuum dried.
Succinyl octadecyl lithocholate

Octadecyl lithocholate (573 mg, 0.91 mmol) was dissolved in anhydrous DCM (15 mL).

Catalytic amount of DMAP was added. Succinic anhydride (90.9 mg, 0.91 mmol) and DIEA (950 LLL,



5.45 mmol) were then added and the reaction was allowed to run overnight at RT. The solvent was

evaporated under N, and the resulting product was vacuum dried.

Pegylated octadecyl lithocholate

Succinyl octadecyl lithocholate (128 mg, 0.18 mmol) was dissolved in DCM 2.5 ml and DMF 1
mL. HOBt (78 mg, 0.54 mmol) was added, following by adding DIC (84 ML, 0.54 mmol). Methoxy
PEG amine (300 mg, 0.1 mmol) was added after 10 min for activation. The reaction was allowed to
stir overnight at 40°C. The solvent was partially removed under N, and the resulting product was
precipitated in cold diethyl ether, centrifuged, and vacuum dried. Succinyl octadecyl! lithocholate was

conjugated with maleimide PEG amine in the same manner.

Thiol peptide and maleimide pegylated octadecyl lithocholate conjugation

Maleimide pegylated octadecyl lithocholate (335 mg, 0.08 mmol) and TCEP (19 mg, 0.07 mmol)
were dissolved in phosphate buffer pH 8.0 (15 mL). Thiol peptide (0.07 mmol) was added and the
reaction was allowed to run overnight at RT. The resulting product was dialyzed against three

changes of water and lyophilized.

Fourier Transform Infrared (FTIR) spectrometry
FTIR spectra were recorded on a FT-IR spectrometer (Nicolet iS5, Thermo Scientific) to
monitor changes in chemical structure of polymer conjugates. Samples were prepared in potassium

bromide (KBr) discs and spectra were recorded in the range of 4000-400 cm-1.

Micelle preparation
The micelles were prepared by dissolving pegylated octadecyl lithocholate and/or QND
pegylated octadecyl lithocholate or HSQ pegylated octadecyl! lithocholate in PBS. For targeted micelle,

optimal peptide density (50%) was selected to present on micelle surface based on previous studiesm’



Polymers were sonicated ~30 min or until fully dispersed. Doxorubicin (10 mg/mL) basic stock
solution was added to the polymer solution. DOX feeding amount was 1.5% w/w of polymer used. The
solution was sonicated for 5 min. Then micelle solution was centrifuged at 8000 rpm for 10 min to
remove insoluble material. Doxorubicin micelles in supernatant were separated. For all experiments,

1.6 mM of polymer was used.

Dynamic Light Scattering (DLS)

Hydrodynamic diameters and surface charges of micelles were determined on a Mavern
nanosizer (Nano-ZS90) with a 4 mW linear polarized laser (633 nm He-Ne). Samples were studied at
25°C and in 10 mm diameter polystyrene cells. The hydrodynamic diameters were calculated from the
Stoked-Einstein equation. Measurements were made in triplicate with independently prepared

samples, and variability was reported as tstandard deviation.

Transmission Electron Microscopy (TEM)
TEM images were obtained on a transmission electron microscope (JEOL JEM-2010). Samples

were prepared onto copper grids with 1% uranyl acetate (negative staining).

Critical micelle concentration (CMC)

Micelles form spontaneously at the critical micelle concentration (CMC). Pyrene was dissolved
in acetone (24 mM) and aliquots of stock solution were added to 1.5 mL eppendorf tubes to provide a
final pyrene concentration of 6 [AM. Acetone was evaporated and replaced with untargeted, QND, and
HSQ micelles prepared with serial dilution (01.2-2450 JM). Solutions were incubated at 55°C
overnight and left at RT for 3 hours prior to the experiment. We measured the fluorescence intensity
of pyrene at I; = 371 nm and |; = 383 nm over a range of concentrations of untargeted, QND, and

23
HSQ micelles on a microplate reader. The intensity ratios of I; to |; were plotted as a function of



logarithm of micelle concentration (log [IM). The CMC value was taken from the intersection of the

tangent to the curve at the inflection with the horizontal tangent through the points at concentrations.24

Entrapment efficiency (EE)
The amount of doxorubicin was determined by a microplate reader (Synergy H1, BioTek). Two
hundred microliters of micelle solution was transferred to a black 96-well plate prior to reading. The

entrapment efficiency (%EE) was calculated according to the following equation:

amount of encapsulated doxorubicin (ug) in micelles

x 100.

Entrapment efficiency (%EE) =
amount of added doxorubicin (ug) during formulation

Release study

The release of DOX from DOX loaded micelles was investigated by using dialysis method.
Briefly, micelle solutions were prepared at concentration 1.6 mM. Doxorubicin was encapsulated
~1.5% (w/w) in micelles, and 3 mL of each formulation was transferred into 12,000 Da MWCO dialysis
bag (Spectrum laboratories Inc.) (n=3). Dialysis bags were immerged in 100 mL of phosphate buffer
at pH 7, and the release medium was stirred to facilitate drug release. The experiment was run at
room temperature. At fixed time points, aliquots were taken, and drug concentrations were measured

by a microplate reader. Release medium was added after each sampling.

Cytotoxicity

Cytotoxicity was determined by measuring growth inhibition for a panel of cells (BT549-Luc and
T47D) on an MTT assay. Cell viability was calculated based on a comparison of untreated cells and
those treated with free DOX and with DOX, QND-DOX, and HSQ-DOX micelles under the same
conditions. The panel of cells were harvested and seeded at a density of 2.5x104 cells/well in 96-well
plates. Cells were cultured for 24 hours prior to adding doxorubicin micelles in serial dilution. Free

doxorubicin at equivalent doses was incubated with cells in the same manner. After 1 day of



incubation, the medium was removed, cells were washed twice with PBS, and MTT solution (10 UL, 5
mg/mL) was added to each well. After an additional 4 hours of incubation, MTT solution was removed.
Formazan crystals produced by live cells were solubilized in DMSO and the absorbance was
measured at 570 nm (test) and 630 nm (reference) using a microplate reader. Cytotoxicity of tested
substance was presented as the half maximal inhibitory concentration (IC5y). At the concentration, the

test substance inhibits cell viability by 50%.

Quantification of binding specificity and uptake of QND-DOX-micelles and HSQ-DOX-micelles
BT549-Luc and T47D cells were seeded in 96-well plate at a cell concentration of 80,000

cells/ml. QND-DOX-micelles and HSQ-DOX-micelles containing 16 [lg/mL of DOX were suspended in

serum free DMEM (2.5 mg/ml, 100 L) and incubated with the cells at 37 °C for 5, 15, 30, 60 and
120 min. After the specified time of incubating micelles with BT549-Luc and T47D cells, the medium
containing micelles was removed, and the cells were rinsed three times with cold PBS, and
completely dissolved in DMSO. The fluorescent intensity of doxorubicin at excitation 485 nm and
emmission 590 nm wavelength indicating DOX encapsulated micelles bound to the cells was

measured by using a fluorescence microplate reader (Spectramax M3e).

Statistical analysis

Statistical evaluation of data was performed using an analysis of variance (one-way ANOVA).
Newman—Keuls was used as a post-hoc test to assess the significance of differences. To compare the
significance of the difference between the means of two groups, a t-test was performed; in all cases,
a value of p < 0.05 was accepted as significant.

5. Results and discussion

Computational peptide-protein binding



To target cancer cells, we need a peptide that can interact strongly with human MUC1 protein.
James et al have identified several peptides that can bind respectively to two fragments cut out from
MUC125. However, binding to the fragments of MUC1 does not necessarily indicate binding to MUC1
protein as a whole because the fragments may adopt different conformations when they are in the
protein and cut out. Moreover, to deliver drugs, the candidate peptides need to be ligated with a short
linker peptide GGGSK or GGGSC. With these extra amino acids, the extended candidate peptide may
not be able to bind even the cut-out fragments. Therefore, an in-house computational pipeline is used
to select the extended peptides that can still bind MUC1 protein tightly. To this end, both MUC1
structure and the peptide structures are required. However as a membrane protein, MUC1 structure is
difficult to be solved, and thus has no crystal structures available for our purpose. To overcome this, I-
TASSER as the most accurate predictor is used to predict the structures of MUC1 and the extended
peptides. Subsequently, Hex is used to measure the binding affinities between the MUC1 structure
and the candidate peptides, respectively. Structures are measured by Hex. As a result, the candidate
peptides are ranked decreasing in binding affinites to MUC1: QNDRHPRGGGSK-FITC,
HSQLPQVGGGSK-FITC, PHETPHQGGGSK-FITC, DPQVNPAGGGSK-FITC, HATRHTTGGGSK-
FITC, PGSEHKHGGGSK-FITC and TNTLSNNGGGSK-FITC. The peptide with highest affinity
(QNDRHPR-GGGSKFITC) is predicted to interact with residues 94W, 95G, 96Q and 97D in MUCA1.
These residues are in one of the MUC1 fragments used in the binding experiments by James et al.
This consistency suggests that QNDRHPRGGGSK-FITC is a promising lead peptide. Similar
consistency is also observed in the peptide ranked the second highest (HSQLPQVGGGSK-FITC),
whereas the lowly ranked peptides are not predicted as strong binder to MUC1. Nevertheless, we

picked the two strongest binders and the weakest binder for the following experimental validations.



Fig.1 (A) Predicted structure of MUC1 (B) Predicted structure of MUC1 binding peptide

Preparation of micelle copolymer

Lithocholic acid has good biocompatibility and high structural rigidity base on its steroid
skeletonZG. Meanwhile, octadecyl amine provide extended hydrophobic block for increased drug
loading. In addition, PEG segment will provide hydrophilic sheath surrounding the core, once micelle
formed, that was expected to improved circulation time. Pegylated octadecyl lithocholate was
synthesized using multiple reactions. Octadecyl lithocholate was synthesized with moderate yield (62.3
1+ 20.1%). Succinyl octadecyl lithocholate and pegylated octadecyl lithocholate were synthesized with
relatively high yield (91.9 £ 13.9 and 88.3 = 7.1%). FTIR spectra were recorded to monitor changes in
chemical structure of polymer conjugates. The conversion of hydroxyl group of octadecyl lithocholate
to carboxyl group on succinyl octadecyl lithocholate was confirmed by the disappearance of vibration
of hydroxyl group (O-H) ~3320 cm-1. The product also had a new peak at 1729 cm-1 suggesting the
formation of ester carbonyl group. Octadecyl lithocholate: C=0 (1655 cm-1), C-H (2849, 2920 cm-1), O-
H (3322, 3431 cm-1). Succinyl octadecyl lithocholate: C=0 (1648, 1729 cm-1), C-0 (2360 cm-1), C-H

(2850, 2917 cm’)

MUC1 expression on BT549-Luc and T47D breast carcinoma cells



MUC1 expression on BT549-Luc and T47D carcinoma cells was assessed by standard
Western blot analysis. Both of BT549 and T47D cells express the MUC-1 protein. When compare
between both cell types, the expression level of MUC-1 in T47D cells was 4 times higher than that in

BT549 cells (Fig. 2).

Marker BT549 T47D

40 kDa map
35 kDa =

GAPDH

Fig.2 MUC1 expression in breast cancer cell lines, BT549-Luc and T47D

Preparation of fluorescence labeled MUC1 targeting peptides

From computational protein-peptide binding experiment, top two binders (QND and HSQ) and
the worst binder (TNT) were chosen to be synthesized. The peptides were synthesized manually
using standard Fmoc solid phase peptide synthesis, and purified using semi-preparative HPLC.
Retention time on analytical HPLC of QND-FITC, HSQ-FITC, and TNT-FITC peptides were 13.9, 16.2
and 18.3 min, respectively (Fig. 3). Purity of QND-FITC, HSQ-FITC, and TNT-FITC peptides were
84.7, 89.5, and 75.3%, respectively, on analytical HPLC. The exact molecular mass of QND-FITC,

HSQ-FITC, and TNT-FITC peptides using MS were 1696.8, 1582.7, and 1537.6 g/mol, respectively.
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Fig. 3 Purity of fluorescent peptides, QND-FITC, HSQ-FITC, and TNT-FITC, using analytical HPLC

Binding of QND, HSQ, and TNT peptides to BT549-Luc and T47D cells

Cellular binding of FITC conjugated QND, HSQ, and TNT peptides were compared by
analyzing fluorescent intensity of micrographs acquired by fluorescence microscopy. Figure 4A
showed that the fluorescent intensity of cells after incubation with FITC conjugated QND and HSQ
peptides with BT-549 cells was significantly higher than that of TNT peptide. The result suggested that
QND and HSQ peptides bound BT549-Luc cells more rapidly and with a greater extent than TNT
peptide (Figure 4). As shown in Figure 4B, Image analysis of mean fluorescent intensity shows that

FITC conjugated QND and HSQ peptides exhibited a significant higher degree of binding after

incubation with BT549-Luc cells at 37°C for 60 min as compared to TNT peptide.
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Fig. 4 (A) Representative fluorescence images of specific peptide binding on BT549-Luc cells for
QND, HSQ and TNT after 60 min of incubation at 37°C (B) Image analysis of mean fluorescent
intensity of specific peptide binding on BT-549 cells shows differences in fluorescence staining

intensity (* = p <0.05).

Preparation of DOX loaded micelles

The copolymer pegylated octadecyl lithocholate spontaneously self-assembled into core-shell-
structural micelle. We observed a critical micelle concentration of 110.5, 55.1, and 98.9 UM for
untargeted, QHD, and HSQ micelles, respectively, on fluorescence probe study using pyrene (Fig.
5A). Dynamic light scattering showed that the size of DOX micelles was approximately 300-320 nm in
diameter with a moderate polydispersity (Table 1). The particle size distribution was bimodal where
the smaller size was 60-70 nm and the bigger size was 400-500 nm, suggesting aggregation of the
micelle. The size of the micelles measured on DLS was consistent with that seen on TEM (Fig. 6).
TEM images showed spherical particles of the micelles. The zeta potential value of DOX micelles was

about -3 to 4.5 mV (Table 1). An increase in surface charge after conjugation with QND and HSQ



peptides was observed, which was expected due to the p/ value of QND and HSQ peptides (8.58 and

7.67, respectively).
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Fig. 5 (A) Critical micelle concentration (CMC) of non-targeted, QND, and HSQ micelles (B) Release

profile of DOX from untargeted DOX, QND-DOX, and HSQ-DOX micelles at pH 7

Fig. 6 Transmission electron micrograph (TEM) of DOX (A), QND-DOX (B), and HSQ-DOX (C)

micelles showing spherical morphology



Table 1 Micelle characterization including diameter on dynamic light scattering (DLS), polydispersity

index (PDI), zeta potential (surface charge), and DOX entrapment efficiency (%EE)

Sample Diameter (nm) | Zeta potential (mV PDI %EE
DOX micelle 319.7 + 34.9 -3.0+29 0.523 + 0.086 71.0 £ 8.7
QND-DOX micelle 300.6 + 36.5 45+04 0.423 + 0.031 86.0 + 3.6
HSQ-DOX micelle 319.3 + 122 1.6+0.6 0.412 + 0.061 927 +5.2

The entrapment efficiency of micelles was measured by fluorescence spectroscopy using a
microplate reader. The entrapment efficiencies of DOX in untargeted DOX, QND-DOX, and HSQ-
DOX micelle were relatively high, 71.0+8.7, 86.0+3.6, and 92.7+5.2 %, respectively. Entrapment

efficiency of DOX in nanoparticles can range from low to high. For example, DOX was loaded ranging

from 1.3 to 4.4% using poly(E-caprolactone)-PEG micelle that has hydrophobic block length 2.5-24.7
kDa27. In another study, DOX entrapment efficiency was 55.6-64.3% using DOX-PEG-alendronate
micelleszs. Generally, drug hydrophobicity plays a critical role in drug-loading process. However, other
parameters affecting drug loading are polymer crystallinity and hydrogen bonding interaction between
drug and polymer27. DOX is intrinsically less hydrophobic owing to its polar hydroxyl and amino
groups. Therefore, DOX loading could vary.

The release profile of DOX from DOX loaded micelles in phosphate buffer pH 7 was shown in
Fig. 5B. DOX was released from DOX micelles in similar amount with no initial burst release and
showing prolonged release profile. In 4 h, DOX was released from untargeted, QND-DOX, and HSQ-
DOX micelles 13.1, 15.8, and 16.9%, respectively. The majority of loaded DOX was still immobilized

in micelle core after 4 h.
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Cytotoxicity assay

The cytotoxicity of free DOX, DOX, QND-DOX, and HSQ-DOX micelles to BT549-Luc and
T47D was evaluated by using MTT assay. The IC5, value of free DOX, DOX released from
untargeted, QND, and HSQ micelle was 4.3, 4.4, 1.75, and 3.75 UM, respectively, in BT549-Luc cells
(Fig. 7A-D). The IC4, value of free DOX, DOX released from untargeted, QND, and HSQ micelle was
5.2,4.2,4.6, and 4 UM, respectively, in T47D cells (Fig. 7E-H). The cytotoxicity of DOX released from
micelles was comparable to that of free DOX, P=0.39 by Kruskal-Wallis test, on both cells. The
relative IC5, value of DOX from each micelle formulation suggested that the activity of drug

encapsulated in micelle was not affected by encapsulation.
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Fig. 7 Cytotoxicity of free DOX, DOX, QND-DOX, and HSQ-DOX micelles on BT549-Luc (A-D) and
T47D (E-H) cells
Quantification of binding and uptake of QND-DOX-micelles and HSQ-DOX-micelles to BT549-

Luc and T47D cells

Since QND and HSQ have been shown to bind BT549-Luc cells, these two peptides were
used to further determine the targeting efficiency of micelles encapsulating DOX. Within the first hour,

the binding extent of QND-DOX-micelles and HSQ-DOX-micelles to BT-549 cells was found to be



21

significantly higher than untargeted DOX-micelles (Figure 8A). The fluorescent intensity was increased
concomitantly with incubation time, suggesting an increasing amount of QND-DOX-micelles and HSQ-
DOX-micelles bound or were taken up by cells along with the incubation time. HSQ-DOX-micelles
bound BT549-Luc cells greater than QND-DOX-micelles in 60 and 120 min. At 120 min, the binding of

HSQ-DOX-micelles was increased up to 3.2 fold compared to untargeted micelles.

T47D cells were incubated with QND-DOX-micelles, HSQ-DOX-micelles, and untargeted DOX-
micelles to further assess the specificity of binding mediated by QND or HSQ. QND and HSQ resulted

in 1.2 — 1.9 times enhancement of binding and uptake of DOX in T47D cells (Figure 8B). This
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observation was consistent with the results observed in BT549-Luc cells. Increasing the incubation

Fig. 8 (A) Binding and uptake of untargeted, QND and HSQ conjugated DOX-micelles to BT549-Luc

cells. (B) Binding and uptake of untargeted, QND and HSQ conjugated DOX-micelles to T47D cells *

indicated p<0.05 compared to DOX-micelles.

time increased the binding and uptake of the micelles up to 60 min. At 120 min of incubation, the

fluorescent intensity of cells was not significantly different from untargeted micelles suggesting ligand

binding saturation.

6. Conclusion

QND and HSQ peptides have been shown to bind MUC1 protein using computational docking.

These two peptide were subsequently tested and showing superior binding on MUC1 expressing

breast cancer cell, BT549-Luc. Hence, they were chosen to be grafted onto pegylated octadecyl

lithocholate copolymer acting as targeting moieties. Targeted pegylated octadecyl lithocholate DOX

micelles were then successfully formulated having mean hydrodynamic diameter around 300-320 nm.

These micelles have octadecyl lithocholate core capable of encapsulating DOX with relatively high

drug entrapment efficiency. The in vitro release data indicated prolonged release profile at pH 7.

Compared to free DOX, the targeted micelles showed comparable cytotoxicity in BT549-Luc and T47D

cells. Binding and uptake study showed that QND-DOX and HSQ-DOX micelles bound BT549-Luc

and T47D cells greater than untargeted DOX micelle. Taken together, QND-DOX and HSQ-DOX

micelles had potential in treating triple negative breast cancer.
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Abstract

Breast cancer is the leading cause of cancer death among women. The human mucinl protein
(MUCY1) is overexpressed in approximately 90% of human breast cancers. In order to increase therapeutic
effect of a model drug, doxorubicin (DOX), on breast cancer, DOX loaded micelles that target MUC1 was
developed. The micelle was self-assembled using copolymer pegylated octadecyl lithocholate as an
amphiphilic platform. MUC1 targeting peptides, QND and HSQ, were identified and conjugated on
micelles. The size and drug entrapment efficiency of untargeted, QND-DOX and HSQ-DOX micelles were
320, 300 and 319 nm and 71, 86 and 93%, respectively. Critical micelle concentration (CMC) of
untargeted, QND, and HSQ micelle were 110.5, 55.1, and 98.9 uM, respectively. In 4 h, DOX was released
13.1, 15.8 and 16.9 %, respectively, from untargeted, QND-DOX and HSQ-DOX micelles in pH 7 buffer.
The ICsy of untargeted DOX, QND-DOX and HSQ-DOX micelles on BT549-Luc and T47D cells were
comparable to that of free DOX. Additionally, we observed significantly greater binding and uptake of
QND-DOX and HSQ-DOX micelles on BT549-Luc and T47D cells compared to untargeted DOX micelle.
These results suggested that QND-DOX and HSQ-DOX micelles had potential application in triple
negative breast cancer treatment.

Keywords: human mucinl protein (MUCI1); targeted therapy; breast cancer; doxorubicin; micelles



Introduction

Breast cancer is the most frequent diagnosed cancer and the leading cause of cancer death among
females worldwide'. It is a heterogeneous disease encompassing multiple subgroups with differing
molecular signatures, prognoses, and responses to therapies.” From the clinical view point, breast cancer
can be subdivided into three major subtypes: tumors expressing estrogen receptors (ERs) and/or
progesterone receptors (PRs) (commonly referred to as hormone receptor-positive [HR-positive] tumors),
ERBB2-amplified (also known as human epidermal receptor 2-amplified [HER2-amplified] breast cancer,
and the remaining group commonly referred to as triple-negative breast cancer (TNBC) due to lack of
expression of the ERs and PRs and normal or negative HER2 expression.’ There has been growing interest
in targeting therapy to improve the effectiveness of breast cancer treatment. Since 2005, HER2 has been
used as an effective target for trastuzumab much as steroid hormone receptors are targets for endocrine
therapies, while other targets are under exploration. However, chemotherapy is the mainstay of adjuvant
treatment of patients with TNBC, which is an aggressive disease lacking a historical therapeutic target.
Chemotherapeutic agents including doxorubicin, paclitaxel, cyclophosphamide, methotrexate, and
fluorouracil are also frequently used in preoperative treatment.® Despite the success of these anti-cancer
drugs against cancers, their use can be severely limited by their life-threatening toxicities including cardiac
toxicity, neuropathy, neutropenia, myelosuppression, and acute renal failure.”®

Doxorubicin (DOX) is one of the most potent and widely used in cancer treatment. It works by
inhibiting nucleic acid synthesis within cancer cells. Doxorubicin has a number of undesirable side effects
such as cardiac toxicity and myelosuppression that leads to a very narrow therapeutic index. Doxil®,
PEGylated liposomal doxorubicin, is “passively targeted” to tumor via enhanced permeability and retention
(EPR) effect. Its doxorubicin is released and become available to tumor cells by as yet unknown means.’
Even though, Doxil® has lower dose-limiting toxicity than doxorubicin'’, two side effects which are not
typically observed for free drug doxorubicin treatment have been reported. The first one is grade 2 or 3
desquamating dermatitis and is referred to as Palmer Plantar Erythrodysthesia (PPE) or “foot and hand
syndrome”. The second effect is an infusion-related reaction that shows up as flushing and shortness of
breath.'" Other technologies for doxorubicin delivery such as synthetic polymeric conjugates'? and antibody
targeted carriers”’ have demonstrated reduced or altered toxicity in Phase 1 trials, yet the therapeutic
efficacy of these formulations has yet to be demonstrated. In the absence of safer and efficacious systemic
formulations, targeted doxorubicin micelle is an alternative therapeutic and may offer improve tolerability
and improve efficacy.

The human mucinl protein (MUC1), a membrane-bound glycoprotein, belongs to a class of high
molecular weight (>400 kDa) O-linked glycoprotein.'* A major function of the ectodomains of these
membrane-tethered mucins is to hydrate and lubricate cell surfaces. MUCI is expressed at the luminal
membrane of most glandular and ductal epithelial cells. MUC1 has a large, highly glycosylated
extracellular domain that consists mainly of numerous peptide repeats and a short cytoplasmic tail. MUCI1

is overexpressed in approximately 90% of human breast cancers. It is also overexpressed in many other



human tumors such as colorectal, pancreatic and ovarian cancers. High-level mucin expression causes loss
of cellular polarity, interferes with cell adhesion, protects tumor from being killed by the host immune
system, as well as by chemotherapeutic agents, thus favoring metastases.'* Tumor-associated MUCI has
short carbohydrate side chains and exposes epitopes on its peptide core. Given its abundance and
overexpression in many adenocarcinomas, and the post-translational alteration in glycosylation pattern,
therefore, MUCT1 has been investigated as a potential target for cancer therapies. To date, there are currently
no MUCI-targeted therapies in clinical use, while several MUCI1 therapies are in clinical trials. Thus,
MUCI targeted doxorubicin micelle formulation is worth exploring and could potentially improve the
efficacy of MUC1-expressing cancer treatments.

Different targeting ligands have been explored to target chemotherapeutic agents to breast cancer

17 tumor-homing peptides'®, and aptamer'. Among these

cells. For example, engineered antibodies
approaches, antibodies have received a lot of attention for a number of years. However, the level of success
in cancer targeting has been limited because of their large size, possible immunogenicity, production cost,
low physicochemical stability, and short in vivo half-life.” Peptides are smaller, have excellent tissue
penetration properties, and can easily be chemically conjugated with drugs and oligonucleotide. Therefore,
the use of peptide as targeting ligands has attracted considerable attention. In this study, the specific
binding of several MUCI targeting peptides on MUCI1 expressing breast cancer cell lines was examined.
The top two targeting peptides were then conjugated to micelle platform. DOX loaded targeting micelles
were formulated followed by drug entrapment efficiency, release, and cytotoxicity assessments. The

binding and uptake of DOX loaded targeting micelles were then evaluated on BT549-Luc and T47D breast

cancer cells.

Experimental section
Materials

Human breast carcinoma cells (BT549-Luc and T47D) were obtained from the ATCC (Manassas,
VA). Dulbecco’s modified Eagle’s medium (DMEM) was obtained from GIBCO. Phosphate-buffered
saline (PBS) was obtained from Amresco, and penicillin-streptomycin was obtained from Capricorn
scientific. Fetal bovine serum (FBS) was obtained from PAA laboratories. BT549-Luc and T47D were
grown in DMEM. Cells were maintained according to ATCC guidelines.

Lithocholic acid, N,N’-diisopropylcarbodiimde (DIC), N-hydroxysuccinimide (NHS), and pyrene
were obtained from Sigma. Succinic anhydride, 4-(dimethylamino) pyridine (DMAP), N,N-
diisopropylethylamine (DIEA) were obtained from Merck. Octadecyl amine and fluorescein isothiocyanate
(FITC) were obtained from Acros. N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide HCl (EDC) was
obtained from Fluka. Tris (2-carboxyethyl) phosphine HCI (TCEP) was obtained from Thermo Scientific
and 3-[4,5-dimethylthiazol-2-y1]-2,5 diphenyl tetrazolium bromide (MTT) was obtained from AppliChem.
Doxorubicin was purchased from LC Laboratories. Methoxy PEG;x amine and maleiimide PEG; sk amine

were obtained from JenKem Technology. Fmoc-amino acids, Boc amino acids, o-benzotriazole-N,N,N’,N'-



tetramethyluronium hexafluorophosphate (HBTU) and 1-Hydroxybenzotriazole (HOBt) and rink amide
MBHA resin were obtained from Aapptec. Dialysis membranes with molecular weight cut off (MWCO) of

12-14 kDa were obtained from Spectrum Laboratories, Inc. All reagents were used as received.

I dentification of peptides bound by MUC1 protein using computational methods

A computational pipeline to predict peptides that efficiently bind MUCI protein was set up. In the
pipeline, I-TASSER with default parameters was used to predict the structure of MUCI protein. As a result,
the software provided five MUCI1 model structures, and the first model is usually the most accurate one.
Thus, the first model was used as the structure of MUCI protein in our study. In the same way, the
structures of the candidate peptides was determined. Hex was used to infer the binding affinity between
MUCI protein and the candidate peptides, respectively. For each peptide, Hex docked it into the MUC1
structure based on Fast Fourier Transform (FFT), and calculated the p-value of the docking result. The p-
value indicates how well the peptide and the protein fit each other. Thus, the p-value was used as a proxy of

binding affinity between the peptide and the MUCT structure.

Determination of MUC1 expression using western blot analysis

The expression level of MUC-1 protein (CD227) in various cell types was evaluated using Western
blot analysis. The whole protein extracts from BT549-Lucand T47D cells were prepared using RIPA buffer
(50 mM Tris-HCI, 150 mM NacCl, 1% Triton X-100, 0.5 mM ethylenediaminetetraacetic acid (EDTA), and
0.1% sodium dodecyl sulfate (SDS)) containing protease inhibitors. The protein concentration was
measured by the Folin-Lowry method. Then, the proteins at 50 pg were separated by 7.5% SDS-PAGE.
The analysis for MUC-1 protein was performed using primary mouse anti-human MUC-1 (BioLegend Inc.,
San Diego, CA, USA) in the ratio 1:1000, followed by a treatment with HRP-conjugated anti-mouse IgG
(Promaga, WI, USA) in the ratio 1:15000 dilution. The GAPDH protein was probed with primary rabbit
polyclonal anti-GAPDH (Santa Cruz Biotechnology, CA, USA) in the ratio 1:1000, followed by treatment
with HRP-conjugated goat anti-rabbit IgG in a 1:20000 dilution (Promega, WI, USA). The protein bands
were visualized using the Luminata Forte Western HRP substrate (Merck Millipore Corporation, MA,
USA) and quantified by ChemiDoc XRS (Bio-Rad, CA, USA)

Synthesis and purification of fluorescence labeled MUCL targeting peptides for in vitro peptide selection

The panel of candidate peptides (QNDRHPR-GGGSK, HSQLPQV-GGGSK and TNTLSNN-
GGGSK) were synthesized manually using solid phase peptide synthesis with standard Fmoc chemistry.
Fluorescein isothiocyanate (FITC) was conjugated at the C-terminus on the side chain of a lysine residue
via the GGGSK linker. Resins (~0.03 mmol) were swelled in DMF (1 mL). In a separate tube, FITC (0.045
mmol) was dissolved in DMF (0.6 mL). ~23 pL of DIEA (46 pL, 0.26 mmol) was added to both tubes.
FITC solution was added to the resins. The reaction was allowed to stir 2-3 days at room temperature. The

resins were washed and cleaved. The resulting peptides were precipitated in cold diethyl ether. The



peptides were then purified using a semi-preparative HPLC (Shimadzu) with water-acetonitrile gradient
mobile phase containing 0.1% trifluoroacetic acid (TFA). The resulting peptides were lyophilized and
characterized with an ESI mass spectrometer (MicrOTOF mass spectrometer, Bruker Daltonics). Peptides

purity was determined on analytical HPLC.

Peptide synthesis for micelle conjugation

The QNDRHPR-GGGSC and HSQLPQV-GGGSC peptides were selected for micelle labeling, and
synthesized as described above. At C terminal, cysteine (C) was introduced to make free thiol group after
cleavation. This thiol group is for conjugation to maleiimide PEG octadecyl lithocholate to form peptide-
copolymer conjugate. Resins were washed, cleaved, and the resulting peptide was precipitated in cold
diethyl ether. The resulting peptides were lyophilized. The peptide was then purified using a semi-

preparative HPLC and characterized with an ESI mass spectrometer.

Fluorescence microscopy study of binding and uptake of QND, HSQ and TNT peptides

BT549-Luc cells were seeded in cell culture chamber slide and incubated overnight to allow cell
attachment. The culture medium was removed and washed one time with PBS. The cells were incubated
with 0.5% BSA in PBS for 30 min at 4°C to block non-specific binding. The cells were then incubated with
FITC conjugated QND, HSQ and TNT peptides dissolved in serum-free DMEM for 60 min at 37 °C, 5%
CO, and were washed three times with PBS to remove unbound peptides. The cells were fixed in 4%
paraformaldehyde. To visualize nuclei, cells were incubated with 2 pg/ml Hoechst33342 for 15 min at
room temperature, washed three times with PBS, and examined under fluorescence microscope.
Fluorescence micrographs were acquired using Nikon Eclipse TS100-F and NIS-Elements, version 4.0

software.

Synthesis of micelles

Octadecy! lithocholate

Lithocholic acid (1.5 g, 4 mmol) and HOBt (1.5 g, 10 mmol) were dissolved in N,N-
dimethylformamide (DMF) (12 mL). DIC (1.5 mL, 10 mmol) was added. After 10 min for activation,
octadecyl amine (0.9 g, 3.3 mmol) was added along with dichloromethane (DCM) 4 mL, and the reaction
was allowed to stir overnight at room temperature (RT). The resulting product was filtered and vacuum

dried.

Succinyl octadecyl lithocholate

Octadecyl lithocholate (573 mg, 0.91 mmol) was dissolved in anhydrous DCM (15 mL). Catalytic
amount of DMAP was added. Succinic anhydride (90.9 mg, 0.91 mmol) and DIEA (950 uL, 5.45 mmol)
were then added and the reaction was allowed to run overnight at RT. The solvent was evaporated under N,

and the resulting product was vacuum dried.



Pegylated octadecyl lithocholate

Succinyl octadecyl lithocholate (128 mg, 0.18 mmol) was dissolved in DCM 2.5 ml and DMF 1
mL. HOBt (78 mg, 0.54 mmol) was added, following by adding DIC (84 uL, 0.54 mmol). Methoxy PEG
amine (300 mg, 0.1 mmol) was added after 10 min for activation. The reaction was allowed to stir
overnight at 40°C. The solvent was partially removed under N, and the resulting product was precipitated
in cold diethyl ether, centrifuged, and vacuum dried. Succinyl octadecyl lithocholate was conjugated with

maleimide PEG amine in the same manner.

Thiol peptide and maleimide pegylated octadecyl lithocholate conjugation

Maleimide pegylated octadecyl lithocholate (335 mg, 0.08 mmol) and TCEP (19 mg, 0.07 mmol)
were dissolved in phosphate buffer pH 8.0 (15 mL). Thiol peptide (0.07 mmol) was added and the reaction
was allowed to run overnight at RT. The resulting product was dialyzed against three changes of water and

lyophilized.

Fourier Transform Infrared (FTIR) spectrometry
FTIR spectra were recorded on a FT-IR spectrometer (Nicolet iS5, Thermo Scientific) to monitor
changes in chemical structure of polymer conjugates. Samples were prepared in potassium bromide (KBr)

discs and spectra were recorded in the range of 4000-400 cm™.

Micelle preparation
The micelles were prepared by dissolving pegylated octadecyl lithocholate and/or QND pegylated
octadecyl lithocholate or HSQ pegylated octadecyl lithocholate in PBS. For targeted micelle, optimal

peptide density (50%) was selected to present on micelle surface based on previous studies®**

. Polymers
were sonicated ~30 min or until fully dispersed. Doxorubicin (10 mg/mL) basic stock solution was added to
the polymer solution. DOX feeding amount was 1.5% w/w of polymer used. The solution was sonicated for
5 min. Then micelle solution was centrifuged at 8000 rpm for 10 min to remove insoluble material.

Doxorubicin micelles in supernatant were separated. For all experiments, 1.6 mM of polymer was used.

Dynamic Light Scattering (DLS)

Hydrodynamic diameters and surface charges of micelles were determined on a Mavern nanosizer
(Nano-ZS90) with a 4 mW linear polarized laser (633 nm He-Ne). Samples were studied at 25°C and in 10
mm diameter polystyrene cells. The hydrodynamic diameters were calculated from the Stoked-Einstein
equation. Measurements were made in triplicate with independently prepared samples, and variability was

reported as +standard deviation.

Transmission Electron Microscopy (TEM)
TEM images were obtained on a transmission electron microscope (JEOL JEM-2010). Samples were

prepared onto copper grids with 1% uranyl acetate (negative staining).

Critical micelle concentration (CMC)

Micelles form spontaneously at the critical micelle concentration (CMC). Pyrene was dissolved in



acetone (24 mM) and aliquots of stock solution were added to 1.5 mL eppendorf tubes to provide a final
pyrene concentration of 6 M. Acetone was evaporated and replaced with untargeted, QND, and HSQ
micelles prepared with serial dilution (01.2-2450 pM). Solutions were incubated at 55°C overnight and left
at RT for 3 hours prior to the experiment. We measured the fluorescence intensity of pyrene at I; =371 nm
and I3 = 383 nm over a range of concentrations of untargeted, QND, and HSQ micelles on a microplate
reader.”® The intensity ratios of I; to Iy were plotted as a function of logarithm of micelle concentration (log
uM). The CMC value was taken from the intersection of the tangent to the curve at the inflection with the

horizontal tangent through the points at concentrations.**

Entrapment efficiency (EE)
The amount of doxorubicin was determined by a microplate reader (Synergy H1, BioTek). Two
hundred microliters of micelle solution was transferred to a black 96-well plate prior to reading. The

entrapment efficiency (%EE) was calculated according to the following equation:

amount of encapsulated doxorubicin (ug) in micelles

x 100.

Entrapment efficiency (%EE) =

amount of added doxorubicin (ug) during formulation

Release study

The release of DOX from DOX loaded micelles was investigated by using dialysis method.
Briefly, micelle solutions were prepared at concentration 1.6 mM. Doxorubicin was encapsulated ~1.5%
(w/w) in micelles, and 3 mL of each formulation was transferred into 12,000 Da MWCO dialysis bag
(Spectrum laboratories Inc.) (n=3). Dialysis bags were immerged in 100 mL of phosphate buffer at pH 7,
and the release medium was stirred to facilitate drug release. The experiment was run at room temperature.
At fixed time points, aliquots were taken, and drug concentrations were measured by a microplate reader.

Release medium was added after each sampling.

Cytotoxicity

Cytotoxicity was determined by measuring growth inhibition for a panel of cells (BT549-Luc and
T47D) on an MTT assay. Cell viability was calculated based on a comparison of untreated cells and those
treated with free DOX and with DOX, QND-DOX, and HSQ-DOX micelles under the same conditions.
The panel of cells were harvested and seeded at a density of 2.5x10* cells/well in 96-well plates. Cells were
cultured for 24 hours prior to adding doxorubicin micelles in serial dilution. Free doxorubicin at equivalent
doses was incubated with cells in the same manner. After 1 day of incubation, the medium was removed,
cells were washed twice with PBS, and MTT solution (10 puL, 5 mg/mL) was added to each well. After an
additional 4 hours of incubation, MTT solution was removed. Formazan crystals produced by live cells
were solubilized in DMSO and the absorbance was measured at 570 nm (test) and 630 nm (reference) using
a microplate reader. Cytotoxicity of tested substance was presented as the half maximal inhibitory

concentration (ICsp). At the concentration, the test substance inhibits cell viability by 50%.

Quantification of binding specificity and uptake of QND-DOX-micelles and HSQ-DOX-micelles



BT549-Luc and T47D cells were seeded in 96-well plate at a cell concentration of 80,000 cells/ml.
QND-DOX-micelles and HSQ-DOX-micelles containing 16 pg/mL of DOX were suspended in serum free
DMEM (2.5 mg/ml, 100 pl) and incubated with the cells at 37 °C for 5, 15, 30, 60 and 120 min. After the
specified time of incubating micelles with BT549-Luc and T47D cells, the medium containing micelles was
removed, and the cells were rinsed three times with cold PBS, and completely dissolved in DMSO. The
fluorescent intensity of doxorubicin at excitation 485 nm and emmission 590 nm wavelength indicating
DOX encapsulated micelles bound to the cells was measured by using a fluorescence microplate reader

(Spectramax M3e).

Statistical analysis

Statistical evaluation of data was performed using an analysis of variance (one-way ANOVA).
Newman—Keuls was used as a post-hoc test to assess the significance of differences. To compare the
significance of the difference between the means of two groups, a t-test was performed; in all cases, a value

of p < 0.05 was accepted as significant.

Results and discussion

Computational peptide-protein binding

To target cancer cells, we need a peptide that can interact strongly with human MUCI protein.
James et al have identified several peptides that can bind respectively to two fragments cut out from
MUCI1?. However, binding to the fragments of MUC1 does not necessarily indicate binding to MUCI
protein as a whole because the fragments may adopt different conformations when they are in the protein
and cut out. Moreover, to deliver drugs, the candidate peptides need to be ligated with a short linker peptide
GGGSK or GGGSC. With these extra amino acids, the extended candidate peptide may not be able to bind
even the cut-out fragments. Therefore, an in-house computational pipeline is used to select the extended
peptides that can still bind MUCI protein tightly. To this end, both MUCI structure and the peptide
structures are required. However as a membrane protein, MUCI structure is difficult to be solved, and thus
has no crystal structures available for our purpose. To overcome this, - TASSER as the most accurate
predictor is used to predict the structures of MUCI and the extended peptides. Subsequently, Hex is used to
measure the binding affinities between the MUCI structure and the candidate peptides, respectively.
Structures are measured by Hex. As a result, the candidate peptides are ranked decreasing in binding
affinities to MUCI1: QNDRHPRGGGSK-FITC, HSQLPQVGGGSK-FITC, PHETPHQGGGSK-FITC,
DPQVNPAGGGSK-FITC, HATRHTTGGGSK-FITC, PGSEHKHGGGSK-FITC and TNTLSNNGGGSK-
FITC. The peptide with highest affinity (QNDRHPR-GGGSKFITC) is predicted to interact with residues
94W, 95G, 96Q and 97D in MUCI. These residues are in one of the MUCI fragments used in the binding
experiments by James et al. This consistency suggests that QNDRHPRGGGSK-FITC is a promising lead
peptide. Similar consistency is also observed in the peptide ranked the second highest

(HSQLPQVGGGSK-FITC), whereas the lowly ranked peptides are not predicted as strong binder to



MUCI. Nevertheless, we picked the two strongest binders and the weakest binder for the following

experimental validations.

Fig.1 (A) Predicted structure of MUC1 (B) Predicted structure of MUCI1 binding peptide

Preparation of micelle copolymer

Lithocholic acid has good biocompatibility and high structural rigidity base on its steroid
skeleton®®. Meanwhile, octadecyl amine provide extended hydrophobic block for increased drug loading. In
addition, PEG segment will provide hydrophilic sheath surrounding the core, once micelle formed, that was
expected to improved circulation time. Pegylated octadecyl lithocholate was synthesized using multiple
reactions. Octadecyl lithocholate was synthesized with moderate yield (62.3 + 20.1%). Succinyl octadecyl
lithocholate and pegylated octadecyl lithocholate were synthesized with relatively high yield (91.9 + 13.9
and 88.3 + 7.1%). FTIR spectra were recorded to monitor changes in chemical structure of polymer
conjugates. The conversion of hydroxyl group of octadecyl lithocholate to carboxyl group on succinyl
octadecyl lithocholate was confirmed by the disappearance of vibration of hydroxyl group (O-H) ~3320
cm™. The product also had a new peak at 1729 cm™ suggesting the formation of ester carbonyl group.
Octadecyl lithocholate: C=0 (1655 cm™), C-H (2849, 2920 cm™), O-H (3322, 3431 cm™). Succinyl
octadecyl lithocholate: C=0 (1648, 1729 cm™), C-O (2360 cm™), C-H (2850, 2917 cm™)

MUC1 expression on BT549-Luc and T47D breast carcinoma cells

MUCI expression on BT549-Luc and T47D carcinoma cells was assessed by standard Western
blot analysis. Both of BT549 and T47D cells express the MUC-1 protein. When compare between both cell
types, the expression level of MUC-1 in T47D cells was 4 times higher than that in BT549 cells (Fig. 2).
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Fig.2 MUCI expression in breast cancer cell lines, BT549-Luc and T47D

Preparation of fluorescence labeled MUCL targeting peptides

From computational protein-peptide binding experiment, top two binders (QND and HSQ) and the
worst binder (TNT) were chosen to be synthesized. The peptides were synthesized manually using standard
Fmoc solid phase peptide synthesis, and purified using semi-preparative HPLC. Retention time on
analytical HPLC of QND-FITC, HSQ-FITC, and TNT-FITC peptides were 13.9, 16.2 and 18.3 min,
respectively (Fig. 3). Purity of QND-FITC, HSQ-FITC, and TNT-FITC peptides were 84.7, 89.5, and
75.3%, respectively, on analytical HPLC. The exact molecular mass of QND-FITC, HSQ-FITC, and TNT-
FITC peptides using MS were 1696.8, 1582.7, and 1537.6 g/mol, respectively.
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Fig. 3 Purity of fluorescent peptides, QND-FITC, HSQ-FITC, and TNT-FITC, using analytical HPLC

Binding of QND, HSQ, and TNT peptides to BT549-Luc and T47D cells

Cellular binding of FITC conjugated QND, HSQ, and TNT peptides were compared by analyzing
fluorescent intensity of micrographs acquired by fluorescence microscopy. Figure 4A showed that the
fluorescent intensity of cells after incubation with FITC conjugated QND and HSQ peptides with BT-549
cells was significantly higher than that of TNT peptide. The result suggested that QND and HSQ peptides



bound BT549-Luc cells more rapidly and with a greater extent than TNT peptide (Figure 4). As shown in
Figure 4B, Image analysis of mean fluorescent intensity shows that FITC conjugated QND and HSQ

peptides exhibited a significant higher degree of binding after incubation with BT549-Luc cells at 37°C for

60 min as compared to TNT peptide.
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Fig. 4 (A) Representative fluorescence images of specific peptide binding on BT549-Luc cells for QND,
HSQ and TNT after 60 min of incubation at 37°C (B) Image analysis of mean fluorescent intensity of
specific peptide binding on BT-549 cells shows differences in fluorescence staining intensity (* = p <0.05).

Preparation of DOX loaded micelles

The copolymer pegylated octadecyl lithocholate spontancously self-assembled into core-shell-
structural micelle. We observed a critical micelle concentration of 110.5, 55.1, and 98.9 uM for untargeted,
QHD, and HSQ micelles, respectively, on fluorescence probe study using pyrene (Fig. SA). Dynamic light
scattering showed that the size of DOX micelles was approximately 300-320 nm in diameter with a
moderate polydispersity (Table 1). The particle size distribution was bimodal where the smaller size was
60-70 nm and the bigger size was 400-500 nm, suggesting aggregation of the micelle. The size of the
micelles measured on DLS was consistent with that seen on TEM (Fig. 6). TEM images showed spherical
particles of the micelles. The zeta potential value of DOX micelles was about -3 to 4.5 mV (Table 1). An
increase in surface charge after conjugation with QND and HSQ peptides was observed, which was

expected due to the pl value of QND and HSQ peptides (8.58 and 7.67, respectively).
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Fig. 5 (A) Critical micelle concentration (CMC) of non-targeted, QND, and HSQ micelles (B) Release
profile of DOX from untargeted DOX, QND-DOX, and HSQ-DOX micelles at pH 7

Fig. 6 Transmission electron micrograph (TEM) of DOX (A), QND-DOX (B), and HSQ-DOX (C) micelles
showing spherical morphology

Table 1 Micelle characterization including diameter on dynamic light scattering (DLS), polydispersity
index (PDI), zeta potential (surface charge), and DOX entrapment efficiency (%EE)

Sample Diameter (nm) Zeta potential PDI %EE
(mV)
DOX micelle 319.7+34.9 -3.0+£29 0.523 +0.086 71.0+8.7
QND-DOX 300.6 + 36.5 45+04 0.423 £0.031 86.0+3.6
micelle
HSQ-DOX micelle 3193+£12.2 1.6 0.6 0.412 +0.061 92.7+5.2

The entrapment efficiency of micelles was measured by fluorescence spectroscopy using a
microplate reader. The entrapment efficiencies of DOX in untargeted DOX, QND-DOX, and HSQ-DOX
micelle were relatively high, 71.0+8.7, 86.0+3.6, and 92.7+5.2 %, respectively. Entrapment efficiency of
DOX in nanoparticles can range from low to high. For example, DOX was loaded ranging from 1.3 to 4.4%
using poly(e-caprolactone)-PEG micelle that has hydrophobic block length 2.5-24.7 kDa”’. In another
study, DOX entrapment efficiency was 55.6-64.3% using DOX-PEG-alendronate micelles®. Generally,
drug hydrophobicity plays a critical role in drug-loading process. However, other parameters affecting drug
loading are polymer crystallinity and hydrogen bonding interaction between drug and polymer”’. DOX is



intrinsically less hydrophobic owing to its polar hydroxyl and amino groups. Therefore, DOX loading

could vary.

The release profile of DOX from DOX loaded micelles in phosphate buffer pH 7 was shown in
Fig. 5B. DOX was released from DOX micelles in similar amount with no initial burst release and showing
prolonged release profile. In 4 h, DOX was released from untargeted, QND-DOX, and HSQ-DOX micelles
13.1, 15.8, and 16.9%, respectively. The majority of loaded DOX was still immobilized in micelle core
after 4 h.

Cytotoxicity assay

The cytotoxicity of free DOX, DOX, QND-DOX, and HSQ-DOX micelles to BT549-Luc and
T47D was evaluated by using MTT assay. The ICs, value of free DOX, DOX released from untargeted,
QND, and HSQ micelle was 4.3, 4.4, 1.75, and 3.75 uM, respectively, in BT549-Luc cells (Fig. 7A-D). The
ICsy value of free DOX, DOX released from untargeted, QND, and HSQ micelle was 5.2, 4.2, 4.6, and 4
uM, respectively, in T47D cells (Fig. 7E-H). The cytotoxicity of DOX released from micelles was
comparable to that of free DOX, P=0.39 by Kruskal-Wallis test, on both cells. The relative ICs, value of
DOX from each micelle formulation suggested that the activity of drug encapsulated in micelle was not

affected by encapsulation.
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Fig. 7 Cytotoxicity of free DOX, DOX, QND-DOX, and HSQ-DOX micelles on BT549-Luc (A-D) and
T47D (E-H) cells

Quantification of binding and uptake of QND-DOX-micelles and HSQ-DOX-micellesto BT549-Luc and
T47D cells

Since QND and HSQ have been shown to bind BT549-Luc cells, these two peptides were used to
further determine the targeting efficiency of micelles encapsulating DOX. Within the first hour, the binding
extent of QND-DOX-micelles and HSQ-DOX-micelles to BT-549 cells was found to be significantly

higher than untargeted DOX-micelles (Figure 8A). The fluorescent intensity was increased concomitantly



with incubation time, suggesting an increasing amount of QND-DOX-micelles and HSQ-DOX-micelles
bound or were taken up by cells along with the incubation time. HSQ-DOX-micelles bound BT549-Luc
cells greater than QND-DOX-micelles in 60 and 120 min. At 120 min, the binding of HSQ-DOX-micelles

was increased up to 3.2 fold compared to untargeted micelles.

T47D cells were incubated with QND-DOX-micelles, HSQ-DOX-micelles, and untargeted DOX-
micelles to further assess the specificity of binding mediated by QND or HSQ. QND and HSQ resulted in
1.2 — 1.9 times enhancement of binding and uptake of DOX in T47D cells (Figure 8B). This observation
was consistent with the results observed in BT549-Luc cells. Increasing the incubation time increased the
binding and uptake of the micelles up to 60 min. At 120 min of incubation, the fluorescent intensity of cells

was not significantly different from untargeted micelles suggesting ligand binding saturation.
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Fig. 8 (A) Binding and uptake of untargeted, QND and HSQ conjugated DOX-micelles to BT549-Luc
cells. (B) Binding and uptake of untargeted, QND and HSQ conjugated DOX-micelles to T47D cells *
indicated p<0.05 compared to DOX-micelles.

Conclusions

QND and HSQ peptides have been shown to bind MUC! protein using computational docking.
These two peptide were subsequently tested and showing superior binding on MUC1 expressing breast
cancer cell, BT549-Luc. Hence, they were chosen to be grafted onto pegylated octadecyl lithocholate
copolymer acting as targeting moieties. Targeted pegylated octadecyl lithocholate DOX micelles were then
successfully formulated having mean hydrodynamic diameter around 300-320 nm. These micelles have
octadecyl lithocholate core capable of encapsulating DOX with relatively high drug entrapment efficiency.
The in vitro release data indicated prolonged release profile at pH 7. Compared to free DOX, the targeted
micelles showed comparable cytotoxicity in BT549-Luc and T47D cells. Binding and uptake study showed
that QND-DOX and HSQ-DOX micelles bound BT549-Luc and T47D cells greater than untargeted DOX
micelle. Taken together, QND-DOX and HSQ-DOX micelles had potential in treating triple negative breast

cancer.
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