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6-(5-chloro-2-hydroxyphenyl)-4-(2-chloro-5-

(trifluoromethyl)phenyl)-2-oxo-1,2-dihydropyridine-3-

carbonitrile (1) 1-(5-Chloro-2-hydroxyphenyl) ethanone (0.1
g, 0.586 mmol), 2-chloro-5-(trifluoromethyl) benzaldehyde
(0.122 g, 0.586 mmol), ethyl cyanoacetate (0.1 g, 0.88 mmol),
and ammonium acetate (0.45 g, 5.86 mmol) were dissolved in
ethanol (7 mL) and stirred under nitrogen atmosphere in sealed
flask at 110 oC for 3 hours. After cooling, the precipitated yellow
solid was diluted with diethyl ether (7ml), filtered, washed with
diethyl ether and with water, and then dried to give the product.
Yield: 0.1 g (40 %). m.p. = 330 oC with destruction. 1H NMR
(DMSO-d6) δ 6.69 (d, 1H, J = 8.9 Hz), 6.83 (s, 1H), 7.15 (d.d,
1H, J = 8.9 Hz, J= 2.6 Hz), 7.82 (m, 1H), 7.86 (m, 1H), 7.88
(m, 2H); 8.02 (d, 1H, J= 2.6 Hz). 13C NMR (DMSO-d6) δ

95.78, 102.78, 117.52, 118.18, 120.00, 120.60, 121.86, 125.46,
127.10, 127.30 (m), 127.83, 128.26, 130.81, 131.63, 135.75,
137.77, 154.11, 155.33, 161.92, 163.50. ESI-Mass m/z (%):
426.7 (75), 423.27 ([M-H]−; 100).

The reaction scheme for the synthesis of azTM is presented in
Figure 1.

4-(3-azidopropoxy)benzaldehyde (2) p-
Hydroxybenzaldehyde (0.1 g, 0.82 mmol) and 1-azido-3-iodo
propane (0.19 g, 0.9 mmol) were dissolved in acetone (15 mL).
Potassium carbonate (0.113 g, 0.82 mmol) was added to the
solution and obtained mixture was stirred and refluxed for 5
hours. After cooling the mixture was quenched with water and
extracted with dichloromethane. Organic layer was separated,
dried with Na2SO4 and filtered. The filtrate was evaporated to
give a clear oil. Yield: 0.13 g (77 %). 1H NMR (CDCl3) δ 2.09
(m, 2H, J = 6.3 Hz), 3.54 (t, 2H, J = 6.5 Hz), 4.14 (t, 2H, J =
6.0 Hz), 7.00 (d, 2H, J = 8.6 Hz), 7.80 (d, 2H, J = 8.6 Hz), 9.88
(s, 1H).

4-(4-(3-azidopropoxy)phenyl)-6-(5-chloro-2-

hydroxyphenyl)-2-oxo-1,2-dihydropyridine-3-carbonitrile

(3) 1-(5-Chloro-2-hydroxyphenyl)ethanone (0.277 g, 1.62
mmol), 4-(3-azidopropoxy)benzaldehyde (0.4 g, 1.95 mmol),
ethyl cyanoacetate (0.238 g, 2.11 mmol) and ammonium acetate
(0.75 g, 9.72 mmol) were dissolved in ethanol (7 mL) and stirred
under nitrogen atmosphere in sealed flask at 110 oC for 16
hours. After cooling, the precipitated yellow solid was filtered,
washed with cold ethanol and with water, and then dried.
Obtained yellow solid (0.265 g) is the mix of two compounds
with same molecular weight. The mix was separated by flash
column chromatography on silica, solvent ethyl acetate : hexane
(1 : 1). RF =0.8. Yield: 0.105 g (15 %). m.p. = 186 oC with
decomposition. 1H NMR (DMSO-d6) δ 2.02 (m, 2H, J = 6.5 Hz),
3.54 (t, 2H, J = 6.5 Hz), 4.13 (t, 2H, J = 6.0 Hz), 7.05 (d, 2H, J
= 8.9 Hz), 7.36 (d, 1H, J = 8.9 Hz), 7.60 (d.d, 1H, J = 2.4 Hz, J
= 8.9 Hz), 7.92 (s, 1H), 8.28 (d, 2H, J = 8.9 Hz), 8.65 (d, 1H, J
= 2.4 Hz). 13C NMR (DMSO-d6) δ 28.16, 47.73, 64.87, 95.28,
100.27, 114.37, 118.72, 119.0, 124.65, 129.05, 129.29, 130.05,
132.0, 143.41, 150.60, 160.18, 160.48, 160.65. ESI-Mass m/z
(%): 423 (70) [M+H]+, 418 (100).

2.4 Preparation of azide-modified polyethylene glycol

(azPEG).

The azPEG was prepared according to the method published52.
Mono-methoxy-PEG5000-methansulfonate Methylsulfonyl

chloride (0.92 g, 8 mmol) in dichloromethane (5 mL) was
added dropwise at room temperature to the stirring solution of
triethylamine (0.89 g, 8.8 mmol) and mono-methoxy-PEG5000
(20 g, 4 mmol) in dichloromethane (70 mL). The solution was
stirred at 20 oC for 4 hours, then washed with water and the
organic layer was dried with Na2SO4 with further filtration. The
solvent was evaporated under vacuum to give the product as
a white solid. Yield: 20.3 g (97 %). 1H NMR (CDCl3) δ 3.07
(s, 3H), 3.36 (s, 3H), 3.48 (t, 2H), 3.53 (m, 2H), 3.62 (m, ca.
400H), 3.75 (m, 4H), 4.36 (m, 2H).

Mono-methoxy-PEG5000-azide The mixture of mono-
methoxy-PEG5000-methansulfonate (20.3 g, 4 mmol) and
sodium azide (1.1 g, 17 mmol) in acetonitrile (80 mL) was re-
fluxed and stirred for 15 hours. After cooling, the mixture was
filtered and the solvent was evaporated. The residue was dis-
solved in dichloromethane and washed with water, organic layer
was separated, dried with Na2SO4 and filtered. The solvent was
evaporated, the crystalline residue was washed with hexane, fil-
tered and dried in air to give the product as a white solid. Yield:
19 g (94 %). 1H NMR (CDCl3) δ 3.35 (s, 3H), 3.38 (t, 2H), 3.62
(m, ca. 400H), 3.85 (m, 2H). FTIR (cm−1): 1095 (s, C-O-C);
1340, 1465 (CH2); 2100 (N3); 2880 (s, CH2).

2.5 Preparation of the particles.

Propargyl acrylate (PA) particles were prepared according to a
standard emulsion polymerization method published52.

For a typical surface modification of the particles, for exam-
ple, the grafting of azTM and azide-modified PEG chains with
molecular weight of 5000 (azPEG) onto the particles, 1 mL PA
particles and 5 mg azTM were added to 2 mL of deionized wa-
ter. Solutions of 0.07624 g copper(II) sulfate (99.999% Aldrich)
in 10 mL deionized water and 0.3024 g sodium ascorbate (99%
Aldrich) in 10 mL deionized water were made. Initially, 0.5 mL
of the CuSO4 solution was added to the PA/ azTM solution, fol-
lowed by 0.5 mL of the sodium ascorbate solution. The result-
ing mixture was maintained at a temperature of ca. 28 oC for
15 minutes and then the reaction was stopped by the removal
of unreacted azTM, sodium ascorbate, and Cu(II)SO4 through a
repeated particle washing procedure consisting of centrifugation
and redispersement in methanol. The cleaned PA/ azTM particles
in water were subsequently utilized in a secondary click transfor-
mation with 54.99 mg azPEG, and previously presented CuSO4

and sodium ascorbate solutions. The reaction was allowed to run
for 24 hours and then washed to remove unreacted species as
determined by absorbance measurements; these particles are re-
ferred to as PA/ azTM/ azPEG particles.

2.6 Calculation of grafting densities

The molar extinction coefficient of the free ligand in the dilute
regime and wavelength range of 370 nm to 410 nm is used to
estimate the number of fluorophores attached to the particles.
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First, the molar extinction coefficient for the survivin ligand in
the dilute regime is measured. The concentration of the modified
particles solution is estimated using Beer’s law (A = εbc where
A is absorbance, ε is molar extinction coefficient, in M−1cm−1,
b is path length in cm, and c is concentration in M). 500 µL of
the modified particles solution is dried out to measure the mass.
The diameter of the unmodified particle is measured using the
DLS (Dynamic Light Scattering) and the surface area, mass and
volume of a particle are calculated. Using the mass of a particle
and the mass of 500 µL of solution, the number of modified par-
ticles per mL is calculated by assuming that the mass of the dye
is negligible compared to the mass of the particle. Finally, the
concentration and number of particles is used to determine the
grafting density and distance between two chromophores.

2.7 Affinity pull-down assay.

The particles (conjugated or control) were washed 3 times with
Buffer A (20 mM KH2PO4 pH 7.5, 10 % glycerol, 0.5 mM EDTA,
0.01 % Igepal, and 1 % Triton) before the addition of survivin-
HIS(6) or BSA (6 µg each). The reactions were agitated at 4 oC
for 30 min in Buffer B containing 150 mM KCl (final volume of 30
µL). The supernatant was removed from the beads followed by 3
washes of the beads with Buffer A containing 300 mM KCl. Equal
volumes of 2x SDS dye was added to the supernatant and wash
fractions, while 30 µL of 2xSDS loading dye was added to the
bead fraction. The fractions were subjected to SDS-PAGE analysis
on 15 % gels followed by Coomassie Blue staining.

2.8 Cell analysis.

Human A549, MCF7, and U118MG cell lines were obtained from
ATCC (Rockville, MD). Human glioblastoma U251MG cell line
was obtained from National Cancer Institute (Frederick, MD).
A549 cells were cultured in F-12K media (Kaighn’s Modification
of Ham’s F-12 medium) containing 10 % fetal bovine serum (FBS)
and 1 % antibiotic. MCF7 cells were cultured in phenol red-
free Dulbecco’s modified Eagle’s media (DMEM) containing 10
% fetal bovine serum (FBS) and 1 % Penicillin-Streptomycin.
U118MG cells were cultured in Dulbecco’s modified Eagle’s me-
dia (DMEM) containing 10 % fetal bovine serum (FBS) and an-
tibiotics. U251MG cells were cultured in Roswell Park Memorial
Institute (RPMI) 1640 containing 10 % fetal bovine serum (FBS)
and antibiotics. Cells were cultured at 37 ◦C in a humidified at-
mosphere of 95 % air 5 % CO2.

2.9 Cytotoxicity assay.

A549 cells (5,000 cells per well) were cultured on 96 well plates
for 24 hours. Subsequently, cells were, exposed to 15 and 20
µM of PA, 15 and 20 µM of PA/ azPEG, 1, 6.5, 25, 45, and 65
µM of azTM, 1, 6.5, 25, 45, and 65 µM of PA/ azTM and 1, 6.5,
25, 45, and 65 µM of PA/ azTM/ azPEG. After 48 hours, cell
death was assessed with a MTS assay according to the manufac-
turer’s instructions (Promega, Madison, WI). Briefly, medium was
aspirated and a solution of 100 µL of F-12K containing 10% FBS
and 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium, salt (MTS) and phenazine

methosulfate (PMS) was added onto each well. After 150 min-
utes, wells were scanned colorimetrically at 490 nm on a spec-
trophotometer. The conversion of MTS into an aqueous soluble
formazan product is achieved only by dehydrogenase enzymes,
which are present in metabolically active cells; the absorbance
at 490 nm from the formazan product is directly proportional to
the number of living cells in culture. MCF7 cells (20,000 cells
per well) were cultured on 96 well plates for 24 hours. Sub-
sequently, cells were, exposed to 1, 6.5, 25, 45, and 65 µM of
azTM, 1, 6.5, 25, 45, and 65 µM of PA/ azTM and 6.5, 25, 45,
and 65 µM of PA/ azTM/ azPEG. After 72 hours, cell death was
assessed with a MTS assay according to the manufacturer’s in-
structions (Promega, Madison, WI). Briefly, medium was aspi-
rated and a solution of 100 µL of DMEM containing 10% FBS
and 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium, salt (MTS) and phenazine
methosulfate (PMS) was added onto each well. After 180 min-
utes, wells were scanned colorimetrically at 490 nm on a spec-
trophotometer. Human glioblastoma U118MG and U251MG cells
were cultured on 96 well plates for 24 hours. Subsequently, cells
were, exposed to 0.05, 0.1, 0.25, 0.5, 1.0, and 2.5 µM of TM
and 0.05, 0.1, 0.25, 0.5, 1.0, and 2.5 µM of azTM. The growth
medium was supplemented with 2 % FBS and treated with TM
or azTM. After 24 hours, cell death was assessed with a MTT as-
say according to the manufacturer’s instructions. Briefly, medium
was aspirated and a solution of DMEM containing 10 % FBS and
0.2 mg/ mL MTT was added onto each well. After 180 min-
utes, DMSO (200 µL) was added to each well to dissolve the
formazan crystals and absorbance was measured at 570 nm with
background subtraction at 630 nm. Cell viability was presented
as percentage of viable cells in total population. Significant dif-
ference from control value was indicated by ∗p < 0.05.

2.10 In situ Wright staining for the detection of morpholog-

ical features of apoptosis.

The U118MG and U251MG cells were grown in 6 - well plates and
treated with TM (0.1, 0.5, or 1.0 µM) or azTM (0.1, 0.5, or 1.0
µM) for 24 hours. At the end of treatments, both adherent and
floating cells were centrifuged at a low rpm to sediment them.
The cells were then washed twice with PBS, pH 7.4, before being
fixed and subjected to in situ Wright staining. The 6 - well plates
were then allowed to dry and cells (n = 300) were examined
under the light microscope. The morphology of the apoptotic cells
as examined under light microscopy included such characteristic
features as chromatin condensation, cell-volume shrinkage, and
membrane-bound apoptotic bodies. Four randomly selected fields
were counted for at least 300 cells. The percentage of apoptotic
cells was calculated from three separate experiments.

2.11 Western blotting using specific antibodies.

Both glioblastoma cell lines (U118MG and U251MG) were
treated with azTM or PA/ azTM (1.0 µM survivin ligand concen-
tration) prior to extraction of protein samples. The protein sam-
ples (10 µg) were mixed with Laemmli composition of buffer and
boiled in water for 5 min. The boiled protein samples were loaded
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Fig. 3 Preliminary cell viability data in glioblastoma cells, U251MG and

U118MG, using MTT assay. Untreated cells were used as the control (ctl). Cells

were treated with the small molecule ligands at the indicated concentrations for 24

hours. Cell viability is presented as a percentage of viable cells in the total

population. Significant difference from control value was indicated by *p<0.05. (a)

TM and (b) azTM treatment of the glioblastomas.

binding33. In addition, only hydrophobic groups were preferred
when substituted into Ring-1. On this latter ring, substitutions on
2,4 and, particularly, 2,5 with chlorine and methyl groups at the 2
position, with chlorine, methyl, and CF3 substitution at the 4 and
5 positions resulted in energetically acceptable structures33. In
the current effort, azide terminated methoxyalkanes with (CH2)n

of n=2 at position 4 of Ring-1 (Figure 2a; azTM) was employed
to covalently attach the ligand to a poly(propargyl acrylate) (PA)
particle through a copper-catalyzed click transformation (cf. Fig-
ure 2b).

3.1 in vitro viability and apoptosis studies of survivin lig-

ands in glioblastomas.

Currently, there are not many in vitro cytotoxicity studies
in the literature that demonstrate that the Abbott-derived
survivin ligands can disrupt survivin activity and induce apopto-
sis40,42,56,57. To that end, the survivin ligand originally proposed
by Abbott Labs (6-(5-Chloro-2-hydroxyphenyl)-4-[2-chloro-
5-(trifluoromethyl)phenyl]-2-oxo-1H-pyridine-3-carbonitrile;
TM) and its structural analog modified with an azide linker
(4-[m-(2-Azidoethoxy)
phenyl]-6-(5-chloro-2-hydroxyphenyl)-2-oxo-1H-pyridine-3-
carbonitrile; azTM) (cf. Figure 2a) were synthesized and tested
to verify their potential for survivin activity disruption in two hu-
man glioblastoma cell lines, specifically U251MG and U118MG,
which exhibit survivin overexpression8. Glioblastomas are the
most common form of malignant primary brain tumors and
they have a propensity to encroach quickly into the surrounding
tissues, frustrating surgical routes to their removal8,15. These
tumors were chosen for study as they exhibit an increased
resistance to apoptosis and are relatively resistant to radiation
and chemotherapy8,15.

Figure 3 presents the determination of cell viability of target-
ing molecules, TM or azTM, using the 3-(4, 5-dimethylthiazol-2-
yl)-2, 5-diphenyl tetrazolium bromide (MTT) assay. Cell viabil-
ity is presented as a percentage of viable cells in the total pop-
ulation and a significant difference from the control value was
indicated by a p-level with *p<0.058,58. The original Abbott-
developed drug TM exhibited a ca. 10% reduction in cell viability

Fig. 4 Increased apoptosis in glioblastoma cells, U251MG and U118MG, with

azTM small molecule ligand when compared to TM. Untreated cells were used as

the control (ctl). Cells were treated with TM or azTM ligand at indicated

concentrations for 24 hours. (a) In situ Wright staining for detection of

morphological features of apoptosis. Bar diagram shows percent apoptosis based

on Wright staining for (b) TM and (c) azTM treatments. Cell death is presented as

percentage of apoptosis in total population. Significant difference from control

value was indicated by *p < 0.05 or **p < 0.01.

for both cell lines that was not statistically significant, while the
azide-modified version azTM resulted in a statistically significant
reduction of ca. 30 % in viability for both cell lines at a dosage
of 2.5 µM. A cell death of over 30 % at a dosage of 2.5 µM in-
dicates a high ratio in comparison to other survivin activity dis-
ruption studies; a study on the cytotoxicity in glioblastomas of a
number of small molecules derived from 6-(o-Hydroxyphenyl)-2-
oxo-4-phenyl-1H-pyridine-3-carbonitrile (i.e. Abbott8)33 was re-
cently presented42. In this study, the IC50 value for the lead com-
pound (LLP3), a variant of Abbott8, was determined to be 31.2
µM, which is an order of magnitude greater than that of azTM
for a similar efficacy. Assuming that the enhancement is due to
an increased survivin binding to azTM, the structural difference
between TM and azTM is localized to Ring-1 (cf. Figure 2). The
substitution of the trifluoromethyl group and chlorine on Ring-1
with the azidoethoxy group is speculated to enhance the binding
of the drug to the dimer interface of survivin33. The occupancy
of the dimer interface has been theorized to interfere with sur-
vivin’s binding to other proteins which are required to activate its
IAP functions. Specifically, LLP-3 was designed from Abbott8, the
targeting molecule used in this project, by adding 2 phenyl rings
to displace the Leu98 and Leu102 interactions in survivin dimer-
ization and weaken the protein-protein interface and results in
blocking the binding of survivin to Ran42,59. GTP-binding nu-
clear protein Ran is a protein that is encoded by the RAN gene in
humans and is a regulator of bipolar mitotic spindle assembly.

The observed efficacy of azTM in promoting cellular death in
the U251MG and U118MG cell lines could be through an en-
hanced apoptosis (desired programmed cell death) or simply tox-
icity of the drug. In order to identify apoptotic cells, a standard
in situ Wright staining study was employed (cf. Figure 4a)60–65.
Typical morphologic changes in cells undergoing apoptosis in-
clude cell shrinkage, enhanced round shape, chromatin conden-
sation, blebbing of cell membrane, and enhanced refractivity of
cells under phase-contrast imaging66. Utilizing these visual de-

6 | 1–12

Page 6 of 13Biomaterials Science



scriptors, the cells treated with TM and azTM at a concentration
of 0.1, 0.5, and 1.0 µM were compared to the untreated control
cells and observed the morphological features of apoptotic cells
(cf. Figure 4). Figure 4b presents the number of cells undergoing
apoptosis relative to the control, and while both drugs resulted in
enhanced apoptosis in both cells lines, azTM resulted in a greater
proportion of cells exhibiting these feature at a set concentration
relative to cells incubated with TM. The azTM treatment with 1
µM induced more than 35 % apoptosis in both cell lines and cor-
responds to the cell death observed in the viability study (cf. Fig-
ure 3). This data is presented in a bar graph in Figure 4b. These
results confirm that azTM induces apoptosis and disrupts survivin
activity more effectively than the original TM small molecule lig-
and.

3.2 Surface-functionalized particles.

The previous studies are promising and indicate that the Abbott
derived Survivin targeting ligands are a potential tool for survivin
activity disruption as a small molecule. However, small molecules
have a short in vivo circulation lifetime, which limits the feasibil-
ity of survivin ligands for use in therapies. To circumvent this is-
sue, the small molecule azTM can be attached to poly(propargyl
acrylate) (PA) nanoparticles to increase circulation times and at
the same time allowing the ligands to form beneficial host/ guest
assemblies. A schematic of the particles studied in this effort is
presented in Figure 2b. The PA colloids were prepared using a
standard aqueous emulsion polymerization technique resulting in
spheres with a diameter of 66.1 ± 0.26 nm (average and standard
deviation). To functionalize the surface of the particles, a multiple
step copper-catalyzed azide/alkyne cycloaddition ("click" trans-
formation) was performed in water to produce PA particles that
had survivin ligand and polyethylene glycol (PEG) attached to
their surface. We have demonstrated previously that these mod-
ified particles are free of all the copper used and these cleaned
particles are not toxic to cells52,67. In addition cytotoxicity tests
were carried out using PA/ azPEG particles (cf. Figure 7) to ver-
ify that these particles are not toxic. The use of PEG to infer a
hydrophilicity to the particles has been found to be important for
directing protein absorption in the particles and achieving long
circulation times68.

3.3 Selective binding of functionalized particles.

As stated earlier, prior art suggests that the ligand directly
binds at the dimer interface of survivin. Computational model-
ing of the molecular interactions along the dimerization inter-
face33,59, affinity screening studies33, cytotoxicity studies42,56,57

and fluorescence binding studies of several modified analogs
of TM with the wild-type protein and the mutant form of
survivinF101A/L102A 42, have been explored to establish the direct
binding between the small molecule "free" ligand and survivin,
but no studies have been performed to establish the efficacy of
the ligands when attached to the surface of nanoparticles. To this
end, affinity pull-down experiments were employed. A purifica-
tion protocol that utilized both affinity and conventional chro-
matography to purify survivin to near homogeneity was devel-

Fig. 5 Purification of survivin and affinity pull-down of survivin by

surface-functionalized particles. (a) SDS-PAGE of purified recombinant survivin

(ca. 0.8 µg); (b) Poly(propargyl acrylate) (PA) particles were surface modified with

azTM ( cf. Figure 2) and azPEG. Control particles lacked the presence of ligand.

Both sets of particles were incubated with survivin or BSA protein. The

supernatant was removed and the particles were washed with buffer. Proteins

retained on the particles were eluted. The supernatant (S), wash (W) and elution

(E) were separated on a 15 % polyacrylamide gel and stained with Coomassie

blue. (c) Percentage of bound proteins on functionalized and control particles

(data taken from SDS-PAGE in Part (b) as well as two other pull-down

experiments).

oped (Figure 5a). About 0.4 mg of survivin was obtained from 60
g of bacterial cell pellet. The particles were surface modified with
an azide-terminated (azTM) conjugate and poly(ethylene glycol)
(azPEG) chains of 5k molecular weight attached to their surface
while control particles only had the azPEG modification. After in-
cubation of the particles with purified survivin, the supernatant
was removed and the particles were washed with buffer. Any
survivin retained on the particles was eluted and subjected to
SDS-PAGE analysis. As indicated in Figure 5b, survivin bound the
functionalized particles evidenced by its presence in the elution
(cf. Figure 5b, lane 4). The interaction with the azTM conju-
gate is specific since survivin is only present in the supernatant
with the control azPEG particles (cf. Figure 5b, lane 10). As ex-
pected, bovine serum albumin (BSA) failed to interact with either
the azTM or the azPEG.

Figure 5c quantifies the results presented in Figure 5b, as well
as two other pull-down experiments. In this figure, the columns
of + or - above the graph indicate what combination of particle
and protein was employed. For example, in lane 1, the amount
of bound survivin on the functionalized particles was quantified
while in lane 2, the amount of BSA on the functionalized particles
was assessed. Lane 3 & 4 are the control lanes and present the
amount of bound protein with survivin & control particles (lane
3) and BSA & control particles (lane 4). These results suggest that
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Fig. 6 (a) Survivin conjugate azTM disrupted the activity of survivin to promote

Caspase mediated apoptosis. Both glioblastoma cell lines were treated with

survivin conjugate azTM as a free small molecule or attached to the surface of

nanoparticles (1.0 µM ligand concentration) prior to extraction of protein samples.

Protein samples were resolved by 4 - 20 % SDS-PAGE and Western blotting was

performed using the primary IgG antibodies against survivin, caspase-3, and

β -actin. Quantification of expression of survivin and caspase-3 after treatment with

free ligand (azTM) and modified particles (PA/ azTM) in (b) U251MG or (c)

U118MG cells. Significant difference from control value was indicated by *p<0.1,

**p<0.01 and #p<0.001.

the binding specificity of the survivin ligand is not altered when
attached to particles and over 85 % of the survivin bound to the
functionalized particles.

3.4 Enhanced apoptosis with functionalized particles.

It’s clear that the functionalized particles are capable of selectively
binding survivin, but the question remains, will this binding of the
protein result in any enhancement of apoptosis of cancer cells.
The precise mechanism by which survivin suppresses apoptosis is
still in debate, but it is speculated that survivin directly suppresses
caspase-3, a protein which is believed to play a central role in the
execution-phase of cell apoptosis14. To this end, Western blot-
ting for survivin and other proteins involved in Caspase-mediated
apoptosis was employed to determine how effectively the modi-
fied particles restrain survivin activity in comparison to the "free”
drug. Both glioblastoma cell lines were treated with azTM or
PA/ azTM nanoparticles (1.0 µM ligand concentration) prior to
extraction of protein samples. Protein samples were separated
by SDS-PAGE and Western blotting was performed using the pri-
mary IgG antibodies against survivin, caspase-3, and β -actin. The
horseradish peroxidase conjugated anti-rabbit IgG was used as
secondary antibody. Western blots were incubated with ECL de-
tection reagents, exposed to X-OMAT AR films, and photographed
(cf. Figure 6). The Western blot indicated that both azTM and
PA/ azTM nanoparticles increased the activation of caspase-3, the
final executioner of apoptosis, in these glioblastoma cell lines.
Importantly, PA/ azTM nanoparticles exhibited a pronounced sur-

vivin sequestration relative to the "free” azTM for activation of
caspase-3 for apoptosis in both glioblastoma cell lines. Figure
6 presents the quantification of the Western blot data. For both
the cell lines, the quantification demonstrated that the caspase-
3 expression was increased by 95 % and 140 % for azTM and
PA/ azTM, respectively, when compared to the untreated control
cells. In addition, it was noticed that for the PA/ azTM treatment,
the expression of survivin was decreased by 60 %. This decrease
might not be an actual reduction in expression of survivin as it
is speculated that the sequestered survivin could have still been
bound to the nanoparticles and couldn’t be extracted completely
for SDS-PAGE and Western blotting studies.

3.5 Viability studies in other cell lines.

To further support and validate the results obtained in the
glioblastoma cells, cell viability studies were carried out in the
A549 line, cell line known to overexpress survivin69. According
to National Cancer Institute’s anticancer drug screening program,
expression of survivin is 20 ng out of 50 µg total protein in A549
cells. Figure 7 presents the cell viability data with A549 cells using
the MTS assay. A549 cells are a human alveolar adenocarcinoma
cell line which can synthesize lecithin with a high percentage of
disaturated fatty acids and are believed to be responsible for pul-
monary surfactant synthesis70. The cells were treated with azTM
and PA/ azTM with two different grafting densities (gd), 0.58
and 1.91 azTM/nm2, at varying concentrations for 48 hours. In
A549 cells, the small molecule and modified particles exhibited
the same behavior as exhibited in the glioblastomas cells, though
there was an observed dependence on cell reduction with the par-
ticle’s azTM grafting density. In this A549 line, the “free” molecule
exhibited an IC50 of 25 µM, while particles with a grafting den-
sity of 0.58 gave an IC50 between 1 and 6.5 µM. Surprisingly,
particles with a higher grafting density of 1.91 gave an IC50 that
was greater than 25 µM. Similarly, PA/ azTM particles with a low
grafting density of 0.77 azTM/nm2 gave an IC50 between 6.5 and
25 µM in MCF7 cells, a human breast adenocarcinoma cell line.
Clearly, the dosage of the small molecule azTM when attached to
the particles is a combination of particles administered and the
grafting density of the ligand to the particle, so a range of parti-
cles with grafting densities were investigated. Figure 8 presents
the A549 cell viability with particles of varying grafting densities.
As a reference point, 1 µM concentration the free ligand (azTM)
indicated cell death of ca. 15%, which is lower than the 35 % ob-
tained from glioblastomas (cf. Figure 7). For the "free" molecule,
this lower efficiency in the A549 cell line could be due to the fact
that the over-expression of survivin in A549 might be higher than
in Glioblastomas; it is commonly observed that the efficiency of
drugs or targeting molecules varies with different cell lines due
to the differing expression levels69. From Figure 8, particles with
the lowest grafting density (e.g., 0.58 azTM/nm2) exhibited the
greatest impact in cell viability with a 60 % reduction at an azTM
concentration of 6.5 µM. Subsequent increases in dosage with
the 0.58 azTM/nm2 particles result in a reduction in efficacy that
converge on the cell viability exhibited with particles of higher
grafting density. Particles with grafting densities between 0.90
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Fig. 7 Cell viability (MTS assay) of A549 cells treated with small molecule azTM

and PA/ azTM particles with two different grafting densities (gd), 0.58 and 1.91

azTM/nm2, at varying concentrations for 48 hours. Unmodified and azPEG

modified particles were used as additional controls. Cell viability is presented as

percentage of viable cells compared to the control.

and 1.91 azTM/nm2 exhibited similar efficacies with a IC50 which
is greater than 25 µM.

It is speculated that the enhanced IC50 values for particles with
higher grafting densities was due to an inability of the protein
to bind to the particles because of steric concerns. The surface
grafting density of 1.91 azTM groups/nm2 corresponds to a 91
% coverage (on a 67 nm diameter particle) if the distance of an
azTM at its widest point (ca. 7.8 Å) can be assumed to define the
diameter of a cylinder enclosing the moiety and attached to the PA
surface; each particle would then have ca. 29.5k azTM moieties.
Similarly, it was noticed that particles modified with both azTM
and long azPEG chain (5k) exhibited a decreased percentage of
cell death (data not presented). This decrease could be due to the
fact that the long PEG chains physically hinder the binding of the
ligand with a survivin protein or that a higher dosage is required
because the transport of the particles into the cells is reduced
with the large hydration shell when the PEGs are attached to the
particles71–74.

3.6 Functionalized particles localized in cells.

Survivin has been found to only operate within the cell. To verify
that these particles are taken up by the cells and not just located
on the surface of cell, the cells were treated with survivin ligand
(azTM) modified particles that are labeled with a near infrared
fluorophore squaraine (azSQ), and imaged after 24 hours of incu-
bation. A549 cells were treated with 15 µM PA/ azTM/ azSQ for
24 hours and washed with PBS before imaging. The fluorescence
from the squaraine dye was used to identify that the particles
were taken up by the cells (cf. Figure 9). In methanol, azSQ has
a peak absorption maximum at 663 nm, while the corresponding
emission peak is at 672 nm, for a relatively small Stokes shift of 9
nm. This emission of the azSQ labeled particles in Figure 9 clearly
show that the modified particles are uptaken by the cells. Due to
the low quantum yield of the azSQ, the brightness and contrast

Fig. 8 Viability of A549 cells with PA/ azTM particles of varying ligand surface

density. The cells were treated with azTM and PA/ azTM of varying different

grafting densities (gd) of 0.58, 0.90, 1.71, 1.77 and 1.91 azTM/ nm2 and at varying

concentrations for 48 hours. Cell viability is presented as percentage of viable cells

compared to the control and the MTS assay was employed.

Fig. 9 Imaging of A549 cells treated with 15 µM PA/ azTM/ azSQ for 24 hours

and fluorescence images were taken under RFP filter. All scale bars represent 100

µm.

of the image obtained was increased to enhance the emission of
the PA/ azTM/ azSQ particles.

In addition, an apoptotic/necrotic/healthy cells detection kit
that contains three stains: Hoechst 33342, Annexin V labeled
fluorescein, and Ethidium homodimer III, was employed to es-
tablish the state of the A549 cells when incubated with PA/
azTM particles. Hoechst 33342 (λ abs/ λ em = 350/461 nm), An-
nexin V labeled fluorescein (FITC - Annexin V) (λ abs/ λ em =
492/514 nm) and Ethidium homodimer III (EthD-III) (λ abs/ λ em

= 528/617 nm) dyes stain healthy, apoptotic and necrotic cells,
respectively75–83. In the current study, A549 cells were treated
for 24 hours with 25 µM of azTM, unmodified PA particles, PA/
azTM particles of two different grafting densities of 0.63 and 1.77
azTM/ nm2, and PA/ azTM/ azPEG particles. This study is aimed
at understanding the qualitative changes in cells with the treat-
ment of azTM and modified particles. To obtain accurate quan-
titative information a flow cytommetry study can be conducted
in future. After the treatment, the cells were stained with the
Hoechst 33342, FITC-Annexin V, and EthD-III stains as per the
manufacturer’s instructions and imaged with a standard fluores-
cence microscope and Figure 10 presents the images obtained. As
expected, for the two control treatments (cf. Figure 10 - panels 1
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Fig. 10 Fluorescence microscope images of A549 cells after incubation with 25

µM of azTM, PA/ azTM particles with two different grafting densities, PA/ azTM/

azPEG particles and PA particles. Cells were treated with an

apoptotic/necrotic/healthy cells detection kit to differentiate the status of the cells.

All scale bars represent 200 µm.

to 6), only the emission from Hoechst staining (blue) was seen.
This confirms that the cells are healthy and that the PA particles
are not toxic. For the azTM treated cells, the Hoechst staining (cf.
Figure 10 - panel 7) indicated that the number of healthy cells
decreased by ca. 38 % which was coupled with a decrease in the
intensity of the blue emission, suggesting the possibility of DNA
damage. In addition, the emission was not a normal bright round
spot but appeared to be shaped like clumped random strands. It
was subsequently verified that this blue emission from random
strand like shapes was attributed to the emission of the azTM and
not the Hoechst dye. The azTM treated cells indicated ca. 43
% apoptotic cell death and the images obtained (cf. Figure 10 -
panels 7 to 9) suggested that the cells were in the late apoptotic
stage, as they were stained by all the three dyes (blue, green and
red). When cells are stained with the triple colors blue, green,
and red, this indicates that those cells are dead cells progress-
ing from apoptotic cell population53,54. For the treatment of PA/
azTM particles with a grafting density of 0.63 azTM/ nm2 (cf. Fig-
ure 10 - panels 10 to 12), ca. 66 % reduction in healthy cells was
observed and the late apoptotic cell population was ca. 18 %. In
this treatment, the apoptotic cell death was lower than expected,
which could be due to a loss of dead cells during the wash with
buffer prior to the staining process. For treatments with particles
of higher grafting density of azTM/nm2 (cf. Figure 10 - panels
13 and 16), the number of healthy cells was not reduced when

compared to the controls (cf. Figure 10 - panels 1 and 4), sug-
gesting that the high azTM grafting density particles were not
that effective. This result is in accordance with the earlier specu-
lation that particles with higher grafting densities of the ligands
did not allow the proteins the spatial flexibility to bind (cf. Figure
8). In addition, there is a ca. 30 to 40 % decrease in the number
of late apoptotic cells for treatment with the PEGylated particles
(cf. Figure 10 - panel 17) when compared to non-PEGylated par-
ticles (cf. Figure 10 - panel 14), which also supports the previous
speculation that protein transport to the surface of the particles is
reduced with a large PEG hydration shell.

4 Conclusion

Disrupting the activity of anti-apoptotic proteins that are over-
expressed by cancer cells is a potentially attractive route to com-
bating this disease. Survivin belongs to the family of inhibitor
of apoptosis proteins (IAP) and is present in most cancers while
being below detection limits in most terminally differentiated
adult tissues, making it an attractive protein to target for di-
agnostic and, potentially, therapeutic roles. To this end, sub-
100 nm poly(propargyl acrylate) particles were surface modi-
fied through the copper-catalyzed azide/alkyne cycloaddition of
an azide-terminated survivin ligand derivative (azTM) originally
proposed by Abbott Labs and speculated to bind directly to sur-
vivin (protein) at its dimer interface. Using affinity pull-down
studies, it was determined that the PA/azTM nanoparticles se-
lectively bind survivin. Incubating the modified particles with
glioblastomas and other survivin over-expressing cell lines such
as A549 and MCF7 resulted in a higher percentage of cell death
relative to cells incubated with the original Abbott-derived small
molecule. In situ Wright staining and selective dyes were used to
confirm that the cell death observed was through apoptosis. In
addition, a Western blot assay indicated that there was an signifi-
cant increase in the expression of caspase-3, the final executioner
of apoptosis, during the treatment with the PA/azTM particles.
These particles offer a flexible platform that can be easily surface
modified to recursively attach a range of moieties such as near
infrared fluorophores, antibodies, and drugs to one particle, cre-
ating a multifunctional nanodevice for use against cancer.
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