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ABSTRACT: In this study, we have synthesized a new
hyperbranched polyester polymer containing sulfur-pendants
(HBPE-S) in the branching points. This HBPE-S polymer is
composed of spherical shaped, aliphatic three-dimensional
architecture with carboxylic acid groups on the surface. The
presence of sulfur pendants in the polymeric cavities
demonstrated an important role in the effective encapsulation
of Bi-DOTA complexes ([Bi] = 5.21 uM), when compared to
the previously reported polymer without sulfur pendants
(HBPE, [Bi] 1.07 x 107 uM). Higher X-ray blocking
capability and excellent X-ray contrast images were obtained
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from Bi-DOTA encapsulating HBPE-S polymeric nanoparticles when compared with that of HBPE nanoparticles. In addition,
the HBPE-S polymer’s spherical structure with amphiphilic cavities allow for the successful encapsulation of antitumor drugs and
optical dyes, indicating suitable for delivery of wide-range of theranostic agents for cancer diagnosis and treatment. Therapeutic
drug taxol encapsulating, folic acid decorated HBPE-S-Fol nanoparticles showed more than 80% of lung carcinoma cell death
within 24 h of incubation. Cell viability and microscopic experiments also confirmed for the targeted delivery, thereby minimizing
toxicity to healthy tissues. Taken together, new HBPE-S polymer and multimodal theranostic nanoplatforms were synthesized
with enhanced X-ray blocking capability for the effective cancer targeting and treatment monitoring.

he construction of architectural polymeric materials and

nanostructures such as nanospheres, nanorods, or nano-
wires with multimodal imaging and treatment capabilities has
attracted considerable interest in the field of medicine.'”
Current research advances toward minimizing the toxicity of
these nanostructures, which depends on the chemical nature of
the nanoparticle components (lipid, polymer, inorganic
compounds) and the loading dosage of the therapeutic agents.”
For instance, inorganic nanoparticles have limited applications
due to low aqueous dispersibility, long-term instability, and
higher toxicity.”'" Therefore, the construction of new designer
polymer and its biocompatible nanoparticles with minimal
toxicity is important for the targeted drug delivery, imaging, and
treatment of cancer.

Modern tumor imaging requires target specificity, higher
resolution and three-dimensional tomography, which are
difficult to meet with current single-modal and mostly
nonspecific imaging agents.'”~'® X-ray computed tomography
(CT) is one of the most powerful and widely used noninvasive
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tissue imaging techniques, due to the deep tissue penetration
capability, which displays internal anatomic structures non-
invasively.'”™** Several X-ray absorbing nanoparticle systems
were developed including iodinated liposomes, polymeric
micelles, inorganic nanoparticles, however, the stability and
toxicity issues still need to be addressed.””° In this study, we
report the first example of sulfur containing hyperbranched
polyester polymer and its” polymeric nanoparticles for effective
encapsulation of Bi-DOTA complexes, bimodal imaging, and
treatment of cancer.

Toward this end, we have synthesized a new hyperbranched
polyester polymer containing multiple sulfur-pendants (HBPE-
S) in the branching points (Scheme 1). The HBPE-S polymer’s

spherical shape with amphiphilic cavities would allow for the
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Scheme 1. Stepwise Syntheses of New S-Containing
Branched Monomer (5) and HBPE-S Polymer (6)
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S-containing hyperbranched polyester (HBPE-S, 6)

successful encapsulation of a variety of imaging and therapeutic
agents for effective cancer diagnosis and treatment. Moreover,
the presence of sulfur pendants in HBPE-S polymer would
facilitate the effective encapsulation of higher dosage Bi-DOTA
complexes (bismuth-1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid) due the intrinsic binding affinities between
bismuth metal and sulfur ligand.31’32 Thus, we hypothesized
that this new HBPE-S polymer would formulate highly stable
“Bi” (higher Z-number: 83) containing nanoparticles and
provide better X-ray contrast comparing to iodinated (lower Z-
number: 53) liposomes. It is important to note that our
previously reported HBPE polymer’** resulted in poor
encapsulation of metal complexes. This is may be due to the
absence of sulfur pendants in the structure. Together, we report
the importance of developing a new sulfur-containing hyper-
branched HBPE-S polymer and formulating polymeric
nanostructures for the effective encapsulations of Bi-DOTA
complex and Dil dye for the bimodal X-ray and optical imaging,
respectively, and therapeutic drug taxol for the treatment of
cancer.

Herein, we have successfully synthesized a novel aliphatic
HBPE polymer with sulfur pendants for the effective loading of
bismuth complexes. We hypothesized that the introduction of
sulfur ligands would lead to more stable and effective
encapsulation of Bi-DOTA complexes, due to its higher
binding affinity for “Bi” metal (e.g., bismuth sulfide
Bi,S;).”"** The synthetic protocol for this new HBPE-S
polymer is illustrated in Scheme 1 (for details, see SI,
Experimental Section). Importantly, the second acidic proton
of compound 3 was substituted with 4-bromobutyl acetate®**
using NaH to synthesize the protected monomer 4. Finally, the

236

hydrolyzed A,B monomer 5 was melt polymerized using p-
toluenesulfonic acid (pTSA, 100:1 molar ratio) as catalyst,
under reduced pressure and at 150 °C.”> The rate of
polymerization and molecular weight of the polymer were
controlled by varying reaction time under vacuum (0.2 mm/
Hg). We observed that low molecular weight oligomers were
synthesized without applying vacuum (SI, Table S1). The
resulting HBPE-S polymer 6 was purified using mixed-solvent
precipitation method where the polymer was precipitated in
methanol from DMSO solution. The successful syntheses of
monomers and HBPE-S polymer were indicated by '"H NMR
(Figure 1), FT-IR (SI, Figure S1) and thermogravimetric
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Figure 1. 'H NMR spectra of the synthesized new functional
monomers and the S-containing HBPE-S polyester (6).

analysis. The molecular weight of the HBPE-S polymer was
calculated using size exclusion chromatography (SEC) and
indicate for the synthesis of higher molecular weight polymer
(M,, = 38000, PD = 1.86), as showed in Figure 2A.

Next, HBPE-S polymer was used for the one-pot formulation
of cargos-encapsulating polymeric nanoparticles (PNPs) using
solvent diffusion method (Figure 2, see SI, Experimental
Section).*>*® We have selected Dil dye (5 ug/uL) for optical
imaging, Bi-DOTA complex (30 pg/uL) for enhanced X-ray
attenuation and therapeutic drug taxol (1 yg/uL) for treatment.
Dynamic light scattering method (DLS) was used for the
determination of size of this carboxylated PNPs 7, and the
overall diameter was found to be 82 + 2 nm (Figure 2B). The
presence of free carboxylic acid groups on HBPE-S PNPs was
confirmed by measuring {-potential (—45 mV, SI, Figure S2).
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Figure 2. Schematic representation of nanoformulation, and character-
ization of HBPE-S polymer and functional PNPs. (A) GPC
chromatogram of HBPE-S polymer 6; (B) DLS histogram of PNPs
7; (C) UV—vis spectrum of PNPs 9 showing the presence of folic acid
(s = 380 nm) and Dil dye (4., = 554 nm); Inset: Fluorescence
spectrum confirming the presence of folic acid (4, = 452 nm); (D)
Evaluation of cytotoxicity of functional PNPs using MTT assay.
Average values of three measurements are depicted =+ standard error.
1X PBS solution was used for the control cells treatment.

In order to facilitate targeted Non-Small-Cell Lung Cancer
(NSCLC) treatment and retention in blood circulation, we
have used these surface carboxylic acids for the conjugation of
folate-receptor targeting folic acid and polyethylene glycol
polymer (H,N-PEG-COOH, M, = 617.17) using “Click”
chemistry and standard EDC/NHS-based carbodiimide chem-
istry, respectively.””~** Functional HBPE-S PNPs (7—9, Figure
2) were purified using PD-10 columns and dialyzed (MWCO
6—8K) against PBS solution (pH = 7.4). Nanoparticles were
found to be stable in PBS (pH = 7.4) and in serum for longer
periods of time, as no significant agglomeration (by DLS) or
quenching in fluorescent emission were observed with time (S,
Table S2). The effect of PEGylation was reflected in the change
in overall diameter (D = 85 nm, SI, Figure S3) of PNPs. The
effective conjugation of folic acid was verified by spectrophoto-
metric experiments as shown in Figure 2C. The presence of
absorbance maximum A4, at 380 nm and fluorescence emission
Aem at 452 nm (inset, Figure 2C) confirmed for the successful
conjugation of folic acid. Molecular encapsulation of Dil dye
and taxol (encapsulation efficiency, EEp; = 67% and EE, =
73%) were confirmed by UV—vis (Dil dye: A, at 554 nm) and
fluorescence (Dil dye: A, at $72 nm, SI, Table S2; taxol: Ay, at
370 nm, SI, Figure S4) spectroscopic methods. All these
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functionalized PNPs were further confirmed by DLS and {-
potential analyses (SI, Table S2 and Figure S2).

To evaluate the potential X-ray blocking properties of our Bi-
DOTA complex-encapsulating HBPE-S NPs (9) and to
compare that with Bi-DOTA complex-encapsulating HBPE
NPs, these PNPs were first characterized using ICP-MS
spectrometer. Results showed that the HBPE-S PNPs (9)
contain more Bi-DOTA complex ([Bi] = 5.21 pmol) than
HBPE PNPs ([Bi] = 1.07 X 107 umol). These results directly
acknowledge our hypothesis and further prove for the affinity of
“Bi” atoms toward “S” atoms. Various concentrations of Bi-
HBPE-S NPs were prepared and taken in a 96-well plate for
optical (Xenogen IVIS optical imaging system) and X-ray
imaging (Concorde Microsystem’s X-ray instrument). With
increased concentrations of Bi-HBPE-S NPs (1, 2, 3, and S mg/
mL), higher fluorescence intensity (Figure 3A) and X-ray

IVIS and X-ray imaging
HBPE-S HBPE X-ray
phantoms phantoms Absorption
. c) 4000
a. 5mg/mL
3000
b. 3 mg/mL
2000
c. 2mg/mL 1000
0.00
d. 1 mg/mlL [Color Scal€
Min -0
Max - 4000

Figure 3. Bimodal (optical and X-ray) imaging of PNPs phantoms
(1-S mg/mL). (A) IVIS and X-ray images of (B) HBPE-S NPs (9)
and (C) corresponding HBPE NPs phantoms.

contrasts were observed (Figure 3B). In contrast, due to the
lack of efficient Bi-DOTA encapsulation, we have not observed
any noticeable X-ray contrast from Bi-HBPE NPs phantoms
(Figure 3C). These results indicate the importance of new
HBPE-S polymer with sulfur pendants in the cavities. It is
important to note that our Bi-HBPE-S NPs phantoms have
comparable X-ray attenuation properties with clinically
approved Omnipaque solutions (SI, Figure SS). Taken
together, these results indicated that the new HBPE-S polymer
holds promise for effective Bi-DOTA complex encapsulations
and X-ray imaging, and indicative of its importance in the field
of macromolecular science.

The effective release studies of the encapsulating drug and
imaging agents in HBPE-S PNPs (9) are important for
potential therapeutic applications. We have designed experi-
ments with esterase enzyme (from porcine liver) and at acidic
pH (pH = 6.0) using the dynamic dialysis technique.”’ In
particular, the low-pH condition was used to mimic tumor cell’s
intracellular acidic microenvironment. Results showed for a
time-dependent release of taxol drug (Figure 4A,B) and within
6—8 h of incubation either in the presence of esterase enzyme
or acidic pH. Faster release was observed in acidic pH when
compared with esterase enzyme. This is attributed to the faster
acidic hydrolysis of polymer backbone’s ester linkages and
subsequent release of drug. We further assume that upon
polymer backbone degradation, the optical and X-ray contrast
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Figure 4. Evaluation of drug release profiles for taxol encapsulating
HBPE-S NPs (9) using dialysis method at 37 °C. Within a course of
time, taxol drug was released when incubated with (A) esterase
enzyme and (B) acidic buffered solution. No significant release of drug
was found in physiological pH (red lines, A, B).

agents will be released, simultaneously. On the other hand,
minimum amount of drug was released under physiological pH
and in serum conditions, which indicated for stability in
physiological conditions. Additionally, to mimic real in vivo
conditions, the PNPs were incubated with 55% plasma proteins
before subjected to drug release experiments at pH 6.0. The
protein corona-coated PNPs were found to be stable with little
bigger in size (94 nm, SI, Figure S6) and as expected, a slower
rate of drug release was observed and reported in SI, Figure S7.
Together, these results indicated that our HBPE-S nano-
particles would be ideal for in vivo drug delivery applications.

To assess HBPE-S PNP’s potential cytotoxicity and to
determine the ability for targeted drug delivery, we have
performed MTT assay. In experiments, the folate receptor
positive non-small-cell lung cancer (NSCLC) cells*** were
seeded in a 96-well plate and various functional HBPE-S NPs
(2.5 mM) were incubated for 24 h (Figure 2D). The
carboxylated PNPs (COOH, 7) showed minimal toxicity due
to the lack of internalizations, and the folate PNPs (FOLATE,
9, without taxol drug) also showed very minimal toxicity
(around 5% cell death) to NSCLC. These results indicated that
the formulated PNPs are suitable for drug delivery and showed
little extent of toxicity may be due to the presence of Bi-DOTA
complex within the PNP’s cavity. However, more than 80% cell
death was observed within 24 h, when incubated with
taxol ¥ % encapsulating HBPE-S PNPs (TAXOL, 9, Figure
2D). To mimic in vivo conditions, similar experiments were
performed incubating protein corona-coated PNPs with serum-
starved AS549 cells, and more than 55% cell death was observed
after 24 h of incubation (SI, Figure S8). These results
confirmed that the therapeutic drug taxol’s antitumor activity
is preserved irrespective of its encapsulation, successful drug
delivery and treatment by HBPE-S NPs. In another set of
experiments, rat cardiomyocytes (H9c2, FR—)* cells were
incubated with taxol carrying PNPs (9, SI, Figure S9) and
showed minimal cytotoxicity after 24 h of incubation. This
result further indicated for folate receptor-mediated internal-
izations and targeted drug delivery. In conclusion, these
findings suggested that the HBPE-S nanoparticles were capable
of targeted delivery of anticancer drug and imaging agents
specifically to the tumors in order to prevent side effects to the
nontransformed cells and normal tissues.

To further explore the potential targeted therapeutic
applications, we evaluated surface-charge and functionality-
dependent cellular internalizations and cytotoxicity of HBPE-S
NPs. In these experiments, carboxylated (7, COOH) or folate-
conjugated (9, Folate) NPs (2.5 mM) were incubated with
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AS49 cells for 24 h before visualized using fluorescence
microscope. Results showed minimal internalizations for
carboxylated NPs (Figure SA—C), as expected due to the

Dil (Red filter) DAPI (Blue filter) Merged

PNPs
[Folate]

PNPs
[Taxol]

Figure 5. Assessment of HBPE-S PNP’s cellular uptake and
cytotoxicity using fluorescence microscopy. A-C) Minimal internal-
ization was observed with carboxylated NPs (7), whereas (D—F)
enhanced internalization was observed with folate NPs. (G—I) AS49
cells were incubated with taxol encapsulating folate NPs (9), leading to
mitotic arrest and cell death. Nuclei stained with DAPI dye (blue).

enhanced permeability and retention (EPR) effect and lack of
effective folate-receptor mediated internalizations. However,
enhanced internalizations were observed from folate NPs with
no drug (Figure SD—F), further indicating for the receptor-
mediated internalizations. In addition, no significant internal-
ization of folate NPs was observed when lung cancer cells (FR
+) were preincubated with excess of folic acid (competition
assay, SI, Figure S$10) and in studies using H9c2 cardiomyocyte
cells (FR—, SI, Figure S11). These results corroborated for
folate receptor-mediated internalizations. Next, we investigated
for the intracellular uptake of taxol-encapsulating folate-
conjugated PNPs (9, Taxol) in NSCLC and treatment. Upon
24 h of incubation, mitotic arrest was observed, leading to
changes in cellular morphology and cell death (Figure SG—I).
These results indicate that the novel folate-conjugating HBPE-S
NPs can deliver theranostic agents specifically to folate
receptor-expressing tumors, while visualizing drug delivery
and cancer treatment.

In conclusion, we have developed a new hyperbranched
polyester polymer with sulfur pendants (HBPE-S) in each
branching point. The presence of sulfur pendants facilitated
higher concentration loading of bismuth complexes (Bi-
DOTA), when compared with the HBPE polymer without
sulfur pendants. ICP-MS results showed the presence of higher
concentration bismuth ([Bi] = 5.21 pM) and observed
enhanced X-ray attenuation from HBPE-S NPs when compared
with HBPE NPs ([Bi] = 1.07 x 10 uM). In addition, the
synthesized novel HBPE-S NPs were highly efficient in targeted
delivery of therapeutic drugs to NSCLC cells, while minimizing
potential toxicity to healthy tissues. Taken together, we have
developed a new sulfur-containing hyperbranched polymer and
functional nanostructures capable of (i) encapsulating Bi-
DOTA complex in higher concentrations for enhanced X-ray
contrast, (i) delivering of anticancer drugs specifically to
tumor, and (iii) multiparametric (optical and X-ray) imaging of
drug homing and monitoring of treatment. This result brings an
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important piece of information for the structure and property
relationships and adds a new drug delivery system for the
effective X-ray and optical imaging and treatment of cancer.
Further work, including an in vivo demonstration of X-ray
contrast and targeted drug delivery, are currently under
investigation.
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