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Abstract

The effective administration of therapeutic proteins has received increased attention for the
treatment of various diseases. Encapsulation of these proteins in various matrices, as a method of
protein structure and function preservation, is a widely used approach that results in maintenance
of the protein’s function. However, targeted delivery and tracking of encapsulated therapeutic
proteins to the affected cells is still a challenge. In an effort to advance the targeted delivery of a
functional apoptosis-initiating protein (Cytochrome c) to cancer cells, we formulated theranostic
polymeric nanoparticles for the simultaneous encapsulation of Cytochrome ¢ and a near infrared
dye to folate-expressing cancer cell cells. The polymeric nanoparticles were prepared using a
novel water soluble hyperbranched polyhydroxyl polymer that allows for dual encapsulation of a
hydrophilic protein and an amphiphilic fluorescent dye. Our protein therapeutic cargo is the
endogenous protein Cytochrome ¢, which upon cytoplasmic release, initiates an apoptotic
response leading to programmed cell death. Results indicate that encapsulation of Cytochrome ¢
within the nanoparticle’s cavities preserved the protein’s enzymatic activity. The potential
therapeutic property of these nanoparticles was demonstrated by the induction of apoptosis upon
intracellular delivery. Furthermore, targeted delivery of Cytochrome c to folate-receptor-positive
cancer cells was achieved via conjugation of folic acid to the nanoparticle’s surface, whereas the
nanoparticle’s theranostic properties were conferred via the co-encapsulation of Cytochrome c and
a fluorescent dye. Considering that these theranostic nanoparticles can carry an endogenous
cellular apoptotic initiator (Cytochrome c) and a fluorescent tag (ICG) commonly used in the
clinic, their use and potential translation into the clinic is anticipated, facilitating the monitoring of
tumor regression.
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Introduction

The targeted delivery of therapeutic proteins, genes and other biomacromolecules to specific
locations within the body could have a tremendous impact in the treatment of various
conditions such as cancer, cardiovascular and infectious diseases.1 To achieve this goal,
these biomacromolecules are typically encapsulated in polymeric matrices to improve their
stability in serum, delivery, and therapeutic efficacy.2: 3 Protein delivery is of particular
importance, because a signaling protein can be encapsulated and specifically delivered to
cancer cells to trigger a specific physiological response such as apoptosis.4 The intracellular
delivery of membrane-impermeable proteins is an emerging research topic for therapeutic
applications. Recently, silica nanoparticles and carbon nanotubes have been used as
effective delivery nanosystems for the delivery of proteins and DNA into the cell. 476

Cytochrome c (Cyt C) is a small mitochondrial protein (MW= 12 KDa) that plays a key role
in cellular respiration. The enzyme, although highly water soluble, when present in the
mitochondrial inter-membrane space is loosely bound to the inner membrane where it
facilitates electron transport between Cytochrome c reductase (complex I11) and cytochrome
oxidase (complex V), within the mitochondria’s electron transport chain.7 In addition, Cyt
C has also been identified as an important mediator of apoptosis, a normal process of
controlled cell death that is important during development and upon substantial and
irreparable cell damage.4 779 Under these conditions, the apoptotic cascade is initiated,
leading to activation of downstream apoptotic effectors, such as Bax, a member of the Bcl-2
protein family.10- 11 Translocation of Bax from the cytoplasm to the outer mitochondrial
membrane results in the initial dimerization and oligomerization of Bax on the
mitochondrial membrane, facilitating the formation of a permeability transition pore and
therefore achieving the release of Cyt C from the mitochondria to the cytoplasm.10: 11 Once
in the cytoplasm, Cyt C initiates a molecular cascade that results in proteolytic cleavage on a
wide range of cellular proteins, as part of the programmed cell death repertoire.7: 8
However, in some cases cancer cells develop ways to evade the release of mitochondrial Cyt
C into the cytoplasm even in the presence of extensive DNA abnormalities, by preventing
the activation and recruitment of proapoptotic Bcl-2 family members to the outer membrane
and therefore abrogating the formation of the mitochondrial permeability transition pore.12
These cells continue dividing, even in the presence of extensive DNA damage, leading to
tumorigenesis.

Therefore, it would be ideal to develop cancer therapeutics for the targeted induction of
apoptosis in cancer cells. For instance, the targeted delivery of Cyt C to cancer cells could
selectively initiate apoptosis in these cells, while not affecting healthy cells, making this
approach an attractive cancer therapeutic strategy.13 To this goal, we have synthesized a
novel biocompatible and targetable polymeric nanoparticle capable of encapsulating both
Cyt C and fluorescent dyes for targeted cancer therapy and optical imaging. The polymeric
nanoparticles are made from a novel water-soluble hyperbranched polyhydroxyl (HBPH)
polymer that upon dispersion in aqueous media it self assemble such that most of the
hydroxyl groups are exposed to the aqueous environment. This process allows the formation
of highly stable and monodisperse nanoparticles with amphiphilic nanocavities that facilitate
the encapsulation a hydrophilic protein such as Cyt C. In addition, due to the amphiphilic
nature of the nanocavity, amphiphilic fluorescent dyes (e.g., Dil and ICG) can be
encapsulated into the nanoparticle without compromising encapsulation of the hydrophilic
protein.

The HBPH nanoparticle was designed to encapsulate hydrophilic cargos (such as proteins)
inside its amphiphilic nanocavities. We hypothesized that during nanoparticle formation a
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stable encapsulation of Cyt C will take place inside the polymeric nanocavities due to the
presence at physiological pH of positively charged lysine residues on the protein's surface
that can interact electrostatically with the electronic environment within the HBPH
nanocavities (Scheme 1). The presence of several electronegative atoms in the polymer
structure (e.g., oxygen and nitrogen) with lone pairs of electrons makes the polymeric nano-
cavities partially negative in nature. In addition, the presence of multiple esters, tertiary
amines and alcohol groups within the nanocavities can form multiple hydrogen bonds with
Cyt C lysine residues, further stabilizing the encapsulation. This contrasts with our
previously reported hydrophobic hyperbranched polyester (HBPE) polymer14 that when
dispersed in aqueous media forms nanoparticles with hydophobic nanocavities that can only
encapsulate hydrophobic cargos.

Results showed that upon HBPH encapsulation, Cyt C did not suffer any loss-of-function as
the catalytic (peroxidase) activity of both the encapsulated and released Cyt C was
equivalent to that of the non encapsulated protein. Furthermore, we discovered that the Cyt
C-HBPH were selectively uptaken by various human carcinoma cells resulting in apoptosis
(programmed cell death), after Cyt C’s release into the cytoplasm. Our results indicate the
targeted delivery, monitoring and treatment capabilities of our Cyt C-encapsulating HBPH
theranostic nanoparticles.

Experimental Section

Materials

Methods

Anhydrous DMF, DMSO, Indocyanine green (ICG), Cytochrome ¢ (from horse heart), 3-
(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), 1,1°-
Carbonyldiimidazole (CDI), N-hydroxysuccinimide (NHS), diethanolamine, ethyl acrylate,
zinc acetate and other chemicals were purchased from Sigma-Aldrich and used without
further purification. Near Infra Red dye (Dil — D282) and 4', 6-diamidino-2-phenylindole
(DAPI — D1306) were purchased from Invitrogen, whereas the EDC (1-Ethyl-3-[3-
dimethylaminopropyl] carbodiimide hydrochloride) was obtained from Pierce
Biotechnology. The human lung carcinoma cell line A549 [folate receptor (FR) positive]
and breast carcinoma cell line MCF 7 [folate receptor (FR) negative] were obtained from
ATCC. Dialysis membranes were obtained from Spectrum Laboratories. Absolute ethanol,
chloroform and other solvents were purchased from Fisher Scientific and used as received,
unless otherwise stated.

Infrared spectra were recorded on a PerkinElmer Spectrum 100 FT-IR spectrometer. UV/Vis
spectra were recorded using CARY 300 Bio UV/Vis spectrophotometer. Fluorescence
spectra were recorded on a NanoLog Horiba jobin Yvon fluorescence spectrophotometer.
NMR spectra were recorded on a Varian 400 MHz spectrometer using the TMS/solvent
signal as an internal reference. Gel permeation chromatography (GPC) results were obtained
using a JASCO MD 2010 Plus instrument with a PD 2020 light scattering Precision
Detector. Thermo gravimetric analyses (TGA) were performed on a SETARAM, Mettler
TC11 instrument with sample sizes 10-20 mg. All the experiments were done using a
heating rate of 10 °C/min in air. The overall surface charge (zeta potential) of the HBPH
nanoparticles was measured using a Zetasizer Nano ZS from Malvern Instruments. Confocal
images were taken on a Zeiss Axioskop 2 mot plus confocal microscope. MTT study and
BCA assay has been performed using the Synergy pQuant microtiter plate reader (Biotek).
Dynamic light scattering (DLS) studies were done using a PDDLS/CoolBatch 40T
instrument using Precision Deconvolve 32 software.
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Synthesis of 3-[Bis-(2-hydroxy-ethyl)-amino]-propionic acid ethyl ester (3)

Diethanolamine 1 (10.0 g, 95.24 mmol) and ethyl acrylate 2 (10.48 g, 104.76 mmol) were
taken in a round bottom flask containing absolute ethanol (100 mL) and were stirred at 45
°C for 5 h. The reaction mixture was concentrated in a rotavapor at 40 °C and then high
vacuum was applied to remove excess ethyl acrylate. The final product was purified by flash
chromatography using chloroform and methanol mixture (9:1) as the mobile phase. Yield:
14.1 g (72%). 'H NMR (400 MHz, CDCls, § ppm, J Hz): 1.27 (t, 3H, J; = 6.96, J, = 7.32),
2.49 (t, 2H, J; = 6.96, J, = 7.32), 2.64 (t, 4H, J; = 6.22, J, = 6.59), 2.85 (t, 2H, J; = 6.95, J,
=7.33), 3.61 (q, 4H, J; = 5.86, J, = 6.95), 4.15 (q, 2H, J; = 6.95, J, = 7.32), 5.17 (bs, 2H).
IR: 3247 (broad), 2950 (broad), 1733, 1589, 1390, 1196, 1069, 855, 710 cm™1.

Synthesis of the hydrophilic hyperbranched polyhydroxyl (HBPH) polymer (4)

The monomer 3 (0.07 g, 0.3 mmol), triethanolamine (0.05 g, 0.3 mmol) and a catalytic
amount of zinc acetate (100:1 molar ratio) were taken in a 10 mL round bottom flask and
dried under high vacuum followed by purging with dry nitrogen gas. Then, the flask was
slowly heated to 140 °C under argon atmosphere using an oil bath and kept at this
temperature for 0.5 h. The monomer 3 (2.0 g, 9.7 mmol) was added to the resulting reaction
mixture in excess and continued heating for 4 h at 140 °C. The reaction mixture was
evacuated at 0.2 mm/Hg for 3 h, while maintaining the same polymerization temperature.
The polymer was purified by dissolving in methanol and re-precipitating the polymer in
acetone. The precipitate was then centrifuged, washed with acetone and dried using a high
vacuum pump. The resulting polymer was found to be soluble in methanol, DMF, DMSO
and in water. Yield: 61%. 1H NMR (400 MHz, D50, & ppm): 2.45 (bs, 2H), 2.78 (m, 4H),
2.96 (m, 2H), 3.69 (m, 4H). IR: 3328 (broad), 2893 (broad), 1738, 1612, 1459, 1406, 1396,
1199, 1055, 861, 784 cm~1. GPC: My, = 36,400; PDI = 1.4; TGA: 10% weight loss at 170
°C.

Synthesis of folate-functionalized HBPH polymer 5

The polymer 4 (0.5 g, 0.016 mmol) was dissolved in dry DMF (1 mL) and then 1,1’-
carbonyldiimidazole CDI (0.19 g, 1.19 mmol) in dry DMF (0.1 mL) was added drop-wise to
the polymer solution. The reaction mixture was incubated for 2 h at room temperature. After
2 h of incubation, aminated folic acid15' 16 (0.57 g, 1.19 mmol) in dry DMF (0.4 mL) was
added drop-wise to the reaction mixture and incubated at room temperature for 24 h. The
resulting reaction mixture was then precipitated in acetone, centrifuged and dried in a
vacuum pump to get the pure folate-functionalized polymer. Yield: 67%. *H NMR (400
MHz, D50, & ppm): 2.15 (m, 4H), 2.41 (bs, 2H), 2.69 (m, 4H), 2.91 (bs, 2H), 3.35 (bs, 4H),
4.15 (m, 4H), 4.31 (bs, 2H), 4.45 (bs, 4H), 6.65 (bs, 2H), 7.2 (bs, 2H), 8.5 (s, 1H). IR: 3275
(broad), 2936 (broad), 2874 (broad), 1730, 1643, 1599, 1545, 1474, 1450, 1389, 1306, 1256,
1191, 1103, 1048, 853 cm ™1,

Gel Permeation Chromatography (GPC)

The molecular weight of the resulting polymer was determined using Gel Permeation
Chromatography (GPC). The average molecular weight was calculated against a polystyrene
standard, using HPLC-grade DMF as the mobile phase. For a comparative study between the
average molecular weight (M,,) and the polymerization time at 140 °C, the samples were
taken from the reaction mixture periodically and analyzed by GPC. With increase in time
there was an increase in the molecular weight, whereas a dramatic increase in the polymer’s
molecular weight was observed when high vacuum was applied.
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Thermogravimatric Analysis (TGA)

The thermal stability of the hydrophilic polyesters was determined by thermogravimetric
analysis (TGA). The polymers exhibited a moderate thermal stability in air, an important
characteristics for a biodegradable polymer. Approximately, 4% reduction of weight was
observed at 140 °C due to the loss of volatile compounds (such as H,O, CHCI3 and DMF),
before the thermal degradation starts.

HBPH nanoparticle formulation: Solvent evaporation method

The HBPH polymer (25 mg), and cargo [fluorophores (5 pL, 10 pg/uL), Cyt C (5 pL, 5 pg/
pL)] were dissolved in a mixture of polar solvents (H,O: DMF = 5:1) and vortexed for 2
minutes. The resulting polymer mixture was added drop-wise to acetone (4 mL) with
constant stirring, driving both the self-assembly and encapsulation of cargo. Since the
HBPH polymer is not soluble in acetone, its presence in a mixture of acetone and water
would result in the formation of suspended polymeric "nanodroplets”. The resulting nano-
suspension was ultrasonicated for 3 minutes to get a homogeneous solution. The resulting
homogeneous solution was allowed to evaporate at room temperature and then re-dispersed
in DI water resulting in a stable suspension of fluorescently labeled Cyt C encapsulating
HBPH nanoparticles. These functional HBPH nanoparticles were purified using a PD-10
column and followed by dialysis (MWCO 15-20K) against PBS solution (pH = 7.4). The
purified HBPH nanoparticles were stored at 4 °C until further use.

Determination of the amount of encapsulated Cyt C

To dilutions of dialyzed Cyt C encapsulating HBPH nanoparticles BCA protein assay
(Pierce) was performed in order to quantify their Cyt C content in accordance to the
manufacturer's protocol. Absorbance was monitored at 562 nm using a Synergy pQuant
microtiter plate reader (Biotek).

Enzyme kinetics of Cyt C-HBPH NP’s peroxidase activity

To determine if the Cyt C-HBPH nanoparticles possessed peroxidase activity, aliquots of
these nanoparticles with varying Cyt C concentrations were added to 100 uL TMB [1 mg/
mL in DMSO:DI H,0 (1:9)], in a 96-well plate. Color formation was observed after
addition of 20 pL H,0, (0.03%), followed by immediate picture acquisition. For steady-
state kinetic studies, serial dilutions of TMB were prepared in citrate buffer (pH 4.0), and
100 uL aliquots were dispensed in a 96-well plate. Subsequently, 5 uL of Cyt C HBPH
nanoparticles were added to the corresponding wells, followed by addition of 20 uL H,0,
(0.03%). Absorbance was recorded at 652 nm using the time-scan mode of the Synergy
MQuant 200 microtiter plate reader (Biotek). The kinetic parameters were determined via the
Michaelis-Menten equation:

v=Vmax X [S]/(Kn+[S])

where v is the initial rate of the reaction, Vax is the maximum rate of the reaction, [S] is the
substrate’s concentration, and K, is the Michaelis constant.

In vitro cell studies

Cell cultures—The human lung carcinoma (A549) and breast carcinoma (MCF 7) cells
were obtained from ATCC, and maintained in accordance to the supplier’s protocols.
Briefly, the lung carcinoma cells were grown in a 5%-FBS-containing DMEM medium
supplemented with L-glutamine, streptomycin, amphotericin B and sodium bicarbonate. The
MCF 7 cells were propagated in a 10% FBS-containing MEM medium containing penicillin,
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streptomycin and bovine insulin (0.01 mg/mL). Cells were grown in a humidified incubator
at 37 °C under 5% CO, atmosphere.

MTT assay—MCEF 7 cells (2,500 cells/well) were seeded in 96-well plates and incubated
with Cyt C-HBPH nanopatrticles (3.2 mg/mL) for 6 h at 37 °C. Then, each well was washed
three times with 1x PBS and treated with 20 pL MTT (5 pg/pL) for 2 h. The resulting
formazan crystals were dissolved in acidic isopropanol (0.1 N HCI) and the absorbance was
recorded at 570 and 750 nm (background), using a Synergy pQuant microtiter plate reader
(Biotek). These experiments were performed in triplicates.

Confocal laser-scanning microscopy—MCF 7 and A549 cells (10,000) were
incubated with the corresponding functional Cyt C-HBPH nanoparticle preparations (3.2
mg/mL) for 6 h in a humidified incubator (37 °C, 5% CO5). Subsequently, the cells were
thoroughly washed three times with 1x PBS, fixed with 10% formalin solution and
visualized via confocal imaging using a Zeiss LSM 510 confocal microscope equipped with
20x and 40x objectives. For detection of apoptosis-dependent nuclear fragmentation, the
supernatant of the treated cells (which contain floating apoptotic cells) was incubated with
propidium iodide (PI, 50 pg/mL), followed by nuclear staining with DAPI. The nuclei of the
permeable apoptotic cells are seen as a bright purple in confocal microcopy, due to co-
localization of Pl and DAPI, with highly condensed and fragmented chromatin, as
previously reported.17: 18

IVIS analysis—A549 and MCF 7 cells (10,000) were incubated for 6 h with the
corresponding ICG-containing Cyt C-HBPH nanoparticles (3.2 mg/mL). At the end of the
incubation period, the supernatant was collected in eppendorf tubes and the cells were
thoroughly washed with 1x PBS and detached, as stated above. The resulting pellets were
resuspended in 1 mL culture media. All eppendorf tubes were examined simultaneously on a
Xenogen VIS system, using the ICG filter for ICG dye.

In vitro Cyt C release—In vitro Cyt C release studies were carried out using a dynamic
dialysis technique at 37 °C. Briefly, 100 pL of Cyt C-HBPH nanoparticles (3.2 mg/mL)
were incubated with porcine liver esterase (20 pL, 850 units/mL) inside a dialysis bag
(MWCO 15-20k), which was then placed in a PBS solution (pH 7.4). The amount of Cyt C
released from the nanoparticle into the PBS solution was determined at regular time
intervals by taking 1 mL aliquots from the PBS solution and measuring absorbance at 409
nm (soret band) of Cytochrome c. A similar experiment was performed at pH 4.0 instead of
using esterase enzyme. The concentration of the Cyt C was calculated using a standard
calibration curve. The cumulative fraction of release versus time was calculated using the
following equation:

Cumulative release (%)=[ Cyt C],/[ Cyt Cl,yq X 100

Where [Cyt C]; is the amount of Cyt C released at time t, [Cyt Cliota i the total Cyt C
present in the Cyt C-encapsulating nanoparticles.

Design, synthesis and characterization of HBPH polymer

Synthesis of the water-soluble hyperbranched polyhydroxyl (HBPH) polymer was achieved
from a water-soluble AB, type monomer [3-{Bis-(2-hydroxy-ethyl)-amino}-propionic acid
ethyl ester, 3] having a tertiary nitrogen atom in the structure with three-bond connectivity.
The monomer was synthesized following a typical Michael-addition reaction,19' 20 where
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diethanolamine in ethanol was reacted with ethyl acrylate for 5 h at 45 °C (scheme 1). The
monomer with a tertiary nitrogen atom at the branching point yielded three-dimensional
polyhydroxyl-based hyperbranched polyester 4 upon melt-polymerization.21 The use of a
trifunctional core molecule, triethanolamine, during the initial polymerization reaction was
important to minimize the syntheses of undesired cross-linked polymers and low molecular
weight oligomers. This aliphatic HBPH polymer was purified using a precipitation method,
where the polymer was dissolved in methanol and precipitated in acetone, as the crude
polymer was found to be insoluble in acetone. The resulting pure polymer was dried under
high vacuum and found to be soluble in water, methanol and DMF. The monomer and the
HBPH polymer were characterized by 1H NMR and FTIR spectroscopic analysis (SI Figure
S1 and Figure S2). The molecular weight of the polymer 4 was determined using Gel
Permeation Chromatography (GPC) and showed the formation of a high molecular weight
polymer (Figure 1A, My, = 36,400, PD = 1.4). Thermal gravimetric analysis (TGA) of 4
showed moderate thermal stability (10% weight loss at 170 °C in air), demonstrating the
amorphous nature of our polymer (SI Figure S3).22 The moderate thermal stability, highly
branched nature and the presence of ester linkages in the three dimensional polymeric
backbone make this HBPH polymeric nanoparticle biodegradable by various intracellular
esterases. As shown in Scheme 1, the HBPH polymer (4) contains aliphatic segments with
hydroxyl and tertiary amine groups, potentially facilitating the encapsulation of diverse
guest molecules, through weak electrostatic and hydrogen bonding interactions. In addition,
our polyhydroxyl polymer, contrary to the conventional linear polymers, is three-
dimensional, water soluble, and contains numerous surface hydroxyl functional groups,
suggesting its targetability and versatility in biomedical applications.

Preparation and characterization of Cyt C-HBPH nanoparticles

Stable and dispersed Cytochrome ¢ encapsulating HBPH nanoparticles (Cyt C-HBPH NPs)
were synthesized using the solvent evaporation method.22 We utilized this nanoparticle
preparation method, as opposed to the solvent diffusion method, because our polymer and
cargos were water-soluble. Furthermore, this method does not use any emulsifiers or
denaturing solvents, thus preventing protein denaturation. In addition, we co-encapsulated a
fluorophore (Dil or ICG) to label the nanoparticle and facilitate its tracking and localization
within the cell and potentially in vivo. In brief, the HBPH polymer and cargo (Cyt C and
fluorophore) were dissolved in a mixture of polar solvents (HoO: DMF = 5:1) and added
drop-wise to acetone with constant stirring, driving both the self-assembly and encapsulation
of cargo. Since the HBPH polymer is not soluble in acetone, its presence in a mixture of
acetone and water would result in the formation of suspended polymeric "nanodroplets” that
upon ultrasonication, subsequent solvent evaporation and re-dispersion in water resulted in a
stable suspension of fluorescently labeled Cyt C encapsulating HBPH nanoparticles in
water. In this method, the miscible solvents (H,O and DMF) rapidly diffuse into acetone,
causing the polymer to self-assemble, bringing the amphiphilic areas together and therefore
creating amphiphilic cavities that encapsulate Cyt C and the fluorophore, while exposing
hydrophilic functional groups towards the surface of the nanoparticle.

Dynamic Light Scattering (DLS) experiment of Cyt C-HBPH nanoparticles, confirmed the
presence of stable and monodispersed nanoparticles with hydrodynamic diameter of 63+2
nm (Figure 1B). Encapsulation of Cyt C inside the HBPH polymer cavity was confirmed by
performing UV/Vis spectroscopic experiments and observing a red shift of 5 nm (Figure 1C)
in the Cyt C encapsulating HBPH nanoparticles (414 nm) compared to the free Cyt C in
solution. The amount of encapsulated Cyt C in the HBPH nanoparticles preparation (0.71 pg
of protein/mL) was determined using standard BCA assay. We observed that the loading
efficiency of the Cyt C into the polymeric cavity was dependent on the concentration of the
Cyt C solutions used for encapsulation. This observation indicated that the encapsulation
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was a diffusion driven process and reached maximum loading once the polymeric cavities
were saturated.

In order to evaluate Cyt C’s integrity within the nanoparticles and to assess that the enzyme
is still enzymatically active after encapsulation, we examined the peroxidase enzymatic
activity of the Cyt C-HBPH nanoparticles. The peroxidase activity of Cytochrome c is a
known enzymatic activity of the native protein. The results of the Cyt C-HBPH
nanoparticle's kinetics studies revealed that they do exhibit Michaelis — Menten kinetics,
with a Vs comparable to that of other peroxidase-mimicking nanoparticles (Figure 2A).
23725 Furthermore, the Cyt C-HBPH nanoparticles were able to rapidly oxidize a widely
used chromogenic peroxidase substrate, 3,3',5,5'-tetramethylbenzidine (TMB), hinting the
potential use of these nanoparticles in immunoassays and in vitro diagnostics (Figure 2B).
Overall, these findings corroborated the hypothesis that our HBPH polymer can effectively
encapsulate therapeutic proteins, such as Cyt C, without compromising their stability and
intrinsic enzymatic properties.

For optimal therapeutic applications, not only a stable encapsulation of Cyt C within the
HBPH nanoparticle cavities has to be achieved, but also a selective release of the protein
must occur upon cell internalization. The selective release of Cyt C into the cytoplasm of
cancer cells would result in the induction of apoptosis of such cells. Towards this direction,
we investigated if the Cyt C-HBPH nanoparticle can retain its therapeutic cargo at
physiological pH (7.4) for a long period of time, but selectively release its cargo in an acidic
microenvironment or by the action of an esterase at physiological pH. For these studies, the
Cyt C-HBPH nanoparticles were incubated in PBS and the rate of cargo release was
measured by the dialysis method as described in our previous work.14» 16 The presence of
Cyt C in the aqueous media outside the dialysis bag was determined by measuring the UV/
Vis absorption profile of the Cyt C’s Soret band (409 nm) in the buffer. Results showed that
no significant release of Cyt C was observed upon incubation at physiological pH (7.4)
(Figure 3A-B). Similar results were obtained upon prolonged incubation for up to one week.
In addition, DLS studies of the nanoparticle preparation showed no alteration of the
nanoparticle's size distribution during the incubation period at pH 7.4. Control experiments
also confirmed the absence of enzymatically active Cyt C in the aqueous media of Cyt C-
HBPH nanoparticles at pH 7.4, due to the absence of TMB oxidation (Figure 3C). Taken
together, these results indicate that the Cyt C-HBPH nanoparticles were stable at
physiological pH over a prolonged time, without undergoing any cargo release due to
nonspecific degradation of the polymeric nanoparticle. However, in the presence of an
esterase or acidic pH (pH 4.0) the nanoparticles gradually released Cyt C, achieving total
payload delivery within 5 h (Figure 3A-B). Additionally, we examined whether the acidic
microenvironment or the presence of the esterase affected the enzymatic activity of Cyt C,
plausibly due to structural alterations that may have led to loss of its heme. Interestingly, we
found that the released Cyt C was still enzymatically active rapidly oxidizing TMB,
regardless of the release trigger (pH 4 or esterase) (Figure 3C). Overall, these results
indicated that upon HBPH nanoparticle encapsulation, Cyt C was still in a native
conformation and enzymatically active form, even after its release due to stimulated
nanoparticle degradation.

HBPH nanoparticle uptake and their cytotoxic effect in cancer cell

In subsequent studies, we investigated whether the Cyt C-HBPH nanoparticles were able to
release active Cyt C upon cellular uptake and induce apoptosis in these cells. In our first set
of experiments, we incubated MCF 7 breast carcinoma cells with the nanoparticles for 6 h at
37 °C 5% CO», followed by total cell isolation. After isolation, the cells pellets were
resuspended in TMB (1 mg/mL), followed by addition of hydrogen peroxide (0.03 %).
Spectrophotometric measurements revealed that the MCF 7 cells treated with Cyt C-HBPH
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nanoparticles had a significant absorbance at 652 nm, attributed to the oxidation of TMB by
the Cyt C’s intrinsic peroxidase-like activity (Figure 4A). On the other hand, the untreated
MCEF 7 cells exhibited minimal absorbance, most likely due to the presence of low levels of
endogenous Cyt C found within the mitochondria. Visual confirmation of the oxidation of
TMB oxidation in the suspension of cells treated with Cyt C-HBPH nanoparticles was also
achieved within 30 minutes after addition of hydrogen peroxide, as indicated by the
presence of a pale blue color (Figure 4B). Hence, these findings suggest that the Cyt C-
HBPH nanoparticles can deliver and release enzymatically active Cyt C to MCF 7 cells.

Next, we investigated whether the Cyt C-HBPH nanoparticles (3.2 mg/mL) could induce
apoptosis, due to the intracellular release of the protein. After a 6 h long incubation at 37 °C,
results indicated that there was a significant reduction in the viability of MCF 7 cell treated
with the Cyt C encapsulating nanoparticles (Figure 5). In order to confirm that Cyt C was
the modulator of the observed decreased cell viability and not the HBPH polymer, we
incubated cells with unloaded HBPH nanoparticles, containing no cargo (either Cyt C or
dye). As there was absence of cytotoxicity in these cells (Figure 5), we concluded that Cyt
C, and not the non-encapsulated nanoparticle (HBPH), facilitates the observed cell death
presumably due to the induction of apoptosis upon the Cyt C intracellular release.
Microscopic examination of the MCF 7 cells in culture corroborated the cell viability data,
indicating that both the untreated and HBPH nanoparticles treated cells had normal
morphology with few cells floating (dead cells) in the culture medium (Figure 6). In
contrast, the cells treated with Cyt C-HBPH nanoparticles had abnormal morphology with a
significant number of floating, and presumably apoptotic cells.

To confirm that the floating cells were indeed apoptotic, we assessed the presence of nuclear
segmentation and chromatin condensation in their nuclei using a previously published
methodology.17: 18 Specifically, this microscopic method relies on the distinct
morphological patterns in the nucleus of apoptotic cells, upon staining with propidium
iodide (PI) and DAPI. In apoptotic cells, both dyes PI (red) and DAPI (blue) will localize to
the nucleus due to presence of pores on the cell membrane. Upon incubation of the floating
cells with both Pl and DAPI for 6 h it was found that both dyes localized to the nucleus as
judged by the presence of a purple nuclei. Furthermore, extensive heterogeneous chromatin
condensation and nuclear fragmentation was observed in the nucleus of these cells (Figure
7), suggesting ongoing apoptosis. Taken together, these results indicate that the HBPH
nanoparticles can efficiently encapsulate a protein, such as Cyt C, and induce apoptosis upon
internalization in breast carcinomas MCF 7.

Targeted delivery of Cyt C-HBPH nanoparticles to cancer cells

The cancer therapeutic ability of the Cyt C-HBPH nanoparticles could be enhanced by
endowing these nanoparticles with the ability to specifically target cancer cells, while
avoiding healthy cells. To explore this potential application, we conjugated our HBPH
polymer with folic acid as a model system. Folic acid is the known ligand for the folate
receptor which has been found to be overexpressed in most cancer cells and has been widely
used as a model for addressing the targetability of imaging and therapeutic agents. The
surface hydroxyl groups of the HBPH polymer were conjugated with aminated folic acid
using carbodiimide chemistry (SI Scheme S1). Briefly, 1,1’-Carbonyldiimidazole (CDI) was
dissolved in dry DMF containing HBPH polymer (4) and followed by addition of aminated
folic acid15' 16 an subsequent incubation for 2 h at room temperature. The resulting folate
conjugated polymer (5) was purified and then characterized by spectroscopic analysis (SI
Figure S4). To track the localization of the HBPH nanoparticles within the cells, a Dil dye
was encapsulated along with the Cyt C protein using the solvent evaporation method and
characterized by spectroscopic experiments (Figure 1D, Sl Figure S5) after purification.

Mol Pharm. Author manuscript; available in PMC 2011 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Santra et al.

Page 10

First, we evaluated the selective internalization of our Dil encapsulating folate-conjugated
HBPH nanoparticles (Fol-Dil-HBPH NPs) by lung cancer cells (A549) which overexpress
the folate receptor.14» 26 27 As a negative control, we used breast cancer cells (MCF 7),
which do not express the folate receptor.28 In these set of experiments, the folate-
nanoparticles (3.2 mg/mL, Fol-Dil-HBPH NPs) were incubated with the above mentioned
cell lines (10,000 cells) for 6 h, washed with PBS to remove non-internalized nanoparticles
and visualized using confocal microscopy. Results showed an enhanced fluorescence in the
cytoplasm of A549 cells (Figure 8A-C), whereas no significant internalization was observed
in MCF 7 cells (Figure 8J-L). In another set of experiment, the internalization of the Fol-
Dil-HBPH nanoparticles was found to be minimal in the same cancer cells (A549) when
pre-incubated with free folic acid (Figure 8D—F). These experiments confirmed the selective
folate-receptor-mediated internalization of our folate conjugated HBPH nanoparticles only
by the cancer cells that overexpress folate receptor. Interestingly, when lung carcinoma
Ab549 cells were incubated with the the Cyt C encapsulating HBPH nanoparticles (Fol-Cyt
C/Dil-HBPH NPs) a significant induction of cell apoptosis was observed, leading to
dramatic cellular morphological changes and cell death (Figure 8G-1I). This observation
supported our hypothesis that the Cyt C’s therapeutic efficacy was preserved, despite its
nanoparticle encapsulation and it was possible to specifically target and kill the cancer cells
using our folate conjugated nanoparticles containing Cyt C (Fol-Cyt C/Dil-HBPH NPs).
Taken together, these findings support the principle that folate-functionalized HBPH
nanoparticles can be used to target and deliver chemotherapeutic agents to folate-receptor-
overexpressing carcinomas, achieving specific delivery and monitoring of the therapeutic
regime.

The targeted induction of apoptosis in the folate receptor expressing A549 lung cancer cells
was further confirmed by staining the treated cells with DAPI and PI. Results showed
induction of apoptosis by observing the presence of heterogeneous chromatin condensation
and nuclear fragmentation in the A549 cells (Figure 9A), contrary to the MCF 7 cells
(Figure 9B) upon treatment with the Fol-Cyt C-HBPH nanoparticles. These results strongly
support the importance of encapsulating therapeutic protein within the polymeric cavity and
targeting its delivery, in order to prevent damage of non-transformed cells and healthy
tissues. Therefore, folate-conjugated HBPH nanoparticles, compared to their non-folate
counterparts, can specifically deliver a protein such as cytochrome c to folate expressing
cancer cells inducing apoptosis.

For in vivo imaging applications, nanoparticles with excitation and emission in the near
infrared region (650-900 nm) are needed for deep tissue fluorescence imaging. The
dialkylcarbocyanine dye ICG is of particular clinical importance, since it has an excitation/
emission in the near infrared region (751/780 nm) and it is already used for in vivo imaging
and determination of cardiac output and hepatic function, among others.29: 30 Towards this
end, we encapsulated ICG and Cyt C into the folate-conjugated HBPH polymer (5),
following the solvent evaporation method. UV/Vis and fluorescence studies (Figure 10)
confirmed the presence of the near infrared ICG dye and Cyt C inside the polymer cavities.
To demonstrate the targeting and in vivo imaging capabilities of our near-infrared folate-
functionalized HBPH nanoparticles (Fol-ICG-HBPH NPs), A549 cells (FR positive) and
MCF 7 cells (FR negative, 10,000 cells) were treated with the folate nanoparticles (3.2 mg/
mL) for 6 h. Next, the cells were washed with PBS and detached with trypsin. After
centrifugation, the resulting cell pellets were simultaneously imaged using an indocyanine
green (ICG) filter in an In Vitro Imaging System (IVIS). No cell-associated near infrared
fluorescence was observed in MCF 7 cells (Figure 11A), whereas a dose-dependent cell-
associated 1CG fluorescence was observed in A549 cells (Figure 11B). Since the cells were
extensively washed with PBS before imaging and considering the confocal microscopy
results shown in Figure 8, these findings support that our protein loaded theranostic
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nanoparticle can be used for the in vivo imaging and targeted transmembrane delivery of the
therapeutic agents.

Discussion

Current cancer chemotherapeutic regimes are associated with severe side-effects, including
renal toxicity and immune-suppression. In principle, these effects arise from the lack of
specificity of the chemotherapeutic agents, as their systemic administration results in their
rapid and extensive bio-distribution, without discrimination of healthy tissue versus
neoplastic lesions.31' 32 Hence, due to the drugs’ high toxicity, normal tissue is adversely
affected as well. At the same time, cancer cells within a tumor may not uptake these agents,
due to their short stay in circulation or low local concentrations in the tumor’s vicinity,
potentially leading to tumor re-growth and metastasis.33: 34 For these reasons, newer
chemotherapeutic agents with increased selectivity are needed, particularly drugs that
employ molecular mimicry to bind to tumor-specific transmembrane receptors.35 Current
therapies with anticancer small drugs are affected by the rapid clearance of the drug from the
body and the ability of cancer cells to adopt diverse drug resistance mechanisms, including
epitope alteration and expression of efflux pumps among others.12 Although alternative
strategies, such as photodynamic therapy and hyperthermia, can frequently be targetable,
they facilitate tumor regression via necrotic mechanisms.36-39 The leakage of intracellular
components to the extracellular milieu during necrosis promotes extensive inflammation and
accumulation of toxic byproducts to the proximity of healthy cells. Therefore, these cancer
therapies, although potent, are associated with the bystander effect, where the treatment
process and the subsequent necrotic cascade cause adjacent healthy tissue damage.

Contrary to necrosis, apoptosis is the physiological process where intracellular components
are degraded by lytic enzymes, within membrane bound components.7: 8 Through
apoptosis, the cell can break down its components to less complex by-products, which can
readily undergo clearance by lymphocytes and macrophages with minimal deleterious
effects to the healthy surrounding tissue. During development and throughout an organism’s
life, apoptosis plays a critical role, preserving proper cell function. Triggers of apoptosis
include irreparable genome damage, cytoskeletal alterations and loss of cell adhesion among
others. A critical apoptotic event for the activation of downstream lytic enzymes is the
release of Cytochrome ¢ from the mitochondrial inter-membrane locus to the cytoplasm.
Although cancer cells have developed mechanisms to inhibit this event, cytoplasmic
delivery of Cytochrome c at adequate levels can effectively induce apoptosis and potentially
lead to tumor regression, without affecting non-cancerous cells.4 In order to achieve
cytoplasmic delivery of Cyt C, it is desirable to encapsulate the protein within polymeric
entities, which can be targetable. In this report, a water-soluble hyperbranched polyhydroxyl
(HBPH) polymer was synthesized from a diethanolamine-derived AB, monomer, where the
monomer was synthesized following a typical Michael-addition reaction. The presence of
aliphatic hydroxyl groups and a tertiary nitrogen atom, as well as the monomer’s structure
conferring ‘three-bond connectivity’, are important components of the three-dimensional
HBPH polymer. The synthesized crude HBPH polymer was found to be soluble in water,
methanol and DMF, whereas it was insoluble in acetone. This property of the HBPH
polymer facilitated its purification by precipitation in acetone. The synthesized globular
structured HBPH polymer has many advantages over conventional linear polymers,
including water solubility, presence of cavities for effective encapsulation of diverse cargos
(dyes, proteins, DNA, RNA, drugs and other therapeutics) and large number of surface-
occupying hydroxyl groups for solubility and targetability.

Therefore, our HBPH polymer is an ideal building block for the formation of nanoparticles
and encapsulation of large quantities of diverse cargos within its amphiphilic cavities. The
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presence of aliphatic chains, ester groups, tertiary nitrogen atoms and hydroxyl groups in the
polymer core made the cavities amphiphilic in nature and capable of encapsulating a variety
of amphiphilic cargos. Thermogravimetric analysis showed moderate thermal stability of the
polymer, indicating that our polymer was amorphous. In addition, cytotoxicity studies
showed that the non-encapsulated nanoparticles were non-toxic, demonstrating
biocompatibility of our synthesized HBPH polymer. An important feature of the resulting
cargo-encapsulating HBPH nanoparticles is their stability in PBS (pH = 7.4), which prevents
the payload’s constitutive release to the aqueous milieu. This is highly desired as the
traceable cargo is released only in the presence of esterases and acidic pH, which are found
in endocytic vesicles upon receptor-mediated cellular uptake. Plausibly, the HBPH
nanoparticles can be used for the controlled release of therapeutics to specific disease loci,
such as the acidified microenvironment of carcinomas that arises from the Warburg effect
and enhanced glycolysis.

The use of the solvent evaporation method was effective for the formulation of nanoparticles
and encapsulation of various cargos, due to the presence of unique electrostatic interactions
between the cargo and the functional polymeric backbone. Our results indicate that the
HBPH nanoparticles preserved Cyt C’s properties, as indicated by their peroxidase and
apoptotic activities. A principal reason for maintaining the protein’s activities was the nature
of the polymer and the employed nanoparticle preparation method, as the latter does not
incorporate any surfactants or denaturing conditions. Hence, the Cyt C-loaded HBPH
nanoparticles behaved as a peroxidase mimetic, being able to oxidize TMB in the presence
of hydrogen peroxide. Notably after cellular uptake, the Cyt C HBPH nanoparticles still
exhibited peroxidase-mimicking activity only upon H,O5 supplementation. Furthermore,
microscopic examinations revealed that the uptake of these nanoparticles effectively induced
apoptosis, suggesting the use of these nanoparticles for the potential targeted controlled
release of an endogenous therapeutic to malignant and diseased cells.

To achieve the receptor-mediated endocytic uptake in cancer cells, we conjugated folic acid
to the hydroxyl groups of our polymer, making it a targetable therapeutic and diagnostic
vehicle. The folate-conjugated Cyt C-HBPH nanoparticles induced apoptosis in folate-
receptor-positive lung carcinoma cells (A549). However, no folate-carrying nanoparticle
uptake or apoptosis were observed in cells lacking the folate receptor (MCF 7), suggesting
the specificity of the nanoparticles’ cytotoxic potency. We adopted folic acid as the
nanoparticles’ targeting moiety, because (i) the folate receptor is overexpressed in various
carcinomas and metastatic lesions, (ii) folic acid analogs are already used in the clinic as
folate-receptor-binding drugs (i.e. methotrexate) and (iii) folic acid-conjugated probes are in
clinical trials for cancer imaging, such as folate-conjugated radioisotopes and nanoparticles.
40744 However, apart from folic acid, other targeting ligands may be conjugated as well.

In addition to the targeted delivery of Cytochrome c and the initiation of apoptosis, the
HBPH nanoparticles can be used for the monitoring of the therapeutic regime, the
assessment of tumor regression and the localization of the nanoparticles in vivo.45' 46
Hence obtaining this information, a physician may tailor the therapeutic regime without
using invasive methodologies, while utilizing an endogenous apoptotic initiator and
abolishing any side-effects associated with current chemotherapy. Furthermore, these
nanoparticles may be used for the in vitro determination of the expression of cancer
biomarkers found on the plasma membrane of tumoric cells, utilizing HBPH Cytochrome ¢
nanoparticles’ peroxidase-like activity.
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Conclusion

In summary, we have introduced a new water soluble hyperbranched polyhydroxyl (HBPH)
nanoparticle capable of encapsulating small membrane-impermeable proteins, such as
Cytochrome ¢ and near infrared dyes for a potential target-specific detection and treatment
of tumors. The presence of amphiphilic pockets inside the three dimensional hyperbranched
structures played an important role in the encapsulation of a variety of cargos, such as
fluorescent dyes and a protein, using the solvent evaporation method. The resulting
functional polymeric nanoparticles were stable in aqueous buffered solutions, has good
cellular targeting ability and their simple synthesis process is amenable to scale-up. Our
studies demonstrated that either an enzyme (esterase) or acidic pH can trigger the release of
the protein from the polymeric cavities. Similar to the native Cytochrome c, the protein
released from the HBPH nanoparticles core could also function as an active enzyme in
oxidation reactions in aqueous media. Furthermore, when conjugated with folic acid, the
protein-encapsulating HBPH nanoparticles could serve as targeted transmembrane carriers,
delivering Cyt C to cancer cells that overexpress the folate receptor and inducing apoptosis.
The intracellular release of Cyt C and cell apoptosis were confirmed optically using confocal
microscopy. This offers the possibility to create a library of novel multifunctional polymeric
materials with unique properties that can be tailored by the nature of their cargo and their
surface functionality. Concluding, the development of these HBPH nanoparticle-based
targeted release systems may lead to breakthroughs in therapeutic and diagnostic
applications.
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Figure 1.

Characterizations of the aliphatic HBPH polymer 4 and HBPH nanoparticles (HBPH NPs).
A) Gel Permeation Chromatographic (GPC) trace of the polymer 4, showing the formation
of high molecular weight polymer. B) Determination of the hydrodynamic diameter of the
as-synthesized HBPH nanoparticles (Cyt C-HBPH NPs) using Dynamic Light Scattering
(DLS: D = 63+2 nm, PDI = 0.73). C) Comparison between the UV/Vis absorption spectrum
of Cyt C encapsulating nanoparticles (Cyt C-HBPH NPs) with that of free Cyt C and HBPH
nanoparticles (HBPH NPs) itself, in solution. D) UV/Vis absorbance spectra of folate
functionalized Dil and Cyt C encapsulating HBPH nanoparticles.
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Figure 2.

A) Steady state kinetic assay and the double reciprocal plot of oxidase activity of
Cytochrome ¢ encapsulating HBPH nanoparticles. B) TMB assay: Retention of Cyt C-
HBPH nanoparticles peroxidase activity upon encapsulation, indicating that the
encapsulated Cyt C protein remained active inside the polymer matrix. Each well contains
an increasing amount (from left to right, 8, 9,10,11, 12, 13, 14, 15 uL) of Cyt C HBPH
nanoparticle (0.71 pg of Cyt C/mL of HBPH nanoparticle), which translate into an
increasing rate of oxidation of the colorimetric TMB substrate (from blue to yellow)
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Figure 3.

Release profiles of Cyt C from the protein encapsulating HBPH nanoparticles (Cyt C-HBPH
NPs) at 37 °C. A) A slower rate of Cyt C release was observed in the presence of an esterase
enzyme, while relatively B) faster release was observed at pH 4.0. No significant release of
the encapsulated Cyt C was observed in PBS (pH 7.4). C) Catalytic activity of the released
Cyt C [from esterase (i) and at pH 4.0 (iii)] visualized by the oxidation of TMB with
hydrogen peroxide. Absence of TMB oxidation was observed in the PBS buffer (ii, iv; pH =
7.4).
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Figure 4.

In vitro retention of Cyt C-HBPH NP’s cell associated peroxidase activity. A) MCF 7 cells
treated (6 h) with Cyt C-HBPH nanoparticle displayed peroxidase activity when the cell
pellet was dissolved in TMB solution, indicated that the protein was still active upon release
within the cell. B) images showing the blue color of the oxidized TMB solution compared to

untreated.
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Figure 5.

Cell viability of MCF 7 cells treated with Cyt C encapsulating HBPH nanoparticles (Cyt C-
HBPH NPs) compared to that of cells treated with the non-encapsulated nanoparticle
(HBPH NPs) and non-treated cells (control). The protein encapsulating HBPH nanoparticles
induced a significant reduction in the cell (MCF 7) viability after 6 h of incubation, where
the non-encapsulated nanoparticle (HBPH NPs) showed no significant cytotoxicity. Control
cells (MCF 7) were treated with 1x PBS. Average values of four measurements were
depicted + standard error.
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Figure 6.

MCF 7 cells showing the cytotoxic effect of the Cyt C encapsulating HBPH nanoparticles.
Cells incubated with non-encapsulated nanoparticles (HBPH NPs) showed no cell death (C
and D) similar to control cells (A and B). Cyt C encapsulating HBPH nanoparticles (Cyt C-
HBPH NPs) induced significant cellular death as very less number of cells was found
adhering to the plate (E) and an increase number of cell were found floated (F).

Mol Pharm. Author manuscript; available in PMC 2011 August 1.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Santra et al.

Page 22

Figure 7.

Detection of apoptotic cells. Induction of apoptosis observed when MCF 7 cells were treated
with Cyt C encapsulating HBPH nanoparticles (Cyt C-HBPH NPs) and stained with DAPI
and propidium iodide (PI) after 6 h of incubation. The arrow showed nuclear fragmentation
indicating apoptosis.
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Figure 8.
Assessment of folate-HBPH nanoparticle uptake by human lung carcinoma A549 cells (A-1)

and human breast adenocarcinoma MCF 7 cells (J-L) via confocal laser-scanning
microscopy. Enhanced cellular internalization was observed upon incubation of the folate
conjugated Dil-encapsulating HBPH nanoparticles (Fol-Dil-HBPH NPs) with A549 cells
(A-C). In contrast, A549 cells pre-incubated with free folic acid showed minimal uptake
(D-F), confirming receptor-mediated internalization. Meanwhile, A549 cells incubated with
the Cyt C and Dil co-encapsulating folate-functionalized HBPH nanoparticles (Fol-Cyt C/
Dil-HBPH NPs) induced significant cell death (G-I). As expected, no internalization of the
Fol-Dil-HBPH NPs was observed in the MCF 7 as these cells are folate-receptor negative
(J-L).
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Figure 9.

Detection of apoptotic cells. A) Selective induction of apoptosis observed in A549 cells
(folate-receptor positive) and B) no cellular apoptosis observed in MCF 7 cells (folate-
receptor negative) when incubated with folate conjugated Cyt C encapsulating HBPH
nanoparticles (Fol-Cyt C-HBPH NPs), stained with DAPI and propidium iodide (PI) after 6
h of incubation.
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Figure 10.

UV-Vis absorbance spectra of the folate conjugated HBPH nanoparticles encapsulated with
ICG (Fol-ICG-HBPH NPs) and Cyt C (Fol-Cyt C/ICG-HBPH NPs), showing absorbance at
355 nm, 414 nm and at 835 nm for folic acid, encapsulated Cyt C and ICG dye, respectively.
Inset: Fluorescence emission spectra of the Fol-ICG-HBPH nanoparticles showing emission
maximum at 865 nm. Similar results obtained from the corresponding Cyt C encapsulating
HBPH nanopatrticles.
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Figure 11.

Near infrared fluorescence images of the ICG encapsulating HBPH nanoparticles (Fol-1CG-
HBPH NPs) incubated with A) MCF 7 and B) A549 cells, indicating receptor-mediated
internalizations of our theranostic HBPH nanoparticles. Images taken from a Xenogen VIS
system using ICG filter set. Each well contains an increasing amount (from left to right, 20,
40, 60 80 pL) of Fol-ICG-HBPH NPs (3.2 mg/mL), which translate into an increasing
uptake of nanoparticles and higher fluorescence emission.
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Scheme 1.

Schematic representation of the synthesis of three dimensional hydrophilic HBPH polymer
(4) and its functional HBPH nanoparticles (HBPH NPs). The monomer 3 with three-bond
connectivity polymerized three-dimensionally, resulting in a highly branched polymer with
amphiphilic cavities in the polymeric structure.
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