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Abstract

To compare the influence of different characteristics of nanocarriers on the efficacy of
chemotherapy and imaging, we designed, characterized, and evaluated three widely used
nanocarriers: linear polymer, dendrimer and liposome /n vitro and /n vivo. These nanocarriers
delivered the same anticancer drug (paclitaxel) and/or imaging agent (Cy5.5). A synthetic analog
of LHRH peptide targeted to receptors overexpressed on the membrane of cancer cells was
attached to the nanocarriers as a tumor targeting moiety. Significant differences were found
between various studied non-targeted carriers in their cellular internalization, cytotoxicity, tumor
and organ distribution and anticancer efficacy. LHRH peptide substantially enhanced intratumoral
accumulation and anticancer efficacy of all delivery systems and minimized their adverse side
effects. For the first time, the present study revealed that the targeting of nanocarriers to tumor-
specific receptors minimizes the influence of the architecture, composition, size and molecular
mass of nanocarriers on the efficacy of imaging and cancer treatment.
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1. Introduction

Nanotechnology products are most often used as pharmaceutical nanocarriers for delivering
drugs or imaging agents to the site of the action in desired quantities and for releasing
therapeutic loads with a specific time profile. Linear and branched polymers, dendrimers,
quantum dots, nanoparticles, nanospheres, nanotubes, nanocrystals, nanogels, liposomes,
micelles, as well as other types of nanocarriers are being employed in different fields of
medicine for diagnostics, imaging, treatment and prophylactics of many pathological
conditions, including cancer [1-21]. In contrast to earlier developed nanotherapeutics, which
had a relatively simple two-component drug-carrier composition, modern nanocarriers often
include other active ingredients that perform different functions for enhancing cellular
uptake and efficiency of the main drug. Therefore, they limit adverse side effects, provide
drug release with a predetermined profile in the certain compartment of an organ, tissue or
cell, and prevent the development and/or suppression of the existent drug resistance, etc.
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The increase in complexity and performed functions of nanocarriers actually converts them
into multifunctional nanotherapeutical products [22].

While nanocarriers are currently being extensively used for delivering imaging and
cytotoxic agents to tumors, there are no studies which compare different types of carriers
containing the same active ingredients in similar experimental conditions in both /n vitro and
in vivo settings. The present study fills this gap and is aimed at investigating the three most
widely used types of nanocarriers with different architecture, size, and molecular mass
(linear polymer, branched star-like dendrimer and liposomes) containing a near-infrared
cyanine Cy5.5 dye (imaging agent) and/or paclitaxel (anticancer drug with low aqueous
solubility). In addition, a synthetic analog of luteinizing hormone-releasing hormone (LHRH
peptide) was attached to the nanocarriers and is used as a targeting moiety (ligand to LHRH
receptors that are overexpressed in the plasma membrane of several types of cancer cells and
are not expressed detectably in normal visceral organs) [23,24]. Analysis of experimental /n
vitroand in vivo data at the first time revealed a very important phenomenon that can
potentially have a significant impact on drug delivery in general and cancer chemotherapy in
particular. We found that targeting drug carriers to extracellular receptors overexpressed in
the plasma membrane of cancer cells, eliminated the differences between the carriers in
terms of their internalization by cancer cells, cytotoxicity, tumor and organ distribution,
adverse side effects and antitumor activity. Specific targeting of nanocarriers to cancer cells
substantially enhanced cytotoxicity and antitumor efficacy of all delivery systems to the
comparable and exceptionally high level and limited their adverse side effects despite of the
considerable differences in the size, molecular mass of the components, composition and
architecture of the carriers. The present study sends an important message that the
architecture, composition, size and molecular mass of the receptor-targeted drug
nanocarriers can be selected based on other than anticancer efficacy considerations (cost,
type of active ingredients, difficulties in production, stability, patient compliance, etc.)
ensuring that the high efficacy and low adverse side effects could be achieved automatically
by tumor targeting.

2. Methods and materials

2.1. Nanocarriers

Three types of delivery systems (DS) were designed and prepared based on different
nanocarriers: linear polymer, branched star-like dendrimer and liposomes (Fig. 1a). All
systems contained at least one of the following components: (1) a synthetic analog of
luteinizing hormone-releasing hormone (LHRH) decapeptide as a targeting moiety; (2) near-
infrared cyanine Cy5.5 fluorescent dye as an imaging agent and (3) paclitaxel (TAX) as an
anticancer drug. LHRH peptide provided targeting of an entire DS to the receptors
overexpressed in many types of cancer cells. TAX was selected as an example of a highly
effective chemotherapeutic agent with low aqueous solubility. Cy5.5 represents a class of
very effective dyes currently used as cancer imaging agents. The systems were prepared and
characterized using procedures previously developed in our laboratory [7,23-28]. Based on
the results of dynamic light scattering and atomic force microscope measurements, the
average size of dendrimers, PEG polymers, and liposomes were about 5, 30 and 100 nm
respectively. The preparation of each DS is briefly summarized below.

2.1.1. Linear PEG polymers—Cy5.5-PEG conjugate was prepared by the coupling of
Cy5.5 NHS ester activated by triethanolamine with Bis-diamine PEG. The resulting
compound with one free amine group at the terminal was coupled with succinic acid to form
Cy-5.5-PEG-COOH complex, which further reacted with LHRH-NH> to form an amide
conjugate. To synthesize PEG-TAX conjugate, a,w bis PEG—citric acid containing carboxyl
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end groups at the terminals was coupled with hydroxyl groups in paclitaxel to form an ester
conjugate. On each stage of the synthesis, the resulting solution was filtered and the filtrate
was dialyzed extensively with dimethyl sulfoxide (DMSQO) using a dialysis membrane
(molecular mass cut off=2000 Da) for 24 h to remove unreacted low molecular mass
components. Furthermore, the conjugate was purified using a size exclusion Sephadex G10
column and dried under the vacuum at room temperature.

2.1.2. Dendrimers—Polyamidoamine (PAMAM) generation four hydroxyl dendrimer
conjugate with hydroxyl functional group was conjugated with carboxylic group of boc
glycine-HCI and further conjugated with Cy5.5 to form dendrimer—glycine—Cy5.5 conjugate.
The latter was conjugated with succinic acid to form a dendrimer—glycine—Cy5.5—carboxylic
acid conjugate, which in turn was coupled with LHRH. TAX was attached to succinic acid,
which is reacted on an equimolar basis with hydroxyl group in paclitaxel to form a
paclitaxel-succinic acid conjugate leaving one free carboxyl group for further conjugation
with hydroxyl terminal of the dendrimer. The solution of each dendrimeric complex was
filtered and the filtrate was dialyzed extensively with anhydrous DMSO for 24 h to remove
unreacted components. The dendrimer was further purified using a size exclusion Sephadex
G10 column.

2.1.3. Liposomes—DSPE-PEG (1,2-distearoyl-sn-glycero-3-phosphoetanol amine-A-
aminopolyethylene glycol-M,, ~2000 ammonium salt-polyethylene glycol) was conjugated
with LHRH and Cy5.5 as described above. Egg phosphotidyl choline, cholesterol, DSPE-
PEG, DSPE-PEG-Cy5.5 and/or DSPE-PEG-LHRH conjugates were dissolved in
chloroform, evaporated to a thin film in rotary evaporator, rehydrated with 0.9% NaCl and
gradually extruded through 200 nm and 100 nm pore size polycarbonate filters with an
extruder apparatus. The final phospholipid concentration was 20 mM. Paclitaxel was diluted
in methanol (50 mg/ml) and added to the liposome suspension in a ratio of 10%/ 90% v/v
[25]. The non-encapsulated drug was separated from liposomes by extensive dialyses
against saline. The amount of TAX incorporated into liposomes was determined by high-
performance liquid chromatography (HPLC). The encapsulation efficacy of TAX ranged
from 55 to 60% in different series of experiments. For the determination of the stability of
liposomal TAX formulations, drug release from liposomes suspended in a micro-dialysis
system was monitored by periodic withdrawals of drug released into the neutral buffer, and
detected by HPLC. At 4 °C, leakage from both targeted and non-targeted liposomes was
minimal, with less than 5% of TAX lost after 1 month, which is convenient for storage of
vesicles.

The concentration of TAX in DS was determined by high-performance liquid
chromatography (HPLC) using symmetry C18 column (150 mmx4.6 mm, Water
Corporation) operated at room temperature. The mobile phase consisted of 20 mM
ammonium acetate (pH 5)/acetonitrile/methanol 50:40:10 v/v/v; the flow rate was set to 1.0
ml/min, wavelength 227 nm. The chromatographic apparatus consisted of a Model 1525
pump (Waters Instruments, Milford, MA, USA), a Model 717 Plus auto-injector (Waters
Instruments) and a Model 2487 variable wavelength UV detector (Waters Instruments)
connected to the Millennium software.

2.2. In vitro experiments

The experiments were carried out on human small H69 and A549 non-small lung cancer
cells. The expression of a targeted LHRH receptor was measured in mRNA isolated from
cell lysates and commercially available mRNA from healthy human organs by the reverse
transcription polymerase chain reaction (RT-PCR) as previously described [23,26,29]. In
part of the experiments, LHRH peptide was labeled with rhodamine as previously described
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[24] and incubated within 48 h with lung cancer cells. Cells were fixed, washed, and labeled
LHRH was visualized by a fluorescent microscope. In this series of experiments, cellular
nuclei were labeled with Hoechst 33258 fluorescent dye. Cellular internalization,
accumulation, and distribution of different conjugates labeled with Cy5.5 were analyzed by
a confocal microscope. To assess intracellular distribution of the substances, ten optical
sections, known as a z-series, were scanned sequentially along the vertical (2) axis from the
top to the bottom of the cell. The intensity of fluorescence in each scan was compared with
that in the first (top of the cell) image. Average intensity through all 10 images was used to
characterize the penetration and accumulation of the analyzed substance in the cell. Cellular
viability was analyzed by the modified MTT assay as previously described [30,31] after 48 h
incubation with different DS and appropriate controls. Based on the results of the test, the
ICsq doses (the concentrations which kill 50% of cells) were calculated for free paclitaxel
and TAX-containing DS.

2.3. In vivo experiments

Experiments were carried out on nude mice bearing subcutaneous rapidly grown xenografts
of human lung cancer cells as previously described [32,33]. Each experimental group
consisted of 8-10 animals. According to the approved institutional animal use protocol, the
tumor was measured by a caliper every day and its volume was calculated as ¢ x DI2 where
dand D are the shortest and longest diameter of the tumor in mm, respectively. When the
tumor reached a mean size of 500 mm?3, mice were treated intravenously (via the tail vein)
with different DS and appropriate control substances. The paclitaxel concentration was
equal to 2.5 mg/kg for free TAX and all TAX-containing DS. At the end of the experiments,
apoptosis induction in the tumor and other organs was assessed by measuring the enrichment
of histone-associated DNA fragments (mono- and oligonucleosomes) in tissue homogenates
as previously described [23]. No group of mice showed any significant differences in mass
change. In a separate series of the experiments, different labeled DS were injected
intravenously to untreated mice with tumor size about 1500 mm3 and their distribution in the
entire body of mice, excised tumor and other organs were analyzed in anesthetized animals
by /n vivoimaging using IVIS Xenogen imaging system.

2.4. Statistics

3. Results

The results are expressed as mean+ SD from 4-8 independent measurements. Statistical
analysis was performed as a one-way analysis of variance (ANOVA) and comparisons
among groups were performed by independent sample #tests.

3.1. Different nanocarriers

Three different types of widely used nanocarriers and delivery systems (DS) were prepared
and characterized in the present study (Fig. 1a). The first DS consisted of a linear
poly(ethylene glycol) (PEG) polymer as a carrier, LHRH peptide as a targeting moiety and
paclitaxel (TAX) as an anticancer drug or near-infrared cyanine dye Cy5.5 as an imaging
agent. The second and third systems employed a branched PAMAM polymer or PEGylated
liposome respectively as carriers in combination with LHRH peptide, Cy5.5, and/or TAX. In
all systems, LHRH peptide and Cy5.5 dye were conjugated to PEG or PAMAM polymer via
a non-biodegradable amide bond, while TAX was conjugated to a polymer via
biodegradable ester bond or was incorporated in the phospholipid bilayer of liposomal
membrane (Fig. 1a). Drug concentration in different DS was measured by HPLC. Structure,
size, and molecular mass of the designed DS were confirmed by atomic force microscope,
MALDI-TOFF mass spectrometry, 1H NMR spectroscopy, dynamic light scattering and
molecular modeling. The prepared three types of nanocarrier-based DS covered a wide
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range of characteristics of nanocarriers including size (5-200 nm), molecular mass of
polymers (from ~3 kDa of linear PEG to ~15 kDa of dendrimer) and architecture (linear,
branched and vesicular).

3.2. LHRH receptors are overexpressed in the plasma membrane of cancer cells and are
not expressed detectably in normal visceral organs

Two series of experiments were performed to show the localization and expression of
targeted LHRH receptors in cancer cells. In the first series, drug sensitive and multidrug
resistant human lung cancer cells were incubated with LHRH peptide labeled by rhodamine
(red fluorescence). Cellular nuclei were labeled with nuclear dye Hoechst 33258 (blue
fluorescence). Fluorescence was analyzed by a fluorescent microscope and photographed.
Light and both fluorescence filters (red and blue) images were digitally combined. Typical
representative images of A549 human lung cancer cells are shown in Fig. 1b. It is clear from
the images, that LHRH peptide (ligand) bound to the corresponding LHRH receptors is
localized predominately in the plasma membrane of cancer cells. The measurement by RT-
PCR of the expression of genes encoding LHRH receptors in different human lung cancer
cells and in various healthy human organs (liver, kidney, spleen, heart, lung) showed that
LHRH receptors are overexpressed in human lung cancer cells and not detectably expressed
in healthy lungs and other visceral organs (Fig. 1c). These data confirmed our previous
findings in ovarian, breast, and prostate cancer cells as well as cancerous and healthy
reproductive organs [23,29] and provides the rationale of using LHRH peptide as a targeting
moiety/penetration enhancer to target different DS specifically to tumors and facilitate their
uptake by cancer cells.

3.3. Receptor-based targeting to cancer cells improves penetration, accumulation and
intracellular distribution of delivery nanocarriers

Cellular uptake and intracellular distribution of fluorescent dye and different nanocarriers
labeled with Cy5.5 were studied by confocal fluorescence microscopy using viable A549
human lung cancer cells. The concentration of fluorescent dye in the incubation media was
the same (50 nM) for free dye and dye delivered by various carriers. It was found that
incubation of cancer cells with free Cy5.5 led to the accumulation of only a trace amount of
the applied dye in cancer cells (Fig. 2a, panel 1; Fig. 2b, bar 1). Moreover, the distribution of
the dye throughout the body of the cells was highly inhomogeneous with almost a 5-fold
difference in the dye concentration from the top to the bottom of the cells (curve 1 in Fig.
2¢). This distribution reflects the poor penetration ability of free Cy5.5 from the medium
contacted with the top of the cell to the bottom of the cell attached to a base of the
incubation dish. In contrast to the free dye, labeled non-targeted carriers (DS without LHRH
peptide) showed significantly higher penetration ability and accumulation in cancer cells
(Fig. 2a, panel 2; Fig. 2b, bar 2). However, different carriers demonstrated substantial
variations in their accumulation in cancer cells (Fig. 2b). While the labeled linear PEG
polymer showed the lowest accumulation, liposomes demonstrated the highest penetration
ability and accumulation inside cancer cells (compare bars 2, 4 and 6 in Fig. 2b). The
concentration difference between the top and bottom of the cancer cells was about 40% for
all non-targeted carriers. Targeting to cancer cells by LHRH peptide significantly improved
penetration and accumulation of all carriers and decreased variations in their concentrations
through the cell (compare bars and curves 3, 5, and 7 in Fig. 2b and c). It should also be
stressed that targeting substantially decreased the differences in the accumulation between
different carriers. While the difference in the total accumulation inside cancer cells between
different carriers reached 3-folds for non-targeted carriers, cancer targeting by LHRH
peptide decreased this difference to only 10-20%.
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3.4. LHRH peptide enhances cytotoxicity of anticancer drug

Cytotoxicity of free TAX and different DS containing paclitaxel was measured by the MTT
assay with appropriate controls. It was found that all non-targeted and cancer-targeted DS by
themselves (without an anticancer drug) were not toxic (Fig. 3a). The toxicity of different
non-targeted carriers containing TAX varied more than 100 times. While linear PEG
polymer—TAX conjugate had the lowest cytotoxicity, PAMAM-TAX dendrimer showed the
highest toxicity (Fig. 3b). The incorporation of LHRH peptide as a cancer targeting moiety
dramatically (5-800 times) enhanced toxicity of all DS and substantially eliminated
differences in 1Cgq doses between the different targeted DS (compare bars 11, 13 and 15 in
Fig. 3b).

3.5. Receptor targeting leads to the preferential accumulation of nanocarriers in the tumor
and limits adverse side effects on healthy organs

Body distribution of different non-targeted and tumor-targeted nanocarriers was studied by
in vivoimaging after systemic administration of the nanocarriers labeled with Cy5.5 to mice
bearing xenografts of A549 human lung cancer cells. Animals were anesthetized with
Isoflurane and photographed in visible and fluorescent light using IVIS imaging systems 48
h after the injection. The intensity of the fluorescence was represented on composite light/
fluorescent images by different colors with blue color reflecting the lowest fluorescence
intensity and red color — the highest intensity. After photographing, animals were
euthanized, tumor and organs were excised, photographed, and processed similarly to the
images of an entire animal. Typical representative images and histograms of fluorescence
distribution in mice obtained in this series of the experiments are presented in Fig. 4. The
data showed that a substantial fraction of all injected non-targeted nanocarriers was
accumulated in the tumor. However, significant amounts of non-targeted nanocarriers were
found in healthy organs. In addition to the tumor, substantial amounts of linear PEG were
found in the liver and kidney, while liposomes and PAMAM dendrimers accumulated in
significant quantities in the liver, spleen, and kidney respectively. Tumor targeting by
LHRH peptide significantly changed body distribution of all tumor-targeted nanocarriers
increasing their accumulation in the tumor and decreased their build up in healthy organs.

Adverse side effects of different DS containing paclitaxel were assessed by measuring
apoptosis induction in the tumor and different organs (Fig. 5). Similar to cytotoxicity, the
delivery of the anticancer drug by nanocarriers substantially enhanced their ability to induce
apoptosis in the tumor but did not prevent adverse side effects of the treatment. In general,
apoptosis induction in the tumor and organs correlated with organ distribution of
nanocarriers. Tumor targeting dramatically improved the situation leading to an increase in
the apoptosis induction in the tumor and almost complete elimination of drug adverse side
effects. It should be stressed, that similar to the aforementioned results, tumor targeting also
decreased the variations in cell death induction between different DS (compare bar 1 for
LHRH-PEG-TAX, LHRH-PAMAM-TAX and LHRH-Lip-TAX in Fig. 5).

3.6. Targeting to LHRH receptors enhances antitumor activity of anticancer delivery

systems

Antitumor activity of free TAX and different non-targeted and tumor-targeted DS were
compared in experiments on nude mice bearing xenografts of A549 human lung cancer
cells. It was found that even non-targeted DS containing paclitaxel were significantly more
effective in limiting tumor growth when compared with free drug (Fig. 6). We also found
differences between various non-targeted DS: dendrimeric DS was the least effective, while
PEG polymer-based DS was the most effective in terms of the suppression of tumor growth
(compare curves 6 in Fig. 6a—c). The average tumor size at the end of the treatment was
839425, 684+37 and 625+16 mm3 for non-targeted dendrimeric, liposomal, and polymeric
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DS respectively (Means£SD, A<0.05 between all series). Targeting of cancer cells by LHRH
peptide significantly enhanced antitumor activity of all systems and leveled down the
differences between various nanocarriers. Finally, all tumor-targeted DS containing
paclitaxel caused significant and comparable tumor shrinkage. The average tumor size at the
end of the treatment was 4.03+0.21, 4.07+0.39 and 3.93+0.29 folds smaller for targeted
dendrimeric, liposomal, and polymeric DS respectively when compared with non-targeted
systems (Means+SD, P> 0.05 between all series).

4. Discussion

In the present study, we characterized and compared in similar experimental conditions three
different types of non-targeted and tumor-targeted delivery systems carrying a similar
payload. We selected DS with linear PEG polymer, star-like PAMAM dendrimer, and
liposomal carriers. The selection of such systems was based on the following considerations.
First, these nanocarriers represent the main classes of modern types of nanocarriers which
are being used for cancer imaging and chemotherapy [34-36]. Second, these delivery
systems employ three of the most widely used types of nanocarrier architecture: linear
polymers, branched polymers, and liposomes. Third, they also cover almost the entire range
of the most frequently exploited nanocarrier sizes (5-150 nm). Four, the same anticancer
drug delivered by such different nanocarriers possesses substantially different properties
including cellular internalization, cytotoxicity, tumor and body distribution, adverse side
effects on healthy organs, and antitumor activity.

Each of these nanocarriers was targeted specifically to the tumor by adding a targeting
moiety — a synthetic analog of luteinizing hormone-releasing hormone. LHRH peptide is a
ligand for the receptors that are overexpressed in plasma membrane of breast, ovarian, and
prostate cancer cells [26,29,37] and, as found in the present study, in some types of lung
cancer cells. In contrast, the expression of these receptors in healthy organs in most cases is
non-detectable [23,38]. It should be stressed, that, in contrast to the therapeutic applications
of LHRH hormone, we do not use LHRH peptide as a drug to directly treat hormone-
dependent breast, ovarian cancer, and gynecological malignancies [39,40]. Instead, we are
using the analog of this peptide as a targeting moiety to extracellular LHRH receptors for the
direct targeting of cancer cells in concentrations which do not induce therapeutic or
cytotoxic effects.

The present study was focused on the following objectives. First, by employing the tumor-
specific targeting moiety, we expected to improve body distribution of different non-
targeted nanocarrier-based delivery systems and increase the sensitivity and specificity of
imaging and/or treatment of cancer and limit adverse side effects of the treatment on healthy
organs. Second, we anticipated that targeting nanocarriers to cancer cells would enhance
cellular internalization and distribution, cytotoxicity, and antitumor activity of an
encapsulated anticancer drug. Third, we hypothesized that tumor targeting will be the most
valuable for the least efficient types of nanocarriers, therefore diminishing the differences
between DS of various architecture, size and molecular mass in terms of anticancer efficacy
and adverse side effects of the treatment on healthy tissues.

We found that targeting of DS to extracellular LHRH receptors overexpressed in the plasma
membrane of many types of cancer cells substantially improved internalization and
intracellular distribution of the entire DS and incorporated imaging agent. Targeting also
enhanced overall accumulation of a nanocarrier by cancer cells and increased the fraction of
the applied dose which actually penetrates cancer cells and therefore has the potential to
effectively kill the cells or increase the sensitivity of their detection by a fluorescent or other
labeling. Enhanced accumulation by cancer cells of tumor-targeted DS containing an
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anticancer agent led to the substantial increase in the cytotoxicity of the drug and formed the
basis for its high anticancer efficacy. Moreover, high antitumor efficacy of tumor-targeted
anticancer DS was accompanied by preferential accumulation of such DS specifically in
tumor cells which provided low adverse side effects of cytotoxic DS on healthy organs and
increased the specificity and sensitivity of cancer detection by fluorescent or other imaging
agents. It is also very important that tumor-specific targeting minimized the differences
between nanocarriers of distinct types of architecture, size, mass, and composition.

The results of the present study exceeded our expectations. Experimental data demonstrated
that targeting to cancer cells by LHRH peptide enhanced antitumor activity of all tested DS
to the exceptionally high level comparable for all types of nanocarriers. Simultaneously,
targeting to tumor-specific receptors prevented serious adverse side effects of the treatment
on healthy organs. Consequently, our data showed that the internalization and intracellular
distribution of DS, but not size, molecular mass, composition or architecture of the carrier,
play a critical role in anticancer effect of tumor-targeted chemotherapy. This conclusion
could have a broad impact on the cancer drug delivery and imaging. In particular, it means
that tumor-specific receptor-targeting of nanocarriers could provide for a high antitumor
therapeutic activity and imaging efficacy with low adverse side effects on healthy organs for
practically any type of anticancer/imaging DS. At the same time, other parameters of
nanocarriers, including size, composition, architecture, etc. can be selected based on other
considerations, such as type of imaging or therapeutic agents, their aqueous solubility,
electric charge, chemical structure, etc. This conclusion is made for the first time in the
present study and has the theoretical and practical potential for drug delivery in general and
for nanoparticle cancer imaging and chemotherapy, in particular.
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Fig. 1.

Tumor-specific receptor-targeted delivery systems for cancer imaging and treatment. a,
Three different types of tumor-targeted delivery systems (linear PEG polymer, branched
PAMAM dendrimer and PEGylated liposomes). A synthetic analog of LHRH decapeptide,
near-infrared cyanine dye Cy5.5 and paclitaxel (TAX) were used as a tumor targeting
moiety, imaging agent, and anticancer drug respectively. b—c, Luteinizing hormone-
releasing hormone (LHRH) receptors are overexpressed in the plasma membrane of cancer
cells and are not expressed detectably in normal visceral organs. b, Human non-small A549
lung carcinoma cells were incubated with LHRH peptide labeled with Rhodamine(red
fluorescence). Nuclei of the cells were labeled with Hoechst 33258 dye (blue fluorescence).
Labeled LHRH peptide was localized predominantly in the plasma membrane. ¢, The
expression of LHRH receptors was measured by reverse transcription polymerase chain
reaction (RT-PCR) in human drug sensitive H69 (1) and multidrug resistant H69/AR (2)
small-cell lung cancer cells and A549 non-small cell lung cancer cells (3) as well as in
MRNA isolated from healthy visceral organs (4 — lung, 5 — liver, 6 — heart, 7 — kidney,
8 — spleen, 9 — muscle, 10 — thymus).

J Control Release. Author manuscript; available in PMC 2013 March 06.



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

1duasnuey Joyiny vd-HIN

Saad et al.

Page 12

Free Cy5.5

PEG Polymer-Cy5.5

LHRH-PEG Polymer-Cy5.5

w L
Average Accumulation, a.u

PAMAM Dendrimer -Cy5.5 Cc

LHRH-PAMAM Dendrimer-Cy5.5

L]

Liposomes-Cy5.5

Accumulation, %

6 .

LHRH-Liposomes-Cy5.5

~

Distance, um

Top Bottom Top Bottom

Fig. 2.

LHRH peptide as a tumor targeting moiety enhances penetration and normalizes
intracellular distribution of different nanocarriers in cancer cells. a, Confocal microscopy
fluorescent images of human A549 lung carcinoma cells incubated for 24 h with free near-
infrared dye Cy5.5 (red fluorescence), non-targeted and cancer-targeted different delivery
systems labeled with Cy5.5 (zseries from the top to the bottom). b, ¢, Quantitative analysis
of the accumulation and distribution inside the cells of labeled delivery systems.
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Fig. 3.

LHRH peptide significantly increases the cytotoxicity of paclitaxel incorporated into
different nanoscale-based delivery systems. a, Components of delivery systems are not toxic
for human A549 lung carcinoma cells. b, ICsq doses for free paclitaxel (TAX), non-targeted
and cancer cell-targeted delivery systems. Means = SD are shown. *P < 0.05 when
compared with free paclitaxel. TP <0.05 when compared with corresponding non-targeted
system.
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Fig. 4.

LHRH peptide as a tumor-specific targeting moiety increases accumulation of different
delivery systems in the tumor of mice bearing xenografts of human A549 lung carcinoma
and limits their buildup in healthy organs. The nanocarriers were labeled with near-infrared
dye Cy5.5, injected intravenously into the mice. The distribution of labeled nanocarriers was
analyzed in live anesthetized animals 48 h after injection using VIS Xenogen imaging
system. The intensity of fluorescence is expressed by different colors with blue color
reflecting the lowest intensity and red is indicative of the highest intensity. After measuring
the distribution of fluorescence in the entire animal, tumor and healthy organs were excised
and their fluorescence were registered and processed by the imaging system. Representative
images are shown.
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Targeting by LHRH peptide enhances apoptosis induction in the tumor and prevents adverse
side effects on healthy organs of different delivery systems containing paclitaxel. Mice
bearing xenografts of human A549 lung carcinoma were treated with free paclitaxel and
different delivery systems with the same dose of TAX (2.5 mg/kg). The enrichment of
histone-associated DNA fragments (mono- and oligonucleosomes) per gram tissue in the
tumor and organs of control animals was set to unit 1, and the degree of apoptosis was
expressed in relative units. Means + SD are shown. *P<0.05 when compared with control
(animals treated with saline).
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Tumor targeting by LHRH peptide enhances antitumor activity of paclitaxel delivered by
different nanocarriers. Mice bearing xenografts of human A549 lung carcinoma were treated
with free paclitaxel and different delivery systems with the same dose of TAX (2.5 mg/kg).
Tumor volume was measured by a caliper every day for 7 days after the treatment. Means +

SD are shown.
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