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a b s t r a c t
Polymeric nanocarriers conjugated with low molecular weight drugs are designed in order to improve
their efﬁcacy and toxicity proﬁle. This approach is particularly beneﬁcial for anticancer drugs, where
the polymer–drug conjugates selectively accumulate at the tumor site, due to the enhanced permeability
and retention (EPR) effect. The conjugated drug is typically inactive, and upon its pH- or enzymaticallytriggered release from the carrier, it regains its therapeutic activity. These settings lack information
regarding drug-release time, kinetics and location. Thereby, real-time non-invasive intravital monitoring
of drug release is required for theranostics (therapy and diagnostics). We present here the design,
synthesis and characterization of a theranostic nanomedicine, based on N-(2-hydroxypropyl) methacrylamide (HPMA) copolymer, owing its ﬂuorescence-based monitoring of site-speciﬁc drug release to
a self-quenched near-infrared ﬂuorescence (NIRF) probe. We designed two HPMA copolymer-based systems that complement to a theranostic nanomedicine. The diagnostic system consists of self-quenched
Cy5 (SQ-Cy5) as a reporter probe and the therapeutic system is based on the anticancer agent paclitaxel
(PTX). HPMA copolymer–PTX/SQ-Cy5 systems enable site-speciﬁc release upon enzymatic degradation in
cathepsin B-overexpressing breast cancer cells. The release of the drug occurs concomitantly with the
activation of the ﬂuorophore to its Turn-ON state. HPMA copolymer-SQ-Cy5 exhibits preferable body
distribution and drug release compared with the free drug and probe when administered to cathepsin
B-overexpressing 4T1 murine mammary adenocarcinoma-bearing mice. This approach of co-delivery of
two complementary systems serves as a proof-of-concept for real-time deep tissue intravital orthotopic
monitoring and may have the potential use in clinical utility as a theranostic nanomedicine.
Ó 2014 Published by Elsevier Ireland Ltd.

1. Introduction
In the past few years, tremendous efforts have been employed
in monitoring cancer treatment, detecting response to drugs and
measuring real-time accumulation of the drug within the tumor.
Numerous nanocarriers have been developed (e.g., polymers,
liposomes, micelles, dendrimers, etc.) and exploited as delivery
vehicles for anticancer drugs to improve the drugs’ biodistribution,
solubility, half-life, and thus efﬁcacy and safety [1]. Clinicallyavailable ﬂuorescence-based imaging contrast agents (e.g.,
indocyanine green and ﬂuorescein) hold many of the limitations
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as chemotherapeutic agents including low molecular weight, short
half-life and poor selectivity [2,3]. Consequently, monitoring slow
processes, such as drug accumulation at a tumor site, is challenging. Combining therapeutic and diagnostic modalities on the same
delivery system, thereby forming a theranostic (therapy and
diagnostic) nanomedicine, may overcome these limitations, while
enabling simultaneous monitoring and treatment of angiogenesis-dependent diseases, such as cancer [4]. Information obtained
from theranostic nanomedicines is exploited for ﬁne-tuning the
therapeutic dose, while monitoring the progression of the diseased
tissue, treatment efﬁcacy and delivery kinetics [5,6]. This, from a
clinical prospective, should enhance early diagnosis and treatment
and may eliminate drugs under- or over-dosing, resulting in a more
personalized treatment.
Among different imaging modalities (e.g., radiography,
magnetic resonance imaging and ultrasound), optical imaging
holds several advantages. Fluorescent molecular probes are highly
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sensitive, possess a high spatial resolution, enable simultaneous
multicolor imaging and speciﬁcity, by signal activation in the tissue of interest they may possess high target to background ratio
(TBR), and are relatively inexpensive [5,7]. Furthermore, they do
not hold long term health risks, like other commonly-used
computed tomography (e.g., PET-positron emission tomography
and SPECT-single-photon emission computed tomography), which
expose the patient to ionizing radiation.
An ideal theranostic nanomedicine system should hold (i) long
circulation time in the body, (ii) high speciﬁcity to the target tissue,
(iii) an efﬁcient release mechanism, (iv) an imaging probe that enables monitoring its activity, (v) deep tissue penetration, and (vi)
high TBR ratio [8]. High speciﬁcity can be obtained via passive targeting, by exploiting the enhanced permeability and retention
(EPR) effect or via an additional functional targeting moiety [9,10].
In contrast to thin layer imaging of cells or surfaces, the signal
from ﬂuorescent probes in vivo is impeded by the emitted ﬂuorescence from tissues and biomolecules (e.g., water, melanin, proteins
and hemoglobin), which absorb photons in the wavelengths range
of 200–650 nm (i.e., low signal-to-noise ratio) [11,12]. In addition,
tissues contribute to reﬂection, refraction and scattering of
incident photons, thus increasing the background and blur of the
obtained image [13–15]. The ‘imaging wavelength window’ left
for in vivo imaging in order to overcome these obstacles is at the
near infra-red (NIR) range (i.e., 650–1450 nm). In this range,
auto-ﬂuorescence is minimal and scattering of light is reduced,
enabling deep tissue penetration and facilitating non-invasive
monitoring [16].
One way to maximize the signal from the target and to minimize the signal from background (i.e., high TBR ratio), is the use
of activatable optical probes. The ﬂuorescent signal is silenced/
‘‘OFF’’ under physiological conditions, and is Turned-ON at a designated site and/or under speciﬁc conditions [5,17]. Although
numerous classes of Turn-ON optical probes have been described
in the literature for detection of chemical and biological factors
[18–20], to this point, most polymer-based theranostic nanomedicines studies utilize an ‘always ON’ theranostic systems. In these
systems, ﬂuorescent signal is obtained from the background and
desired signal at once, resulting in low TBR. Among methods used
to obtain a selective Turn-ON mechanism, Förster resonance
energy transfer (FRET) is the most common and efﬁcient. In this
process, following excitation of the donor, the acceptor will absorb
the emission energy of the donor and will turn off the ﬂuorescent
signal. The donor and the acceptor are required to have overlapping emission and absorbance spectra, as well as close proximity
between them. A FRET-based probe is Turned-ON upon distance
that results in the diffusion of the donor ﬂuorophore away from
the acceptor, and generation of a measurable ﬂuorescent signal
[17,21].
This process includes two approaches, ﬂuorophore–ﬂuorophore
(self-quenching) and ﬂuorophore–quencher activation. The donor
is always a ﬂuorophore, however the acceptor can be either a
quencher – a dye with no native ﬂuorescence (FRET) or a second
ﬂuorophore (self-quenching) [22]. When a FRET ﬂuorophore–
quencher process occurs, the excited ﬂuorophore can transfer its
emission energy to the nearby quencher. When the excitation
and emission picks overlap, like in the case of Cy5, the ﬂuorophore
can serve as a quencher and adsorb the excitation energy. Under
these circumstances the emitted energy from one ﬂuorophore is
absorbed by another ﬂuorophore [23]. A third approach is to employ changes in the push-pull conjugated p-electron system of
the dye [18,24]. The energy that was absorbed or emitted during
a ﬂuorescence process occurs as a result of the speciﬁc small gaps
of conjugated p electrons energy levels. This, in turn, enables the
electron movement to a higher energy level by excitation (absorbed energy). Subsequently, the loss of energy occurs by internal

vibration and relaxation to the lowest energy level, ﬁnally returning to the ground state level, which results in energy emission. In
order to create an activatable ﬂuorescence sensor, the ﬂuorophore
p electron conjugated system can be modiﬁed to suppress its ﬂuorescence. Once modiﬁed, the ﬂuorophore will be in its ‘‘OFF’’ state
and energy emission will not occur. Applying reversible changes in
the p-electron system, like enzymatically-cleavable group, will
transform the dye into a Turn-ON ﬂuorescent probe upon meeting
the suitable conditions (e.g. a speciﬁc enzyme or analyte) and
re-conjugating the p-electron system.
We present here a dual approach which permits simultaneous
drug release and imaging ability. We designed and synthesized
two polymeric systems that together, generate a theranostics
nanomedicine system. The diagnostic system consists of an efﬁcient high-loading, self-quenched Turn-ON system with the NIR
ﬂuorescent dye Cy5 (SQ-Cy5). The therapeutic system includes
the potent chemotherapeutic agent PTX. Both polymeric systems
are composed from the water-soluble, non-toxic at the required
concentration for activity and stable N-(2-Hydroxypropyl)methacrylamide (HPMA) copolymer [25,26]. Both Cy5 and paclitaxel
(PTX) were conjugated to HPMA copolymer through a Gly-PheLeu-Gly (GFLG) linker, cleaved by cathepsin B, a lysosomal cysteine
protease overexpressed in several tumor types, mainly in the lung,
colon, prostate, melanoma and breast [27,28]. Moreover, cathepsin
B also exhibits pro-angiogenic activity, speciﬁcally in the formation
of tubular structure and secretion of vascular endothelial growth
factor (VEGF) [29,30]. Under pathological conditions, an excessive
amount of cathepsin B is secreted or exposed at the cell surface,
by both the cancerous tissue and its vasculature. This, in turn, leads
to the degradation of the extracellular matrix (ECM), the activation
of other proteases and thereby promotes tumor progression, invasion, migration and angiogenesis [31]. Taken together, the high levels of cathepsin B can be harnessed as leverage for speciﬁc
activation at the tumor site. Based on this rational, HPMA copolymer-SQ-Cy5 and HPMA copolymer–PTX were designed to report
the release of PTX by a simultaneous ﬂuorescent signal, enabling
detection of the tumor, treatment and monitoring the therapeutic
effect.
2. Materials and methods
2.1. Materials
HPMA copolymer–Gly-Phe-Leu-Gly–ethylenediamine (HPMA–GFLG–en) incorporating 10 mol% of the Gly-Phe-Leu-Gly–ethylenediamine was obtained from Polymer Laboratories (Church Stretton, UK). HPMA copolymer–GFLG–en has a molecular
weight of 31,600 Da and a polydispersity of 1.66. PTX was purchased from Petrus
Chemicals and Materials 1986 (LTD) (China). RPMI 1640, fetal bovine serum (FBS),
penicillin, streptomycin, nystatin, L-glutamine, HEPES buffer and sodium pyruvate
were purchased from Biological Industries Ltd. (Kibbutz Beit Haemek, Israel).
EGM-2 medium was from Cambrex, USA and endothelial cells growth supplement
(ECGS) from Zotal (Israel). All other chemical reagents, including salts and solvents,
were purchased from Sigma-Aldrich (Rehovot, Israel). All reactions requiring anhydrous conditions were performed under a N2(g) atmosphere. Chemicals and solvents
were either AR grade or puriﬁed by standard techniques.
2.2. Synthesis of HPMA Copolymer-Cy5 conjugate
Cy5-COOH was synthesized as previously described [22]. Next, Cy5-COOH ﬂuorophore was conjugated with HPMA copolymer–GFLG–en in two-step synthesis.
First, Cy5-COOH (15.1 mg; 0.023 mmol) was dissolved in 0.7 ml anhydrous N,NDimethylformamide (DMF). N-Hydroxysuccinimide (NHS) (5.3 mg; 0.046 mmol)
and N,N0 -dicyclohexylcarbodiimide (DCC) (9.5 mg; 0.046 mmol) were added in order to activate the free carboxylic group of the ﬂuorophore, for further coupling
to HPMA copolymer. The reaction mixture was stirred at room temperature (RT)
in the dark for 12 h. Then, HPMA-GFLG-en copolymer (21.1 mg; 0.114 mmol) was
dissolved in 0.5 ml anhydrous DMF and added to the reaction mixture. Following
the reaction by High Pressure Liquid Chromatography (HPLC) (UltiMateÒ 3000 Nano
LC systems, Dionex), the precipitate was washed with acetone and dried under vacuum. Puriﬁcation of the conjugate by size exclusion chromatography (SEC) was performed using AKTA/FPLC system (Pharmacia/GE Healthcare), HiTrap Desalting
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columns (Sephadex G-25 Superﬁne) in DDW, ﬂow rate 1.0 ml/min; UV detection. In
order to remove all excess of free ﬂuorophore, the residue was dissolved in water
and dialyzed for 1 day at 4 °C (MWCO 6–8 kDa) against DI water. The conjugate
was isolated by freeze-drying. Cy5 loading was determined using SpectraMax
M5e multi-detection reader. The absorbance of conjugated Cy5 was measured and
compared to that of free Cy5. Quenching efﬁciency was expressed as a percentage
of the ﬂuorescence intensity of the HPMA copolymer-Cy5 conjugate (kEm = 670 nm)
compared with the emission of the free Cy5 at the equivalent concentration.
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2.7. Cell viability assay
4T1 cells (3000 cells/well) and HUVEC (10,000 cells/well) were plated onto 24well culture plates in RPMI supplemented with 2% FBS or EBM-2 supplemented
with 5% FBS and incubated for 24 h (37 °C; 5% CO2). The medium was then replaced
with RPMI 1640 supplemented with 10% FBS or EGM-2. Cells were exposed to PTX
and HPMA copolymer–PTX conjugate at serial dilutions, at equivalent dose of the
free PTX. Number of viable cells was counted by a Z1 Coulter CounterÒ (Beckman
CoulterÒ) following 96 h of incubation.

2.3. Synthesis of HPMA copolymer–PTX conjugate
2.8. Ethics statement
PTX was conjugated with HPMA copolymer–GFLG–en in two-step synthesis.
First, PTX was activated using 4-Nitrophenyl chloroformate (PNP-Cl) in order to
form PTX-ONp. PTX (107.2 mg; 0.125 mmol) was dissolved in 1 ml pre-distilled Tetrahydrofuran (THF) and was stirred at 30 °C. Triethylamine (Et3N) (140 ll;
1.0 mmol) and a grain of 4-Dimethylaminopyridine (DMAP) were dissolved in the
dry solvent and added to the reaction mixture. PNP-Cl (151.2 mg; 0.750 mmol)
was dissolved in another 1 ml of THF and added to the reaction. The reaction was
followed by Thin Layer Chromatography (TLC) and quenched with 1 M HCl at
30 °C. The product was extracted from the aqueous media using ethyl acetate
and puriﬁed by silica gel column. Then, PTX-ONp was conjugated to the HPMA–
GFLG–en copolymer in the presence of Et3N and Nitrogen atmosphere. The PTX content of the HPMA copolymer–PTX conjugate was determined by HPLC analysis. The
PTX content was determined against a calibration curve for free PTX.

2.4. Dynamic light scattering (DLS) analysis and surface charge measurements
The mean hydrodynamic diameter of the HPMA copolymer–PTX conjugate and
the zeta-potential measurements were performed using a ZetaSizer Nano ZS instrument with an integrated 4Mw He-Ne laser (k = 633 nm; Malvern Instruments Ltd.,
Malvern, Worcestershire, UK). HPMA copolymer–PTX sample were prepared by dissolving 1 mg of polymer conjugate in 1 ml of 155 mM (for DLS) or 15.5 mM (for
zeta-potential) phosphate buffer, pH = 7.4. The polymer solution was vortexed
and then ﬁltered through 0.2 lM ﬁlter. All measurements were performed at
25 °C using polystyrol/polystyrene (10  4  45) mm cell for DLS analysis and
folded capillary cell (DTS 1070) for zeta-potential measurements.

2.5. Cathepsin B activity assay
PTX and Cy5 enzymatically-directed release from the conjugates was studied
in vitro, upon conjugates incubation at 37 °C with Cathepsin B (1 U/ml) in freshly
prepared activity phosphate buffer (0.1 M; pH = 6.0), containing 0.05 M NaCl,
1 mM Ethylenediaminetetraacetic acid (EDTA) and 5 mM reduced glutathione
(GSH). As a control, conjugates were incubated in the absence of Cathepsin B at
the same conditions.

All animal procedures were approved and performed in compliance with the
standards of Tel Aviv University, Sackler School of Medicine Institutional Animal
Care and Use Committee (IACUC).

2.9. Animals and tumor cell inoculation
4T1 cells (3  106) were injected subcutaneously (s.c.) into the ﬂank of female
BALB/C mice aged 6–8 weeks). Tumor volume was calculated using the standard
formula: length  width2  0.52.

2.10. Intravital non-invasive imaging of Cy5 cathepsin B-dependent release
BALB/c mice bearing s.c. 4T1 tumors (100 mm3) were injected intratumorally
with HPMA copolymer-Cy5 (0.1 mM; 30 ll) or with equivalent dose of free Cy5 (3
mice per group). Fluorescent signal within tumor was assessed at different time
points 30 h following injection using non-invasive imaging system CRI Maestro™.
Multispectral image-cube were acquired through 650–800 nm spectral range in
10 nm steps using excitation (635 nm longpass) and emission (675 nm longpass)
ﬁlter set. Mice auto-ﬂuorescence and undesired background signals were eliminated by spectral analysis and linear unmixing algorithm.

2.11. Body distribution of HPMA copolymer-SQ-Cy5
BALB/c mice bearing sub-cutaneous 4T1 tumors (300 mm3) were injected
intravenously (i.v.) with HPMA copolymer-SQ-Cy5 (10 lM; 200 ll). Accumulation
of the conjugate in the tumor and organs was assessed 1, 6 and 12 h following
administration (5 mice per time point). At termination, tumors and organs were excised and imaged. Organs were imaged using non-invasive imaging system CRI
Maestro™ (ﬁlter set-Ex/Em 635/675). Mice auto-ﬂuorescence and undesired background signals were eliminated by spectral analysis and linear unmixing algorithm.
Time dependent tumor contrast proﬁle was determined by the ratio between
ﬂuorescence intensities of tumors and those of normal skin.

2.12. Statistical methods
2.5.1. Release of Cy5 from HPMA copolymer-Cy5 conjugate
Free Cy5 release was monitored by measuring the change in the ﬂuorescence
intensity at sequential time points. The ﬂuorescence measurements were carried
out at excitation wavelength of 600 nm using SpectraMax M5e multi-detection
reader. Samples (50 ll) were collected every 24 h (up to 160 h) and immediately
analyzed.

Data is expressed as mean ± standard deviation (s.d.) for in vitro assays or ±standard error of the mean (s.e.m.) for in vivo. Statistical signiﬁcance was determined
using an unpaired t-test. All statistical tests were two-sided. All experiments were
performed in triplicates and repeated at least three times.

3. Results
2.5.2. Release of PTX from HPMA copolymer–PTX conjugate
Free PTX release was monitored by reversed phase (RP) HPLC. UltiMateÒ 3000
Nano LC systems (Dionex) was used, equipped with 3000 pump, VWD-3000 UV–
Vis detector and ChromeleonÒ 6.80 software. The column in use was Phenomenex
Jupiter 5 l 250  4.60 mm C-18 300A. Chromatographic conditions were: ﬂow:
1.0 ml/min, gradient: 20–100% solution B in 20 min (sol. A – 0.1% TFA in water;
sol. B – 0.1% TFA in acetonitrile (MeCN)). Samples (50 ll) were collected every
24 h, till a plateau was observed (up to 72 h). For PTX extraction, sodium carbonate
buffer solution (0.2 M; pH = 9.6) was added to each sample, followed by ethyl acetate. Samples were vigorously vortex and centrifuged. The organic layer was carefully removed and evaporated. The residue was dissolved in MeCN and analyzed.

2.6. Cell culture
Murine mammary adenocarcinoma (4T1) cells were purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA) and grown in RPMI 1640
supplemented with 10% FBS, 100 mg/ml penicillin, 100 U/ml streptomycin,
12.5 U/ml nystatin, and 2 mM L-glutamine, 1 mM sodium pyruvate, 10 mM HEPES
buffer and 2.5 g/l D-glucose. Cells were grown at 37 °C; 5% CO2. Human umbilical
vein endothelial cells (HUVEC) were purchased from Lonza, Switzerland. HUVEC
were cultured in EGM-2 medium (Lonza, Switzerland) and were grown at 37 °C;
5% CO2.

3.1. Synthesis and characterization of HPMA copolymer–PTX
conjugate
HPMA copolymer–GLFG–en–PTX conjugate was synthesized by
two-step synthesis. First, PTX was activated to form PTX-ONp.
Then, PTX-ONp was coupled to the HPMA–GFLG–en copolymer
(see supplementary scheme 2). The resulting conjugate was
water-soluble and 4.0 mol% of PTX was bound to the functional
GFLG–ethylenediamine chains (10 mol%) on the HPMA copolymer.
This translates to 7.2 PTX molecules per polymeric chain. The
chemical structure of HPMA copolymer–PTX conjugate is represented in Fig. 1A. Cathepsin B-mediated degradation and release
of PTX from HPMA copolymer–PTX over time is described in
Fig. 2A. PTX concentration was increased as a function of time
and expressed by area under the curve (AUC), thus represents a
satisfactory efﬁciency of cathepsin B activity, although PTX release
kinetics is relatively slow. Complete release from HPMA copolymer
is achieved only after approximately 80 h.
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3.2. Dynamic light scattering and Zeta-potential of HPMA copolymer–
PTX conjugate
The hydrodynamic diameter size distribution and zeta-potential of HPMA copolymer–PTX conjugate was determined using a
ZetaSizer analyzer. The mean hydrodynamic diameter was
11.99 nm and the zeta potential value was 3.69 mV (Table 1). As
expected, HPMA copolymer–PTX has a neutral charge and its size
is in the nano range, which will enable its targeting to the tumor
via the EPR effect.
3.3. HPMA copolymer–PTX conjugate inhibits the proliferation of 4T1
mammary adenocarcinoma cancer cell line
The mitotic inhibitor PTX is a potent cytotoxic agent approved
as ﬁrst line therapy for breast cancer. Aiming to be used in breast
tumors overexpressing cathepsin B, and to evaluate whether PTX
retained its cytotoxic activity following conjugation with HPMA
copolymer, the cytotoxic effect of the conjugate was evaluated
on murine 4T1 mammary adenocarcinoma cells. The proliferation
of 4T1 cells was inhibited by HPMA copolymer–PTX conjugate with
an IC50 of 15 lM (Fig. 2B and C). HPMA copolymer alone served as
control and was inert at all the concentrations tested (data not
shown), in agreement with previously published data [32]. IC50
for free PTX was 35 nM. The difference in IC50 between the free
drug and the conjugate can be attributed to the slow release kinetics of the drug from the carrier. These results are in accordance
with previous reports showing the cytotoxic effect of an analogous
HPMA copolymer–PTX conjugate on breast cancer cells [33,34].
3.4. HPMA copolymer–PTX exhibit anti-angiogenic effect in vitro
We have previously shown the anti-angiogenic effect of PTX on
endothelial cells [33–35]. These studies have demonstrated inhibitory effect of PTX on different stages of the angiogenic cascadeproliferation, migration and formation of tube-like structures.
Since endothelial cells that construct the tumor vasculature, also
overexpress cathepsin B, we wished to validate the inhibitory effect of our new cathepsin B-dependent delivery system on HUVEC
proliferation. Indeed, HPMA copolymer–PTX conjugate exhibited
cytotoxic effect on HUVEC proliferation with an IC50 of 90 nM
compared to 2 nM of the free drug (Fig. 2B and D). Similarly to
the aforementioned experiments performed on 4T1 cells, HPMA
copolymer alone served as control and was nontoxic at all the
concentrations tested (data not shown).
Therefore, we concluded that PTX maintained its cytotoxic
activity in vitro upon conjugation to HPMA copolymer and that a
cathepsin B-dependent release mechanism should be efﬁcient for
active targeting of HPMA copolymer–PTX to breast cancer and its
vasculature overexpressing the enzyme in vivo.
3.5. Synthesis and characterization of HPMA copolymer-SQ-Cy5
conjugate
HPMA copolymer–Cy5 conjugate was synthesized bearing
3.8 mol% loading of Cy5 (7.5 dyes per polymeric chain). Its ﬂuorescence spectrum was characterized in order to evaluate both the
self-quenching of the conjugated ﬂuorophore and its biodegradability by cathepsin B. The chemical structure of the HPMA
copolymer-SQ-Cy5 conjugate is represented in Fig. 1B. HPMA
copolymer-SQ-Cy5 conjugate indeed showed signiﬁcant selfquenching; the ﬂuorescent signal of HPMA copolymer-SQ-Cy5
conjugate was reduced compared to an equivalent concentration
of free Cy5. At the linear range of the signal, the two trendlines’
slopes of free Cy5 and HPMA copolymer-SQ-Cy5 were compared
and a reduction of 54% between them was detected. In addition,

following saturation of the signal, a reduction of 80% was observed (Fig. 3A). In order to evaluate the increase in ﬂuorescent
intensity, due to enzymatic cleavage, HPMA copolymer-SQ-Cy5
was incubated in the presence of cathepsin B and release of Cy5
was assessed by ﬂuorescence signal (Fig. 3B). As expected, measured ﬂuorescence intensity was dramatically increased over time
and plateaued after 100 h. In the absence of the enzyme, there was
no increase in ﬂuorescent signal.
Therefore, we concluded that our HPMA copolymer-SQ-Cy5,
with loading of 3.8 mol% Cy5, exhibited satisfactory self-quenching
properties and activation by cathepsin B. Under physiological conditions, the conjugate is relatively optically silent in its quenched
state (i.e., Turn-OFF), and becomes highly ﬂuorescent after enzymatic cleavage of the GFLG linker by cathepsin B. As previously reported, we postulated that the loading of the ﬂuorophore is critical
for optimal performance [23]. At low ﬂuorophore loading, only
limited quenching is observed (data not shown). In contrast, at
high ﬂuorophore loading, Turn-ON may not occur as the enzyme
could not reach its target site [23]. In addition, higher loading of
either drug or dye may result in signiﬁcant changes in hydrophobicity of the resulting polymeric carriers, and hence change their
solubility and biocompatibility.
3.6. In vivo characterization of HPMA copolymer-SQ-Cy5 cathepsindependent release
As mentioned above, overproduction of cathepsin B in vivo is
concomitant especially with breast carcinoma, both tumor cell population and tumor endothelium. Thus, we wished to investigate the
ability of our NIRF probe to exhibit Turn-ON properties, and to
image endogenously produced cathepsin B in a murine model of
4T1 breast adenocarcinoma tumors (Fig. 4). Mice bearing approximately 100 mm3 tumors were injected intratumorally with
0.1 mM free Cy5 and equivalent Cy5 dose of HPMA copolymerSQ-Cy5. Injected mice were imaged using CRI Maestro™ noninvasive ﬂuorescence imaging systems over time for approximately
8 h. The initial ﬂuorescent signal of HPMA copolymer-SQ-Cy5 is signiﬁcantly lower than of free Cy5, which exhibit the self-quenching
properties of high-loaded Cy5 (Fig. 4A and B). In addition, Fig. 4A
clearly shows an increase of 1.5-fold change in ﬂuorescence signal
within 1 h of injection. Interestingly, HPMA copolymer-SQ-Cy5
exhibited improved biocompatibility for in vivo ﬂorescence
imaging. While the free Cy5 bleached almost completely about
3 h following injection, although lower, the ﬂuorescent signal of
the conjugated Cy5 retained for long period of time (Fig. 4A).
Consequently, HPMA copolymer-SQ-Cy5 may represent a suitable
approach for in vivo imaging of endogenous cathepsin B in tumor,
to indicate on drug release in real time and for tumor monitoring
over time.
3.7. HPMA copolymer-SQ-Cy5 exhibit improved pharmacokinetics
proﬁle in mice
To assess whether HPMA copolymer–PTX exhibit preferable
accumulation and release at the tumor site once injected systemically, we administered HPMA copolymer-SQ-Cy5 into mice and
utilized its pharmacokinetics proﬁle to deduce on HPMA copolymer–PTX pharmacokinetics proﬁle. Mice bearing 300 mm3 4T1
tumors were administered via the tail vein with HPMA copolymer-SQ-Cy5 (10 lM; 200 ll). We hypothesized that conjugation
will result in half-life prolongation and tumor speciﬁc accumulation and release. In accordance with our hypothesis, HPMA
copolymer-SQ-Cy5 demonstrated accumulation in the tumor
(Fig. 5). Mice were imaged over time and ﬂuorescent signal at
the tumor was measured compared to background signal at the
skin. As described in Fig. 5A and B, at the ﬁrst hour following
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Fig. 1. Chemical structure and cleavage mechanism by Cathepsin B of (A) HPMA copolymer–PTX and (B) HPMA copolymer-Cy5.

Fig. 2. Characterization and activity of HPMA copolymer–PTX. (A) PTX release kinetics from HPMA copolymer–PTX conjugate upon incubation in the presence of cathepsin B
[1 U/ml] in phosphate buffer (pH 6). (B) IC50 values displayed for inhibition of proliferation of HUVEC and 4T1 cells following treatment with free or polymer-bound PTX.
HPMA copolymer–PTX conjugate displayed anti-angiogenic and anti-tumorigenic activity. 4T1 murine mammary adenocarcinoma cells (C) and HUVEC (D) were incubated
with free PTX and HPMA copolymer–PTX conjugate for 96 h.

Table 1
Physico-chemical characterization of HPMA copolymer–PTX conjugate.

a
b
c

Conjugate

Mw
(kDa)a

Size
(nm)b

Zeta potential
(mV)b

Total PTX loading
(%mol)c

HPMA–PTX

37.70

11.99

3.69

4.0

Theoretical value.
Determined by Zetasizer in 10% PBS (1 mg/ml).
Determined by analytical HPLC at k = 270 nm.

administration, HPMA copolymer-SQ-Cy5 exhibited no preferable
accumulation at the tumor. However, after an hour increased ﬂuorescent signal in the tumor was measured, while the background
signal was decreased. This is also exempliﬁed by increased TBR
starting from 1 h following administration up to 1.8 after 6 h
(Fig. 5C).
Next, we resected healthy organs (heart, lungs, liver, spleen and
kidneys) and tumors from mice injected with the conjugate at different time points and evaluated the ﬂuorescent intensity (Fig. 5D).
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Fig. 3. Characterization of HPMA copolymer-SQ-Cy5 conjugate. A. Self-quenching capability of Cy5 conjugated to HPMA copolymer (3.8% mole loading). Emitted ﬂuorescence
intensity (kEx = 600 nm) by HPMA copolymer-Cy5 conjugate and by equivalent dose of free Cy5 was measured as a function of Cy5 concentration using SpectraMaxÒ M5e plate
reader. B. Changes in ﬂuorescence intensity (kEx = 600 nm, kEm = 670 nm) emitted upon incubation of HPMA copolymer-Cy5 conjugate [0.01 mM] in the presence and absence
of cathepsin B [1 U/ml] in Phosphate buffer (pH 6) and in PBS (pH 7.4). Data was acquired throughout 160 h following enzyme addition at 37 °C.

Increased ﬂuorescent signal was measured within tumors 12 h
following administration. HPMA copolymer-SQ-Cy5 was hardly
detectable in the heart. Interestingly, increased ﬂuorescent signal
was also measured in the liver and kidneys. However, since the
ﬂuorescent signal in other organs such as lung, spleen and heart
did not increase over time, we can conclude that Cy5 was not
released from HPMA copolymer, hence, PTX will neither be released. After several hours, the signal decreased in these organs
and it was only increased over time within tumors and liver. To
conclude, HPMA copolymer-SQ-Cy5 exhibited preferable accumulation in the tumor, liver and kidneys, but Cy5 was only released,
presumably by enzymatic cleavage, within tumor cells expressing
cathepsin B.

4. Discussion
Among the strategies used to generate a Turn-ON probe, emitting ﬂuorescent signal, for the detection or imaging of a speciﬁc
process or activity, FRET-based ﬂuorophore self-quenching is a
useful option [36]. Based on this concept, we have described the
design and development of a novel theranostic HPMA copolymer
bearing paclitaxel and a Turn-ON NIR ﬂuorophore (i.e., Cy5) for

cathepsin B over-expressing breast cancer cells and their vasculature. The aim of our approach is the selective targeting of PTX to
breast cancer cells, and thereby aversion of the side effects
associated with the free drug, while monitoring drug release. A
non-invasive imaging technique that allows repetitive assessment
of the in vivo accumulation and drug release may facilitate studies
of delivery kinetics and efﬁcacy of drug-carrier conjugates in the
future. In addition, this kind of probe can be used to sense in vivo
cathepsin B activity as a precondition to treatment by cathepsin
B linker containing drug delivery systems.
There are several reports in the literature on activatable theranostic prodrugs. These systems are composed of a drug conjugated
via a cleavable linker to a ﬂuorescence reporter that gives rise to a
strong, shifted ﬂuorescence signal upon cleavage of the linker
[37,38]. However, these small molecule settings lack the beneﬁts
of nanostructured prodrugs, such as passive tumor accumulation,
reduced toxicities and prolonged plasma half-life. In addition, the
activation mechanism is based upon signal shift and not transition
from OFF to ON state of the ﬂuorescence such as that potentially
obtained in our system.
Our new system, exhibited optical silencing properties (i.e.,
self-quenching), due to sufﬁcient loading of Cy5 on the carrier.
The chemotherapeutic agent PTX and Cy5 were conjugated to
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Fig. 4. HPMA copolymer-SQ-Cy5 conjugate exhibit a higher and more stable ﬂuorescence signal over time in vivo compared with free Cy5. (A) Quantiﬁcation of ﬂorescence
signal following intratumoral injection of Cy5 [0.1 mM; 30 ll] and equivalent dose of HPMA copolymer-SQ-Cy5 conjugate into subcutaneous 4T1 mammary adenocarcinoma.
(B) Fluorescence signal of HPMA copolymer-Cy5 conjugate is maintained even 8 h following injection while Cy5 is 80% bleached already within 3 h. Images were acquired and
quantiﬁed using CRI Maestro™ imaging system. Filter set: excitation-635 nm, emission cutoff-675 nm.

HPMA copolymer macromolecule using the same cathepsin
B-cleavable linker. Hence, we postulated that the release of Cy5
form HPMA copolymer will report the release of PTX as well. Upon
encounter with cathepsin B, the site-speciﬁc release moiety
Gly-Phe-Leu-Gly (GFLG) tetrapeptide will be cleaved in HPMA–
GFLG–en–PTX/Cy5 conjugates, and will result in the release of ethylenediamine–PTX or ethylenediamine-Cy5. This will be followed
by ring closure of the ethylenediamine spacer and release of free
PTX and Turn-ON Cy5. This process is assumed to occur, in most
part, in the lysosome of the cancer cells and tumor endothelial
cells, but may also occur, to a smaller extent, extracellularly by
secreted cathepsin B. This site-speciﬁc release mechanism should
provide selective delivery to cathepsin B-overexpressing breast
tumors. This assumption is based on previously published data
from in vivo studies, demonstrating selective accumulation of the
delivery system and drug release upon GFLG cleavage in breast
cancer [33,34,39,40].
Taken together, our observations suggest that HPMA copolymer
Cy5 indeed reported on PTX release. Similar loading of Cy5 and PTX
on the carrier, as well as comparable physicochemical characteristics of the resulting conjugate, also led us to believe that Cy5
release may report the release kinetic of PTX. PTX loading on HPMA
copolymer was 4.0 mol% and Cy5 loading was 3.8 mol% (Fig. 1).
Thus, cathepsin B enzyme can approach the substrates while affected by a similar steric hindrance. Also, both conjugates possess
similar molecular weight, polydispersity, folding and chemical
properties, suggesting that their circulation time in the body,
body distribution and accumulation in the tumor site due to the
EPR effect, should be similar. Also, upon incubation with
cathepsin B enzyme, both conjugates demonstrated similar release
from HPMA copolymer (78 and 100 h, respectively) (Figs. 2A and
3B).
To evaluate whether degradation of Cy5 from HPMA copolymer
in tumors could be imaged in live animals, we used a subcutaneously-inoculated murine mammary adenocarcinoma 4T1 model.

These cells are known to overexpress cathepsin B enzyme in vitro
and in vivo [41]. Intratumor injection of HPMA copolymer-SQCy5 conjugate, versus free Cy5, revealed ﬂuorescence activation
within 1 h (Fig. 4). Interestingly, ﬂuorescent signal was stable from
bleaching for more than 8 h, as opposed to free Cy5 that underwent
photobleaching starting from 30 min after injection; Indicating
that the release process of the substrate attached to the polymeric
backbone (i.e., Cy5 or PTX) in the tumor can be monitored noninvasively over a prolong period of time.
In conclusion, we have demonstrated the stable conjugation of
PTX and Cy5 with HPMA copolymer. The resulting HPMA
copolymer–PTX conjugate is an effective anti-tumorigenic and
anti-angiogenic agent, and the HPMA copolymer-SQ-Cy5 conjugate
is an optical imaging probe, suitable for monitoring in vivo
degradation of Cy5. We have demonstrated the release of Cy5
from HPMA copolymer by the enzyme cathepsin B which can also
report drug release. In addition, this delivery system is water-soluble and therefore could be administered in aqueous solution. This
property in itself a major improvement with respect to insoluble
PTX and eliminates the need for the toxic solubilizing agent chremophor EL.
Our prospective is to combine the two conjugates on the same
HPMA copolymer-based delivery system. If successful, this novel
approach of a polymer-based therapeutic and diagnostic
nano-seized conjugate may be used as a complete theranostic
system which will target breast cancer, treat the diseased tissue
and concomitantly report on it.
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Fig. 5. Body distribution of HPMA copolymer-Cy5 conjugate. (A) and (B) The conjugate (10 lM; 200 ll) was administered via the tail vein and ﬂuorescent signal was
measured in the 4T1 tumor and at the background (represented by the signal at the skin) using CRI Maestro™ imaging system. (C) Signal-to-background ratio. (D) Resected
organs of mice bearing 4T1 tumors treated with HPMA copolymer-SQ-Cy5 conjugate (10 lM; 200 ll) were imaged, showing greater intensity of Cy5-ﬂuorescence spectrum
(composed images of unmixed multispectral cubes) in tumor tissue, liver and kidneys compared with other organs.
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