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ABSTRACT

A targeting strategy based on the selective enzyme-mediated

activation of polymeric photosensitizer prodrugs (PPP) within

pathological tissue has led to the development of agents with the

dual ability to detect and treat cancer. Herein, a detailed study

of a simple model system for these prodrugs is described. We

prepared ‘‘first-generation’’ PPP by directly tethering the

photosensitizer (PS) pheophorbide a to poly-(LL)-lysine via epsilon

amide links and observed that by increasing the number of PS on

a polymer chain, energy transfer between PS units improved

leading to better quenching efficiency. Fragmentation of the PPP

backbone by trypsin digestion gave rise to a pronounced

fluorescence increase and to more efficient generation of reactive

oxygen species upon light irradiation. In vitro tests using the

T-24 bladder carcinoma cell line and ex vivo experiments using

mouse intestines illustrated the remarkable and selective ability

of these PPP to fluoresce and induce phototoxicity upon

enzymatic activation. This work elucidated the basic physico-

chemical parameters, such as water solubility and quench-

ing ⁄ activation behavior, required for the future elaboration of

more adaptable ‘‘second-generation’’ PPP, in which the PS is

tethered to a proteolytically stable polymer backbone via

enzyme-specific peptide linkers. This polymer architecture offers

great flexibility to tailor make the PPP to target any patholo-

gical tissue known to over-express a specific enzyme.

INTRODUCTION

Since its introduction by von Tappeiner and Jesionek (1) and
Raab (2) at the beginning of the 20th century, photodynamic
therapy (PDT) has evolved into a powerful modality for the

treatment of a wide range of pathological conditions (3,4),
among which are certain types of cancer, precancerous
conditions, age-related macular degeneration (5), as well as

anti-parasitic and antibacterial applications (6–8). Briefly,
PDT is based on the administration of a photosensitizer
(PS), which upon external irradiation with nonionizing light
becomes excited and transforms molecular oxygen present in

the tissue into reactive oxygen species (ROS), such as singlet
oxygen. Subsequently, the targeted tissue is destroyed after a
complex cascade of chemical, biological and physiological

reactions (3). In spite of its promises, this treatment modality is

still somewhat limited by an unfavorable PS biodistribution
and insufficient selectivity toward pathological tissue, giving
rise to serious unwanted side effects, such as long-lasting skin

photosensitization (9,10). While the latter has been resolved by
the introduction of second-generation PS the former has been
shown to be more difficult to address until today.

Besides improving their water solubility, tethering PS to a
designed polymer carrier has two main advantages in terms of
tissue targeting selectivity, namely, higher molecular weight
entities will accumulate passively in tumors due to the enhanced

permeability and retention effect (EPR) (11), and the specific
activation ⁄ release of the PS through tumor-associated en-
zymes, such as matrix metalloproteinases (MMPs), cathepsins,

plasmin, etc. (12–14), will be quite specific.
Our targeting strategy is based on the use of protease-

sensitive polymeric photosensitizer prodrugs (PPP), which are

expected to display diminished photoactivity in their native
state due to efficient energy transfer between closely spaced PS
units (15). However, enzymatic fragmentation of the PPP

would have a photo-activating effect due to an increase in PS’s
mutual distance. Degradation of the poly-LL-lysine backbone of
first-generation conjugates (Type A cleavage, Fig. 1) is expec-
ted to occur mainly through cleavage by lysosomal cysteine-

and serine-proteases (e.g. cathepsin B and trypsin-like serine
proteases). Up-regulation of these enzymes has been demon-
strated in many human tumors, including breast, lung, brain,

gastrointestinal, head and neck cancers.
However, in order to effectively target a particular enzyme,

which varies on the type of cancer and even stage of the

disease, the polymeric carrier must be easily adapted to be
activated by the enzyme of interest. Besides cysteine and serine
proteases (e.g. plasmin, uPA, tPA, kallikreins), aspartyl

proteases (cathepsin D) and MMPs are considered major
contributors of the overall pro-proteolytic imbalance charac-
terizing tumor growth or inflammatory processes. This could
be accomplished by the use of specific cleavable peptidic

linkers tethering the PS to the polymer backbone (see Fig. 1).
Thus, the appropriate amino acid sequence in the linker will
dictate which enzyme is being targeted (16–22).

Before developing these highly sophisticated ‘‘second-gen-
eration’’ PPP, it is of the essence to first understand the
parameters dictating PPP quenching ⁄ activation and solubi-

lity using a simpler model system, which we have defined
as ‘‘first-generation’’ PPP. Similar ‘‘first-generation’’ conju-
gates made by tethering chlorine e6 directly to PLL-PEG
[PPL; poly(LL-lysine)] have been recently reported by Choi et al.*Corresponding author email: norbert.lange@pharm.unige.ch (Norbert Lange)
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(20,21). These first-generation PPP can be assembled by
directly tethering the PS to a PLL via epsilon amide functions
(see Fig. 1), thus providing a simple model to study the basic
physicochemical parameters and quenching ⁄ activation phe-

nomena of such macromolecular entities. The main difference
between these two architectures is that activation of first-
generation PPP involves backbone degradation (type A

cleavage, Fig. 1), while that of the second generation involves
site-specific cleavage of the peptidic linkers (type B cleavage,
Fig. 1).

In the present study, we investigated the fundamental
properties of such first-generation PPP with respect to their
fluorescence quenching, photodynamic activity and water

solubility. Furthermore, we have explored novel strategies
that will (1) improve the water solubility of the PPP, (2)
significantly improve the quenching ⁄ activation characteristics,
(3) provide easy means to totally protect the backbone against

nonspecific enzymatic degradation and (4) allow for simple
modulation of pharmacokinetics.

MATERIALS AND METHODS

Reagents. All commercial reagents were used as obtained. Anhydrous
forms of N,N-dimethylformamide (DMF), dimethylsulfoxide
(DMSO), dichloromethane (DCM), diethyl ether, and ethyl acetate,
as well as N-(3-dimethylaminopropyl)-N’-ethyl-carbodiimide hydro-
chloride (EDC), N-hydroxysuccinimide, N,N-diisopropylethylamine
(DIPEA), porcine trypsin, PLL HBr (25 KDa, DP = 118.5,
PD = 1.4; and 7.4 KDa, DP = 35.5, PD = 1.6), dimethyl glycine,
methyl iodide, pyrrole, 4-carboxybenzaldehyde, 4-pyridinecarboxalde-
hyde and nicotinic acid were purchased from Fluka (Buchs, Switzer-
land). Pheophorbide a was purchased from Frontier Scientific (Logan,
UT). D-PBS solution was purchased from GIBCO (Invitrogen, Basel,
Switzerland). mPEG-NHS ester (5 KDa) was purchased from Nektar
Therapeutics (Huntsville, AL).

General procedures. All 1H and 13C spectra were recorded at 300
and 75.5 Hz, respectively, using a Bruker NMR spectrometer
(Bruker, Karlsruhe, Germany). Mass spectra were recorded using
a Finnigan MAT SSQ 7000 (Thermo Electron Co., Waltham, MA).
Fluorescence photodetection (FPD) was performed with a Karl-
Storz D-light system fitted to a cystoscope (Karl Storz, Tuttlingen,
Germany).
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Figure 1. Schematic representation of PPP architectures and mechanisms involved in enzyme-mediated photosensitization. Polymeric constructs
carrying photosensitizer (PS) moieties only generate ROS upon enzymatic digestion and subsequent irradiation with light. Here, activation is
accomplished by the enzyme through either type (A) cleavage (G = H) of the PLL backbone in the case of first-generation conjugates (enzymes
targeted: trypsin and cathepsins) or by type (B) cleavage.
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Pheophorbide a-NHS ester (22). To a solution of pheophorbide a
(300 mg, 0.506 mmol) in CH2Cl2 (95 mL) were added EDC (1.7
equiv, 0.165 g), N-hydroxysuccinimide (1.7 equiv, 0.10 g) and
DMAP (0.4 equiv, 24 mg) and the mixture stirred for 16 h under
argon in the dark. Solvent was removed under reduced pressure and
the product purified by flash chromatography on a silica gel column
using CH2Cl2 ⁄EtOAc 40:60. The product was obtained as a dark
solid (230 mg, 66% yield) and characterized by 1H and 13C NMR
spectroscopy. ESI-MS: 712.7 ([M + Na]+, C39H39N5O7Na+). 1H
NMR (300 MHz, DMSO): 9.54(s, 1H), 9.07(s, 1H), 8.83(s, 1H),
7.95(dd, J = 18,12 Hz, 1H), 6.43(s, 1H), 6.23(d, J = 19 Hz, 1H),
6.01(d, J = 12 Hz, 1H), 4.62–4.66(m, 1H), 4.12(br. d, J = 10 Hz,
1H), 3.84(s, 3H), 3.56(s, 3H), 3.05–2.95(m, 1H), 2.94–2.64(m, 15H),
1.78(d, J = 7 Hz, 3H), 1.48(t, J = 7 Hz, 3H), 0.19(s, 1H),
)2.06(s, 1H) p.p.m. 13C NMR (75.5 Hz, DMSO): 10.5, 11.6, 11.8,
17.2, 18.3, 22.7, 25.4, 27.7, 28.6, 48.9, 50.4, 52.7, 64.2, 93.8, 96.7,
104.5, 105.4, 123.0, 128.2, 128.5, 128.7, 132.1, 135.3, 135.6, 136.0,
137.7, 141.3, 144.8, 148.7, 150.1, 154.6, 161.0, 168.7, 169.2, 170.2,
172.8, 189.1 p.p.m. (missing one sp2 carbon).

5-(4-(N-oxycarbonylsuccinimide)phenyl)-10,15,20-tris(4-(N-methyl
pyridyl) porphyrin tetraiodide. This compound was prepared in three
steps according to a literature procedure by Tomé et al. The spectral
properties were identical to those previously reported (23).

N-Succinimidyl (1-methyl-3-pyridinio)formate iodide. This com-
pound was prepared in two steps from nicotinic acid according to a
literature procedure (24). The spectral properties were identical to
those previously reported (24).

Ethanaminium 2-[(2,5-dioxo-1-pyrrolidinyl)oxy]N,N,N-trimethyl-2-
oxo iodide. This compound was prepared from N,N-dimethylglycine
by a similar procedure described previously (24,25).

General procedure for the preparation of pheophorbide-poly(LL-lysine)
conjugates. To a solution of PLL HBr (25 KDa, DP = 118.5)
(8.0 mg, 3.83 · 10)5 mol of epsilon NH2 functions) in anhydrous
DMSO (0.84 mL) was added DIPEA (3.0 equiv per epsilon NH2,
14.9 mg). Thereafter, the corresponding amount of pheophorbide
a-NHS ester in DMSO (7 mg mL)1) was added under vigorous stirring
to obtain PPP loaded with an average of 1 (0.22 mg of PS-NHS), 6
(1.34 mg of PS-NHS), 12 (2.68 mg of PS-NHS), 18 (4.01 mg of PS-
NHS), 24 (5.35 mg of PS-NHS) and 30 (6.69 mg of PS-NHS) PS units
per PLL (25 KDa) chain. The progress of this quantitative coupling
reaction was monitored by analytical HPLC (LaChroma; Merck,
Darmstadt, Germany) using a C18 column (Macharey Nagel, Basel,
Switzerland) and water ⁄ acetonitrile ⁄TFA (50:50:0.001) as eluent.
Thus, the gradual disappearance of the reference peak corresponding
to pheophorbide a-NHS and the appearance of a broad and more
polar peak corresponding to the PPP was monitored by UV ⁄VIS
([kabs = 405 nm)] and fluorescence detection [kex = 405 nm,
kem = 670 nm]) using this system. The reaction mixture was then
quenched by adding water (3.0 mL) and TFA to pH 2–3. The resulting
solution was filtered and purified by size exclusion chromatography
using a sephacryl

TM

S-100 (Amersham Biosciences, Otelfingen,
Switzerland) column and 30:70:0.00025 acetonitrile ⁄water ⁄TFA as
eluent. The fraction containing the product was lyophilized to yield the
desired product as a green solid. UV ⁄VIS (H2O):
287.6 (29 707 M)1 cm)1), 390.0 (1 22 128 M)1 cm)1), 504.4
(13 803 M)1 cm)1), 623.6 (8402 M)1 cm)1), 667.6 (43 510 M)1 cm)1).

The pheophorbide a-PLL conjugate made with 7.4 KDa
(DP = 35.5) PLL was prepared in the same manner as the conjugates
made with 25 KDa PLL.

For the preparation of conjugates carrying moieties besides the PS,
the proper amount of NHS-activated reagent in DMSO was added
drop wise to the reaction mixture containing the PS–PLL conjugate
and the reaction allowed to proceed for an additional 3 h prior to the
workup and purification steps.

The 5-(4-carboxyphenyl)-10,15,20-tris(4-(N-methylpyridyl) porphy-
rin-PLL (PS3+-PLL) conjugate was prepared according to the
procedure of Tomé et al. (23).

The reproducibility of conjugate preparation was performed
by preparing triplicates of each conjugate and then comparing
their photophysical properties. It was observed that within the
same batches of PLL, there was less than 5% average deviation
on the quenching factor but larger deviations were observed
when using different batches of commercially available PLL (up to
10%).

Fluorescence measurements. A volume of 0.02 mL of the stock
solution containing the corresponding conjugate in DMSO
(1.0–0.1 mM with respect to pheophorbide a) was diluted in 1.0 mL
of D-PBS buffer. From this solution, two 0.5 mL aliquots were taken
and incubated separately at 37�C after adding either 0.05 mL of
D-PBS solution to the control or 0.05 mL of trypsin-EDTA solution
(0.5 g of porcine trypsin, 0.2 g of EDTA, and 4.0 g Na ⁄L HBSS)
(Sigma, Buchs, Switzerland). Fluorescence intensity was followed
overtime at 37�C using a SPEX Fluoromax (Perkin-Elmer, Wellesley,
MA) excitation at 400 nm and emission at 670 nm.

In vitro cell experiments. The green fluorescent protein-transfected
T-24 bladder carcinoma cell line was kindly provided by S. Clouthier
from the Lausanne’s CHUV Hospital (Switzerland) and grown to
confluence in 96 well plates using DMEM medium supplemented with
10% heat-inactivated fetal calf serum and 1% penicillin ⁄ streptomycin
(10 000 U mL)1:10 000 lg mL)1) (complete medium) under a humid-
ified 5% CO2 atmosphere. Cells were incubated with the PPP loaded
with 18 pheophorbide a moieties per chain in D-PBS buffer ⁄ complete
medium (1:3) at different concentrations for 30 min and washed three
times with fresh HBSS buffer before PDT with white light (27 J cm)2).
Cell viability was determined by the (3–(4,5-dimethyl)thiazol-yl)-2,
5-diphenyl tetrazolium bromide (MTT) test 24 h after irradiation. The
‘‘dark’’ toxicity of the PPP was obtained by using a controlled
experiment in which cells were not irradiated. Activation of the PPP
was accomplished by digesting the compound with trypsin
(0.167 mg mL)1) for 15 min at 37�C followed by enzyme inactivation
with 4-aminobenzamidine (1.1 mg mL)1). In order to maintain
homologous experimental conditions, the solutions of the inactivated
control PS-PL conjugates also contained trypsin + 4-aminobenzami-
dine (inactivated trypsin = ())).

Ex vivo tissue experiments. Freshly excised jejunum (upper 10 cm of
small intestine) and colon (lower 3.0 cm segment) from two mice
(C57BL6 ⁄ J) were placed on a well oxygenated Hartmann solution. The
organs were perfused with 1.0 mL of the saline solution and then
instilled with an oxygenated 0.9% saline solution containing a PPP
loaded with 18 PS units per chain at a concentration corresponding to
5.0 lM of the PS and trypsinogen (50 lg mL)1). As a control, a
jejunum was also instilled with an oxygenated 0.9% saline containing
the PPP but without trypsinogen. The intestinal segments were
incubated at 37�C under a humidified 5% CO2 atmosphere for 1 h.
Previous to FPD, the instilled solutions were evacuated from the
intestinal segments and replaced by 0.9% saline. The tissues were
photographed under white and blue light illumination with the Storz-D
light system.

ROS measurements in aqueous media using iodide. This is a modified
procedure previously described by Mosinger and Micka (26), in which
we monitored the I3

) (286 nm absorbance band) generated by ROS
oxidation of I) in aqueous media. We prepared aqueous D-PBS
buffered solutions of all the PPP setting the pheophorbide a concen-
tration to 3.5 lM by adjusting the optical density at 667 nm to 0.125.
Each of the equimolar solutions was treated in the following fashion.
To 0.6 mL of a given PPP in buffered solution was added 0.2 mL of
2.50 M NaI (aq) and the UV-vis spectra was recorded as background.
Then, this solution was placed in the well of a cell culture plate (24
wells), where it was irradiated with white light for 2 min (3.72 J cm)2).
The UV-Vis spectrum was again recorded and the background
absorbance at 286 nm subtracted to yield the actual increase in optical
density; then, the following formula was used to calculate the
normalized increase in optical density at 286 nm (value = [actual
increase in optical density for PPPx ) actual increase in optical density
for reference PPP (loaded with 1 PS unit per chain)] ⁄ actual increase in
optical density for reference PPP).

RESULTS AND DISCUSSION

We started assembling model PS-polymer conjugates by
coupling the PS pheophorbide a-NHS ester to PLL in view

of the components’ commercial availability, ease of modifica-
tion, and the chemical stability and biodegradability of the
polymer, as well as its documented medical use (27–29). The

coupling of varying amounts of pheophorbide a-NHS ester
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(22) to PLLÆHBr (25 KDa, DP = 118.5) was monitored over

time using HPLC analysis. The reaction was shown to be
quantitative by following the complete disappearance of the
peak corresponding to pheophorbide a-NHS (kabs = 400 nm)
and the appearance of a new, more polar, broad peak

corresponding to the PPP, thus providing conjugates with an
estimated average of 1, 6, 12, 18, 24 and 30 PS units per
polymer chain. Figure 2 shows the corresponding absorption
(solid lines) and emission (dotted lines) spectra of a PPP loaded

with 18 PS units per polymer chain in its native (Fig. 2a) and
activated (Fig. 2b) forms. The fluorescence quenching factor
increased as a function of number of PS units in a polymer

chain, revealing that at equimolar concentrations of the PS
(equiabsorbant solutions at 667 nm), better fluorescence
quenching is observed for higher PS loading (Table 1). This

is consistent with the idea that higher PS loadings on a
polymer chain lead to shorter average distances between PS
and thus to better energy transfer (22), which is in turn

proportional to 1 ⁄R6 (R is the mutual PS distance) (15). A
rough estimate of the maximum theoretical distance between
PS in these PPP was estimated to be >>450, 90, 41, 26, 20
and 16 Å for the PPP carrying 1, 6, 12, 18, 24 and 30 PS

respectively (assuming PLL is a stretched-out chain with 3.8 Å
per amino acid residue [30]). It was somewhat surprising to
find that, based on the known 62 Å Förster radius for

pheophorbide a (31), the expected number of PS residues per
chain required to have a quenching efficiency of 50% was
approximately 9. The data, however, show that with only six

pheophorbide a residues per chain, the quenching efficiency is
already 97% (calculated R = 35 Å), indicating that the PPP
must adopt a conformation other than a stretched-out random
coil (32,33), which allows for the PS units to be in close

proximity to one another.
Fluorescence quenching becomes highly efficient for PPP

loaded with 18 PS units or more (fluorescence quenching

factor ‡ 131.7 or quenching efficiency ‡ 99.2%; see Table 1).
Unfortunately, due to limited water solubility, conjugates with
higher than 30 PS per chain could not be tested (see Table 1).

Enzymatic trypsin digestion of the PLL backbone was used
to activate the PPP in aqueous media (PBS buffer) and the
fluorescence intensity of the PPP + trypsin mixture monitored

over time. All of the PPP showed a similar Michaelis–Menten
kinetics behavior, which consisted of the characteristically fast
initial fluorescence increase which gradually decreased and the
fluorescence value reached a plateau after a certain time

Table 1. Effect of covalently linking increasing amounts of pheophorbide a to PLLÆHBr (25 KDa) on the quenching ⁄ activation behavior and on
the conjugate water solubility.

PS units ⁄
PLL chain

Water solubility
(in terms of PS

concentration [mM])
Quenching efficiency*

(1-FL ⁄Fo)
Quenching factor*

(Fo ⁄FL)
Fluorescence increase

upon enzymatic activation†

Relative photodynamic
response‡ (optical density

at 286 nm)

1 >10 0 1 1.1 ± 0.2 1.0 ± 0.05
6 >10 0.972 35.4 6.0 ± 0.5 0.25 ± 0.02
12 8.2 0.978 46.0 18.8 ± 1.2 0.070 ± 0.002
18 1.3 0.992 131.7 12.0 ± 0.5 0.050 ± 0.001
24 0.2 0.993 145.8 8.1 ± 0.5 0.035 ± 0.001
30 0.01 0.998 626.8 5.9 ± 0.4 0.024 ± 0.002

Fo = fluorescence intensity of the nonquenched conjugate carrying one PS unit per chain; FL = fluorescence intensity of conjugate carrying a
given number of PS unit per chain. *Measurements were carried out under identical concentrations of the PS by adjusting the optical density at
667 nm. †Maximum PPP fluorescence activation value (FLmax ⁄FL, where FL is fluorescence value of the corresponding undigested PPP, and
FLmax is maximum fluorescence value attained upon activation) upon digestion with trypsin. ‡Relative photodynamic response of PPP was noted
by irradiating with white light (3.72 J cm)2) the solutions containing the PPP + NaI under equimolar concentration of the PS. Photodynamic
response of the unactivated was measured by monitoring the increase in optical density at 286 nm corresponding to the absorption band of the
triiodide (I3

)) generated by ROS-mediated oxidation of NaI. The following formula was used to calculate the normalized increase in optical density
at 286 nm (value = [actual increase in optical density for PPPx ) actual increase in optical density for reference PPP (loaded with 1 PS unit per
chain)] ⁄ actual increase in optical density for reference PPP).
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Figure 2. Typical adsorption (solid lines) and emission spectra (dotted
lines) in aqueous PBS buffer of a first-generation PPP loaded with 18
pheophorbide a moieties per polymer chain in its native (a) and
activated (b) forms.
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period. On the other hand, the PPP were chemically stable
under physiological pH (PBS buffer) in the absence of the
enzyme, and their fluorescence intensity remained constant
over time. The activation phenomenon was quantified for each

of the PPP and expressed as the ratio of the conjugate’s
maximum fluorescence value (FLmax), obtained after trypsin
activation, and baseline fluorescence (FLo), corresponding to

the nonactivated PPP. Thus, the activation of PPP carrying 1,
6, 12, 18, 24 and 30 PS moieties per chain gave fluorescence
increases of 1, 6, 19, 12, 8 and 6 times, respectively (see

Table 1). Notice that the PPP carrying 12 PS per chain gave
the highest activation increase, corresponding to a value of 19.
This may indicate that the mutually exclusive effects of

quenching and enzymatic digestion are optimal for the
activation of this particular PPP. Although higher PS loading
leads to increasingly better quenching of the PPP in its native
state, enzymatic digestion becomes progressively more difficult

as the key lysine side chains of PLL required for enzyme
recognition and cleavage have been extensively modified. This
situation leads to poor fluorescence activation of a very well

quenched PPP due to the lack of enzymatic digestion. On the
contrary, low PS loading leads to less efficient quenching but
superior enzymatic digestion of the polymeric backbone,

which results in poor fluorescence activation because the PPP
was already fluorescent in its native state.

Efficient quenching of the PS singlet state leads to fluores-
cence decrease upon excitation with light; similarly, the triplet

state in these PPP should also be inactivated by mutual energy
transfer, which would result in a diminished ability to generate
ROS and thus in reduced PPP phototoxicity. This triplet

inactivation was determined indirectly by measuring the
amount of ROS generated by the PPP under identical
irradiation conditions and concentration of the PS (photody-

namic response) by using an iodide assay described by
Mosinger and Micka (26). The photodynamic activity of the
conjugates decreased with increasing number of PS units on

the polymer chain (Table 1). Therefore, similar to the fluor-
escence quenching, triplet state inactivation also improved by
increasing the number of PS on a chain. Thus, we can conclude
that proper PS loading would lead to PPP that are nonfluo-

rescent and nonphototoxic.
In this context one should consider that pheophorbide a in

aqueous solution may be converted into pyropheophorbide a

by cleavage of the methyl ester function followed by decarb-
oxylation. Although beyond the scope of the present study, we
prepared a first-generation pyropheophorbide a–PLL conju-

gate and observed a similar quenching behavior as with
pheophorbide a. However, these considerations have to be
taken into account for the construction of second-generation
PPPs and when using stock solutions of PPP.

Increased water solubility of PPP, which is highly desirable
for biomedical applications, can be achieved by three different
means, i.e. decreasing the overall MW of the polymer

conjugate, introducing a hydrophilic PS instead of a hydro-
phobic one, and ⁄ or modifying the polymeric backbone.

Polymeric photosensitizer prodrugs made with PLL of

lower molecular weight gave materials with better water
solubility but less efficient quenching at equivalent PS loa-
dings. For instance, when comparing two PPP, each of which

carried 0.15 PS per lysine residue on a polymer chain, the low
MW PPP made with 7.4 KDa (DP = 35.5) PLL was five-fold

more fluorescent than the high MW PPP made with 25 KDa
PLL (DP = 118.5). This is a very surprising finding since the
maximum calculated average distance between PS in both high
and low MW PPP is theoretically the same (26 Å), and the

quenching should be unaffected by the chain length. Again,
this fact points out that secondary structure conformation is
promoting quenching and that the low MW PPP has a reduced

tendency to adopt it. This is of course consistent with current
foldamer theory (34) and will be the focus of our future
research efforts.

In order to increase water solubility of the PPP, we switched
to using the hydrophilic cationic PS PS3+, depicted in Fig. 1
(23), in place of the liphophilic pheophorbide a (35). Unfor-

tunately, this modification resulted in a PPP void of significant
quenching. For instance, a PPP loaded with 30 PS3+ units per
PLL (25 KDa) chain was only three times less fluorescent than
an equimolar solution of the free PS3+. The lack of sufficient

quenching can be rationalized by an average increase in mutual
PS distance due to repulsive interactions between these hydro-
philic, positively charged PS (Fig. 1). Interestingly, fluorescent

quenching by energy transfer between amphiphilic, charged,
and linear near-infrared fluorophores, such as Cy5.5, has been
documented by Bremer et al. when using similar polymeric

conjugates (36), indicating important differences and require-
ments for quenching from chromophore to chromophore.

An alternative means to increase water solubility of our
amphiphilic PS-PLL molecules was to covalently tether mPEG

moieties to the polymeric backbone, which was accomplished
by reacting commercially available mPEG-NHS (5 KDa) with
PLLÆHBr (25 KDa). This nontoxic, biocompatible polymer

has been widely conjugated to many poorly soluble pharma-
ceuticals in order to improve on their physicochemical
properties and plasma half-life (37,38). Furthermore, this

experiment will help identify the most efficient protecting
moieties to avoid unwanted polymeric backbone degradation
of ‘‘second-generation’’ PPP. Indeed, this modification dras-

tically improved the water solubility of the PPP, but unfortu-
nately, it was very detrimental to the fluorescence quenching.
For instance, when comparing two PPP loaded with 18
pheophorbide a units per chain and either no mPEG or 101

chains of mPEG (5 KDa), it was found that the pegylated
conjugate was six times more fluorescent at equimolar con-
centrations of the PS (see Table 2), indicating that mPEG was

interfering with the much needed PS-PS interactions and ⁄ or
PPP folding. This finding is in good agreement with reports
describing the deliberate use of PEG chains to reduce PS

quenching in aqueous media (39). Our finding could also
partly help explain the relatively modest increases in fluores-
cence upon enzymatic activation of chlorine e6-PLL-PEG
conjugates described by Weissleder. For instance, our optimal

nonpegylated PPP gave a fluorescence increase of 17.8-fold
versus only 4.2-fold increase by the pegylated conjugate
reported by Weissleder (20). Furthermore, our fully pegylated

PPP gave no fluorescence increase upon trypsin digestion,
indicating backbone enzymatic stability (Table 2).

Thus, we explored the use of alternative solubilizing moieties

that were less likely to negatively affect quenching efficiency of
the PPP and opted to only consider small, highly hydrophilic,
and charged moieties such as those derived from either 1-

methyl nicotinic acid or 2-(N,N,N-trimethylammonium)
ethanoic acid. These highly hydrophilic moieties were not
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expected to interact with the lipophilic pheophorbide a units.

Furthermore, there are two main advantages of modifying the
polymer backbone with such small entities versus polymeric
PEG chains. First, the overall molecular weight of the
conjugate does not increase drastically after introducing these

moieties. Second, in second-generation PPP, the environment
around the cleavage sites will be less sterically hindered and will
favor enzymatic activation.

Indeed, modification of the polymer conjugate by tethering
either one of these two small moieties through the respective
carboxylic functions did not reduce but increased quenching

efficiency of the corresponding PPP; although, surprisingly,
only the moiety derived from 1-methylnicotinic acid increased
water solubility of the conjugate (Table 2). The enzymatic

activation of the PPP loaded with both 18 PS units per
chain + 18 units of 1-methylnicotinic acid salt occurred to the
same degree as the corresponding PPP carrying 18 PS units per
chain and no solubilizing units. On the other hand, the PPP

carrying 18 PS units per chain + 101 units of 1-methylnico-
tinic acid salt (100% loaded) was completely resistant to
enzymatic degradation by trypsin (see Fig. 2). Thus, this small

moiety can be used to modify the polymer for two purposes,
namely to (1) increase water solubility of the conjugate and (ii)
protect the backbone from unspecific enzymatic degradation.

In order to further elucidate the parameters dictating PPP
quenching, we prepared two other conjugates made with PLL
(25 KDa) carrying pheophorbide a as PS and either (1) lauric

acid or (2) p-nitrobenzoic acid moieties covalently attached to
the polymer through amide bonds between the carboxylic acid
of the respective moiety and the epsilon amines of PLL. The
idea was to study the effect on quenching of these moieties

being able to either weaken or strengthen PS–PS interactions,
respectively, through noncovalent interactions. While the PPP
carrying six PS units and six lauric acid units per chain was

four times more fluorescent than the reference PPP, which
carried only the six PS units, the PPP carrying six PS units and
six p-nitrobenzoic acid units was four times less fluorescent

than the reference PPP. The later effect observed with the
p-nitrobenzoic acid-derived moieties can presumably be attrib-
uted to an augmentation of PS–PS interactions by promotion
of highly organized p–p-stacked structures through p–p
–donor acceptor interactions (40,41). These findings reiterate
the importance of PS–PS interactions required for quenching,
a fact that was also illustrated by monitoring the fluorescence

of undigested PPP in aqueous solutions with increasing DMSO
concentrations. For a ‘‘quenched’’ PPP carrying 18 pheophor-
bide a units per chain, the gradual increase of DMSO

concentration from 0% to 100% increased fluorescence up to

46 times. On the contrary, this solvent effect (42) was less
pronounced for the ‘‘nonquenched’’ PPP carrying one pheo-
phorbide a unit per chain, which gave a fluorescence increase
of only 1.2 times under the same conditions.

Cyto-phototoxicities of our model, first-generation PPP
were tested in vitro using the T-24 human bladder carcinoma
cell line. The selectivity that would be otherwise imparted by

the in situ enzymatic activation of the PPP was mimicked by
predigestion of the PPP with trypsin. Thus, the cells were
exposed to the PPP in either its active (trypsin activated) or

inactive forms for 30 min, and PDT was performed with
white light for 15 min (27 J cm)2). The results clearly showed
significant differences in phototoxicity between the two forms

of the PPP as indicated in Fig. 3. Higher cell phototoxicity
was observed for the activated PPP when compared with the
nonactivated compound under the same irradiation condi-
tions (see Fig. 3). As a matter of fact, the nondigested

conjugate was void of any significant phototoxicity, illustra-
ting the enormous selective potential of these PDT agents

Table 2. Data for PPP loaded with 18 pheophorbide a units per PLL (DP = 118.5) chain.

Solubilizer moiety
Percent

solubilizer
Relative water
solubility (mM)

Quenching factor*
(Fo ⁄FL)

Fluorescence increase†
upon enzymatic degradation

None – 1.3 137.7 ± 4.4 12 ± 0.6
2-(N,N,N-trimethylammonium)ethanoic acid 25 0.3 355.7 ± 14.8 12 ± 0.6
N-methyl nicotinic acid 25 >10 426.9 ± 21.3 12 ± 0.6
N-methyl nicotinic acid 85 >10 328.4 ± 12.6 1.2 ± 0.06
mPEG (5 KDa) 85 >10 23.5 ± 1.0 1.1 ± 0.06

*The quenching factor was obtained as described in Table 1 at equimolar concentration with respect to the PS as determined by absorbance at
667 nm. †Maximum PPP fluorescence activation value (FLmax ⁄FL, where FL is fluorescence value of the corresponding undigested PPP, and
FLmax is maximum fluorescence value attained upon activation) upon digestion with trypsin.
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Figure 3. Cell phototoxicity of a PPP loaded with 18 PS units per
chain was assessed by estimating cell viability using the MTT test. Cells
were incubated with the conjugate (30 min) and subsequently washed
and irradiated. The nondigested conjugate (- -) displays no photo-
toxicity over the entire concentration range tested, while the trypsin-
digested conjugate (-d-) is phototoxic at concentrations higher than
1 lM. No significant difference in cytotoxicity was found between the
nonirradiated conjugates [nondigested (-h-) and digested-activated
(-s-)] and the irradiated nondigested conjugate (- -), indicating that
the conjugates are phototoxic only in the presence of trypsin.
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with minimal collateral damage. In our studies we used
30 min of incubation in order to minimize nonspecific
lysosomal activation of the PPPs. However, one should take

into account that the incubation time influences the PS’s
localization within the cells and therefore the photodynamic
response (43). This will change in a real in vivo situation
where depending on the proteolytic activity longer drug light

intervals might be necessary.
In order to test the hypothesis that these PPP can be activated

under physiological conditions by pathological enzymes, we

performed an ex vivo experiment using two excised living organs,
namely mouse jejunum and colon. These two organs served as
models for both pathological and healthy tissues, respectively,

where activation of the PPP was based on tissue ability to
transform trypsinogen into active trypsin by the action of
enterokinases. Thus, after having instilled the organs with an

identical solution containing the PPP and trypsinogen, only the
jejunum (model for pathological tissue) showed the character-
istic red fluorescence (670 nm) of the activated PPP under blue
light (380–400 nm) inspection (Fig. 4). Furthermore, in the

absence of trypsinogen, the jejunum failed to activate the PPP.
One should take into account that depending on the

interactions between the lipophilic PS units an inhibition of

enzymatic cleavage might occur. However, the present data
suggest that the folding shields the hydrophobic PS moieties
from water but leaves hydrophilic peptide bonds exposed to

solvent, where enzymes are able to access and cleave. Fur-
thermore, even if a reduced amount of all the available peptidic
linkers are exposed to the solvent, enzymatic cleavage will
degrade the conjugate causing it to unfold again as all the PS

are removed from the conjugate.
In conclusion, the preparation of first-generation PPP was

accomplished using commercially available components, and

the physicochemical properties of the resulting conjugates were
easily adapted by proper choice of PS, polymer MW, and ⁄or
the use of water-solubilizing moieties. Although fluorescence

quenching was more efficient than quenching of photodynamic
activity, both were found to be directly correlated with PS
loading. Quenching was dependent on the degree of PS

loading, MW of PPP, as well as on its amphiphilicity. To
illustrate this last point, PPP made with a combination of
lypophilic pheophorbide a and hydrophilic PLL gave better
quenching ⁄ activation behavior than a similar conjugate car-

rying the hydrophilic PS PS3+. The quenching efficiency was

attributed to reduced mean PS distance and ⁄or orientation
brought about by an unknown secondary structure, which will
be the topic of future research. Modification of the PPP with

mPEG or fatty acid moieties decreased quenching, while the
use of p-nitrobenzoic acid moieties improved quenching
efficiency presumably by either disrupting or enhancing
PS–PS interactions, respectively. Alternatively, the PPP carry-

ing the nitro moieties might be undergoing some other type of
quenching mechanism (44). Activation of these PPP was
accomplished upon backbone polymer degradation by the use

of trypsin. The efficacy of these PPP to mediate PDT following
enzymatic digestion was tested successfully in vitro and ex vivo.

The potential of using PPP for treating diseases such as

cancer and arthritis is based on the vast body of evidence
associating them with enhanced proteolytic activity, which
include cathepsin B, D (12), MMP-2, MMP-7, MMP-9 (13,14)

and some collagenases for cancer, and cathepsin S, K, MMP-2,
MMP-9, thrombin and plasmin (45–50) for arthritis. This
strategy, which has been already illustrated in vivo (21), has
inherent advantages over conventional targeting approaches in

PDT since selectivity is five-fold: (1) the use of polymer
conjugates allows for passive targeting by the EPR effect, (2)
proteolytic activation enables for active targeting of metabolic

differences, (3) enhanced PS penetration is modulated by
enzymatic digestion, (4) light is applied specifically to the
desired area and (5) only oxygenated tissue will be destroyed.

This last point is crucial for the PDT of diseases such as
rheumatoid arthritis, where vascularized-oxygenated patho-
genic tissue could be easily removed in the presence of healthy
nonoxygenated cartilage.
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