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Final Technical Report 

Optical Approaches for Drug Screening Based Light- Harvesting Conjugated 
Polyelectrolyte 

PI: Dr. Guillermo Bazan 

Introduction 

Conjugated polyelectrolytes (CPEs) have been established as versatile 
macromolecules that can readily increase the sensitivity of fluorescent biosensors without 
the need for additional sophisticated instrumentation. Much of this work has been 
pioneered by the two research groups in this proposal.1"7 Very briefly, the delocalized 
electronic structure of the CPE backbone can coordinates the action of a large number of 
absorbing units. Transfer of the excitation energy along the backbone and between chains 
results in the amplification of emission. The key transduction problem is to coordinate 
the energy transfer to a signaling dye upon a specific biomolecular recognition event. 
This challenge is usually overcome by coordinating electrostatic interactions. These 
considerations have led us to success in the amplification of PNA/ssDNA, 
ssDNA/ssDNA, protein/RNA, enzyme/substrate, and PNA/dsDNA recognition events. 

The goals of the proposal were to extend our knowledge in photophysics, 
molecular design and self-assembly toward developing novel drug assay system based on 
CPEs. As a test example we will focus our work toward the problem of AIDS. New 
drugs against AIDS have been a challenge since the discovery of human 
immunodeficiency virus (HIV), which has infected more than 40 million people and led 
to nearly 3 million deaths worlds wide8. The sequence-specific interaction between the 
regulatory protein Rev and a portion of the env gene within the RNA gene (Rev 
responsive element, RRE) is critical for promoting HIV-1 replication; thus, disrupting 
and altering this essential interaction has been explored as a potentially novel approach 
for the development of new anti-HIV drugs910. 
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Background, Approach/methodology, Data/Results 

Two nearly independent research efforts were concluded: (i) the use of conjugated 
polyelectrolytes as the optical platform for searching potential drug candidates and (ii) 
the demonstration of conjugated polyelectrolytes as useful agents for photodynamic 
therapy Major highlights and conclusions of the collaborative effort can be found on the 
two manuscripts, which are attached as Appendices A and B. Relevant background, 
introduction to each project and protocols used are also fully described. 

Conclusion 

Successful completion of the collaboration has demonstrated the enormous potential that 
conjugated polyelectrolytes can have in the design of high throughput protocols for 
searching potential dyes and as therapeutic and imaging agents for treating cancer via 
photodynamic therapy methods. 

Highlights 

It is worth pointing out that the scientific and technological outcome for this 
collaborationyar exceeds the investment by the funding agencies. Part of the success 
stems from the mutually complementary expertise of the Pis and the previous 
demonstrated record of accomplishments. 

From the perspective of the US Army, the outcome of the research pertains to ways to 
search for molecules that can be used as possible drug candidates and the development of 
materials that can be used to mitigate infections due to fungi. 

The major challenge for the collaboration is to find funding lines that can support future 
growth of the projects. Most significantly, it would be appropriate for funds to be 
partitioned between the two institutions and to fund students in both places that can work 
together in a collaborative way. 
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An Optical Approach for Drug Screening Based on Light-Harvesting 
Conjugated Poly electrolytes** 
Lingling An, Libing Liu, Shu Wang* and Guillermo C. Bazan* 

Conjugated polyelectrolytes (CPEs) are water-soluble poly- 
mers that contain a jr-delocalized backbone bearing pendant 
ionic functionalities. The polarizable electronic structure 
allows facile intra- or interchain migration of optical excita- 
tions; thus, it is possible to coordinate the action of a large 
number of absorbing units and obtain amplification of 
fluorescence signals relative to those of small-molecule 
dyes.'1,2' Furthermore, the charged groups allow electrostatic 
complexation and, thereby, can trigger of fluorescence 
resonance energy transfer (FRET) upon molecular-recogni- 
tion events that change the net charge of the macromolecule 
bearing the reporter (acceptor) dye.1'4| These features have 
allowed CPEs to function as the optical platform in highly 
sensitive chemical and biological sensors.'5"22' 

In comparison to previous applications tailored for the 
detection of specific targets, we report herein on a different 
function: the use of CPEs for the real-time screening of 
potential drugs. Our strategy builds on specific RNA-protein 
interactions that mediate the replication cycles of pathogenic 
viruses, such as the human immunodeficiency virus type 1 
(HIV-1) and picornaviruses.'232:>1 Small organic molecules that 
target the viral RNA sites and thereby prevent RNA-protein 
complexation are sought as initial candidates for drug 
discovery.'26"31' Furthermore, CPEs can also be used as a key 
component for monitoring proteases that disturb recognition 
interactions by virtue of peptide-cleavage reactions.'"121' 
These methods depart from traditional screening methods, 
such as gel shift mobility. NMR spectroscopy, or fluorescence 
assays,'26-2''32"34' which are time consuming and material 
intensive and which often require the labeling of multiple 
components. 

To demonstrate the concept, the regulatory peptide (Rev) 
binding to the Rev responsive element (RRE) sequence in the 
RNA of HIV-1 was chosen as the RNA/peptide binding pair 
(see molecular structures in Scheme l).'32' The stem-loop IIB 
of RRE RNA, which contains a purine-rich internal bulge, 
and a fluorescein (Fl) labeled Rev peptide with 17 amino 
acids (Rev-Fl) were used as the model for in vitro studies.'2"32' 
Poly|[(9,9-bis(6'-N,N,A'-trimethylammonium)hexyl)-fluore- 
nylene-phenylene] dibromide) (PFP) was used as the cationic 
CPE in the energy-transfer experiments. The absorption 
spectrum of the fluorescein (acceptor) overlaps with the 
emission of PFP (donor) and thus satisfies the conditions for 
efficient FRET. Furthermore, irradiation at 380 nm selec- 
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Scheme 1. Chemical structures of RRE, Rev-Fl, PFP, neomycin B, and 

kanamycin, together with schematic representations of a) the mecha- 

nism for detection of neomycin action and b) how digestion of Rev-Fl 

by trypsin leads to a reduction in FRET efficiency. 
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tively excites PFP. These features allow for simple evaluation 
of the FRET efficiencies between PFP and fluorescein.'6'81 

Scheme 1 diagrammatically shows the design and antici- 
pated function of the PFP/Rev-Fl/RRE system. The arginine- 
rich Rev peptide is positively charged at neutral pH values. 
Upon addition of negatively charged RRE to a solution of 
Rev-Fl, the Rev-Fl/RRE complex forms and the net charge in 
this complex is negative. Addition of the cationic PFP results 
in formation of PFP/Rev-Fl/RRE electrostatic complexes, in 
which PFP resides in close proximity to fluorescein; the 
distance requirement for FRET is thus met. Neomycin B is a 
small-molecule antibiotic commonly used as a competitive 
inhibitor towards the RRE/Rev complex.12811' It is positively 
charged at neutral pH values and can bind to the major 
groove of duplex RNA through electrostatic interactions 
mediated by the ammonium groups. When neomycin is 
titrated into a PFP/RRE/Rev-FI solution, the three-way 
binding equilibrium shifts toward the release of free Rev-Fl. 
This process results in the progressive removal of Rev-Fl from 
the vicinity of PFP and a concomitant reduction in FRET 
efficiency (Scheme 1 a). Thus, PFP provides an optical and 
structural basis for modeling drug screening in a real-time 
fashion. Scheme 1 b shows the anticipated function of trypsin, 
a serine protease that can cleave the Rev-Fl peptide on the C- 
terminal side of any lysine and arginine amino acid resi- 
dues.'1''1 Breakdown of Rev-Fl generates short peptide frag- 
ments that do not associate with RRE. The reaction products 
also do not associate with PFP. Thus, digestion of Rev-Fl 
should also lead to an increase in the distance between the 
optical partners and a reduction in FRET efficiency. 

Figure 1 compares the emission observed upon addition of 
PFP to a solution of Rev-Fl with RRE RNA. Also shown are 
the results when RRE RNA was replaced with a randomly 
chosen dsDNA to test the possibility of nonspecific binding. 
In these experiments, the Rev-Fl probe was premixed with the 
RRE RNA or dsDNA in buffer at 4°C; the concentrations of 
the reagents are given in the figure legend.'1''' After addition 
of PFP, a comparison of the fluorescence intensities from the 

20 
-PFP/RRE/Rev-FI 

PFP/DNA/Rev-FI 
- PFP/Rev-FI 
-PFP/RRE 

600 

Figure I. Emission spectra from solutions containing PFP with RRE/ 

Rev-Fl (green line), double-stranded (ds) DNA/Rev-FI (red line), RRE 

(blue line), and Rev-Fl (black line). Conditions: [PFP) = 4.0x10"'M in 

repeat units (RUs), [RRE] = [Rev-FI] = 1.0xl0 V |dsDNA] = 

6.8x10 9M (in strands). Measurements were performed at 4"C in a 

buffer solution (pH 7.4) containing 20 mM 2-[4-(2-hydroxyethyl)-l- 

piperazinyl|ethanesulfonic acid (HEPES), 5 mM KCI, 1 mM CaCI2, 1 mM 

MgClj, and 140 mM NaCI. The excitation wavelength was 380 nm. 

Spectra are normalized with respect to PFP emission for ease of 

comparison. 

fluorescein upon excitation of PFP at 380 nm shows a larger 
FRET ratio with Rev-Fl/RRE than with the nonspecific Rev- 
Fl/dsDNA pair. Also shown are the results with PFP/Rev-FI 
and PFP/RRE. These control experiments show that fluo- 
rescein is more efficiently sensitized by FRET from PFP when 
it is present in the Rev-Fl/RRE complex, that is. under 
conditions where the acceptor is found in a macromolecule 
with net negative charge. 

Two aminoglycoside antibiotics, neomycin B and kana- 
mycin, which are competitive inhibitors towards RRE-Rev 
complexation, albeit with different binding efficiencies, were 
selected to study how the PFP/Rev-Fl/RRE system can be 
used to screen small molecules that inhibit Rev-RRE 
interactions. In these experiments, solutions containing Rev- 
Fl and RRE were incubated at 4°C for 15 minutes in buffer; 
this was followed by the addition of PFP and then different 
concentrations of neomycin B. After incubation of the 
mixture at 4°C for 2 minutes, the fluorescence spectra were 
measured upon excitation of PFP at 380 nm. As shown in 
Figure 2a, addition of neomycin B in the concentration range 
from 0 up to 2.2 mM leads to a progressive increase in the 
emission intensity of PFP at 425 nm (/4:5„m) and a decrease in 
fluorescein emission at 526 nm (/s2hnm). From Figure 2 b, we 
can see that, when [neomycin B]-2.2 mM, the ratio of the 
intensity at 425 nm versus that at 526 nm increases approx- 
imately sevenfold. These experiments show that the addition 
of neomycin B  into  the  PFP/RRE/Rev-FI  system  causes 

a) 350r 
addtng neomycin 

(mu) 

0 

500        550 
Xlnm 

650 

b)    30 

1.0      15      2.0      2.5 

[inhibitor] (mM) 

Figure 2. a) Emission spectra of PFP/RRE/Rev-FI as a function of 

neomycin B concentration. [Neomycin) = 0.0-2.2 mM. b) '«srm/'i2fa,m 

ratio of PFP/RRE/Rev-FI as a function of the antibiotic concentration. 

[Neomycin]-[Kanamycin) = 0.0-2.2 mM, [PFP]-4.0x10 7M in RUs, 

[RRE] = [Rev-Fl] = 1.0x10 !M. Measurements were performed at 4°C in 

a buffer solution (pH 7.4) containing 20 mM HEPES, 5 mM KCI, 1 mM 

CaClj, 1 mM MgCI2, and 140 mM NaCI. The excitation wavelength was 

380 nm. The error bars represent the standard deviation of triplicate 

measurements. 
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displacement of Rev-Fl from the complex and disturbs the 
energy-transfer process. It is also significant that kanamycin 

only leads to a negligible change of the lasmJIsium ratio under 
similar experimental conditions to those used with neo- 
mycin B (Figure 2 b). The much larger change in the /425„m/ 
/ttdnm ratio with neomycin B, relative to that with kanamycin. 
is related to its more efficient inhibition of Rev-RRE 
complexation (dissociation constant Kj — 22 x 10 7

M for neo- 
mycin B; A:d = 2.5 x 10 5

M for kanamycin).1""1 Thus, the PFP/ 
RRE/Rev-FI system provides a sensitive, rapid, and conven- 
ient protocol to screen promising small-molecule leads for 
anti-HIV drugs. 

We now examine how digestion of the Rev fragment by 
trypsin influences the collective optical response. In these 
experiments, a solution containing Rev-Fl and trypsin is first 
incubated at 37 °C for a specific period of time. RRE is then 
added, and the resulting solution is allowed to incubate at 4°C 
for 4 minutes. The final step involves addition of PFP and 
measurement of the fluorescence spectra upon excitation at 
380 nm. As shown in Figure 3 a, the emission intensity of PFP 
at 425 nm increases and that of fluorescein at 526 nm 
decreases as the trypsin-incubation time increases from 0 to 
21 minutes. Hydrolysis of Rev-Fl catalyzed by trypsin thus 
leads to easily distinguishable optical signatures from the 
PFP/Rev-FI/RRE system and is consistent with the overall 
mechanism proposed in Scheme 1 b. Furthermore, the /425nm/ 
/52(,rm ratio can be related to the population of cleaved Rev 
fragments. This feature can be used to evaluate the trypsin 
activity, as illustrated in Figure 3 b, which shows the /425„m/ 
/526nm values as a function of [trypsin] and digestion time. That 
larger /ffim//s2jnm ratios are observed with higher trypsin 
concentrations provides evidence of the faster cleavage 
reaction rates and demonstrates the viability of this method 
for evaluating enzyme activity. Control experiments were also 
done with the nonspecific proteins bovine serum albumin 
(BSA) and butyrylcholinesterase (BchE). As shown in 
Figure 3c, there is virtually no change in the Im„Jh^„m 

value with BSA and BchE, which is consistent with the 
specific cleavage of Rev-Fl by trypsin. It is also interesting to 
note that nonspecific PFP-protein interactions that can lead 
to perturbations in fluorescence are not significant within this 
set of reactants.1"' The collected evidence is consistent with 
specific cleavage of Rev-Fl by trypsin controlling the change 
in the hi^dhitmrn value; these results highlight the potential of 
the PFP/Rev-FI/RRE platform for screening potential 
enzyme agents that target recognition peptides. 

We have thus demonstrated how to integrate CPE 
materials into assays for screening agents that disturb critical 
recognition events in viral replication cycles. Hits in these 
assays constitute a preliminary, but vital, step forward in the 
search for new small molecules or proteins that have 
therapeutic potential. The method in Scheme 1 incorporates 
the inhibition of specific RNA-protein (RRE-Rev) interac- 
tions, in combination with the light-harvesting properties of 
CPEs. We recognize that the nature of the CPE/RNA/protein 
complexes most likely involves higher order aggregates, 
rather than well-defined ternary systems as depicted in 
Scheme l.1'*1 Regardless of these uncertainties, the CPE- 
based detection protocol offers several significant practical 

a) 350 

300 

tlwtn 

At            A       ° r\                / \        3 

250 6 
9 

200 12 
15 

150 

100 
\\            IL\\\' 21 

50 

400 450 500 

XI nm 
550 600 

(trypsin) 
(rw) 

Figure), a) Emission spectra of PFP/RRE/Rev-FI as a function of 

trypsin digestion time. The final concentration of trypsin is 3.0 nu. 

b) Plot of '<J5„m/'s2srm versus digestion time with various trypsin 

concentrations. The final concentration of trypsin is 0.0-30 nti. c) Plot 

°f Wm/'sjfcm versus digestion time in the presence of trypsin and 

nonspecific proteins. Final concentrations: (protein) - 30 nu, 

[PFP] = 4.0xlO 'M in RUs, (RRE) = (Rev-Fl) ==1.0x10 "M. Measure- 

ments were performed at 4°C in buffer solution (pH 7.4) containing 

20 mM HEPES, 5 mti KCI, 1 mM CaCI,, 1 ITIM MgCI2, and 140 mM 

NaCI. The excitation wavelength was 380 nm. Error bars represent the 

standard deviation of triplicate measurements. 

features. First, it offers a convenient "mix-and-detect" 
approach for the rapid screening of small molecules. 
Second, the CPE offers significant amplification of the 
detection signal, which imparts assays with high sensitivity. 
Third, in contrast to reported FRET-based methods, our 
strategy does not require labeling of the RNA probes, which 
should reduce costs. Furthermore, such fluorescence screen- 
ing systems could be expanded to high-throughput protocols. 
Additionally, the successful evaluation of the action of trypsin 
promises to expand the function of CPE materials into the 
monitoring of protease activity. The composite set of proper- 
ties is general and should be straightforward to adapt not only 

4374      www.angewandte.org 2009 Wiley-VCH Verlag GmbH & Co. KCaA, Weinheim Angew. Chem. Int. Ed. 2009. 48. 4372 -4375 
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to screening anti-HIV chemical and biological molecules with 

abilities to disrupt and alter specific RRE-Rev interactions 

but also to the targeting of other important pathogens in viral 

and bacterial diseases.lwl 

Experimental Section 
Materials and measurements: The RRE RNA and oligonuclcotidc 
DNA were custom made by TaKaRa Biotechnology Co. Ltd. 
(Dalian), and their concentrations were determined by measuring 
the absorbancc at 260 nm in 2(K) pL quartz cuvettes. The RNA was 
rcnaturcd by incubation in a buffer solution (pH 7.4) containing 
20 mM HEPES, 5 mM KC1, 1 mM CaCI,, 1 miu MgCI,, and 14 Omiu 
NaCI for 2 min at 90°C, followed by slow cooling to room temper- 
ature. The polypeptidc modified by fluorcscein on the N terminus 
(Rcv-FI) was made by GL Biochem Ltd. (Shanghai), and its 
concentration was determined by measuring the absorbancc at 
280 nm in 200 uL quartz cuvettes. Ncomycin B and kanamycin were 
purchased from Amrcsco and used without further purification. PFP 
was prepared according to literature procedure.1''1 UV/Vis absorption 
spectra were taken on a JASCO V-550 spcctrophotomctcr. Fluores- 
cence measurements were recorded on a Hitachi F-4500 spcctropho- 
tomctcr equipped with a xenon-lamp excitation source. All fuores- 
ccncc spectra were measured at an excitation wavelength of 380 nm. 
Water was purified by using a Milliporc filtration system. 

Trypsin cleavage assays: Rcv-FI (2.5 UM) was added into 5 buffer 
solutions (20 min HEPES, 5 mM KC1, 1 mM CaCI,, 1 mM MgCI,, and 
140 mM NaCI, pH 7.4) with a total volume of 30 uL each, and then 
trypsin was added to each in various amounts (0, 0.3, 3.0, 6.0, or 
30.0 nM). The samples were incubated at 37°C, and after a specific 
incubation period, aliquots (4.0 uL) of the solutions were drawn out 
and diluted to 1000 uL with buffer containing RRE (l.Ox 10 8M). 
After incubation for 4 min at 4°C, PFP ([PFP] = 4.0 x 10 7M in RUs) 
was added, and the fluorescence spectra were recorded at 4°C. Plots 
of the fluorescence-intensity ratio (ItaaJ^Si^mi versus the incubation 
time were then obtained. 

Inhibitor screening: A 3 mL plastic cuvette containing RRE 
(1.0x10 8

M) and Rev-Fl (1.0x10 "M) in buffer solution (20mM 
HEPES, 5 mM KC1, 1 mM CaCI,, 1 mM MgCU, and 140 mM NaCI, 
pH 7.4) was incubated for 15 min at 4°C. After incubation. PFP was 
added to the cuvette ([PFP] = 4.0 x 10 7 M in RUs). Neomycin B was 
then added successively (0.0-2.2 mM) at 4°C, and the fluorescence 
spectra were measured. Plots of the fluorescence-intensity ratio 
(lasmJtsami versus the incubation time were then obtained. The 
assay procedure for kanamycin was same as that for ncomycin B 
except that kanamycin was used in place of neomycin B. 
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Abstract 

Multifunctional materials that can simultaneously provide therapeutic action and image 

the ensuing results provide new strategies for treating various diseases. Here, we show that a 

cationic conjugated polyelectrolyte with a molecular design containing a 

polythiophene-porphyrin dyad (PTP) has efficient anticancer and antifungal activities. Upon 

photoexcitation, energy is efficiently transferred from the polythiophene backbone to the 

porphyrin units, which readily produce singlet oxygen ('02) for rapidly killing neighboring 

cancer cells and fungi. Due to the light-harvesting ability of the electronically delocalized 

backbone and efficient energy transfer amongst the optical partners, the PTP shows a higher 

'0: generation efficiency and therefore improved therapeutic activity than a small molecule 

analog. Additionally, the fluorescent properties of PTP serve for another purpose, namely 

distinguishing amongst living and dead cells. PTP is therefore a promising multifunctional 

photosensitive agent for treating cancers and fungal infections, while concurrently providing 

optical monitoring capabilities. These findings illustrate new directions for the design of 

synthetic multipurpose water-soluble polymers. 



Conjugated polymers are characterized by a delocalized JT-electronic backbone structure 

and large optical absorption coefficients. Facile energy transfer along the backbone and 

between chains allows excitations to sample a larger number of environments in comparison 

to isolated small molecules.' Photoexcitations can be channeled to suitable adjacent acceptors 

by fluorescence resonance energy transfer (FRET) mechanisms, leading to sensitization of 

emitters to levels above those attained by direct excitation. Conjugated polyelectrolytes 

incorporate charged groups onto the conjugated polymer backbone. Such a structural 

modification improves solubility in aqueous media, an important requirement for interacting 

with biological systems and for the design of optically amplified fluorescent biosensors.2 

Acceptor molecules can be chosen to have optoelectronic properties that increase FRET 

efficiencies.' Conjugated polyelectrolyte/acceptor systems have therefore gained much recent 

attention for applications in detection and cell imaging.4"'' Energy transfer to porphyrin 

acceptors can be chosen to harness excitations for generating reactive oxygen species10"" and 

to open potential applications in photodynamic therapy (PDT).14 Based on these unique 

properties, conjugated polyelectrolyte/acceptor materials can be expected to act as both 

therapeutic and imaging agents in therapy. The imaging function is particularly significant 

when it is capable of monitoring and guiding treatment. Integration of imaging modalities 

with therapeutic function within a single bio-compatible material is therefore anticipated to 

increase in importance as a new and challenging design element.1516 

The use of PDT for fungal infections is also an emerging relevant topic on account of the 

increasing resistance to multiple conventional antifungal agents, which results in the 

recurrence of the infection and prolonged treatments.17 Fungi are more resistant to PDT, as 



compared to gram-negative bacteria, since their more rigid cell walls increase the barrier for 

drug penetration. Higher doses of light and photosensitizer concentrations are therefore 

required.18 Although new efficient antifungal photosensitizers have been developed, their 

toxicity limits their application in PDT.19~° New alternative antifungal strategies and the 

design of multifunctional optical materials are therefore of interest. 

Here, we describe the synthesis and application of a cationic conjugated 

polythiophene-porphyrin dyad (PTP) that was specifically designed to concurrently act as a 

therapeutic and an imaging agent. Four significant characteristics were included in the 

molecular design shown in Scheme 1. First, the fractional content of porphyrin moieties 

linked to the polythiophene backbone is low (~ 1%), in order to minimize toxicity in the 

absence of photoexcitation. Second, the amphiphilic attributes of PTP were anticipated to 

promote adsorption to cells and fungi through a combination of electrostatic and hydrophobic 

binding forces. Furthermore, PTP self-assembles in aqueous media into nanoparticles with 

appropriate dimensions for improved uptake into cancer cells. Third, covalent attachment of 

porphyrin moieties to the light harvesting polythiophene backbone constrains the 

interchromophore distances for optimizing FRET. This design element is important for 

increasing the photocoversion efficiency of singlet oxygen ('02) generation. A practical 

consequence is that the conjugated polymer reduces the light intensity required to attain a 

target '02 concentration. Fourth, because the PTP backbone retains emission, it can also be 

used to monitor apoptosis and necrosis processes by fluorescence imaging, adding a new 

dimension to the function of the molecular construct. Such simultaneous imaging and PDT 

function   extend   the   applications   of  water-soluble   conjugated   polymers   beyond   their 



established biosensing capabilities. 

Scheme 1 illustrates the mechanism of anticancer activity by FTP. The positively 

charged and amphiphilic structure of PTP promotes membrane adsorption and subsequent 

uptake into the interior of the cell. Under light irradiation, there is efficient energy transfer 

from the polythiophene backbone to the pendant porphyrin sites, followed by sensitization of 

oxygen to generate '0:. This generated '0: is toxic to the cells. 
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Scheme 1. Chemical structure of PTP and a schematic mechanism of PTP anticancer activity 

under irradiation.    Components in the cell are not to scale. 

Scheme 2 shows the synthesis of PTP, complete details can be found in the Supporting 

Materials. Reaction of pyrrole, 4-(6-bromohexyloxy)benzaldehyde (l)2' and/7-tolualdehyde (2) 

in the presence of BF,-diethyl ether in CHCl,, followed by treatment with 

2,3-dichloro-5,6-dicyanobenzoquinone (DDQ) affords the porphyrin derivative 3. Treatment 

of 3 with 30% trimethylamine-methanol solution provides the cationic porphyrin derivative 

TPN. Monomer 6 was prepared by reaction of 2-(3-thienyl)-ethanol tosylate (4) and 

hydroquinone, followed by reaction with 3. Reaction of 2-(thiophen-3-yl)ethanol (7) with 

1,6-dibromohexane in the presence of sodium hydride in dry DMF under nitrogen affords 



3-(2-(6-bromohexyloxy)ethyl)thiophene (8) in 31% yield. Subsequent conversion to 

6-(2-(thiophen-3-yl)ethoxy)hexyltrimethylammonium bromide (9) is accomplished in 89% 

yield by reaction with excess trimethylamine in methanol. The cationic polythiophene PT was 

obtained through oxidative polymerization of 9 in chloroform using FeCl,, followed by 

purification by dialysis in water. Monomers 6 and 9 undergo oxidative copolymerization 

under nitrogen in the presence of FeCl? to give the target cationic porphyrin-containing 

polythiophene (PTP). The molar feed ratio of monomer of 6 to 9 is 1:10 and the actual 

porphyrin content in PTP was determined to be ~1% by examination of the absorption 

spectrum (Figure SI). 
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Scheme 2. Synthetic preparations of TPN, PT and PTP. 



The photophysical properties of FTP, PT and TPN were investigated in aqueous solution, 

and the most relevant results are shown in Figure la and lb. For TPN, the absorption spectra 

exhibit a Soret band at 420 nm and Q bands between 520 nm and 670 nm; the emission 

spectrum shows a maximum peak at 655 nm with a fluorescence quantum yield (QY) of 1 %. 

For PT, the absorption maximum is at around 420 nm, corresponding to the n-n* transition of 

the conjugated backbone; emission displays a maximum at 578 nm and occurs with a QY of 2 

%. The absorption spectrum of PTP incorporates features common to the PT backbone and 

the porphyrin units. Excitation of PTP at 470 nm, where the porphyrin units do not absorb, 

leads to emission with peaks at 578 nm and 658 nm with a QY of 2 %. That a peak is 

observed at 658 nm demonstrates efficient energy transfer from polythiophene units to the 

porphyrin sites. It is also relevant to note that PTP aggregates in aqueous solution. Dynamic 

light scattering (DLS) measurement shows that the average particle size is approximately 350 

nm (Figure lc), which is appropriate for uptake into cells.22,23 

Relative '0: photogeneration efficiencies by the different photosensitizers were probed 

by measuring the conversion of disodium 9,10-anthracenedipropionic acid (ADPA)24 to its 

endoperoxide via the corresponding decrease of the absorption band at 378 nm. PTP. TPN 

and PT were compared upon exposure to white light (400-800 nm), and the results are 

summarized in Figure Id. In these experiments, the concentrations of PT and PTP were 10 

|iM in terms of polymer repeat units (RUs), and the concentration of TPN (0.15 (iM) was 

similar to that of the pendant porphyrin units in the PTP solutions. The first order plots of the 

decrease of ADPA absorption at 378  nm as a function of irradiation time13 show a 



considerably faster disappearance upon photoexcitation of PTP. The observed rate constants 

of ADPA consumption in the presence of PTP, PT and TPN are 1.25 xlO'2, 2.7 xlO'3 and 7.3 

xlO"5 s"\ respectively. Thus, the bleaching rate of ADPA with PTP is 170 fold faster than 

that with TPN and ~ 5 fold faster than that with PT. These results show that the covalent 

attachment of porphyrin moieties onto PTP yields a synergistic improvement relative to the 

isolated PT or TPN components, and are consistent with energy transfer from the 

polythiophene backbone to the porphyrin sites, which significantly increases the '0: 

generation efficiency (also see Figure S2). 
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Figure 1. Photophysical properties of PTP, PT and TPN, structural characterization of PTP 

aggregation in water, and comparison of '0: generation efficiencies, (a) Normalized UV-vis 

absorption spectra of PTP, PT and TPN in aqueous solution, (b) Normalized emission spectra 

of PTP, PT and TPN in aqueous solution. PT and TPN were excited at 420 nm and PTP at 

470 nm. (c) Dynamic light scattering analysis of PTP aggregates in aqueous solution, (d) 

Decrease of ADPA absorption at 378 nm as a function of light irradiation time in the presence 
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of TPN. PT and FTP in D20 solution. [PTP] = [PT] = 10 [iM in RUs, [TPN] = 0.15 [iM and 

[ADPA] =120 uM. A,, is the absorbance of ADPA at 378 nm before irradiation, and A is that 

after irradiation with white light (400-800 nm). Values represent subtraction of the residual 

bleaching data of ADPA alone under the same irradiation condition. 

The ability of PTP to generate '0: was anticipated to induce oxidative stress and trigger 

apoptosis, necrosis or autophagy-associated cell death.25 Two kinds of cancer cells, 

pulmonary adenocarcinoma cell (A549) and renal cell carcinoma (A498), were used as initial 

targets. The morphologies of A498 cancer cells in the presence of PTP after different periods 

of illumination were examined by phase contrast and fluorescence microscopy. For these 

experiments, plates containing A498 cells were irradiated at 470 nm for 0, 10 and 30 min, 

respectively, ethidium bromide (EB), which only stains apopotic or dead cells, was then 

added. Resulting samples were examined by fluorescence microscopy by excitation at 470 

nm to selectively excite the polythiophene backbone. As shown by the phase contrast 

bright-field images in Figure 2a, irradiation leads to cell morphology changes that include 

chromatin compaction, cytoplasm condensation, and especially a large amount of blebbing. 

After 30 min irradiation, whole-cell shrinkage takes place. Persistent volume reduction is a 

major hallmark of cell death.26"7 These results are corroborated by the overlapping 

fluorescence images of A498 cells in the presence of PTP and EB, where the amount of 

EB-stained dead cells has increased in tandem with prolonged irradiation time. 

As shown in Figure 2b, imaging the location of PTP emission can be used to distinguish 

between living and dead cells. In living cells, the PTP emission is largely located in the 

cytoplasm.    For dead cells, one observes translocation such that the PTP fluorescence now 



takes place within the nucleus.    Correlation with the fluorescence from EB-stained cells 

confirms assignment of dead cells. 

Cytotoxicities of FTP, FT and TPN toward the A498 and A549 cancer cells were 

determined by using a standard assay in which the conversion of MTT 

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium hydrobromide) into formazan is 

related to mitochondrial activity and thus cell viability.28 The PDT treatment was performed 

by illumination at 470 nm for 30 min. As shown in Figure 2c, under illumination. PTP 

displays more prominent cytotoxicity than PT at similar repeat unit concentrations, and TPN 

(normalized to the molar quantity of pendant porphyrin units). Also noteworthy is that PTP 

exhibits very low dark cytotoxicity, which is similar to PT and TPN (Figure S3). Moreover, a 

lower light dose at a fluence rate of 1.4 mW-cm~2 for 30 min of irradiation (2.5 J -cm"2) is used 

in our PDT experiment, in comparison to other approved photosensitizers,'f''!''",0 thus PTP 

shows a realistic potential for application in photodynamic cancer therapy. We also examined 

the decrease of A498 cell viability with increasing light exposure time by the MTT assay 

(Figure 2c) at [PTP] = 10 //M RUs. The results show that cell viability decreases with 

increasing illumination time and that significant cell death is induced after 30 min. 
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Figure 2. Apoptosis and imaging of A498 and A549 cancer cells by PTP upon irradiation at 

470 nm with a 2.5 J cm'2 source, (a) Phase contrast bright-field images (upper) of A498 cells 

upon light irradiation from 0 to 30 min in the presence of PTP and overlapping fluorescence 

images of A498 cells (bottom) under PTP and EB filters. Phase contrast images were taken at 



100 ms and the fluorescence images were taken at 300 ms under FTP and EB filters. The 

magnification of objective lens is lOx. (b) Overlapping images of A498 cancer cells under 

phase contrast bright field and under fluorescence field for PTP and EB before and after 30 

min irradiation. The magnification of objective lens is 40x. (c) Dose-response curve data for 

cell viability of A498 and A549 cells treated with PTP, PT and TPN by using a typical MTT 

assay under 470 nm light irradiation, and the cell viability of A498 cell treated with PTP 

versus different durations of light exposure. Error bars correspond to standard deviations from 

three separate measurements. 

It seemed reasonable that PTP could also find utility in antifungal therapy, based on its 

physical properties and observations upon interaction with cancer cells. Such a process is 

initiated by PTP binding to the cell envelope of fungi by electrostatic and hydrophobic 

interactions. Photogeneration of '02 was anticipated to damage the outer membrane and 

inhibit spore germination/' Aspergillus niger (A. niger) was chosen for these studies since it is 

one of the most common species of the genus Aspergillus, is more resistant to antimicrobial 

agents than other species such as Candida albicans,and is responsible for mold infections on 

plants and fungal ear infections in animals and humans.32-" The antifungal activities of PTP, 

PT and TPN toward A. niger were first studied using a broth dilution method.34 We evaluated 

the minimal inhibitory concentration (MIC) of PTP against A. niger. The MIC corresponds to 

the concentration at which no growth of A. niger can be observed visually. As shown in 

Figure 3a, upon white light irradiation, microplates remained clear (white color) at PTP 

concentration higher than 5.0 \xM after 72 h incubation, whereas microplates with PT and 

TPN demonstrated dense confluent growth (black color) even at higher concentrations. 

Therefore, PT and TPN show little antifungal activities when exposed to white light, even at 

12 



concentrations as high as 15 [xM. while PTP exhibits efficient antifungal activity. These 

results allow us to estimate the MIC of PTP to be approximately 5.0 uM. 

Antifungal activities in the dark and under white light were further studied by a 

spectrophotometric method by varying photosensitizer concentrations. The viability fraction 

was determined by dividing the optical density (OD) readings of samples with 

photosensitizers by the OD from control readings carried out in the absence of 

photosensitizers. As shown in Figure 3b, the cell viability of A. niger decreases gradually 

with increasing PTP concentration and is down to 15% when [PTP] - 20 p.M in RUs; no 

inhibition of cell viability for PT and TPN is observed under similar conditions. Control 

experiments show negligible modification of fungus viability upon treating with PTP. PT and 

TPN in the dark. Therefore, the efficient antifungal activity of PTP requires photoexcitation, 

and subsequent energy transfer from polythiophene to the porphyrin sites. 
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Figure 3. Antifungal activities of PTP, PT and TPN toward A. niger in the dark and under 

white light, (a) Visual images of antifungal susceptibility testing toward A. niger under white 
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light by broth dilution assay for PTP, PT and TPN with various doses, (b) The dose-response 

curve data for growth inhibition of A. niger treated with PTP. PT and TPN under white light 

as well as in the dark by spectrophotometric method. The white light dose was 90 J -cm"2 

(irradiation for 30 min at a fluence rate of 50 mW cm"2). The viability fraction was determined 

by dividing the optical density values of samples with photosensitizers by the values from 

control experiments. Error bars represent standard deviations of the data from three separate 

measurements. 

To obtain further insight into the mechanism of antifungal activity, the interactions of 

PTP with the outer surface of A. niger were examined by fluorescence and phase contrast 

microscopy, as well as by scanning electron microscopy (SEM). As shown in Figure 4a. the 

fungal cell envelope emits bright fluorescence upon treatment with PTP, indicating 

accumulation of the conjugated polyelectrolyte on the cell surface. The SEM image of A. 

niger shows a large number of branching hypha and higher magnification SEM image 

indicates that the cell has a smooth outer surface (Figure 4b). Upon treatment with PTP, the 

outer cell surface becomes coarse and contains what appear to be PTP aggregates (Figure 4c). 

Because the cell envelope of A. niger is mainly composed of chitin, glucans, polyphosphate, 

and a small quantity of proteins, lipids and other biopolymers, electrostatic and hydrophobic 

interactions with the amphiphilic PTP lead to strong binding.35 These conditions result in the 

PTP-photogenerated '02 to be sufficiently close in proximity so that it can effectively damage 

the outer membrane and inhibit spore germination. 
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Figure 4. Binding of PTP to the outer surface of A. niger. (a) Phase contrast image (left) and 

fluorescence image (right) of A. niger incubated with PTP ([PTP] = 10.0 |aM in RUs). The 

phase contrast image was taken at 100 ms exposure time and the fluorescence image was 

taken at 1000 ms exposure time. The magnification of objective lens is 40x. (b) Lower 

magnification (left) and higher magnification (right) SEM images of A. niger itself, (c) Lower 

magnification (left) and higher magnification (right) SEM images of A. niger coated with 

PTP. 

In conclusion, we have designed, synthesized and characterized the therapeutic function 

of PTP, a novel conjugated polyelectrolyte that incorporates a cationic polythiophene 

backbone with pendant porphyrin chromophores. Excitation of the backbone leads to 

efficient, but not complete, energy transfer to the porphyrin sites, where sensitization of 

molecular oxygen to produce '02 takes place.    Because of the light harvesting properties of 

15 



the polymer backbone it is possible to attain higher levels of '0: generation than when using 

similar concentrations of the porphyrin unit. Excitation of PTP in the presence of cancer 

cells leads to cell death much more efficiently than with the control polymer PT and the small 

molecular     analogue     TPN. These     data     demonstrate     how     the     efficient 

polythiophene/porphyrin optical coupling within the conjugated polyelectrolyte structure 

translates into light dosages that are competitive with those of approved photosensitizers. 

Also noteworthy is that the residual polymer emission can be used to determine whether 

cancer cells are living or not, depending on the regions of highest intensities. The optical 

properties of PTP therefore enable treatment through '0: generation via energy transfer, as 

well as monitoring of action by virtue of the residual emission. We have also shown that the 

'0: formation by PTP can be used to inhibit the growth of Aspergillus niger, which is more 

resistant than other fungi, with low minimal inhibitory concentration. Importantly, PTP does 

not cause toxicity toward cells and fungi in the dark as a result of the low pendant porphyrin 

content. This collected set of observations indicates that PTP is a promising multifunctional 

photosensitive agent for treating cancer and fungal infections and highlights the enormous 

potential offered by understanding the interactions of optically active conjugated 

polyelectrolytes with living microorganisms. 

METHODS 

MATERIALS 

The disodium salt of 9,10-anthracenedipropionic acid (ADPA) was prepared according to 

the procedure in literature.24 The microorganism A. niger 3.0808 was procured from the China 



General Microbiological Culture Collection Center. Ethidium bromide (EB) was purchased 

from Sigma. Pulmonary adenocarcinoma cell (A549) and renal cell carcinoma (A498) were 

purchased from cell culture center of Institute of Basic Medical Sciences, Chinese Academy 

of Medical Sciences (Beijing, China) and cultured in Dulbecco's Modified Eagle's Medium 

(DMEM) supplemented with \0% neonatal bovine serum (NBS), 4.0 mM glutamine and 4500 

mg/L glucose. NBS was purchased from Sijiqing Biological Engineering Materials 

(Hangzhou, China). DMEM was purchased from HyClone/Thermofisher (Beijing, China). 

(3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium hydrobromide) (MTT) was 

obtained from Xinjingke Biotech. (Beijing, China) and dissolved in lxPBS before use. The 

water was purified using a Millipore filtration system. 

MEASUREMENTS 

The absorbance for MTT analysis was recorded on a microplate reader (BIO-TEK 

Synergy HT) at a wavelength of 520 nm. The 'H NMR and BC NMR spectra were recorded 

on a Bruker Avance 400 MHz spectrometer. Elemental analyses were carried out with a Flash 

EA1112 instrument. The fluorescence spectra were measured on a Hitachi F-4500 

fluorometer with a Xenon lamp as excitation source. UV-vis absorption spectra were taken on 

a Jasco V-550 spectrometer. Phase contrast bright-field and fluorescence images were taken 

on a fluorescence microscope (Olympus 1x71) with a mercury lamp (100 W) as light source. 

The excitation wavelength was 540/40 nm for EB. The morphologies of the PTP on A. niger 

were observed on a JEOL JSM 4800F field-emission scanning electron microscope, at an 

accelerating voltage of 15 kV. Experiments for photosensitized damage of fungi as well as 

tumor and normal cells were performed with a metal halogen lamp (Mejiro Genossen 
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MVL-210) that simulated a white light source. The wavelength was between 400 and 800 nm. 

The intensities of incident beams were checked by a power and energy meter and the white 

light dose used for irradiation was 90 J -cm"2 in the PACT toward A. niger and the 470nm light 

with a dose of 2.5 J cm'2obtained by the type of 470/10 nm filter was used for PDT against 

tumor and normal cells. 

SINGLET OXYGEN MEASUREMENT 

To 300 [iL of the aqueous solutions of PTP, PT or TPN were added 6 uL of ADPA 

solution in water (6 mM). D,0 was used to replace H:0 in these experiments. The UV-vis 

absorption spectra were measured at 1.0 min intervals after the samples were irradiated with 

white light and the reduction in absorption of ADPA at 378 nm was plotted as a function of 

the irradiation time. 

MEASUREMENT OF ANTIFUNGAL ACTIVITIES 

A spore stock suspension was obtained by growing the fungus on a modified Martin agar 

medium slant (sterilization at 121 °C for 20 min) at 26°C for 4-5 days.36 The conidia were 

harvested from the surface by adding sterile Millipore water and scraping the surface with a 

sterile spatula. The final spore concentration was adjusted to about 5x10s spores by dilution 

using sterilized distilled water/modified Martin broth medium (2:1). 80 u.L of spore solution 

was placed into each well of 96-weIl plates and then 20u.L of PTP, PT or TPN with various 

concentrations were added to each well. The wells containing 80 \±L of spore solution and 20 

\xL of sterilized distilled water without photosensitizers were served as growth controls. To 
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test the phototoxicity of photosensitizers, the spore solutions were incubated at 26°C for 30 

min in dark and then exposed to an optical fiber of 50 m\V/cm: white light for 30min (90 J 

cm':). Then the plates were incubated at 26°C for another 72 h in dark and the microplates 

were read with a spectrophotometer at 620 nm. The viability fraction was determined by 

dividing the OD readings of samples with photosensitizers by the control readings that was 

carried out in the absence of photosensitizers. The minimum inhibitory concentration (MIC) 

for photosensitizers was taken at the dose where no fungal growth was observed. 

CELL VIABILITY ASSAY BY MTT 

A498 cells, A549 cells and fibroblast cells were routinely grown in DMEM (high glucose) 

medium containing 10% NBS. All cell lines were harvested for subculture using trypsin 

(0.05%, Gibco/Invitrogen) and grown in a humidified atmosphere containing 5% CO: and 

95% air at 37°C. Cells were subcultured in 96-well plates the day before the experiment at a 

density of 4~7xl04 cells/well, and then cultured for 24 h. PTP, PT, TPN with varying 

concentrations were respectively added into the cells followed by further culture for 24 h. The 

culture media were discarded and 100 \xL of fresh cell growth medium was added. PDT 

treatment was performed by using he 470 nm light obtained by the type of 470/10 nm filter 

with a dose of 2.5J cm'2 at a fluence rate of 1.4 mWcm2 for 30 min of irradiation. The cells 

were allowed to continue growth for 24h, at which time the the culture media were discarded 

and MTT (1 mg/mL, 100 /^L/well) was added to the wells followed by incubation at 37°C for 

4 h. The supernatant was abandoned, and 150 pL DMSO per well was added to dissolve the 

produced formazan and the plates were shaken for an additional 10 min.  The absorbance 
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values of the wells were then read with microplate reader at a wavelength of 520 nm. The cell 

viability rate (VR) was calculated according to the following equation where the control 

group was carried out in the absence of photosensitizers. 

"experimental group 
VR (%) = —^ ^—^ jA100% 

" control group 

IN VITRO IMAGING OF PHOTOINDUCED DEATH OF A498 CELLS BY FTP 

The A498 cells were seeded in 35 mm culture plates (Nunc) at a density of 

approximately 8 x 104 cells/plate for 24 h, and then the cells were washed once with lxPBS 

and then grown in 1 mL DMEM medium with 10 //M PTP. After the cells were further 

cultured for 12 h, then the culture media were discarded and fresh DMEM medium was added. 

The plates were irradiated under 470 nm light for 0, 10 and 30 min respectively, then 

ethidium bromide (EB) was added to the samples that had been illuminated by light, and they 

were then observed by fluorescence microscopy. Upon addition of EB to the samples, the 

phase contrast images were taken at 100 ms and the fluorescence images were taken at 300 

ms under PTP and under EB filters. The false color of PTP is yellow and the type of light 

filter is D455/70 nm exciter, 500 nm beamsplitter, and D600/50 nm emitter. The false color of 

EB is red and the type of light filter is D540/40 nm exciter, 570 nm beamsplitter, and D600/50 

nm emitter. 
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