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ABSTRACT: The electronic, optical, and redox properties of thiophene-based
materials have made them pivotal in nanoscience and nanotechnology. However,
the exploitation of oligothiophenes in photodynamic therapy is hindered by their
intrinsic hydrophobicity that lowers their biocompatibility and availability in
water environments. Here, we developed human serum albumin (HSA)−
oligothiophene bioconjugates that afford the use of insoluble oligothiophenes in
physiological environments. UV−vis and electrophoresis proved the conjugation
of the oligothiophene sensitizers to the protein. The bioconjugate is water-soluble
and biocompatible, does not have any “dark toxicity”, and preserves HSA in the
physiological monomeric form, as confirmed by dynamic light scattering and
circular dichroism measurements. In contrast, upon irradiation with ultralow light
doses, the bioconjugate efficiently produces reactive oxygen species (ROS) and
leads to the complete eradication of cancer cells. Real-time monitoring of the
photokilling activity of the HSA−oligothiophene bioconjugate shows that living
cells “explode” upon irradiation. Photodependent and dose-dependent apoptosis is one of the primary mechanisms of cell death
activated by bioconjugate irradiation. The bioconjugate is a novel theranostic platform able to generate ROS intracellularly and
provide imaging through the fluorescence of the oligothiophene. It is also a real-time self-reporting system able to monitor the
apoptotic process. The induced phototoxicity is strongly confined to the irradiated region, showing localized killing of cancer cells by
precise light activation of the bioconjugate.

KEYWORDS: oligothiophenes, human serum albumin, bioconjugate, phototheranostics, reactive oxygen species, photostimulated apoptosis,
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■ INTRODUCTION

Multifunctionality, chemical robustness, and versatility of
chemical systems are some of the fundamental requirements
in nanoscience and nanotechnology. Oligothiophenes fit the
bill and have been used for a number of high-tech applications,
including organic light-emitting diode (OLED), organic field-
effect transistor (OFET), light-emitting transistors (LET),
lasers, biosensors, chemosensors, and electrochromic devi-
ces.1−6 The photophysics of oligothiophenes is characterized
by high absorbance, bright fluorescence, and high chemical and
optical stability. Their fluorescence can be modulated by
exploiting any of the numerous and well-established synthetic
protocols that can change the number of thiophene rings and
the nature of side-chains attached to them.7 Indeed, thiophene
oligomers are intensely exploited active materials for the
photovoltaic conversion of solar energy.8−10 The potential for
the application of oligothiophenes in medicine and biology is
also noteworthy because of their designer’s electronic, optical,

and redox properties. In fact, the orbital energies of
oligothiophenes can be regulated by selectively introducing
electron donating (D) and accepting (A) groups. This strategy
has been used to design molecules, polymers, and nano-
particles for electronic and biological applications.11−18 Recent
studies showed the possibility of using oligothiophene
fluorophores for proteins and DNA labeling and for the
staining of cells.19−23 Oligothiophenes were also used as tools
for pathological and prognostic evaluation of neurological
diseases and to interact with cells and complex organisms.24−27

Further uses of thiophene derivatives can be sought in view of
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the success that π-conjugated systems have achieved as light-
activated heat generators for photothermal therapy (PTT) and
as reactive oxygen species (ROS) producers for photodynamic
therapy (PDT).28−33 PDT is a minimally invasive therapeutic
modality approved for clinical treatment of several types of
cancer.34,35 In PDT, a compound with photosensitizing
properties (the photosensitizer or PS) is accumulated in target
cells. The activation of the PS by light, in the presence of
oxygen, generates ROS that are cytotoxic for the neoplastic
cells.36−38 Image-guided PDT represents a new frontier in
PDT treatments.39−42 The agents that are used as photo-
sensitizers for PDT can also serve for fluorescence image-
guided surgery (FGS) and thus mediate fluorescence imaging.
Currently, there are only four FDA-approved contrast agents
for FGS, namely, fluorescein, indocyanine green, 5-amino-
levulinic acid, and methylene blue.40 Many FGS contrast
agents are currently undergoing clinical trials. They are
characterized by an incredible variety of molecular types,
targeting mechanisms, and fluorescence properties. The
bottleneck to reach clinical use is represented by the fact
that FGS contrast agents are considered new drugs by the FDA
and face a lengthy and expensive approval process.40 Crucially,
light emission (required for image-guided PDT) and photo-
sensitization (required for ROS generation) are competing
processes.39 Imaging techniques alternative to fluorescence,
such as photoacoustics,41 magnetic resonance, or nuclear
imaging, can also be adopted to develop innovative image-
guided PDT platforms.42

The intrinsic properties of a PS determine its therapeutic
efficiency.43,44 There are many requirements for the design of a
good PS: proper absorption wavelength, high absorptivity, high
stability under photoirradiation and in physiological con-
ditions, low levels of dark toxicity, and high levels of
accumulation in tumor tissues.39,43,44

Oligothiophenes meet all the photophysical requirements of
an optimal PS, but they are commonly used in nanoparticle
formulation,45−48 because in molecular form, their intrinsic
hydrophobicity lowers their biocompatibility and availability in
water where they have a high tendency toward aggregation.49

The delivery of hydrophobic PS to the tumor cells is still an
important limit to face in PDT.50,51 The binding of
hydrophobic PS molecules to a protein/peptide can overcome
the limitations regarding their use in physiological environ-
ments.52−56 Albumins, in particular, are promising carriers for
drugs57,58 and photosensitizers59−61 due to their inherent
nonimmunogenicity, biocompatibility, and biodegradability.
Human serum albumin (HSA), a long-circulating and highly
abundant protein in the blood, is a promising carrier for cancer
therapeutics: (i) it is the natural carrier of hydrophobic
molecules in the blood, (ii) it is rescued from systemic
clearance and degradation by natural mechanisms, (iii) it
accumulates at sites of vascular leakiness such as cancer tissues,
and (iv) its uptake is high in rapidly growing, nutrient-starved
cancer cells.62,63

Herein, we present novel amino-reactive quaterthiophenes
functionalized with different acceptor groups of varying
strength, easily conjugable to HSA. The conjugation with
HSA allows solubilization of the oligothiophenes in water,
while preserving the biological identity of the protein. The
bioconjugate produced is fluorescent and biocompatible, and
facilitates cellular trafficking and membrane interactions. We
demonstrate that HSA−oligothiophene bioconjugation offers
the possibility to be used per se as a multifunctional theranostic
platform with both therapeutic and imaging properties. Indeed,
we show that the bioconjugate, upon irradiation with ultralow
light doses, is able to (i) efficiently generate reactive oxygen
species (ROS) leading to the complete and localized
eradication of cancer cells and (ii) provide detailed cell-
imaging.

Figure 1. (a) Molecular structures of the oligothiophene N-hydroxysuccinimidyl esters 3a, 3b, 3c. (b) UV−vis spectra of the compounds 3a (red
line), 3b (blue line), 3c (green line) in DMF. The spectra are normalized to the absorption band relative to the lowest energy transition of each
molecule. (c) Voltammograms of 3a (red line), 3b (blue line), 3c (green line) in CH2Cl20.1 mol·L−1 (C4H9)4NClO4 on Pt disk electrode (1 mm
diameter, scan rate 0.1 v s−1).
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■ RESULTS AND DISCUSSION

Synthesis and Characterization of Oligothiophene
N-Hydroxysuccinimidyl Esters

The introduction of donor and acceptor units into thiophene-
based materials (donor−acceptor−donor, i.e., DAD structures)
allows one to tune the HOMO−LUMO energy levels, which
further control the absorption wavelengths, the performance as
a photosensitizer, and the fluorescence quantum yield. These
properties are also crucial for imaging applications. In this
context, three different DAD oligothiophenes 3a−c (Figure
1a) were prepared by alternating bromination and cross-
coupling reactions (see SI for details, Figures S1−S4). They
are characterized by identical donor units, constituted of
thiophene moieties, and acceptor groups of increasing strength,
namely, benzothiadiazole, thienopyrazine, and thienothiazole.
A succinimidyl ester (NHS) moiety was linked to the dyes to
allow bioconjugation with proteins. Protein conjugation is a
general strategy that can improve solubility of hydrophobic PS
in physiological environments.
As expected, upon increasing the strength of the acceptor

group, the UV−vis absorption spectrum shifts toward longer
wavelengths (Figure 1b), going from 474 nm for compound 3a
(benzothiadiazole as acceptor) to 550 nm for compound 3b
(thienopyrazine as acceptor) and to 644 nm for compound 3c
(thienothiadiazole as acceptor). The emission spectra of these
compounds follow the same order as the absorption ones, since
3c (868 nm) is more red-shifted than 3b (710 nm) and 3a
(644 nm) (Figure S8 and Table S2). As a result, compounds
3a and 3b show smaller Stokes shifts than 3c suggesting a more
planar conformation for these two oligomers, in accordance
with the trend of the molar absorption coefficients (Table S2).
Cyclic voltammetries agree with optical measurements
(Figures 1c, S5−S7, Table S1) and show that upon increasing
the strength of the central acceptor moiety, the HOMO−
LUMO energy gap is reduced. The three voltammograms
(Figure 1c) present quasi-reversible oxidation and reduction
waves. The oxidation potentials decrease following the trend
3a > 3b > 3c, in agreement with the lower excitation energy of
the thienopyrazine unit compared to the benzothiadazole one
that favors the formation of the radical-cation.64−66 On the
contrary, the reduction potentials increase following the order
3a < 3b < 3c revealing a gradually decreasing π-electron length
of the LUMO. All the measurements were carried out in
DMF/CH2Cl2, because the molecules are insoluble in water.
Synthesis and Characterization of HSA−Oligothiophene
Bioconjugates

The oligothiophenes were conjugated to Human Serum
Albumin, HSA. The HSA−oligothiophene conjugates were
synthesized via cross-coupling reaction between NHS moiety

of the oligothiophenes derivatives and amino acid amine
groups of HSA (Figure 2). Protein conjugation makes the
molecules highly soluble in water, and the bioconjugates were
characterized in PBS.
Absorption spectra of the purified HSA−oligothiophene

bioconjugates displayed a red-shift when compared to
nonconjugated oligothiophenes (Figure S8). These changes
in the absorption spectra, and in the photophysical parameters
(Table S2), confirmed the attachment of the dyes to HSA. The
HSA−oligothiophene bioconjugates largely retain their
emission quantum yields (φEm) and possess large Stokes
shifts, which are attractive photophysical properties for imaging
applications. Considering the initial HSA concentration and
the molar extinction coefficients of the three oligothiophenes
3a, 3b, and 3c, approximately 1.5, 1.0, and 2.2 molecules were
conjugated per HSA protein. Electrophoretic measurements
are consistent with the attachment of the dyes to the protein
(Figure S9). DLS characterization of the HSA bioconjugates
(Figure S10) confirms that the coupling procedure preserves
HSA in the physiological monomeric form. Circular dichroism
(CD) spectra (Figure S11) indicate that HSA maintains its
native folding upon conjugation with the oligothiophenes.

ROS Generation Ability of HSA-3a Bioconjugate in PBS
Buffer

The ability of HSA−oligothiophene bioconjugates to behave as
photosensitizers, upon irradiation with visible light in the
physiological environment, was evaluated using the ABMDMA
assay to detect 1O2 and the Amplex Red assay (Figure 3) to
detect peroxides.
The disodium salt of ABMDMA (9,10-anthracenediyl-

bis(methylene)dimalonic acid) reacts with 1O2 to give an
endoperoxide. This reaction is detected by the bleaching of
ABMDMA, measuring the decline of its absorbance at 401 nm.
Colorless, nonfluorescent Amplex Red, reacts with peroxides to
form colored, fluorescent resorufin, catalyzed by horseradish
peroxidase (HRP) enzyme. The concentration of the produced
peroxides is proportional to the generated resorufin (see SI for
details).
Upon visible light irradiation, compound 3a generates both

peroxides and 1O2. No ROS generation was detected for
compounds 3b and 3c. The singlet oxygen quantum yield
(ΦΔ) of HSA-3a was calculated using free Rose Bengal (RB)
as a reference. ΦΔ-HSA-3a is 0.19 to be compared with a
value of ΦΔ-RB of 0.76.67 To investigate the excited states of
the bioconjugates (S1 and T1), we conducted time-dependent
density functional theory (TD-DFT) calculations using the
Gaussian 16 package (see SI for details). Jablonsky diagrams
explain the reason only HSA-3a generates 1O2. In fact, in

Figure 2. Conjugation of oligothiophene N-hydroxysuccinimidyl esters, NHS, to HSA.
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compounds 3b and 3c the lowest triplet state is located below
the singlet oxygen state (Figure 4).
Cytotoxicity and Phototoxicity of HSA-3a Bioconjugate in
HeLa Cells

The cytotoxicity and the potential phototoxicity of the
bioconjugate 3a were assessed by in vitro experiments
employing HeLa cells, a human cancer cell line.
Figure 5 shows that no reduction of cell viability was

observed for cells kept in dark conditions, even if they were
incubated with high concentrations of the bioconjugate
photosensitizer (up to 50 μM). This result demonstrates that
HSA-3a is biocompatible and does not have any “dark
toxicity”. In contrast, after incubation with the bioconjugate,
HeLa cells irradiated with visible light even at ultralow light
dose (2.4 mW/cm2) showed a dose-dependent decrease of
viability (Figure 5).
The photocytotoxicity depends on the concentration of the

photosensitizer, present in the cell medium during incubation
(IC50 ≈ 1 μM). At 2 μM of the bioconjugate, 100% of the
cultured HeLa cells died after photoirradiation.

Cellular Uptake of the HSA-3a Bioconjugate in HeLa Cells

It is possible to image the cellular localization of HSA-3a
bioconjugate exploiting its intrinsic fluorescence (Figure 6).

Fluorescence images of the HeLa cells incubated with HSA-3a
bioconjugate show red fluorescence localized in the cellular
membrane and in the cytoplasm. HSA-3a bioconjugate offers
the possibility to be used per se as a theranostic platform,

Figure 3. (a) Decrease of ABMDMA absorbance vs irradiation time
under 555 nm irradiation for HSA-3a (red), HSA-3b (blue), and
HSA-3c (green), rose bengal (black). (b) Generation of peroxides
during visible light irradiation, using different concentrations of HSA-
3a (red), HSA-3b (blue), and HSA-3c (green).

Figure 4. TD-DFT calculations of singlet and triplet low-lying levels of 3a, 3b, and 3c together with the comparison with the oxygen levels.

Figure 5. Phototoxicity of the HSA-3a bioconjugate on HeLa cells
upon photoirradiation. Cell viability in dark conditions (orange open
circles) or upon visible light irradiation (red filled circles) at different
HSA-3a concentrations. Each value represents the average ± 1
standard deviation of 3 independent measurements.

Figure 6. HSA-3a internalization by HeLa cells: (a, c) bright field
images, (b, d) fluorescence images obtained by irradiation with a
mercury lamp filtered with a Nikon TRITC cubic filter (λexcitation =
520−570 nm, λemission = 580−640 nm; see Methods for details), (c, d)
magnifications of the region indicated by white rectangles of (a) and
(b), respectively.
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because it combines the possibility to generate ROS with
imaging opportunities. The system appears to be an out-
standing candidate for image-guided PDT applications.
Real-Time Monitoring of the Photokilling Activity of
HSA-3a

To investigate in detail the photokilling activity of HSA-3a,
HeLa cells were imaged real-time by confocal microscopy
during irradiation (Figure 7). Time lapse imaging of the HeLa

cells, exposed to 488 nm laser light, showed membrane
blebbing on the cells during irradiation. Membrane blebbing is
a morphological characteristic of oxidative stress and also one
feature of apoptosis induced by PDT treatment.68,69 Apoptosis
induction by PDT has been already described.70 Different
mechanisms of apoptosis triggering by PDT are known.70

Interestingly, thanks to the intrinsic fluorescence of the
oligothiophenes and to the accumulation of HSA-3a in the
cellular membrane, all the investigations are stain-free, and
HSA-3a behaves as a real-time self-reporting system to
monitor the apoptotic process. Figure 7 shows the “explosion”
of the cells upon irradiation.
Photostimulation of Apoptosis upon HSA-3a Irradiation

Flow cytometry analysis of Annexin V staining was performed
(Figure 8). It facilitated determination of whether photo-
stimulation by HSA-3a induced apoptosis.
No induction of apoptosis was detected in cells kept under

dark conditions, even at high HSA-3a bioconjugate concen-
trations. Conversely, a photodependent and dose-dependent
increase in the percentage of apoptotic cells was observed by
incubating cells with increasing doses of HSA-3a. Collectively,
these proofs indicate that apoptosis is one of the primary
mechanisms of cell death activated by HSA-3a irradiation.

Localized Killing of HeLa Cells by HSA-3a Bioconjugate by
Precise Light Activation

To investigate the possibility of performing highly spatially
controlled killing of cells by light activation, PDT treatment of
2D cultures was performed by irradiating the cells directly
under a microscope. The optics of the microscope were
regulated in order to obtain a well-defined irradiation spot
(Figure 9a,b) on the of 2D cell culture (Figure 9c). The
resulting PDT efficacy was evaluated through live/dead
staining (calcein-AM/propidium iodide). The experiments
showed that there are no signs of cellular death in the non-
irradiated region (Figure 9d, green fluorescence). On the other
hand, PDT treatment caused substantial cellular death solely in
the irradiation spot (Figure 9e, red fluorescence). Figure 9f
demonstrates the precise localization of the killing. In general,
ROS have a very short diffusion path; HSA-3a generates ROS;
the localized killing is therefore likely due to oxidative stress
that is spatially produced and confined to the irradiated region.
Intracellular Reactive Oxygen Species (ROS) Production in
HeLa cells upon Illumination of HSA-3a

Finally, in order to further test the photoactivity of HSA-3a
bioconjugated, we monitored the intracellular formation of
reactive oxygen species (ROS) upon illumination of HSA-3a in
HeLa cells by using 2′,7′-dichlorofluorescin diacetate (DCHF-
DA) as a reporter (see Methods for details on sample
preparation).
DCFH-DA is a molecule able to permeate the cell

membrane, where it is hydrolyzed by the cellular esterases to
DCFH, which, in the presence of intracellular ROS, it is
oxidized to the highly fluorescent DCF. The fluorescence
intensity of DCF in the cells is an indirect measure of ROS
formation.
Localized illumination experiments on HeLa cells loaded

with DCHF-DA in the presence or in the absence of HSA-3a
(Figure 10) clearly demonstrate the formation of reactive
oxygen species in the cell cytoplasm only when HSA-3a and

Figure 7. Real-time monitoring of the photokilling activity of HeLa
cells upon HSA-3a irradiation. Panels (a−h) (fluorescence images)
and (a′−h′) (bright field images) were extracted from a time lapse of
7 min every 176 s; cells were exposed to 488 nm laser light during
confocal fluorescence image collection every 2 s.

Figure 8. Photoinduced apoptosis in HeLa cells upon irradiation of
HSA-3a. HeLa cells were treated with increasing HSA-3a
bioconjugate concentrations for 3 h, then exposed to light for 10
min (black histograms) or kept in the dark (white histograms). Cells
were then cultured for an additional 24 h after drug washout. The
percentage of Annexin V+ cells was reported as mean ± 1 standard
deviation of 3 independent experiments (* p < 0.05, ** p < 0.01, ***
p < 0.001).
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light are present; a 3-fold increase of DCHF-DA signal reports
a corresponding increase of ROS as a consequence of 10 s
illumination with green light (532−587 nm) for HeLa cells
incubated with HSA-3a.

■ CONCLUSIONS
Three different DAD oligothiophenes, characterized by donor
and acceptor groups of increasing strength, were synthesized.
Upon increasing the strength of the acceptor group, the
HOMO−LUMO energy gap is reduced as confirmed by UV−
vis absorption spectrum and cyclic voltammetries. A
succinimidyl ester (NHS) moiety was linked to the dyes.
HSA−oligothiophene conjugates were then synthesized via
cross-coupling reaction between NHS and amino acid amine
groups of HSA. Protein conjugation made the dye molecules
highly soluble in water. UV−vis, electrophoresis, and dynamic
light scattering confirmed the attachment of the oligothio-
phenes to the protein, preserving HSA in the physiological
monomeric form. Upon visible light irradiation, one of the
bioconjugates was highly active in the generation of both
peroxides and 1O2. The different behavior of the three
oligothiophenes was explained by DFT calculations. The
PDT performances of the HSA−oligothiophene bioconjugate
was assessed in vitro with HeLa cells. The HSA−

oligothiophene bioconjugate is biocompatible and does not
show any “dark toxicity”. In contrast, when the cells were
irradiated, even with ultralow-dose visible light, a dose-
dependent decrease of HeLa cells viability was observed
(IC50 ≈ 1 μM). By exploiting the intrinsic fluorescence of the
bioconjugate, it was also possible to image its cellular
localization in the cellular membrane and in the cytoplasm.
The photokilling activity of HSA−oligothiophene was

Figure 9. Localized photokilling of HeLa cells. HeLa cells were
irradiated for 10 min with a mercury lamp filtered using a Nikon
Texas Red HYQ cubic filter (λexcitation = 532−587 nm, λemission = 608−
683 nm; see Methods for details). (a, b) Dimensions of the irradiation
spot, represented by a red (a) and by an intensity spectrum (b); the
calibration bars of light intensity are reported in relative units. (c)
Phase contrast image after irradiation. (d) Green fluorescence
(λexcitation = 465−495 nm, λemission = 515−555 nm; see Methods for
details) signal is due to the staining of living cells with calcein-AM. (e)
Red fluorescence (λexcitation = 532−587 nm, λemission = 608−683 nm) is
due to the staining of nuclei of died cells with propidium iodide. (f)
Overlay of red (e) and green (d) channels; approximation of
irradiation spot boundaries is shown as a white dotted line.

Figure 10. Reactive oxygen species (ROS) production in HeLa cells
upon illumination of HSA-3a. (a−d): cells incubated with 100 μM
DCHF-DA; (a′−d′): cells incubated with 800 nM HSA-3a and 100
μM DCHF-DA (see Methods for details). (a,a′) HeLa cells before
illumination loaded with (a) 100 μM DCHF-DA or (a′) 100 μM
DCHF-DA and 800 nM HSA-3a; any dead cell can be detected
before localized illumination. (b,b′) 10 s illumination with green light
(λexcitation = 532−587 nm, λemission = 608−683 nm). Illumination was
confined to the area indicated with the dashed white circle; (c,c′)
DCHF-DA fluorescence taken 10 s after 10 s illumination with green
light. Images were obtained using a Nikon FITC cubic filter (λexcitation
= 465−495 nm, λemission = 515−555 nm; see Methods for more
information). Fluorescence images were measured with an intensity
scale 1−4092 (12 bit); LUT scales for c and c′ panels were all set with
minimum−maximum values of 180−321; (d,d′) quantification of
DCHF-DA fluorescence signals for illuminated (light, red) and non-
illuminated (dark, blue) cells. Bars and error bars are the average and
standard deviation values of mean intensity fluorescence signals as
detailed in the Methods section; normalized fluorescence values were
obtained by dividing each value for the average fluorescence intensity
measured for non-illuminated cells (i.e., cells outside of the white
dashed circle of panel b,b′).
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investigated by real-time imaging of the HeLa cells by confocal
microscopy carried out in the presence of irradiation. Time-
lapse imaging showed the “explosion” of the cells upon
irradiation. Again, because of the intrinsic fluorescence of the
oligothiophenes and the accumulation of HSA−oligothiophene
in the cellular membrane, all the investigations were stain-free.
The bioconjugate behaves as a real-time self-reporting system.
Flow cytometry analysis indicated that cell apoptosis is one of
the primary causes of the effective killing process by HSA−
oligothiophene irradiation. The induction of apoptosis is
photodependent and dose-dependent.
Localized killing of cancer cells by precise light activation

was observed by focusing the irradiation spot: no signs of
cellular death were observed in the non-irradiated region, while
PDT treatment caused substantial cellular death in the
irradiation spot. Intracellular reactive oxygen species (ROS)
production in HeLa cells upon illumination of HSA-3a was
demonstrated.
HSA-3a bioconjugate offers the possibility to be used per se

as a theranostic platform. In the future, we foresee HSA−
oligothiophene bioconjugates being employed as photo-
theranostic agents in vivo for image-guided PDT.
Considering the properties of oligothiophenes and their

applications in nanomedicine,17 HSA−oligothiophene bio-
conjugates can be potentially used also in photothermal
therapy71,72 and optoacoustic imaging.71,72 The platform can
also be excited by two-photon excitation,66 which should bring
important benefits to PDT, increasing the treatment
penetration depth with NIR light excitation, improving the
spatial selectivity, and reducing photodamage of healthy
tissues.73 Finally, the different chemical groups present in the
protein platform can afford an easy route for additional
functionalization of the hybrid. In this way, the performances
of the bioconjugate platform can be improved, for instance, by
using targeting tags able to enhance cell selectivity and
promote the uptake of the bioconjugate in cancer cells or by
conjugating the oligothiophene molecule to other carrier
proteins/antibodies. The application field of the bioconjugates
can also be easily expanded to antimicrobial photodynamic
therapy.74

■ METHODS

HSA−Oligothiophene Synthesis and Purification

N-Hydroxysuccinimidyl esters of oligothiophenes 3a, 3b, and 3c were
dissolved in dimethylformamide (DMF) at a concentration 5 mM. 50
μL of these solutions were slowly added dropwise to 1 mL of HSA 20
μM in sodium carbonate buffer 100 mM pH 9 under vigorous stirring.
The reaction was incubated overnight in the dark, under mild

stirring condition, and then it was centrifuged at 14000g, for 10 min
to remove the insoluble excess of nonconjugated oligothiophene
derivatives. The samples were then extensively dialyzed against PBS
10 mM pH 7.4, in cellulose membrane dialysis tubes with a 14 KD
cutoff, to remove the water-soluble byproducts generated during the
coupling procedure.

Cell Cultures

The human cervical adenocarcinoma (HeLa, ATCC) cell line was
used as an in vitro model. Cells were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) South America, 2 mM L-glutamine, and 50 U/mL
penicillin/50 μg/mL streptomycin; the sterile culturing medium was
filtered by means of 0.20 μm filters (Millipore) just before use. Cells
were grown in an incubator at 37 °C, 5% CO2, and were passed upon
trypsin digestion every 3 days.

In Vitro Measurement of Cytotoxicity and Photodynamic
Activity of HSA-3a in HeLa Cells
To measure the photodynamic activity of HSA-3a, HeLa cells were
plated at a density of 5 × 103 cells per well in 96-well plates. The cells
were incubated for 3 h in dark condition with several concentrations
of the HSA-3a bioconjugate (0, 0.1 μM, 0.2 μM, 0.5 μM, 1 μM, 2 μM,
5 μM, 10 μM, 40 μM); after the incubation, the cells were washed
with phosphate-buffered saline (PBS). Half of the dishes were
exposed to the light source (a white LED Valex 30 W at 30 cm
distance from the cell-plate; irradiation power density on the cell plate
= 2.4 mW/cm2: measured with the photoradiometer Delta Ohm LP
471 RAD) for 10 min in PBS, while the other dishes were left in the
presence of PBS in dark conditions. After treatment, PBS was replaced
with the standard culture medium, and all the samples were incubated
for 24 h at 37 °C, 5% CO2; the cell viability was then assessed, using
MTT assay (Merck, product no. M2128), both for the samples which
were irradiated and for the ones kept in dark conditions. The data are
reported as the mean value ± standard deviation (SD) of 3 to 6
different replicates.

Cellular Uptake of the HSA-3a Bioconjugate in HeLa Cells
HeLa cells were plated at 5 × 104 cells in a 3.5 cm Petri dishes and
incubated with 5 μM HSA-3a in complete medium for 1 h. After
washing with PBS, red fluorescence images were acquired with a
Nikon TiS widefield fluorescence microscope equipped with a TRITC
cubic filter (λ excitation = 520−570 nm, λ emission = 580−640 nm).

Real-Time Monitoring of the Photokilling Activity of
HSA-3a
Petri dishes (3.5 cm diameter) were seeded with 5 × 104 cells and
after adhesion incubated with 5 μM HSA-3a in complete medium for
1 h. Before acquiring images, HSA-3a not internalized by cells was
removed by washing samples with PBS. Confocal time lapses were
obtained with an Olympus FLUOVIEW FV3000 confocal micro-
scope; HSA-3a was excited at 488 nm with a laser diode and
fluorescence revealed in the 550−650 nm range; image acquisition
was set at 1 Hz.

Photostimulation of Apoptosis upon HSA-3a Irradiation
HeLa cells were seeded at a density of 3.3 × 104 cells per well in 24-
well plate, at a final concentration of 5 × 104/mL. After 24 h, cells
were treated with increasing concentrations of HSA-3a (0, 250, 650,
800 nM) for 3 h, then exposed to the light source for 10 min in PBS
(or dark condition fron control cells), and then cultured in standard
medium for additional 24 h after drug washout. Cells were harvested
by trypsin digestion, and phosphatidyl serine externalization was
evaluated using the fluorescein isothiocyanate (FITC) Annexin V
Apoptosis Detection Kit (eBioscience Thermo Fisher Scientific)
according to the manufacturer’s instruction. The percentage of
apoptotic cells (Annexin V+) was determined by flow cytometry (Facs
Canto II Flow Cytometer, BD Biosciences Pharmingen, California,
US). Values represent the mean ± standard deviation of three
independent experiments. Multiple comparisons were performed
using two-way analysis of variance with Bonferroni post-hoc test
(***p < 0.001).

Localized Killing of HeLa Cells by HSA-3a Bioconjugate by
Precise Light Activation
HeLa cells were plated in 3.5-cm-diameter Petri dishes at a density of
4 × 104 cells per well. The following day, cells were incubated with 5
μM HSA-3a in complete medium for 1 h; cells were washed in PBS
supplemented with calcium and magnesium (ThermoFisher, product
no. 14040091) and then kept in HBSS (Hanks Balanced Salt Solution
medium, Merck, product no. H8264) in the dark. Cells were
illuminated for 10 min with a mercury lamp filtered using a Nikon
Texas Red HYQ cubic filter (λexcitation = 532−587 nm, λemission = 608−
683 nm; power density measured at 550 nm − 70 mW/mm2). After
illumination, cells were washed with PBS and incubated for 30 min
with 4 μM calcein−AM e 4 μM propidium iodide in HBSS (calcein−
AM, ThermoFisher product no. C1430; propidium iodide, Merck
product no. P4864). After incubation, cells were washed with PBS,
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and the fluorescence images were recorded using a Nikon TiS
fluorescence microscope. Red fluorescence from propidium iodide
and HSA-3a was detected employing a Nikon Texas Red HYQ cubic
filter (λexcitation = 532−587 nm, λemission = 608−683 nm), while using
calcein−AM green fluorescence using a Nikon FITC cubic filter
(λexcitation = 465−495 nm, λemission = 515−555 nm).

Intracellular Reactive Oxygen Species (ROS) Production in
HeLa Cells upon Illumination of HSA-3a Bioconjugate

2′,7′-Dichlorofluorescin diacetate (DCHF-DA) was purchased from
Merck-Sigma-Aldrich (product number D6883); fresh 10 mM
DCHF-DA solution in dimethyl sulfoxide was prepared before
experiments. HeLa cells were seeded overnight in complete growth
medium in Petri dishes with a 3.5 cm diameter; 6 × 104 HeLa cells
were plated in each dish. Each sample was incubated for 1 h with 800
nM HSA-3a in the complete medium; after removing the medium
with HSA-3a, cells were washed with PBS and incubated for 30 min
with 100 μM DCHF-DA in HBSS in the incubator. Cells were then
further washed with PBS and supplemented with fresh HBSS before
fluorescence experiments were performed.
Localized illumination experiments were performed with a Nikon

TiS fluorescence microscope equipped with a FITC cubic filter
(λexcitation = 465−495 nm, λemission = 515−555 nm) and a Nikon Texas
Red HYQ cubic filter (λexcitation = 532−587 nm, λemission = 608−683
nm); during the 10 s illumination, the Texas Red HYQ cubic filter
was employed and approximately 20 mW/mm2 was directed to the
illuminated cells.
Quantification of DCHF-DA fluorescence was obtained with Fiji

ImageJ software;75 mean intensities of the region of interests (ROI)
were manually calculated for illuminated and not illuminated cells, i.e.,
cells, respectively, inside and outside the white dashed circle of Figure
10c,c′. The following number of ROI was measured: Figure 10c, 23
ROIs in the dark and 4 ROIs in the light; Figure 10c′, 42 ROIs in the
dark and 14 ROIs in the light. Average and standard deviation values
were calculated for each population. Normalized fluorescence
intensities of Figures 10 were obtained by dividing each average
and standard deviation values for the average value of ROI
fluorescence mean intensity measured for not illuminated cells of
the corresponding image. The experiment is representative of three
replicas.
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