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Fluorescent poly(f-amino ester)s containing
aza-BODIPYs as theranostic agents for bioimaging
and photodynamic therapyf
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Photodynamic therapy (PDT) as a promising approach in cancer treatment has garnered significant atten-
tion due to its minimal invasiveness and low toxicity, as well as its ability to avoid side effects and facilitate
combination therapies. The photosensitizer (PS) is the key component of PDT and can be employed in
the diagnosis or visualization of cells. Herein, a water-dispersible, biodegradable and fluorescent poly
(B-amino ester) (PBAE) based PS was developed for efficient PDT and imaging. The PBAE was specifically
designed and synthesized to incorporate fluorescent groups, such as aza-BODIPY, and water soluble poly
(ethylene glycol) segments into the polymer backbone by aza-Michael addition-based poly-condensation
polymerization. Subsequently, the amine-end functionalized PBAEs with different aza-BODIPY contents
(3.6 and 7.2 mol%) were end-capped with folic acid to increase the cancer-cell-targeting potential of the
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polymers. The polymeric PSs were then tested on brain tumor (U87-MG), cervical tumor (Hela) and
healthy (HUVEC) cell lines for the dual modality of imaging and PDT. The polymeric PSs demonstrated
significant anti-cancer potential as evaluated via reactive oxygen species generation, photocytotoxicity,
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Introduction

Cancer is one of the major health problems causing a high
number of deaths, with almost 10 million deaths and
19.3 million new cancer cases worldwide in 2020." Surgery,
chemotherapy, and radiation are the most widely employed
approaches for its treatment. However, these traditional
approaches have serious drawbacks such as very harmful side
effects since healthy and cancerous cells cannot be easily dis-
tinguished.”? To overcome such shortcomings, targeted delivery
of therapeutics, localized therapy and novel modes of therapy
such as hyperthermia and photodynamic therapy (PDT) have
been developed. As PDT is minimally invasive, minimally
toxic, causes no side effects, and allows for combination thera-
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colony formation and cell invasion assays.

pies, it has attracted tremendous interest.* The most out-
standing advantage of PDT is its benign nature leading to a
more pleasant treatment. This promising technique has three
key constituents: light, a photosensitizer (PS) and molecular
oxygen. A PS is non-toxic without light, but upon light
irradiation, it generates reactive oxygen species (ROS) such as
'0,, 0*” and 'OH that attack biological molecules and ulti-
mately cause the inhibition of proliferation of target (cancer)
cells.>®” PDT reduces adverse side effects and complications
by providing temporal and spatial control during the treat-
ment, compared to the traditional methods. Recently, great
efforts have been made to provide PDT theranostic treatment
with a dual modality, that is, diagnostic and therapeutic.®*°
The success of PDT mainly depends on the effectiveness of
the PS in terms of transfer and translation of light energy into
a chemical reaction. Photofrin, a mixture of oligomeric porphyrin
units, is the first approved PS by the Food and Drug
Administration (FDA) and opened a new horizon in cancer treat-
ment;"* however, even it exhibited certain drawbacks.'® Since
then, many PSs have been developed to ensure the fundamental
needs for PDT such as nontoxicity, photostability, selectivity, tar-
getability, suitable elimination profile, water solubility and
reliable photochemical properties."* > The macrocyclic structure
of most PSs is associated with an important disadvantage: low/
lack of water solubility, caused by their strong tendency for aggre-
gation. In addition, their tiresome synthesis and modification of
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their photophysical properties are troublesome and time consum-
ing."” Furthermore, they show low selectivity for cancerous cells
over healthy ones.'® Therefore, recently great efforts have been
made to construct PSs with higher selectivities and efficiencies
for both PDT and imaging.'”*

Boron dipyrromethenes (BODIPYs) and boron azadipyrro-
methenes (aza-BODIPYs) are an important class of dyes
employed in many advanced applications. In addition to their
typical advantages such as low dark-toxicity, high generation of
singlet oxygen, high extinction coefficients at long wavelengths,
and resistance to photobleaching, aza-BODIPYs bring superior
photophysical properties owing to a meso-nitrogen atom between
two pyrroles.'>?® Their excitation (le. = 650-675 nm) and fluo-
rescence emission wavelengths (Aemis, = 700-900 nm) are red-
shifted to longer wavelengths (near infrared, NIR) compared to
those of classical BODIPYs.”" These wavelengths fall in the “thera-
peutic window” that enables deep tissue penetration and higher
contrast. Therefore, aza-BODIPYs are considered promising PSs
for dual modality involving fluorescence imaging and
treatment,*?* and they fulfill the features of an ideal fluoro-
phore.>* However, the planar and rigid nature of the aza-BODIPY
core causes the aggregation phenomenon and poor water solubi-
lity, which limits the implementation of this valuable dye in bio-
medical applications such as bioimaging and PDT.>**® Structural
modifications such as the incorporation of water soluble groups,
such as ammonium®**® and sulfonate**”*® groups, or conju-
gation of water soluble polymers®**° or oligomers®! are the most
widely used methods to circumvent this serious drawback.
Alternatively, hydrophobic aza-BODIPY molecules are encapsu-
lated into polymeric micelles, and, thus, dispersed in aqueous
media.*>*

Fluorescent polymers are an important class of dyes utilized
in PDT, diagnosis and bioimaging, due to their enhanced
photostability, multi-functionality, tunable photochemical pro-
perties, improved extinction coefficients and biocompatibility.**®
In addition to these properties, when compared to their small-
molecule counterparts, polymeric PSs exhibit some other advan-
tages including a higher absorption cross-section and ease of
functionalization.>” Moreover, polymeric PSs can allow targeted
delivery of therapeutics into a tumor environment by achieving a
discrimination between the cancerous and healthy cells/tissues.
Nano-sized polymeric particles are an important class of
materials for passive tumor targeting due to their enhanced per-
meability and retention (EPR) effect.®® In addition, such poly-
meric materials can be specifically designed to carry various tar-
geting molecules such as antibodies against tumor markers, apta-
mers, carbohydrates, vitamins and peptides or ligands of over-
expressed receptors.’® FA is a widely utilized targeting ligand
since FA receptors are overexpressed in many cancer cell
lines.**** For instance, brain tissues express excess FA receptors
which may allow delivery vehicles to pass the blood-brain barrier
for treatment of gliomas.*® Human cervical cancer cells (HeLa)*
also overexpress FA receptors and can be targeted by FA-contain-
ing delivery systems.

Recently, much effort has been made for the development
of water-soluble/dispersible fluorescent polymers for PDT,
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diagnosis and bioimaging.***’ In addition, the non-biode-
gradability of conjugated polymers leads to prolonged meta-
bolic time causing long-term cytotoxicity and undesirable side
effects in vivo. Thus, the development of biodegradable fluo-
rescent polymers is important and highly desirable for future
translational research.**° Poly(B-amino ester)s (PBAEs) are
highly biodegradable polymers and can be utilized for the con-
struction of a promising PS due to their ease of preparation
and also their distinctive characteristics such as pH-sensitivity
and biocompatibility.>’** In principle, these polymers can be
disintegrated into smaller and non-toxic molecules via bio-
degradation of the ester bonds. In our previous reports, PBAEs
were utilized as pH-responsive drug carriers for an anticancer
drug® and antibiotics.>*

Herein, we develop a PBAE-based, water-dispersible, bio-
degradable and biocompatible polymeric PS for effective PDT
and imaging. PBAEs were designed to carry fluorescent
groups, namely aza-BODIPY, and poly(ethylene glycol) seg-
ments in the polymer backbone through aza-Michael addition-
based poly-condensation polymerization. PDT based anti-
cancer and imaging potential of the polymer was demon-
strated on brain tumor (U87-MG) and cervical cancer (HeLa)
cell lines that overexpress FA receptors.

Experimental

Materials

Poly(ethylene glycol)diacrylate (PEGDA, M,: 700 g mol )
(Sigma Aldrich), 5-amino-1-pentanol (AP) (95%, Sigma
Aldrich), acetophenone (Aldrich), triethylamine (Et;N) (Sigma
Aldrich), magnesium sulfate (anhydrous) (MgSO,) (Carlo
Erba), acryloyl chloride (97%, Aldrich), N-hydroxysuccinimide
(NHS) (Acros Organics), hydrochloric acid (HCl) (37%,
Honeywell Fluka), sodium bicarbonate (NaHCO;) (Merck), pot-
assium hydroxide (KOH) (Merck), ammonium acetate
(Supelco), nitromethane (Merck), N,N-diisopropylethylamine
(DIEA) (Sigma Aldrich), boron trifluoride diethyl etherate
(BF5-OEt,) (Sigma Aldrich), triethylamine (Sigma Aldrich), folic
acid (Sigma Aldrich), N,N'-dicyclohexylcarbodiimide (DCC)
(Acros Organics), 2,6-di-tert-butyl-4-methylphenol 99% (BHT)
(Acros Organics), ethylenediamine (Sigma Aldrich) and all
other chemicals were obtained from commercial suppliers and
used without further purification unless otherwise specified.

Synthesis of aza-BODIPY diacrylate (aza-BOD-DA)

Dihyroxyl functional aza-BODIPY (aza-BOD-OH) (100 mg, 1.89
x 10™* mol, 1 eq.) was placed in a 2-neck flask and dissolved in
6 mL of tetrahydrofuran (THF), and triethylamine (264 pL,
1.89 x 107 mol, 10 eq.) was added to this solution under a
nitrogen atmosphere. The reaction mixture was cooled down
in an ice bath and a solution of acryloyl chloride (304 pL, 3.78
x 1072 mol, 20 eq.) in 4 mL of THF was added dropwise. After
30 minutes of stirring at 0 °C, the reaction mixture was allowed
to warm to room temperature and stirred overnight. The pro-
gression of the reaction was followed with thin layer chromato-
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graphy (TLC), and THF was removed after completion of the reac-
tion. The crude product was dissolved in ethyl acetate (120 mL)
and washed with saturated sodium bicarbonate (NaHCO;)
(40 mL) solution and water (30 mL), sequentially. The organic
layers were collected and dried over magnesium sulfate (MgSO,),
and the solvent was evaporated on a rotary evaporator. The result-
ing dark green colored aza-BOD-DA was dried under high
vacuum (Scheme S27) (yield: 95%).

"H-NMR (500 MHz, CDCl;) § 8.10 (d, 4H), 8.05 (m, 4H), 7.50
(dd, J = 6.6, 3.6 Hz, 6H), 7.27 (d, 4H), 7.04 (s, 2H), 6.69-6.66
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Scheme 1 One-pot synthesis of amine end-functionalized water
soluble PBAEs.
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(dd, j = 17.4, 2.7 Hz, 2H), 6.41-6.35 (dd, 2H), 6.10-6.07 (dd,
2H). FT-IR: 3060 cm™' (-CH=), 2925-2857 cm ' (-C-H),
1735 em™ ' (-C(=0)-0-), 1600 cm ' (-C=C-), 1478 and
1450 cm™ ' (-B-N-, -C=C- or -C=N-), 1101 cm ' (-C-0-),
1090 cm ™" (-B-F).

One-pot synthesis of amine end-functionalized hydrophilic
PBAE containing aza-BODIPY

Amine end-functionalized water soluble PBAEs were syn-
thesized by a one-pot three-step approach, according to pre-
viously reported procedures with some modifications
(Scheme 1).>>° Briefly, 1.0 g of PEGDA (M,,: 700 g mol™") (1.43
x 107* mol, 0.95 eq.) and 155 mg of 5-amino-1-pentanol (AP)
(1.50 x 10~* mol, 1.00 eq.) were dissolved in 1 mL of dry THF
in an amber vial equipped with a magnetic stirrer. Then, a
solution of aza-BOD-DA (48 mg, 7.53 x 10> mol, 0.05 eq.,
5 mol%) in 1.5 mL of dry THF was added to the reaction
mixture. Finally, 7 mg of BHT was added to this solution to
prevent any possible free radical polymerization, and the vial
was sealed off with a Teflon lid. The aza-Michael addition-
based poly-condensation was conducted at 100 °C for
24 hours. Afterwards, 100 mg of PEGDA (1.43 x 10~* mol, 0.10
eq.) was added, and the reaction was continued for further
2 hours for the complete conversion of end groups to acrylates
(acr-wPBAE5%). Subsequently, the temperature was lowered to
70 °C and 29 pL of ethylenediamine (EDA) (4.34 x 10™* mol,
0.29 eq.) in 10 mL of dry THF was added to the vial for amine
end capping. The reaction was performed for various time
periods (1, 3 and 5 h) for optimization of the end-capping
process (the suitable time for amine end-capping was deter-
mined to be 5 h according to Fig. 1). Each time the resulting
reaction mixture was cooled down to room temperature. The
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Fig. 1 H-NMR spectra of the PBAEs (acr-wPBAE5%) treated with EDA for various periods of time (1, 3 and 5 hours) (DMSO-dg).
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excess THF was evaporated, and the polymer was precipitated
in 80 mL of cold diethyl ether. The solvent was decanted, and
the remaining polymer was dissolved in 1.5 mL of THF again
and reprecipitated in 25 mL of cold ether twice. After centrifu-
gation at 4000 rpm for 3 minutes, the amine end-functiona-
lized PBAE was collected and dried under high vacuum
(amino-wPBAE5%; 0.99 g; yield: 76%). Similarly, PBAEs con-
taining 10% aza-BOD-DA were also synthesized (yield: 74%).

End-group transformation of amino PBAE:s to folic acid

500 mg of amine end-functionalized PBAE (amine-wPBAE5%)
was dissolved in 7 mL of DMSO, and 53.8 mg of the succinimi-
dyl ester of folic acid (FA-NHS) (1 x 10 mol) in DMSO
(2.5 mL) was added to the reaction solution. The flask was
sealed off and the reaction solution was stirred at room temp-
erature for 2 hours in the dark. Then, the reaction solution
was precipitated into cold THF (20 mL) and centrifuged
(8 minutes at 4000 rpm) to remove the unreacted FA-NHS. The
supernatant was concentrated by evaporating excess THF and
precipitated in 100 mL of ice-cold diethyl ether. The precipitate
was redissolved in a minimal amount of THF and precipitated
in 35 mL of cold diethyl ether again. The FA end-functiona-
lized PBAE (FA-wWPBAE5%) was obtained after drying under
high vacuum (Scheme 2) (recovery >90%).

Singlet oxygen quantum yield (¢,)

The singlet oxygen ('0,) quantum yield (¢,) of aza-BODIPY-
containing PBAEs is an important parameter for PDT. ¢,
values of aza-BOD-OH and aza-BODIPY containing PBAEs were
determined in ethanol using methylene blue (MB) as the stan-
dard (¢ = 0.52).°"° Briefly, air saturated ethanol was pre-
pared by bubbling air through ethanol for 15 min. Solutions of
the 'O, scavenger, 1,3-diphenylisobenzofuran (DPBF), and the
PS (MB, aza-BOD-OH or the polymer) were prepared separately
in air saturated ethanol. Suitable amounts of these stock solu-
tions were mixed to give a reaction solution with the absor-
bance values of DPBF and the PS being around 1.3 and 0.3,
respectively. The solution in a quartz cuvette was irradiated
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with a red laser (CNI laser, model no: FC-680-2W; 1 ~ 680 nm;
= 82 mW cm™?) for specified time intervals, and the UV-Vis

spectrum was recorded after each irradiation. The slope of the

absorbance maximum of DPBF at 414 nm against time was

determined for each sample. The ¢, values were calculated

according to eqn (1):

Fim)

X (1)

F (aza)

« S(aza)

PDA(aza) = Paum) Som

where subscripts “aza” and “MB” refer to aza-BOD-OH or the
polymers and MB, respectively. S is the slope of change in
absorbance of DPBF at 414 nm against the irradiation time,
and F represents the absorption correction factor (F = 1 —
1079P; O.D. is the optical density of the samples at the
irradiation wavelength).

Fluorescence quantum yield (¢y)

The fluorescence quantum yields (¢g) of aza-BOD-OH and the
polymers were determined using an optically matching solu-
tion of MB as the standard.®”®" ¢y values of the polymers were
determined in aqueous media, while the ¢r of aza-BOD-OH
was determined in ethanol. Briefly, solutions of the PS (aza-
BOD-OH or the PBAEs with aza-BODIPY groups) and the stan-
dard PS (MB) at three different concentrations were prepared
(the absorbance values of the solutions around 650 nm were
kept below 0.500). Then, fluorescence (excitation at 650 nm)
and UV-Vis spectra of all samples were recorded.

The fluorescence quantum yield of the PS was calculated
according to eqn (2):

Iy [noum)]”
Praza) = Provpy X 7 X |—— (2)

I (aza) N(aza)

where ¢y is the fluorescence quantum yield, I is the slope of
absorbance at the excitation wavelength (624 nm) versus the
area under the fluorescence emission curve plot for each dye,
and n is the refractive index of the solvents used. Subscripts
“aza” and “MB” refer to aza-BOD-OH or the polymers and MB,

Scheme 2 End-group transformation of PBAEs with the succinimidyl ester of folic acid (FA-NHS).
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respectively. The ¢ of MB is taken to be 0.04 in ethanol and
0.22 in water, as reported previously.®*®*

Cell culture studies

Brain cancer cells (including U87-MG)*® and human cervical
cancer cells (HeLa)*® were selected to show the imaging and
anticancer potential of the fluorescent polymers, since HeLa
cells and brain tissues carry excess FA receptors. U87-MG
glioma and HeLa cervical tumor cells as well as non-cancerous
HUVECs were obtained from the American Type Culture
Collection (ATCC, USA). The cell lines were grown in
Dulbecco’s modified Eagle’s medium (DMEM) (Wisent, #319-
005CL) supplemented with 1% antibiotic-antimycotic (Wisent,
#450-115EL) and 10% fetal bovine serum (ThermoFisher,
#10500064). All cells were incubated in a humidified air incu-
bator (5% CO,) at 37 °C. In cell culture studies, cells were
seeded at a maximum of 10% density of the wells and assays
were done at a maximum of 80% confluency. The study was
conducted via generating various cell groups by treatment of
cells with either FA-wPBAE10% or FA-wPBAE5% polymers and
with or without exposure to red LED light (4 = 630-700 nm
wavelength, I = 2.4 mW cm™?) for different periods of time. All
cell culture experiments were carried out in triplicate and
repeated at least two times; therefore, n = 6 for each experi-
ment group.

Cellular uptake assay

U87-MG glioma cells and non-cancerous HUVECs were seeded
on a 6-well plate (25 x 10* cells per well) and incubated at
37 °C with 5% CO, for 24 h. The cells were subjected to FA-
wPBAE10% and FA-wPBAE5% (0.5 mg mL™") for 1 h. The cells
were washed three times with 0.1% PBS. Fluorescence
microscopy (Leica DM2500) was used to visualize and five
different photographs of each group were taken. The excitation
wavelength was 515-560 nm for each molecule. The cellular
uptake was analyzed by counting the unstained and polymer
containing cells on photographs. The percent cellular uptake
was calculated as the ratio of all counted cells to cells with
positive staining.

Cell viability assay

Cell proliferation and viability were measured using 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) (US Biological, #258093) assay. U87-MG, HUVEC and
HeLa cells were used to test the effects of FA-wPBAE10% and
FA-wPBAE5% polymers on cell viability. 10 x 10® cells per well
were seeded into each well of a 96-well plate, and the next day,
the cells were treated with either FA-wWPBAE10% or FA-
wPBAE5% at concentrations ranging from 1 to 0.08 mg mL™".
After overnight incubation at 37 °C with 5% CO,, the plates
were either incubated directly without exposure to red light or
exposed to red light for durations of 30 and 60 minutes. Cells
were incubated at 37 °C with 5% CO, for 24 h. After incu-
bation, 10 pL of MTT solution (5 mg mL™" in PBS) was added
to each well and incubated for 2.5 h at 37 °C. 0.1 M HCI and
10% SDS solubilization buffer were added to dissolve the for-
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mazan crystals and incubated for 15 min at 37 °C. The absor-
bance was measured at 570 nm using a Thermo Varioskan
Multimode Reader.

Reactive oxygen species (ROS) assay

Cellular reactive oxygen species (ROS) accumulation was
assessed by flow cytometry with the fluorescent dye 2',7'-
dichlorodihydrofluorescein  diacetate (DCFH-DA, Sigma-
Aldrich). U87-MG and HelLa cells were seeded in 6-well plates
and incubated at 37 °C with 5% CO, for 24 hours. Then the
cells were treated in duplicate with either FA-wPBAE10%
(0.1 mg mL™") or FA-wPBAE5% (0.3 mg mL™") and incubated
at 37 °C with 5% CO, overnight. The plates were either incu-
bated directly or exposed to red light for durations of 30 and
60 minutes. Following that, the cells were washed three times
with 1x PBS. Subsequently, the cells were incubated in the
dark at 37 °C with 10 pM DCFH-DA for 30 minutes. The cells
were then washed three times with 1x PBS, trypsinized, and
centrifuged at 500g for 10 minutes. The supernatant was
removed, and the pellet was dissolved in 300 pL of 1x PBS.
Flow cytometry (NovoCyte, ACEA Biosciences Inc., CA, USA)
was used to analyze the excitation at 480 nm and emission at
530 nm.

Colony formation assay

The assay was performed in 6-well plates. HeLa cells were
seeded at a density of 500 cells per well and 2 mL of the
medium was added to each well. The next day, cells were
treated in duplicate with either FA-wPBAE10% (0.1 mg mL ™)
or FA-wPBAE5% (0.3 mg mL™") and incubated at 37 °C with
5% CO, overnight. Plates were either incubated directly or
exposed to red light for 30 and 60 minutes. On days 10-12,
cells were washed twice with 1x PBS and fixed with ice-cold
methanol for 5 min. 1% aqueous crystal violet solution
(#V5265-250mL, Sigma-Aldrich, St Louis, MO, USA) was
diluted with 1x PBS to 0.5% and added to the cells. Cells were
incubated for 30 min at room temperature. Crystal violet was
removed, and cells were washed under tap water and left to
dry. Wells were scanned, and images were analyzed using
Adobe Photoshop CC (Version 14.0) (San Jose, CA, USA).

Cell invasion assay

An xCELLigence RTCA DP system (Agilent, USA) was used to
measure cell invasion. In order to assess the invasion capacity
of the cells, RTCA CIM plates (Agilent, #5,665,817,001, USA)
were used. Briefly, the upper chamber of the CIM plate was
coated with 20 pL of diluted matrigel and incubated at 37 °C
for 4 h. 160 pL of a medium supplemented with FBS was
placed in the wells of the lower chamber. The assembled plate
was put back into the incubator for an hour. 50 pL of the
medium without FBS was distributed to the wells and back-
ground measurement was performed. U87-MG cells were
seeded in 100 pL of the medium without FBS and with FA-
WPBAE10% (0.1 mg mL™") or FA-wPBAE5% (0.3 mg mL "), and
the plates were incubated in the cell culture hood for 30 min.
Following the incubation, the plates were put back in the slot,
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and after overnight incubation, the plates were either incu-
bated directly or exposed to red light for a period of
30 minutes. The cell index was measured every 15 min for
48 h.

Instrumentation

An Agilent NMR system VNMRS 500 spectrometer was used for
'H-NMR analysis at room temperature in deuterated solvents
with Si(CHj), as the internal standard. UV-Vis analyses were
performed on a Peak Instruments C-7000UV spectrophoto-
meter with a 1 cm path length cuvette. Fluorescence measure-
ments were performed in a quartz cell with 1 cm path length
on an Agilent Cary Eclipse fluorescence spectrophotometer
device at room temperature. During the fluorescence measure-
ments, the excitation wavelength was set at 650 nm; the slit
width was adjusted to be constant at 10 nm (excitation)/10 nm
(emission) for the polymers and at 5 nm (excitation)/5 nm
(emission) for small molecules; also, the device voltage was
adjusted to 600 V. Fourier transform infrared (FT-IR) measure-
ments were performed using an Agilent Technologies Cary 630
FT-IR instrument in the 4000-400 cm™" scanning range and 32
scan numbers. A Tosoh EcoSEC dual detection (RI and UV)
GPC system coupled with an external Wyatt Technologies
Dawn Heleos-II multi-angle light scattering (MALS) detector
and a Wyatt Technologies DynaPro NanoStar dynamic light
scattering (DLS) detector was used for the determination of
molecular masses of the polymers. DMF was used as the
eluent at a flow rate of 0.5 mL min~" at 45 °C. The columns set
were one Tosoh TSKgel G5000HHR column (7.8 x 300 mm),
one Tosoh TSKgel G3000HHR column (7.8 x 300 mm), one
Tosoh TSKgel SuperH-RC reference column for EcoSEC and
one Tosoh TSKgel HHR-H guard column (6 x 40 mm).
Absolute molecular weights and molecular weight distri-
butions were calculated using the Astra 7.1.2 software package.
Dynamic light scattering (DLS) (Malvern Zetasizer Nano ZS,
Malvern Instruments, UK) measurements were performed to
determine the average size and size distribution of the par-
ticles. For morphology analysis, highly diluted polymers in
water were dropped on a carbon film-coated Cu grid and left to
dry. Samples were imaged on a Thermo Scientific Quattro
ESEM scanning electron microscope (30 kV) equipped with a
transmission electron detector (STEM) under high vacuum
from a working distance of 7.6 mm, and the digital images of
the samples were captured.

Results and discussion
Synthesis of the aza-BODIPY monomer (aza-DOD-DA)

The fluorescent monomer, aza-DOD-DA, was obtained through
a typical synthesis of dihydroxy aza-BODIPY (aza-BOD-OH,
Scheme S17) followed by modification of the hydroxyl groups
with acryloyl chloride (Scheme S27).°* Structures of the precur-
sor molecules and aza-BOD-OH were analyzed and confirmed
by FT-IR, NMR, UV-VIS and fluorescence spectroscopy (Fig. S1-
S71). Most importantly, a bathochromic shift of the absorption
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maximum from 612 nm to 674 nm supported the successful
incorporation of -BF,- into the aza-dipyrromethene yielding
aza-BOD-OH, as shown in Fig. $7.1 ®® In addition, aza-BOD-OH
showed a strong emission band at 708 nm, whereas the aza-
dipyrromethene precursor did not show any fluorescence.®*
Chemical structures of the aza-BOD-OH and aza-DOD-DA were
confirmed by NMR and FT-IR spectroscopy. The NMR spectra
of aza-BOD-OH (Fig. S51) and aza-BOD-DA (Fig. S81) contain
all characteristic aromatic proton peaks in the range of
6.85-8.10 ppm. After modification of aza-BOD-OH with acry-
loyl chloride, the phenolic proton peak at 10.15 ppm comple-
tely disappeared; new peaks attributed to three protons of the
acrylate groups appeared at 6.68, 6.38 and 6.08 ppm. The
3C-NMR spectrum of aza-BOD-DA (Fig. S91) was also consist-
ent with the proposed structure. Furthermore, FT-IR results
supported the successful modification of aza-BOD-OH to aza-
BOD-DA. The disappearance of the hydroxyl bands around
3500 cm™! and the emergence of a strong carbonyl band at
1730 cm™" in the FT-IR spectrum of aza-BOD-DA (Fig. S10B*)
confirmed the presence of the acrylate groups in the structure.

Synthesis of water soluble fluorescent PBAEs with folic acid
end groups

The water-soluble polymeric PSs based on PBAEs with aza-
BODIPY groups in the main chain were synthesized through
conventional aza-Michael addition-based poly-condensation
polymerization.>®”*% 5-Amino-1-pentanol (AP) was preferred
as the amine monomer; PEGDA and aza-BOD-DA were chosen
as water soluble and fluorescent acrylate monomers, respect-
ively. The polymers were obtained using a one-pot three-step
synthetic approach involving (1) polymerization, (2) end-
capping with acrylates and (3) end-capping with amines
(Scheme 1).

First, the polymerization conditions were optimized with
acrylate end-functionalized polymers which were obtained by
performing only the first two steps of the three-step synthetic
approach. The polymers were obtained with acrylate end
groups in yields of 64-81% and with molecular mass around
5000-7700 g mol~". The acrylate end-capped polymers were
also used for the approval of the aza-BODIPY content. The aza-
BODIPY contents of acr-wPBAE10%, acr-wPBAE5% and acr-
wWPBAE1% were determined to be 8.2%, 4.9%, and 2.4%,
respectively, which were in compliance with the feed ratio (see
Table 1). The reaction conditions of acr-wPBAE5% were chosen
for optimization of amine end group transformation. Excess
amounts of amine (i.e. EDA) or extended reaction times may
cause degradation of PBAEs during the amine end-capping
process.®® Therefore, the reaction duration and the amount of
the amine (EDA) were optimized. The appropriate amount of
amine was determined to be 0.29 molar equivalents of the
overall acrylate monomers. Higher amounts probably led to
degradation of the polymer, because aqueous solutions of the
polymers exhibited no or very weak fluorescence whereas
strong fluorescence was observed for polymers in THF (the
results are not given). The degradation might yield small
polymer fragments with a highly hydrophobic aza-BODIPY

This journal is © The Royal Society of Chemistry 2024
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Table 1 The PBAEs synthesized

Monomer feed Aza-BOD-DA

ratio [AP]: [PEGDA] : Yield® My nmr 1ncordp0rat10n M, Aabs. ™ _
Polymer [aza-BOD-DA] End-group (%) (gmol™) (DPY’  ratio? (%) (gmol™) PDE (nm) ey ' (nm)
Acr-wPBAE10% 1.0:0.90:0.10 Acrylate 64 5020 (6.3) 8.2 8.7 x10° 1.69 682 706
Acr-wPBAE5% 1.0:0.95:0.05 Acrylate 81 5440 (6.8) 4.9 2.0 x 10* 2.20 674 709
Acr-wPBAE1% 1.0:0.99:0.01 Acrylate 75 7710 (9.6) 2.4¢ 6.0 x 10* 2.39 671 708
Amine-wPBAE10% 1.0:0.90:0.10 Amine 74 N.D.¢ 7.2 2.5 x10* 3.12 677 707
Amine-wPBAE5% 1.0:0.95:0.05 Amine 76 N.D.¢ 3.6 4.6 x 10* 3.44 669 706
FA-wPBAE10% 1.0:0.90:0.10 FA — N.D.¢ 14.6" 4.7 x 10* 5.43 674 709
FA-wPBAE5% 1.0:0.95:0.05 FA — N.D.¢ 7.97 8.5 x 10* 6.48 671 710

“Yields were determined gravimetrically. ® Molecular masses of the polymers and degrees of polymerization (DP) were calculated using end
group analysis based on the peaks belongmg to the protons of the end acrylates and AP’s methylene protons in the NMR spectrum. ° The values
could not be determined from NMR spectra. ¢ Molar incorporation ratio of aza-BOD-DA was calculated from the peaks belonging to aza-BODIPY
and peaks of methylene groups of AP in the NMR spectrum. ° Since the sizes of the peaks in the NMR spectrum were quite small, the calculated
value may result in a relatively high error.” These values were higher than the expected values since the baseline in the NMR spectra of FA termi-
nated polymers was not as smooth as that of the amlne terminated polymers. ¢ The molecular masses and polydispersity index (PDI) were deter-

mined on a GPC device with DMF as the eluent.

" The wavelengths of maximum absorbance were determined from UV-Vis spectra recorded in

water. ' The wavelengths of maximum emission were determined from fluorescence spectra recorded in water.

group which were not soluble in water but soluble in THF. In
the optimization of the time period of amine end-capping,
5-hour treatment with the amine resulted in complete trans-
formation as evaluated by NMR spectroscopy (Fig. 1).
Therefore, these optimal conditions were employed in the syn-
thesis of the subsequent polymers.

After optimization of the polymerization conditions, two
different polymers were prepared with two different feed ratios
of aza-BOD-DA (5 and 10 mol% with respect to acrylate) using
the one-pot approach (Scheme 1). Excess PEGDA (0.10 eq.) and
EDA (0.29 eq.) were sequentially added to the reaction medium
for the complete conversion of end groups to acrylate and
amine, correspondingly, after the polymerization step. The
chemical structures of the polymers were confirmed by NMR
spectroscopy. The "H-NMR spectra of amine end-functiona-
lized polymers (amine-wPBAE10% and amine-wPBAE5%) are
depicted in Fig. S14 and S15.f The strong peak at 3.66 ppm
attributed to methylene protons of the PEG chain, the peaks of
methylene proton neighbouring the tertiary amine at
2.77 ppm, and the proton peaks of AP at 1.32-1.61 and
3.70 ppm confirmed the accomplishment of the Michael
addition-based poly-condensation. Most importantly, the
appearance of typical aromatic peaks at 6.90-8.05 ppm verified
the incorporation of the aza-BODIPY moieties (the incorpor-
ation ratios are given in Table 1). The absence of the acrylate
proton peaks, which would appear at 5.80-6.40 ppm, was inter-
preted as the complete transformation of the acrylates to the
amines.

In the next step, folic acid (FA) conjugation to the terminal
amino group of the polymers was achieved using the succini-
midyl ester of FA (FA-NHS) (Scheme 2) (see the ESI for syn-
thesis and characterization of FA-NHS; Scheme S3, Fig. S11
and S127). FT-IR spectra of both amine and FA end-functiona-
lized polymers (Fig. S167) exhibited bands of the main func-
tionalities such as -OH (at 3466 cm™"'), -C-H (at 2933 and
2857 cm™ '), -C=0 (at 1720 cm™ ") and -C-O-C- (at 1087 cm ™)
supporting the chemical structure of the polymers. For a com-

This journal is © The Royal Society of Chemistry 2024

prehensive understanding of the transformation, NMR spec-
troscopy was employed. Comparative NMR spectra of acylate,
amine and FA end-functionalized polymers (Fig. 2) verified the
conjugation of the FA group. Specifically, the peaks at
6.62 ppm (peak d), 6.91 ppm (peak c) and 8.63 ppm (peak a)
were assigned to the typical aromatic proton peaks of FA accu-
rately, as indicated by the individual NMR spectra of FA-
wWPBAE10% (Fig. S171) and FA-wPBAE5% (Fig. S181).67%®

Physicochemical and photophysical properties

The effectiveness of PDT and bioimaging depends on the
physicochemical and photophysical properties of the PS such
as water solubility/dispersibility and absorption/emission in
the NIR region. Therefore, such properties of the precursor
molecules and the polymers were examined. Since the precur-
sor molecules, aza-BOD-OH and aza-BOD-DA, were soluble in
organic solvents, the UV-Vis and fluorescence spectra were
recorded in THF (Fig. S20f). Both aza-BOD-OH and aza-
BOD-DA showed typical absorbance bands with maxima at
669 nm and 655 nm and emission bands with maxima at
708 nm and 680 nm, respectively. The spectral performance in
the NIR region (650-900 nm) is characteristic of aza-
BODIPYs.'7**% Moreover, their molar absorptivity coefficients
(emax) Were found to be 70937 M™' ecm™" (aza-BOD-OH) and
50485 M~' cm™" (aza-BOD-DA). Such PSs exhibiting activity in
the NIR region with high molar absorptivity coefficients are
valuable for biomedical applications due to their enhanced
tissue penetration.’*’®”" However, these aza-BODIPYs were
not soluble/dispersible in water due to their hydrophobic
nature. This drawback was addressed by incorporating aza-
BODIPY groups into the backbones of water-soluble PBAEs.
The polymers in water showed a completely homogeneous and
transparent appearance with a distinctive blue color of aza-
BODIPY (Fig. 3A-C). Both DLS measurements and STEM
images of the polymers (0.5 mg mL™") revealed that the poly-
mers formed nanoparticles in an aqueous medium. The
average particle sizes and PDIs of the samples obtained by

Polym. Chem., 2024,15, 2177-2190 | 2183
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Fig. 3 Photographic images of acrylate (A), amine (B) and FA (C) end-
functional PBAEs dispersed in water; UV-Vis spectra of acrylate end-
functional PBAEs (0.7 mg/mL) (D); and the corresponding plot of aza-
BOD-DA feed ratio and absorption maxima (E).

DLS are given in Table S1 and Fig. S19.f FA-wPBAE10% and
FA-wPBAE5% had average sizes of 98.1 nm and 108.8 nm with
a unimodal distribution, respectively (Fig. 4A-D). These poly-
mers exhibited a globular morphology and sub-100 nm sizes
as shown in the STEM images (Fig. 4E). Such nano-sized poly-
meric particles are highly demanded for passive targeting of
tumor tissues via the EPR effect.’®

As shown in Fig. 3, the blue color and homogeneous
appearance supported successful incorporation of aza-BODIPY
groups into the polymer chains. Increasing the feed ratio of
aza-BOD-DA resulted in a darker color and stronger absorption
bands in the UV-Vis spectra (Fig. 3D). This linear relationship
between the aza-BOD-DA feed ratio and the absorption

2184 | Polym. Chem., 2024, 15, 2177-2190

maxima (Fig. 3E) is also a good indicator of the efficient incor-
poration of aza-BODIPYs into the polymers. The incorporation
ratio of aza-BOD-DA was quantitatively determined by both
NMR (by mole) and UV-Vis (by mass) spectroscopy (Table 2).
The aza-BOD-DA molar incorporation ratio was calculated
from the proportion of typical aromatic peaks of aza-BODIPY
at 6.90-8.05 ppm to peaks of methylene groups of 5-amino-1-
pentanol at 1.20-1.40 ppm in the NMR spectrum. In addition,
UV-Vis spectroscopy was employed to support the incorpor-
ation ratios determined by NMR spectroscopy. For this, the
fraction of aza-BOD-DA (by mass) was calculated using the
maximum absorbance values of the polymer solutions and the
calibration curve of aza-BOD-DA in THF (Fig. S20F}). The
incorporation ratios were determined to be 2.4% and 4.1% by
mass for amine-wPBAE5% and amine-wPBAE10%, respectively.
To compare the incorporation ratios obtained from NMR and
UV-Vis spectroscopy, the incorporation efficiencies were calcu-
lated by determining the proportion of the feed ratio to the
incorporation ratio (Table 2). The efficiencies were found in
the range of 51-76% (by mass) by UV-Vis spectroscopy and
were comparable with some of the molar incorporation
efficiencies determined by NMR spectroscopy. However, values
obtained from UV-Vis spectroscopy were deemed more
reliable. Small peaks and an uneven baseline in NMR spectra
may introduce a higher error margin, which was observed
especially in acr-wPBAE1% and FA-wPBAE10%.

To get further insight into the biological applications,
UV-Vis and fluorescence spectra of all PBAEs were recorded in
aqueous media (Fig. S21-S24f). The maximum absorption
wavelengths were found in the NIR region ranging from
669 nm to 696 nm. In all cases, the absorption spectra showed
a linear concentration-dependent manner, as the concen-
tration (mg mL™') against absorbance maxima exhibited a

This journal is © The Royal Society of Chemistry 2024
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FA-WPBAE5% FA-wPBAE10% emission maxima of the polymers in aqueous media initially
A x YU NEEW S Qw' R L increased and then decreased dramatically with increasing
. u e e concentration (Fig. S25At). This behaviour was attributed to
—__ e ._'. aggregation induced quenching, which was also observed for
_# - Y. . previously reported aza-BODIPYs.”””’* In addition, the
e am . . - maximum emission wavelengths shifted to longer wavelengths
g5 . T with increasing concentration or increasing aza-BODIPY
Bmm content. For instance, the maximum emission wavelength of
iy amine-wPBAE10% was found in the range of 702-759 nm for
. different concentrations (Fig. S25B7). This bathochromic shift
y with increasing aza-BODIPY content is caused by
. J-aggregation, as reported in previous studies.”””* Based on all
! ' these results, the suitable polymer concentration for imaging
experiments was chosen to be 0.5 mg mL™" which exhibited
E . the highest fluorescence intensity and did not affect the cells.
16 108.8 nm
14 98.1 nm Singlet oxygen quantum yield (¢p,) and fluorescence quantum
i —=— FA-WPBAESY% (0.5 mg/mL) yield (¢x)
= 107 —*— FA-wPBAE10% (0.5 mg/mL) Singlet oxygen is considered to be the main cytotoxic agent in
z 8 photodynamic therapy (PDT), and hence, singlet oxygen gene-
g 64 ration upon irradiation of PSs was monitored using the singlet
E 4] oxygen quantum yield (¢,). A common approach for determi-
2] _f‘\ nation of ¢, relies on tracking the absorbance (at 414 nm) of
0] 1,3-diphenylisobenzofuran (DPBF), a singlet oxygen scavenger,
oyl e upon irradiation of the PS.>®”° Principally, the PS absorbs the
- Gl ik 10000 light (around 650-670 nm) and produces singlet oxygen from
S (0.0} molecular oxygen via intersystem crossing (ISC).””

Subsequently, the reactive singlet oxygen (‘O,) decomposes
Fig. 4 STEM images of FA-wPBAES% (A and B) and FA-wPBAE10% (C  pppp (Fig, S26A1) leading to a decrease in the absorbance of
,a-:i?,ez);ir:: gfgtl(lczl)e size distribution of these polymers in water deter- DPBF at 414 nm. In this study, singlet oxygen mediated photo-
bleaching of DPBF in the presence of a reference PS, namely
methylene blue (MB), the precursor molecule (aza-BOD-OH)
linear fit with a decent coefficient of determination (R*). On and all polymers was monitored. Photobleaching of DPBF
the other hand, the fluorescence intensities exhibited a com- upon irradiation of MB and aza-BOD-OH in air saturated
pletely different behavior regarding the concentrations. The ethanol was exemplified and is shown in Fig. S26B and S26C.T

Table 2 Aza-BOD-DA incorporation efficiencies of PBAEs obtained from NMR and UV-Vis spectroscopy

Aza-BOD-DA feed

ratio Aza-BOD-DA incorporation ratio Incorporation efficiency

Polymer Mol% ¢ Mass% ” Mol% ¢ (by NMR) Mass% ¢ (by UV-Vis) Mol% " (by NMR) Mass %' (by UV-Vis)
Acr-wPBAE10% 10.0 8.0 8.2 6.1 82 76

Acr-wPBAE5% 5.0 4.0 4.9 2.6 98 65

Acr-wPBAE1% 1.0 0.78 2.4¢ 0.42 >100 54
Amine-wPBAE10% 10.0 8.0 7.2 4.1 72 51
Amine-wPBAE5% 5.0 4.0 3.6 2.4 72 60

FA-wPBAE10% 10.0 8.0 14.6° N.D# >100 N.D#

FA-WPBAE5% 5.0 4.0 7.9 N.D.# >100 N.D.#

“Aza BOD-DA feed ratios (by mole) were calculated with respect to the overall molar amount of diacrylate monomers utilized in the synthesis.

b Aza-BOD-DA feed ratios (by mass) were calculated with respect to the overall mass of all monomers utilized in the synthesis.  Aza-BOD-DA
incorporation ratios were determined from the ratio of peaks of the aza-BODIPY proton to peaks of methylene groups of 5-amino-1- pentanol in
the NMR spectrum. ? Since the sizes of the peaks in the NMR spectrum of Acr-wPBAE1% were quite small, the calculated value may result in a
relatively high error. ¢ These values were higher than the expected values since the baseline in the NMR spectra of FA terminated polymers was
not as smooth as that of the amine terminated polymers. Therefore, the calculated values may have relatively high errors. Aza-BOD-DA incorpor-
ation ratios (by mass) were calculated by taking the proportlon of concentration of aza-BODIPY (obtained via UV Vis spectroscopy) to the polymer
concentration. ¢ Since the polymers showed poor solubility in THF, these values could not be determined. " Molar incorporation efficiency was
calculated by taking the proportion of the feed mole ratio to the incorporation mole ratio. ‘ Incorporation efficiency (by mass) was calculated by
taking the proportion of the feed mass ratio to the incorporation mass ratio.

This journal is © The Royal Society of Chemistry 2024 Polym. Chem., 2024,15, 2177-2190 | 2185
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Table 3 Singlet oxygen quantum yields (¢,) and fluorescence quantum yields (¢¢) of aza-BOD-OH and the PBAEs

Polymer Singlet oxygen quantum yield (¢)” Fluorescence quantum yield (¢¢)” Jabs. 2(nm) Jem.” (nm)
Acr-wPBAE10% 0.030 0.0034 682 706
Acr-wPBAE5% 0.032 0.0074 674 709
Acr-wPBAE1% 0.035 0.0150 671 708
Amine-wPBAE10% 0.036 0.0042 677 707
Amine-wPBAE5% 0.045 0.0081 669 706
FA-WwPBAE10% 0.034 0.0114 674 709
FA-wPBAE5% 0.026 0.0255 671 710
Aza-BOD-OH (in ethanol) 0.044 0.0225 663 712
MB (in water) — 0.22°° 664 684
MB (in ethanol) 0.52°7 — 655 677

“Singlet oxygen quantum yields (¢5) were determined in ethanol using MB as the reference PS. ? Fluorescence quantum yields (¢p), maximum
absorbance wavelength (1,5 ) and maximum emission wavelength (Aen,, ) were determined in water using MB as the reference PS.

The absorbance values were plotted against the irradiation
time to calculate the ¢, (Fig. S26Dt). The ¢, of aza-BOD-OH
was calculated to be 0.044 with respect to MB as the standard
PS using eqn (1). This value is slightly higher than those of
previously reported and structurally similar aza-BODIPYs (¢, =
0.009-0.012).”® The same approach was employed in the deter-
mination of ¢, values of the polymers which were found to be
in the range of 0.026-0.045 in ethanol (Table 3). Even though
the aza-BODIPY contents were quite low, the ¢, values of the
PBAEs were comparable with the value of the precursor, aza-
BOD-OH, and thus, they can be considered to be a promising
PS for PDT.

Fluorescence quantum yields (¢r) of the PBAEs and the pre-
cursor compound (aza-BOD-OH) were also determined. The ¢
of the precursor was found to be 0.0225 in ethanol, which is

consistent with the literature values. Previous studies on aza-
BODIPY conjugated with poly(ethylene glycol) (PEG-BODs)
reported the ¢y to be 0.008-0.07 in methanol.”” ¢y values of
the PBAEs in an aqueous solution ranged between 0.0034 and
0.0255 with respect to the reference PS (¢ of MB: 0.22).
Although the values were relatively low, the polymers displayed
strong radiation in the NIR region in cell culture experiments.

Biological assays

The cellular uptake assay aimed to assess the capacity of non-
cancerous HUVECs and U87-MG glioma cells to take up the
polymers into the intracellular environment. It was assessed
by fluorescence imaging of both FA-wPBAE10% and FA-
wPBAE5% polymers (Fig. 5A). The polymers showed a fluo-
rescence intensity of 100% for both cell lines after 1 h treat-
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Fig. 5 The fluorescent PBAEs were taken up by cells and induced photocytotoxicity on cancerous cells. (A) Cellular uptake assay. Cells were treated
with 0.5 mg mL™* FA-wPBAE10% or FA-wPBAE5% and evaluated under a fluorescence microscope. Images are shown with 20x magpnification. (B)
Percentage fluorescence intensity of the cells treated with FA-wPBAE10%. (C) Cell proliferation assay of HeLa and U87-MG cells. Concentrations of
both FA-wPBAE10% and FA-wPBAE5% range from 1 to 0.08 mg mL™. 0 minutes indicates no red-light exposure. 30 and 60 minutes indicate that
cells were exposed to red light (4 = 630—-700 nm) for 30 minutes in one group and 60 minutes in another group.

2186 | Polym. Chem., 2024, 15, 2177-2190

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4py00318g

Open Access Article. Published on 01 May 2024. Downloaded on 12/4/2025 7:03:44 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Polymer Chemistry

ment with 0.5 mg mL™" concentration (Fig. 5B). The findings
demonstrated that the polymers were able to effectively pene-
trate the cells within one hour and did not cause any toxic
damage to the cells. This highly efficient cellular penetration
can be attributed to the cationic nature of PBAEs at lower pH
values (>6.5) and their favorable interaction with negatively
charged cell surfaces.>® FA groups of the polymers did not
make a significant difference for cellular uptake in these cell
culture experiments; however, these FA functionalities would
be beneficial for overcoming the blood-brain barrier (BBB)

>1000

Il US7-MG + FA-WPBAE10%

< < <
1000 — == =
[ Hela + FA-wPBAE10%
900 Il UB7-MG + FA-WPBAE5%
[ Hela + FA-wPBAE5%
>
©

[l HUVEC + FA-wPBAE5%

IC ” (Mg/mL)

0 min. 30 min.

Irradiation time

Fig. 6 Half maximal inhibitory concentration (ICso) of FA-wPBAE10% or
FA-wPBAES5Y% in photocytotoxicity assays (N/A refers to no toxic effects
leading to the death of a minimum of 50% of cells).
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since FA receptors are common receptors expressed on the
BBB.*° As a result, it is suggested that the designed polymer
structure serves as a successful system for delivering the PS to
specific targets without damaging the cells.

The purpose of the cell proliferation assay was to evaluate
the anti-cancer effects of polymers on cancer cells. Cell pro-
liferation after treatment of U87-MG and HeLa cells with the
PBAEs and red-light exposure (4 = 630-700 nm) was compared.
Dose-dependent anti-cancer activity of both polymers was
observed. Red light exposure together with the polymers
induced the aza-BODIPY moieties leading to singlet oxygen
generation and a significant cell death in both polymers com-
pared to the cells that were not exposed to red light. The half-
maximal inhibitory concentration (ICs,) values were calculated
and are shown in Fig. 6. Briefly, it can be concluded that the
FA-wPBAE10% molecule showed better anti-cancer activity
than FA-wPBAE5%. It was also observed that the polymers
were more effective at relatively high concentrations in cells
with no red-light exposure, whereas in cells exposed to red
light for 30 and 60 minutes, they were effective at much lower
concentrations (Fig. 5C and 6). Furthermore, FA-wPBAE5% was
not toxic to non-cancerous HUVECs, while it showed signifi-
cant anti-cancer activity against U87-MG and HeLa cells.

As intracellular ROS production due to PDT treatment is
accompanied by cytotoxicity, ROS activity was measured in
HeLa and U87-MG cells to evaluate photocytotoxicity. Both
polymers induced ROS activity, and the longer the duration of
the light exposure of both molecules, the higher the ROS

A FA-wPBAE10% FA-wPBAE5% FA-WPBAE10% FA-wPBAE5%
v : B S
HelLa HelLa 2
£
Q < 3%
© ]
Untreated T
=
— — — - No red light
FITC-H FITCH
Ug7-MG Ug7-MG rig 'J::t No Red Light 30 Min Red Light 60 Min Red Light
€
3 60 min D 3 90
= red light 2
2 70 Tt : t Control
3 5.0 FA-WPBAE10% no red light
. — - & 30 : - FA-wPBAE10% 30 min red light
FITCH FITCH g ) i i
s }
c -10
00 100 200 30.0 400
; Time (in Hour)
FA-WPBAE10% FA-WPBAES% 35
£ £ 3
=1 £ g 00
& & § 150
g o g “ 3 100 Control
K
- : E 5.0 FA-wPBAE5% no red light
& T = # T P S s oo s FA-WPBAES% 30 min red light
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Fig. 7 The polymers promote ROS activity and reduce colony formation and invasion potential of cancerous cells upon irradiation. (A) Flow cyto-
metric ROS activity analysis of HeLa and U87-MG cells by DCFH-DA staining, treated with FA-wPBAE10% and FA-wPBAE5% and red-light exposure.
(B) Colony formation assay of Hela cells. Images of Hela colonies treated with FA-wPBAE10% (0.1 mg mL™Y) and FA-wPBAE5% (0.3 mg mL™%) and
exposed to red light on day 8. Cells were fixed with ice-cold methanol and stained with 0.5% crystal violet. (C) Percentage relative colony density
normalized to the no red light control group. Colony density was determined as pixel counting using Adobe Photoshop. (D) Cell invasion assay of
U87-MG cells. Cell index was measured every 15 min for 48 h on an X-Celligence system.
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activity measured (Fig. 7A and Fig. S29%). Furthermore, pro-
longed light exposure caused a decrease in the number of cells
along with an increase in ROS formation. The colony for-
mation capability of cancer cells is proportional to the stem-
ness potential of cancer cells because only cancer promoting
stem cells generate colonies. It was observed that the number
of colonies in the no red light exposed group increased;
however, when the cells were exposed to red light, the number
of cell colonies significantly reduced for both polymers
(Fig. 7B). The FA-wPBAE10% molecule showed superior activity
indicating almost no colony formation even in 30 minutes of
red light exposure, while the FA-wPBAE5% molecule showed a
significantly decreased number of colonies (Fig. 7C). The inva-
siveness potential of U87-MG cells after polymer treatment
and red-light exposure was investigated using a real time impe-
dance-based cell tracking system. Results revealed that both
polymers target the cancer stem cells having colony formation
potential.

Migration of cells to the growth factor attractant chamber is
proportional to their cellular invasion and migration potential.
Cells that underwent the polymer treatment without exposure
to red light were used as controls along with cells that did not
receive the polymer treatment, and they showed almost similar
invasion. However, cells that are exposed to 30 minutes of red
light together with both polymers showed no cellular invasion
(Fig. 7D). Results indicated that both polymers reduce the
invasion potential of cancer cells.

Conclusion

We have developed a biodegradable, highly water dispersible
and fluorescent PBAE as an efficient PS for PDT and imaging.
The PBAEs were specifically designed to have amine end
groups through aza-Michael addition-based poly-condensation
polymerization of acrylate functional aza-BODIPY, PEGDA and
5-amino-1-pentanol. The amine-end functionalized polymers
were end-capped with folic acid to increase the cancer-cell-tar-
geting efficiency of the PS. The polymers assembled into glob-
ular nano-sized particles, which is beneficial for passive tumor
targeting. The fluorescent polymers demonstrated promising
anti-cancer activities against U87-MG brain tumor cells and
HeLa cervical tumor cells while showing no significant cyto-
toxicity on non-cancer cells. The mechanism of action for anti-
cancer activity was found to be via singlet oxygen and ROS
generation upon irradiation with red light. Moreover, the poly-
mers with irradiation dramatically decreased colony formation
and exhibited high potential in the prevention of cancer cell
invasion. In addition, the polymers were found to be very
effective in cancer cell imaging.
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