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Purpose: The use of chemotherapeutic agents to combat cancer is accompanied by high

toxicity due to their inability to discriminate between cancer and normal cells. Therefore,

cancer therapy research has focused on the targeted delivery of drugs to cancer cells. Here,

we report an in vitro study of folate-poly(ethylene glycol)-poly(propylene succinate) nano-

particles (FA-PPSu-PEG-NPs) as a vehicle for targeted delivery of the anticancer drug

paclitaxel in breast and cervical cancer cell lines.

Methods: Paclitaxel-loaded-FA-PPSu-PEG-NPs characterization was performed by in vitro drug

release studies and cytotoxicity assays. The NPs cellular uptake and internalization mechanism

were monitored by live-cell imaging in different cancer cell lines. Expression of folate receptor-α

(FOLR1) was examined in these cell lines, and specific FOLR1-mediated entry of the FA-PPSu-

PEG-NPs was investigated by free folic acid competition. Using inhibitors for other endocytic

pathways, alternative, non-FOLR1 dependent routes for NPs uptake were also examined.

Results: Drug release experiments of Paclitaxel-loaded PPSu-PEG-NPs indicated

a prolonged release of Paclitaxel over several days. Cytotoxicity of Paclitaxel-loaded PPSu-

PEG-NPs was similar to free drug, as monitored in cancer cell lines. Live imaging of cells

treated with either free Paclitaxel or Paclitaxel-loaded PPSu-PEG-NPs demonstrated tubulin-

specific cell cycle arrest, with similar kinetics. Folate-conjugated NPs (FA-PPSu-PEG-NPs)

targeted the FOLR1 receptor, as shown by free folic acid competition of the FA-PPSu-PEG-

NPs cellular uptake in some of the cell lines tested. However, due to the differential

expression of FOLR1 in the cancer cell lines, as well as the intrinsic differences between

the different endocytic pathways utilized by different cell types, other mechanisms of

nanoparticle cellular entry were also used, revealing that dynamin-dependent endocytosis

and macropinocytosis pathways mediate, at least partially, cellular entry of the FA-PPSu-

PEG NPs.

Conclusion: Our data provide evidence that Paclitaxel-loaded-FA-PPSu-PEG-NPs can be

used for targeted delivery of the drug, FA-PPSu-PEG-NPs can be used as vehicles for other

anticancer drugs and their cellular uptake is mediated through a combination of FOLR1

receptor-specific endocytosis, and macropinocytosis. The exploration of the different cellular

uptake mechanisms could improve treatment efficacy or allow a decrease in dosage of

anticancer drugs.

Keywords: Folate-PPSu-PEG copolymers, nanoparticles, drug delivery, Paclitaxel, targeted

chemotherapy, breast cancer

Introduction
Breast Cancer is an eminent concern of public health, as it is the most common

cancer in women worldwide, and the second most common cancer overall. It is the

fifth most common cause of cancer-related deaths in women, and although less
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common in men, it may have a poorer outcome due to

delayed diagnosis.1 The large majority of cases occur in

less developed regions (statistics from 2018).2

The first-line therapy of solid tumors is based on sur-

gery with supporting radiotherapy and/or chemotherapy.

For metastasized tumors, chemotherapy is among the very

few treatment options available. Paclitaxel, the most

widely used anticancer drug, is mainly employed

as second-line therapy in different types of cancer, includ-

ing breast and cervical cancer.3,5 Paclitaxel targets micro-

tubules and has been claimed as the most significant

advance in chemotherapy during the last 30 years by

National Cancer Institute (NCI).4,6 However, like all che-

motherapy regimens, Paclitaxel treatment is accompanied

by side effects, as it also affects normal cells.

Therefore, a main focus in cancer therapy in recent

years has been the targeted delivery of the anti-tumor

drugs to cancer cells, avoiding any harm to the normal

cells. While systemic drug delivery depends mostly on

drug characteristics and properties, most tumors act in

their favor hindering effective drug delivery, through

many mechanisms including increased cellular turnover,

tissue density and drug resistance via active drug export.7,8

Nanosystems are under intense investigation as drug

delivery systems, with the aim of achieving longer circula-

tion, specific targeting, increased drug delivery, faster deliv-

ery to the tumor site, enhanced intracellular penetration and

subsequently enhanced drug effect. In addition, nanocar-

riers aim to prevent the degradation of the drug, as well as to

control the degree/rate of drug release, thereby allowing

potential lower concentration and dosage frequency of the

anticancer drug.7,8 Several nanocarriers have been used as

drug delivery vehicles in the past decades, including lipo-

somes, nanospheres, non-toxic biodegradable polymers,

solid lipid nanoparticles NPs and inorganic-organic

nanomaterials.9,13 The selective uptake of NPs by tumor

cells can be enhanced by the addition of specific molecules

on the nanoparticle surface (targeting moieties), recognized

mainly by cancer cells.14

Recently, major progress has been made towards the

development of functionalized nanocarriers with improved

features, such as biocompatibility, biodegradability, and intra-

cellular penetration. These nanocarriersmay also be combined

with ligands or small chemical compounds conferring directed

cell targeting and stimuli responsiveness.8,9,15 Such nanocar-

riers include biocompatible and biodegradable polymers, with

low degradation rates, such as poly(lactic acid) (PLA) and its

copolymers with glycolic acid (PLGA), poly(e-caprolactone)

(PCL) and poly(propylene succinate) (PPSu), a novel biocom-

patible polymer combining increased biodegradation and

melting point close to the normal body temperature.16,19

These nanoparticles (NPs) demonstrate favorable pharmaco-

kinetic and biodistribution profiles, for instance, pegylated

PPSu NPs (PPSu-PEG-NPs) have decreased rate of removal

from systemic circulation due to fast uptake by the reticuloen-

dothelial system (RES),20,27 and show preferential accumula-

tion in tumors due to the enhanced permeability and retention

(EPR) effect. However, these NPs do not appear to show

increased uptake by cancer cells.28

In this study, we examined the potential of PPSu-PEG-NPs

as a new pharmaceutical form for Paclitaxel delivery. To this

aim, we investigated the release profile and cytotoxicity of the

drug-loaded biodegradable and biocompatible nanocarriers.

As folic acid (FA) is reported to mediate tumor-specific

recognition7,27,29 we also examined whether conjugation of

FA to the PPSu-PEG-NPs (FA-PPSu-PEG-NPs) would speci-

fically target the NPs to tumor cells. Moreover, fluorescent

labeling of FA-PPSu-PEG-NPs with Rhodamine B allowed us

to investigate FA-dependent and independent cellular interna-

lization mechanism(s) in different cancer cell lines.

Materials and Methods
Materials
For the synthesis of conjugated polyester, succinic acid (99%

pure), 1,3-propanediol (99% pure), tetrabutyl titanate (TBT),

tripolyphenylphosphine (Ph3P), diethyl azodicarboxylate

(DEAD), poly(ethylene glycol) (PEG) with molecular weight

2000, maleimide (MAL) and Sn(octanoate) (Sn(Oct)2) were

purchased from Aldrich Chemical Co. Folic acid (FA),

N-hydroxysuccinimide (NHS), triethylamine (TEA), dicyclo-

hexylcarbodiimide (DCC) and Paclitaxel were also purchased

fromAldrich Chemical Co. All other reagents were purchased

from Analytical Grade.

Synthesis of Pegylated-Poly(Propylene

Succinate) Copolymers Conjugated with

Folic Acid
The copolymers were synthesized as described previously.9

Briefly, maleimide (MAL)-PEGwas prepared, which reacted

with PPSu to produce MAL-PPSu-PEG. A pre-determined

amount of MAL–PEG–OH, PPSu and Sn(Oct)2 catalyst

(0.1% amount of polyester in molar ratio) was dissolved in

dry toluene in a flame-dried two neck flask equipped with

a distillation set. The mixture was heated to 130°C and

refluxed for 5 h. Subsequently, the solution was cooled to
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room temperature and precipitated into cold diethyl ether.

The product (MAL–PEG–PPSu) was collected by filtration

and dried in vacuum at room temperature.

In a second reaction, activated folic acid by

N-hydroxysuccinimide (NHS) and dicyclohexylcarbodiimide

(DCC) was used to prepare FA–PEG–PPSu copolymer.

Briefly, 1g FA was dissolved in 50 mL dimethyl sulfoxide

(DMSO). Then, NHS and DCC were added to the solution in

a stoichiometric ratio of FA:NHS:DCC1:2:1. The solutionwas

stirred for 16 h at room temperature protected from light.

Dicyclohexylurea, the by-product, was removed by filtration.

The supernatant was added to glacial diethylether and the solid

formed was filtrated and dried for 3 days at 30°C. The dried

product was dissolved in DMSO and cysteamine- hydrochlor-

ide and 0.1 mL (TEA) were added. Subsequently, the solution

was stirred for 24 h and the final product was recovered after

pouring into diethylether. The modified-folic acid (FA-NHS)

was washed thrice with purified water and dried at 30°C. In

the second step, activated FA was reacted with MAL–PPSu-

PEG. Briefly, 10mg of FA-NHSwere added to 20mL of TEA

andMAL-PPSu-PEG was dissolved in 10 mL of DMSO. The

solutions were mixed and stirred for 24 h at room temperature.

DMSO residue was removed via distillation in order to receive

a yellow colored FA-PPSu-PEG polymer.

Synthesis of Pegylated-Poly(Propylene

Succinate) Copolymers Conjugated with

Rhodamine B Dye
The Rhodamine (Rho) conjugated PEG–PPSu was synthe-

sized, as previously described.29 Briefly, activation of Rho

was affected when 0.1 g of Rho was added into 10 mL

DMSO and 0.06 mL TEA. After dissolving the dye,

51.6 mg of DCC and NHS were added. Magnetic stirring

in the dark was continued for 24 h and the dicyclohexylurea

produced was removed by filtration. DMSO and TEA were

evaporated under vacuum and the activated Rho-NHS was

dried under vacuum. The dried Rho-NHS was dissolved in

10 mL DMSO with 0.4 g of the PPSu-PEG and 0.02 mL

TEA added in proportional amounts. The solution was stir-

red overnight and then dialyzed for 2 days. The final Rho-

PPSu-PEG copolymer was collected by lyophilization.

Functional Materials Characterization by

Fourier-Transform Infrared Spectroscopy
FTIR spectra of the samples were taken with a FTIR–

spectrometer (model FTIR–2000, Perkin Elmer, Dresden,

Germany) using KBr disks (thickness of 500 μm). The

spectra were recorded from 4000 to 400 cm–1 at

a resolution of 2 cm–1 (64 co–added scans).

Preparation of Paclitaxel-Loaded

Polyester Nanoparticles
The synthesized copolymers were used for nanoencapsulation

of Paclitaxel, as previously described7,30,31 (Supplementary

Figure 1A). An oil-in-water (o/w) emulsification and solvent

evaporation technique was used for Paclitaxel nanoencapsula-

tion in polyester matrices. In brief, 50 mg of polymer and 5mg

of Paclitaxel were dissolved in 2 mL of dichloromethane. The

polymer-drug solution was added to 6 mL of 12 mM sodium

cholate aqueous solution and the mixture was sonicated for 1

min. Sodium cholate was added to prevent drug particle

aggregation during solvent evaporation. As a result, drug-

loaded polymer is dispersed in the form of nanoparticles.

The emulsion formed was gently stirred until the evaporation

of the organic solvent was completed. The obtained nanopar-

ticles were purified by centrifugation (9000 rpm for 15 min)

and reconstituted in deionized water. Any large polymer

aggregates were removed by filtering the suspension through

a 1.2 μmpore size microfilter. Nanoparticles were collected by

lyophilization. The NPs used in the study are referred to as

PPSu-PEG, PPSu-PEG-Paclitaxel and FA-PPSu-PEG-Rho

having a core-shell structure as shown in Supplementary

Figure 1B.

Characterization of Drug-Loaded

Nanoparticles
Nanoparticle Yield, Drug Loading and Entrapment

Efficiency

Drug content of the nanoparticles was determined by

HPLC analysis using a Shimadzu HPLC (model LC-

20AD). Supplementary Figure 2 displays the HPLC pro-

files of four standard Paclitaxel solutions.

Nanoparticles (3 mg) were added to 50mL of water/acry-

lonitrile (ACN) (50/50 v/v) and stirred with a magnetic stirrer

until complete dissolution. A clear solution was obtained,

which was filtered through a hydrophilic 0.45μm PVDF filter

(since Paclitaxel is hydrophobic) and assayed for drug content

by HPLC. The column used was a Eclipse XDB-C18, 5μm,

250 x 4.6 mm. The flow rate was 1 mL/min and the column

temperature was 25°C. A diode array detector was used at 227

nm, and quantification of the API (Active Pharmaceutical

Ingredient) was based on a calibration curve created by dilut-

ing with mobile phase a stock solution of 20 μg/mL Paclitaxel

in water/ACN (50/50 v/v) to concentrations 20, 10, 5, 2.5, 1
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and 0.5 μg/mL (Supplementary Figure 3). Nanoparticle yield,

drug loading and drug entrapment efficiency were calculated

from Equations (1)–(3), respectively:

NanoparticlesYield %ð Þ ¼
weight of
nanoparticles

weight of polymer and
drugfedinitially

� 100

(1)

Drug Loading %ð Þ ¼ weight of drug in nanoparticles
weight of nanoparticles

� 100

(2)

Entrapment Efficiency %ð Þ ¼
weight of drug in
nanoparticles
weight of drug
fed initially

� 100

(3)

Scanning Electron Microscopy (SEM)

Morphology of the prepared nanoparticles was examined with

a Scanning Electron Microscope (JEOL, JMS–840). Samples

were coated with carbon black to avoid charging under the

electron beam. Operating conditions were: accelerating vol-

tage 20 kV, probe current 45 nA, and counting time 60s.

Particle Size Distribution

Particle size distribution of the Paclitaxel/polyester nano-

particles was determined by Dynamic Light Scattering

(DLS) using a Zetasizer Nano instrument (Malvern

Instruments, Nano ZS, ZEN3600, UK) operating with

a 532 nm laser. Nanoparticles were dispersed in distilled

water at 1%w/v and kept under agitation at 37°C in

a water bath. Particle size was measured at different time

intervals after sample introduction into the dispersal med-

ium. All measurements were performed in triplicate and

the results were reported in terms of mean diameter ±SD.

In vitro Drug Release Studies

Lyophilized PPSu-PEG and PPSu-PEG-Paclitaxel NPs

were suspended in PBS buffer (NaCl 137mM, KCl

2.7mM, Na2HPO4 10mM, K2HPO4 2mM) with pH 7.4

and handled as described above to ensure even distribu-

tion. Two rapid washes with PBS followed in order to

remove any weakly bound drug remaining on the surface

from the encapsulation reaction that could result in a burst

effect.

The concentration of both nanoparticle types was cal-

culated as polymer mass per volume (1.683 mg/mL) and

the drug concentration was determined by the quantity of

drug encapsulated in the polymer. Suspended NPs were

incubated at 37ºC, with stirring at 100 rpm. At specific

time intervals, the suspension was centrifuged (6000g for

10min) in order to separate the NPs (pellet) from the

solution containing the released drug. A small sample

volume (20μL) was removed from the supernatant of

both PPSu-PEG-Paclitaxel and PPSu-PEG (used as con-

trol) at each time point and assayed in order to determine

the amount of the released drug. The detection and quan-

tification of the released drug was carried out using fluor-

escence spectroscopy (Infinite M1000, Tecan), with

a suitable quartz cuvette, with the following parameters:

excitation from 240nm, emissions scan from 280nm to

450nm, 150 flashes (400Hz) and 17nm bandwidth. The

experiment was performed in triplicate.

Cell Lines and Cell Culture
Lyophilized NPs were suspended in PBS (as described in

the relevant method). In order to avoid aggregate forma-

tion and uneven distribution of the NPs, suspension was

followed by 30 min of sonication in a water bath (with

intervals of ice cooling between every few sonication

cycles) in order to enhance dispersion. Finally, NPs were

diluted to the desired final concentration and added to the

cell medium at 37°C. For each different type of synthe-

sized NPs, the total mass of polymer was calculated and

the final concentration used for each experiment was nor-

malized to the concentration of the polymer (as mass of

polymer per volume).

HeLa Kyoto, MCF7, MDA-MB-231 and T47D cells

were obtained from ECACC. HeLa Kyoto stably expres-

sing GFP-α-tubulin/mcherry-H2B cell line was a kind gift

from Jan Ellenberg (EMBL, Heidelberg), has been authen-

ticated by STR and has been used within 6 months of the

time it was obtained. Cells were maintained in Dulbecco’s

modified Eagle’s medium (DMEM) supplemented with

10% FBS, 2 mM L-glutamine, 100 U/mL penicillin and

100 µg/mL streptomycin (Invitrogen), at 37°C with 5%

CO2 in a humidified incubator. For each experimental

procedure the cell number was determined in duplicate

using a haemocytometer.

RTCA Profiling
A real-time cell electronic sensing system, the xCELLigence

Real-TimeCell Analysis (RTCA) system (ACEABiosciences,
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Inc) was used for the dynamic measurement of Paclitaxel and

PPSu-PEG-Paclitaxel NPs cytotoxicity. In principle, RTCA

utilizes specialized microelectronic sensors, the 16-well

E-Plates (Roche Applied Science, Indianapolis, IN), which

are integrated with gold microelectrode arrays on a glass sub-

strate in the bottom of the wells. Changes in cell status such as

the cell number, the viability, the morphology, and the adher-

ence are monitored and quantified by detecting sensor electri-

cal impedance. Hence, electrode impedance is displayed as an

arbitrary unit termed Cell Index (CI) and can be used to

represent cell status. At the end of each experiment, the Cell

Index curves can be normalized to the last time point before the

addition of the compounds and they are expressed as normal-

ized CI (NCI). Quantification via the RTCA Software allowed

the plotting of sigmoidal dose–response curves and calculation

of a half inhibitory concentration (IC50) 48 h after drug

addition.

For our experiments, 2500 HeLa K or 10,000 MCF7

cells were added per well in the 16-well E-Plate. Cells

were incubated for ~24h at 37°C, 5% CO2 at a final

volume of 100 μL per well and the impedance of each

well was monitored using the xCELLigence. Prior to addi-

tion, NPs were suspended in PBS (pH 7.4) followed by

a wash step with PBS to remove any possible drug remain-

ing on the surface from the encapsulation reaction, as

described above. The concentration of the suspended NPs

was calculated as mass per volume and the drug’s molarity

was determined by the quantity of the encapsulated drug

per mass contained in the final volume. Free Paclitaxel

was diluted in DMSO (final DMSO concentration 0.1% v/

v). After cell attachment, free Paclitaxel or PPSu-PEG-

Paclitaxel were serially diluted and 50 μL were added to

the culture at the relevant final concentrations. Cell attach-

ment and proliferation were continuously monitored every

1 min for the first 3 h after drug addition, followed by 30

min intervals for 2 days in total. Assays were repeated at

least in duplicate and wells with drug-free PPSu-PEG NPs,

cell-free controls with the maximum concentration of NPs

and cell-free controls with culture medium only were run

in parallel. Untreated cells in normal culture medium

(DMEM) and untreated cells in medium with 0.01%

DMSO were also used as the appropriate controls.

Cell Proliferation Assay
For cell viability assays, the PremixWST-1Cell Proliferation

Assay System (Takara) was used. The kit enables measure-

ment of cell proliferation and viability with a colorimetric

assay, based on the cleavage of tetrazolium salts by

mitochondrial dehydrogenase in viable cells. HeLa Kyoto,

MCF7, MDA-MB-231 and T47D cells were seeded in a flat-

bottomed 96-well plate at a density of 5000, 8500, 9000 and

10,000 viable cells per well, respectively, in 200 μL antibio-

tic-free DMEM (Invitrogen) and incubated overnight in

a humidified atmosphere (37°C, 5% CO2) to allow cell

attachment.

The following day, medium was discarded, and

Paclitaxel or FA-PPSu-PEG-Paclitaxel serial dilutions in

culture medium were added to cells in a total 200 μL

volume per well, in triplicate. Paclitaxel is diluted in

DMSO (Sigma) at 10 mM stock concentration, while the

final working DMSO concentration is 0.01%. NPs were

suspended in PBS buffer (pH 7.4), as described above,

followed by a rapid wash with PBS. The concentration of

the suspended NPs was calculated as mass per volume and

drug molarity was determined by the quantity of the

encapsulated drug per mass contained in the final volume.

Untreated cells in normal culture medium (DMEM) and

untreated cells in medium with 0.01% DMSO were used

as the appropriate controls.

After 48 h of incubation with the NPs and/or the free

drug, the medium was removed, cells were washed twice

with 1xPBS, and 100 μL of DMEM w/o antibiotics contain-

ing 10 μL of Premix WST-1 reagent were added to each well

and on an empty well (blank). Cells and WST-1 reagent

were incubated in a humidified atmosphere (37°C, 5%

CO2) for 1h. The absorbance of formazan was measured at

440 nm and at 660 nm as a reference wavelength with a plate

reader (Infinite M1000, Tecan). Absorbance at 660 nm was

subtracted from absorbance at 440 nm for each well.

Absorbance of culture medium, in the absence of cells, is

used as background control (blank) and untreated cells are

considered as the control condition with 100% viability.

Interaction of Folate-Binding Protein with

Folic Acid Conjugated NPs
Folate-Binding Protein (FBP), isolated from bovine milk

was obtained from Sigma (F0504). 4 μg of FBP were

mixed with either PPSu-PEG or FA-PPSu-PEG NPs (50

μg of polymer) in PBS solution, at pH 6.0 or pH 7.4 and

mixture was incubated for 1 h at 25°C or 37°C. The

mixture was then centrifuged (6000g for 10 min) to sepa-

rate supernatant from pellet. The supernatant and the

nanoparticle-containing pellet were loaded on a 12% SDS-

PAGE gel in order to detect folate binding protein bound

on the NPs or unbound, remaining in the supernatant.
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Quantification was performed using ImageJ 1.44n

(National Institute of Health, USA) software.

Western Blot Analysis
Western blot analysis was performed as previously

reported.32 Briefly, proteins were extracted from HeLa

Kyoto, MCF7, MDA-MB-231, or T47D cells in RIPA buffer

(150mM NaCl, 50mM Tris-HCl pH 8.0, 1% NP40 (v/v),

supplemented with 10mM sodium orthovanadate, 10mM

NaF and protease inhibitors). Protein concentrations were

determined by the Bradford method with bovine serum albu-

min as standard and samples were analyzed in 12% SDS–

PAGE according to standard procedures and transferred onto

nitrocellulose membranes. Membranes were probed with

polyclonal anti-α folate receptor (FOLR1) Antibody

(Novus NBP1-32293) at 1/1000 dilution. Equal protein load-

ing was verified by re-probing each membrane with an anti-

body against α-tubulin (DM1A 32293, Santa Cruz

Biotechnology) in 1/1000 dilution. Binding was detected

using horseradish peroxidase conjugated secondary antibody

(Santa Cruz Biotechnology) and chemiluminescence was

detected using ECL Western blotting substrates (Thermo

Fisher Scientific, Rockford, IL, USA).

Live Cell Microscopy
For live cell microscopy, 3 x 104 HeLa Kyoto, 3 x 104 HeLa

Kyoto GFP-α-tubulin/mcherry-H2B, 6 x 104 MCF7, 6 x 104

MDA-MB-231 or 8 x 104 T47D cells were plated on Labtek

glass bottomed chambered dishes (Nunc) in complete

DMEM and incubated overnight in a humidified atmosphere

(37°C, 5% CO2) to allow cell attachment. The imaging was

performed in a CO2-independent medium (041-95374, Life

technologies), supplemented with 10% FBS, 1%

L-Glutamine, 100 U/mL penicillin and 100 µg/mL strepto-

mycin (prior to imaging, cells were washed twice with the

same imaging medium). In all cell lines (except HeLa Kyoto

GFP-α-tubulin/mcherry-H2B), Hoechst 33342 was added to

the cell medium (2 μg/mL), for nuclei staining.

Cells were imaged on a customized Andor Revolution

Spinning Disk Confocal System built around a stand (IX81;

Olympus) with a 20x air objective and a digital camera

(Andor Ixon+885) (CIBIT Facility, MBG-DUTH) equipped

with an incubator at 37°C. Image acquisition was performed

with imaging software Andor IQ 2. The multi-dimensional

time lapse experiments that are listed below were controlled

by an autofocus pattern that coordinates the capturing of

multi-field positions in a specified range of Z slices at repeated

time intervals. Images were acquired as z stacks with selected

optical sections every 3 μm through the entire cell volume

every 6–10 min, according to experimental needs. Hoechst-

treated cells and Rhodamine-labeled NPs were excited using

405nm and 561nm laser light, respectively.

Cell Cycle Arrest Monitoring
Stably transfected HeLa Kyoto GFP-α-tubulin/mcherry-H2B

cells were treated with Paclitaxel-loaded PPSU-PEG NPs,

containing 250nM of encapsulated Paclitaxel and ~5.5 μg/
mL of polymers (calculated as described above) or 250nM of

free Paclitaxel and monitored for 24 h post drug addition.

The mcherry-H2B and GFP-α-tubulin expressed fluorescent

proteins were excited at 561nm and 491nm laser light and

detected at 625nm and at 525nm emission, respectively.

Throughout the duration of the experiment, images were

acquired every 10 min as z stacks, with selected optical

sections of 6.24 μm (31.2 μm in 5 planes) through the entire

cell volume. Stacked images were processed into uncom-

pressed.avi files, and time-stamp is displayed at each time-

point on the upper right corner of each image, using ImageJ

1.44n (National Institute of Health, USA) software.

Cellular Uptake of FA-PPSu-PEG-Rho

NPs
HeLa Kyoto, MCF7, MDA-MB-231 and T47D cells were

incubated with FA-PPSu-PEG-Rho NPs, containing 11 μg/
mL of polymer (designated as high-concentration). Cell

nuclei were stained with Hoechst, as stated above. Images

were acquired every 6 min for a total of 6.5 h as 15 planes of

z stacks, 3 μm each.

Folic Acid Competition Experiments
HeLa Kyoto, MCF7, MDA-MB-231, and T47D cells were

pre-incubated for 1 h with 3mM free folic acid (Sigma

F7876) in imaging medium before nanoparticle addition.

Following, FA-PPSU-PEG-Rho NPs were added at a final

polymer concentration of 2.2 μg/mL (designated as low

concentration), in the presence of free folic acid. NPs inter-

nalization was monitored for 4 h with live cell confocal

microscopy as described above, and images were acquired

every 10 min. NPs uptake followed folic acid treatment was

compared to the uptake in the absence of folic acid.

NPs Internalization Experiments
Cells were pretreated for 1 h with either 80 μM Dynasore

(3-Hydroxy-naphthalene-2-carboxylic acid (3,4-dihydroxy-

benzylidene)-hydrazide hydrate) (Sigma D7693) or 50 μM
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EIPA (5-(N-Ethyl-N-isopropyl)amiloride) (Sigma A3085) in

imaging medium. Following, FA-PPSu-PEG-Rho NPs were

added (11μg/mL polymer) to the cell medium and cells were

monitored for 2 h. The inhibitory effect of EIPA and

Dynasore on nanoparticle internalization was compared to

the uptake of untreated cells.

Quantification and Statistical Analysis
Image intensity analysis for data sets were performed with

ImageJ 1.44n (National Institute of Health, USA) software.

Integrated Rhodamine fluorescence intensity was quantified

and divided by number of nuclei from average projection of

z-stack images after the subtraction of integrate intensity of

extracellular nanoparticle-formed aggregates. Intensity

values were normalized against maximum values and there-

fore, expressed in arbitrary units. One-phase exponential

association was used to estimate half-time of cellular uptake

(Prism Version 5.0a software, San Diego, CA, USA).

Results and Discussion
Synthesis of Conjugated Copolymers and

Paclitaxel Nanoencapsulation
The different copolymers were synthesized, characterized by

FT-IR spectroscopy, and their successful modification along

with the recorded spectra are presented in Figure 1A. The

nanoparticles were produced by nanoencapsulation via an

oil-in-water (o/w) emulsification and solvent evaporation

technique, with a nanoparticle yield of about 72%. The pre-

pared nanoparticles show a unimodal size distribution with

diameters varying from 60 to 230 nm and a mean particle

diameter of about 150–170 nm, as shown by DLS

(Supplementary Figure 4). Nanoparticles of similar sizes

were synthesized in our previous study, where Paclitaxel

was nanoencapsulated using aliphatic polyesters.30

All nanoparticles have a spherical shape, as shown by

SEM micrographs (Figure 1B, left), with calculated drug

loading content ca 6.3% and entrapment efficiency ca 72%.

Moreover, despite Paclitaxel encapsulation, the drug size

remains almost unchanged (Figure 1B, right). These pegy-

lated-aliphatic acid copolymer nanoparticles have a melting

point near the natural body temperature7 and therefore may

act as thermosensitive carriers.30

In vitro Drug Release from

Paclitaxel-Loaded PPSu-PEG NPs
In order to investigate the prospective use of PPSu-PEG

NPs as an anti-cancer drug delivery system, we initially

assessed the release potential of the drug-loaded PPSu-

PEG NPs under controlled conditions. The release profile

of Paclitaxel from Paclitaxel-loaded PPSu-PEG NPs over

a 14-day period (336 h) in PBS (pH 7.4) at 37°C (condi-

tions simulating the physiological human body conditions)

are shown in Figure 2A. The release profile is biphasic,

with a rapid release during the first 24 h, followed by

a prolonged release phase, reaching a plateau after 96 h.

Approximately 66% of the loaded drug was released by

48 h (2 days) and 90% by 168 h (7 days) post the initial

suspension of the NPs in solution. We mainly focused on

the initial 48 h time window (Figure 2B), where increased

release rate was observed, and thus performed subsequent

cellular experiments (see below) over this 48 h time per-

iod. The observed release profile is typical for nanoparticle

encapsulated drugs. It is in agreement with previous

reports, particularly taking into account the hydrophobicity

of the drug, the composition of the NPs in PEG and PPSu

blocks and the physiochemical mechanisms that affect the

nanoparticle stability and biodegradability.26,34,35

In addition, an initial burst effect was observed within the

first minutes of suspension that resulted in approximately

37% leakage of the theoretically loaded drug. The burst

effect is mainly due to residual amounts of drug on the

surface of nanoparticles, a common problem with the encap-

sulation process.36 Therefore, a wash step of the nanoparti-

cles after their initial suspension in solution was performed in

order to remove the weakly bound drug prior to cellular

treatment. The effective NP-encapsulated Paclitaxel concen-

tration was therefore re-calculated after NPs washing, mon-

itoring the uncontrolled release of the non-encapsulated drug,

and subtracting the amount of the washed drug. Our in vitro

drug release experiments suggest that a significant proportion

of the drug is released over a relatively long time (2 days,

Figure 2) and therefore PPSu-PEG NPs are suitable as puta-

tive anti-cancer drug delivery carriers.

Real-Time Cytotoxicity of PPSu-PEG

Nanoparticles
Next, we sought to investigate the cytotoxic capacity of

Paclitaxel-loaded PPSu-PEG NPs. Two aspects were

assessed: first, the possible toxic effect of empty PPSu-PEG

NPs on physiological cell function and second, the evalua-

tion of cytotoxic activity of the drug post release from the

NPs compared to that of free Paclitaxel. The potential cyto-

toxicity of empty PPSu-PEG NPs was examined in two cell
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lines: the cervical cancer HeLa Kyoto (HeLa K) cell line, and

the breast adenocarcinoma MCF7 cell line (Figure 3).

First, cell toxicity of empty NPs was examined using

the end-point WST-1 cell proliferation and cell viability

assay. PPSu-PEG NPs were used in six different concen-

trations, containing 500, 100, 50, 10, 1, 0.1 μg/mL of

polymers. Treatment of cells with PPSu-PEG NPs did

not result in a significant loss of cell viability of either

HeLa K or MCF7 cancer cells (Figure 3A).

For more accurate cell toxicity monitoring we also

employed an impedance-based Real-Time Cell Analysis

assay (RTCA) (xCELLigence). This is a high throughput

non-invasive method that monitors continuously cell

behaviour in real time, therefore providing more

information than traditional end-point assays. Initially,

we examined the Normalized Cell Index (NCI)

responses of HeLa K and MCF7 cells incubated for 48

h with PPSu-PEG NPs containing 11 μg/mL polymers

(Figure 3B). This concentration of polymer is designated

as high concentration of NPs and corresponds to the re-

calculated concentration of drug-loaded PPSu-PEG-NPs

in order to contain 500 nM of Paclitaxel (see Figure 4).

Cell-free control measurements showed that the PPSu-

PEG NPs do not influence the impedance measurements.

In agreement with the WST-1 assays drug-free PPSu-

PEG NPs showed no toxic effect on either HeLa K or

MCF7 cells; thus, further validating that PPSu-PEG NPs

could be used as drug carriers.
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Figure 1 FT-IR spectra and SEM micrographs of the synthesized NPs. (A) Regarding neat PPSu, a strong band at 1735 cm−1 corresponding to its carbonyl ester groups C=O and

a broad band at 3433–3439 cm−1 assigned to –OH groups are observed. Additional characteristic peaks are recorded at 1454–1474 cm−1 (–CH–) and 1163–1167 cm−1 (C–O–

C stretching). The FA- PEG-PPSu spectrum shows a strong band at 1726 cm−1, assigned to the carbonyl groups of polyester and a broad band at 3400–3500 cm−1 corresponding to

the hydroxyl groups of PEG conjugated to the polymer. Several small peaks at 1608, 1686 and at 606 cm−1 indicate the successful conjugation of modified FA into PPSu-PEG, given

that these three peaks exist only in FA.33 Similar peaks for the results are shown for PPSu-PEG-Rho copolymers. Rhodamine B has a characteristic peak at 2967 cm−1, due to the

methylene groups of its aromatic rings, which is also recorded in conjugated copolymer, as well as a small peak at 1623 cm−1 (C=N stretching), indicating the successful conjugation

of Rhodamine on PPSu-PEG copolymer. (B) SEM micrographs of FA-PPSu-PEG (left) and FA-PPSu-PEG encapsulated with Paclitaxel (right).
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Real-Time Cytotoxicity of

Paclitaxel-Loaded PPSu-PEG NPs
We then tested the time-dependent cytotoxic effect of

Paclitaxel-loaded PPSu-PEG NPs or free Paclitaxel on HeLa

K and MCF7 cells using the RTCA assay (Figure 4A–D).

Awide range of drug concentrations were used, corresponding

to either 500, 250, 50, 25, 10 nM of free Paclitaxel, or 315,

157, 31.5, 15.7, and 6.4 nM (on a Paclitaxel basis) of washed

Paclitaxel-loaded PPSu-PEG NPs. Cells with medium only

(DMEM) served as untreated control (Figure 4A(i) and B(i)).

Cells treated with DMSO (0.01%) also served as additional

control (Figure 4A(ii) and B(ii)).

IC50 values of either free Paclitaxel or Paclitaxel-loaded

PPSu-PEG NPs after treatment of HeLa K and MCF7 cells

for 48 h were calculated. In HeLa K cells, the IC50 values of

free Paclitaxel vs Paclitaxel-loaded PPSu-PEG NPs were 7.5

nM and 19.3 nM, respectively, while IC50 values for MCF7

cells were calculated as 19.2 nM and 27 nM, respectively

(Figure 4C and D). Using the WST-1 cytotoxic assay we

obtained similar results (data not shown).

Treatment with either NPs-Paclitaxel or free Paclitaxel

resulted in similar time-dependent cell response profiles,

with an initial steady decline of the cell index followed by

recovery about 14–16 h post treatment, consistent with cells

responding to antimitotic agents leading to mitotic arrest.37,38

We conclude that the mode of action of free Paclitaxel

and Paclitaxel-loaded PPSu-PEG-NPs is similar. These

results indicate that Paclitaxel-loaded PPSu-PEG-NPs are

highly effective in mediating Paclitaxel-dependent cyto-

toxicity, despite the encapsulation of the drug.

B

A

Figure 2 Paclitaxel release profile from PPSu-PEG NPs. (A) Drug release profile from PPSu-PEG NPs over 14 days (336 h) in PBS is shown. The majority of the encapsulated

drug (94.4%) is sustainably released. (B) Drug release profile of the PPSu-PEG NPs during the first 48 h in PBS in more detail. The initial burst effect of the non-encapsulated

drug is also shown (36.9% of the theoretically loaded drug is washed out, after initial suspension).
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Treatment with Paclitaxel-Loaded

PPSu-PEG NPs Results in Tubulin-Specific

Cell Arrest
To examine in more detail whether the encapsulation of

Paclitaxel in PPSu-PEG NPs alters its effect on mitotic

spindle assembly and mitotic progression, we performed

live cell imaging using the HeLa K mcherry-H2B/GFP-α-

tubulin cell line. This cell line stably expresses mcherry-

tagged Histone H2B to visualize the DNA in the nucleus

(and follow its fragmentation during cell arrest) and GFP-

tagged α-tubulin, which is Paclitaxel’s cellular target. Thus,

HeLa Kmcherry-H2B/GFP-α-tubulin cells were treated with

either Paclitaxel-loaded PPSu-PEG NPs containing 250 nM

of encapsulated drug or 250 nM free Paclitaxel for ~24 h

(Supplementary Videos S1–2, respectively). The effect of

Paclitaxel-loaded PPSu-PEG NPs on cell cycle arrest (and

its kinetics) wasmonitored for ~24 h at 37ºC using a spinning

disc confocal microscope. Tracking 90–100 individual cells

for 24 h post treatment showed similar results between

Paclitaxel-loaded PPSu-PEG NPs or free Paclitaxel in

terms of cell cycle arrest (Figure 5), mediated by tubulin

stabilization; 24 h after Paclitaxel-loaded PPSu-PEG-NPs

treatment 44.7% ± 0.5 of cells were arrested, while free

Paclitaxel treatment resulted in 50.8% ± 4.5 of arrested

cells, as seen by microtubule assemblies. The effect of either

Paclitaxel-loaded PPSu-PEG-NPs or free Paclitaxel in cell

arrest occurred with similar kinetics, with no significant

difference. Moreover, in both cases DNA was fragmented,

as expected in Paclitaxel induced arrest. As Paclitaxel is

diluted in DMSO (0.5% v/v final concentration), we also

tested whether DMSO alone results in cell cycle arrest, but

cells behaved similarly to untreated control (Figure S5).

These results are consistent with the cell cycle arrest

observed in the RTCA assay and confirm our initial observa-

tions that PPSu-PEG NPs are suitable carriers for mediating

Paclitaxel delivery, that the released drug remains active and

that it affects the same cellular targets with the same kinetics

as free Paclitaxel. However, the importance of using nano-

carriers lies in the advantage of targeted delivery and there-

fore decreased toxicity at the organismal level.

Real-Time Cellular Uptake of

FA-Conjugated PPSu-PEG NPs
To expand the potential drug delivery applications of PPSu-

PEG NPs, we set out to explore whether functionalization of

these particles provides beneficial cell targeting properties.

Conjugation of nanocarriers with folic acid (FA) provides

a specific tag which has been reported to mediate tumor-

specific recognition.27,41 We sought to investigate whether

conjugation of FA to the PPSu-PEG NPs would affect the

NPs’ cellular internalization. In order to enable real-time

microscopic visualization, Rhodamine B was covalently
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Figure 3 Empty (drug-free) PPSu-PEG NPs are not toxic to cells. HeLa K and

MCF7 cells were treated with PPSu-PEG NPs for 48 h. (A) Bar graph demonstrating

PPSu-PEG NPs’ toxicity (containing 0–500 μg/mL of polymer) on HeLa K and MCF7

cells, as obtained from WST-1 cell proliferation assay. Graph represents percentage

(%) of viable cells ± SEM of 3 experiments. (B) Graphs represent normalized cell

index of i) HeLa K cells and ii) MCF7 cells treated with PPSu-PEG NPs (containing

11 μg/mL of polymer) for 48 h. Graphs were obtained from the RTCA assay. NCI

demonstrates a dip at 24h, corresponding to the NPs’ addition, after which CI

increases again in all cases.
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bound to FA-conjugated PPSu-PEG NPs,7 resulting in the

FA-PPSu-PEG-Rho NPs.

First, we tested internalization efficiency and kinetics of

FA-conjugated NPs in three breast and one cervical cancer cell

lines (MCF7, T47D, MDA-MB-231 and HeLa K, respec-

tively). The different breast cancer cell lines represent diverse

phenotypes observed in human breast cancer.39,40 Cellular

entry of FA-PPSu-PEG-Rho NPs was monitored using live

cell imaging for 4 h post NPs’ addition to the cell medium. For

these experiments, we used high NPs concentration (11 μg/mL

of polymer) to allow their tracking within the shortest possible

time. Figure 6A depicts the cellular uptake of fluorescent NPs

in all four cancer cell lines, as measured by the relative

fluorescence intensity within the cell cytoplasm, over
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Figure 4 Monitoring of Paclitaxel-loaded PPSu-PEG NPs cell toxicity versus free Paclitaxel. HeLa K and MCF7 cells were treated with either Paclitaxel-loaded PPSu-PEG

NPs, or free Paclitaxel and real-time monitored for 48 h after drug addition, using the RTCA assay. (A) Graphs representing normalized cell index of HeLa K cells treated

with (i) Paclitaxel-loaded PPSu-PEG NPs (ii) free Paclitaxel, (B) Graphs representing normalized cell index of MCF7 cells treated with (i) Paclitaxel-loaded PPSu-PEG NPs,

and (ii) free Paclitaxel. Cells were treated in duplicates with the indicated concentrations. (C–D) Dose response curves resulting from the RTCA assay for IC50 values of

HeLa K (C) and MCF7 cells (D), treated with either Paclitaxel-loaded PPSu-PEG NPs (NPs-Paclitaxel) or free Paclitaxel.
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a period of 4 h. Quantification of the cellular uptake and the

time required for cell entry showed that more NPs enter the

MDA-MB-231 cells and with the highest rate (t1/2: 51.6 min),

followed by MCF7 (t1/2: 66.1 min) and T47D (t1/2: 80.2 min)

(Figure 6B). HeLa K cells can internalize less NPs compared

to the three breast cancer cell lines tested (Figure 6A),

although with a much faster rate (t1/2: 22.9 min) (Figure 6B).

Figure 6C shows representative images recorded at 6, 30, 60

and 120 min after addition of NPs in the cell medium. In all

four cell lines, a small amount of NPs enter the cells within the

first 6 min, while a significant amount is internalized by 120

min. It should be noted that when using the high concentration

of NPs, formation of extracellular aggregates is observed

gradually over time. This is because the NPs are in excess

compared to the cells, and the remaining NPs that are not

internalized gradually tend to aggregate.

To conclude, FA-PPSu-PEG-Rho NPs are successfully

internalized into all four cell lines used and are mainly

localized in the cell cytoplasm. The entry of the NPs

within the different cell lines occurs at a different concen-

tration and with a different speed, indicating that these

features may be important for their evaluation for in vivo

applications, having an impact on both the uptake effi-

ciency and cytotoxicity induction.

Folic-Acid Functionalized PPSu-PEG NPs

are Specific Molecular Binders
Since the FA-PPSu-PEG-Rho NPs show different uptake

efficiency within the different cell lines, we investigated

whether the FA-specific properties of the functionalized

NPs were contributing to these differences.

We first examined the binding capacity of the conjugated

FA-PPSu-PEG-Rho particles to Folate Binding Protein

(FBP) using an in vitro pull-down assay (Figure 7). The

FBP interaction with FA-PPSu-PEG NPs was examined

under neutral pH, similar to the physiological pH of normal

cells, but also in more acidic pH, to mimic the sporadically

acidic microenvironment present in cancer cells and

tissues.42,43 37°C was selected to resemble normal human

body temperature, while a lower temperature, 25°C, was also

applied to test possible thermal effects on FBP at 37°C. Non-

conjugated control PPSu-PEG NPs (Figure 7A) or FA-

conjugated PPSu-PEG (Figure 7B) were incubated with 4

μg of FBP for 1 h, in PBS, at 25°C or 37°C, and at two

different pH conditions (pH 6.0 and 7.4). After incubation,

NPs were separated from the solution and the presence of

pulled-down FBP was determined by SDS-PAGE. As shown

in Figure 7A, FBP appears mainly as a ~26 kDa band

(monomeric form of protein) with a small fraction at

~35kDa (dimeric form). In all pull-downs with PPSu-PEG

NPs, the total amount of FBP protein is detected only in the

supernatant (Figure 7A). However, FBP is specifically

pulled-down by FA-PPSu-PEG NPs under all conditions

tested (Figure 7B). The quantification of bound FBP upon

interaction with FA-PPSu-PEG NPs (Figure 7C) suggests

a higher affinity at pH 6.0 than pH 7.4, which is well docu-

mented elsewhere; FBP exhibits multiple isoelectric points in

the pH range 7–8, is more hydrophobic at pH values close to
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Figure 5 The effect of Paclitaxel-loaded PPSu-PEG NPs on tubulin. HeLa K cells stably expressing GFP-α-tubulin/mcherry-histone H2B were imaged for 24 h with 10-minute

intervals, after the addition of 250 nM free Paclitaxel or encapsulated in PPSu-PEG NPs, and the number of cell cycle arrested cells were counted. Graph demonstrates the % of

arrested cells by either Paclitaxel or Paclitaxel-loaded PPSu-PEGNPs, as measured during 24 h of live cell monitoring. At least 100 cells were imaged, per condition per experiment.
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Figure 6 FA-PPSu-PEG-Rho NPs cell internalization efficiency and kinetics. HeLa K, T47D, MCF7 and MDA-MB-231 (designated as MDA) cells were incubated with FA-PPSu

-PEG-Rho NPs in high concentration (11 μg/mL of polymer) and monitored for 4 h. (A) Graph demonstrating the relative uptake of FA-PPSu-PEG-Rho NPs from HeLa K,

T47D, MCF7 and MDA-MB-231, shown as normalized intensity (a.u.) over time, with maximum fluorescence of MDA-MB-231 at 1. (B) Table showing the time required for

½ of the total NPs amount (t1/2 uptake) to enter the cell. (C) Representative pictures showing cellular internalization of FA-PPSu-PEG-Rho nanoparticles, in the four

different cell lines, at 6min, 30min, 60min and 120min after addition of the NPs in the medium. Images were captured during live cell imaging confocal microscopy. Cell nuclei

are stained with Hoechst 33342 and shown in blue, Rhodamine labeled NPs are shown in red. Scale bar denotes 5 μm.
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its pI, while at pH lower than its pI it shows higher water

solubility and increased affinity for folic acid.44 Structurally,

the ligand’s binding induces a conformational change to the

protein with a tendency to self-association into more stable

and soluble complexes.45,46 Thus, our data provide strong

evidence of specific FA-mediated recognition of FA-PPSu-

PEG NPs by the Folate-Binding Protein.

Free Folic Acid Competes with FA-PPSu-

PEG-Rho NPs for FOLR1 Binding
As FA-PPSu-PEG NPs are specifically recognized by the

Folate-Binding Protein and readily enter MCF7, MDA-

MB-231, T47D and HeLa K cells, we further explored

the possible mechanism(s) of NPs internalization. First,

we questioned whether internalization occurs via the con-

jugated Folic Acid (FA) on the NPs’ surface binding to the

Ffolate receptor or via another path.47,50 Increased expres-

sion of the folate receptor-α (FOLR1) has been associated

with the development and progression of many cancer

types, including breast and ovarian cancer, and therefore

would make a good potential targeted delivery site.51,53

To examine whether the FA-conjugated NPs uptake is

indeed mediated via the FOLR1, cells were treated with

excess of free Folic Acid (FA) prior to their exposure to

FA-PPSu-PEG-Rho NPs. We hypothesized that excess of

FA will compete for binding to folate receptors, thus

delaying, or inhibiting internalization of FA-NPs. All

four different cell lines (HeLa K, T47D, MCF7 and MDA-

MB-231) were incubated with 3mM of free folic acid for

1 h prior to the addition of NPs. A lower polymer con-

centration was used in this experiment (2.2 μg/mL of

polymer compared to 11 μg/mL in Figure 6) in order to

avoid fast saturation of NPs inside cells and to facilitate

the kinetic analysis. FA-PPSu-PEG-Rho NPs’ uptake was

monitored for 4 h in all four cell lines in the presence or

absence of free FA in the cell medium (Figure 8).

Normalized fluorescence intensity in arbitrary units (A.

U.) for each cell line is calculated as fold of its own

maximum intensity at 240 minutes after NPs’ addition.

The effect of FA on NPs’ internalization was monitored

and expressed as fold-change, relative to fluorescence

values measured upon NPs addition. We noted that the

amount of NPs entering the cell was not significantly

M
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Figure 7 In vitro interaction of Folate-Binding Protein with FA-PPSu-PEG NPs. 4 μg of FBP were incubated with non-conjugated control PPSu-PEG NPs (A) or FA-

conjugated PPSu-PEG (B) (both containing 50 μg of polymer) for 1 h, in PBS, at 25°C or 37°C, and at two different pH conditions (pH 6.0 and 7.4). SDS PAGE analysis of FBP

interaction with PPSu-PEG and FA-PPSu-PEG NPs is shown. Lanes are marked as p (pelleted NPs) or s (supernatant). Protein marker with the relevant band sizes is also

shown. (C) Densitometric quantification of FBP pulled-down amount upon interaction with FA-PPSu-PEG NPs. Numbers 1–8 correspond to referred lanes in Figure 7B.
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Figure 8 Effect of free FA on FA-PPSu-PEG-Rho NPs cellular uptake. HeLa K, T47D, MCF7 and MDA-MB-231 cells were pre-incubated for 1 h with 3mM free folic acid, followed

FA-PPSU-PEG-Rhodamine nanoparticle addition at a low concentration (2.2 μg/mL polymer). NPs internalization was monitored for 4 h, and images were acquired every 10 min.

(A) Representative images of HeLa K, T47D, MCF7 and MDA-MB-231 cell lines, upon addition of the FA-PPSu-PEG-Rho NPs (control), or 60 and 240min post NPs addition, in the

presence (+FA) or absence of free folic acid (-FA). Cell nuclei were stained with Hoechst 33342 and shown in blue, whereas Rhodamine-labeled NPs are shown in red. Scale bar

denotes 5 μm. (B–E) Graphs demonstrating cellular uptake of the FA-PPSu-PEG-Rho NPs for the four cell lines in the presence (+FA) or absence of FA. Relative fluorescence

intensity is shown in Arbitrary Units (A.U) and fluorescence for each cell line is calculated as fold of its own maximum intensity at 240 minutes after NPs’ addition. The effect of FA

on NPs’ internalization was monitored for 4 h and expressed as fold-change, relative to fluorescence values measured upon NPs addition. The fluorescent intensity of at least 100

cells per cell line was measured. For each cell line, nanoparticles uptake after FA treatment was plotted against the uptake of NPs per se. (F) SDS PAGE analysis showing the

expression of FOLR1 protein in the four different cell lines: HeLa K, T47D, MCF7 and MDA-MB-231. α-tubulin serves as a loading control.
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altered in the presence or absence of free FA in the case of

HeLa K cells (Figure 8A, first row and B), and the MDA-

MB-231 cells (Figure 8A 4th row, and E). However, NPs’

uptake was decreased by 59% in T47D cells in the pre-

sence of free FA as compared to its absence (Figure 8A

2nd row, and C). A decrease in the cellular uptake of the

NPs by 39% was also observed for MCF7 cells (Figure 8A

3rd row, and D).

We also examined the expression of the folate receptor-

α (FOLR1) receptor in all four cell lines, since existing

data are controversial (https://www.proteinatlas.org/

ENSG00000110195-FOLR1/cell).54,58 Western blotting

analysis showed high protein levels of FOLR1 in T47D

and MCF7 cells, while HeLa K cells had detectable but

lower levels of the receptor (Figure 8F). However, no

FOLR1 expression was detected in MDA-MB-231 cells

(Figure 8F). The increased levels of FOLR1 expression in

T47D and MCF7cells corroborate well with the observed

reduction of the FA-NPs uptake in these cell lines, in the

presence of free Folic Acid (Figure 8C and D). Moreover,

although HeLa K cells demonstrate low levels of FOLR1

expression, there is no significant inhibition of NPs uptake

upon addition of free Folic Acid in the cell medium,

suggesting that the NPs enter these cells via alternative

internalization routes. Similarly, MDA-MB-231 cells,

despite the absence of FOLR1 expression, internalize FA-

PPSu-PEG-Rho NPs at a high concentration and at a high

rate (see also Figure 6), suggesting the presence of other

FOLR1-independent internalization mechanisms.

FOLR1-Independent Cellular Uptake of

FA- PPSu-PEG-Rho NPs
In all cell lines tested FA- PPSu-PEG-Rho NPs cellular

uptake was observed, even in the absence of the FOLR1

receptor in some cell lines (MDA-MB-231), or in the pre-

sence of competitive free FA in the cell lines that express

FOLR1 (T47D, MCF7, and HeLa K). These observations

suggest that other cellular entry mechanisms play a role in

NPs’ uptake.

To understand the potential involvement of additional

mechanisms in NPs internalization, we investigated the role

of dynamin-dependent endocytosis and macropinocytosis,

using live cell imaging. Two small molecules known to

inhibit distinct mechanisms of cellular uptake were used:

Dynasore, which inhibits dynamin-dependent endocytosis59

and EIPA, a selective blocker of the Na+/H+ anti-port,

which inhibits macropinocytosis.60 Integrated fluorescence

intensity data from internalized NPs were obtained using

single-cell analysis from time-lapsed confocal images.

Since Dynasore and EIPA exert their maximum inhibitory

action within a 1–2 h time window (depending on the cell

type), the effect of either of the inhibitors on NPs’ internali-

zation was monitored for 2 h and expressed as fold-change,

relative to fluorescence values measured upon NPs addition.

As shown in Figure 9, both inhibitors’ maximum effect

occurred at 120 min. EIPA reduced cellular uptake of FA-

PPSu-PEG-Rho in all four cell lines, EIPA reduced NPs

entry by 56% in HeLa K, by 91% in T47D cells, by 58%

in MCF7 and by 94% in MDA-MB-231 cells (Figure 9A,

C, E and G, respectively). Dynasore decreased cellular

uptake by 74% in HeLa K, 60% in T47D cells, 40% in

MCF7, while it had no significant effect on MDA-MB-231

cells (Figure 9A, C, E and G). In general, EIPA affected

NPs internalization more dramatically than Dynasore in all

cell lines tested, with the exception of HeLa K, where the

opposite effect was observed (Figure 9B).

The cervical cell line HeLa K expresses low amounts

of FOLR1 receptor (Figure 8F) is largely affected by the

Dynasore inhibitor, and to a lesser extent by EIPA

(Figure 9A and B), suggesting that it utilizes mainly the

dynamin-dependent endocytosis (but not through the

FOLR1 receptor) and to a lesser degree the macropinocy-

tosis pathway for NPs uptake; yet the relative amount of

NPs uptake is the least compared to the three breast cancer

cell lines tested, although the rate of internalization is the

highest of all tested cell lines (Figure 6A and B).

In contrast, in MDA-MB-231 cells that do not express

FOLR1 receptor (Figure 8F), EIPA treatment dramatically

inhibits NPs’ uptake (Figure 9G), while Dynasore has no

effect, suggesting that these cells do not internalize the

NPs via the dynamin-dependent endocytosis, but primarily

through macropinocytosis. MDA-MB-231 cells demon-

strate the highest amount of NPs uptake, and exhibit

a relative fast rate (t1/2) of NPs' uptake (Figure 6A and B).

T47D andMCF7 cells show an “intermediate” amount of

NPs uptake, with a relative slow rate of internalization com-

pared to MDA-MB-231 and HeLa K (Figure 6A and B), and

they seem to utilize the FOLR1-dependent route, the dyna-

min-dependent endocytosis, as well as the macropinocytosis

pathway (Figure 8C and D; Figure 9C and E).

Apart from the fact that the different cell lines exhibit

different active endocytosis mechanisms, the size of the

nanoparticles may have also affected the internalization

mechanism utilized. The relatively broad size distribution

of the FA-PPSu-PEG-Rho nanoparticles (60–230 nm) may
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Figure 9 Endocytosis pathways used for NPs cellular internalization in one cervical and three breast cancer cell lines. HeLa K, T47D, MCF7 and MDA-MB-231 cells were

pretreated for 1 h with either 80 μM Dynasore or 50 μM EIPA followed by FA-PPSu-PEG-Rho NPs addition at a high concentration (11μg/mL polymer), and cells were

monitored for 2 h. Graphs representing the real-time effect of Dynasore and EIPA on NPs internalization for 120 min post NPs addition are shown in (A) HeLa K (C) T47D

(E) MCF7 and (G) MDA-MB-231 cells. Representative confocal images of NPs’ uptake in (B) HeLa K (D) T47D (F) MCF7 and (H) MDA-MB-231 cells at 120 min post

treatment with NPs in the presence or absence of Dynasore or EIPA. Scale bar denotes 5μm.
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have played a role on the parallel different mechanisms of

their cellular uptake. Thus, the existence of non-FOLR-1

dependent endocytosis routes with T47D, MCF7 and HeLa

K cells expressing FOLR-1 (Figure 8F and Figure 9A,C and

E) may partly be explained by the possible different uptake

mechanism of the relatively small versus the relatively large

FA-PPSu-PEG-Rho NPs. The larger FA-PPSu-PEG-Rho

NPs (those with diameters higher than 200 nm) could have

followed a caveolae-mediated endocytosis mechanism, as

the results obtained with the uptake of FA-decorated meth-

oxy-poly(ethylene glycol)-b-polycaprolactone NPs by the

human retinal pigment epithelium cell line would suggest.61

On the other hand, the relatively broad size distribution of the

FA-PPSu-PEG-Rho NPs apparently did not exert any signif-

icant influence on the mechanism of their uptake by the

MDA-MB-231 cells, which did not express the FOLR-1, as

the endocytosis of the NPs in these cells followed almost

exclusively a macropinocytosis pathway.

Conclusion
Our results strongly suggest that in different cell lines with

differential FOLR1 expression, FA-targeting is acting com-

plementary to other parallel, but not mutually exclusive,

processes of cellular entry, such as dynamin-dependent endo-

cytosis and macropinocytosis pathways. The “use” of alter-

native pathways or the use of more than one pathway does

not correspond to cell aggressiveness, since MDA-MB-231,

the most aggressive breast cancer cells, do not possess

neither FOLR1 on their cell surface, nor do they utilize

dynamin-dependent endocytosis for NPs internalization. On

the other hand, the least aggressive cell line, MCF7, although

it utilizes all three tested internalization pathways, still

resulted in a lower amount of NPs internalized within the

first 240 min, as compared to MDA-MB-231.

In the present study, we examined a novel pegylated-

aliphatic acid copolymer with a melting point near the natural

body temperature7 and therefore may act as a thermosensitive

carrier.30 For the first time, these copolymers were conjugated

with folic acid to facilitate targeted delivery of Paclitaxel,

a very efficient chemotherapeutic drug used for breast and

cervical cancer treatment. Thus, these NPs could be used as

effective nanocarriers for several anti-cancer drugs. The

release profile of the encapsulated drug, the NPs’ toxicity, as

well as their effectiveness in drug-induced cell cycle arrest and

cell death was investigated and was similar to free Paclitaxel.

In addition, targeting of drug-loaded, biocompatible and bio-

degradable FA-PPSu-PEG NPs7 to the FOLR1 receptor,

which is present in a wide range of cancer cell membranes,

would retain Paclitaxel’s efficiency in killing cancer cells, but,

importantly, could result in reduced toxicity to normal cells.

Interestingly, our experiments showed that although NPs are

decorated with FA, they manage to enter cells, even in the

absence of FOLR1 receptor on the cell surface, as in the case

of MDA-MB-231 breast cancer cell line. In addition, MDA-

MB-231 exhibit the highest amount of NPs’ uptake with a fast

rate, utilizing almost exclusively the macropinocytosis path-

way. Thus, as shown in this study, cells seem to take advantage

of alternative internalization mechanisms, independent of

FOLR1 expression. Moreover, these differential internaliza-

tion mechanisms seem to be cell-type specific. Therefore, the

effective utilization of different cellular entry pathways, in the

presence or absence of FOLR1 should be re-evaluated in order

to enter the era of personalized medicine and individuals

should be tested for different cellular uptake mechanisms

before their tailor-cut anti-cancer treatment.
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