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Abstract Advanced colon cancer has a poor

prognosis due to the limited effectiveness of current

chemotherapies. Treatment failures may be avoided

by the utilization of nanoparticles, which can enhance

the effects of antitumor drugs, reduce their side effects

and increase their directionality. Polystyrene nano-

particles have shown high biocompatibility and

appropriate physicochemical properties and may rep-

resent a novel and more effective approach against

colon cancer. In the present study, polystyrene nano-

particles were synthesized and fluorescently labelled,

analyzing their cell internalization, intracellular local-

ization and capacity to release transported molecules

in tumour and non-tumour human colon cell lines (T84

and CCD-18). Flow cytometry and fluorescence

microscopy studies demonstrated that polystyrene

nanoparticles are an effective vehicle for the intracel-

lular delivery of small molecules into colon epithelium

cells. The percentage cell uptake was around 100 % in

both T84 and CCD-18 cell lines after only 24 h of

exposure and was cell confluence-independent. The

polystyrene nanoparticles showed no cytotoxicity in

either colon cell line. It was found that small

molecules can be efficiently delivered into colon cells

by using a disulphide bridge as release strategy.

Analysis of the influence of the functionalization of

the polystyrene nanoparticles surface on the internal-

ization efficiency revealed some morphological

changes in these cells. These results demonstrate that

polystyrene nanoparticles may improve the transport

of biomolecules into colon cells which could have a

potential application in chemotherapeutic treatment

against colon cancer.

Keywords Polystyrene nanoparticles � Colon

cancer � Culture cells � Drug release � Disulphide bond

Introduction

The effectiveness of cytotoxic treatment in colon cancer,

the third most frequently diagnosed cancer world-

wide (Haggar and Boushey 2009; Siegel et al. 2013),
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is currently very limited. Despite recent advances in

chemotherapy, advanced or recurrent colorectal cancer

remains incurable by conventional treatments (Berrino

et al. 2007; Prados et al. 2013). Metastases are

developed by 25 % of colorectal cancer patients, with

a 5-year survival of only 10 % in patients with

metastasis at the time of the diagnosis (Labianca and

Merelli 2010). The lack of tumour drug specificity,

high systemic drug toxicity and development of

multidrug-resistance have been implicated in colon

cancer treatment failure (Patwardhan et al. 2010). Thus,

novel therapeutic strategies are required for patients

with the disease in an advanced stage.

Nanotechnology offers the possibility of improving

the cytotoxic treatment of cancer by reducing degra-

dation of the drug, improving its transport to the

tumour cell cytosol, avoiding drug resistance mech-

anisms and increasing its specificity (Brigger et al.

2002). In the case of polystyrene nanoparticles

(PS-NPs), a wide size range can be synthesized

(32 nm–15 lm) for different biological applications

(Oberdöster 1988; Sánchez-Martı́n et al. 2005; Pellach

and Margel 2014). The biocompatibility of polysty-

rene NPs is dependent on their surface chemistry. The

possibility to easily modify the NP surface (Yu and Fei

2013; Sánchez-Martı́n et al. 2006) represented some

advantage over other NP delivery systems since it may

improve their biocompatibility, cytotoxicity and

in vivo half-life. In addition, the transported molecule

can remain attached to the NPs avoiding its passive

diffusion in the cytosol. PS-NPs can also be readily

conjugated to a broad range of biomolecules, includ-

ing drugs, peptides, proteins, RNA and DNA (Tsak-

iridis et al. 2009; Yusop et al. 2011). PS-NPs may

therefore improve the transport and release of bio-

molecules into tumour tissues, and their size, coat-

ing (Kulkarni and Feng 2013) and surface charge

(Ekkapongpisit et al. 2012) can be modified for

specific applications.

The aim of this study was to evaluate the usefulness

of PS-NPs as a delivery system in colon cells. For this

purpose, we analysed the cellular uptake of fluores-

cently labelled PS-NPs in tumour (T84) and non-

tumour (CCD-18) cell lines derived from colon

epithelium, assessing the cell internalization effi-

ciency of the PS-NPs and their capacity to release a

small molecule within the cell and testing their

toxicity in both human cell lines.

Materials and methods

Synthesis and loading of polystyrene nanoparticles

Two hundred and five nanometer (PDI = 0.043)

aminomethyl PS-NPs (Fig. 1a) were prepared by

dispersion polymerization as previously described

(Unciti-Broceta et al. 2012). All reagents were

obtained from Sigma-Aldrich. 205 nm NPs were

firstly functionalized with a polyethylene glycol

(PEG) spacer as follows: PS-NPs (Fig. 1a) were

washed and suspended in dimethylformamide

(DMF) (1 ml). Separately, Fmoc-4, 7, 10-trioxa-1,

13-tridecanediamine succinamic acid (Fmoc–PEG–

OH) (75 equiv.) was dissolved in DMF (1 ml) with

Oxyma and N,N0-diisopropylcarbodiimide (DIC) (75

equiv.) and mixed for 10 min. After this time, the

solution was added to NPs and mixed for 2 h at 60 �C.

Subsequently, the NPs were washed by centrifugation

(13,400 rpm; 3–10 min) with DMF, methanol and

water to obtained Fmoc-PEGylated NPs (Fig. 1b). Fmoc

deprotection was achieved by treatment with 20 %

piperidine/DMF (3 9 20 min) and sequentially wash

steps as previously to give PEGylated NPs (Fig. 1c).

Fluorescein isothiocyanate (FITC)-labelled NPs

(NP-FITC) (Fig. 1d) were prepared by the addition

of 5, 6-carboxyfluorescein (75 equiv.), Oxyma and

DIC (75 equiv.) in DMF to PEGylated NPs and mixed

at 60 �C for 2 h. Nanoparticles were then sequentially

washed as described above. Capping step was carried

out by the addition of acetic anhydride (50 equiv.) and

N,N-diisopropylethylamine (DIPEA) (50 equiv.) in

DMF to PEGylated NPs and mixed at 25 �C for 18 h.

Nanoparticles were then sequentially washed as

described above to achieve acetylated NPs (Fig. 1e).

Disulphide NPs (NP-SS–COOH) (Fig. 1f) were pre-

pared by the addition of dithiodipropionic acid (75

equiv.), DIC (37.5 equiv.) in DMF to PEGylated NPs

(Fig. 1c) and mixed at 60 �C for 2 h. Nanoparticles

were then sequentially washed as described. Conju-

gation of 4-aminofluorescein to dithiodipropionic acid

functionalised microspheres (Fig. 1f) was achieved by

mixing for 4 h at room temperature following preac-

tivation of NPs with a 0.1 M solution of 1-ethyl-

3-(3-dimethylaminopropyl) carbodiimide (EDC) in

2-(N-morpholino) ethanesulphonic acid (MES) (0.1 ml)

to yield FITC-labelled disulphide NPs (NP-SS-FITC)

(Fig. 1g) (Alexander et al. 2009).
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To prepare dual-labelled NPs with Cyanine 5 (Cy5)

and FITC (Fig. 2d), PEGylated NP (Fig. 1c) were

treated with Fmoc–Lysine(Dde)–OH (75 equiv.),

Oxyma (75equiv.) and DIC (75equiv.) in DMF for

2 h at 60 �C. Nanoparticles were subsequently washed

as previously described and Fmoc-deprotected with

20 % piperidine/DMF, yielding free amino residues,

which were PEGylated as described above to give NPs

(Fig. 2a). Subsequently, Dde deprotection was affor-

ded by treatment of NPs with hydroxylamine HCl

(0.4 mmol) and imidazole (0.3 mmol) in N-methyl-2-

pyrrolidone (NMP) (1 ml) for 1 h. Nanoparticles were

subsequently labelled with Cy5 (1 equiv.) in the

presence of DIPEA (2.37 equiv.) in DMF and mixed

for 18 h at 25 �C yielding Cy-5 labelled NPs

(Fig. 2b). After washing, NPs were Fmoc-deprotected

and then coupled with dithiodipropionic acid yielding

Cy5-labelled NPs (Cy5-NP-SS–COOH) (Fig. 2c).

Aminofluorescein conjugation was done as described

above to yield bifunctionalized Cy-5-labelled-NP

with aminofluorescein conjugated by a disulphide

bridge (Cy5-NP-SS–FITC) (Fig. 2d). Particle size

Fig. 1 Strategy for

functionalization of

nanospheres and cargo

conjugation. Reagents and

conditions: (i) Fmoc-PEG-

OH spacer, Oxyma, DIC,

DMF. 2 h, 60 �C, 100 %;

(ii) 20 %piperidine/DMF,

3 9 20 min, rt; (iii) 5,6-

carboxifluorescein, Oxyma,

DIC, DMF, 60 �C, 2 h,

100 %; (iv) acetic

anhydride, DIPEA, DMF,

18 h, rt, 100 %; (v) 3-30-
dithiodipropionic acid, DIC,

DIPEA, DMF, 2 h, 60 �C,

100 %; (vi) (1) EDC, MES,

25 �C, 4 h, 100 %; (2)

4-amimofluorescein, PBS,

25 �C, 18 h, 100 %

Fig. 2 Strategy for functionalization of dual-labelled nano-

spheres 200 nm with Cy5 and fluorescein. Reagents and

conditions: (i, 1) Fmoc-Lys- Dde(OH), Oxyma, DIC, DMF,

2 h, 60 �C, 100 %; (2) 20 %piperidine/DMF, 3 9 20 min, rt;

(3) Fmoc-PEG-OH, Oxyma, DIC, DMF, 2 h, 60 �C, 100 %; (ii,

1) NH2OH.HCl/Imidazole in NMP, 2 9 1 h, rt; (2) Cy5, DIPEA

in DMF, 18 h, rt, 100 %; (iii, 1) 20 %piperidine/DMF,

3 9 20 min, rt; (2) 3-30-Dithiodipropionic acid, DIC, DIPEA,

DMF, 2 h, 60 �C, 100 %; (iv, 1) EDC, MES, 25 �C, 1,400 rpm,

4 h, 100 %; (2) 4-amimofluorescein, PBS, 25 �C, 18 h, 100 %
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distribution by Dynamic Light Scattering (DLS) and

Zeta potential values was measured for each batch of

nanoparticles on a Zetasizer Nano ZS ZEN 3500 in

molecular biology grade water in a disposable sizing

cuvette for size measurements or clear disposable zeta

cuvette for zeta potential measurements.

Cell culture

The human colon cancer cell line T84 and the human

non-tumour colon cell line CCD-18, obtained from

American Type Culture Collection (ATCC, Manassas,

VA), were cultured as previously we described

(Martı́n-Banderas et al. 2012).

Flow cytometry assays

T84 and CCD-18 cells were seeded in 6-well plates

(15 9 103 cells/well) in 2 ml of complete DMEM. To

analyse NPs cell, internalization cells were exposed at

1.08 and 2.16 lM of PEGylated NPs, NP-FITC, and

acetylated NPs (Fig. 1c–e) during 24, 48 and 72 h

according our previous studies (Tsakiridis et al. 2009;

Bradley et al. 2008). Untreated cells and unconjugated

fluorescein in solution were used as negative control.

In addition, both cell lines were seeded at different cell

confluence (10, 25, 50, 65, 80 and 100 %) and exposed

to NP-FITC (Fig. 1d) (1.08 and 2.16 lM) during 24 h,

in order to determine the influence of cell confluence

in NP internalization. To analyse the efficiency of

intracellular release using the disulphide bridge as

strategy cleavage, both cell lines were exposed for

24 h at a concentration of 1.08 lM of unlabelled

disulphide NPs (Fig. 1f), Cy5-labelled disulphide NPs

(Fig. 2c) and the same NPs conjugated to aminoflu-

orescein, NP-SS-FITC (Fig. 1g) and Cy5-NP-SS-

FITC (Fig. 2d), respectively. Fluorescence intensity

of FITC (kemission = 520 nm) and Cy5 (kemis-

sion = 670 nm) was measured with a flow cytometer

BD FACSCanto II.

Fluorescence microscopy

T84 and CCD-18 cells were seeded (2 9 103 cells/

well) in chamber slides (BD Biosciences, Erembode-

gem, Belgium) with 300 ll of complete DMEM and

exposed at 1.08 and 2.16 lM of unlabelled PEGylated

NPs (Fig. 1c) and NP-FITC (Fig. 1d) for 24, 48 and

72 h. Then, cells were washed with PBS, fixed with

methanol 10 min at -20 �C and mounted using Ultra

CruzTM Mounting Medium (Santa Cruz Biotechnol-

ogy, Heidelberg Germany). Samples were evaluated

using a Nikon Eclipse 50i microscope (Nikon Instru-

ments Inc., Melville, NY).

Cytotoxicity studies

T84 and CCD-18 cells were seeded in 24-well plates

(8 9 103 cells/well) in 400 ll of complete DMEM.

Culture cells were exposed at six concentrations

(0.27–8.64 lM) of PEGylated NPs (Fig. 1c) for 24,

48 and 72 h. Sulphorhodamine B assay was carried out

to evaluate the cellular cytotoxicity of NPs as previ-

ously we described (Martı́n-Banderas et al. 2012).

Statistic analysis

The results were analysed with the Student’s t test

(a = 0.05) using the Statistical Package for the Social

Sciences v.15.0 (SPSS). All data shown were repre-

sented as mean ± standard deviation (SD).

Results and discussion

Synthesis and loading of polystyrene nanoparticles

A monodispersed population of 205 nm aminofunc-

tionalized cross-linked PS-NPs (PDI 0.043) (Fig. 1a)

was obtained by dispersion polymerization as previ-

ously described (Unciti-Broceta et al. 2012). PEGy-

lation of PS-NPs (Fig. 1b) was performed following a

Fmoc solid phase protocol and using Oxyma/DIC as

coupling reagents. This PEGylation increases the

biocompatibility of the NPs, thereby facilitating their

transport across cell membranes. It also reduces

unfavourable interactions between NPs and the bio-

active cargoes. Surface functionalization was per-

formed by reacting PEGylated NPs (Fig. 1c) with

acetic anhydride in order to coat them with acetyl

groups (Fig. 1e). The NPs were conjugated to 5,

6-carboxyfluorescein to allow quantification of their

uptake with a fluorescence-based technique (Fig. 1d).

An intracellular cleavable linker, dithiopropionic acid,

was conjugated to PEgylated NPs as a release strategy

(Fig. 1f); this disulphide bridge is cleaved by intra-

cellular glutathione, releasing the desired cargo.

Aminofluorescein, used as a model drug, was
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conjugated to the NPs using a water-soluble carbodi-

imide (Fig. 1f). The uptake efficiency of the cleavable

NPs was assessed by double-functionalizing them

using orthogonally protected lysine (Fmoc-Lysi-

ne(Dde)–OH) (Dı́az-Mochón et al. 2004). Hence, the

NPs were conjugated simultaneously to a fluorophore

(Cy5) and to the desired cargo, i.e. aminofluorescein

(Fig. 2d). The size homogeneity of resulting nanopar-

ticles was checked routinately by DLS. Efficiency of

conjugation was routinely monitored by measurement

of zeta potential values for each sample. As previously

described, the zeta potential values of modified

nanoparticles correlated to the nature of chemical

modification (Thielbeer et al. 2011). The zeta potential

of the initial amino-functionalized nanoparticle was

?25 ± 3 mV, then zeta potential shifts to ?3 mV

when NP were PEGylated and to -5 mV when they

are acetylated, allowing us to monitor each step.

Nanoparticle cell internalization studies

Polystyrene nanoparticles cell internalization studies

Cell internalization of NPs was evaluated in T84 and

CCD-18 cell lines by flow cytometry and fluorescence

microscopy using NP-FITC (Fig. 1d). Carboxyfluo-

rescein alone, which cannot penetrate through the cell

membrane at the concentration used (Kim et al. 2012),

was used as control (see ‘‘Materials and methods’’

section). The internalization efficiency of NP-FITC

after 24 h of exposure was nearly 100 % in the T84

and CCD18 cells at the highest concentration

(2.16 lM) indicating that all analysed cells internalize

NPs.. However, CCD18 cells at the lower concentra-

tion (1.08 lM) did not reached the 100 % of the

internalization efficiency. In any case, the internali-

zation efficiency of NP-FITC in both T-84 and CCD18

cells was significantly higher than in the case of FITC

alone at both concentrations 1.08 and 2.16 lM

(p \ 0.001). In addition, we observed a little but

significant difference in the internalization efficiency

of NP-FITC at the concentration of 1.08 lM between

both cell lines (p = 0.004) (Fig. 3a). On the other

hand, NP-FITC at the lower concentration (1.08 lM)

induced a greater fluorescence intensity in T-84 cells

in relation to CCD-18 cells only after 48 h of exposure

(Fig. 3b) (p = 0.042) suggesting a best internalization

of the NPs in tumoral cells at least at this time. In any

case, NPs improve the penetration of the molecule in

both tumoral and non-tumoral cells.

These results were corroborated by the fluorescence

microscopy findings. T84 and CCD-18 cells exposed

to NP-FITC showed an intense fluorescence (Fig. 4a)

although with a no homogeneous internalization rate.

As expected, cells exposed to free fluorescein did not

emit fluorescence, indicating that this molecule was

internalized by conjugation to the NPs. These NPs

showed an intracellular localization in both cell lines

(Fig. 4a). These results are in agreement with data

published by Sánchez-Martı́n et al. (2009) using the

same PS-NPs in human cervix carcinoma (HeLa) and

melanoma (B16F10) cells. A microscopy analysis by

Alexander et al. (2010) detected no presence of

membrane around these NPs, suggesting passive

entry; however, this mechanism remains unclear.

Influence of surface chemical groups on cellular

uptake of Polystyrene nanoparticles (PS-NPs)

by colon cells

PEgylated NPs without fluorophores but with amino

groups (–NH2) (Fig. 1c) or acetyl groups (–COCH3)

(Fig. 1e) on their surface were used to analysed the

influence of these surface groups on NP internaliza-

tion. Flow cytometry showed a markedly greater

incorporation of amino-functionalized versus acety-

lated nanoparticles in both T84 and CD-18 cells

(Fig. 4b). Interestingly, amino groups induced a

significant change in the inner complexity of T84

cells that was not observed using acetylated NPs

(Fig. 4c). A lesser change was observed in CCD-18

cells (Fig. 4b). These results may explain the differ-

ence in cellular uptake between the cell lines (see

above). Some authors have hypothesized that a

positive charge on the NP surface can increase the

cellular uptake in comparison to a neutral or negative

charge (Kenzaoui et al. 2012; Alexis et al. 2008).

Release efficiency of aminofluorescein

Utilization of a disulphide bridge has been reported to

achieve the efficient intracellular release of conjugated

bioactive molecules from different types of NP (Zhao

et al. 2011; Borger et al. 2011) within beadfected cells

by glutathione activity (Wu et al. 2004). T84 and

CCD-18 cells exposed NP-SS-FITC (Fig. 1g) showed
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Fig. 3 Polystyrene NPs cell

internalization. Flow

cytometry analysis after

cells exposure (24, 48 and

72 h) to NP-FITC (1.08 and

2.16 lM) and FITC alone

which was used as a control.

a Study of percentage cell

uptake. b Study of median

fluorescence intensity. Both

studies showed significant

differences between NP-

FITC and FITC

(*p \ 0.001) and between

1.08 and 2.16 lM

(#p \ 0.001) in both cell

lines T-84 and CCD18.

Values represent

mean ± SD of four

different cultures

Fig. 4 Polystyrene NPs cell internalization. a Fluorescence

microscopy analyses using NP-FITC. No fluorescence was

observed in either T84 (a1) or CCD-18 (a3) cells treated with the

control solution (FITC alone). In contrast, cytoplasmatic

fluorescence was observed in both T84 (a2) and CCD-18 (a4)

cells after NP-FITC exposure (2.16 lM after 72 h). All samples

were nucleus-stained with DAPI. All images, 209

magnification. b Flow cytometry analysis of cell complexity

after exposure to NPs modified with surface chemical groups

(NH2 and COCH3). Untreated T84 and CCD-18 cells (c1 and

c4), T84 and CCD-18 cells treated with NP-NH2 (c2 and c5),

and T84 and CCD-18 cells treated with NP–COCH3 (c3 and c6).

All exposures were performed at 1.08 lM for 24 h
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a decrease in fluorescence intensity (in a time-

dependent manner) in comparison to the NP-FITC-

treated cells (control) (Fig. 5). These findings suggest

that aminofluorescein is released in the cytoplasm

after cleavage of the disulphide bridge inside the cells

and that its leakage can take place within a short period

of time (Ormerod 2000).

Bi-functionalized Cy-5-labelled NPs with amino-

fluorescein conjugated via a disulphide bridge

(Cy5-NP-SS-FITC) (Fig. 2d) were evaluated in

order to monitor the cell uptake of these NPs and

to ensure that the disulphide bridge was cleaved

within the cell. As can be observed in Fig. 5c, both

T84 and CCD-18 cells showed an intense Cy5

fluorescence but very low FITC fluorescence, dem-

onstrating that aminofluorescein is released from the

NPs within the cells and that the NPs remain in the

cell cytosol. This result demonstrated that disulphide

bridge may be used to insure the molecule release

inside colon cells.

Effect of polystyrene nanoparticles on cell

proliferation

Because PS-NPs are not biodegradable, no side effects

are produced by degradation products, and cytotoxic-

ity has usually been related to the concentration and

amino group content of the NPs (Yu and Fei 2013).

The size and shape of NPs also play a role, with

smaller and spherical NPs evidencing lesser toxicity

(Fritz et al. 1997). PS-NPs were previously reported to

have no toxic effects on different cell types, including

adherent, suspension and primary cells (Ekkapongpi-

sit et al. 2012; Tsakiridis et al. 2009; Alexander et al.

2010). We found no significant differences between

T84 and CCD-18 cells treated with PEGylated NPs

and the control cells at the different exposure times

and concentrations (Fig. 6). Only at the highest

PEGylated NP concentration (8.64 lM) and exposure

(72 h), CCD-18 showed some growth decrease (35 %)

probably by cell overloading.

Fig. 5 Release efficiency of polystyrene NPs. Flow cytometry

analysis of disulphide bridge breakage showing percentage cell

uptake of NP-FITC and NP-SS-FITC (both 2.16 lM) at

different exposure times (a) and median FITC fluorescence

intensity with the same treatments (b). NP-SS-FITC cellular

uptake and fluorescence intensity showed significant differences

(p \ 0.05) compared to NP-FITC. Flow cytometry analysis with

double labelling (c) showing median of the fluorescence

intensity of Cy5 and FITC in cells after exposure of NP-SS-

FITC and Cy5-NP-SS-FITC. Cy5-NP-SS–COOH was used as a

control. All treatments were performed at 1.08 lM for 24 h.

Cy5 fluorescence intensity showed significant differences

(*p \ 0.05) compared to FITC. Values represent mean ± SD

of four different cultures
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Conclusion

This study examined the usefulness of PS-NPs for

transporting anti-tumour drugs in colon cancer treat-

ments. Results obtained demonstrate that these PS-

NPs facilitate the internalization of impermeable

compounds in both tumour (T84) and non-tumour

(CCD-18) colon cells and are not toxic for either cell

type. The incorporation of disulphide bridges proved

to be an appropriate strategy for releasing an active

ingredient within these cells. The present findings

suggest that these NPs may be useful as a novel

method to achieve the delivery of drugs in colon

cancer patients.
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