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thiophene nanoparticles. Chirality
dependence of cellular uptake, intracellular
distribution and antimicrobial activity†

Ilaria Elena Palamà, *a Francesca Di Maria, *ab Mattia Zangoli,bc

Stefania D'Amone,a Giovanni Manfredi,d Jonathan Barsotti,d Guglielmo Lanzani, de

Luca Ortolani,f Elisabetta Salatelli,g Giuseppe Gigliah and Giovanna Barbarellabc

The use of intrinsic chiral molecules opens the door to bio-imaging specific tools and to the development

of target-therapy. In this work the synthesis and characterization of polythiophenes with alkyl side chains

containing one R or S chiral carbon is reported. Enantiopure chiral nanoparticles (R or S NPs) were

prepared from the polymers by a reprecipitation method. UV-vis, photoluminescence and circular

dichroism spectroscopy of the NPs are described. In vitro analysis and metabolic assays show that both

R and S NPs are efficiently taken-up by fibroblast cells without signs of toxicity. SDS-PAGE experiments

show that formation of hard protein ‘corona’ enhances the chirality difference between nanoparticles.

Co-localization experiments demonstrate that the cells are able to discriminate between the

enantiomeric R and S nanoparticles. Finally, experiments carried out on Gram negative and Gram

positive bacteria show that the enantiomeric NPs display different antibacterial activity.
1. Introduction

Chiral nanostructures – namely nano-objects non-
superimposable to their mirror image – are currently attract-
ing increasing attention in materials science, nanoscience and
nanotechnology. Applications in chiral catalysis, chiral sensing
and chiroptical devices have been reported.1–6 Chiral innovative
materials are being explored in biology and medicine,7–10 as
most molecular and supramolecular biological compounds are
chiral. The chirality of biomolecules inuences physiological
events and through chiral recognition and stereoselective non-
bonding interactions the enantiomorphs of chiral nano-
structures may interact differently with chiral biomolecules,
depending on the sign of chirality. Hydrogen bonding,
a Monteroni, 73100 Lecce, Italy. E-mail:

na, Italy. E-mail: francesca.dimaria@isof.

gna, Italy

Pascoli 70/3, I-20133 Milano, Italy

Polimi, Istituto Italiano di Tecnologia,

ly

na, Italy

ri, University of Bologna, 40136 Bologna,

Giorgi, University of Salento, 73100 Lecce,

tion (ESI) available. See DOI:

44
electrostatic forces, dipole–dipole, steric and hydrophobic
interactions, are the main weak forces driving the behaviour of
chiral nanostructures towards biomolecules. In the presence of
live cells, chiral nanostructures may give rise to different
interactions between the chiral surface and the surrounding
chiral proteins. In this way, they behave as tools capable to
control the type and the amount of biomolecules interacting
with the cells. Up to now most of the studies demonstrating
selective interactions of enantiomorphs with live cells have
concerned inorganic nanoparticles coated with organic chiral
compounds. Functional porous nanometer-scale materials
coated with chiral polymers display chirality-dependent cellular
uptake11 while for CdSe/ZnS quantum dots (QDs) capped with L-
and D-cysteine in living Ehrlich ascite carcinoma cells the
uptake of L-Cys QDs is almost twice that of D-Cys QDs.12 Selective
behaviour is also displayed by chiral gold nanoparticles coated
with poly(acryloyl-L-valine)-b-poly(2-hydroxyethyl methyl-
acrylate) (L)-PAV-b-PHEMA or its D counterpart in A549 and
HepG2 cancer cells.13 It has been found that magnetic nano-
particles decorated with L-phosphotyrosine (L-pY) are innocuous
to cells while D-pY-decorated ones selectively inhibit cancer
cells.14 Recently, graphene quantum dots functionalized with
chiral biomolecules have been reported as new efficient selec-
tive antimicrobial nanoagents.15

Systematic investigations on the behaviour of purely organic
chiral nanoparticles of opposite chirality in the presence of live
cells are still lacking, despite the fact that several chiral nano-
particles based on conjugated polymers and oligomers have
already been described.16–19 The interest in organic
This journal is © The Royal Society of Chemistry 2019
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View Article Online
nanoparticles comes from the fact that they are generally not
toxic to living cells, are uorescent and may be used as probes
for live cell imaging.20

We have recently reported that poly(3-hexylthiophene)
nanoparticles easily enter within the cytoplasm of HEK-293
cells, leaving the viability and the physiological equilibrium
unaltered.21 We have also demonstrated that nanoparticles,
prepared from appropriately functionalized thiophene poly-
mers, can act as phototransducers able to absorb visible light
and convert it into an electrical signal through cell membrane
polarization.22,23 We report here the synthesis, characterization
and behaviour in the presence of live cells of enantiopure
thiophene based nanoparticles prepared from chiral R and S
thiophene polymers. Thiophene oligomers and polymers can be
made chiral either by scaffold chirality or by the presence of
chiral centers on the side chains of linear polymers.24–28 The NPs
described here were obtained by linear thiophene polymers
containing enantiopure R and S carbon centres in the side
chains. The objective of our work was to check whether chiral
selectivity can be observed on NPs uptake and intracellular
distribution in live cells, such as NIH-3T3 broblasts, as well as
on antimicrobial activity of the chiral nanoparticles.
2. Experimental section

Materials: all chemicals were used as received without further
purication. The detailed synthesis of polymers and interme-
diates (Scheme 1) is reported in ESI.† All tissue culture media
and chemical reagents were purchased from Sigma-Aldrich. Cell
line and bacteria stock were purchased from American Tissue
Type Collection (ATTC). Lyso-tracker, ER-tracker and Mito-
Tracker were purchased from Life Technology. Optical charac-
terization and circular dichroism (CD): absorption of the poly-
mer solutions and nanoparticles dispersions was measured in
quartz cuvettes (Suprasil® QS) using a PerkinElmer Lambda
Scheme 1 (i) BuLi (1 eq.), S8 (1 eq.), Et2O; (ii) (CH3)3COK (2 eq.), (R)-
(�)-3-bromo-methyl-1-propanol (1.05 eq.) or (R)-(�)-3-bromo-n-
butyl-1-propanol (1.05 eq.), EtOH; (iii) NaH (1.05 eq.), CH3I (1.5 eq.),
DMF (4 mL), 0 �C, nitrogen; (iv) N-bromosuccinimide (2.2 eq.), CHCl3;
(v) 5,50-bis(tributylstannyl)-2,20-bithiophene (1 eq.), Pd (PPh3)4 (0.08
eq.), toluene, reflux overnight; (vi) (CH3)3COK (2 eq.), (S)-(+)-3-bromo-
methyl-1-propanol (1.05 eq.), EtOH or (S)-(+)-3-bromo-n-butyl-1-
propanol (1.05 eq.).

This journal is © The Royal Society of Chemistry 2019
1050 spectrophotometer (3 nm resolution, 2 nm sampling).
Photoluminescence was acquired using a Jobin Yvon spectro-
uorimeter exciting at 480 nm (5 nm excitation slit, 5 nm
emission slit, 3 nm sampling). CD spectra were collected using
a spectropolarimeter JASCO J-715 under ambient conditions.
Protein corona analysis of chiral NPs: for the protein corona
analyses SDS-PAGE (Sodium Dodecyl Sulphate PolyAcrylamide
Gel Electrophoresis) was employed. R and S NPs (0.05 mgmL�1)
were incubated at 37 �C in a shaker for 1 hour in complete
culture medium with 10% FBS and subsequently NPs were rst
centrifuged at 10 000 rpm for 10 min in order to eliminate hard
corona and then resuspended in PBS 1�. Washing process was
performed three times prior to SDS-PAGE analysis. Eluted hard
corona proteins from all samples were mixed with SDS-sample
buffer and boiled at 100 �C for 10 min. The samples were sub-
jected to 4–12% SDS-PAGE for 90 min at 120 V. Coomassie blue
staining was used for detection of protein bands. Proteins
concentration on NPs was determined by using Bradford
reagent (BCA, Sigma Aldrich) at 590 nm. Representative results
of three independent experiments are reported. NPs cellular
uptake and intracellular localization: mouse broblast cells
(NIH-3T3) were cultured in DMEM supplemented with 10%
fetal bovine serum at 37 �C in 5% CO2 in a humidied incu-
bator. Quantication of cellular uptake: for cellular uptake
efficiency (%), NIH-3T3 broblasts (105 cells) was treated with
serum-free DMEM medium containing uorescent R and S NPs
(0.05 mg mL�1) and incubated to 0–180 minutes at 37 �C in CO2

incubator. Successively, the cells were washed three times with
cold PBS 1�, pH 7.4. Subsequently, all the cells were lysed by
0.5% Triton X-100 in a 0.2 N NaOH solution. The amount of R
and S NPs (excitation wavelength of 550 nm and an emission
wavelength of 645 nm) in the cells was uorometrically evalu-
ated for the lysate using a uorescence spectrometer. The
cellular uptake efficiency (%) was showed as the uorescence
associated with the cells vs. the ones present in the positive
control solution. Representative measurements of three distinct
sets of data have been reported (Student's t-test, P < 0.05).
Uptake and intracellular quantication: for uorescence
confocal analysis, cells were xed for 5 minutes in 3.7% form-
aldehyde and mounted using uoroshield with DAPI. Intracel-
lular localization of R and S NPs aer 1 hour of incubation were
performed with LysoTracker Green, MitoTracker Green and ER-
Tracker Green (Life technology) immunostaining, according to
the manufacturer's instructions, to label lysosomes, mito-
chondria and ER, respectively. Confocal micrographs were
taken with a Leica confocal scanning system mounted on
a Leica TCS SP5 (Leica Microsystem GmbH, Mannheim, Ger-
many), using a 40� and 63� oil immersion objective and spatial
resolution of 200 nm in x–y and 100 nm in z. Quantitative co-
localization analysis of ten elds, within three different exper-
iments, were casually selected for each sample. Coefficient of
correlation (CC or Pearson's r),29 intensity correlation quotient
(ICQ)30 and overlap coefficient (OC)31 as frequency indices of co-
localization between NPs and LysoTracker, MitoTracker and ER-
Tracker were used. Coefficients and quotients were calculated
from each confocal image, as well as pixel shuffling and
calculation of the 999/1000 quantile of intensity, were
RSC Adv., 2019, 9, 23036–23044 | 23037
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conducted with custom-made plug-in programs (available at
http://www.mbs.med.kyoto-u.ac.jp/imagej/index.html)
combined with ImageJ soware (National Institute for Health,
Bethesda, MD, USA). Numerical data was processed with Excel
(Microso, Redmond, WA, USA) for further calculation. Repre-
sentative measurements of three distinct sets of data have been
reported (Student t-test, P < 0.05). In vitro cytotoxicity of chiral
NPs: in vitro cytotoxicity of R and S NPs in solution and depos-
ited on glass coverslip (0.05 mg mL�1) against mouse bro-
blasts (NIH-3T3) was evaluated via MTT assay aer 24–48–72
hours of incubation, according to the manufacturer's instruc-
tions (Sigma-Aldrich, USA). The absorbance was spectrophoto-
metrically measured at a wavelength of 570 nm and the
background absorbance measured at 690 nm was subtracted.
The percentage viability was expressed as the relative growth

rate (RGR) by following equation: RGRð%Þ ¼ Dsample

Dcontrol
� 100

where Dsample and Dcontrol were the absorbance of the sample
and the negative control. Each experiment was repeated three
times in triplicate (Student's t-test, P < 0.05). Antibacterial
activity of chiral NPs: Gram-negative DH5-Alpha E. coli and
Gram-positive S. aureus bacteria were growth in Luria–Bertani
(LB) broth. For antibacterial assay, growth bacterial inoculum
(104 cells per mL) was incubated with different concentrations
(50–1000 mg mL�1) of R and S NPs. Growth of E. coli and S.
aureus was indexed by measuring the optical density (OD) at
a wavelength of 600 nm using a UV-visible spectrophotometer
(Varian Cary® 300 Scan; Varian Instruments, CA, USA) every 1
hour. In addition, samples treated with different formulation of
NPs and control (CTR) were spread on solid LB plates and aer
24 hours to 37 �C the number of colony forming units (CFU)
were counted using a Miles–Misra method. Antibacterial tests
on cotton substrates treated with R and S NPs: cotton gauzes
were impregnated with R and S NPs (1 mg mL�1). The anti-
bacterial capability of the R and S NPs were evaluated through
agar diffusion tests performed according to standard ‘SNV
195920-1994’.32 The procedure consists of placing the samples
in contact with bacteria on an agar plate and evaluating the
width of the free-bacteria zone around and under the sample
aer 24 hours incubation at 37 �C. The antibacterial activity of
the material can be labelled as “good” if an inhibition zone to
bacterial proliferation can be observed under and close to the
sample and if it results larger than 1 mm. On the other hand,
the antibacterial activity of the sample can be labelled as
“insufficient” if the material is totally colonized by bacteria. A
“sufficient” antibacterial capability is associated to samples
showing free bacteria zone under their surface only. Represen-
tative measurements of three different sets of data are reported
(Student's t-test, P-values < 0.05).
Table 1 Properties of the nanoparticles obtained from polymers 6a
and 6b with different concentrations of the starting THF solution

Item
Concentration
(mg mL�1) Size (nm)

Z-potential
(mV)

6a (R) 2.68 90 � 15 �22.1
6b (S) 0.74 110 � 15 �19.5
6a (R) 1 80 � 20 �25.6
6b (S) 1 290 � 65 �22.0
3. Results and discussion
3.1 Synthesis and characterization of polymers and
nanoparticles

Enantiopure chiral nanoparticles were prepared starting from
polymers 5a, 6a and 5b, 6b which contain the thiophene rings
3a or 3b bearing an R and S chiral centre, respectively, in the
23038 | RSC Adv., 2019, 9, 23036–23044
side chain. The synthetic pattern for the preparation of the
polymers is shown in Scheme 1.

The detailed synthesis and characterization of all
compounds in Scheme 1 are reported in ESI (Pages S2–S5†).
Molecular weights and thermal properties of the polymers are
shown in Table S1 and Fig. S3–S5† and are in line with those
already obtained for analogous compounds.33 The number of
repeating units varies from 9 to 8 (i.e., 27 and 24 thiophene
rings) for 5a and 5b, and from 4 to 5 (i.e. 12 and 15 thiophene
rings) for 6a and 6b, respectively. All polymers are characterized
by good thermal stability in air. The DSC thermograms (Fig. S3–
S5†) indicate only second order thermal transitions attributable
to glass transitions (Tg) with the absence of any crystallization
peaks, indicative of an essentially amorphous structure in the
solid state. As expected, polymers 6a and 6b, having longer side
chains are more soluble in organic solvents compared to 5a and
5b. Nanoparticles were obtained from the polymers by the
reprecipitation method (see Scheme S1†), as already reported
for the preparation of poly(3-hexylthiophene) nanoparticles.20–22

Scanning Electron Microscopy (SEM) images of the nano-
particles are shown in Fig. S6.† Several sets of nanoparticles
starting from different solution concentrations were prepared
and characterized by Dynamic Light Scattering (DLS) and laser
doppler electrophoresis. As an example, representative of the
results obtained, the Z-potentials and the diameters of different
sets of NPs obtained from solutions of 6a, 6b with different
starting polymer concentrations are reported in Table 1.

In this example all the particles show a Z-potential ranging
from �20 to �26 mV, indicative of a good stability of the
dispersion. Table 1 shows that there is no simple relationship
between the starting solution concentration and the nal
diameter of the NPs. Nonetheless, NPs with comparable sizes
can be obtained for both the R and S polymers by choosing
appropriate polymer concentrations in order to compare the
optical properties of nanoparticles having similar surface to
volume ratios. In Fig. 1 the absorption and emission spectra of
polymers 6a, 6b and of the corresponding nanoparticles of
similar size (90 and 110 nm) are compared. Fig. 1A shows that
the absorption spectrum of the S polymer is blue shied with
respect to that of the R polymer, probably due to a lower
aggregation in solution, as suggested by the presence of a weak
shoulder at 600 nm. The uorescence of the two polymers
reveals that their emission is composed by three main peaks:
�600, �650 and �700 nm.

The 700 nm peak is almost absent in the S polymer while it is
more visible in the R one. On the contrary, the 600 nm peak is
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (A) Absorption (solid lines) and PL (dashed lines) of polymers 6a
(R) and 6b (S) in THF solution. In blue, the spectra of S polymer (0.04 g
L�1) and in red, the spectra of R polymer (0, 13 g L�1). (B) Absorption
(solid lines) and PL (dashed lines) of nanoparticles of similar size (90
and 110 nm). In blue, the spectra of S nanoparticles and in red the
spectra of R nanoparticles. Fig. 2 (A and C) Absorption and circular dichroism spectra of poly-

mers 5a (R, red line) and 5b (S, blue line) in CHCl3. (B and D) Absorption
and circular dichroism spectra of NPs obtained from polymers 5a (R,
red lines) and from polymer 5b (S, blue lines).
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much stronger in the S polymer than in the R one. The differ-
ence is again indicative of lower aggregation in the S polymer
probably due to the lower concentration.34 Fig. 1B shows that
the NPs display similar spectra but now the R ones show a blue
shied absorption compared to that of the S ones. Moreover, if
we compare the NPs spectra with the solution spectra, we
observe the growth of an absorption peak at�580 nm, probably
due to aggregation in the nanoparticles cores. Table 2 shows the
quantum yield (QY) of R and S polymers 6a and 6b in THF and of
the corresponding nanoparticles in water suspension.

We notice that S and R polymer solutions have similar QY
that, as expected, sensibly drop when NPs are formed, in
agreement with what has already been observed for uorescent
organic nanoparticles (FONs).35 Nevertheless, despite the low
quantum yield, the uorescence intensity of the nanoparticles
remains sufficiently high inside living cells (see gures below)
owing to the large optical absorption of the conjugated poly-
mers.36 Fig. 2C and D shows circular dichroism spectra of
polymers 5a (R) and 5b (S) in CHCl3 solution and of the corre-
sponding nanoparticles in water suspension. Z-potentials and
the diameters of different sets of NPs are reported in Table S2.†
Circular dichroism measurements show that R and S polymers
in solution display a mirrored Cotton effect in the region of the
p–p* transition (Fig. 2A). As shown in Fig. 2B, a similar mirror-
image CD prole is also observed for the NPs in water disper-
sion, indicating that the chirality present in the side chains has
been transferred to the conjugated chains. Analogous results
were obtained for polymers 6a, 6b (Fig. S6†). Passing from the
polymers in solution to the suspension of the corresponding
NPs in water, two observations can be made. First, the nano-
particles of both polymers exhibit a markedly enhanced Cotton
Table 2 Fluorescence quantum yield of polymers 6a, 6b in THF and of
the corresponding nanoparticles in water suspension

Sample Quantum yield

6a in THF solution �10%
6a NPs in water suspension <1%
6b in THF solution �10%
6b NPs in water suspension <1%

This journal is © The Royal Society of Chemistry 2019
effect with respect to the polymers in solution for comparable
absorption intensity and, second, the absorption and CD
spectra of the NPs vary with the size of the nanoparticles.
Examples of size-dependent circular dichroism of polymer
nanoparticles have already been reported.37 Since the properties
of polymers 5 and 6 are very similar, to study the effect of NP
chirality in biological systems we performed experiments only
with polymers 5a, 5b because with these polymers NPs batches
of the same size were obtained.
3.2 Cytotoxicity analysis of chiral NPs

Cytotoxicity analysis was performed using mouse broblast
cells (NIH-3T3) and S and R nanoparticles of 150 nm, obtained
from polymers 5a, 5bwith or without surfactant, in solution and
deposited on glass coverslips to a NPs nal concentration of
0.05 mg mL�1 at different time points (24–72 hours) using
a metabolic MTT assay (Fig. 3). The test item is considered non-
cytotoxic if the percentage of viable cells is equal to or greater
than 70% of the untreated control (CTR).38 As shown in Fig. 3A,
S and R NPs, with or without surfactant (0.05 mgmL�1 TRITON-
X 102), showed a similar high degree of cytocompatibility
resulting in cell viability of at least 70% over all three time
periods. Similar results were observed with the S and R NPs
deposited on glass coverslips (Fig. 3B), but with a major viability
when broblasts were seeded on lm of R NPs compared to lm
of S NPs. This discrepancy can be attributed to different expo-
sition of chiral groups, and this behaviour was conrmed by
similar analysis using a lm of R and S polymer deposited on
glass coverslips (Fig. S8†).
3.3 Protein corona analysis of chiral NPs

It is well known that live cells-NPs interactions depend not
only on the chemical structure and the physical properties
of NPs but also (when not predominantly) on the formation
of NPs-protein ‘corona’ complexes due to proteins-NPs
surface interactions in the biological environment.39,40 In
the cell medium nanoparticle surfaces absorb biomolecules,
proteins in particular, and form a new adsorbed
RSC Adv., 2019, 9, 23036–23044 | 23039
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Fig. 3 Cytotoxicity analysis on fibroblast cells by MTT assay treated for
24, 48, 72 hours in the absence (CTR) or in the presence of S and RNPs
obtained from polymers 5a, 5b with or without surfactant (0.05 mg
mL�1) in solution (A) and deposited glass coverslips (B) to final
concentration of 0.05 mg mL�1. The test item is considered non-
cytotoxic if the percentage of viable cell is equal to or greater than 70%
of the untreated control. Representative measurements of three
distinct sets of data have been reported (P-values of <0.05 for t-
Student test).
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biomolecule–nanoparticle interface which inuences the
cellular response. The ‘corona’ is a supramolecular dynamic
layer where proteins vary in nature and concentration with
time and it is this nanoparticle-protein ‘corona’ complex
that drives the interaction with the cells.
Fig. 4 SDS-PAGE of hard protein corona on SNPs (A, lane 1), RNPs (A,
lane 2) from polymers 5a, 5b, after incubation with complete culture
medium (A, lane 3) for 1 hour at 37 �C; marker (lane m). Quantification
of the adsorbed proteins on S and R NPs by the Bradford protein assay
(B). A representative result of three independent experiments is shown
(P-values < 0.05).

23040 | RSC Adv., 2019, 9, 23036–23044
Chiral S and RNPs were incubated with complete cell culture
medium with 10% FBS for 1 hour in agitation at 37 �C. Aer
wash, an SDS-PAGE was performed to analyse the NPs-hard
corona. The amount of hard protein corona (see Fig. 4A and
B) on the surface of R NPs appeared to be higher (lane 2)
compared to S NPs (lane 1). This was conrmed by the data
from Bradford protein assay (Fig. 4B).

The dissimilar protein absorption is assigned to the different
chirality of NPs. Our hypothesis is that, since the proteins in the
milieu are prevalently of one chirality sign, their absorption by
the surface of chiral nanoparticles and the force of the inter-
action will depend on NPs' handedness, i.e. there will be
enantioselective adsorption of proteins on the surface of chiral
NPs. Thus, enantiomeric NPs will have a different ‘corona’ shell
depending on their chirality sign. One of the difficulties in
investigating chiral selectivity in biological systems is that the
interactions generated by opposite chirality are generally small
and their origin poorly understood. In the present case we do
not know whether the prevalent interactions are of homo- or
heterochiral type. However, what we observe is that the forma-
tion of protein corona does not atten the chirality difference
between R and S NPs but, on the contrary, enhances this
difference since RNPs absorb a greater amount of proteins from
the milieu. Dissimilar protein corona arrangement will inu-
ence the cellular uptake and the localization of chiral NPs in
cells, as we described below.
3.4 NPs behaviour in live NIH-3T3 cells

NPs generally enter cells through one of the several pathways of
endocytosis, although different mechanisms as passive diffu-
sion (i.e. the mechanism by which molecules generally enter the
cells) cannot be excluded.41,42 The internalization mechanism is
guided by the NPs size and shape, surface charge and
hydrophobicity/hydrophilicity ratio. NPs can be favorably
internalized via caveolin/clathrin-mediated endocytosis mech-
anisms.43,44 In particular, NPs of size 20–40 nm are internalized
by caveolin-mediated endocytosis, while NPs with variable
shape and size are internalized by clathrin-mediated endocy-
tosis mechanisms.45,46 Since the NPs we have used for uptake
experiments had an average diameter of about 300 nm, we
assume a clathrin-mediated endocytosis as an accepted inter-
nalization mechanism, as we previously reported for NPs of
similar size.47,48 Cell uptake and intracellular fate of chiral
uorescent S and R NPs in broblast cell line was studied by
laser scanning confocal microscopy (LSCM). The results are
shown in Fig. 5.

Aer 24 hours of incubation, S and R NPs with and without
surfactant appeared as red uorescent spots with a predomi-
nant distribution in the cytoplasm (Fig. 5A–D). The efficiency of
cellular uptake was also quantitatively evaluated by uorimeter
study aer a period frame of 3 h. As shown in Fig. 5E the effi-
ciency of cellular uptake was time dependent in all NPs
formulations tested. Moreover, Fig. 5E shows that regardless of
the formulation (with or without the surfactant) and the side
chain length, the uptake efficiency is systematically (�3–10%)
larger for the S than for the R enantiomeric NPs. Thus, we
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 LSCM images of cellular uptake of S and R NPs from polymers
5a, 5b with and without surfactant after 24 h of incubation with
fibroblasts (A–D in red). Cell nuclei were labelled with DAPI (blue).
Scale bars: 25 mm. (E) Time-dependent cellular uptake efficiency of S
and R NPs with and without surfactant. Representative measurements
of three independent experiments have been reported (P-values <
0.05 for Student's t-test between different time points).

Fig. 6 Merged LSCM images of intracellular localization of R (A–C,
red) and S (D–F, red) NPs from polymers 5a, 5b with surfactant in
fibroblast cells after 3 h of incubation. Cell nuclei were counterstained
with DAPI (blue). Lysosomal compartment was marked with Lyso-
tracker (A and D, lysosomemarker, green); mitochondria were labelled
with Mito-Tracker (B and E, green) and ER with ER-Tracker (C and F,
green). Scale bars: 50 mm. (G) Quantitative co-localization analysis
between S and R NPs with surfactant and Lyso-Tracker, Mito-Tracker
and ER-Tracker for fibroblasts. For the identical LSCM images, the CC
(coefficient of correlation) was calculated and plotted. Ten different
fields were randomly selected for each sample and three distinct
experiments were performed (P-values of <0.05 for t-Student test).
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conclude that the cells discriminate between R and S nano-
particles and the use of specic enantiomeric nanoparticles
impacts cell uptake efficiency. As mentioned above, the mech-
anisms of biorecognition events are far from having been fully
elucidated. However, very recently, a mechanism for chiral
biorecognition – based on both experimental and theoretical
evidence – has been proposed.49,50 Putting in a very simple way,
non-bonding interactions between biomolecules cause
a molecular electron reorganisation similar to that occurring
upon application of an electrical eld. In chiral biomolecules,
such electron reorganisation causes in turn polarization of the
spins related to the displaced charge. Spin polarization dictates
symmetry constraints inducing enantioselectivity. Calculations
indicate that homochiral interactions have a different energy
from heterochiral ones and the interaction energy for two
This journal is © The Royal Society of Chemistry 2019
molecules of the same handedness are comparable with the
available thermal energy. Consequently, following a cascade of
biorecognition events inside the cells, enantioselectivity could
be observed, as in the case of our chiral NPs. To get further
experimental evidence on the ability of living mouse broblasts
to discriminate between NPs of opposite chirality we have also
carried out co-localization experiments using R and S NPs with
surfactant. The results are shown in Fig. 6.

In order to quantify the intracellular localization of our
NPs, we extrapolated the coefficient of correlation (CC), the
overlap coefficient (OC) and the intensity correlation
quotient (ICQ) from LSCM images. We have found that S NPs
were predominantly transported into lysosomal compart-
ment (CC about 0.90) and mitochondria (CC around 0.82).
By contrast, CC between S NPs and ER-Tracker was around
0.76 conrming a slightly lower co-localization. On the
contrary, R NPs showed a low co-localization with lysosomal,
mitochondria and endoplasmic reticulum (ER) compart-
ments (CC about of 0.76, 0.68 and 0.65, respectively).
Clearly, the cellular response to the R and S enantiomeric
form of the nanoparticles is quite different.
RSC Adv., 2019, 9, 23036–23044 | 23041
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3.5 Antimicrobial activity of chiral NPs

Finally, to verify the possible different behavior of chiral NPs on
prokaryotic cells, such as Gram-negative E. coli DH5-Alpha and
Gram-positive S. aureus bacteria strain, we have performed
different antibacterial tests.51 A key difference between Gram
negative and Gram positive bacteria is the thickness of the cell
wall composed by peptidoglycan, in particular Gram positive
present a thick layer (20–80 nm) and Gram negative a single
layer (1.5–10 nm). In addition, Gram negative present an outer
membrane with several pores and appendices. These
Fig. 7 Antibacterial analysis of Gram negative E. coli DH5-Alpha
(green box) and Gram positive S. aureus (yellow box). (A) Bacterial
growth in function of optical density (OD) measured every 1 hour for
a time window of 5 hours, treated with S and R NPs obtained from
polymers 5a, 5b with surfactant (1 mg mL�1). (B) Antibacterial analysis
of S and R NPs with surfactant by CFU counting on solid LB broth as
a function of NPs concentrations after an overnight. Agar diffusion test
on E. coli and S. aureus according standard ‘SNV 195920-1994’ (C)
untreated sample used as control (CTR), (D) sample treated with S NPs
with surfactant (1 mg mL�1), (E) sample treated with R NPs with
surfactant (1 mg mL�1). Representative measurements of three
different sets of data have been reported (Student's t-test, P-values <
0.05).

23042 | RSC Adv., 2019, 9, 23036–23044
differences in cellular envelope confer different responses to
external stimuli.52 In Fig. 7 it is possible to note a different
antibacterial activity of chiral NPs. In particular, R NPs with
respect to S NPs show good antibacterial properties against
Gram-negative E. coli DH5-Alpha (green box of Fig. 7), in
contrast to S NPs showing good antibacterial activity against
Gram-positive S. aureus (yellow box of Fig. 7). A bacterial growth
reduction was evident when the E. coli DH5-Alpha strain (green
box of Fig. 7) were treated with RNPs, both in function of optical
density (OD) measured every 1 hour for a time window of 5
hours (Fig. 7A, green box) and when performed a CFU counting
on solid LB broth as a function of NPs concentrations aer an
overnight (Fig. 7B, green box). On the contrary, we have
observed a reduction of S. aureus growth (yellow box of Fig. 7)
when treated with S NPs, both as a function of the optical
density (OD) (Fig. 7A, yellow box) and when performed a CFU
counting as a function of NPs concentrations aer an overnight
(Fig. 7B, yellow box). In addition, the antibacterial properties of
S and R NPs were evaluated by agar diffusion tests performed
according to standard ‘SNV 195920-1994’.31 Cotton gauzes were
impregnated with S and R NPs and the antibacterial capability
of the samples was evaluated. The procedure consists in placing
the samples in contact with bacteria on an agar plate and
evaluating the width of the free-bacteria zone around and under
the sample aer 24 hours incubation at 37 �C. The antibacterial
activity of the material can be labelled as ‘good’ if an inhibition
zone to bacterial proliferation can be observed under and close
to the sample and if it results larger than 1 mm. On the other
hand, the antibacterial activity of the sample can be labelled as
“insufficient” if the material is totally colonized by bacteria. A
‘good’ antibacterial capability is associated to samples showing
free bacteria zone under their surface only (see green and yellow
of Fig. 7C–E). Gram negative E. coli DH5-Alpha samples treated
with R and S NPs exhibited ‘good’ antibacterial capabilities with
an inhibition zone of about 3 mm for R NPs and 1.5 mm for S
NPs. In contrast, Gram-positive S. aureus samples exhibited
‘good’ antibacterial abilities with an inhibition zone of about
1 mm for R NPs and 2 mm for S NPs.

4. Conclusions

In this paper we show that enantiopure thiophene based R and
S nanoparticles are not toxic to living mouse broblast cells
(NIH-3T3). By means of SDS-PAGE experiments we demonstrate
that the formation of hard protein corona on the surface of
chiral NPs does not atten but, on the contrary, enhances the
chirality difference between the NPs. Through cellular uptake
measurements and co-localization experiments we show that
the cells are able to discriminate between NPs of opposite
chirality. Finally, thanks to experiments carried out on Gram
negative and Gram positive bacteria we demonstrate that the
enantiomeric NPs display different antibacterial activity. This is
the rst time that fully polymeric nanoparticles of opposite
chirality are proved to interact selectively with live cells, as
already observed for metallic nanoparticles coated with chiral
organic molecules. It is worth noting that the NPs described
here display different activity towards live cells only by virtue of
This journal is © The Royal Society of Chemistry 2019
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the presence of a chiral R or S carbon in the side chains of the
polymers. In other words, they are not functionalized with
chiral groups favouring specic intracellular interactions, as in
the reported cases of metallic nanoparticles. The importance of
this result is related to the simplicity of functional modication
inherent to polymeric NPs whose structure can be nely tuned
via organic synthesis. Careful modication of the structure and
the chirality of the precursor polymers could help to optimize
the properties of the corresponding NPs and their enantiose-
lectivity towards biological events inside living cells, for
example in drug delivering. Similarly, since the efficiency of the
uptake of chiral NPs by living cells is related to the sign of their
chirality, one could target NPs where one enantiomer enters the
cells and the other not at all. Note that owing to the complexity
of biochemical processes, the uptake mechanism of nano-
particles by living cells and their distribution inside the cells is
far from being fully understood and NPs chirality studies could
help to shed light and optimize the process. Currently, nano-
particles are object of wide interest in biology and nano-
medicine. We believe that the chirality of NPs could act as
a lter for many properties of importance in these elds and
that further and deeper studies on the enantioselective inter-
action of chiral NPs with living organism could make possible
new applications difficult to foresee at this stage of knowledge.
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