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Chirality is a fundamental phenomenon in biological systems, since most of the biomolecules and biological
components and species are chiral and therefore recognize and respond differently depending on the
enantiomer present. With increasing research into the use of nanomaterials for biomedical purposes, it is
essential to understand the role that chirality of nanoparticles plays at the cellular level. Here, the chiral
cysteine functionalization of mesoporous silica nanoparticles has been shown to broadly affect its interaction
with U87 MG human glioblastoma cell, healthy human fibroblast (GM08680) and methicillin-resistant
S. aureus bacteria. We believe that this research is important to further advancement of nano-biotechnology.

Introduction

The use of nanoparticles for biomedical purposes has been at
the pipeline of research for several decades. Initially research
was mostly focused on the new advantages and properties that
arise in existing materials when reducing the size to nano-
metric scale.* But over time a lot of effort has been invested in
functionalizing them with different molecules, polymers, proteins,
antibodies, aptamers, etc. seeking to improve their selectivity>™” or
action as a consequence of a stimulus/response.® " It was possible
to produce complex systems capable of fulfilling very specific
functions and in many cases of great scientific value. However,
for accomplishing great feats, we sometimes forget to pay enough
attention to small but vital details. This is the case of chirality in
nanoparticles, despite the time that nanomedicine has been
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studied, little attention has been paid into knowing how this
phenomenon affects interaction with biological systems.

Presence of chirality in nature is undeniable, many molecules
of living organism possess a particular enantiomeric configu-
ration, for example human proteins are made of r-amino acids,
while p-configuration predominates in carbohydrates.'> The
importance of chirality in biological systems resides in molecular
recognition processes, where enzymes and cell receptor molecules
can distinguish two enantiomeric substrates. Therefore, enantio-
mers are likely to experience selective biochemical interactions
such as absorption, distribution, metabolism and elimination."?
Molecular recognition is a key feature when developing chiral
drugs, since enantiomers can have very different effects. A very
well-known case is thalidomide, in which the S-enantiomer is
teratogenic while the R-form has sedative effects.'*

Since chirality is such a fundamental property of a living
organism and the chiral recognition is crucial for understanding
of effects of chiral drugs, the study of chirality in nanomaterials
for biomedical applications is a very important research topic.
Recently, this issue has been addressed by a few of scientific
publications which reveals the increasing interest that the
nanomedicine field is putting onto it. In this respect, there are
some previous reports that show clear evidences of the effect of
chirality in nanomaterials on molecular recognition," cell
migration, cell adhesion or DNA replication inhibition.'®>

For instance, Li et al. reported that regardless of size, when
functionalized QDs with chiral glutathione (GSH), the autophagy
and cytotoxicity in HepG2 cells was greater for .-GSH-QDs than for
p-GSH-QDs.” In a different study performed by Deng et al., it was
shown that, after binding to gold nanoparticles, the D form of
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poly(acryloyl-L(p)-valine) enhanced the uptake by A549 and HepG2
cells.”* Similar studies have also been carried out on the influence
exerted by the chirality of nanoparticles on bacteria.>**® Most of
the papers are devoted to chiral metal NPs,?”*® but there are also
publications on polymeric nanoparticles,”*° carbon nano-
particles®** or selenium ones>® among others. Mesoporous silica
nanoparticles (MSN) have proven to be a great resource for the
treatment of several diseases such as bacterial infection,®*>
cancer,* Alzheimer,*® etc. Nevertheless, there are still many open
questions to address the influence of chirality of MSN for inter-
action with biological systems. For example, Rosen et al. char-
acterized the physicochemical properties of zwitterionic L-cysteine
(Cys) functionalized silica nanoparticles.”” They found that
cysteine coating provided the nanoparticles a higher stability in
biological media such as human serum, but no studies were
performed on the effect that chirality plays in stability and neither
in cell-interaction or cytotoxicity. Another study by Guo et al,
showed that chirality influences drug release.*® MSN were func-
tionalized with either b or r-tartaric acid. o-MSN showed a higher
and sustained drug release over time, and hence a stronger
pharmacodynamic performance in vivo. Also related to the selec-
tive drug release is the study carried out by Fan et al,*® who
synthesized on-off chiral MSN able to deliver achiral drug indo-
metacin in chiral environment.

As a very promising antecedent of our work, Li et al. reported
how the functionalization of 1-Cys MSN allows to selectively
target the Golgi apparatus in Hep-2 cells.*® Although this work
presented chiral characterization by circular dichroism of b and
1-Cys MSN, it did not compare the different biological beha-
viour of the enantiomers, hence they did not explore the
influence of chirality in their biological system. In this respect,
to go beyond the current state of the art in cell chiral- MSN
interactions,**’ in this work we not only use chiral amino acid
functionalized MSN in two different biological systems, but we
also compare the different behaviour they present depending
on their chirality. Cysteine functionalisation was previously
reported by Rosen et al. to be stable in biological media,*”
which is fundamental for nanomedicine approaches. There-
upon, here we report the preparation and characterization of
the chiral cysteine (Cys) functionalization of mesoporous silica
nanoparticles and investigate their cell-interaction with U87
MG human glioblastoma cells, healthy human fibroblast
(GM08680) and methicillin-resistant S. aureus bacteria. Pheny-
lalanine (Phe) MSN were used as a control, as we found that this
functionalization did not confer chiral properties to the nano-
particles. The selectivity and efficacy of p-Cys MSN in U87 cells,
together with the ability to load antitumor drugs inside the pores,
make this nanodevice a powerful tool to combat neuroblastoma.

Experimental
Reagents

All chemical reagents were of analytical grade and used as pur-
chased without further purification. Tetraethylorthosilicate (TEOS,
98%), n-cetyltrimethylammonium bromide (CTAB, >99%), sodium
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hydroxide (NaOH, >98%), ammonium nitrate (NH,NO3, >98%),
sodium carbonate (Na,CO;, >99.5%), hydrochloric acid (HCI,
37%), fluorescein 5(6)-isothiocyanate (FITC, >98%), rhodamine
B isothiocyanate (RITC, >98%), (3-aminopropyl)triethoxysilane
(APTES, >98%), N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride (EDAC, >98%), 3-(triethoxysiyl)propylsuccinic anhy-
dride (SATES, 95%) were purchased from Sigma-Aldrich. Ethanol
and distilled water (Millipore) were used as solvents.

Characterization techniques

Fourier transform infrared spectroscopy (FTIR) was carried out
in a Nicolet (Thermo Fisher Scientific, Waltham, MA, USA)
Nexus spectrometer equipped with a Goldengate attenuated
total reflectance (ATR) accessory (Thermo Electron Scientific
Instruments LLC, Madison, WI, USA). Morphology was studied
by High Resolution Transmission Electron Microscopy
(HRTEM) with a JEOL JEM 3000F instrument operating at
300 kv, equipped with a CCD camera (JEOL Ltd, Tokyo, Japan).
Sample preparation was performed by dispersing in EtOH and
subsequent deposition onto carbon-coated copper grids. SEM-
EDX analysis was performed on a JEOL 6100 (Japan) instrument
operating at 20 kV. Sample preparation was performed by
powder deposition onto a copper stud, dried and coated with
a film of gold previous observation. Thermogravimetric (TG
measurements) were performed in a PerkinElmer Pyris Dia-
mond TG/DTA (California, USA), (heating from 25 °C to 100 °C
at 10 °C min %, hold for 5 min at 100 °C to remove all remained
water and heat from 100 °C to 900 °C). To determine the
evolution of the size and surface charge of nanoparticles by
dynamic light scattering (DLS) and zeta ({)-potential measure-
ments, respectively, a Zetasizer Nano ZS (Malvern Instruments,
United Kingdom) equipped with a 633 nm “red”” laser was used.
DLS and {-potential measurements were recorded in aqueous
colloidal suspensions. For this purpose, 1 mg of nanoparticles
was added to 10 mL of solvent followed by 5 min of sonication
to obtain a homogeneous suspension. Measurements were
recorded by placing 1 mL of suspension (0.1 mg mL™') in
DTS1070 disposable folded capillary cells (Malvern Instruments).

Synthesis of fluorescent COOH-MSN

COOH-MSN have been synthesized by a ‘co-condensation’
synthesis method. 1 g of CTAB, 480 mL of H,O and 3.5 mL of
NaOH (2 M) were added to a 1000 mL round-bottom flask.
The mixture was heated to 80 °C and magnetically stirred at
600 rpm. Meanwhile, 1 mg FITC and 2.2 pL APTES were
dissolved in 100 pL ethanol and left reacting for 2 h. After that,
the FITC reaction mixture was mixed with 4 mL of TEOS and 1.26
mL of SATES and added dropwise at 0.33 mL min ' rate to the
CTAB solution. The yellowish suspension obtained was stirred
for 2 h at 80 °C. The nanoparticles were collected by centrifuga-
tion, washed twice with water and resuspended in 500 mL of a
NH,NO; solution (10 mg mL ") in ethanol (95%) at 65 °C
overnight under magnetic stirring to remove the surfactant.
The calcination method was not chosen to avoid partial con-
densation between nanoparticles.** The MSN were collected by
centrifugation, washed twice with water and twice with ethanol
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and finally stored in an ethanol suspension to avoid aggregation
or the nanoparticles dissolution.*®

Non fluorescent COOH-MSN was synthesized for antimicro-
bial experiments. The synthesis process was analogous to that
described above but in the absence of the silylated FITC.

Functionalization with r-/p-cysteine and L/p phenylalanine

Following the procedure described by Shieh et al.,*® 100 mg of
COOH-MSN were suspended in 12 mL of MilliQ water and
subjected to several sonication cycles of 5 min until a good
suspension was achieved. Then, 28 755 mg of EDAC (0.15 mmol)
and 35 pL of triethylamine (0.25 mmol) were added and stirred
for 30 min. After that, 8 mL of a solution of 0.05 M of the amino
acid (1-/p-Cys or Phen) was gently added to the suspension and
the mixture was reacted overnight. The product was filtered
washed twice with water and twice with ethanol and storage in
an ethanol suspension. Before adding to the cells, nano-
particles were washed twice with water and once with the
proper culture media.

Cell culture

U87 MG human glioblastoma and human skin fibroblasts from
healthy donors (GM08680) cell lines were cultured in Mini-
mum Essential Medium Eagle (MEM) (Sigma-Aldrich) supple-
mented with 10% FBS under humidified atmosphere of 5% CO,
at 37 °C. Additionally, U87 MG was supplemented with 1%
L-glutamine and GM08680 was supplemented with antibiotics
(100 mg L™ streptomycin and 200.000 U L™ " penicillin). For all
the experiments, the cells were seeded on 24 well plates in an
initial density of 25 000 cells per well and left to attach for 24 h.

Internalization assays of nanoparticles in U87 MG

After 24 h, cells were incubated with medium containing
different concentrations of the chiral nanoparticle suspensions
(100, 50, 25 and 5 pg mL ™). After 2 h, cells were washed twice
with PBS and incubated at 37 °C with trypsin-EDTA solution
(Sigma-Aldrich) for cell detachment. The reaction was stopped
with culture medium after 5 min and cells were centrifuged at
1000 rpm for 10 min and resuspended in fresh PBS containing
1 pL mL™" of SYTO red (SYTO 60 red fluorescent nucleic acid
stain dye). After 10 min flow cytometry measurements were
performed at an excitation wavelength of 488 nm, green fluore-
scence was measured at 530 nm (FL1). The trigger was set for
the green fluorescence channel (FL1). The conditions for the
data acquisition and analysis were established using negative
and positive controls with the CellQuest Program of Becton-
Dickinson and these conditions were maintained during all the
experiments. Each experiment was carried out three times and
single representative experiments were displayed. Then, the
surface fluorescence of the cells was quenched with trypan blue
(0.4%) to confirm the presence of an intracellular, and therefore
internalized, fluorescent signal. After that, the flow cytometry
experiments were repeated.

3546 | J Mater. Chem. B, 2021, 9, 3544-3553

View Article Online

Paper

Internalization assays of nanoparticles in GM08680

After 24 h, cells were incubated with medium containing
different concentrations of the chiral nanoparticle suspensions
(100, 50, 25 and 5 ug mL~"). After 2 h, cells were washed twice
with PBS and incubated at room temperature with trypsin-
EDTA solution for 5 min for cell detachment. The reaction was
stopped with culture medium and cells were centrifuged at
1500 rpm for 5 min. Cells were washed with 100 pL of PBS
1x and then resuspended in 200 uL staining PBS. Following
flow cytometry measurements were performed using the same
settings as previously described.

Cell viability of nanoparticles against U87 MG

Cell viability was analyzed using the Cell Counting Kit-8
(CCK-8) (Dojindo, Europe). Cells were cultured as described
above without (control) or with the tested materials (1-/p-Cys or
Phen MSN) at different concentrations (100, 50, 25 and 5 pg
mL ). After the incubation period (24 or 48 h), cell viability was
evaluated. The reagent was directly mixed with fresh media and
put in contact with the cells for 1 h at 37 °C. After that, the
absorbance at 450 nm was read. The viability was plotted as
percentage (%) of absorbance normalized for the controls.

Cell viability of nanoparticles against GM08680 MG

Cell viability was analyzed by flow cytometry using 7-amino-
actinomicina D (7-AAD) (BD-Biosciences) which only penetrates
death cells. Cells were cultured as described above, without
(control) or with the tested materials (-/D-Cys or Phen MSN) at
different concentrations (100, 50, 25 and 5 pg mL™"). After the
incubation period (24 or 48 h), cell viability was evaluated. Cells
were detached, washed as resuspended in staining PBS as pre-
viously described. Viability reagent 7-AAD was directly added to
the cells when resuspended in staining PBS and incubated during
15 min at room temperature. After that, flow cytometer measure-
ments were performed at an excitation wavelength of 546 nm and
emission fluorescence was measured at 647 nm (FL3). The
viability was plotted as percentage (%) of negative 7-AAD fluore-
scence normalized for the controls.

Internalization assays into S. aureus planktonic bacteria

Culture conditions. S. aureus (strain BH1CC MRSA)* was
grown in tryptic soy broth (TSB) at 37 °C for approximately
16-18 h. The bacterial suspension was centrifuged at maximum
power for 5 min and 1 mL of fresh PBS was added to carefully
resuspend the cells. The suspension was diluted to adjust the
optical density at 600 nm to 0.35. One millilitre was transferred
to a clean tube, the washing protocol was repeated twice and
finally bacteria were resuspended in 1 mL of PBS.

Treatment conditions

p/t-Cys, p/t-Phen functionalized fluorescent MSN were added to
50 pL of bacteria suspension to reach final concentrations of 5,
25, 50 and 100 pug mL™'. The samples were incubated for
90 min with shaking (200 rpm) at 37 °C and then centrifuged
at maximum power for 5 min. The supernatant was removed,
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and the pellet was washed with 50 pL of PBS without resus-
pending it. Next, internalization was measured by flow cytome-
try. To do so, 50 puL of the red SYTO red dye were added and
incubated for 10 min at room temperature (RT). The samples
were washed with 500 pL of PBS. Finally, 600 uL of PBS-
formaldehyde 2% were added to fix the cells. After 10 min,
flow cytometer measurements were performed following the
same protocol as in the internalization in glioblastoma cells
experiment.

Antimicrobial effects against S. aureus planktonic bacteria

Culturing and treating conditions were the same as explained
previously for internalization experiments in planktonic bacteria.
Non-fluorescent MSN were used instead to avoid fluorescence
interference with the viability kit that we used (LIVE/DEAD™
BacLight™ Bacterial Viability Kit). p/t-Cys, p/t-Phen functionalised
non-fluorescent MSN in final concentrations of 5, 25, 50 and
100 pg mL™' were used. After incubation and washing, cell
viability was measured using the viability kit mentioned above.
Flow cytometer measurements were performed without fixing the
cells at an excitation wavelength of 480 nm and green fluore-
scence was measured at 500 nm (FL1).

Internalization assays into S. aureus bacteria biofilm

S. aureus MRSA (BH1CC) was transformed with plasmid pCM29**
expressing Green Fluorescent Protein (GFP) using electroporation.
BH1CC (pCM29) was grown in TSB for 16-18 h and then sub-
cultured 1:200 into brain heart infusion (BHI) broth supplemen-
ted with glucose (1% wt/v) in a six well flat-bottomed tissue culture
plate and incubated statically at 37 °C for 6 h (early biofilm) or 18 h
(mature biofilm).

After that, p/t-Cys, p/t-Phen functionalized MSN were added
in a final concentration of 100 pg mL~" in PBS. These MSN were
previously loaded with Rhodamine B red fluorophore in order
to be able to trace them in the GFP expressing bacterial biofilm.
Since our aim was to study the effect of chirality in internaliza-
tion, we used nonfunctionalized MSN containing Rhodamine B
by co-condensation synthesis, as a control. Three different
incubation times were set: 90 min, 6 h and 18 h. The loading
protocol consisted in preparing 10 mg of each type of nano-
particles and place them into 1 mL of Rhodamine B solution
(1 mg mL~") with magnetical stirring at RT overnight. Rhoda-
mine B excess was removed by centrifuging and washing the
samples with water until the supernatant was clear.

Results and discussion
Preparation and characterization of the nanosystems

The chiral nanoparticles were synthesized in two steps. Firstly,
COOH-MSN were synthetized by co-condensation of SATES and
TEOS using the modified Stéber method.*® Structural charac-
terization by SEM shows an average size of the particles around
120 nm. It is also noticed that the presence of 20% in SATES
slightly modifies the typical spherical shape of the MCM-41
silica nanoparticles (Fig. S1, ESIT). After that, the nanoparticles
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were externally functionalized by the reaction between the
amine groups present in L-/p-cysteine and L-/p-phenylalanine
and the carboxylic acid of the nanoparticles. All types of
nanoparticles were characterized by various instrumental tech-
niques and compared with initial COOH-MSN. FTIR spectro-
scopy (Fig. S2, ESIT) of COOH-MSN showed the absence of the
CTAB peaks (2.922 and 2.855 cm™ ') confirming the removal of
the template.*® Additionally, in Fig. 1 the characteristic stretching
vibration of carboxylic acid groups (1750 cm ™), which practically
disappears after cysteine or phenylalanine (Fig. S3, ESIt) functio-
nalization, giving way to the amide bonds (1580 and 1540 cm ™)
and NH out-of plane (700 to 600 cm™ ") bands, confirming the
satisfactorily functionalization for all type of nanoparticles.*
The decrease in {-potential measurements (from —11.0 for
COOH-MSN to —19.4, —20,3, —16.1 and —14.2 mV for 1/p-Cys-
MSN and 1/p-Phen-MSN respectively) after the functionalization
is in agreement with these results. For each bond that is
formed, the surface of the particles lose a COOH group, which
is finally overcompensated by the COOH and SH groups
provided by the incorporated cysteine. Phe, not having SH,
produces a smaller change in potential. The mean hydro-
dynamic sizes determined by DLS were found to be 141 nm,
around 160 nm and around 191 nm for COOH-MSN, p/t-Cys
MSN and p/t-Phen MSN (Fig. S4, ESIT). As expected, the hydro-
dynamic sizes, that include the solvation layer, are slightly
higher than the one estimated from TEM images.””>" The
percentage of functionalization was calculated by thermogravi-
metric analysis and turned out to be approximately 8% for both
p/L-Cys samples and 5% for the Phen ones. Additionally, TEM-
EDX analysis of the amino acids functionalized samples were
also performed (Fig. S5, ESIt). S was detected in the r/p-Cys-
MSN samples confirming the presence of Cys on the nano-
particles surface. However, the presence of lighter elements
such as C, N, was not detectable, suggesting that the values
were below the detection limit of the equipment. As expected,
these same elements were neither detected in the r/p-Phen-MSN
samples with slightly lower functionalization. The chirality of the
nanoparticles was studied by circular dichroism spectroscopy.

—?=0

OH
stretch —(IZ=O

— NH,
COOH-MSN Amide I and II Out of plane
D-Cys MSN N-H bend
—L-Cys MSN
2750 2250 1750 1250 750 250
Wavelength (nm)

Fig. 1 FTIR spectra of COOH-MSN (black), p-Cys-functionalized MSN
(orange) and L-Cys functionalized MSN (blue).
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Fig.2 CD spectra of p-Cys-functionalized MSN (orange) and L-Cys
functionalized MSN (blue).

The cysteine functionalized MSN were chiroptically active, which
was reflected in the appearance of mirror-imaged CD signals for
both samples (Fig. 2) comparable to that of the free molecules
(Fig. S6, ESIT). However, the Phen-functionalized nanoparticles
showed no chirality (Fig. S7, ESIT). The reason could be that
Phen can have two binding conformations on the surface of the
MSN, which are stereoisomers of each other. In this case, they
have an opposite CD signal and compensate each other. Many
examples of stereoisomer binding modes for other amino acids
are known in the literature.'>>>7

Initially, the MSN surface is functionalized with carboxyl
groups, which are further bound to amino groups of Phen.
Wherein the carboxyl and phenyl groups of Phen remain free.
Free carboxyl groups can bind to amino groups of neighboring
Phen molecules by hydrogen bonds. While phenyl groups of
neighboring molecules can bind with each other via n—r stacking,
forming pairs in which the Phen of one molecule is directed to the
right, and the second to the left, towards each other, have binding
conformations corresponding to the opposite stereoisomers of
Phen (Fig. S8, ESIY).

Effect of chirality in U87 MG

Firstly, to know the effect that the transporter itself exerted on
cells, control was performed with non-functionalized nano-
particles. To study internalization U87 MG cells were incubated
with 50 pg mL ™" of plain fluorescent NPs for 2 hours. After that,
the media was changed to remove the non-internalized nano-
particles and cells were observed by confocal microscopy. As
can be seen in Fig. S9 (ESIt) these nanoparticles produced
negligible internalization, which is consistent with previously
published results.>® Additionally, the cytotoxicity of the NPs
against U87 cells was studied. Fig. S10 (ESIt) shows that no
significant cytotoxicity was observed for concentrations up to
100 pg mL ™" even after 72 h of treatment.

In order to test whether the chirality of the cysteine molecule
affects the internalization and/or toxicity of the nanoparticles,
two complementary studies were performed. To study the effect
on the internalization, U87 MG cells were incubated in the
presence of fluorescent L-/p-Cys MSN. Thus, U87 MG cells were
exposed to a certain amount (5, 25, 50 and 100 pug mL ") of
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Fig. 3 (a) Histogram of the internalization of fluorescent L-/p-Cys-MSN in
U87 MG at different incubation concentrations (5, 25, 50 and 100 pg mL™?)
of. (b) Evolution of internalization as a function of concentration.
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fluorescent nanoparticles for 2 hours (Fig. S11, ESIt). The
percentage of cells which engulf particles was determined by
flow cytometry (Fig. 3a). Both types of nanoparticles presented a
concentration-dependent fluorescence. However, significant
differences were observed depending on the chirality of the
molecule. p-Cys MSN show a 4.3-fold increase in cell uptake in
comparison with 1-Cys MSN for the concentration of 5 ug mL .
This difference was gradually reduced as the concentration
increased, acquiring a value of 1.2 for the concentration of
100 pg mL ™" (Fig. 3b). After that, trypan blue was added to the
cells, 10 min later the flow cytometry experiments were
repeated.’® As can be seen in Fig. S12 (ESIf), the results
coincide with those obtained before addition of trypan blue,
indicating that fluorescence came from inside the cells and not
from particles adhered to the surface.

This data agrees with the phenomenon observed by Guo
et al.,, in which p-enantiomer coated NP internalization was
more prevalent than internalization of r-enantiomer coated
NP.*® In this work they suggested that this is likely to occur
because r-phospholipid-based cell membrane has a preferable
interaction with the p-enantiomer coating.

The second experiment was performed to evaluate the
viability of the cells in the presence of different nanoparticles
concentrations (5, 25, 50 and 100 ug mL ). The results indicate
that cell death induced by p-Cys MSN is higher than the one
produced by 1-Cys MSN (Fig. 4). This difference is more evident
for the lower concentrations (5 pg mL™") and is reduced when
increasing the concentration and even equals for higher
concentrations.

These results are consistent with the internalization patterns
observed in both types of particles, suggesting that the accumula-
tion inside the cell is responsible for cell death.

Furthermore, our results for p-Cys MSN are in line with
previously published results where p-Cys QDs caused greater
toxicity against A549 cells.”” The mechanism of cell death
induced by silica nanoparticles in vitro is still not completely
clear. Some authors attribute it to reactive oxygen species (ROS)
production.’®>® Others agree that cytotoxicity of silica into
human cells highly depends on cell metabolic activity.’® In this
respect, a study by Kretowski et al. performed in glioblastoma
cell lines similar to U87 MG showed apoptosis and autophagy
induced by silica nanoparticles. They proposed a mitochondrial-
dependent pathway of apoptosis as the cell death mechanism
mediated by silica nanoparticles.®!

The same experiments were performed with the Phen func-
tionalized nanoparticles that did not show chirality. Fig. S13
and S14 (ESIt) show that the internalization in U87 cells was
superior for Phen-NPs than for Cys-NPs, however, there were no
differences between L and p forms. Regarding the toxicity, no
significant differences were observed between 1/p Phen functio-
nalized NPs (Fig. S15, ESIf), with the exception of a small
increase detected 24 h after adding r-Phen in a concentration
of 25 ug mL ™. However, taking into account the size of the
error bar and that this difference disappears after 48 hours, it
can be considered irrelevant. This observation stresses the
relevance of chirality in MSN-cell interaction, since chiral

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Cytotoxicity assay measured by Cell Counting Kit-8 (CCK-8) in U87
MG cells with different concentrations (5, 25, 50 and 100 ug mL~?) of chiral
Cys MSN at 24 and 48 h of cell culture. Data are mean + SEM, experiments
were performed in triplicate.

Cys-MSN presented differences in cell uptake and toxicity
depending on the functionalized . or p enantiomer, while
non-chiral Phe-MSN did not show significant differences.

Effect of chirality in healthy human fibroblast (GM08680)

Additionally, the antiproliferative activity of the nanoparticles
were also evaluated in normal human fibroblast (GM08680)
cells. Fig. S16 and S17 (ESIt) show that the internalization of
Cys-functionalized nanoparticles in healthy cells was much
lower than that observed in tumor cells, not exceeding a 16%
in any case. What is more, the internalization achieved by p-Cys
MSN, which presented greater toxicity in U87, was much lower
than 1-Cys, suggesting an improvement in the tumor selectivity
of the treatment. The low internalization of p-Cys MSN was
consistent with the toxicity produced in GM08680, in which cell
viability exceeded 90% even 48 h after the addition of the
maximum concentration studied (Fig. S18 and S19, ESIY).
These data suggest a high antitumor selectivity of p-Cys MSN
against healthy cells. As was the case in U87 cells, the addition
of achiral nanoparticles functionalized with /b Phen did not
show significant differences in internalization or toxicity
(Fig. S20-523, ESIt).
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Effect of chirality on S. aureus bacteria

After verifying that the chirality of the Cys particles affected
both the viability and internalization into tumor cells, we
decided to study whether similar effects can be observed in
experiments with bacteria. Regarding targeting to planktonic
bacteria, flow cytometry data showed, what seemed a slight
increase in internalization for p-Cys MSN (Fig. S24, ESIY).
However, when repeating the experiment after the trypan blue
addition (Fig. 5), the signal was broadly quenched in all cases
(the maximum value obtained being 3.28%), indicating that
nanoparticles were on the surface and not inside the bacteria.
Possibly because of the large size of the particles, making it
difficult to penetrate the bacteria. Equivalent results were
obtained when bacteria were incubated in the presence of the
1/p Phen functionalized nanoparticles (Fig. S25 and S26, ESIT).
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Fig. 5 Flow cytometry of trypan blue treated S. aureus bacteria incubated
in the presence to a certain amount (25, 50 and 100 ng mL™Y of
fluorescent L-/p-Cys MSN. The yellow fraction is considered F-MSN+ in
absence of trypan blue, R1is the F-MNS+ fraction in the presence of trypan
blue.
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The toxicity of nanoparticles against bacteria was also
studied (Fig. S27, ESIt). In this case, and contrary to what
happens with the U87 MG cells, 1-Cys MSN proved to be more
toxic than p-Cys MSN. 1-Cys MSN showed a concentration-
dependent toxicity, achieving up to 15.9% death at maximum
concentration (100 pg mL™"). p-Cys MSN caused a negligible
death at concentrations of 25 and 50 ug mL ", achieving 5.1%
when the concentration rises to 100 ug mL ™" (Fig. 6).
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Fig. 6 flow cytometry data of the selected region for dead stained S.
aureus bacteria. Cell viability was measured using (LIVE/DEAD™ BacLight™
Bacterial Viability Kit).
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This data agrees with the study reported by Caldeira et al., in
which the biofunctionalization of cellulosic fibres with
L-cysteine conferred the material antibacterial properties
against S. aureus. The mechanism of action that they report is
related to cellular metabolism, since incubation with r-Cys
causes a decrease from 90% metabolic active cells to 2%.°
Although, in this study the authors did not explore the chiral
properties of cysteine functionalisation but focus only in the
i-form. However, Wang et al. reported how r-Cys showed
preferred antibacterial activity against S. aureus, while p-Cys
presented stronger antibacterial activity against E. coli,
S. enteritis and L. monocytogenes.®> According to the authors,
these differences could be related to structural differences of
S. aureus cells.®

The fact that the same enantiomeric nanoparticle has oppo-
site responses when faced with different biological systems, is
not exclusive to the present nanosystem. In previous studies,
our research group showed that while p-Cys ZnS:Mn QDs is
more toxic to A549 cells,”” 1-form CdSe/ZnS QDs present the
highest internalization and toxicity against Ehrlich ascites
carcinoma cells.®® On the other hand, the toxicity study carried
out with the NPs containing Phen, resulted again in the
absence of differences between samples functionalized with
both enantiomeric forms (Fig. S28, ESIt).

A 90 min

Fig. 7 Confocal microscope monitoring of the pattern of penetration into
S. aureus biofilm expressing GFP, shown for all type of nanoparticles (R-
MSN, R-L/p-Cys MSN and R-L/p-Phen). The example presented here is of
R-MSN. (A) Mature biofilms were grown for 18 h and then incubated with
nanoparticles for 90 min or 6 h as indicated. (B) Early stage biofilms (6 h)
were incubated with nanoparticles for 18 h.
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The final step involved evaluating the bacterial biofilm
targeting efficacy of the chiral nanoparticles. Plain nano-
particles (R-MSN), with a (-potential similar to that of the
functionalized particles, were used as a control. To visualize the
nanoparticles, they were labelled in red by loading rhodamine B
(R) into the pores. For this purpose, a preformed mature biofilm
of S. aureus expressing GFP was incubated with 100 pg mL ™" of
each type of nanoparticles suspension for 90 min or 6 h (Fig. 7A).

According to 3D confocal reconstruction there were no
significant penetration differences between p/L-Cys MSN and
p/t-Phen MSN nor with the control particles. All type of nano-
particles presented the same pattern of penetration. After
90 min of incubation the nanoparticles were deposited on the
top of the biofilm, but no penetration inside the biofilm was
observed. Again, after 6 h, the particles remained deposited on
the surface of the biofilm although in this case a greater
separation between the nanoparticles and the bacteria was
observed. This is most likely due to a layer of extracellular
DNA, protein and other extracellular matter that the bacteria
expulse in stress conditions.

In contrast, when the particles were added to an early-stage
biofilm (6 h biofilm) and incubated for a further 18 h, the penetration
inside the biofilm was observed for all nanoparticle types (Fig. 7B).
These results show that the chirality of our silica nanoparticles does
not affect penetration into the S. aureus biofilm.

Conclusions

In this work we have studied the effect that Cys functionalized
MSN chirality has on different biological systems. Besides, the
results have been compared with those obtained for non-chiral
Phen functionalized NPs.

It has been observed that chirality plays a pronounced role
in behavior of U87 tumor cells, showing greater internalization
and toxicity in the case of p-Cys MSN. On the other hand, in
GMO08680 healthy cells, L-Cys presents greater internalization
and toxicity, suggesting that p-Cys MSN could be a selective and
effective treatment to combat neuroblastoma. Internalization
against S. aureus proved to be negligible and independent of
chirality, possibly because the size of the nanoparticles is
comparable to that of bacteria. However, L-Cys MSN seems to
have a greater antibiotic character against S. aureus causing a
greater decrease in the viability of the bacterial population after
2 h of incubation.

In contrast, when the same experiments were carried out
with r/p-Phen NPs, no significant differences were observed in
either internalization or toxicity in U87 cells, GM08680 MG cells
and bacteria, proving the important role that chirality plays in
both phenomena.

Finally, the internalization of the nanoparticles in the biofilm
was followed up, showing no differences dependent on chirality
and, achieving in both cases a certain degree of penetration
at 18 h.

The present work highlights the importance of characterise
the cell-interaction of chiral nanomaterials in different bio-
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logical systems and takes a step forward to further the advance-
ment of nanobiotechnology, nanotoxicology, nanomedicine
and other relevant areas.
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