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Molecular conductors such as tetrathiafulvalene—tetracyanoquinodimethane (TTF-TCNQ) are of interest
for applications in biomedical devices. In this context, toxicity data should be available. Although
separate TTF and TCNQ toxicity studies were reported, that of TTF-TCNQ had not been investigated, mainly
because of its low solubility in biological media. Recently, the preparation of TTF-TCNQ in the presence of
octylamine (OA), acting as a growth controller, afforded soluble nanoparticles (NPs). These particles can
further host a biologically active species, for example, trans-decenoic acid (TRANS). In order to study the
integration of TTF-TCNQ-based NPs into biomedical devices, we prepared and studied the cytotoxicity of
TTF-TCNQ-OA and TTF-TCNQ-OA@TRANS NPs because () the chemical nature of TTF and TCNQ is
different in separate compounds (neutral molecules) and the adduct (charged molecules), and (i) nano-
materials may show cell toxicity. The collected data provide evidence that TTF-TCNQ-OA and TTF-TCNQ-
OA@TRANS NPs do not induce cell death in normal cells, human dermal fibroblasts, and cancer cells,
HCT-116, for concentrations up to 50 pg mL~%, but do induce an arrest in cell division at a concentration of
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Introduction

The first isolated organic metal,' TTF-TCNQ (Fig. 1), tetrathia-
fulvalene-tetracyanoquinodimethane, is a typical one-dimensional
material: its structure consists of independent stacks of TTF and
TCNQ moieties and its conductive properties arise from partial
charge transfer between the TTF and TCNQ molecules, leading to
the TTF***"TCNQ®*°~ adduct. The material grows as needles. Its
conductivity at room temperature (cgr = 600 S cm ™) is the highest
along the needle axis which corresponds to the molecular stacking
direction."

TTF-TCNQ was prepared and studied in numerous forms
such as single crystals,' crystalline powders,” thin films,>* mole-
cular wires,>® and, more recently, nanoparticles (NPs) through the
addition of a growth controller to the reaction medium.”®

TTF-TCNQ NPs were isolated by using (i) stearic or octanoic
acid, (ii) butyl-, octyl- or hexadecyl-amine, (iii) 1-butyl-3-methyl-
imidazolium salts® ((BMIM]X with X = BF,~ or [N(CF3S0,),] ) or
(iv) poly(vinylpyrrolidone).' Note that stable colloidal solutions
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100 pg mL™%. These data are encouraging for the use of these TTF-TCNQ-based NPs in biomedical devices.

(10 g L' in tetrahydrofuran, THF) of TTF-TCNQ NPs were
obtained using n-octylamine (OA) as a growth controller.”

TTF-TCNQ has been studied for gas sensing applications,
reticulate doping,** as electrodes in OFETs'*"'® and as a mediator
for biosensors."® It exhibits an electrochemical stability domain®
suitable for biosensing various chemical species (glucose, choline,
lactate, dopamine, etc.). In such applications, TTF-TCNQ is part of
the electrode composition and is incorporated using various
methods."""”® For example, biosensors containing TTF-TCNQ
and acetylcholine esterase enzyme were fabricated for the detection
of therapeutic drugs.””*® The performance of the TTF-TCNQ
biosensors is sensitive to the morphology of the material. As a
monolayer, the salt exhibits enhanced electrocatalytic properties
vs. bulk powder imbedded in, e.g., carbon paste. These enhanced
properties are explained by more efficient contacts with the active
centres of the enzymes supported on the TTF-TCNQ surface.
Therefore, the preparation of TTF-TCNQ supported on carbon
nanotubes was suggested to build nanosensors offering large
active areas.

11,12

Another route for increasing the surface-over-volume ratio in
solid materials consists of preparing NPs. This is possible for
TTF-TCNQ”® and could be beneficial for applications in biosensors.
To our knowledge, TTF-TCNQ NPs have only been evaluated for
electronic applications: as electrodes in OFETs® and as charge
materials in composites for electromagnetic shielding.*’

In the context of biosensor applications, TTF and TCNQ
have been reported separately as being soluble in biological
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Fig. 1 Molecular structures of TTF and TCNQ building blocks.

media and to have low toxicity,>® but the toxicity of the
TTF-TCNQ adduct has not been investigated either as bulk or
as NPs. Nanomaterials based on metals, metal chalcogenides or
carbon are of high health concern today®' because they have
entered medical application domains®® including nanomedicine
where they have sometimes shown cell toxicity.>*> Therefore, as
the safety of using biomedical devices is essential, the cytotoxicity
of the TTF-TCNQ adduct needs to be studied, particularly in the
form of NPs. Due to their size, they can easily be internalized by cells
via endocytic pathways.>® This internalization also raises concerns
over their potential cytotoxicity and unknown biological activities.

We report here a study of the cytotoxicity of TTF-TCNQ NPs
stabilized by octylamine (TTF-TCNQ-OA) and further covered by
a bioactive chemical, as a first step to evaluate their potential
use as a supporting media in biomedical devices. We selected
trans-2-decenoic acid (TRANS) which is isolated from royal jelly
and has been reported to show weak oestrogenic activity.>” The
TRANS molecule is characterized by a hydrophobic long alkyl
chain ended by a polar carboxylic COOH function and including
a C=C double bond located in oc of the COOH group: these
features are in favour of a well-organized structure of TRANS
molecules as a second shell around TTF-TCNQ-OA NPs.

Numerous commercial cell viability assays exploit different
cellular processes to quantify cytotoxicity, each highlighting the
variability that can be obtained from different methodologies.*®*°
Unlike endpoint approaches, real-time assay systems allow for the
tracking of cellular growth over the entire time course of an
experiment. This is particularly effective for assessing the impact
of cytostatic compounds, where subtle growth inhibitory effects
are easily noticeable but may be missed while using endpoint-
based methods. In the present work, we performed real-time
assays, using equipment capable of capturing images at regular
intervals, quantifying cellular surface area coverage as a measure
of proliferation, and allowing the visualization of drug-induced
cell morphology changes.**

Results and discussion

We have selected TTF-TCNQ-OA NPs for conducting the study
of the cytotoxicity of TTF-TCNQ-OA NPs because they can afford
stable solutions. We further prepared TTF-TCNQ-OA NPs covered
by TRANS in order to evaluate their potential use as the support
media for biologically active species.’”

Synthesis and solubility of the NPs

TTF-TCNQ-OA NPs were prepared as reported previously.” They
were isolated as well-dispersed spherical NPs with a mean
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Fig. 2 TEM images of (a) TTF-TCNQ-OA NPs (from ref. 7) and (b) TTF-
TCNQ-OA@TRANS NPs (this work); scale bars = 500 nm.

diameter of 40 nm (Fig. 2a). UV-vis, IR and Raman spectroscopy
results are in agreement with the formation of the TTF-TCNQ-OA
species (ESIT).

The TTF-TCNQ-OA@TRANS sample was prepared by adding
TRANS to a THF solution of TTF-TCNQ-OA NPs. A majority of
smaller NPs (~25 nm, Fig. 2b) are observed after the addition
of TRANS. The surface erosion and reorganization of the nano-
objects due to the combined presence of OA and TRANS in an
ethanolic solution could explain the smaller particle sizes
observed by TEM. The TRANS molecules are bound to the
surfaces of TTF-TCNQ-OA NPs via hydrogen bonds between
the NH, groups of OA and the OH groups of TRANS. These
hydrogen bonds have little influence on the carbonyl stretching
frequency of TRANS. As a matter of fact, TTF-TCNQ-OA@TRANS
exhibits a v¢o infrared band at 1710 cm™ ", a value that is very
close to that of free TRANS (1700 cm™') (Fig. 3). The Raman
spectrum is identical to that of TTF-TCNQ-OA because the
highly polar CO group of TRANS has low polarizability and is
not conjugated with the C—C groups of TTF and TCNQ surface
molecules, explaining why no additional bands are observed.
The UV-vis spectrum is identical to that of TTF-TCNQ-OA: it is
not affected by the TRANS molecules constituting the protecting
organic shell because bands are only due to the charge transfer
between TTF and TCNQ and to the intramolecular transitions
in TCNQ.
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Fig. 3 Infrared spectra of TRANS and TTF-TCNQ-OA@TRANS.

This journal is © The Royal Society of Chemistry 2020
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Images of the TTF-TCNQ-OA and TTF-TCNQ-OA@TRANS NPs/ethanol mixture as a function of the ethanol volume added to 1 mg of NPs. For

both NP samples, solubility is reached for 0.4 mL of ethanol, corresponding to a concentration of 2.5 g L™*

Ethanol (mL) 0.1 0.2 0.3 0.4

0.5 0.6 0.7 0.8 0.9 1.0

TTF-TCNQ-OA

S IR

Fig. 4 TEM images of (a) TTF-TCNQ-OA NPs and (b) TTF-TCNQ-OA@
TRANS NPs from the 2.5 g L™* solutions in ethanol; scale bars = 200 nm.

In order to perform cytotoxicity experiments, NPs must be soluble
in a solvent compatible with biological media. TTF-TCNQ-OA and
TTF- TCNQ-OA@TRANS are not soluble in diethyl ether and lead to
unstable dispersions in water, but they form stable solutions in
ethanol. A concentration of 2.5 g L ™" is obtained in ethanol at room
temperature (Table 1). The integrity and size of TTF-TCNQ-OA and
TTF-TCNQ-OA@TRANS NPs are maintained within the ethanol
solution (Fig. 4).

For toxicity experiments, a 2.5 ¢ L™ ' solution is added to the
culture medium containing fibroblasts or HCT-116 cancer cells.

Ethanol cytotoxicity

With the solubility of TTF-TCNQ-OA of TTF-TCNQ-OA@TRANS
being obtained using ethanol, we first had to study the effect of
ethanol alone on cell viability, before studying the toxicity of
the NPs solubilized in ethanol. Results obtained by adding
successive quantities of ethanol, from 1 to 10%, show that both
HCT-116 and fibroblast cells are not significantly affected by
ethanol doses of up to 5% (Fig. 5).

Moreover, as shown in Fig. 5A, the morphology of cells and
their density did not change in the presence of EtOH up to 5%
but were dramatically affected at 10%, a concentration where
cells are no longer elongated but adopt a spherical shape.
However, the fact that the cells are still present and attached to
the Petri dishes reveals that even the affected cells are still viable.

We next quantified the percentage of confluence as a function
of time, a value directly linked to the density of cells. As shown in
Fig. 5B, the percentage of confluence of control cells increased
with time, which is the signature of cell growth. The addition of
EtOH at 24 hours induced a rapid drop in confluency for EtOH
concentrations above 5%, which can be explained by the rapid

This journal is © The Royal Society of Chemistry 2020

but reversible change in the shape of the cells. This drop is more
visible for fibroblasts than for HCT-116 cells, which can be
explained by the difference in their initial shapes. At 48 hours,
ie. 24 hours of incubation with EtOH, these values were still
dramatically affected by 10% EtOH that correlates well with the
phase contrast micrographs. For HCT-116 cells, this percentage
decreased to 40% for fibroblasts and 70% for HCT-116 cells as
shown in Fig. 5C.

Therefore, experiments on the cytotoxicity of NPs were
conducted by diluting the NPs in a volume containing 5% ethanol,
a concentration that permits a maximum NP concentration of
0.1 mg mL ",

Cytotoxicity of NPs

It was previously reported that neutral TTF and TCNQ species
show low toxicity towards cells®® (LD5, TCNQ = 1225 mg kg ™"
and LDs, TTF = 750 mg mL™, oral administration in mice).
However, this work does not report on the toxicity of the TTF-
TCNQ adduct, probably because of the lack of solubility of the
bulk material. Indeed, bulk TTF-TCNQ, which prevented this
toxicity study, does not contain neutral species but partially
charged TTF®*°" and TCNQ®*°~ species at the origin of its
conductive properties. As soluble NPs could be isolated, we have
studied their cytotoxicity in order to determine if the TTF-TCNQ
adduct may be considered as a potential support material for
therapeutic applications. The study was performed with both
TTF-TCNQ-OA and TTF-TCNQ-OA@TRANS NPs.

Our first objective was to characterize the cytotoxicity of TTF-
TCNQ-OA in vitro toward cancerous and normal cells. As above,
two cell cultures, HCT-116 and human dermal fibroblasts, were
incubated in the presence of increasing concentrations of
TTF-TCNQ-OA (0.0012-0.1 mg mL™") for an average of 72
(£12) hours, and cell growth was monitored by real time
in vitro micro-imaging using the IncuCyte System (Sartorius,
Germany). The IncuCyte System allows for the hourly monitoring
of cell growth by determining the confluence of the cells and
displaying the morphological changes associated with treatment.

As shown in Fig. 6A, the morphology of cells and their
density did not significantly change in the presence of up to
50 pg mL™' TTF-TCNQ-OA but was dramatically affected
at 100 ug mL™', a concentration where cells are no longer
elongated but adopt a spherical shape. As shown in Fig. 6B, the
percentage of confluence of cells increased with time but in a

Mater. Adv., 2020, 1,1963-1970 | 1965
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(A) Representative phase contrast micrographs of HCT-116 (a—c) and fibroblasts (d—f) at various concentrations of EtOH: (a—d) 0% EtOH;

(b—e) 5% EtOH; and (c—f) 10% EtOH. (B) The graph shows the percentage of confluence as a function of time for HCT-116 (left) and primary human
dermal fibroblast (right) cells (the addition of varying concentrations of EtOH at 24 h; 0% black, 1% blue, 2% orange, 5% green and 10% red), represented as
mean =+ SD. (C) The graph shows the confluence ratio at 24 h after the addition of varying concentrations of EtOH for HCT-116 (left) and primary human

dermal fibroblast (right) cells, represented as mean + SD.

TTF-TCNQ-OA concentration-dependent way. The addition of
TTF-TCNQ-OA induced a decrease in confluency for concentrations
above 25 ug mL ™" that can be explained by the change in the
shape of the cells. For concentrations between 37.5 and
62.5 ug mL™', the percentage of confluence increased for
HCT-116 cells but less than that for the control one. At 75
and 100 ug mL ™", confluence was affected since this percentage
did not increase at all. These observations correlate well with
the phase contrast micrographs. The same observations can be
done for the fibroblasts. As shown in Fig. 6, the cell viability of
HCT-116 was affected highly significantly in the presence of
50 pg mL~' of TTF-TCNQ-OA, whereas the fibroblast cell
viability appears to be highly affected from a TTF-TCNQ-OA
concentration of 75 ug mL ™", a difference that may be explained

1966 | Mater. Adv., 2020, 1,1963-1970

by the alteration of the shape probably due to the change in the
metabolism of the cells and in their generation time.

In order to evaluate the influence of TRANS supported on
the NPs, the cytotoxicity of TTF-TCNQ-OA@TRANS was studied
on fibroblasts, which remain viable at a higher concentration of
TTF-TCNQ-OA compared to HCT-116 cells. In addition, fibro-
blasts have been chosen for this experiment since further
development of the use of TTF-TCNQ-OA will be performed
on normal cells and not on cancerous ones. The fibroblast cell
viability was affected highly significantly from a concentration
of 62.5 ug mL ™" of TTF-TCNQ-OA@TRANS as shown in Fig. 7.
Therefore, the cell viability is similar in the presence or absence
of the fatty acid. On the other hand, from a concentration of
50 ug mL ™', a morphological change of the cells was observed:

This journal is © The Royal Society of Chemistry 2020
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(A) Representative phase contrast micrographs of HCT-116 (a—c) and fibroblasts (d—f) at various concentrations of TTF-TCNQ-OA: (a and d)

0ugmL™%; (band e) 50 pg mL~%; and (c and f) 100 ng mL™L. (B) A graph showing the percentage of confluence as a function of time for HCT-116 (left) and
primary human dermal fibroblast (right) cells (the addition of varying concentrations of TTF-TCNQ-OA at 24 h; 0 pg mL™ black, 100 pg mL™? red,
75 ug mL~t green, 62.5 ng mL~* orange, 50 pg mL~* purple, 37.5 pg mL~* blue and 25 pg mL~* gray), represented as mean + SD. (C) A graph showing the
confluence ratio at 24 h after the addition of varying concentrations of TTF-TCNQ-OA for HCT-116 (left) and primary human dermal fibroblast (right),

represented as mean + SD.

dermal fibroblasts appeared to differentiate into myofibro-
blasts (Fig. 7A(b)).

To overcome the morphological change in our cell viability
analyses, we then labelled the nuclei of fibroblast living cells
with NucLight Red (EssenBio) and analysed the nuclear count
per mm? as a function of time for different concentrations of
TTF-TCNQ-OA@TRANS (Fig. 7D). The IncuCyte® NucLight
Rapid Red Reagent for cell labeling is a cell permeable DNA
stain that specifically stains nuclei in live cells and is ideally
suited to the mix-and-read, real-time quantification of cell
counting. The addition of the IncuCyte NucLight Rapid Red
Reagent to normal healthy cells is non-perturbing to cell growth
and morphology and provides homogenous staining of nuclei.
When added to the tissue culture medium, the inert stain
crosses the cell membrane and has excellent specificity for

This journal is © The Royal Society of Chemistry 2020

DNA without the need for a wash step. Results show that the
TTF-TCNQ-OA@TRANS NPs affected the cell shape and con-
fluence but the number of nuclei, meaning the number of cells,
remained stable 72 hours post-treatment.

Experimental
Preparation of TTF-TCNQ-OA NPs

Typically, 1 mmol (204 mg) of TTF, 1 mmol (204 mg) of TCNQ,
and 1 mmol (160 pL) of n-octylamine are added at room
temperature to 120 mL of tetrahydrofuran and the solution is
stirred for one hour. The nanoparticle powder is obtained after
the evaporation of the THF solvent, washing with pentane, and
finally drying under vacuum for 2 hours at 30 °C. The isolated

Mater. Adv., 2020, 1,1963-1970 | 1967
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Fig. 7 (A) Representative phase contrast micrographs of primary human dermal fibroblasts at various concentrations of TTF-TCNQ-OA@TRANS:

(@) 0 pg mL™%; (b) 50 pg mL™%; and (c) 100 pug mL™%. (B) A graph showing the percentage of confluence of fibroblasts as a function of time (the addition of
varying concentrations of TTF.-TCNQ-OA@TRANS at 24 h; 0 pg mL~* black, 100 ug mL™* red, 75 pg mL~* green, 62.5 pg mL~* orange, 50 g mL~* purple,
37.5 ug mL~! blue and 25 pg mL™* gray). (C) A graph showing the confluence ratio of primary human dermal fibroblasts at 24 h after the addition of
varying concentrations of TTF-TCNQ-OA@TRANS, represented as mean =+ SD. (D) Nuclear objects were measured over time in response to increasing

concentrations of TTF-TCNQ-OA@TRANS.

powder is soluble in various solvents: acetone, ethanol, and
THF. IR (cm ™ "): vy 3208; ven 2199, 2169, 2133,

Preparation of TTF-TCNQ-OA@TRANS NPs

Typically, 0.1 mmol (50 mg) of TTF-TCNQ-OA and 0.5 mmol (85 pL)
of trans-2-decenoic acid are added at room temperature to 5 mL of
tetrahydrofuran (THF) and the solution is stirred for 30 min. The
nanoparticle powder is obtained after the evaporation of THF,
washing with pentane and finally drying under vacuum for 2 hours
at 55 °C. IR (em™%): v 3197; von 2199, 2177, 2128; 1o 1710.

Solubility tests

The solubility of TTF-TCNQ-OA and TTF-TCNQ-OA@TRANS
was studied by adding successive quantities of ethanol to
1 mg of the NP powder. The total dissolution of NPs is obtained
after adding 0.4 mL of ethanol. The corresponding concentration
of the solutions is 2.5 g L™ "

Cell culture

The human colorectal carcinoma cell line HCT-116 was pur-
chased from ATCC (# CCL-247). Dermis native tissue and
human cells of primary human dermal fibroblasts isolated
from the foreskin of a 3-year-old child were purchased from
Icelltis (Toulouse, France) as previously described.*?

Briefly, after overnight incubation in Dispase II enzyme
(10 mg mL™*, Gibco-Invitrogen, Carlsbad, USA), the epidermis

1968 | Mater. Adv., 2020, 1,1963-1970

was carefully peeled off, and part of the fresh native dermis was
used for the enzymatic isolation of fibroblasts with collagenase
type 1 (1 mg mL™', Abnova, Taipei, Taiwan). 5 days after
primary fibroblast isolation and expansion, cells at precocious
passage 1, from the same batch, were used to seed and produce
monolayer cells.

HCT-116 and primary human dermal fibroblasts were grown
in Dulbecco’s modified Eagle’s medium (Invitrogen), supple-
mented with 10% heat-inactivated fetal calf serum, 100 U mL ™"
penicillin and 100 ug mL ™" streptomycin. The cells were main-
tained at 37 °C in a humidified atmosphere containing 5% CO,.

Cell viability

HCT-116 and primary human dermal fibroblast cells were
seeded at, respectively, 2 x 10* cells and 8 x 10° cells per well
into a 96-well plate, in 200 pL complete growth medium at
37 °C, 5% CO, incubation. After overnight incubation, the cells
were treated with different concentrations of NPs dissolved in
5% EtOH or 5% EtOH alone for controls, and the plate was
inserted into the IncuCyte Zoom for real-time imaging, with
one image per well under 10x magnification every 1 h for an
average of 72 (£12) hours. Data were analysed using the
IncuCyte Confluence version 1.5 software, which quantified
the cell surface area coverage as confluence values. All IncuCyte
experiments were performed in triplicate and each condition
was performed 6 times (in the same plate).

This journal is © The Royal Society of Chemistry 2020
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Fig. 8 IncuCyte-based monitoring cellular growth and viability.

Toxicity assay

The cytotoxicity of TTF-TCNQ-OA and TTF-TCNQ-OA@TRANS
NPs was evaluated on cell monolayers 24 h after seeding. Different
concentrations were tested, ranging from 0 to 0.1 mg mL™ " in
DMEM complemented with 10% FBS. The two cell cultures
HCT-116 and human dermal fibroblasts were incubated in the
presence of increasing concentrations of TTF-TCNQ-OA
(0.0012-0.1 mg mL™") for an average of 72 (£12) hours, and
cell growth was monitored by ““real time in vitro micro-imaging”
using the IncuCyte System (Sartorius, USA, Fig. 8). The IncuCyte
System allows for the hourly monitoring of cell growth by
determining the confluence of the cells and displaying the
morphological changes associated with treatment. The tests are
performed on 96-well microplates, in the presence of increasing
doses of the TTF- TCNQ-OA@TRANS product on the different cell
types. The fluorescent dye NucLight was used as needed. Live
imaging represents the images captured over time from the cells
as a function of processing and is used to compile collections of
training images. The analysis parameters have been optimized to
allow the analysis of each treatment condition.

Phase contrast and fluorescence images were obtained using the
IncuCyte Zoom time interval microscopy system. The established
processing definitions during the training phase were used for
real-time image processing, followed by statistical analysis.

Statistical analysis

We used unpaired Student #test analysis to determine statistical
differences (with a p value < 0.05 considered significant) in the
confluence ratio between different concentrations of EtOH or
TTF- TCNQ-OA/TTF-TCNQ-OA@TRANS. The analysis was performed
with Prism 5 software (GraphPad Software, San Diego, CA, USA).

Conclusions

The integration of molecular conductors into biomedical
devices depends on their stability and safety towards biological
media. The cytotoxicity of the organic conductor TTF-TCNQ
could be studied, thanks to its availability in the form of NPs

This journal is © The Royal Society of Chemistry 2020

which can be solubilized unlike the bulk material, without the
change of their chemical nature. All of the collected data
reported in this work give evidence that TTF-TCNQ-OA and
TTF-TCNQ-OA@TRANS NPs do not induce cell death in normal
cells, human dermal fibroblasts, and cancer cells, HCT-116, for
concentrations up to 50 pg mL™", but induced an arrest in cell
division at 100 pg mL~". These data show promise for their use
in biomedical devices.
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