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New biocompatible and water soluble hybrid materials containing multi-wall carbon nanotubes
(MWCNTs) as core and hyperbranched polyglycerol (PG) as shell were synthesized successfully. In this
work, pristine MWCNTSs were opened and functionalized through treatment with acid and polyglycerol
was covalently grafted onto their surface by the “grafting from” approach based on in-situ ring-opening
polymerization of glycidol. Some short-term In vitro cytotoxicity and hemocompatibility tests were

conducted on HT1080 cell line (human Fibrosarcoma), because this epithelial cell line can be one of the

Keywords:
Hybrid materials
Carbon nanotube
Polyglycerol

first route of entry of the exogenous materials to the vascular system and therefore subsequent inter-
actions with the whole body, in order to investigate their potential application in nanomedicine and to
understand the limitation and capability of these material as nanoexcipients in biological systems.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Carbon nanotubes have attracted considerable attention
because of their unique atomic structure, high surface area-to-
volume ratio and excellent electronic, mechanical and thermal
properties [1-3]. They have a wide range of potential applications
including nanoelectronic, sensors, fillers in composites materials
and others [4-6]. Carbon nanotubes are also promising materials
for nanomedicine. They have potential applications as carriers for
delivery of drugs, RNA, DNA, peptides and other biological active
molecules into cells because of the ability to cross cell membranes
[7-16]. Despite the widely demonstrated potentials of CNTs in
nanomedicine, research indicates these materials can potentially
cause adverse effects on environment and specially health systems
[17]. Hence toxicity profile of CNTs is important in biological
systems. The most important factor related to the toxicity of these
materials is their high hydrophobicity or poor solubility in biolog-
ical mediums which increases their interactions with cells
membranes and causes formation of aggregated particles and
therefore heterogeneous interactions with cell components [18].
However chemical modification or functionalization of carbon
nanotubes reduce their aggregations and size polydispersity and
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raise their solubility, leading to an increase in their biocompatibility
[19-21]. Varieties of organic molecules such as polymers and
dendrimers are conjugated onto the convex and tip of CNTs by
chemical reactions [22-28].

Depending on the type of interactions; two methods are used to
modify the CNTs by polymers. This methods are based on either
physical interactions or chemical bonding and are so called “non-
covalent” or “covalent” approaches respectively. Noncovalent
approach is based on poor vander Waals interactions between CNTs
and polymers and includes dispersion with the low molar mass
polymers, polymer wrapping and polymer adsorption [29].

In the covalent approach, molecules or macromolecules are graf-
ted onto the surface of CNTs through chemical linkages. This method
is very effective because grafted macromolecules raise the solubility
of CNTs even with a low degree of functionalization [30-34].

Covalent attachment of polymer chains to the surface of CNTs
can be accomplished by either “grafting to” or “grafting from”
methods.

In the “grafting to” method, polymers are connected to the
functionalized CNTs through chemical reaction between their
functional groups. The “grafting to” method is characterized by low
grafting density because of the hindrance of the polymer chains
which have reacted with CNTs [35].

The “grafting from” method involves the growth of polymers
from the surface of CNTs by first covalently attaching of polymeri-
zation initiators and then exposing the nanotube-based macro-
initiators to monomers. This method leads to the higher grafting
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density and control over the polymer growth with the possibility of
designable structure [36,37].

On the other hand among polymeric materials, dendrimers and
hyperbranched polymers have attracted more interest due to their
unique molecular features and properties [38-42]. Recently some
hybrid materials containing carbon nanotubes and grafted hyper-
branched polymers are synthesized through “grafting from”
approach [43,44].

A class of hyperbranched polymers is aliphatic polyether polyols
named polyglycerol with degree of branching up to 0.52-0.59
available [45,46]. PG is soluble in water freely and its biocompati-
bility and usefulness for biological applications such as drug
delivery have been proved several years ago [47,48]. As a result
combination of PG and MWCNTs leads to new functional hybrid
materials with interesting properties inducted from both MWCNTSs
and PG. Presence of the highly biocompatible hydrophilic materials
such as polyglycerol can raise the solubility of pristine MWCNTSs,
reduce their hydrophobicity, decrease their aggregation and size
polydispersity and consequently diminish their toxicity [49,50]. On
the other hand hydrophobic (MWCNT) and hydrophilic (PG) parts
of these hybrid materials leads to the effective interactions with the
cell membrane. Therefore in this work, MWCNTs-g-PG hybrid
materials were synthesized and characterized and some short-term
In vitro cytotoxicity and hemocopatibility tests were conducted on
HT1080 cell line (human Fibrosarcoma), because this epithelial cell
line can be one of the first route of entry of the exogenous materials
to the vascular system and therefore subsequent interactions with
the whole body, in order to investigate their potential applications
of these soluble hybrid materials in different fields of nanomedicine
and to understand the limitation and capability of these material as
novel nanoexcipients in biological systems.

2. Experimental
2.1. Materials

Carbon nanotubes were prepared by chemical vapor deposition
procedure in the presence of Co/Mo/MgO as catalyst at 900 °C. The
outer diameter of MWCNT was between 20 and 40 nm. Glycidol
was purchased from Aldrich. Potassium metoxid, Nitric acid,
Sulfuric acid, methanol and acetone were purchased from Merck.
The cell line (HT1080, ATCC) were obtained from PASTEUR institute,
Tehran, Iran. MTT powder, Annexin-V FLUOS Staining Kit, LDH Kit,
RPMI 1640 and FCS were obtained from Sigma, Roche, Promega, WI
and Biosera respectively. Dialysis bag was purchased from Sigma.

2.2. Characterization

TH NMR spectra were recorded in methanol solution on a Bruker
DRX 400 MHz apparatus with the solvent proton signal for refer-
ence. 3C NMR spectra were recorded on the same instrument using
the solvent carbon signal as a reference. IR measurements were
performed using a Nicolet 320 FTIR. Transmission electron micro-
scopic (TEM) analyses were performed by a LEO 912 AB electron
microscope. Differential scanning calorimeter (DSC) diagrams were
recorded using a DSC 823-e device (Mettler toledo, Switzerland)
using the following condition: linear heating rate 10 K/min from 20
to 400 °C, dynamic inert nitrogen atmosphere (10 ml/min). Thermo
gravimetric analysis (TGA) was carried out in a thermal analyzer
(model: DSC 60, shimadzu, Japan) under dynamic atmosphere of an
inert gas (i.e. N2) at 30 ml/min (room temperature). The particle
size and polydispersity were determined using Dynamic Light
Scattering (DLS) (zetasizer ZS, Malvern Instruments). The molecular
weight distributions were determined by size exclusion chroma-
tography (SEC) using Pump 1000 using PL aquagel-OH mixed- H

8 um column connected to a differential refractometer, RI with
water as the mobile phase at 25 °C. Pullulan standard samples were
used for calibration.

2.3. Opening of MWCNTs

MWCNTs were purified and opened according to reported
procedures in literature (Supporting information page 1) [35,37].

2.4. Synthesis of MWCNT-g-PG hybrid materials

Saturated solution of potassium methoxide in methanol (2 ml)
was mixed with opened carbon nanotube (0.05 g) and mixture was
placed in an ultrasonic bath for 30 min and stirred at room
temperature for 1 h. Then it was refluxed at 80 °C for 2 h. Mixture
was washed with dry methanol three times and solvent was
removed by vacuum oven at 60 °C. Glycidol (5 ml) was added to the
deprotonated MWCNT at 100 °C dropwise and mixture was stirred
at 100 °C for 4 h. Then it was cooled and contents were dissolved in
methanol. The product was precipitated in acetone and it was
dialysis in water for 24 h. All steps of reaction were performed
under nitrogen atmosphere.

2.5. Biocompatibility tests

Different methods were used to test the biocompatibility of
MWCNT-g-PG hybrid materials (Supporting information pages 1, 2,
3 and 4).

2.6. Cell culture

Human fibrosarcoma epithelial like cell line (HT1080) was
obtained from Iran Pasteur Institute (ATCC, CCL-121) and used for
cell cytotoxicity studies. Cells were grown in 25 cm? culture flasks
using RPMI 1640. Cell culture medium supplemented with 10% FCS
and 1% penicillin-streptomycin at 37 ¢ with 5% CO? in an incubator.
The cells sub-cultured every 72h and harvested from sub-
confluent cultures (70% using 0.05% Trypsin-EDTA). The cells were
cultured 10,000/well in 96-well plates in all experiments except for
apoptosis and necrosis assay which we used 25 cm? culture flasks.

3. Result and discussion

The synthesis of water-soluble carbon nanotubes is an impor-
tant topic, because they have potential applications in biology and
materials science. Scheme 1 illustrates the synthetic route of
MWCNT-g-PG hybrid materials. In this synthetic route the hyper-
branched molecular trees were grown from the surface of MWCNT
via in-situ anionic ring-opening polymerization.

As above mentioned, one of the most important reasons for
conjugating PG trees to the surface of MWCNTs was improving
their solubility in water. Expectedly PG-functionalized carbon
nanotubes were completely soluble in water and polar organic
solvents such as methanol whereas pristine or opened MWCNTSs
were not soluble in these solvents (Supporting information page 5
Figure 1).

In this work different glycidol/MWCNT Wt% ratios were used to
synthesize MWCNT-g-PG hybrid materials with different PG
thickness. The chemical structure, morphology, thermal properties,
molar mass and size of MWCNT-g-PG hybrid materials were
determined by IR, °C NMR, 'H NMR, Raman spectroscopy, TEM,
TGA, DSC, GPC and DLS. In the IR spectra of MWCNT-g-PG, the
absorbance band of the hydroxyl functional groups of polyglycerol
and C=C bonds of MWCNT were appeared at 3000-3500 cm ™! and
1630 cm ™! respectively (Supporting information page 5 Figure 2).
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The 'H NMR spectrum of MWCNT-g-PG shows the methylene
and methine protons of PG as a broad resonance between 3.1 and
3.9 ppm. A signal at 4.8 ppm is assigned to the hydroxyl protons of
PG (Supporting information page 5 Figure 3).

The polyglycerol backbone consists of linear (L), dendritic (D)
and terminal units (T). In the 3C NMR spectrum of MWCNT-g-
PG,(1) Ly3: -CH20H carbon at 62.5 ppm, CH;, carbon at 71.3 ppm
and -CHOH at 80.8 ppm.(2) L14: both CH; carbons at 74 ppm, CHOH
carbon at 70.7 ppm.(3) Terminal unit (T): CH;OH carbon at
66.5 ppm, CHOH carbon at 72.4 ppm, and the CH; carbon at about
72.7 ppm; (4) dendritic unit (D): CH carbon at 80.2 ppm, one CH,
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carbon at 73.0 ppm, and the other at about 72.7 overlapping with
a CH; carbon of a terminal unit and weak signals for C=C carbons
of CNT at 129-143 ppm and 170-180 ppm can be clearly seen
(Supporting information page 6 Figure 4).

Raman spectroscopy is a technique which has been widely used
to the study carbon nanotubes. Fig. 1a-c illustrates the Raman
spectra of pristine MWCNT, opened MWCNT and MWCNT-g-PG
hybrid materials respectively. As it is well known there are two
special bands in the Raman spectra of CNTs: the tangential bands (G
bands) at 1400-1600 cm ™! and the disorder mode band (D bands)
around 1200-1300 cm™". The D bands corresponds to defects in the
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Fig. 1. Raman spectra of a) pristine MWCNT b) opened MWCNT and ¢) MWCNT-g-PG hybrid materials.
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curved graphene sheet; tube ends and attributed to sp>-hybridized
carbon in the hexagonal framework of the nanotube walls, while
the G bands are related to the graphitic hexagon-pinch mode. The G
bands are a common feature in any carbon nanotube spectrum,
appearing as multi-peak features around 1580 cm™'. In Fig. 1
a clearly D bands and G bands of pristine MWCNT can be seen at
1360 cm ™! and 1590, respectively.

Functionalization of the carbon nanotubes result in a substantial
increase in the number of sp>-hybridized carbons with a concomi-
tant increase in the D mode and a decrease in the tangential G
mode associated with sp?-hybridized carbons from the graphitic
sidewalls. This increase in the ratio of sp>: sp? is described by the Ip/
I ratio. According to Fig. 1 Ip/Ig is 1.06 and 1.46 for pristine and
opened MWNTSs respectively. This indicates to increase the struc-
tural disorder of carbon nanotubes produced by functionalization.

100 nm

Fig. 1c shows the Raman spectra of MWNTs-g-PG hybrid mate-
rial. Presence of the PG shell onto the surface of the MWCNT has
caused a broadening in its D bands and G bands. In this figure two
broad bands around 1350 and 1580 cm~! are appeared which are
assigned to the sp>- and sp?-hybridized carbons.

TEM is a powerful tool for characterizing nanomaterials such as
CNTs and polymer-functionalized CNTs. Fig. 2a shows the TEM
image of pristine MWCNTs in which catalytic nanoparticles used to
synthesize carbon nanotubes are still remained in their tips and
backbone. Fig. 2b shows the TEM image of opened MWCNTs. In this
figure the opened capes of carbon nanotubes can be clearly seen.
Fig. 2c displays the TEM image of MWCNT-g-PG synthesized using
glycidol/MWCNT = 5 ratio. Dispersed MWCNTs in the polyglycerol
matrix can be seen clearly. According to TEM experiments it seems
grafting of the PG shell on the surface of MWCNTSs causes an extra

Fig. 2. TEM images of a) pristine MWCNT b) opened MWCNT ¢) MWCNT-g-PG hybrid materials d) a single MWCNT-g-PG and e) higher magnification of a single MWCNT-g-PG.
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Fig. 3. TGA diagrams of MWCNT-g-PG hybrid materials synthesized using a) 3, b) 5 and
) 8 glycidol/MWCNT Wt¥% ratio.

flexibility in their structure. Fig. 2d shows a single MWCNT-g-PG in
which the dark parts are related to the grafted PG onto the MWCNT.
The intensity of the dark color on the tips of MWCNT is relatively
higher than sidewalls implying to the higher density of grafted PG
on these regions. Higher intensity of PG on the tips of MWCNT can
be explained by higher density of hydroxyl functional groups in
these regions. This result is in agreed with reported results in
literatures because tips of CNTs are containing pentagonal rings
which are more reactive. In Fig. 2d MWCNT is surrounded by
a continued shell. This result show that instead several big PG
branches (high DP), PG growths on the surface of MWCNT as a large
number of small PG branches (low DP). Fig. 2e shows an image of
MWCNT-g-PG with higher magnification. In this figure a dense
continued layer of PG with a thickness around 7 nm on the surface
of carbon nanotube is presented. The polyglycerol as a soft shell and
MWCNT as a hard core are clearly discerned.

The TGA measurements provided further evidence regarding
the content and species of grafted polymer on the surfaces of CNTs
because they have different thermal-stability. Fig. 3 shows the TGA
thermograms of MWCNT-g-PG hybrid materials synthesized using
3, 5 and 8 glycidol/MWCNT ratios. The TGA curve of MWCNT-g-PG
hybrid material presents two weight-loss regions. The first one
(between 100 and 360 °C) is assigned to the polymer chain while
the second one (above 360 °C) is related to the depletion of carbon
nanotube with diverse diameters. The plateau in the TGA trace after
450 °C was attributed to carbon nanotube. In this figure the
decomposition temperature region (T4) and also the PG content for
all hybrid materials is almost the same (Table 1). This result shows
that the PG content of hybrid materials do not depend on the
monomer feed ratio. Confirming the TEM results, it seems the
MWCNT surface is containing a large number of initiator sites
which are close together and due to the steric hindrance between
small packed PG branches after a short time polymerization is
stopped. Hence it is believed that MWCNTs are containing a large

Table 1
Weight-loss at 400 °C for different MWCNT-g-PG hybrid materials synthesized using
different glycidol/ MWCNT Wt% ratios.

Glycidol/ MWCNT PG content
Wt¥% ratios

3 55

5 56

8 56

Fig. 4. Simultaneous growth of a large number of PG branches on the surface of
MWCNT causes steric hindrance between them so that each MWCNT is containing
a large number of small PG branches.

number of PG branches with low DP. On the other hand the end
alkoxide groups which are responsible to attack to epoxy ring of
monomer can abstract the proton of glycidol and transfer the
anionic center from MWCNT-graft-PG to monomer. The result of
this reaction is to quench grafted PG branches, decreasing their DP
and obtaining a hybrid material containing a central MWCNT and
a large number of small PG branches (Fig. 4). In order to evaluate
this proposal the time of polymerization was changed and molec-
ular weight and PG content of synthesized MWCNT-graft-PG hybrid
materials was determined. Results showed that there was not
dependence between the time of polymerization and molecular
weight and PG content of synthesized MWCNT-g-PG hybrid
materials (Fig. 5).

More information about thermal stability and behavior of the
MWCNT-g-PG hybrid materials was obtained using DSC
experiments.

Fig. 6 show the DSC thermograms of MWCNT-g-PG hybrid
materials synthesized using 3, 5 and 8 glycidol/MWCNT ratios. Two
endothermic peaks around 100-140 °C and 200-400 °C are pre-
sented in this figure. These results are in agreed with the results of
TGA experiments. The first endothermic peak is assigned to the
losing of water and then hydroxyl end functional groups and
the second one indicate the losing of polymer backbone. Again here
the thermal behavior of MWCNT-g-PG hybrid materials synthe-
sized using 3, 5 and 8 glycidol/MWCNT ratios is similar.

—— 6h
= 4h
—_— 2h

20 25 30 35
Retention time (min)

Fig. 5. GPC diagrams of synthesized MWCNT-g-PG hybrid materials in different
polymerization times.
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Fig. 7. DLS diagrams of MWCNT-g-PG hybrid materials synthesized using a) 3, b) 5 and
c) 8 glycidol/ MWCNT Wt% ratios.

Dynamic light scattering (DLS) was used to determine the
dynamic diameter and size distributions of the polymer-function-
alized MWCNTs. According to these experiments the main dynamic
diameter of MWCNT-g-PG synthesized using 3, 5 and 8 glycidol/
MWCNT ratios was almost the same and around 100 nm. Clearly
there is a big difference between the measured dynamic diameter
for hybrid materials and expected dynamic diameter for pristine
MWCNT, the length of used MWCNTs is several micrometers. The
measured diameter by DLS is actually the average dynamic diameter
of hybrid materials in a special conformation in the solution sate. In
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Fig. 8. Effect of concentration and time on the viability of HT1080 cell line after 24 and
48 h incubation (MTT assay).

the other words the recorded diameter by DLS is estimated diam-
eter for nanotube cradling. Hence it seems noncovalent interactions
(such as hydrogen bonding) between end hydroxyl functional
groups of conjugated PG in different regions of a MWCNT causes
a flexibility in its structure and decreasing its measured dynamic
diameter in water (Fig. 7).

The biocompatibility of synthesized MWCNT-g-PG hybrid
materials was investigated using different short term In vitro tests.
The results of the MTT assay, as an indicator of mitochondrial
function, showed no sign of toxicity up to 1 mg/ml concentration
after 24 h incubation and data were not significant (p < 0.05).
Except for 0.25 mg/ml concentration in which growth of the treated
cells increased in compare to the untreated control ones (136%
growth against negative control), the same results were obtained
after 48 h incubation (Fig. 8).

Crystal violet staining assay is a colorimetric method based on
counting the adherent and almost functional cells which can
uptake the dye. The results of crystal violet staining assay after 24
and 48 h incubation are shown in Fig. 9. Based on these results no
sign of toxicity up to 0.5 mg/ml concentration was observed after
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Fig. 9. Effect of concentration and time on functionality of HT1080 cell line after 24
and 48 h incubation (crystal violet staining assay).



3534 M. Adeli et al. / Polymer 50 (2009) 3528-3536

1.2 » o N(OH)

O DMSO (negative conirol)

LDH Release {492 nm)
o
o

0.4 +
0.2 -
0 o v ¥ T T .
0.01 (mg/ml) 0.1 (mg/ml) 0.5 (mg/ml) 1 mg/ml) 2 (mgml)

Concentration [mg/ml)

Fig. 10. Effect of concentration on cell membrane integrity after 24 h incubation.

24 h incubation while 1 mg/ml concentration showed toxicity
against the controlled medium after this time (83% diminish
against negative controlled cells). However for 0.125 mg/ml
concentration, cell viability increased after 24 h incubation. Any
statistical difference was not shown up to 0.5 mg/ml concentration
after 48 h incubation. Considerable toxicity for 1 mg/ml concen-
tration was observed after this time (61% decreasing against
control).

e Rt I

Fig. 10 shows LDH results for treated cells against 0.1% v/v
DMSO, as negative control, after 24 h incubation. Based on these
results, only for 2 mg/ml concentration a considerable toxicity was
observed (150% increasing against 0.1% v/v DMSO as negative
control, p < 0.05).

Annexinv-PI assay is a test that differentiates early apoptosis
and necrosis (secondary apoptotic cells). Fig. 11 shows Annexinv-PI
assay results in which a concentration-dependent behavior in the
number of apoptotic and necrotic cells is observed so that there is
an about 7- and 2-fold increase in the number of apoptotic and
necrotic cells from the lowest to highest concentration respectively.
According to these data the number of necrotic and apoptotic cells
are negligible even in the highest concentrations
(p < 0.05).(Supporting information page 6 and 7 Figure 5.)

Hemolysis assay showed no sign of harsh hemolysis (less than
9%) up to 1 mg/ml concentration within 2 h of incubation (Sup-
porting information page 7 Figure 6).

Any unnatural changes in the morphology of cells were not seen
up to the 1 mg/ml concentration (Fig. 12).

As a result, crystal violet staining test and LDH assay showed
a dose and time-dependent toxicity profile at used concentrations
whereas MTT and hemolysis assays didn’t show statistical differ-
ence in compare to negative control up to 1 mg/ml concentration.
These observations can be ascribed by a variety of reasons such as
chemical and physical interactions between samples and cellular
components or cell membranes [51].

On the other hand aggregations of samples in high concentra-
tions in aqueous physiologic media [52] which can induce heter-
ogenous interaction with the cell membrane cause more toxicity.
Another factor is increased hydrophobicity which is the result of
alignment structure of particles at higher concentrations. This

10°

10

Fig. 11. Dot plots of AnnexinV-FITC/PI staining of HT1080 cells after 24 h incubation. Three phenotype can be observed: viable (lower left quadrant); apoptotic (lower right
quadrant), and necrotic or secondary apoptotic (upper right quadrant). a) Untreated cells, b) cells treated by 0.35 mg/ml of MWCNT-graft-PG hybrid materials and c) cells treated by
0.7 mg/ml of MWCNT-graft-PG hybrid materials.
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Fig.12. Effects of two different concentration of MWCNT-g-PG hybrid materials (0.35 mg/ml and 0.7 mg/ml) on morphology of cells after 24 h incubation. a) Untreated control cells,
b) cells treated by 0.35 mg/ml of MWCNT-graft-PG hybrid materials and c) cells treated by 0.7 mg/ml of MWCNT-graft-PG hybrid materials.

factor causes more interactions with the cell membrane and more
ability to enter the lipidic bilayer cell membrane.

Ratio of apoptosis to necrosis is another factor which depends
on concentration [51,53]. In the case of synthesized hybrid
materials the ratio of apoptosis to necrosis depends on the
concentration directly and it is about 3.5/1 at higher concentra-
tion (0.7 mg/ml) which is an advantage for these systems.
Everybody knows that in the case of necrosis process materials
can be liberated from the lysed cells instantly, in opposite to
apoptosis, which can induce instant unwanted inflammatory
responses and subsequent harmful reactions which are not good
at all in particle designing and biocompatibility issues. These
adverse reactions are not seen for apoptosis process, in that the
living organism has time to identify (e.g., translocation of phos-
phatidyl serine to the outer membrane of the cell wall), treat and
scavenge the cell debris before causing any harmful side effects
in its natural. Our next step is to make clear the exact mechanism
contributing to toxicity of these materials at higher concentra-
tions and to conduct in vivo experiments to gain information
about the pharmacokinetics of these hybrid materials.

4. Conclusion

In summary, MWCNTs can be successfully modified using highly
branched polyglycerol through ring opening polymerization of
glycidol onto their surface. Due to their high biocompatibility and
water solubility, MWCNT-g-PG hybrid materials are promising
materials in order to use in the biological systems. According to the
results of In vitro cytotoxicity tests and hemolysis assay, we did not
see any adverse effects on the HT1080 cell and also red blood cells
up to 1 mg/ml concentration. Hence the result of functionalization
of carbon nanotube by polyglycerol is to decrease in vitro cyto-
toxicity of carbon nanotube. Although MWCNT-g-PG hybrid mate-
rials could be considered as biocompatible materials and are
candidates for various applications in nanomedicine field poten-
tially, long-term in vitro toxicity experiments and preclinical in vivo
studies are necessary in order to illustrate their toxicity profile for
future biomedical applications.
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