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Once dispersion and cytotoxicity issues are resolved, it has been
proven that carbon nanotubes (CNTs) have great advantages in
biomedical applications due to their unique properties. In this
study, the superiority of carbon nanotubes was combined with
magnetic targeting strategies, and a solution to the distribution
problem in the aqueous media of the resulting CNTs decorated
with iron oxide (mCNTs) was sought. A non-covalent functional-
ization approach has been utilized to overcome this fundamen-
tal drawback of mCNTs. Conjugates of polyethylene glycol
monomethyl ether and 9- fluorenyl methyl chloroformate
(Fmoc) amino acids were used to coat the lateral surfaces of
mCNTs, making them more water-soluble. The selected Fmoc

amino acids have different numbers of aromatic rings, which is
known to affect the coating efficiency in non-covalent function-
alization and therefore, the dispersion behavior of the CNTs.
Their coating yields, dispersion behaviors, magnetism, charge,
and size properties have been determined. All coated mCNT
samples displayed superparamagnetic behavior. Dispersion
tests showed a promise to increase the stability of mCNTs with
this approach. Moreover, we demonstrated that the functional-
ization of mCNTs affects cell viability in a dose-dependent
manner. The main finding of this study is that mCNTs can be
successfully functionalized with Fmoc amino acid-modified
polyethylene glycol.

Introduction

CNTs have been revealed as excellent candidates to use in
cancer diagnosis and treatment because of their exceptional
properties like high aspect ratio, excellent chemical stability,

excellent biological activity, and good cell membrane
penetrability.[1] Owing to their hollow structure and ultrahigh
surface area, CNTs provide a high amount of loading capacity
for active agents such as drugs,[2–4] nanoparticles,[5–7] biological
species,[5] etc. Also, the CNTs’ inner cavity protects structures
that can deteriorate in a biological environment. Importantly,
possessing rich surface chemistry endows CNTs’ multifunction-
ality for theragnostic applications.

The magnetization of CNTs is remarkable since it expands
the usage area and adds new characteristics highlighting many
good features of CNTs.[8] The use of magnetic nanoparticles for
the surface functionalization of CNTs creates an opportunity to
progress in many fields such as biomedical imaging[9–12] and
targeted drug delivery.[13–15] Magnetic delivery, provided using
an external magnetic field, has attracted a great deal of
attention in biomedical applications. Guiding drug-loaded
nanoparticles (NPs) through human vascular access via these
magnetic fields can ensure a faster sequence to tumor cells and
reduce the needed drug dosage for treatment.[16] With this
objective, it can be foreseen that mCNTs have the potency to
give a new point of view for drug delivery research due to their
ability to target a variety of therapeutic and diagnostic agents
at specified tissues.[12,17] Improving the accumulation of NPs in
desired sites and thus the increase in uptake efficiency allows
for reducing drug dosage and side effects.

Although mCNTs accommodate unique properties in means
of drug delivery due to their structure, they have a few
drawbacks that need attention. The primary issue that must be
overcome is that mCNTs perform low solubility in aqueous
media because of their hydrophobic nature, and therefore they
tend to agglomerate in biological environments, which results
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in them being assigned as toxic clusters by the reticuloendothe-
lial system. Many in vitro research indicates outcomes such as
oxidative stress[18,19] or apoptosis/necrosis[20] caused by the high
cytotoxicity levels of pristine graphene materials. To rectify
these toxic results, covalent or non-covalent functionalization of
mCNTs with bioavailable and hydrophilic materials could be
used, dispersing mCNTs in aqueous solutions and preventing
them from forming agglomerates since the surface modification
for increased solubility is a proven method for many
nanoparticles.[21–23] Covalent functionalization occurs via trans-
forming sp2 carbon atoms into sp3 carbon atoms in the lateral
area of mCNTs, consequently changing the number of valence
electrons on the side walls. This results in a distortion in the
symmetry of the structure and a decrease in the optical,
chemical, and physical advantages of mCNTs.[24] On the other
hand, non-covalent functionalization is preferable since it can
retain the surface properties. Non-covalent functionalization is
promising to enable dispersion while lowering toxicity levels
remarkably by forming π–π stackings.[25] To modify the sidewalls
of CNTs, there have been numerous groups of chemicals tested,
and examples of them include saccharides and
polysaccharides,[26–28] proteins, nucleic acids,[29–31] and conju-
gated polymers.[32–34]

An approach of non-covalent functionalization with a
biocompatible polymer is tried in this research to restrain the
agglomeration of mCNTs and to reduce their toxicity levels.
Among the appropriate polymers, poly(ethylene glycol) (PEG) is
chosen as its competence is biocompatible, flexible, and hydro-
philic. In our previous study, non-covalent pyrene-PEG coatings
of CNTs achieved in vitro biocompatibility.[35] We show that the
number of single-walled carbon nanotubes (SWCNTs) coated by
pyrene-PEG was highly dependent on the length of pyrene-
bearing PEG polymers. In this work, towards attaining bondage
with mCNT side walls, PEG is conjugated with Fmoc amino
acids. Fmoc amino acid derivatives are chosen since the
fluorenyl groups and aromatic side chains in their structure are
highly prone to attach to the graphitic surface of the CNTs
whereas, the carboxylate fragment of them procures an overall
negative charge.[36,37]

In this study, we aim to develop a new magnetic nanocarrier
for biomedical applications. Unlike our previous studies, in this
study, we questioned whether the walls of CNTs decorated with
iron oxide could be coated with PEG conjugated with Fmoc
amino acids, and even if coated, it would be efficient. According
to our knowledge, a study with a similar motivation has not
been published in the literature before. For this purpose, we
first achieved the synthesis of mCNTs. Then, conjugation of PEG
and Fmoc amino acids, cysteine (Fmoc� Cys) and tryptophan
(Fmoc-Trp), is done to form functional groups. Non-covalent
functionalization is applied, retaining the needed properties of
the mCNT by protecting sp2 bonds on its sidewalls. Addition-
ally, to obtain information about the effect of the chain length
of the polymer on the coating yield, PEG with two different
molecular weights (Mw: 5 kDa (PEG5000) and 12 kDa (PEG12000)) is
included. The coating efficacy and the solubility behavior of
functionalized mCNTs are observed. Lastly, the toxicity of
functionalized mCNTs on human fibroblast cells was evaluated.

The overall results of this study have given important data that
CNTs decorated with iron oxide may be used in therapeutic
applications such as cancer research and therapy after function-
alization with Fmoc amino acids.

Results and Discussion

Characterization of Synthesized mCNTs

Raman spectra of the mCNTs are presented in Figure 1. The
peak at 685 cm� 1, also known as A1g mode, belongs to the
stretching vibrations of Fe3+ and O2� in the tetrahedral site of
spinel structure in magnetite (Fe3O4) which is compatible with
the X-ray powder diffraction (XRD) pattern of iron oxide
nanoparticles (IONs) (Figure S1). A group of peaks observed at
approximately 213, 270, 387, 486, and 585 cm� 1 belongs to the
stretching vibrations between Fe and O in hematite (Fe2O3). The
presence of Fe2O3 can be associated with the oxidation of
magnetite to hematite due to a high-power laser during the
measurement.[38–40] The peak at approximately 142 cm� 1 is called
RBM mode and the characteristic peak of SWCNT structure.[41,42]

The formation of SWCNT synthesis is shown with Field
Emission Gun Scanning Electron Microscopy (FEG-SEM), demon-
strating the exact shape of mCNTs. From the FEG-SEM images
in Figure 2, it is seen that for SWCNT the formation fluidized-
bed chemical vapor deposition (CVD) method was successful.

Figure 1. Raman spectra mCNTs.

Figure 2. FEG-SEM images of mCNTs A) scale bar: 200 nm, B) scale bar: 1 μm,
C) scale bar: 300 nm.
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Nanotubes possess a high aspect ratio, resulting in a morphol-
ogy that can be approximated as 1-D as seen in Figure 2A–B,
The IONs visible in Figure 2B indicate a successful modification
of the SWCNTs.

Characterization of PEG-Fmoc Amino Acids Complexes

Fourier-transform infrared (FTIR) spectroscopy and proton
nuclear magnetic resonance (1H NMR) analysis were applied to
prove the success of direct esterification between fluorenyl
groups of Fmoc amino acid and PEG. With FTIR results, we
aimed to find characteristic peaks of PEG and Fmoc amino
acids, proving the existence of both molecules in the complex.
FTIR spectrum of Fmoc� Cys conjugated with PEG5000 (Cys5) is
shown in Figure 3, while the other spectra for Fmoc-Trp
conjugated with PEG5000 (Trp5), Fmoc-Trp conjugated with
PEG12000 (Trp12), and Fmoc� Cys conjugated with PEG12000
(Cys12) are given in Supplementary Figures S2–S4. The peaks
observed around 2880 cm� 1 are caused by CH2CH2O- structure
within the PEG molecules,[43] whereas the peaks at 1740 cm� 1

are created by the carbonyl carbamate groups in Fmoc amino
acid molecules. The peak at 1669 cm� 1 is only seen in Fmoc
amino acid samples and not in conjugates, presenting the

carboxylic acid structure,[44] and proving the reduction of Fmoc
amino acid complexes during esterification. Peaks formed by
PEG are dense compared to those created by Fmoc amino acid
molecules because of the higher molecular weight of PEG.

1H NMR result of the Cys5 complex is given in Figure 4,
while the other spectra are shown in Supplementary Figur-
es S5–S7. In all spectra signals at δ 3.5–4 ppm are attributed to
the repeating CH2 units in PEG.[35,45] The multiple signals at δ
7.40–7.80 ppm are assigned to the benzene ring of Fmoc.[46]

Specific cysteine and tryptophan structure peaks are marked in
related spectra given in Figures 4 and S5–S7.[47] Both 1H NMR
and FTIR results contain characteristic markers for PEG and
Fmoc amino acid structures in a briefer purview. Therefore,
complex formation is successfully proven.

Surface Functionalization of mCNTs with PEG-Fmoc Amino Acid
Complexes

As reported in the literature,[35,48,49] after π � π stacking inter-
actions of aromatic groups on CNT sidewalls, the absorption
intensity of the aromatic groups decreased drastically. Fmoc
amino acid structures are natural absorbents of UV light
between 250 and 330 nm due to emission from fluorenyl
excimer species.[50,51] After the surface functionalization of the
mCNTs, the hydrophobic ends in the aromatic groups of the
Fmoc amino acid molecules interact with the surface of the
mCNT. This phenomenon results in the fading of the
fluorescence of the Fmoc amino acid. Therefore, comparing the
amount of UV absorbance of mCNTs coated with PEG-Fmoc-
amino acid and solely PEG-Fmoc-amino acid conjugates unfolds
whether functionalization was achieved or not. In this work,
fluorescence spectra are used to exhibit the UV absorbance
quanta, and the findings for mCNTs coated with Cys5 (mCNT-
Cys5) are given in Figure 5, and other samples (mCNTs coated
with Trp5 (mCNT-Trp5), Trp12 (mCNT-Trp12), and Cys12 (mCNT-
Cys12)) are shown in Supplementary Figures S8–S10. For all the
PEG-Fmoc-X samples, the absorption intensity at 315–319 nm
has lowered after the mCNT functionalization. Consequently, all
PEG-Fmoc-X conjugates that we tested in this analysis were
capable of coating mCNT surfaces.

Figure 3. FTIR spectra of Fmoc� Cys, PEG5000, and Cys5.

Figure 4. 1H NMR characterization of Cys5. Figure 5. Fluorescence spectra of mCNT samples coated with Cys5.
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Comparison of Functionalization Yields Between Functional
Groups

All Fmoc-X kinds tend to be absorbed by graphene-like surfaces
due to the aromatic fluorenyl groups within their structure.
However, their level of coating capabilities differs. Therefore,
several researchers are contrasting Fmoc-Xs in terms of their
success in CNT coating, and in these researches, Fmoc-Trp has
been stated to be the best choice.[50] However, we hypothesized
Fmoc� Cys to be a possible suitable alternative for Fmoc-Trp
since the Fmoc� Cys structure has more aromatic groups within
itself compared to tryptophan. These hydrophobic aromatic
groups are presumed to interact with mCNTs strongly, forming
π–π stackings with higher energy. To contrast the coating yields
of Fmoc� Cys and Fmoc-Trp, thermogravimetric analysis (TGA)
was applied with a temperature range of 30–800 °C. The
purpose of choosing 800 °C as the maximum point was that
mCNTs were thermally stable at that point.[52] However, PEG-
Fmoc-X complexes degrade thermally in this temperature
range. So, by applying this amount of temperature, how much
functional group a sample consists of can be determined. The
temperature derivative of the degradation process was ob-
served to be variational, as given in Supplementary Figure S11.
According to the former work concerning the thermal stability
of Fmoc-Xs, the slight weight losses up until 250 °C are
interpreted as the degradation of Fmoc� Cys and Fmoc-Trp.[53,54]

The steep curve between 250–450 °C was arrogated as the
degradation of the PEG structure which conforms to previous
literature.[55–57] Thermal degradation of PEG chains produced
striking curves compared to Fmoc-X molecules due to their
higher molecular mass. SWCNT was also used as a comparison
sample to determine the effect of iron oxide decoration on CNT
walls on thermal behavior. Every sample has been subjected to
TGA 3 times. The mean values of thermal degradation percen-
tages are given in Figure 6, with standard deviations presented.
As one sees in Figure 6, the weight loss for SWCNT is negligible,
with a value of only 2.7%. Nevertheless, the weight loss for
mCNTs has a percentage of 8.6%. The increase in weight loss of
mCNT can be explained firstly by the removal of tightly bound
physiosorbed water.[58] Moreover, a phase transition occurs from
Fe3O4 to hematite (FeO) between 570–700 °C, which may be
associated with the additional weight loss in mCNT.[59] Hence,
the thermal degradation values for samples consisting of coated
mCNTs are calculated by subtracting the amount of weight loss

caused by mCNT degradation. For conjugates containing both
PEG5000 and PEG12000, Fmoc� Cys have shown similar weight
losses with the samples containing Fmoc-Trp. The thermal
degradation percentages for Cys5 and Trp5 were 17.6% and
13.8%, respectively. As for PEG12000-Fmoc-X conjugates, 56.8%
of samples consisting of Fmoc� Cys and 58.7% of Fmoc-Trp
degraded thermally. Even though the additional tertiary
aromatic rings of Fmoc� Cys had promised a better behavior, it
performed a similar coating performance with Fmoc-Trp. This
phenomenon is assumed to result from the bulky aromatic ring
structure of Fmoc� Cys having a relatively high diameter
compared to the aromatic rings in the Fmoc-Trp form. This
higher diameter is hypothesized to consume more volume,
covering neighbor C atoms in the mCNT surface, and prevent-
ing attachment of extra functional groups. Another possible
reason for Fmoc� Cys to bond less efficiently to mCNTs is that,
according to our previously published simulation data,[37]

Fmoc� Cys molecules tend to agglomerate within themselves in
aqueous media. Since tetrahydrofuran (THF) is also a polar
solvent similar to water, Fmoc� Cys molecules might have
formed agglomerates during the coating process. The leading
cause for this aggregation is the strong π–π stacking between
the benzene rings of the Fmoc� Cys structure.

In another previous paper published by our group, the yield
of the non-covalent coating of SWCNTs with pyrene-PEG
structures was investigated. This data showed the maximum
functionalization percentage to be 25%.[35] In the present study,
with a switch to Fmoc-Trp and Fmoc� Cys bearing PEG
conjugates, the coating yield is improved. Pyrene structure
having a wider diameter may be the predominant cause of its
low coating compared to Fmoc� Cys and Fmoc-Trp amino acids.
With this larger diameter and thus larger volume, some C atoms
can disguise from attachment. Moreover, consistent with this
former publication, higher PEG molecular weights performed
higher coating and hence higher thermal degradation percen-
tages.

Magnetic Assessment of Functionalized mCNTs

The magnetic response of mCNTs to an externally applied
magnetic field is significant for a targetable drug delivery
system. To observe this response, Quantum Design PPMS-
Vibrating Sample Magnetometry (VSM) was utilized. As shown
in Figure 7, the magnetism of mCNTs before and after
functionalizing with Cys5 and Cys12 was assessed. For uncoated
mCNTs, we have observed a saturation magnetization (Ms)
around 20 emu/g. This value indicates superparamagnetic
behavior and is consistent with other mCNTs decorated with
ION in the literature.[60,61] For functionalized samples of mCNTs,
Ms values show a decline as expected. Specifically, Cys5-coated
mCNTs show a decrease of 4 units with a 16 emu/g of
saturation magnetization. Cys12 coated mCNTs on the other
hand demonstrated a more intense decrease with a Ms value of
5 emu/g. The PEG causes this in Cys12 conjugates having
longer chains. According to these results, all mCNT samples -
uncoated or coated - are superparamagnetic and can be

Figure 6. Total weight losses from functionalized mCNTs. a) Thermal
degradation percentages from left to right for; (i) Cys5 coated mCNTs, (ii)
Trp5 coated mCNTs, (iii) Cys12 coated mCNTs, (iv) Trp12 coated mCNTs, (v)
uncoated mCNTs, and (vi) pristine SWCNTs.
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mobilized towards the magnet with an external magnetic field
and avoid agglomeration when the field is turned off.[62,63]

Dispersion of Functionalized mCNTs in Water

The purpose of the functionalization of mCNTs with PEG-Fmoc-
X complexes is to increase the blood circulation time of the
drug delivery agents as well as reduce toxicity. Since the pH of
deionized water (7.37) is nearly equal to blood pH (7.35–7.45),[64]

dispersion in deionized water gives us insight into the blood
stay of the material (Figure 8). No precipitation was observed
for the first 3 hours, and then the precipitation periods varied
greatly among themselves between 3 hours and 1 week. The
first sample to show signs of precipitation was mCNT-Cys5 at
t=3 hours, and the precipitation continued for 3 days. Sec-
ondly, mCNT-Trp12 started showing phase separation at
7 hours and continued precipitation for 3 days. It was recorded
that after 24 hours, mCNT-Cys5, and mCNT-Trp12 were visibly
separated while uncoated mCNTs, mCNT-Trp5, and mCNT-
Cys12 were still stable. Uncoated mCNTs have held their
solubility for 48 hours which was more than expected. mCNT-
Trp5 started showing precipitation signs between 48 and
72 hours. Finally, the most stable sample mCNT-Cys12 was
soluble for more than 72 hours and had a precipitation period
of 1 week. The underlying reason is that the Cys structure
contains bulky aromatic groups in both its Fmoc and amino
acid sections; therefore, the π–π interactions with the nanotube
surface were stronger. Indeed, this behavior corresponds with
our former study with non-magnetized carbon nanotubes.[37] In
this work, we have shown via MD simulations that the
adsorption profile of Fmoc� Cys is greater than Fmoc-Trp during
the 144 hours observed. As for PEG, it is highly hydrophilic,
spreading its polymer chains in water. This spreading causes
functionalized mCNTs to float in the aqueous medium. There-
fore, the mCNT-Cys12 sample‘s PEG fraction having a long
polymeric chain compared to mCNT-Cys5 has played an
important role. However, in the case of samples containing
tryptophan, mCNT-Trp5 showed a more stable performance
than mCNT-Trp12. This is presumed to be caused by the
dynamic behavior of Trp, being adsorbed and desorbed
consecutively.[37] The interaction energy of Trp-bearing PEG
molecules may not have been strong enough for the longer

polymer chain to be stable. Therefore, this phenomenon should
be appropriately investigated in further studies.

Zeta Potential Measurements

Zeta potentials hold significance as the surface charge highly
affects the nature of the sample. A less intense negative charge
will potentially enhance the rate of transport of mCNTs through
the cell membrane. This hypothesis is a result of the negative
charge of the phospholipid layers in the cell membrane.[65]

Moreover, the literature also reported that a higher zeta
potential increases cell attachment patterns and results in a
higher therapeutic effect.[66,67] Figure 9 shows the zeta potential
of the coated and uncoated mCNTs. The negative charge of the
uncoated mCNT showed a milder behavior after functionaliza-
tion. This is due to PEG in the functional group having a less
anionic or even neutral nature. The success of functionalization
with PEG has also been shown with given zeta potentials. Also,
the trend of zeta potential results is consistent with TGA results

Figure 7. Hysteresis loops Cys5 coated, Cys12 coated, and pristine mCNTs.

Figure 8. Precipitation behavior photographs. From left to right: (i) uncoated
mCNT (control), (ii) mCNT-Cys5, (iii) mCNT-Trp5, (iv) mCNT-Cys12, (v) mCNT-
Trp12.
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(Figure 6), indicating mCNT-Trp12 has the best coating yield
and mCNT-Trp5 has the least successful.

Effects on Cell Viability

Among samples, Fmoc� Cys conjugated with PEG provided an
increase in the solubility of mCNTs in the aquatic environment.
For this reason, the effects of mCNTCys5, and mCNTCys12 on
cell viability were evaluated using WST-1 assay. Figure 10 shows
the survival rate of cells after treatment of human dermal
fibroblast cells with 50 or 100 μg/mL of mCNT, mCNTCys5, or
mCNTCys12 for 24 hours. All mCNT types significantly sup-
pressed the cell viability of the fibroblast cells in a dose-
dependent manner (p<0.01). However, the toxicity of the
mCNTs on the cells was slightly increased when they were
coated with Cys5 or Cys12 at the lower dose. In terms of
preventive effects, no significant differences were seen between
Cys5 and Cys12 coated groups (p>0.05).

Conclusions

A strategy of utilizing the many promising properties of CNTs
while benefiting from magnetic delivery was aimed in this

study. With this purpose in mind, SWCNTs are first synthesized
by the CVD method. Afterward, SWCNTs were dissolved in
dihydroxy benzoic acid to provide colloidal stability, and ligand
exchange was applied, obtaining mCNTs magnetized with IONs.

To obtain better stability in a water medium, reduce toxicity,
and obtain a more bioavailable form of mCNTs, we imple-
mented an approach of non-covalent functionalization with
two different PEG-Fmoc-amino acid complexes. An absence of
Fmoc� Cys attachment to graphitic surfaces was noticed in the
literature. Therefore, our group had a rather comparative point
of view between Fmoc-Trp and Fmoc� Cys structures regarding
their success and yield of functionalizing lateral surfaces of
mCNTs. The effect of PEG chain length was included in the
study to observe the effect of a bioavailable and hydrophilic
polymer. Samples that contained Fmoc� Cys have given a low
yield of mCNT surface functionalization in comparison with
Fmoc-Trp. Nonetheless, this lesser yield is hypothesized to result
from the extra aromatic rings in the Fmoc� Cys structure, taking
up volume and hiding neighbor C atoms. Fmoc� Cys which
were conjugated with PEG showed an increase in the solubility
of mCNTs with dispersion experiments. Thus, the answer to the
research question was given; it has been shown that non-
covalent attachment of Fmoc-PEGs to iron oxide-decorated
single-walled CNTs is possible. In brief, the overall results of this
study have given many hints that functionalized mCNTs may be
used in therapeutic applications such as cancer research and
therapy, enabling magnetic delivery and high availability.

Experimental Section

Materials

PEG5000 and PEG12000 were obtained from Sigma-Aldrich and used as
received. Fmoc� Cys (95%) and Fmoc-Trp (97%), 4-(dimethylamino)
pyridine (DMAP), and N, N’-dicyclohexylcarbodiimide (DCC) were all
procured from Sigma Aldrich as well and used as arrived. Solvents
such as THF (99.8%), dichloromethane (DCM; 99.8%), and diethyl
ether (Et2O; 99.7%) were bought from Sigma-Aldrich and used
without any purification procedures.

Methods

The following headlines aim to outline the methods employed in
this study. To maintain clarity and simplicity, we have encapsulated
the steps involved in the preparation steps in Figure 11.

Synthesis and Purification of Single-Walled Carbon
Nanotubes

SWCNTs were synthesized by using the CVD process as described
previously by Karatepe et al..[68] After the synthesis, SWCNTs were
treated with 6 M HNO3 at 120 °C for 3 h to remove metal catalyst
particles. Then the purified sample was washed with distilled water
until pH reached a neutral level and then dried in an oven at 105 °C
for 48 hours.

Figure 9. Overall surface charges of nanoparticles.

Figure 10. The effects of mCNTs on cell viability. The cells were treated with
various concentrations (50, 100 μL/mL) of mCNTs coated or not coated with
Cys5 or Cys12 for 24 hours. The percentage of cell viability was measured
with the WST-1 assay. Data are the mean values for triplicate experiments.
*p <0.01, **p <0.001 compared to the control.
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Synthesis of Iron Oxide Nanoparticles

The synthesis of IONs was carried out similarly to a previous
report.[69] FeCl3 and FeSO4.7H2O were dissolved in deionized water.
At 25 °C, ammonium hydroxide was slowly added to the solution.
The solution was magnetically stirred for a certain amount of time
allowing the precipitation of the nanoparticles. The precipitate was
separated with the help of a magnet, decanted, and washed with
deionized water until the pH reached neutral. Then it was dried
using a freeze-dryer for 24 hours.

IONs were then coated with oleic acid, a type of fatty acid, to
endow nanoparticles’ colloidal stability in organic solvents. The
nanoparticles were first added to the 3 M ammonium hydroxide
solution. After mixing for a while with the help of a mechanical
stirrer, oleic acid was added to the solution, and the mixing
continued for another 15 minutes at 1000 rpm. Coated magnetic
nanoparticles were separated by a magnet. It was washed with
distilled water and ethanol to remove ammonium hydroxide and
excess oleic acid. Then the sample was freeze-dried overnight.

Modification of SWCNTs with IONs

Magnetically modified SWCNTs were prepared by the ligand
exchange method.[70] SWCNTs were dispersed for 30 minutes in
20 mL THF with the help of an ultrasonic probe. A second solution
was prepared in 15 mL THF with magnetic nanoparticles coated
with oleic acid. These solutions were mixed so that the nanotube/
iron oxide ratio was 2 :1 and stirred at 700 rpm for 6 hours. Then
the mCNTs were collected with a magnet and freeze-dried over-
night.

Preparation of PEG-Fmoc Amino Acid Complexes

Conjugation of PEG and Fmoc-amino acids molecules has been
done by direct esterification, as explained in the literature.[37,71] To
briefly narrate, PEG5000 (2 g, 0.4 mmol) is completely dissolved in
30 mL of DCM. Fmoc� Cys (0.32 g, 0.546 mmol), DMAP (0.024 g,
0.196 mmol), and DCC (0.15 g, 0.727 mmol) are added. Thus,
Fmoc� Cys and PEG5000 conjugates (Cys5) were obtained. For the

second sample, the same procedure was applied using 0.26 g
(0.610 mmol) of Fmoc-Trp instead of Fmoc� Cys. Hence Trp5 is
obtained. Then, 20 mL of DCM is added to the mixtures. The
solutions were left to mix for 72 hours. A portion of the mixed
solutions was concentrated in a rotary evaporator and then
precipitated in diethyl ether. The precipitates were dissolved again
in DCM and precipitated in diethyl ether two times, aiming for extra
purification. Lastly, the resulting whitish solutes were left to dry at
room temperature for 24 hours. The same method was used to
synthesize the samples of Cys12 and Trp12 considering molar
equivalents.

Functionalization of mCNTs with PEG-Fmoc Amino Acids

PEG-Fmoc amino acid complexes (0.25 g) were dissolved in 50 mL
of THF. In each solution, mCNTs (0.05 g, 5 w/w polymers to
nanotubes ratio) were added. Each sample was ultrasonicated for
30 minutes and then stirred in mechanical stirrers for 7 days. After
the solutions obtained were filtered with polymer filter paper
(Sartorius, pore size: 0.2 um), they were refiltered with 25 mL of THF
for extra separation. Lastly, the remaining precipitates were left to
dry at 32 °C for 24 hours. With this technique, functionalized mCNTs
as black, dust-like particles were obtained. Coding of the coated
samples is done in the form mCNTaaX (Table 1). Here aa represents
the type of Fmoc-amino acid, and X represents 1/1000th of the
molecular weight of PEG.

Figure 11. To prepare Fmoc amino acid-modified PEG-coated magnetic SWCNTs, follow these steps: 1. Purification of the SWCNTs after synthesis to provide
functional groups on their surface. 2. Esterification reaction with Fmoc-protected amino acid and PEG to obtain Fmoc Amino Acid-Modified Polyethylene
Glycol. There are two types of Fmoc-protected amino acids - cysteine and tryptophan - and two lengths of PEG - 5000 and 12000. 3. Coating the Fmoc Amino
Acid-Modified Polyethylene Glycol onto magnetic SWCNTs to obtain coated mCNTs.

Table 1. Code of Samples.

Code Fmoc-amino acid PEG

mCNT-Trp5 Fmoc-Trp-OH PEG5000

mCNT-Trp12 Fmoc-Trp-OH PEG12000

mCNT-Cys5 Fmoc� Cys(trt)-OH PEG5000

mCNT-Cys12 Fmoc� Cys(trt)-OH PEG12000
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Characterization of Materials

All PEG-Fmoc-amino acid complexes were characterized by FTIR
spectroscopy and 1H NMR analysis. For FTIR spectra, a Perkin-Elmer
(Waltham, MA) Spectrum One with an ATR system is used. 1H NMR
spectra were collected with an Agilent V NMRS 500 device
(500 MHz for 1H) and the samples were gathered in CDCl3 with
Si(CH4). To characterize functionalized mCNTs, fluorescence spectra
are acquired with Hitachi F-4500 spectrophotometry using DCM as
the solvent. FEG-SEM was done with FEI Quanta 450 FEG device in
ESEM mode. TGA is executed with a Perkin-Elmer Diamond TA/TGA
device between the temperature range of 30–800 °C in an inert
atmosphere (N2) with a heating velocity of 10 °C/min. DXR Raman
model of Thermo Scientific with 532 nm laser was used in the
study. Raman analysis is carried out at room temperature without
pre-preparation. XRD analyses of the synthesized samples were
performed with the PAN analytical - X’Pert Pro device. XRD data
were obtained using 1.5406 nm Cu Kα radiation. The 2θ range used
for analysis is between 10–80°. The magnetic behavior of mCNTs
before and after functionalization is assessed using a VSM device to
a maximum field of 30 kOe (3 T). VSM was utilized at room
temperature while cycling the field between � 30000 and 30000
Oe. For dispersion tests, 4 types of coated mCNTs and uncoated
mCNTs (control), a total of 5 samples (5 mg each) are dispersed in
5 mL water via 30 minutes ultra-sonication. Afterward, the samples
are placed in homogenous conditions, and their precipitation
behaviors are photographed. The photographs were taken at t=0,
t=1 hour, t=3 hours, t=5 hours, t=7 hours, t=24 hours, t=
48 hours, t=72 hours, and t=1 week. Zeta potential measurements
were performed in a folded capillary cell using a Zetasizer (Zetasizer
Nano ZS, Malvern, UK) instrument equipped with 4.0 mV He� Ne
laser lamp (633 nm) at 25 °C with �0.1 °C sensitivity with DLS and
electrophoretic light scattering (ELS) techniques, respectively.
Measurements were taken after each sample (1 mg/mL) was
dispersed in deionized water using an ultrasonic probe for
30 minutes.

Cell Viability

To evaluate the effects of the mCNTs on cell viability, a WST-1 assay
was performed (Roche, Mannheim, Germany) according to the
manufacturer‘s instructions. PCS-201–012 human dermal fibroblast
cells (ATCC) were cultured in RPMI 1640 medium, supplemented
with FBS (10%), penicillin (100 units/mL), and streptomycin (100μg/
mL) at 37 °C in a humidified atmosphere of 5% CO2. For the assay,
first, the cells were seeded into a 96-well plate and allowed to
attach to the plate overnight. After the cells were treated with
uncoated mCNTs, mCNT-Cys5 or mCNT-Cys12 with different
concentrations (50, 100 μL/mL) for 24 hours, the samples were
removed, and a fresh medium was added to per well. 5 μL/well
WST-1 cell proliferation reagent was added to each well, and the
plate was incubated in a CO2 incubator at 37 °C for 3 hours. The
absorbances of the wells were measured at 440 nM with a
microplate reader (Molecular Devices, CA, USA). The control group
consisted of cells that were not treated with mCNTs, mCNT-Cys5, or
mCNT-Cys12. The viability of the cells was expressed as a
percentage relative to the value of control cells. Statistical analysis
was performed using IBM SPSS Statistics 13.0 (Chicago, IL, USA).
The data were subjected to one-way ANOVA to evaluate the
differences between the groups.

Supporting Information

The authors have given additional figures within the Supporting
Information.
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In order to address dispersion issues
and enhance stability of carbon
nanotubes decorated with iron oxide
(mCNTs) in a water environment, a
strategy involving non-covalent func-
tionalization with two distinct
complexes of poly(ethylene glycol)-

Fmoc-amino acids is employed. The
findings of this investigation strongly
suggest that functionalized mCNTs
hold promise for therapeutic
endeavors like cancer research and
treatment, facilitating magnetic
delivery and improving accessibility.
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