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antibacterial activity against bacterial strains†
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Edgar Estrada-Zavala,b Adrián Ochoa-Terán, *a Y. Gochi-Ponce,*a Julio Montes-
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Gabriel Alonso-Núñez,c Edgar A. Reynoso-Sotoa and J. L. Medina-Francod

Nowadays, infectious diseases caused by drug-resistant bacteria have become especially important.

Linezolid is an antibacterial drug active against clinically important Gram positive strains; however,

resistance showed by these bacteria has been reported. Nanotechnology has improved a broad area of

science, such as medicine, developing new drug delivery and transport systems. In this work, several

covalently bounded conjugated nanomaterials were synthesized from multiwalled carbon nanotubes

(MWCNTs), a different length oligoethylene chain (Sn), and two linezolid precursors (4 and 7), and they

were evaluated in antibacterial assays. Interestingly, due to the intrinsic antibacterial activity of the

amino-oligoethylene linezolid analogues, these conjugated nanomaterials showed significant

antibacterial activity against various tested bacterial strains in a radial diffusion assay and microdilution

method, including Gram negative strains as Escherichia coli (11 mm, 6.25 mg mL�1) and Salmonella typhi

(14 mm, #0.78 mg mL�1), which are not inhibited by linezolid. The results show a significant effect of the

oligoethylene chain length over the antibacterial activity. Molecular docking of amino-oligoethylene

linezolid analogs shows a more favorable interaction of the S2-7 analog in the PTC of E. coli.
1. Introduction

Hospital-acquired infections (HAIs) are a globally signicant
public health problem and steadily increase.1,2 HAIs are dened
as those that were neither present in the patient nor in the
incubation period and were acquired during the hospital stay at
least 48 hours aer hospitalization.3 A common characteristic
in most of these pathogens is resistance to commonly used
antibiotics, mainly generated by the abuse and inappropriate
use of antibiotics. Furthermore, these infections are a signi-
cant cause of mortality globally; in the United States, approxi-
mately 80 000 deaths are reported per year.4

Linezolid was approved by the FDA in 2000 and showed activity
against resistant strains as Enterococcus faecalis and E. faecium,
mica, Tecnológico Nacional de México/ IT

drian.ochoa@tectijuana.edu.mx; yadira.

s, Universidad Autónoma de Sinaloa,

a, Universidad Nacional Autónoma de
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924
vancomycin-resistant Staphylococcus aureus (SAVR), methicillin-
resistant Staphylococcus aureus (MRSA), among others.5,6 This
drug is characterized by having an oxazolidinone ring with the
necessary stereochemistry and an acetamide group responsible for
the interaction with the site of action.7 However, linezolid resistant
strains have been found, despite their excellent antibacterial
characteristics. Then, it is necessary to develop new antibacterial
drugs taking advantage of linezolid to improve its qualities.8–11

On the other hand, Multiple-walled carbon nanotubes
(MWCNT) are carbon allotrope with excellent thermal, electronic,
and mechanical properties. In recent years, MWCNT's have been
studied in different areas such as engineering, science, and
medicine, being used to develop biological sensors, tissue engi-
neering, drug delivery systems, and composites with antibacterial
activity.12,13 Functionalized MWCNTs (f-MWCNTs) with a variety of
groups (epoxides, carboxylic acids), organic molecules, and poly-
mers have shown increased activity against bacteria in addition to
an improvement in their biocompatibility properties, making
them promising candidates for use in these applications.14,15

The binding of drugs on MWCNT has been extensively studied
in recent years, showing that this type of formulation is one of the
most promising alternatives to treat HAI.16–18 However, it is well
known that MWCNTs possess intrinsic toxicity under certain
conditions and characteristics, which are reduced by functionali-
zation, considerably improving their solubility in various media,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthetic route for precursors 4 and 7.
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increasing their bioavailability and biocompatibility.19–21 MWCNTs
have been covalently bounded with different conventional antibi-
otics and organic compounds such as ionic liquids for antibacte-
rial purposes.22–26 On the other hand, loading of linezolid into
a silica xerogel,27 cadmium selenide/silica nanoparticles,28 silver
nanoparticles,29 selenium nanoparticles30 and biopolymer nano-
particles31–36 by non-covalent interactions has shown an improved
activity against multidrug-resistant bacteria, including methicillin-
resistant Staphylococcus aureus and Mycobacterium tuberculosis.
Also linezolid has been adsorbed on a carbon nanomaterial as
graphene oxide (GO), where the bactericidal effect increased by the
combinationwith GO.37To the best of our knowledge, there are not
reports regarding to the covalent bonding of linezolid into
MWCNT and antibacterial activity studies. Therefore, this work
seeks to study the covalent bonding of linezolid-like molecules 4
and 7 on MWCNT functionalized with different variable oligo-
ethylene spacers (C2, C4, and C6) and evaluate the antibacterial
activity of these conjugated nanomaterials against different refer-
ence and drug-resistant isolated clinical strains.
2. Results y discussion
2.1 Synthesis and characterization of linezolid-type
compounds

The synthesis of the linezolid type compounds was performed
using the methodology reported by Brickner et al. with some
Scheme 2 Synthetic route for the synthesis of MWCNT-oligoethylene li

© 2021 The Author(s). Published by the Royal Society of Chemistry
variations (Scheme 1).5 For the synthesis of linezolid analogs,
3,4-diuoronitrobenzene was chosen as starting material. The
SNAr reaction of 3,4-diuoronitrobenzene with morpholine
leads to nitro compound 1 with a 90% yield in trimethylamine,
which was then transformed into the arylamine 2 by hydroge-
nation of the nitro group with H2 and 10% Pd/C with 68% yield.
The reaction of 2 with ethyl chloroformate provides the carba-
mate 3 in a 45% yield. Compound 3 was treated with n-BuLi and
(R)-glycidyl butyrate to obtain the oxazolidinone 4 (a hydrox-
ymethyl linezolid analog) in a 50% yield. Mesylation of 4 led to
obtaining compound 5 in 98% yield, followed by SN2 displace-
ment of the mesylate by the azide anion, leading to azido
derivative 6 in 50% yield. The amino-linezolid 7 was obtained by
molecular hydrogenation of the 6 with a 28% yield. The yields
are similar to those reported by Bricker despite the changes
employed in the reactions. The characterization by FTIR, NMR,
and EMIE conrmed the structure of each intermediate
compound (Fig. S1 to S25†).
2.2 Synthesis and functionalization of MWCNTs

MWCNTs were prepared by the spray pyrolysis technique using
toluene as a carbon source and ferrocene as a catalyst. Two
different concentrations of ferrocene in toluene were used in
the reactor for the synthesis, 0.1 M (MWCNT-1) and 0.2 M
(MWCNT-2), respectively, to study the concentration effect over
the MWCNTs structural characteristics and biological proper-
ties. Then, both MWCNTs were oxidized following the best
functionalization route reported by Moreno–Valle,38 using
HNO3 at 90 �C for 8 h to obtained MWCNT-Ox-1 and MWCNT-
Ox-2, respectively (Scheme 1).

Aer the variable-length oligoethylene amino acids were
incorporated, six-functionalized MWCNTs were obtained (f-
MWCNT-Sn). MWCNT-Ox-1 and MWCNT-Ox-2 were reacted
with SOBr2 in dry THF for 48 h under Ar atmosphere to generate
the acyl bromine functionality on the MWCNTs surface (f-
MWCNT-COBr). The acylated MWCNTs were manipulated
under anhydrous conditions and an inert atmosphere using dry
THF. Three oligoethylene amino acids were reacted with the
acylated MWCNT-COBr-1 and MWCNT-COBr-2, respectively,
introducing different oligoethylene chains (Sn) to the MWCNTs.
Finally, f-MWCNT-Sn nanomaterials were subjected to coupling
reactions with the amino or hydroxyl linezolid analog (4 or 7)
using DIC and HOBt to obtain the MWCNT-oligoethylene line-
zolid conjugates (Scheme 2). Moreover, the incorporation of
amino-linezolid 7 on the MWCNT-Ox-# nanotubes was carried
nezolid conjugates.

RSC Adv., 2021, 11, 28912–28924 | 28913

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra04691h


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
A

ug
us

t 2
02

1.
 D

ow
nl

oa
de

d 
on

 7
/1

3/
20

25
 4

:0
0:

52
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
out to study the effect of the oligoethylene chain length on the
antibacterial activity. The synthesis was carried out using the
methodology employed for the functionalization with the alky-
lamino acids (Scheme S1†).
2.3 Characterization by Raman spectroscopy

Raman spectroscopy characterization of MWCNT-1 and
MWCNT-2 nanotubes showed the characteristic bands of these
nanomaterials at 1318 cm�1, 1585 cm�1 and 2621 cm�1, cor-
responding to D, G and G0 bands, respectively. The rst band is
related to the amount of disorder or defects and the presence of
sp3-hybridized carbon atoms, while the second band is related
to the degree of graphitization or structural order of the carbon
slides on the material and the presence of carbon atoms with
sp2 hybridization. Finally, the last band is an overtone or
a second-order vibration of the G band related to order and
crystallinity. The ratio ID/G is a value that relates the disorder
and order directly associated with the defect density or aws in
MWCNT, while the ratio IG0/G is related to the degree of crys-
tallinity of the nanomaterial. Thus, MWCNT-1 and MWCNT-2
showed a similar degree of defects despite the difference in
concentration of ferrocene in toluene used in the reactor for the
synthesis, but the crystallinity of MWCNT-1 was higher than
MWCNT-2 (Fig. S26†).

Considering the ID/G and IG0/G data of the nanomaterials and
the synthesis, it can be seen that oxidation and functionaliza-
tion processes have different effects over the two types of
MWCNTs (Table 1). MWCNT-Ox showed considerable changes
in the intensity of their characteristic bands, with a decrease in
the G and G0 band and an increase in the D band. The latter is
explained by the oxidative treatment with nitric acid, which
generates carboxyl, hydroxyl, and epoxide groups on the surface
of the nanotubes by breaking graphene layers, which leads to an
increase in the disorder or higher number of sp3 carbons. The f-
MWCNT-Sn showed considerable changes in the intensity of
their characteristic bands, with an increase in the D, G, and G0

bands, but a decrease in the ID/G ratio compared to their
MWCNT-Ox (Fig. S27 and 28†). This is due to the functionali-
zation that incorporates the oligoethylene chain in the reactive
Table 1 ID/G and IG0/G of nanomaterials for each step of the chemical
modification

Nanomaterial ID/G IG0/G Nanomaterial ID/G IG0/G

MWCNT-1 0.82 1.35 MWCNT-2 0.83 1.20
MWCNT-Ox-1 0.89 1.25 MWCNT-Ox-2 0.87 1.37
f-MWCNT-S1-1 0.77 1.15 f-MWCNT-S1-2 0.93 1.07
f-MWCNT-S2-1 0.77 1.30 f-MWCNT-S2-2 0.89 1.28
f-MWCNT-S3-1 0.73 1.34 f-MWCNT-S3-2 0.84 1.18
f-MWCNT-S1-4-1 0.69 1.06 f-MWCNT-S1-4-2 0.91 1.05
f-MWCNT-S2-4-1 0.79 1.10 f-MWCNT-S2-4-2 0.80 1.14
f-MWCNT-S3-4-1 0.82 1.20 f-MWCNT-S3-4-2 0.81 1.12
f-MWCNT-S1-7-1 0.67 1.08 f-MWCNT-S1-7-2 0.94 1.01
f-MWCNT-S2-7-1 0.75 1.10 f-MWCNT-S2-7-2 0.83 1.18
f-MWCNT-S3-7-1 0.84 1.18 f-MWCNT-S3-7-2 0.76 1.09
f-MWCNT-7-1 0.71 1.27 f-MWCNT-7-2 0.70 1.25

28914 | RSC Adv., 2021, 11, 28912–28924
groups, reducing the surface defects of the nanotubes, which
leads to an increase in order and a higher crystallinity. Finally,
the MWCNTs functionalized with the different oligoethylene
amino acids and linezolid precursors 4 and 7 (f-MWCNT-Sn-4, f-
MWCNT-Sn-7) did not present considerable changes in the
intensity of their characteristic bands, observing that the ID/G
and IG0/G values are like those obtained with their precursors
regardless the alkyl chain (Fig. S29 and S30†). These results
show that the coupling of 4 and 7 occurs on the external
carboxylic group or the nanotube surface.
2.4 TGA analysis

Thermogravimetric analysis of the nanotubes before oxidation
showed the typical thermic degradation starting at 650 �C for
MWCNT-1, while it was at 620 �C for MWCNT-2. The FeO metal
residues were 11.37 and 9.40%, respectively (Fig. S31†). The higher
thermic stability of MWCNT-1 may be attributed to its higher crys-
tallinity found by the Raman spectroscopy. On the other hand, aer
performing the oxidation of both nanotubes, two characteristic
thermal decomposition stages are observed in the thermograms; the
rst stage begins around 300 �C, and it is attributed to the thermal
decomposition of the oxygen functional groups such as carboxylic,
hydroxyl, among others. The second stage of thermal degradation
starts around 500 �C and corresponds to the typical thermal
oxidation of carbon nanotube (Fig. S32†). A refractory residue (FeO)
derived from the metallic catalyst is observed at the nal stage. The
metal residue aer acid treatment was 5.0 and 4.4% for MWCNT-
Ox-1 and MWCNT-Ox-2, respectively. With this data in hand, an
approximate functionalization degree of functionalization of 0.70
mmol mg�1 was calculated for both nanotubes.

The f-MWCNT-COBr thermogram shows two characteristic
thermal decomposition stages; the rst stage is around 350 �C,
which is 50 �C more than MWCNT-Ox-1 due to the higher bond
energy of COBr and CBr functional groups. The second stage of
thermal degradation starts around 650 �C, corresponding to the
characteristic degradation of nanotubes. The metallic content
in f-MWCNT-COBr-1 is 4.0%.

The thermogravimetric analysis of f-MWCNT-Sn shows that
weight loss stages are more remarkable as the oligoethylene chain
length increases following the trend f-MWCNT-S3 > f-MWCNT-S2 > f-
MWCNT-S1 > MWCNT-Ox > MWCNT (Fig. S33 and S34†). All
MWCNTs show signicant weight losses from 150 �C to 600 �C
attributed to the loss of surface defects, carboxylic and amino acid
groups on MWCNT. The notorious weight loss indicates that func-
tionalization was efficiently carried out on the nanomaterial surface.

Finally, thermograms of f-MWCNT-Sn-4 and f-MWCNT-Sn-7
indicate a gradual thermic degradation of these nanomaterials
from 150 �C to 600 �C due to surface defects, carboxylic groups,
amino acids, and linezolid ester or amide on MWCNT. The
difference in the degradation pattern is attributed to the presence
of Sn-4 and Sn-7. In general, the changes in thermic degradation in
each step indicate different structural-chemical characteristics on
the carbon nanotube surface. The weight-loss trend wasMWCNT <
MWCNT-Ox < f-MWCNT-Sn < f-MWCNT-Sn-4 or f-MWCNT-Sn-7.
Based on the TGA analysis of f-MWCNT-Sn-7, considering the oli-
goethylene chains and the oxazolidinone, the percentages of
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Thermograms of nanomaterials derived from MWCNT-1 and MWCNT-2.
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organic material incorporated to the MWCNT surface are approx-
imately 13.1, 15.6, 10.1, 16.7, 14.2 and 15.6% for f-MWCNT-S1-7-1,
f-MWCNT-S2-7-1, f-MWCNT-S3-7-1, f-MWCNT-S1-7-2, f-MWCNT-S2-
7-2, and f-MWCNT-S3-7-2, respectively (Fig. 1). The f-MWCNT-7-1
and f-MWCNT-7-2 thermograms show percentages of organic
material incorporated around 14.1% and 15.4%, indicating the
successful functionalization of the MWCNTs with these molecules
(Fig. S35 and S36†).

2.5 Characterization by SEM and TEM

The morphology of MWCNTs obtained in each synthesis stage
was analyzed through SEM and TEM. Fig. 2 shows differences in
the surface along the chemical modications sequence of
MWCNT-2 by SEM. Analysis of the SEM images in MWCNT-2
showed a smooth surface, while MWCNT-Ox-2 showed
Fig. 2 SEM images of (A) pristineMWCNT-2, (B) MWCNT-Ox-2, (C) f-
MWCNT-S2-2 y (D) f-MWCNT-S2-7-2.

© 2021 The Author(s). Published by the Royal Society of Chemistry
a rougher surface due to nitric acid treatment, leading to the
cleavage and generation of different functional groups such as
carboxylic acids, alcohols, and epoxides on the surface of
MWCNTs (Fig. 2A and B). Images of f-MWCNT-S2-2 show the
formation of thin layers on the carbon nanotube surface
attributed to the functionalization and incorporation of the
oligoethylene chain (Fig. 2C). Similar features were observed
with the other alkyl amino acids (Fig. S37 to S41†). Finally,
images of f-MWCNT-S2-7-2 show the formation of an organic
layer on the surface aer coupling the amino-linezolid analog 7
with the carboxylic acid groups (Fig. 2D). This behavior was also
observed with 4 (Fig. S42†). These images show the incorpora-
tion of organic material on the surface of the nanotubes.
Fig. 3 TEM images of (A) pristineMWCNT-2, (B)MWCNT-Ox-2, (C) f-
MWCNT-S2-2 y (D) f-MWCNT-S2-7-2.

RSC Adv., 2021, 11, 28912–28924 | 28915
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Fig. 3 shows the TEM images, wherein some differences in
the surface andmorphologic characteristics at the synthesis stages
ofMWCNT-2 are observed. The pristineMWCNT-2 have a smooth
surface (red) in addition to observing a considerable inside
amount of Fe (blue), while MWCNT-Ox-2 shows a rough surface
and a notorious decrease of Fe (Fig. 3A and B) with 42.45 �
5.52 nm and 35.29 � 3.83 nm diameter, respectively. Because of
the oxidative treatment, the MWCNT surface layers are deformed
and remove inside and outside Fe in theMWCNT. The images of f-
MWCNT-S2-2 and f-MWCNT-S2-7-2 present a homogeneous
organic layer on the nanotube surface because organic material is
incorporated (Fig. 3C and D), showing 76.31� 16.06 nm and 62.41
� 6.84 nm in diameter, respectively. The increase in the diameter
of MWCNTs compared to MWCNT-Ox-2 is attributed to the
incorporation of organic molecules on the MWCNT surface, while
its decrease aer the incorporation of compound 7 compared to f-
MWCNT-S2-2 is probably due to that some amount of the oligo-
ethylene amino acid adsorbed on the nanomaterial surface is
removed during the reaction and purication.

The results obtained from characterization techniques as
TEM, SEM, Raman and TGA agree that the modications of
MWCNTs at different stages were successful.
2.6 Biological assay

The antibacterial activity of the prepared nanomaterials was
evaluated against nine Gram-positive and three Gram-negative
strains, including four ATCC strains, eight clinically isolated
strains, and ve methicillin-resistant strains, using the radial
diffusion assay and broth microdilution method.

MWCNTs were dispersed in distilled water for 1.0 h by
sonication before the radial diffusion assay (RDA). An aliquot
equivalent to 20 mg of MWCNTs was taken and added directly
into Petri dishes with Mueller Hinton agar to achieve greater
diffusion of the MWCNTs. linezolid (20 mg) was used as a posi-
tive control.

MWCNT-#, MWCNT-Ox-#, f-MWCNT-Sn-#, f-MWCNT-Sn-4-#,
4, and 7 were evaluated against all strains of these materials
showing non-inhibition of bacterial growth (inhibition halo) in
radial diffusion assays (Fig. S43†).
Table 2 Inhibition halos of f-MWCNT-Sn-7-# by radial diffusion assay a

Nanomaterial or compound

Inhibition (mm)

1 5 9 13 29212

Linezolid 17 21 0 0 19
7 0 0 0 0 0
f-MWCNT-S1-7-1 0 L L L L
f-MWCNT-S2-7-1 0 L L L L
f-MWCNT-S3-7-1 0 0 0 0 0
f-MWCNT-S1-7-2 0 0 0 0 0
f-MWCNT-S2-7-2 7 11 11 14 L
f-MWCNT-S3-7-2 0 0 0 0 0

a 0¼No activity, L¼ localized inhibition. (1)¼ A group Streptococcus clinica
clinical isolate, (13)¼ Salmonella typhi clinical isolate, (29212)¼ Enterococc
MRSA-02, (R3) ¼ MRSA-03, (R4) ¼ MRSA-04, (43300) ¼ MRSA ATCC, (259

28916 | RSC Adv., 2021, 11, 28912–28924
This result demonstrates that MWCNTs, which are not
functionalized with molecules containing essential functional
groups, do not have antibacterial activity. For example,
MWCNTs bound to compound 4 do not possess an amide
functional group which is essential to promote intermolecular
hydrogen bond interaction in the site of action, which has vital
importance to inhibit bacterial protein synthesis. To prove that
acetamide group is indeed essential, MWCNTs were prepared
bonding directly compound 7 (f-MWCNT-7), but no activity was
observed too because when 7 is released from the nanomaterial,
it does not have an amide group in its structure. In addition, the
same results were obtained in the evaluation of free 4 and 7
compounds.

Assays with f-MWCNT-Sn-7-1 and f-MWCNT-Sn-7-2 nano-
materials showed that the conjugated nanomaterials possess-
ing the S1 and S2 oligoethylene chains have activity against
several of the strains tested. However, the S3-conjugated nano-
tubes did not exhibit activity against these strains.

Table 2 shows the diameters of the inhibition halos obtained
in the radial diffusion test of the f-MWCNT-Sn-7-#, where
compound 7 and linezolid were used as control. Noteworthy, 7
does not show activity against the strains tested. In contrast,
linezolid showed activity against all Gram-positive strains
evaluated, but it was inactive against Gram-negative Escherichia
coli and Salmonella typhi strains because of as it is well known,
this drug is selective towards Gram-positive bacteria. The most
prominent nanomaterial was f-MWCNT-S2-7-2, active against
many ATCC strains, MRSA, and Gram-negative strains such as
Escherichia coli and Salmonella typhi. Moreover, the f-MWCNT-
S1-7-1, f-MWCNT-S2-7-1, and f-MWCNT-S1-7-2 only showed
localized inhibition against these same strains, indicating lower
antibacterial activity.

Table 3 shows the minimum inhibitory concentration values
(MIC) obtained by the broth microdilution test with the f-
MWCNT that showed activity using the RDA using Linezolid
and 7 as controls. As previously noted, the f-MWCNTs with S2
spacer stood out among the others because they showed activity
against a higher number of strains with MIC values of between
25 and <0.78 mg mL�1. Moreover, the f-MWCNT-S1-7-2 showed
gainst bacterial strainsa

25922 R1 R2 R3 R4 43300 25923

0 21 23 21 21 22 26
0 0 0 0 0 0 0
L 0 0 0 L L L
L L L L L L L
0 0 0 0 0 0 0
0 L L L L L L
L L 11 12 L L L
0 0 0 0 0 0 0

l isolate, (5)¼ Staphylococcus aureus clinical isolate, (9)¼ Escherichia coli
us faecalis ATCC, (25922)¼ Escherichia coli ATCC, (R1)¼MRSA-01, (R2)¼
23) ¼ Staphylococcus. aureus ATCC.
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Table 3 MIC values of f-MWCNT-Sn-7-# against bacterial strainsa

Nanomaterial or compound

MIC (mg mL�1)

1 5 9 13 29212 25922 R1 R2 R3 R4 43300 25923

Linezolid 0.5 4 >16 >16 4 >16 0.5 4 8 8 4 4
7 0 0 0 0 0 0 0 0 0 0 0 0
f-MWCNT-S1-7-1 0 0 0 0 0 0 0 0 0 0 0 0
f-MWCNT-S2-7-1 0 12.5 12.5 6.25 0 25 25 25 25 25 6.25 25
f-MWCNT-S1-7-2 0 0 0 6.25 0 12.5 12.5 0 0 0 6.25 25
f-MWCNT-S2-7-2 6.25 6.25 6.25 <0.78 0 0 50 6.25 6.25 6.25 6.25 12.5

a 0¼No activity, L¼ localized inhibition. (1)¼ A group Streptococcus clinical isolate, (5)¼ Staphylococcus aureus clinical isolate, (9)¼ Escherichia coli
clinical isolate, (13)¼ Salmonella typhi clinical isolate, (29212)¼ Enterococcus faecalis ATCC, (25922)¼ Escherichia coli ATCC, (R1)¼MRSA-01, (R2)¼
MRSA-02, (R3) ¼ MRSA-03, (R4) ¼ MRSA-04, (43300) ¼ MRSA ATCC, (25923) ¼ Staphylococcus. aureus ATCC.
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a MIC between 25 and 25.6 mg mL�1, whereas the f-MWCNT-S1-
7-1 does not show activity against these same strains. In addi-
tion, as noted above, compound 7 does not shows activity, and
linezolid shows activity only against Gram-positive bacteria.

Fig. 4 and 5 show the images obtained in the experiments
evaluating the antibacterial activity of f-MWCNT-S2-7-2 against
MRSA (R4) and Salmonella typhi clinically isolated strains,
respectively.
Fig. 4 Antibacterial activity of f-MWCNT-S2-7-2 against R4 by radial diff

Fig. 5 Antibacterial activity of f-MWCNT-S2-7-2 against Salmonella typhi
(MIC less than 0.78 mg mL�1).

© 2021 The Author(s). Published by the Royal Society of Chemistry
Noteworthy, based on the results obtained with Linezolid as
control, the inhibition halos and MICs obtained with these
nanomaterials are quite promising, considering the amount of
organic material incorporated in the f-MWCNT-Sn-7-# is around
15% of the total weight. Specically, f-MWCNT-S2-7-2 has 17.2%
weight of organic material, which is approximately the h of
linezolid amount, and even so, this material showed similar or
higher activity against a more signicant number of bacteria,
usion (12 mm) and broth microdilution (MIC less than 6.25 mg mL�1).

clinically isolated by radial diffusion (14mm) and by brothmicrodilution
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Table 4 Score, conformational and placement energies of 7 poses and linezolid

Compounds (poses) Score (kcal mol�1) Conformational energy (kcal mol�1) Placement enegy (kcal mol�1)

Linezolid �7.21 �3.11 �70.35
7 (1) �6.94 65.61 �54.28
7 (2) �6.67 66.10 �50.64
7 (3) �6.28 63.37 �61.88
7 (4) �6.00 63.86 �43.98
7 (5) �5.89 63.95 �53.66
7 (6) �5.86 62.84 �44.71

Fig. 6 (A) Molecular docking of 7 (pose six, yellow) and linezolid (green) in the PTC of E. coli rRNA and (B) interactions map of 7.

Table 5 Score, conformational and placement energies of Sn-7 and
Sn-7-H

+

Compounds
Score
(kcal mol�1)

Conformational
energy (kcal mol�1)

Placement enegy
(kcal mol�1)

Linezolid �7.21 �3.11 �70.35
7 �5.86 62.84 �44.71
S1-7 �7.52 8.24 �36.95
S1-7-H

+ �7.71 11.60 �65.68
S2-7 �6.90 17.78 �64.94
S2-7-H

+ �8.55 21.58 �83.14
S3-7 �7.92 24.84 �73.47
S3-7-H

+ �7.03 19.83 �90.48
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indicating a high antimicrobial potential of these nano-
materials and highlighting the importance of the presence of
bioactive molecules to display the antibacterial activity. In
addition, the above results show that the length of the oligo-
ethylene chain is decisive. The f-MWCNT-7 nanomaterial do not
exhibit activity, and those with the shortest do not have signif-
icant antibacterial activity. On the other hand, nanomaterials
with the longest oligoethylene chain also resulted inactive.
Thus, it indicates that there is an optimal length that favors the
antibacterial activity. An outstanding result is the activity
observed against Gram-negative bacteria such Escherichia coli
and Salmonella typhi, even higher than linezolid, which point
out the incorporation of an amino-oligoethylene chain to line-
zolid structure facilitates its internalization through the double
cell membrane characteristic of these bacteria, probably due to
a higher lipophilic character and the quaternization of the
terminal amino group developing a positive charge (Table S1†).

Both radial diffusion assay and broth microdilution test
results suggest that the amino-oligoethylene linezolid analogs
are released from the nanomaterial surface. A possible mecha-
nism is the participation of exfoliate toxins or ETs, commonly
excreted by Gram-positive bacteria such as S. aureus, which
possess the catalytic triad of serine, histidine, and aspartic acid
capable of breaking the amide bonds of several molecules, and
cause the scalded skin syndrome or may be other types of
proteases in bacteria (Scheme S2†).39–42
28918 | RSC Adv., 2021, 11, 28912–28924
2.7 Molecular docking studies

In order to explain the differences in antibacterial activity of the
evaluated nanomaterials at the molecular level, an automated
molecular docking study was performed in the Phosphoryl
Transferase Center (PTC) of E. coli, which is commonly used to
study drug-receptor interactions that inhibit protein synthesis
in bacteria.43,44 The structure of amino-linezolid 7, amino-
oligoethylene linezolid analogs (Sn-7), and their protonated
forms (Sn-7-H

+) were modeled in the PTC.
In the molecular modeling of 7, the six poses that maintain

similarity with the linezolid pose at the PTC and have the lower
score values (Table 4). Pose number six of 7 presented the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (A) Molecular docking of S1-7-H
+ (yellow) and linezolid (green) in the PTC of E. coli rRNA and (B) interactions map of S1-7-H

+.
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amino group in the same orientation as the amide group of
linezolid and an H/O hydrogen bond with G2505 and a second
s/p bond with G2061 (Fig. 6). However, the morpholine and
oxazolidinone rings are spatially displaced compared to line-
zolid. Therefore, most poses with better score values did not
show the same interactions or position as linezolid, directly
affecting their interaction, conformation, and score (Fig. S44 to
S49†). This behavior explains why the amino-linezolid 7, despite
having a similar structure to linezolid, does not show activity in
the antibacterial assays.

Table 5 shows the score and conformational and placement
energies of the linezolid, Sn-7, Sn-7-H

+, and amino-linezolid 7
(pose six), where lower or more negative score values indicate
higher affinity or binding the site of action. Most of the
modeling structures of Sn-7 and Sn-7-H

+ (at physiological pH,
the free amines can be partially protonated) presented a lower
score than linezolid, indicating that they could present bacterial
activity if only this parameter is taken into account (Table 5).
However, there are signicant differences in the conformation
Fig. 8 (A) Molecular docking of S2-7-H
+ (yellow) and linezolid (green) in

© 2021 The Author(s). Published by the Royal Society of Chemistry
and placement energies, S1-7 and S2-7 in the structures having
more positive values than linezolid. The structure of protonated
analogs S1-7-H

+ and S2-7-H
+ present more negative values, even

the placement energy of S2-7-H
+ is more negative or favorable

than that for linezolid. As can be seen, the S2-7-H
+ structure has

a more favorable score and placement energy than linezolid,
which justies the antimicrobial activity observed in the radial
diffusion and broth microdilution assays. Interestingly, the S3-7
and S3-7-H

+ structures also show thermodynamically favorable
scores and placement energies but do not show activity in bio-
logical assays. This can be attributed to various factors, such as
different intermolecular interactions involved in supramolec-
ular complexes or the steric effect of the spacer chain length
with higher units of oligoethylenes.

The S1-7-H
+ and S2-7-H

+ structures (yellow) presented the
typical hydrogen bond interaction (Fig. 7 and 8) and a similar
location to linezolid (green) in the PTC; an almost perfect
overlap with the linezolid structure is observed, which is directly
related to their favorable score values, while the S3-7-H

+

the PTC of E. coli rRNA and (B) interactions map of S2-7-H
+.

RSC Adv., 2021, 11, 28912–28924 | 28919
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Fig. 9 (A) Molecular docking of S3-7-H
+ (yellow) and linezolid (green) in the PTC of E. coli rRNA and (B) interactions map of S3-7-H

+.
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structure does not present hydrogen bond interaction (Fig. 9)
and the structure is shied respect to the linezolid structure.
The same is observed in the modeling of Sn-7 structures
(Fig. S50 to S52†).

As described above, these results agree with the results ob-
tained in the antibacterial activity studies against various
bacterial strains. The higher the number of intermolecular
interactions and similarity with the linezolid pose, the higher is
the activity. In contrast, compounds with few or no interactions
or with displaced poses respect linezolid does not present
antibacterial activity. In summary, lower scores linezolid such
as S3-7-H

+ do not necessarily indicate favorable or good
coupling since the placement of the molecule in the PTC
directly inuences the antibacterial activity.
3. Conclusions

In conclusion, different functionalized carbon nanotubes were
synthesized, characterized, and evaluated against different
bacterial strains. Some of these nanomaterials show excellent
antibacterial activity because of they are covalently bounded to
a bioactive linezolid-type molecule with a structure, conforma-
tion, and functional groups necessary to establish favorable
interactions in the PTC. Antibacterial activity of f-MWCNT-Sn-7-
# correlates with the molecular modeling predictions, where the
docking of free Sn-7 and Sn-7-H

+ structures suggest that anti-
bacterial activity may be related to the oligoethylene (Sn) chain's
length, a similar pose than linezolid, and the intermolecular
interactions in PTC. These nanomaterials show a signicant
potency despite they only have a content of about 15% of
organic material on the nanomaterial, and their activity is
similar or even higher than the observed for linezolid in some of
the strains tested. The most signicant result is the outstanding
activity of f-MWCNT-S2-7-2 against two Gram negative strains,
Salmonella typhi and Escherichia coli. The proposed mechanism
for releasing the bioactive molecules may be due to the cleavage
of the amide bond of f-MWCNT-Sn-7-# by a protease. Moreover,
28920 | RSC Adv., 2021, 11, 28912–28924
the amino-oligoethylene chain in the structure of these line-
zolid analogues increases the activity against Gram-negative
bacterial strains. These results are relevant considering that
both bacterial strains may cause health problems to humans
when they are present in food and water. Also give us the
opportunity to explore the functionalization of new carbon
nanomaterials. Currently, we are working in the functionaliza-
tion of carbon dots, which have better cytocompatibility prop-
erties and dispersity in aqueous media.
4. Experimental section
4.1 Materials

Reagents used in this research were obtained from commercial
suppliers. The solvents used for the different reactions and
studies are HPLC grade and anhydrous. The manipulation of
compounds sensitive to moisture or oxygen were performed in
the Ar atmosphere. The mixtures used for reactions at �78 �C
were prepared into acetone and dry ice bath, while the corre-
sponding at 0 �C was prepared into an ice bath. The organic
fractions obtained from aqueous extractions were dried with
anhydrous Na2SO4 in all cases. The solvents used in chroma-
tography and extractions were commercially acquired with
a high degree of purity. Purications by column chromatog-
raphy were performed using silica gel 60 (230–240 mesh) as
stationary phase. Thin-layer chromatography was performed
using silica gel plates 60 with F254 indicator on aluminum
support, being revealed by exposure to UV light and into an
iodine chamber.
4.2 Characterization

The characterization of all organic compounds was performed
by NMR spectroscopy (Bruker 400 MHz spectrometer). Chem-
ical shi values (d) are expressed in parts per million (ppm).
Coupling constants (J) are reported in hertz (Hz) in all cases.
Chloroform (CDCl3) or dimethyl sulfoxide-d6 (DMSO-d6) were
© 2021 The Author(s). Published by the Royal Society of Chemistry
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used as solvent and tetramethylsilane (TMS) as internal refer-
ence. Fourier transform infrared spectroscopy (FTIR) spectra
were obtained with an infrared spectrophotometer (Perki-
nElmer FT-IR Spectrum 400). Electron impact (EI) mass spectra
were obtained with a mass spectrometer (Agilent, 5975C). The
values are expressed in the form m/z (rel intensity).

Functional group analysis on the surface of the MWCNT and
derivates was performed by FTIR (PerkinElmer FT-IR Spectrum
400) evaluated in the range of 4000 to 700 cm�1 using KBr
pellets. Raman spectra were evaluated with a 780 nm laser.
Thermogravimetry analysis (TA Instruments Thermogravi-
metric Scale, model Q500) was carried out with a heating rate of
20 �C min�1 under air or N2 atmosphere. The morphology of
MWCNTs and derivates was analyzed by Scanning Electron
Microscopy (Tescan Vega 3) operating at 20 kV and trans-
mission electron microscopy (TEM JEOL JEM-2010). The SEM
and TEM samples were prepared to suspend MWCNTs in
ethanol and depositing few drops on an aluminum strip and
a carbon-coated copper grid on a sample holder, respectively.
4.3. Methods

4.3.1 Synthesis and characterization of linezolid precursor
4.3.1.1. Synthesis of 3-uoro-4-morpholinylnitrobenzene (1).

In a 250 mL round bottom ask a solution of morpholine (2 g,
22.95 mmol) in 100 mL of dry ethyl acetate was slowly added
triethylamine (TEA) (16 mL, 114.75 mmol). Then, 3,4-diuor-
onitrobenzene (2.54 mL, 22.95 mmol) was added over 20 min
via syringe. The solution was stirred for 72 h at RT. Solvent
removal was accomplished by a rotary evaporator operating at
vacuum (100-150 mbar). Crude products were puried by
column chromatography over silica gel (25% ethyl acetate–75%
petroleum ether) to give 4.67 g (90% yield) of 1. Yellow solid.
FTIR: 3052, 2964, 2852, 1602, 1514, 1492, 1445, 1325, 1242,
1122 cm�1. 1H-NMR (CDCl3, 400 MHz): d 7.99 (ddd, J ¼ 9.0, 2.6,
1 Hz, 1H), 7.90 (dd, J ¼ 13.1, 2.6 Hz, 1H), 6.91 (dd, J ¼ 9, 8.8 Hz,
1H), 3.87 (m, 4H), 3.28 (m, 4H). 13C-NMR (CDCl3, 100 MHz):
d 153.3 (d, JC–F¼ 249.4 Hz), 145.6 (d, JC–F¼ 7.6 Hz), 141.0 (d, JC–F
¼ 9.5 Hz), 121.1 (d, JC–F ¼ 3.1 Hz), 117.0 (d, JC–F ¼ 3.9 Hz), 112.7
(d, JC–F ¼ 26.3 Hz), 66.7, 50.1 (d, JC–F ¼ 5.0 Hz). MS (EI): m/z 226
(90, M+), 168 (100), 138 (20), 122 (10), 95 (10), 75 (5).

4.3.1.2. Synthesis of 3-uoro-4-morpholinylaniline (2). In
a 250 mL round bottom ask a solution of 1 (2 g, 8.85 mmol)
and 10% Pd/C (0.018 g, 1.77 mmol) in 100 mL of dry methanol
were stirred and the system was alternately evacuated and lled
with Ar. Then H2 atmosphere was introduced via a balloon
system and allowed to react for 4 h at RT. The mixture was
ltered, and the solvent was evaporated. Finally, the crude ob-
tained was puried by silica column chromatography (60%
ethyl acetate–40% petroleum ether) to obtain 2 (1.18 g, 68%
yield). Purple solid. FTIR: 3417, 3052, 2939, 1638, 1514, 1492,
1449, 1335, 1220, 1110 cm�1. 1H-NMR (CDCl3, 400 MHz): d 6.79
(dd, J ¼ 9.1, 8.6 Hz, 1H), 6.41 (m, 2H), 3.84 (m, 4H), 3.55 (sa,
2NH), 2.96 (m, 4H). 13C-NMR (CDCl3, 100 MHz): d 156.9 (d, JC–F
¼ 245.4 Hz), 143.0 (d, JC–F ¼ 10.3 Hz), 131.9 (d, JC–F ¼ 9.6 Hz),
120.3 (d, JC–F ¼ 4.4 Hz), 110.6 (d, JC–F ¼ 3.0 Hz), 103.9 (d, JC–F ¼
© 2021 The Author(s). Published by the Royal Society of Chemistry
23.8 Hz), 67.1, 51.8 (d, JC–F ¼ 2.5 Hz). MS (EI): m/z 196 (90, M+),
149 (15), 138 (100).

4.3.1.3. Synthesis N-carboethoxy-3-uoro-4-morpholinylaniline
(3). In a 100 mL round bottom ask a solution of 2 (0.2 g, 1.02
mmol) in 30 mL of dry THF under Ar atmosphere and TEA (0.71
mL, 5.1 mmol) was added dropwise over 15 min at 0 �C. Then,
ethyl chloroformate (0.107 mL, 1.12 mmol) was added dropwise
over 15 min. The mixture was stirred and kept into an ice bath at
0 �C for 4 h. The reaction mixture was treated with water (150 mL)
to precipitate the product, the solid was ltered and allowed to dry
in an oven at 70 �C for 4 h to obtain 3 (0.232 g, 85% yield). Brown
crystal solid. FTIR: 3324, 2995, 1692, 1115 cm�1. 1H-NMR (CDCl3,
400MHz): d 7.27 (d, J¼ 12.0 Hz, 1H), 6.97 (dd, J¼ 8.6, 1.6 Hz, 1H),
6.87 (dd, J¼ 9.0, 8.8 Hz, 1H), 6.51 (s, 1NH), 4.22 (q, J¼ 7.1 Hz, 2H),
3.86 (m, 4H), 3.03 (m, 4H), 1.30 (t, J ¼ 7.1 Hz). 13C-NMR (CDCl3,
100 MHz): d 155.7 (d, JC–F ¼ 245.7 Hz), 153.7, 135.7 (d, JC–F ¼ 9.1
Hz), 133.5 (d, JC–F¼ 10.9 Hz), 119.2 (d, JC–F¼ 4.1 Hz), 114.6 (d, JC–F
¼ 9.3 Hz), 108.0 (d, JC–F ¼ 33.0 Hz), 67.2, 61.5, 51.3 (d, JC–F ¼ 3.0
Hz), 14.7. MS (EI):m/z 268 (100, M+) 240 (10), 222 (15), 210 (60), 195
(15), 182 (20), 164 (20), 137 (30).

4.3.1.4. Synthesis (R)-[N-3-(3-uoro-4-morpholinylphenyl)-2-
oxo-5-oxazolidinyl]methanol (4). In a 50 mL round bottom ask
a solution of 3 (0.2 g, 0.75 mmol) was dissolved in 25 mL of dry
THF under Ar atmosphere at �78 �C and n-BuLi was added
dropwise (0.33 mL, 0.82 mmol) over 15 min. Then, glycidyl
butyrate (0.155 mL, 0.82 mmol) was added dropwise over
15 min via syringe. Aer 1 h at �78 �C the reaction was kept at
RT for 12 h. Finally, the reaction was then quenched with
saturated ammonium chloride solution and 20 mL of water
were added, the organic phase was extracted with ethyl acetate
(3 � 50 mL). Solvent was removed under vacuum and the crude
product was puried by column chromatography (80% ethyl
acetate-20% petroleum ether) to obtain 4 (0.11 g, 50% yield).
Brown solid. FTIR: 3404, 3246, 2933, 2840, 1732, 1514, 1451,
1418, 1227 cm�1. 1H-NMR (400 MHz, CDCl3): d 7.43 (dd, J ¼
14.4, 2.6 Hz, 1H), 7.11 (ddd, J ¼ 9.0, 2.6, 1.2 Hz, 1H), 6.91 (t, J ¼
9.0 Hz, 1H), 4.72 (m, 1H), 3.96 (m, 3H), 3.86 (m, 4H), 3.74 (m,
1H), 3.03 (m, 4H), 2.96 (m, 1H). 13C-NMR (CDCl3, 100 MHz):
d 155.5 (d, JC–F ¼ 246.1 Hz), 154.8, 136.4 (d, JC–F ¼ 9.1 Hz), 133.2
(d, JC–F ¼ 10.4 Hz), 118.9 (d, JC–F ¼ 4.3 Hz), 114.0 (d, JC–F ¼ 3.3
Hz), 107.5 (d, JC–F¼ 26.4 Hz), 72.95, 67.0, 62.7, 51.0 (d, JC–F¼ 3.0
Hz), 46.4. MS (EI): m/z 296 (100, M+) 238 (50), 164 (13), 149 (40).

4.3.1.5. Synthesis (R)-[N-3-(3-uoro-4-morpholinylphenyl)-2-
oxo-5-oxazolidinyl]methyl methanesulfonate (5). In a 50 mL
round bottom ask a solution of 4 (0.1 g, 0.338 mmol) in 25 mL
of dry DCM under Ar atmosphere and TEA (0.1 mL, 0.67 mmol)
was added dropwise. Then, methanesulfonyl chloride (0.04 mL,
0.47 mmol) was added slowly to the solution over 15 min and
the reaction was kept at 0 �C for 40 min. The mixture obtained
was treated with water (150 mL) and 150 mL of DCM were
added, and the organic phase was extracted with DCM (2 � 150
mL). The combined organic portions were dried with MgSO4

and evaporated to obtain 5 (0.124 g, 98% yield). White solid. 1H-
NMR (400 MHz, DMSO-d6): d 7.50 (dd, J¼ 15.0, 2.4 Hz, 1H), 7.21
(dd, J ¼ 9.1, 2.4 Hz, 1H), 7.07 (t, J ¼ 9.1 Hz, 1H), 4.99 (m, 1H),
4.48 (m, 2H), 4.16 (t, J ¼ 9.3 Hz, 1H), 3.80 (dd, J ¼ 9.3, 6.2 Hz,
1H), 3.78 (m, 4H), 3.24 (s, 3H), 2.97 (m, 4H).
RSC Adv., 2021, 11, 28912–28924 | 28921
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4.3.1.6. Synthesis (R)-[N-3-(3-uoro-4-morpholinylphenyl)-2-
oxo-5-oxazolidinyl]methyl azide (6). In a 50 mL round bottom
ask a solution of 5 (0.1 g, 0.267 mmol) in 25 mL of DMF was
treated with sodium azide (0.07 g, 1.069 mmol) under Ar
atmosphere and it was heated at 85 �C for 16 h. The obtained
product was extracted with 50 mL of a saturated aqueous
solution of sodium chloride and DCM (3 � 50 mL). The
combined organic portions were dried with MgSO4 and evapo-
rated in a vacuum oven to remove all possible solvent to obtain
6 (0.021 g, 25% yield). Bright red solid. 1H-NMR (400 MHz,
CDCl3): d 7.44 (dd, J ¼ 14.4, 2.6 Hz, 1H), 7.13 (ddd, J ¼ 9.0, 2.6,
1.2 Hz, 1H), 6.93 (t, J ¼ 9.0 Hz, 1H), 4.87 (m, 1H), 4.12 (t, J ¼
9.0 Hz, 1H), 3.90 (dd, J¼ 9.0, 5.5 Hz, 1H), 3.62 (m, 4H), 3.77 (d, J
¼ 5.5 Hz, 2H), 3.01 (m, 4H). 13C-NMR (CDCl3, 100 MHz): d 155.5
(d, JC–F ¼ 246.5 Hz), 153.8, 136.6 (d, JC–F ¼ 9.0 Hz), 132.9 (d, JC–F
¼ 10.5 Hz), 118.9 (d, JC–F¼ 4.2 Hz), 114.0 (d, JC–F¼ 3.4 Hz), 107.6
(d, JC–F ¼ 26.3 Hz), 70.9, 66.9, 51.0 (d, JC–F ¼ 3.0 Hz), 48.2, 44.6.
MS (EI): m/z 321 (100, M+) 235 (5), 209 (10), 191 (35), 151 (11),
150 (30), 149 (25).

4.3.1.7. Synthesis (R)-[N-3-(3-uoro-4-morpholinylphenyl)-2-
oxo-5- oxazolidinyl] methanamine (7). In 50 mL round-bottom
ask a mixture of 6 (0.02 g, 0.061 mmol) and 10% Pd/C
(0.06 g, 0.563 mmol) in 15 mL of dry methanol was stirred,
and the system was alternately evacuated and lled with Ar.
Then H2 atmosphere was introduced via a balloon system and
allowed to react for 24 h at RT. The reaction was evacuated and
more H2 atmosphere was added and kept for a further 12 h at
RT. The reaction mixture was ltered and washed with meth-
anol (3 � 20 mL), and the solvent was evaporated to obtain 7
(0.005 g, 28% yield). White solid. 1H-NMR (400 MHz, CDCl3):
d 7.36 (dd, J ¼ 14.4, 2.6 Hz, 1H), 7.00 (ddd, J ¼ 9.0, 2.6, 1.1 Hz,
1H), 6.84 (t, J¼ 9.0 Hz, 1H), 4.86 (m, 1H), 4.07 (t, J¼ 9.0 Hz, 1H),
3.81 (dd, J ¼ 9.0, 5.8 Hz, 1H), 3.73 (m, 6H), 3.01 (m, 4H).
NMR-13C (100 MHz, DMSO-d6): d 154.6 (d, JC–F ¼ 243.9 Hz),
154.0, 135.5 (d, JC–F ¼ 8.9 Hz), 133.4 (d, JC–F ¼ 10.5 Hz), 119.2 (d,
JC–F ¼ 4.3 Hz), 114.2 (d, JC–F ¼ 3.1 Hz), 106.7 (d, JC–F ¼ 26.1 Hz),
72.0, 66.1, 50.7 (d, JC–F ¼ 3.0 Hz), 47.2, 43.0. MS (EI): m/z 321
(100, M+) 235 (5), 209 (22), 164 (13), 151 (21), 150 (9), 149 (6).
4.4 Synthesis of multiple-walled carbon nanotubes

4.4.1 Synthesis of MWCNTs. TheMWCNT-1 andMWCNT-2
were prepared by spray pyrolysis following a modied method
previously reported using different concentrations of ferrocene
in toluene (8 mL) of 0.1 M and 0.2 M, respectively.38 The solu-
tions (6 mL) were injected into the reactor adapted with a quartz
tube of 60 cm length at 850 �C for 30 min with a moderate argon
inlet ow. MWCNTs were washed with toluene (3 � 50 mL),
water (3 � 50 mL), and acetone (3 � 50 mL), then dried at
100 �C.

4.4.2 Synthesis of MWCNT-Ox. Into a round bottom ask,
50 mg of MWCNT-1 or MWCNT-2 were oxidized with 20 mL
HNO3 at 90 �C for 8 h. The material was ltered and washed
with hot deionized water (5 � 100 mL) and acetone (2 � 100
mL) and then dried at 70 �C to obtained MWCNT-Ox-1 or
MWCNT-Ox-2, respectively.
28922 | RSC Adv., 2021, 11, 28912–28924
4.4.3 Synthesis of f-MWCNT-Sn. The f-MWCNT-Sn-1 and f-
MWCNT-Sn-2 were obtained by the functionalization of 30 mg
(0.021 mmol) of MWCNT-Ox-1 and MWCNT-Ox-2 performed
under Ar atmosphere SOBr2 (6 mL, 0.010 g, 0.083 mmol) in dry
THF (50 mL) for 48 h at RT. Then, these materials were reacted
with three different alkyl amino acids such as b-alanine (S1)
(0.007 g, 0.083 mmol), 5-aminopentanoic acid (S2) (0.010 g,
0.083 mmol), and 7-aminoheptanoic acid (S3) (0.012 g, 0.083
mmol) in dry THF (20 mL) at RT for 12 h or 24 h. The material
was ltered and washed with THF (3 � 20 mL) and acetone (3 �
20 mL) and then dried overnight at 50 �C.

4.4.4 Synthesis of MWCNT-oligoethylene linezolid conju-
gates. Nanomaterials f-MWCNT-Sn (20 mg, 0.014 mmol) were
reacted with the compounds 4 (0.025 g, 0.083 mmol) and 7
(0.024 g, 0.083 mmol), respectively. The reaction was carried
under coupling conditions with DIC (0.010 g, 0.083 mmol) and
HOBt (0.013 g, 0.083 mmol) in DMF 15 mL for 4 h at RT, leading
to the preparation of f-MWCNT-Sn-4 or f-MWCNT-Sn-7 nano-
materials by forming an amide or ester between the amino or
hydroxyl and the carboxylic acids (six f-MWCNT-Sn-#-1 and six f-
MWCNT-Sn-#-2).
4.5 Antibacterial activity of MWCNTs

Antibacterial activity of the nanomaterials was evaluated by
a radial diffusion assay and the Mueller Hinton broth micro-
dilution assay.

4.5.1 Radial diffusion assay (RDA). The antibacterial effect
of synthesized nanomaterials was analyzed by the radial diffu-
sion assay (Kirby–Bouer method). First, the seeding of strains to
be evaluated in TSA medium was carried out and then incu-
bated for 18–20 h at 37 �C, until their logarithmic phase.
Subsequently, inoculum suspensions were prepared in 4 mL of
Mueller Hinton broth by adjusting its turbidity to 0.5 of
McFarland standard (1 � 108 CFU mL�1; % A ¼ 0.08 � 0.1 at
a wavelength of 625 nm). A sterile swab was moistened with the
solution; the excess was removed and stripped in the box with
the medium in three directions over the entire surface of the
agar. Once the inoculum was dried (3–5 min), 15 mL of
a dispersion equivalent to 20 mg nanomaterial were placed on
the agar surface. Linezolid (20 mg) was used as a control in the
same plate. The Petri dish was inverted and incubated (37 �C/
16–18 h) aer 15 min of placing the nanomaterials and control.
Finally, the inhibition halos were visually measured, ignoring
faint or small colonies that were only meticulously seen.

4.5.2 Broth microdilution assay. The antibacterial activity
was evaluated by the Mueller Hinton broth microdilution
method. First, the bacterial strain was seeded in a Tryticasein
Soy Agar (TSA) medium and was incubated at 37 �C for 18–20 h,
reaching the growing logarithmic phase. From these cultures,
a suspension was prepared in 2.0 mL of saline solution (0.85%
w/v) adjusting turbidity to 0.5 of McFarland standard (1 � 108

CFU mL�1; %T ¼ 62.7 � 0.5). Finally, the inoculum was
prepared to take 0.1 mL of the previous suspension to dilute
with 9.9 mL of the Mueller Hintonmedium (1� 106 CFUmL�1).

For the assay, 96-well U-bottom ELISA type plates with lids
were used and lled as follows. 50 mL of the nanomaterial
© 2021 The Author(s). Published by the Royal Society of Chemistry
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suspension at a concentration twice the concentration to be
evaluated (0.78 to 50 mg mL�1) were added in all columns of
rows A to G. In comparison, 50 mL of the solvent used in the NTC
dispersions were added in all wells of row H. Subsequently, 50
mL of the inoculum of the bacterial strain was added in all rows
in columns 2 to 12, while 50 mL of Mueller Hinton broth was
added in column 1. Column 1 was used as blank since it con-
tained no inoculum, and row H was used as growth control
because it did not contain the nanomaterial to be evaluated.
Once the plates were lled, they were covered and sealed with
paralm and incubated at 37 �C for 18–20 h. Finally, the plates
were read. The presence of turbidity and/or a bacterial growth
button at the bottom of the wells indicated bacterial growth,
while the absence of this indicated antibacterial activity of the
nanomaterial evaluated. The antibacterial experiments were
performed twice by triplicate.
4.6 Automated molecular docking studies

Automated molecular docking studies were performed with the
crystallographic structure of ribosomal RNA (rRNA) from E. coli
in the MOE 2018 program. The crystal structure of ribosomal
rRNA was obtained from the Protein Data Bank (PDB) for
docking with the compounds using PDB structure ID: 4V4Q. All
ligands (e.g., magnesium ion, water molecules, and ribosomal
proteins) and a repeat strand of ribosomal RNA were removed to
prepare the crystallographic structure. Once the E. coli ribo-
somal RNA structure was arranged, the geometry of the models
was optimized with the QuickPrep application implemented in
MOE that adds hydrogen atoms and sets the protonation states,
xes the receptor atoms away from the ligand and leaves the
receptor atoms close to the ligand.

4.6.1 Automated molecular docking study of linezolid and
analogues with MOE 2018. Aer the ribosomal RNA structure
was prepared, the energy of the linezolid structure was mini-
mized by exibly considering the atoms of both the ligand and
the receptor in the docking. Molecular docking was performed
with the Amber10:EHT force eld using the pre-determined
options. Finally, the result of the best docking was saved.
Docking with MOE revealed that the soware could dock line-
zolid at the phosphoryltransferase center (PTC), which is the
basis for performing the studies of the obtained compounds.

In docking of linezolid with MOE, the interaction indicated
by the program (hydrogen bonding) between the hydrogen of
the linezolid amino group and the 50 oxygen of the phosphate
group of residue G2505 of ribosomal RNA (rRNA) was observed.
In this docking, the score was good, with a value of �7.21. A
second linezolid docking was also performed in PTC of the
same E. coli rRNA fragment, but now with the LEDOCK 2018
program, obtaining a pose similar to that obtained by MOE.

Finally, the score, conformational energy and placement
energy values for structures 7, Sn-7 and Sn-7-H

+ were deter-
mined. These values were assigned by the program aer several
calculations and were related to the coupling quality, where
lower scores (more negative values) indicate more favorable
couplings. Finally, the structures with the best values were
selected and displayed.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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José A. Alatorre-Barajas – investigation, methodology, formal
analysis, writing – original dra. Eleazar Alcántar-Zavala –
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D. Légaré, P. Leprohon and M. Ouellette, J. Proteome Res.,
2011, 10, 4439–4452.

11 R. Bi, T. Qin, W. Fan, P. Ma and B. Gu, J. Glob. Antimicrob.
Re., 2018, 13, 11–19.

12 J. Simon, E. Flahaut and M. Golzio, Materials, 2019, 12, 624,
DOI: 10.3390/ma12040624.

13 C. J. Serpell, K. Kostarelos and B. G. Davis, ACS Cent. Sci.,
2016, 2, 190–200.

14 H. He, L. A. Pham-Huy, P. Dramou, D. Xiao and P. Zuo,
Biomed Res. Int., 2013, 2013, 578290, DOI: 10.1155/2013/
578290.

15 H. Zare-Zardini, M. Davarpanah, M. Shanbedi, A. Amiri,
M. Maghrebi and L. Ebrahimi, J. Biomed. Mater. Res. A,
2014, 6, 1774–1781.

16 K. Chen and S. Mitra, Colloid. Surface. B, 2019, 173, 386–391.
17 A. William, in Fullerens, Graphenes and Nanotubes: A

Pharmaceutical Approach, ed. A.M. Grumezescu, Elsevier
Inc., 1st edn, 2018, vol. 1, ch. 2, pp. 31–65.

18 S. Merum, J. B. Veluru and R. Seeram,Mater. Sci. Eng. B Solid-
State Mater. Adv. Technol., 2017, 223, 43–63.

19 R. Alshehri, A. M. Ilyas, A. Hasan, A. Arnaout, F. Ahmed and
A. Memic, J. Med. Chem., 2016, 59, 8149–8167.

20 M. Sireesha, V. J. Babu and S. Ramakrishna, Mater. Sci. Eng.
B-Adv., 2017, 223, 43–63.

21 R. Alshehri, A. M. Ilyas, A. Hasan, A. Arnaout, F. Ahmed and
A. Memic, J. Med. Chem., 2016, 59, 8149–8167.

22 S. Sharmeen, A. F. M. M. Rahman, M. M. Lubna, K. S. Salem,
R. Islam and M. A. Khan, Bioact. Mater., 2018, 3, 236–244.

23 A. Takagi, A. Hirose, T. Nishimura, N. Fukumori, A. Ogata,
N. Ohashi, S. Kitajima and J. Kanno, J. Toxicol. Sci., 2008,
33, 105–116.

24 D. Bains, G. Singh, J. Bhinder, P. K. Agnihotri and N. Singh,
ACS Appl. Bio. Mater., 2020, 3, 2092–2103.

25 D. Zhang, M. A. Kandadai, J. Cech, S. Roth and S. A. Curran,
J. Phys. Chem., 2006, 110, 12910–12915.

26 C. Liu, H. Shi, H. Yang, S. Yan, S. Luan, Y. Li, M. Teng,
A. F. Khan and J. Yin, Mat. Design, 2017, 120, 128–134.

27 G. Guzel Kaya, S. Medaglia, V. Candela-Noguera,
M. A. Tormo-Mas, M. D. Marcos, E. Aznar, H. Deveci and
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