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Abstract
Herein we report the design of antimicrobial nanohybrids, f-MWCNTs-CdS and f-MWCNTs-
Ag2S developed by covalent grafting of cationic hyperbranched dendritic polyamidoamine
(PAMAM) onto multiwalled carbon nanotubes (MWCNTs) and successive deposition of CdS and
Ag2S quantum dots (QDs). The CdS and Ag2S QDs were in-situ deposited on PAMAM grafted
MWCNTs instead of anchoring the pre-synthesized QDs. The fourth generation, amine terminated
hyperbranched PAMAM was grafted on MWCNTs, which was achieved through repetitive
reactions of Michael addition of methylmethacrylate to the surface amino groups and amidation of
terminal ester groups with ethylenediamine. The covalent grating of PAMAM onto MWCNTs and
the consecutive conjugation of CdS and Ag2S QDs was characterized using Fourier transform
infrared spectroscopy, elemental analysis, powder X-ray diffraction, Raman spectroscopy,
transmission electron microscopy and energy dispersive spectroscopy. The antibacterial activity of
f-MWCNTs-CdS and f-MWCNTs-Ag2S nanohybrids was evaluated against Escherichia coli,
Pseudomonas aeruginosa and Staphylococcus aureus and the results were compared with the
activity of carboxylated MWCNTs, PAMAM grafted MWCNTs, PAMAM dendrimer, and CdS
and Ag2S QDs. It was found that the germicidal action of MWCNTs was enhanced by grafting of
PAMAM, which was further improved with immobilization of CdS and Ag2S QDs.
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1. Introduction
Carbon nanotubes (CNTs) with various unique physical and chemical properties have shown
interesting applications in many fields, especially in the areas of nanomedicine [1,2]. For
biomedical applications, pristine hydrophobic CNTs must be functionalized to afford water
solubility and biocompatibility. While applications of CNTs are highly dependent on their
surface molecules, hence, development of proper functional groups over CNTs is the most
critical step to produce biocompatible CNTs. There are two major types of protocols used
for functionalization of CNTs, viz., covalent reactions and non-covalent coating by
amphiphilic molecules on CNTs. Among them, covalent grafting produces functionalized
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CNTs with high stability owing to strong binding of molecules. Various covalent
functionalization reactions, such as oxidation of CNTs [3,4] and 1,3-dipolar cycloaddition
[5] on the CNTs sidewalls, have been developed to produce water dispersible CNTs useful
in biomedical applications such as drug delivery [2], antimicrobial agents [6,7] etc. In
particular the antimicrobial activity of CNTs requires direct contact between CNTs and
target microorganisms [7]. While, suspending the non-functionalized CNTs in water is
extremely difficult, which does not provide enough contact between CNT and
microorganism for disinfection. Accordingly, the antibacterial activity of CNTs could be
exploited by coating CNTs on a reactor surface in contact with the pathogen laden water.
Recently, antimicrobial agents developed on dendrimer functionalized CNTs have received
particular interest due to combined properties of CNTs and dendrimers [6,8]. Dendrimers
are highly branched molecules that possess unique properties including relatively large
molecular size, narrow size distribution, well-defined globular structure, and ease of
derivatization through the peripheral functional groups. These properties have attracted great
interest in exploring their potential biomedical applications such as drug delivery, gene
transfection, and imaging [9,10]. Recent research activities in this area also include the study
of antimicrobial activities of dendrimer derivatives [11]. In most cases, dendrimers serve as
carriers for biologically active agents by encapsulating them in the interior or more often,
tethering them on its periphery. The development of dendrimers on the surface of CNTs is
an effective way to produce hybrid materials with unprecedented properties.
Poly(amidoamine) (PAMAM) is a class of highly branched, biocompatible dendrimer,
which possess number of interesting characteristics and potential for biomedical
applications, such as drug delivery [12–14] gene therapy[15,16] and in- vivo imaging [17].
Moreover there is a considerable current interest to use PAMAM as an antibacterial material
[6].

Quantum dots (QDs) have been widely studied due to their unique optical properties and
have become a novel functional platform in bio-analytical science and molecular imaging
[18,19]. However, some reports showed that QDs exhibit cellular toxicity [20]. Areas of
current interest include finding the ways to reduce the toxicity of QDs and enhance their
biocompatibility. Some recent reports showed that dendrimers are ideal candidates for
reduction of toxicity and enhancement of their biocompatibility [21,22].

In this contribution, we report the functionalization of multiwalled carbon nanotubes
(MWCNTs) with fourth generation (G4), amine terminated PAMAM dendrimer based on
the Michael addition and amidation. The dendritic PAMAM macromolecule constructed on
MWCNTs was used as a platform for deposition of CdS and Ag2S QDs. The covalent
grafting of PAMAM on MWCNTs and subsequent deposition of CdS and/or Ag2S QDs was
characterized using Fourier transform infrared spectroscopy (FTIR), elemental analysis,
Raman spectroscopy, powder x-ray diffraction (XRD), transmission electron microscopy
(TEM), and x-ray energy dispersive spectroscopy (EDS). In addition, antibacterial activity
of f-MWCNTs-CdS and f-MWCNTs-Ag2S nanohybrids was evaluated against
Staphylococcus aureus (S. aureus), Escherichia coli (E. coli) and Pseudomonas aeruginosa
(P. aeruginosa) bacterial pathogens and the results are compared with carboxylated
MWCNTs, PAMAM grafted MWCNTs, PAMAM dendrimer, and CdS and Ag2S QDs.

2. Experimental details
2.1. Materials

All the reagents were received from Sigma-Aldrich and used without further purification
unless otherwise noted. For control experiment, fourth generation PAMAM dendrimer with
ethylenediamine core was purchased from Sigma-Aldrich. All aqueous solutions were
prepared with ultrapure water obtained from Milli-Q Plus system (Millipore).
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Tetrahydrofuran (THF) used in the synthesis was dried over sodium benzophenone under
nitrogen and freshly distilled prior to use.

2.2. Preparation of f-MWCNTs-QDs nanohybrids
The f-MWCNTs-CdS and f-MWCNTs-Ag2S nanohybrids were prepared according to
procedure reported by our group [23]. To be mention briefly, the acylated MWCNTs
(MWCNTs-COCl) (prepared according to Ref. [24]) were dispersed in THF by sonication
for 25 min and allowed to react with excess of ethylenediamine at 60 °C for 12 h. Then the
fourth generation (G4) PAMAM dendrimer was constructed on MWCNTs by repeating the
Michael addition of methylmethacrylate to the surface amino groups and amidation of
terminal ester groups with ethylenediamine. The resulting PAMAM grafted MWCNTs (f-
MWCNTs) were washed with methanol followed by DI water and dried under vacuum at 40
°C for 12 h. Then f-MWCNTs (20 mg) were dispersed in 20 mL methanol by sonication for
10 min and a solution of metal salt (Cd(CH3COO)2 or AgNO3) (0. 01 mol L−1) in 20 mL
methanol was added. The resulting mixture was sonicated for an additional 15 mins and a
freshly prepared solution of Na2S in methanol (20 mL, 001. mol L−1) was slowly added,
followed by a combination of vigorous stirring and sonication for 15 mins. The suspension
thus formed was stirred under ambient condition for 6 h. Thus obtained f-MWCNTs-QDs
nanohybrids were centrifuged, subsequently washed with methanol and DI water, and dried
in vacuum at 40 °C for 12 h. The overall procedure for preparation of f-MWCNTs-QDs
nanohybrids is schematically depicted in Scheme I.

2.4. Preparation of CdS and Ag2S QDs
The CdS and Ag2S QDs were prepared according to similar procedure mentioned for f-
MWCNTs-QDs nanohybrids without f-MWCNTs.

2.3. Antimicrobial Activity
The antimicrobial activity of carboxylated MWCNTs (MWCNTs-COOH), f-MWCNTs, f-
MWCNTs-QDs nanohybrids, PAMAM dendrimer, and CdS and Ag2S QDs were examined
against the Gram-positive bacterium, S. aureus and the Gram-negative bacteria, E. coli and
P. aeruginosa. All the tests were performed at Hygeia Laboratories Inc. Houston according
to procedure reported earlier with slight modifications [8]. A brief description of the
procedure is as follows, initially all the microorganisms were subcultured on Trypticase Soy
Agar for 24 h and washed with phosphate buffered saline (PBS). Then the samples were
diluted in PBS to provide a concentration of 20 μg/mL for tests. Subsequently, an amount of
20 μL of bacterial suspension in USP phosphate buffer (pH 7.2) was transferred to 1 mL of
the prepared sample (20 μg sample/mL) in a test tube. The inoculated samples were kept in
an incubator at 37 °C for 1 h with vortexing at every 15 min. After incubation, 1 mL of the
sample was transferred to 9 mL of neutralizing broth and the mixture was left to stand in
room temperature for 15 min. Then the tube was vortexed, and a series of 10-fold dilutions
in neutralizing broth were prepared and plated out in Trypticase Soy Agar. The plates were
incubated at 37 °C for 24 h and recorded the colony forming units (CFU). All the tests were
performed in triplicate to ensure the reproducibility. The percentage of reduction (%R) in
micro-organisms was calculated as,

where CC (CFU) is the number of microbial colonies recorded on control and CS (CFU) is
the number of microbial colonies recorded on sample.
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2.6. Characterization
FTIR spectra were obtained by Thermo-Nicolet IR 2000 spectrometer (KBr pellet) and
Raman spectra were recorded by a Renishaw R-3000QE system at room temperature in the
backscattering configuration using Argon ion laser with wavelength 785 nm. Powder XRD
patterns were recorded at the rate of 3°/min on a Scintag X-ray diffractometer, model PAD
X, equipped with a Cu Kα photon source (45 kV, 40 mA) and the elemental analysis was
carried out using Thermo Scientific FLASH 2000 CHNS/O analyzer. TEM images were
obtained with a JEOL 2010 microscope and EDS measurements were performed with a FEI
Tecani F 20 system equipped with TEM.

3. Results and discussion
The covalent grafting of PAMAM dendrimer on MWCNTs and the functional groups exists
on the periphery of f-MWCNTs and f-MWCNTs-QDs nanohybrids was analyzed by IR
spectroscopy. The bands appeared at 1649 and 1516 cm−1 in the spectrum of f-MWCNTs
(Fig. 1a) are corresponds to amide (-CO-NH-) I and II [25] and the broad band displayed at
3440 cm−1 is due to N-H stretching vibrations. The high intensity of N-H stretching band
indicates the abundance of terminal amine groups in f-MWCNTs. In addition, the
characteristic bands of MWCNTs were observed at 1380 cm−1 (C=C), 1110 cm−1 (-CH) and
837 cm−1 (C-H para-aromatic out of plane vibration) [26]. The absence of stretching
vibrations of C=O around 1700 cm−1 in Fig. 1a demonstrates that -COOH groups on
MWCNTs-COOH are completely converted into amide groups, confirming the successful
grafting of PAMAM dendrimer onto MWCNTs through covalent linkages. All the
characteristic bands appeared in f-MWCNTs were observed in the spectra of both f-
MWCNTs-CdS (Fig. 1b) and f-MWCNTs-Ag2S (Fig. 1c) nanohybrids, while the most
obvious changes observed were position of bands and their intensity. The shifting of bands
in nanohybrids indicates the existence of strong interaction between CdS or Ag2S QDs and
f-MWCNTs, which results for higher stability of f-MWCNTs-QDs nanobhybrids. To further
characterize the grafting of PAMAM onto MWCNTs, elemental analysis was employed.
The content of N found in f-MWCNTs was 6.42 wt% and that of C and H was 76.05 and
2.51 wt%, respectively. Among these elements, the content of N is contributed by PAMAM
dendrimer, while C and H are derived from PAMAM and MWCNTs.

Fig. 2 shows powder XRD patterns of pristine MWCNTs (p-MWCNTs), f-MWCNTs and f-
MWCNTs-QDs nanohybrids. The pattern of p-MWCNTs (Fig. 2a) displayed a peak
corresponding to (0 0 2) plane of MWCNTs at 26.3° [27], while this characteristic peak in f-
MWCNTs (Fig. 2b) was appeared at 26.1°. No drastic shift in the characteristic peak of
MWCNTs was observed after functionalization with PAMAM, which indicates that, general
structure of MWCNTs is retained in f-MWCNTs after functionalization also. The pattern of
f-MWCNTs-CdS nanohybrid, shown in Fig. 2(c), exhibits a strong peak at 26.4° and a broad
one around 47°. The former peak at 26.4° was resulted by overlapping of diffraction peaks
from (1 1 1) plane of cubic CdS and (0 0 2) plane of MWCNTs. The following peak at 47°
was supposed to be two peaks around 43.8° and 51.7°due to (2 2 0) and (3 1 1) planes of
CdS, respectively (JCPDS 75-0581), whereas these peaks are diffused and broadened as the
result of nanometric CdS crystallites. The pattern of f-MWCNTs-Ag2S nanohybrid (Fig. 2d)
displayed well distinguishable peaks indexed to (−1 0 1), (−1 1 1), (1 1 1), (−1 1 2), (1 2 0),
(−1 2 1), (1 2 1), (−1 0 3), (0 3 1), (2 0 0), (−1 2 3), (−2 1 2), (0 1 4), (−2 1 3) and (−1 3 4)
planes of acanthite structure of Ag2S at 22.4°, 26.0°, 29.0°, 31.5°, 33.6°, 34.4°, 36.8°, 37.8°,
40.7°, 43.5°, 46.2°, 47.7°, 48.8°, 53.3° and 63.8°, respectively (JCPDS 14-0072). The XRD
results shows that CdS and Ag2S QDs deposited on f-MWCNTs are well ordered and the
structure of MWCNTs has not destroyed by grafting of PAMAM.
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Raman spectra of p-MWCNTs (Fig 3a), f-MWCNTs (Fig 3b), f-MWCNTs-CdS nanohybrid
(Fig 3c) and f-MWCNTs-Ag2S (Fig 3d) nanohybrid were recorded to characterize the
grafting of PAMAM onto MWCNTs and successive deposition of CdS and Ag2S QDs. All
the spectra displayed three characteristic bands except p-MWCNTs (Fig 3a), which
displayed two bands. The D-band, caused by induction of significant defects or disorder in
the CNTs was observed at 1306 cm−1 (p-MWCNTs), 1310 cm−1 (f-MWCNTs), 1305 cm−1

(f-MWCNTs-CdS nanohybrid) and 1311 cm−1 (f-MWCNTs-Ag2S nanohybrid) [28]. The G-
band corresponding to crystallite graphitic structure was displayed at 1587 cm−1 (p-
MWCNTs), 1577 cm−1 (f-MWCNTs), 1572 cm−1 (f-MWCNTs-CdS nanohybrid) and 1579
cm−1 (f-MWCNTs-Ag2S nanohybrid). Moreover, the D2-band (shoulder of the G band),
which is also associated with the disorder and defects of CNTs was observed for f-
MWCNTs, f-MWCNTs-CdS nanohybrid and f-MWCNTs-Ag2S nanohybrid at 1604, 1603
and 1608 cm−1, respectively [29]. The relative intensity ratio of D- and G-bands (ID/IG
ratio) is extensively used as a measure of sidewall covalent derivatization or defect
introduction in CNTs [30]. The ratio of ID/IG for f-MWCNTs (1.54) was found to be higher
than p-MWCNTs (0.28), which reflect the successful grafting of PAMAM dendrimer onto
MWCNTs through covalent linkage [31]. Further, the ratio of ID/IG for f-MWCNTs-CdS
and f-MWCNTs-Ag2S nanohybrids was found to be 1.17 and 2.53, respectively, which is
different from the ratio calculated for f-MWCNTs (1.54), it indicates intrinsic disorder in
MWCNTs is affected by the deposition of CdS and Ag2S QDs [6].

TEM image of f-MWCNTs, shown in Fig. 4a reveals effective debundling of MWCNTs
through deletion of van der Waals forces exists between MWCNTs owing to grafting of
PAMAM dendrimer. Moreover, the existence of PAMAM on MWCNT is clearly observable
in Fig. 4b, which demonstrates the efficiency of functionalization technique we followed.
The presence of high density of CdS QDs in f-MWCNTs-CdS nanohybrid is easily
recognizable in Figs. 4c and d. The CdS QDs immobilized on f-MWCNTs are non-spherical
in shape and formed some clusters due to aggregation. In addition some kind of wrinkle
patterns is observable in Figs. 4c and d, those are originated from residue of solvent used in
the preparation of TEM sample. The Ag2S QDs exists in f-MWCNTs-Ag2S nanohybrid
(Figs. 4c and d) are nearly spherical and efficiently dispersed. The diameter of Ag2S QDs
exists in f-MWCNTs-Ag2S nanohybrid was found to be in the range of 2–19 nm, while
calculation of the diameter of CdS QDs was not possible due clusters formed by
aggregation. In general, both CdS and Ag2S QDs are well immobilized on f-MWCNTs.
There is no loosely bonded or free standing QD present in the void space, which shows that
CdS or Ag2S QDs incorporated in f-MWCNTs-QDs nanohybrids are stronger and stable.
After formation of f-MWCNTs-QDs nanohybrids, the extended washing did not remove
CdS or Ag2S QDs from samples, which demonstrates existence of strong interaction
between QDs and f-MWCNTs in f-MWCNTs-QDs nanohybrids. Further, the presence of
CdS or Ag2S QDs in f-MWCNTs-QDs nanohybrids was confirmed by EDS. The spectrum
of f-MWCNTs-CdS nanohybrid (Fig. 5a) displayed prominent signals corresponding to Cd,
S and C elements. Among these, signals Cd and S are generated from CdS QDs, while C is
originated by f-MWCNTs. The atomic ratio of Cd to S calculated for f-MWCNTs-CdS
nanohybrid is close to 1. The spectrum of f-MWCNTs-Ag2S nanohybrid (Fig. 5b)
demonstrated the existence of Ag, S and C elements in the sample. The atomic ratio of Ag to
S calculated from Fig 5b is close to 2. Hence the EDS analysis confirms successful
formation of f-MWCNTs-CdS and f-MWCNTs-Ag2S nanohybrids through deposition of
CdS and Ag2S QDs over f-MWCNTs.

The bacterial inactivation or germicidal action of MWCNTs-COOH, f-MWCNTs, f-
MWCNTs-QDs nanohybrids, PAMAM dendrimer, and CdS and Ag2S QDs was evaluated
and the results are illustrated in Fig. 6. The antibacterial data obtained for all samples are
summarized in Table 1. For comparison, three control experiments were performed using
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PAMAM dendrimer, and CdS and Ag2S QDs and those data also included in Table 1. The
MWCNTs-COOH has demonstrated bactericidal aptitude of 20±0.8, 26.8±1.1 and
14.7±0.5% for E. coli, P. aeruginosa and S. aureus, respectively. Under similar conditions,
the microbe destruction of f-MWCNTs was 34.1±1.2, 60±1.8 and 22.8±0.9% for E. coli, P.
aeruginosa and S. aureus, respectively. Hence, the antibacterial activity of f-MWCNTs is
higher than MWCNTs-COOH. Further, the bacteria killing ability of f-MWCNTs-CdS
nanohybrid was 87.2±4.1, 68.9±2.5 and 46.7±1.4% for E. coli, P. aeruginosa and S. aureus,
respectively. While the efficacy of f-MWCNTs-Ag2S nanohybrid was 97.8±2.1, 78.5±2.9
and 55.7±1.5% for E. coli, P. aeruginosa and S. aureus, respectively. As anticipated, f-
MWCNTs are more effective than MWCNTs-COOH due to presence of PAMAM
dendrimer and debundling of MWCNTs. Moreover, it is also known that PAMAM
dendrimer with amine functional groups on their periphery, especially the primary amine
group could penetrate through the bacterial cell membrane owing to their strong hydrogen
bond donor characteristic properties toward biomolecules [32,33]. In this respect the
inhibition activity of f-MWCNTs has governed by the presence of PAMAM dendrimer.
Further the antibacterial activity of f-MWCNTs is significantly improved by the deposition
of CdS or Ag2S QDs. The activity of f-MWCNTs-Ag2S nanohybrid is higher than f-
MWCNTs-CdS nanohybrid, which shows that the bacterial reduction ability of Ag2S QDs is
better than CdS QDs. Overall, both f-MWCNTs-CdS and f-MWCNTs-Ag2S nanohybrids
exhibited remarkable bactericidal effect against all the three tested bacterial strains. The
penetration of PAMAM dendrimer through bacterial cell membrane may help for the
penetration of QDs also, which results for rapid destruction of bacterial cells. Although, the
exact mechanism behind the bactericidal effect of f-MWCNTs-QDs nanohybrids is not
known, it is expected that, when DNA molecules are in a relaxed state, the replication of
DNA can be effectively conducted. While the DNA is in condensed form it loses its
replication ability [34]. In the present study Ag2S or CdS QDs penetrate into bacterial cell
membrane, as a result the DNA molecule turns into a condensed form and inhabit its
replication ability, which leads to distraction of bacterial cells. Anyway, to find the exact
reason for observed enhancement in the activity of f-MWCNTs-QDs nanohybrids needs
further detailed study.

A variation in antibacterial activity of all tested samples with the kind of bacteria was
observed. For gram-positive bacterium, S. aureus, all samples showed a lower growth-
inhibitory effect compared to gram-negative bacteria, E. coli and P. aeruginosa under
identical conditions. To rationalize lower antimicrobial activity against S. aureus, we note
that the antibacterial action of the samples may involve with disruption of cytoplasmic
membrane of bacteria. For Gram-negative bacteria, E. coli and P. aeruginosa, the membrane
consists of a thin (about 7–8 nm) periplasmic layer covered by an outer membrane
containing negatively charged lipopolysaccharides (LPS) that facilitates binding of the
dendrimer leading to membrane disruption [35]. On the other hand, the membrane of Gram-
positive bacterium, S. aureus consisting of cross-linked peptidoglycan is thick (about 20–80
nm) and rigid, thus more difficult to be disrupted by the dendrimer. The observed lower
germicidal activity against Gram-positive bacterium is in agreement with our previous
results [8] and also the results reported by Yuan et al. [6] and Murugan and Vimala [36].

4. Conclusions
In summary, the antibacterial agents, f-MWCNTs-Ag2S and f-MWCNTs-CdS were
developed by functionalization of MWCNTs with covalent conjugation of NH2-terminated
PAMAM dendrimer and successive deposition of CdS and Ag2S QDs. The complete
conversion of -COOH groups exists in MWCNTs-COOH and the formation amide linkage
were successfully achieved. The general structure of MWCNTs was retained after
functionalization also and the CdS and Ag2S QDs immobilized on f-MWCNTs were exists
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in high density. Both f-MWCNTs and f-MWCNTs-QDs nanohybrids are stable and water
dispersible. A stepwise enhancement in the antibacterial activity of MWCNTs was achieved
through initial grafting of PAMAM and further immobilization of CdS and Ag2S QDs. The
f-MWCNTs-QDs nanohybrids are strong antimicrobial agents against gram-negative
bacteria compare to gram-positive bacteria. These antibacterial agents might hold great
potential in medicine, public transportation, home appliances, and sporting goods.
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Research Highlights

• Both the nanohybrids are water dispersible and good antimicrobial agents.

• NH2-terminated PAMAM dendrimer was successfully constructed on
MWCNTs through covalent linkage.

• PAMAM dendrimer was successfully replaced the van der Waals force exists in
pristine MWCNTs.

• This method affords preservation of basic structure of MWCNTs after
functionalization also.

• Germicidal action of Ag2S QDs was found to be higher than CdS QDs.
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Fig. 1.
FTIR spectra of (a) f-MWCNTs (b) f-MWCNTs-CdS nanohybrid and (c) f-MWCNTs-Ag2S
nanohybrid.
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Fig. 2.
Powder XRD patterns of (a) p-MWCNTs (b) f-MWCNTs (c) f-MWCNTs-CdS nanohybrid
and (d) f-MWCNTs-Ag2S nanohybrid.
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Fig. 3.
Raman spectra of (a) p-MWCNTs (b) f-MWCNTs (c) f-MWCNTs-CdS nanohybrid and (d)
f-MWCNTs-Ag2S nanohybrid.
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Fig. 4.
TEM images of (a,b) f-MWCNTs (c,d) f-MWCNTs-CdS nanohybrid and (e,f) f- MWCNTs-
Ag2S nanohybrid.
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Fig. 5.
EDS of (a) f-MWCNTs-CdS nanohybrid and (b) f-MWCNTs-Ag2S nanohybrid.
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Fig. 6.
Antibacterial activity of MWCNTs-COOH, f-MWCNTs, f-MWCNTs-QDs nanohybrids,
PAMAM dendrimer, and CdS and Ag2S QDs (number of experimental repetitions, n =3).
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Scheme 1.
Preparation of f-MWCNTs-QDs nanohybrids.
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Table 1

Antibacterial activity of MWCNTs-COOH, f-MWCNTs, f-MWCNTs-QDs nanohybrids, PAMAM dendrimer,
and CdS and Ag2S QDs.

Reduction of bacteria (%)

E. coli P. aeruginosa S. aureus

MWCNTs-COOH 20±0.8 26.8±1.1 14.7±0.5

f-MWCNTs 34.1±1.2 60±1.8 22.8±0.9

f-MWCNTs-CdS 87.2±4.1 68.9±2.5 46.7±1.4

f-MWCNTs-Ag2S 97.8±2.1 78.5±2.9 55.7±1.5

PAMAM dendrimer 30.4±2.1 49.7±3.1 17.7±1.9

CdS QDs 61.2±3.9 57.2±3.5 39±2.4

Ag2S QDs 85.2±4.8 71.1±4.7 48±2.7
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