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Macrocycles as a Tool: A Facile and One-Pot Synthesis of Silver
Nanoparticles Using Cucurbituril Designed for Cancer Therapeutics

Thathan Premkumar,"” Yeonju Lee,” and Kurt E. Geckeler*™"!

Cucurbituril (CB), a macrocycle comprised of glycoluril
units, forms stable host—guest complexes with various guest
molecules.'*! Cucurbiturils have gained wide attention and
been studied extensively due to their unique structure and
outstanding multiple recognition properties, as well as their
potential applications for constructing sensors, drug delivery
and biomimetic systems, and so on.!'*! Through several stud-
ies it was proved that CB is appropriate for application in
host—guest processes. However, to the best of our knowl-
edge, no work has described its suitability for the synthesis
and stabilization of metal nanoparticles in general and, in
particular, silver nanoparticles (AgNPs) in aqueous solution
at room temperature without using conventional reducing
agents and/or external energy. In our preceding studies, we
have established a supramolecular approach to synthesize
copper oxide nanoparticles by using macrocycles such as cu-
curbit[7]uril (CB[7])" and B-cyclodextrin (8-CD).! In addi-
tion, we also introduced new techniques to fabricate surfac-
tant-based gold nanoparticles and AgNPs.®! Hence, with
this experience and expertise in supramolecular strat-
egies,>>% macrocyclic materials,*” and nanoparticles,*1%11
we thought of combining them all together to form a new
supramolecular macrocycle-based metal nanoparticle in
pure aqueous medium that can be used for diverse pivotal
biomedical applications. This fundamental thinking directs
us to prepare well-dispersed AgNPs by using a macrocycle,
namely cucurbit[7]uril, in the presence of sodium hydroxide
in aqueous medium at ambient experimental conditions.
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This is the first report on the preparation of AgNPs by using
CBJ[7].

Recently, there has been significant interest towards
AgNPs in biomedical applications, predominantly due to
their antibacterial activity.'>"3 The biomedical applications
of AgNPs are also very interesting due to their size-depen-
dent interaction with the HIV-1 virus.'"¥! Though a consider-
able amount of work has been carried out to evaluate the
antimicrobial potential of AgNPs, the therapeutic applica-
tions, such as the anticancer activity of AgNPs, have not yet
been well documented. Thus, it is challenging for chemists
and materials scientists to introduce a facile and green strat-
egy for the preparation of AgNPs and explore their biomed-
ical application.

Herein, we report a facile, green, one-pot synthesis of
well-dispersed AgNPs by the reaction of an aqueous silver
nitrate solution with CB[7] in the presence of NaOH at
room temperature. Furthermore, we have investigated the
cytotoxic properties of the as-prepared AgNPs against two
different human cancer cells, namely human breast adeno-
carcinoma (MCF-7) and human lung bronchoalveolar (NCI-
H358) cells in vitro. We demonstrated that the as-prepared
CB|7]-protected AgNPs, with an average size of about 5 nm,
could be a suitable candidate for cancer therapy applica-
tions.

The reaction of an equivalent aqueous solutions of
AgNO; and CB[7] in the presence of NaOH at room tem-
perature (=25°C) led to the manifestation of a brownish-
black colored solution after a reaction time of about 15 min,
visually indicating the formation of AgNPs. The UV/Vis ab-
sorption spectra recorded from this solution shows the char-
acteristic surface plasmon resonance band of AgNPs cen-
tered at 439 nm,!"” substantiating the formation of AgNPs.
The constant increase of the surface plasmon band intensity
at 439 nm with time indicates the continuous formation of
AgNPs. This band evolved with time, finally reaching a con-
stant absorbance after 40 min and only a slight increase in
absorption occurred thereafter. The solution of the silver
salt in the absence of any of the other reactants (CB[7] or
NaOH) did not show the characteristic surface plasmon
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band of AgNPs at around 439 nm, which principally offered
a clue that CB[7] may play a role in the reduction of silver
salts to AgNPs in the presence of NaOH.

To investigate the influence of reactant concentration and
reaction temperature on particle size and shape, we carried
out several experiments with different experimental condi-
tions (see Table 1). The TEM images of the nanoparticles
formed under different concentrations of NaOH are shown

Table 1. Synthesis of AgNPs and average size at different experimental
conditions.

c c T Average Number of AgNPs
Agsalt/CB[7] NaOH  [°C]  diameter [nm]  for statistical
[mm] [mm] analysis

515 10 25 5.53+0.52 672

5I5 40 25 5.62+0.83 301

5I5 60 25 5.60+1.13 260

512.5 40 25 5.61+0.76 284

2.5/5 40 25 6.66+2.86 426

5I5 40 4 5.62+0.76 433

515 40 45 6.10+0.47 359

5I5 40 65 5.28+0.83 212

in Figure 1 a—c. As can be clearly seen from these images,
the nanoparticles formed are almost spherical in shape, well
dispersed with a minimal polydispersity in size and are non-
agglomerated. Further, the cautious examination of the par-
ticles by a higher resolution of TEM, showing the lattice
fringes of the nanoparticles, reveals the crystalline nature of
the nanoparticles. Furthermore, the powder XRD pattern
(Figure 1d) and an electron diffraction (ED) pattern (Fig-
ure 1d, inset) from a selected area of image 2b of the as-pre-
pared AgNPs, demonstrate that the AgNPs feature a face-
centered cubic (fcc) structure.'” A typical high magnifica-
tion TEM image (Figure 1e) shows that the average size of
the AgNPs (obtained from 10 mm NaOH concentration)
was 5.53+0.52 nm, as calculated from a statistical study on
672 nanoparticles (Figure 1 f). Interestingly, the image analy-
ses of the TEM (see Supporting Information, Figure S1)
show that the average particle size of the AgNPs obtained
from 40, and 60 mm NaOH concentration at room tempera-
ture were 5.62+0.83 and 5.60+1.13, respectively. Further,
the average particles size of the AgNPs observed at 4, 45,
and 65°C were 5.62+0.76, 6.10+0.47, and 5.28 :0.83, re-
spectively, (Figure S2) as analyzed from the typical TEM mi-
crographs and their size distribution plots.

In contrast to our previous observations,”! surprisingly it
was observed that changing the concentration of reactants
and the reaction temperature may produce no significant
change in size and shape of the AgNPs. This exceptional be-
havior may be related to the structure of CB[7], which is a
unique macrocyclic molecule and has a larger diameter
(0.73 nm) cavity in the center than the two identical carbon-
yl-laced portals (0.54 nm). Due to the rigid structure of this
molecule all donor atoms are preorganized and situated
inside the cavity. Hence, we believe that the rigid and sym-
metrical cyclic structural arrangement of CB[7] plays an es-
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Figure 1. TEM micrographs of AgNPs obtained with a) 10, b) 40, and
¢) 60 mM NaOH concentration at room temperature. d) The XRD and
ED (inset) patterns of sample b. e) High magnification TEM image of
the well-dispersed AgNPs synthesized with 10 mm NaOH at room tem-
perature, and f) the related histogram.

sential role on the surface of the AgNPs (CB[7] surrounding
and interacting with the outer surface of the nanoparticles)
and may prevent the growth of nanoparticles, irrespective of
the reaction temperature and reactant concentration.

We anticipate that CB[7] at a particular concentration in
the alkaline reaction medium preferentially allows the ad-
sorption, reduction, and growth of a metal, resulting in
nanoscale structures. As CB[7] has two identical polar car-
bonyl-laced portals, the net negative surface charges that
appear around carbonyl portals may play an important role
in the reduction of silver salt to AgNPs. As the metallic par-
ticles shrink into the nanoscale region, either electrostatic or
steric stabilization for the particles must take place to ac-
count for the high surface energies of the particles in the
nanometer size range. CB[7] molecules serve this purpose
well. Alkaline conditions may facilitate the kinetic evolution
of nanoparticles. To offset the van der Waals forces respon-
sible for particle agglomeration, the highly electronegative
oxygen atoms of carbonyl groups with net negative charges
may offer a coating on the surfaces of the AgNPs and may
provide stabilization. A schematic illustration of the forma-
tion and stabilization of well-dispersed AgNPs is shown in
Figure 2a. Furthermore, it was observed from molecular
model studies that the silver atom (diameter: 288 pm) may
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Figure 2. a) Schematic illustration of the formation and stabilization of
well-dispersed AgNPs. b) and c) Energy-minimized space-filling molecu-
lar model of the CB[7] and silver atoms (bottom right: ball and spoke
model).

be encapsulated in the cavity of the CB[7] (diameter:
730 pm), as shown in the model (Figure 2b), when the size
of the nanoparticles is smaller than the cavity size,' which
was dismissed in our case because the average AgNPs size is
about 5 nm. On the other hand, the model suggests that the
particles are stabilized by CB[7] with the possible interac-
tion between surface of the nanoparticles and carbonyl-
laced portals as shown in Figure 2c. This theoretical predic-
tion using the energy minimized molecular model was ex-
perimentally substantiated by FTIR results. As can be clear-
ly observed from the spectra, the characteristic carbonyl
peak intensity of CB[7] decreased noticeably in the spec-
trum of the CB[7]-stabilized nanoparticles in addition to a
significant high frequency shift from 1728 to 1735 cm™' re-
vealing the supramolecular interaction between carbonyl
groups and the surface of the nanoparticles.!'”)

Furthermore, from thermogravimetric analysis (TGA), it
was determined that the CB[7] and metallic silver content
was around 54.5 and 45.5 %, respectively. Most importantly,
the CB[7]-protected AgNPs may be isolated and redispersed
in aqueous solution. In addition, we investigated the effi-
ciency of the synthetic strategy to prepare other metal nano-
particles and the initial results observed for gold and palla-
dium nanoparticles are encouraging.

To evaluate the anticancer activity of AgNPs, a control
experiment was performed with AgNPs (&5 nm) prepared
at room temperature (AgNO;; 5mmMm, CB[7]; 5mMm, and
NaOH; 40 mm) and CB[7] using two different cancer cell
lines, namely MCF-7 and NCI-H358 as in vitro cell models.
The cytotoxicity induced by the CB[7]-protected AgNPs and
CBJ[7] was assessed by a standard MTT (thiazoyl blue tetra-
zolium bromide) assay and the results are presented in
Figure 3. As can clearly be seen from the analysis, there was
a significant enhancement in the cytotoxic capability of the
CBJ7]-protected AgNPs compared with that of the CB[7]
alone after 24 h. Interestingly, a dose-dependent decrease of
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Figure 3. Cytotoxic activity of AgNPs and CB[7] on MCF-7 and NCI-
H358 cells in vitro. The cell viability of a) MCF-7 cells and b) NCI-H358
cells after 24 h incubation at different concentrations of AgNPs and
CBJ7]. Untreated cells were used as the control.

cell viability of MCF-7 and NCI-H358 cells from about 100
to 30.4% and about 100 to 31.9 %, respectively, compared
with the control was observed while increasing the AgNPs
concentration from 0.01 to 100 ugmL " after 24 h incubation
of the cells with as-prepared AgNPs (Figure 3). Importantly,
as shown, the ability to kill the cancer cells induced by
CBJ[7] alone was significantly lower than that caused by
CBJ[7]-protected AgNPs. Therefore, the enhanced cytotoxici-
ty obtained with the CB[7]-protected AgNPs against MCF-7
and NCI-H358 cells in vitro suggests that AgNPs may pos-
sess an inherent capacity to interact within cancer cells and
may effectively kill the MCF-7 and NCI-H358 cancer cells.
However, the exact contributing mechanisms are not yet
fully elucidated and, therefore, need to be further investigat-
ed. Nevertheless, in the present study, it is pertinent to men-
tion that the cytotoxicity caused by as-prepared CB[7]-pro-
tected AgNPs against MCF-7 and NCI-H358 cells in vitro
was considerably higher (/2.04 and 2.06 times greater, re-
spectively, when compared at a concentration of 25 ygmL ™"
after 24 h incubation) than that of the recently reported glu-
tathione-coated AgNPs against a human leukemic K562 cell
line in vitro.'®!

In conclusion, a simple, effective, and one-pot method
toward the synthesis of a defined macrocycle-silver nano-
particle system in an aqueous medium has been described.
To the best of our knowledge, this report is the first for the
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preparation of AgNPs by using CB[7] in an aqueous
medium by chemical reduction exclusive of employing con-
ventional reducing agents and/or external energy. Interest-
ingly, a significantly increased cytotoxicity of the as-pre-
pared CB[7]-protected AgNPs against MCF-7 and NCI-
H358 cells as model cell lines in vitro has also been demon-
strated. Taken together, the green approach for the synthesis
of AgNPs by using a biocompatible material (CB[7]) in
water at room temperature and the demonstration of their
remarkable anticancer potential makes this system a novel
platform for biomedical applications in general and cancer
therapy in particular. A mechanism for the reduction and
stabilization of AgNPs by CB[7] in the presence of NaOH
has not been well understood and further studies are in
progress.

Experimental Section

Synthesis of silver nanoparticles: In a typical experiment, an aqueous so-
lution of AgNO; (5 mm; 2 mL) was mixed with an equivalent amount of
aqueous CB[7] (5 mm; 2 mL) at room temperature. After the addition of
NaOH (4 mL; 40 mm) to the resulting solution, a brownish/black-colored
solution was observed in 15 min, indicating the formation of AgNPs. The
reaction finally was completed after 40 min, which has been demonstrat-
ed by UV/Vis spectroscopy. No stirring was necessary after the solution
was shaken gently for homogenization.

Cell culture and assessment of anticancer activity: The MCF-7 and NCI-
H358 cell lines were cultured in RPMI 1640 medium supplemented with
10% fetal bovine serum (FBS), and 1% antibiotic—antimycotic in a hu-
midified incubator at 37°C, 95 % room air, and 5% CO.,.

For the MTT cell survival assay, a suspension (200 uL) of MCF-7 and
NCI-H358 cells were seeded in an independent new 96-well plate at a
density of 1x10* cellswell™!. Cells grew for 20 h after seeding and were
then treated with AgNPs at different concentrations, namely 0.01, 0.1, 1,
2,5, 10, 25, 50, and 100 pgmL " and were incubated for 24 h at 37°C. For
comparison, the same experiment was also performed with CB[7] (0.01,
0.1, 1, 2, 5, 10, 25, 50, and 100 ugmL’l) to evaluate the cytotoxicity of
CBJ7] alone against these two cell lines. Untreated cells were used as a
control. After the treatment the cells were rinsed three times with PBS
(phosphate-buffered saline). Subsequently, MTT (20 uL of a 5 mgmL"™"
solution) was added to each well, and incubated for an additional 4 h at
37°C. After incubation with the MTT reagent, all the media were gently
removed by an aspirator using a syringe and purple formazan crystals
formed by live cells were dissolved with 200 pL of dimethyl sulfoxide and
the solution was gently shaken for 10 min. UV absorption of the solution
was recorded at 570 nm by means of a FL600, microplate fluorescence
reader, Bio-Tek. Each experiment was performed at least three times.
The solid CB[7]-protected AgNPs obtained were collected by centrifuga-
tion of the silver colloids at 4000 rpm for 15 min and the residue was
washed with ethanol several times by replacing the supernatant and then
dried well. The resulting solid CB|[7]-protected AgNPs were used for the
cell toxicity tests.

Materials: The human breast adenocarcinoma (MCF-7) and human lung
bronchoalveolar (NCI-H358) cell lines were obtained from the Laborato-
ry of Molecular Biology, Department of Biotechnology, College of Natu-
ral Science, Chosun University, South Korea and the Korean cell line
bank (KCLB), respectively. RPMI 1640 medium (Gibco, Invitrogen),
FBS (WelGENE Inc.), antibiotic-antimycotic solution (Gibco, Invitro-
gen), MTT (>97.5% TLC, Sigma-Aldrich), and dimethyl sulfoxide
(DMSO, Junsei Chemical Co., Ltd.) were purchased and used as ob-
tained. Cucurbit[7]uril (Australia), AgNO; (Aldrich), and NaOH (DC
Chemical, Korea), were purchased and used without further purification.
Deionized water was used throughout the experiments.
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Instruments: The UV/Vis absorption spectra were recorded on a Varian
Cary 500 spectrophotometer. The morphology, the crystal size, and the
size distribution were studied by means of a Philips T20ST TEM. The
TEM specimens were prepared by placing a few drops of sample solution
on a copper mesh covered with a carbon film and allowing the solvent to
evaporate at room temperature overnight. The particle size distribution
was calculated by image analysis. The FTIR spectra were taken at room
temperature by using a Perkin—Elmer System 2000 under nitrogen in
KBr pellets in the range 4000400 cm'. The XRD pattern was measured
on a Rigaku diffractometer with copper radiation (1=0.15406 nm) at
40 kV and 40 mA. TGA was recorded on a TA-2050 thermal analyzer.
The measurements were carried out under nitrogen with platinum cups
as sample holders with 2-3 mg of the samples at a heating rate of
10°Cmin".

Acknowledgements

This work was supported by the World-Class University (WCU) program
at the Gwangju Institute of Science and Technology (GIST) through a
grant provided by the Ministry of Education, Science and Technology of
Korea (MEST; project no.: R31-2008-000-10026-0).

Keywords: biomedical applications - cucurbiturils -

cytotoxicity - nanoparticles - silver

[1] J. W. Lee, S. Samal, N. Selvapalam, K. Kim, Acc. Chem. Res. 2003,
36, 621-630.

[2] J. Lagona, P. Mukhopadhyay, S. Chakrabarti, L. Isaacs, Angew.
Chem. 2005, 117, 4922; Angew. Chem. Int. Ed. 2005, 44, 4844 -4870.

[3] Advanced Macromolecular and Supramolecular Materials and Pro-
cesses (Ed.: K. E. Geckeler), Kluwer Academic/Plenum, New York,
2003.

[4] S. Kemp, N.J. Wheate, S. Wang, J. G. Collins, S. F. Ralph, A. 1. Day,
V.J. Higgins, J. R. Aldrich-Wright, J. Biol. Inorg. Chem. 2007, 12,
969-979.

[5] T. Premkumar, K. E. Geckeler, Small 2006, 2, 616-620.

[6] T. Premkumar, K. E. Geckeler, J. Phys. Chem. Solids 2006, 67,
1451-1456.

[7] T. Premkumar, D.S. Kim, K.J. Lee, K. E. Geckeler, Gold Bull.
2007, 40, 321-327.

[8] D. Debnath, C. Kim, S. H. Kim, K. E. Geckeler, Macromol. Rapid
Commun. 2010, 31, 549-553.

[9] G. Horvath, T. Premkumar, A.O. Boztas, E. Lee, S. Jon, K. E.
Geckeler, Mol. Pharm. 2008, 5, 358—363.

[10] Functional Nanomaterials (Eds.: K.E. Geckeler, E. Rosenberg),
American Scientific, Valencia, 2006.
[11] D. Kim, T. Lee, K. E. Geckeler, Angew. Chem. 2005, 118, 110-113;
Angew. Chem. Int. Ed. 2005, 44, 104-107.
[12] M. Rai, A. Yadav, A. Gade, Biotechnol. Adv. 2009, 27, 76-83.
[13] M. Liong, B. France, K. A. Bradley, J. I. Zink, Adv. Mater. 2009, 21,
1684 —1689.
[14] R. W.Y. Sun, R. Chen, N. P. Y. Chung, C. M. Ho, C. L. S. Lin, C. M.
Che, Chem. Commun. 2005, 5059-5061.
[15] T. Hasell, J. Yang, W. Wang, P. D. Brown, S. M. Howdle, Mater. Lett.
2007, 61, 4906—4910.
[16] A. Corma, H. Garc, P. M. Navajas, A. Primo, J. J. Calvino, S. Traso-
bares, Chem. Eur. J. 2007, 13, 6359—-6364.
[17] Q. An, G. Li, C. Tao, Y. Li, Y. Wu, W. Zhang, Chem. Commun.
2008, 1989-1991.
[18] Q. Wu, H. Cao, Q. Luan, J. Zhang, Z. Wang, J. H. Warner, A. A. R.
Watt, Inorg. Chem. 2008, 47, 5882—5888.
Received: May 16, 2010
Published online: August 27, 2010

Chem. Eur. J. 2010, 16, 11563 -11566


http://dx.doi.org/10.1021/ar020254k
http://dx.doi.org/10.1021/ar020254k
http://dx.doi.org/10.1021/ar020254k
http://dx.doi.org/10.1021/ar020254k
http://dx.doi.org/10.1002/ange.200460675
http://dx.doi.org/10.1002/ange.200460675
http://dx.doi.org/10.1002/anie.200460675
http://dx.doi.org/10.1002/anie.200460675
http://dx.doi.org/10.1002/anie.200460675
http://dx.doi.org/10.1007/s00775-007-0269-z
http://dx.doi.org/10.1007/s00775-007-0269-z
http://dx.doi.org/10.1007/s00775-007-0269-z
http://dx.doi.org/10.1007/s00775-007-0269-z
http://dx.doi.org/10.1002/smll.200500454
http://dx.doi.org/10.1002/smll.200500454
http://dx.doi.org/10.1002/smll.200500454
http://dx.doi.org/10.1016/j.jpcs.2006.01.122
http://dx.doi.org/10.1016/j.jpcs.2006.01.122
http://dx.doi.org/10.1016/j.jpcs.2006.01.122
http://dx.doi.org/10.1016/j.jpcs.2006.01.122
http://dx.doi.org/10.1002/marc.200900656
http://dx.doi.org/10.1002/marc.200900656
http://dx.doi.org/10.1002/marc.200900656
http://dx.doi.org/10.1002/marc.200900656
http://dx.doi.org/10.1021/mp700144t
http://dx.doi.org/10.1021/mp700144t
http://dx.doi.org/10.1021/mp700144t
http://dx.doi.org/10.1016/j.biotechadv.2008.09.002
http://dx.doi.org/10.1016/j.biotechadv.2008.09.002
http://dx.doi.org/10.1016/j.biotechadv.2008.09.002
http://dx.doi.org/10.1002/adma.200802646
http://dx.doi.org/10.1002/adma.200802646
http://dx.doi.org/10.1002/adma.200802646
http://dx.doi.org/10.1002/adma.200802646
http://dx.doi.org/10.1039/b510984a
http://dx.doi.org/10.1039/b510984a
http://dx.doi.org/10.1039/b510984a
http://dx.doi.org/10.1016/j.matlet.2007.03.072
http://dx.doi.org/10.1016/j.matlet.2007.03.072
http://dx.doi.org/10.1016/j.matlet.2007.03.072
http://dx.doi.org/10.1016/j.matlet.2007.03.072
http://dx.doi.org/10.1002/chem.200601900
http://dx.doi.org/10.1002/chem.200601900
http://dx.doi.org/10.1002/chem.200601900
http://dx.doi.org/10.1039/b719927a
http://dx.doi.org/10.1039/b719927a
http://dx.doi.org/10.1039/b719927a
http://dx.doi.org/10.1039/b719927a
http://dx.doi.org/10.1021/ic8002228
http://dx.doi.org/10.1021/ic8002228
http://dx.doi.org/10.1021/ic8002228
www.chemeurj.org

