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We report a study of nanoribbons of quercetin, a phase I clinical trial anticancer drug, and their
inhibitory effects on cancer cell proliferation. Novel quercetin nanoribbons have been prepared by
atmospheric pressure physical vapor deposition (PVD). The nanostructures have been characterized by
optical microscopy, scanning electron microscopy, transmission electron microscopy, and Raman
spectroscopy, etc. Significantly enhanced solubility in PBS solution and increased drug release rate have
been observed for quercetin nanoribbons in comparison to those of quercetin powder. The observed
increase of inhibitory effects of quercetin nanoribbons on 4T1 cancel cell growth is correlated with an
improvement in their solubility and drug release behavior.

1. Introduction
Recent progress in nanotechnology has demonstrated its promising potential in disease prevention, diagnosis, imaging, and
therapy.1–3 The use of materials on the nanoscale provides great
opportunities to modify some of the fundamental properties of
therapeutic ingredients, such as their solubility, diffusivity,
distribution and release characteristics.1,2 In the past decade,
a large number of nanoparticle-based therapeutic products,
including polymeric nanoparticles, nanocapsules, solid lipid
nanoparticles, nanogels and drug nanoparticles have contributed
notably to the development of clinical science.4,5 The nanostructures of these systems allow crossing of biological barriers
and improves cellular uptake and transport, thus increasing
efficiency of drug delivery to target sites like tumors.6,7 Moreover, the solubility of nanoscale objects is notably enhanced due
to the increased surface-to-volume ratio of nanoparticles.
Quercetin (3,30 ,40 ,5,7-pentahydroxyflavone) is a phase I clinical trial anticancer drug.8 It is a unique bioflavonoid that has
been extensively studied by researchers over the past 30 years.
Bioflavonoids were first discovered by Albert Szent Gyorgyi in
1930.9 Flavonoids belong to a group of natural substances with
variable phenolic structures and are found naturally in fruits,
vegetables and beverages such as tea and wine. Quercetin is
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a well-known flavonoid which belongs to the class of flavonols. It
is widely known to have a variety of biological activities and
pharmacological actions, such as anti-cancer, anti-oxidation,
and anti-inflammation.10–13 Much in vitro research and some
preliminary animal and human studies indicate that quercetin
inhibits tumor growth.14–22 For example, quercetin has shown
anti-proliferative activities in various tumor cell lines, such as
human breast tumor cells,16,17 human leukemia cancer cells,19
prostatic carcinoma cells (PC-3),20 etc. The anti-cancer properties
of quercetin have been evaluated in a phase I clinical trial in
patients.8 All these studies show that quercetin has an inhibitory
effect on tumor growth.
However, quercetin is poorly soluble in water and its
bioavailability is very low. Various techniques have been used to
increase the solubility of quercetin, such as complexation with
cyclodextrin and liposomes.23,24 However, the use of cyclodextrin
is associated with a risk of nephrotoxicity25 and liposomes are
not stable during long-term storage.26 Therefore, it is clear that
more efficient and robust methods of increasing the solubility of
quercetin are needed.
The present work is aimed at enhancing the solubility of
quercetin through the fabrication of quercetin nanoribbons by
atmospheric pressure physical vapor deposition (PVD). Optical
microscopy (OM), field emission scanning electron microscopy
(FE-SEM), transmission electron microscopy (TEM), and
Raman spectroscopy were used to characterize the structure of
the nanoribbons. Solubility in PBS solution and the total amount
released from quercetin nanoribbons were compared to those of
quercetin powder. Cell viability studies were conducted on 4T1
mouse breast cancer cells. The relationship between the enhanced
inhibition effect on cancer cells and the properties of quercetin
nanoribbons will be discussed.
This journal is ª The Royal Society of Chemistry 2012
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2. Experimental details

2.5.

2.1.

4T1 cells (2  104 cells ml1) were cultured in 24-well plates and
on different surfaces as discussed above. After 24 h, the cells were
labeled by incubation with acridine orange (Sigma Aldrich) at
a concentration of 100 mg ml1 for 20 min at 37  C in the dark.
After incubation, the cells were washed with cold PBS solution
three times and examined under a fluorescence microscope
(Leica, Germany). For each sample, three sections were selected
and examined randomly. Excitation was performed by an argon
ion laser operating at 488 nm and the emitted fluorescence was
collected through a 515 nm pass filter.

Fabrication of quercetin nanoribbons

Quercetin nanoribbons were fabricated by atmospheric pressure
PVD. The quercetin powder (99.99% pure) used in this work was
purchased from Alfa Co. The fabrication of quercetin nanoribbons was carried out in a conventional tube furnace at about
280  C, with an argon flow-rate of about 80 sccm. Quercetin
powder was loaded into a quartz boat and placed in the middle of
a quartz tube. Silicon substrates were arranged downstream of
the quartz tube to collect the products. The growth process lasted
for 60 min, and then the furnace was cooled to room temperature
under argon gas.
2.2.

Characterization

The quercetin nanoribbons were characterized by optical
microscopy (Leica, DM4000), field emission scanning electron
microscopy (FE-SEM; Hitachi S-4800), transmission electron
microscopy (TEM; Tecnai G220 ST), UV-Vis spectrometry
(Lambda950; UV/VIS/NIR), Raman spectroscopy (Renishaw,
the excitation wavelength was 632.8 nm), etc.
2.3.

Solubility measurement

The solubilities of quercetin nanoribbons and quercetin powder
in PBS solution were measured at room temperature. Firstly,
standard solutions of quercetin were prepared by adding quercetin powder into dimethyl sulfoxide (DMSO) at different
concentrations (0.2, 0.4, 0.8, 1, 2, 4, 6, and 8 mg ml1) in a volume
of 2.0 ml. Secondly, the absorbance of each solution was
measured using a UV-Vis spectrometer with a wavelength of
367 nm. Thirdly, a calibration curve was drawn according to the
data of quercetin absorbance and concentration.
A saturated solution of quercetin nanoribbons in PBS was
prepared to evaluate its solubility. The solution was shaken with
rotation speed of 218 rpm at room temperature for 48 h. After
that, it was filtered with a 0.45 mm filter and then centrifuged. A
portion of the supernatant (5 ml) was selected and the liquid
was removed by slow evaporation, followed by adding 5 ml
DMSO, which represents the concentration of the saturated
solution. The absorbance of the solution in DMSO was then
measured with a UV-Vis spectrometer. The concentration of the
saturated PBS solution of quercetin nanoribbons was then
calculated from the measured absorbance, the linear regression
equation of the calibration curve, and the dilution factor. The
solubility of quercetin powder in PBS solution was measured in
a similar way.
2.4.

Cell viability assay by fluorescence microscopy

3. Results and discussion
Fig. 1 shows optical micrographs of quercetin nanoribbons on Si
substrate prepared by atmospheric pressure PVD. The Si
substrate is uniformly covered by quercetin nanoribbons. The
nanoribbons are uniform in size, and no aggregation is observed.
The technique of PVD is a feasible and effective method to
prepare nanoribbons of quercetin. This technique could be scaled
up when the experimental conditions are changed, for example,
using low pressure PVD.
The molecular structure of quercetin is shown in the inset of
Fig. 1. Quercetin consists of two aromatic rings (A and B) linked
by an oxygen containing heterocycle (ring C), and it possesses
5 hydroxyl groups.

Cell culture

4T1 cell lines were mouse breast cancer cells, which were seeded
on three different surfaces (Si, quercetin powder/Si and quercetin
ribbons/Si). Before use, each substrate was sterilized with UV for
30 min and cleaned in 70% ethanol and deionized water. 4T1 cells
were cultured in DMEM medium (Hyclone) with 10% (v/v) heatinactivated fetal calf serum (FCS, Sigma), 100 IU ml1 penicillin,
and 100 mg ml1 streptomycin. The culture plates were incubated
at 37  C in a humidified incubator containing 5% CO2.
This journal is ª The Royal Society of Chemistry 2012

Fig. 1 The optical micrographs of quercetin nanoribbons. (A) is a bright
field optical micrograph; (B) is a dark field optical micrograph. The
molecular structure of quercetin is shown in the inset.
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The morphology of quercetin nanoribbons was further characterized by SEM and TEM. The average width of the quercetin
nanoribbons is around 100–200 nm. The inset in Fig. 2A is
a TEM image of a single quercetin nanoribbon. Fig. 2B displays
the UV-Vis absorption spectrum of quercetin nanoribbons in
water. In the range of 200–450 nm, two characteristic absorption
bands can be seen: a band around 367 nm (Band I) representing
the B-ring absorption, and another one around 254 nm (Band II)
representing the A-ring absorption.27,28 The UV-Vis absorption
spectrum of quercetin powder in DMSO is also shown in Fig. 2B.
Raman spectra of quercetin nanoribbons and quercetin
powder are shown in Fig. 3. The samples show typical Raman
scattering bands of quercetin, which correspond well to those
described in the literature.29–35 In general, the spectrum below
1000 cm1 is due to the skeletal structure. The region at 1660–
1550 cm1 is attributed to the n(C]O) and n(C]C) vibrations.
Bands in the 1400–1000 cm1 region are due to the d(O–H) and
n(C–O) vibrations of different OH groups.
The solubilities of quercetin nanoribbons and quercetin
powder in PBS solution were measured at room temperature.

Fig. 2 The SEM, TEM image and UV-Vis absorption spectra of quercetin nanoribbons and powder. (A) The SEM image of quercetin nanoribbons, a TEM image of a single quercetin ribbon is shown in the inset;
(B) UV-Vis absorption spectra of quercetin nanoribbons (solid line) and
quercetin powder (dashed line).
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Fig. 3 Raman spectra of quercetin nanoribbons (solid line) and quercetin powder (dashed line).

Fig. 4 shows a comparison of PBS solubility between quercetin
nanoribbons and powder. One can see that the PBS solubility of
quercetin nanoribbons was significantly increased compared
with that of quercetin powder. The increased surface-to-volume
ratio of the nanoribbons may have contributed to the observed
improvement in the solubility of the drug. A comparison of the
SEM images and optical micrographs of quercetin nanoribbons
and powder are shown in Fig. S1 and Fig. S2 in the ESI.†
Fig. 5 shows release profiles of the quercetin nanoribbons and
quercetin powder in PBS. For quercetin powder, less than 1% of
the total drug was released in the first hour. The release profile
reached saturation at about 2 h with 1.3% released. In contrast,
for quercetin nanoribbons, 3% of the total drug was released in
the first hour and a total of 13% was released in the following 7 h
before reaching saturation. As can be seen in the release profile,
in comparison to quercetin powder, ten times more quercetin was
released from the nanoribbons. Furthermore, quercetin nanoribbons maintained a continuous release over 8 h, making them
attractive for controlled release of quercetin. The characteristic

Fig. 4 Comparison of PBS solubility between quercetin powder and
quercetin nanoribbons. The calibration curve is shown in the inset of
Fig. 4.
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Fig. 5 Comparison of drug release profiles between quercetin powder
and quercetin nanoribbons.

releasing behavior of quercetin nanoribbons is probably due to
the significantly reduced size and consequently greatly increased
surface-to-volume ratio of the drug.
To study the effect of quercetin nanoribbons on cancel cell
growth, 4T1 cells were labeled (mouse breast cancer cell) with
acridine orange (Sigma Aldrich) and cell viability and proliferation were studied under a fluorescence microscope. 4T1 cells
were cultured in 24-well plates and incubated on three different
surfaces (Si, quercetin powder/Si and quercetin nanoribbons/Si)
for 48 h. Fig. 6 shows the fluorescence microscopy images of 4T1

Fig. 7 The percentage of 4T1 cell numbers on different surfaces. The
sample sizes were 1 cm  1 cm (The cell numbers were counted from the
fluorescence microscopy images shown in Fig. 6.). ** indicates statistical
significance (P < 0.01) when compared to the control.

cells on these three surfaces. On the Si substrate (Fig. 6A), the
cells grew very well, indicating that the Si substrate was
biocompatible and non-toxic to cell proliferation. On the quercetin powder/Si surface, less cells were observed, indicating that
quercetin powder had inhibitory effort on 4T1 cells. On the
quercetin nanoribbons/Si surface, however, cell numbers were
significantly lower. As shown in Fig. 7, the quercetin powder and
quercetin nanoribbon covered surfaces reduced the cell number
by 32% and 57%, respectively. In conclusion, quercetin nanoribbons inhibited cancer cell growth more efficiently than quercetin powder.

4. Conclusion
In summary, quercetin nanoribbons have been successfully
fabricated by atmospheric pressure PVD. Structural analysis
revealed well defined, uniform nanoribbon structures. Both the
solubility in PBS and the drug release amount and time were
significantly enhanced, which was attributed to the reduction of
drug size and, therefore, an increase in the surface-to-volume
ratio of the drug. Cell viability studies showed that the quercetin
nanoribbons inhibited 4T1 cancer cell growth significantly
compared to quercetin powder. The technique of PVD provides
a straightforward, feasible and effective method to produce
nanosized drugs with improved solubility, drug release behavior
and anti-cancer ability.
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