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Bioengineered nanomaterials have inspired revolutionary
imaging and drug delivery methods whose clinical appli-
cation in cancer research has resulted in powerful medi-
cal devices for early diagnosis, treatment, and prevention
of cancer. Recent advances in super imaging agents have
resulted in improved resolution and sensitivity. For instance,
fluorescent quantum dots with wavelength-tunable emis-
sions, plasmon-resonant gold nanostructures with shape-
controlled near-infrared absorptions, and MRI-active iron
oxide nanoparticles are well-established molecular imaging
probes for noninvasive cancer imaging. Nanomaterials are
also considered to be themost effective vectors that can break
through transport biobarriers and deliver a constant dose of
multiple therapeutic agents to tumors and intracellular endo-
cytic compartments for cancer gene therapy, immunotherapy,
or chemotherapy. Furthermore, nanowire- or nanotube-
based electronic devices demonstrate extraordinary sensitiv-
ity capable of detection at the single molecule or protein
level. It is anticipated that developing nanotechnology-driven
imaging, sensing, and therapeutic systems will dramatically
advance cancer research and clinical treatments.

We organized this special issue aiming to visualize the
current progress in the emerging multidisciplinary field
of cancer nanomedicine. We specifically invited Dr. R.
Wang and his colleagues to analyze the trend of cancer
nanomedicine development. In a review, they examined a
dozen cases of particulate nanomedicine for cancer therapeu-
tics or diagnostics applications. At least ten kinds of cancer
nanomedicines have been approved by regulatory bodies to

be commercialized for clinical use, and many therapeutic
or theranostics cancer nanomedicines have been involved
in clinical trials. These encouraging facts show that cancer
nanomedicine is in action, although many technical issues
need to be addressed and it is still a big challenge to meet
safety guidelines for gaining clinical acceptance.

Next, we focus on some technique issues. For example,
surface modification is required to stabilize and function-
alize fluorescent quantum dots for cancer diagnostic and
therapeutic applications. J. Wang et al. summarized some
recent progress and strategies to modify quantum dots, such
as silanization, ligand exchange, and amphiphilic polymer
coatings. These solutions will be applied to optimize the
interface chemistry of quantum dots for potential biological
applications of bioimaging and drug delivery.

In a research article, J. Emami et al. demonstrated the
fabrication of paclitaxel-loaded cholesterol nanostructured
lipid carriers and characterization by measuring the size,
zeta potential, entrapment efficiency, drug loading capacity,
and drug release profiles of the carriers. The results indicate
that the size of carriers is associated with oleic acid content
and surfactant percent, and the ratio of drug payload to
lipidweight significantly affects the entrapment efficiency and
drug release from carriers.

In another research article, S. H. H. Ali et al. synthesized
hippuric acid nanocomposite by intercalating hippuric acid
into zinc-layered hydroxide. Compared to cytarabine alone,
coupling cytarabine with hippuric acid nanocomposite has
higher therapeutic efficacy against human promyelocytic
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leukemia cells. In addition, hippuric acid nanocomposite
demonstrated the capability against bacteria, such as Pseu-
domonas aeruginosa and methicillin-resistant Staphylococcus
aureus.

Recently, gold nanorods have become a rising star in
cancer medicine, because under near-infrared light, the
geometry-related photothermal effect enables gold nanorods
to provide optical coherence tomography contrast for non-
invasive cancer imaging and to ablate targeting cancer cells.
In a research article, Y. Hong et al. systematically investi-
gated how gold nanorod concentration and irradiation laser
power affect the photothermal transduction efficiency of
gold nanorod suspension. The therapeutic efficacy of gold
nanorod-mediated ablation is estimated using MDA-MB-231
breast cancer cell line by live-dead cell staining. They also
developed a versatile system that can simultaneouslymonitor
the temperature variation, uptake of photothermal agents,
and the targeting cell viability.

Toward caner immunotherapy, a gold nanoparticle array-
based sensor on chip fabricated by S. Lee and S. H.
Kang can accurately detect immunomolecules by measur-
ing the fluorescence signal from the interaction between
the gold nanoparticle-captured biotin-labeled antibody and
a streptavidin-labeled dye. The developed single-molecule
sandwich immunoassay is simple, reliable, and sensitive
(40,000-fold higher than conventional chemiluminescence
immunosensors).

Interestingly, besides particulate cancer nanomedicines,
M. J. Mitchell et al. demonstrated a unique device that
can selectively capture and kill flowing cancer cells using
microtube surfaces with immobilized halloysite nanotubes
and E-selectin functionalized liposomal doxorubicin, with-
out toxic effects on health cells. This nonparticulate cancer
nanomedicine opens a new path to conduct cancer diagnosis
and treatment.

The diverse and vigorous investigations published in
this special issue clearly show that cancer nanomedicine is
revolutionizing the field of medicine for cancers.

Haiyan Li
Martin M. Pike

Xiliang Luo
Li-Hong Liu
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Hippuric acid (HA) was intercalated into a zinc-layered hydroxide (ZLH) by direct reaction of an aqueous suspension of zinc
oxide with an aqueous solution of hippuric acid to obtain hippurate nanocomposite (HAN). Various concentrations of hippuric
acid (0.05, 0.2, and 0.4 molar) were used for the synthesis of the nanocomposite. e as-synthesized HAN using 0.2 molar was
found to give a well-ordered layered nanocomposite material with an increase in the basal spacing to 21.3 Å which indicated the
insertion of hippurate organic moiety into the ZLH interlayers. e cytotoxicity of HAN in combination with cytarabine against
human promyelocytic leukemia cells (HL-60) was tested using MTT cell viability assay and trypan blue dye exclusion assay. e
combination of cytarabine with HAN showed higher tumor suppression efficiency as compared to that of cytarabine alone. e
IC50 values of HAN/cytarabine combination and cytarabine alone were 0.16 ± 0.07 𝜇𝜇g/mL and 0.17 ± 0.09 𝜇𝜇g/mL, respectively.
DNA fragmentation was also studied, and the exposure of HL-60 cells to cytarabine produced 10.70 ± 0.96% DNA fragmentation
compared to 18.90±1.33%when cells were exposed to combination of cytarabine with HAN. e antimicrobial activity of hippuric
acid and HAN nanocomposite was carried out against Gram-positive bacteria, Gram-negative bacteria, and yeasts. It was found
that Pseudomonas aeruginosa and methicillin-resistant Staphylococcus aureus were more sensitive to HAN compared to Bacillus
subtilis and Salmonella choleraesuis.

1. Introduction

Metal hydroxide compounds can be classi�ed according to
their structures and chemical compositions into two groups.
e�rst group is the layered double hydroxide (LDH)derived
from the brucite structure (Mg(OH)2) through substitution
part of the divalent cations by the trivalent ones. As a
result, the layers acquire excess positive charge, which is
balanced by the incorporation of anions into the interlayer
space. e general formula may be thus given as (LDH −

M2+
1−𝑥𝑥M

3+
𝑥𝑥 (OH)2(A

𝑚𝑚−)𝑥𝑥𝑥𝑚𝑚 ⋅ 𝑛𝑛H2O), where M2+ is divalent
cations, M3+ is trivalent cations, and A𝑚𝑚− is exchangeable
anion with a charge (m−) [1]. e second group is the metal
hydroxide compounds which are layered metal hydroxide
salt (LHS) that can be represented by the general formula
(LHS − M2+(OH)2−𝑥𝑥(A

𝑚𝑚−)𝑥𝑥𝑥𝑚𝑚 ⋅ 𝑛𝑛H2O) [2]. e interlayer
anion exchangeable capability of LDH and LHS meets the
requirement of inorganic layers for encapsulating organic
drugs with negative charge and is used in drug delivery
applications [3], as well as controlled release systems [4–7].
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Zinc layered hydroxide (ZLH) is an example of the layered
hydroxide salt in which zinc atoms are octahedrally coordi-
nated with six hydroxide groups to give an empirical formula
of Zn5(OH)8(NO3)2 ⋅ 2H2O [8].

Our previouswork showed that hippuric acid intercalated
into zinc layered hydroxide potentiated the cytotoxicity
of tamoxifen against hepatocellular carcinoma HepG2 [9].
e present study was conducted to investigate whether
HAN could enhance the toxic effect for cytarabine, another
chemotherapy used commonly to treat human promyelocytic
leukemia. A parallel to that, antimicrobial activity of HAN
nanocomposite against different micro-organisms was also
determined.

2. Materials

Hippuric acid (C9H9NO3) with 98% purity was pur-
chased from Merck and was used as received. Cytarabine
(C9H13N3O5) with 99% purity was purchased from Bio-
science (Tocris, Bristol, UK). Zinc oxide of the American
chemical society reagent grade was purchased from Fisher
Scienti�c, and dimethyl sulfoxide (DMSO) was purchased
from Ajax Finechem and used without further puri�cation.
Diphenylamine reagent containing 100mL glacial acetic acid,
1.5 g diphenylamine, 1.5mL concentrated sulfuric acid, and
0.5mL 16mg/mL acetaldehyde stock and trypan blue solu-
tion were purchased from Sigma-Aldich. e cell line HL-
60 was purchased from the American type culture collection
(ATCC number CCL-240). Deionized water was used in
all the experiments. e microbial strains were provided
by the UNiCC, Institute of Bioscience, Universiti Putra
Malaysia.

3. Preparation of Hippurate
Nanocomposite, HAN

Hippurate nanocomposite (HAN) was synthesized by direct
reaction using zinc oxide (ZnO) as the starting material
as reported previously [9–11]. e concentrations of hip-
puric acid of 0.05, 0.2, and 0.4 molar were prepared using
appropriate weights of active material in 20mL of DMSO
and adjusting the �nal volume to 50mL by the addition
of deionized water. A weight of 0.2 g of zinc oxide was
suspended in 50mL water. Hippurate solutions were added
slowly dropwise to the suspended zinc oxide, with vigorous
stirring until the addition was completed and the solution
became clear; the pH was adjusted to 7.9 using an aqueous
solution of NaOH (0.5 molar). e resulting precipitate was
magnetically stirred for 18 hours at 70∘C and washed with
deionized water. Finally, the as-synthesized HAN was dried
in an oven at 60∘C overnight and kept in a sample bottle for
further characterizations.

4. MTT Cytotoxicity Assay

Human promyelocytic leukemia (HL-60) cells were used
in the present study. Cells were routinely cultured at 37∘C
a humidi�ed atmosphere with 5% CO2 in 96-well plates
for 24 hours. When cells were grown up to 80%–90% of

cellular con�uence, the cells were treated with cytarabine
alone and an equivalent cytostatic mixture of either hip-
puric acid or HAN. Aer 72 hours of incubation in a
humidi�ed atmosphere with 5% CO2 at 37∘C, MTT assay
with 3-(4,5-dimethylthiazole-2-yl)-2, 5-diphenyltetrazolium
bromide was carried out with incubation times to determine
the number of viable cells. Twenty microliters of MTT was
added to all wells, and the cells were incubated for an
additional 4 hours. Aer incubation, the upper part of the
solution was removed to leave 30 𝜇𝜇L in all wells, and the
formazan precipitate was dissolved in 10% sodium dodecyl
sulfate in dimethyl sulfoxide containing 0.6% acetic acid.
e microplates were then gently shaken in the dark for
30 minutes, and the absorbance at 570 nm and 630 nm
(background) was measured spectrophotometrically using a
microtiter plate reader. All experiments were carried out in
triplicate. e IC50 was generated from the dose-response
curves for the cell line. MTT assy of HL-60 cells treated with
a combination of doxorubicin with hippuric acid and HAN
was used as positive control.

5. Antiproliferative Assay

Human promyelocytic leukemia (HL-60) cells were used; the
cells were seeded at a density of 1 × 105 viable cells/mL
in six-well plates. Aer incubation for 24 hours, the cells
were treated with cytarabine (0.5 𝜇𝜇g/mL) alone and its
combination with hippuric acid or HAN. e plates were
incubated at 37∘C in the presence of 5% CO2, for 24, 48,
and 72 hours. Aer incubation, the media were aspirated
off, and cells were washed with cold PBS buffer to get rid of
dead cells and replaced with 1mL of 0.05% trypsin-EDTA
(2mg/mL). e plates were incubated at 37∘C for 10–15
minutes, until the majority of the cells were detached. e
cells were harvested, and the cell suspension was centrifuged
at 1000 rpm for 10 minutes, and the supernatant discarded.
Twentymicroliters of cell suspensionwasmixedwith 20𝜇𝜇L of
0.4% trypan blue solution. Cells were resuspended, and dye-
excluding viable cells were microscopically counted using a
hemocytometer.

6. Examination of DNA Fragmentation

DNA fragmentation was quantitatively determined using
diphenylamine reagent for cells treated with 1𝜇𝜇g/mL cytara-
bine alone and in equal combination with either 1𝜇𝜇g/mL
hippuric acid or 1 𝜇𝜇g/mL HAN. A volume of 108 𝜇𝜇L of 5
molar perchloric acid was added, and samples were heated
at 70∘C for 15min. Two volumes of a solution containing
diphenylamine reagent were added, and the samples were
stored at 4∘C for 48 hours. e colorimetric reaction was
determined spectrophotometrically at 575 nm using a UV
spectrophotometer (UV-160A; Shimazu Co. Ltd., Tokyo,
Japan). DNA aliquots from both pellet and supernatant were
quanti�ed. e degree of DNA fragmentation referred to the
percentage of DNA in the supernatant divided by the total
DNA from the pellet and supernatant was determined.
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7. Microbial Strains and Cultural Conditions

Four well-characterized species of bacteria including two
Gram-positive micro-organisms: methicillin-resistant Sta-
phylococcus aureus (MRSA) and Bacillus subtilis and two
Gram-negative species: Salmonella choleraesuis and Pseu-
domonas aeruginosa, and yeast: Candida albicans were used
in the screening of the synthesized HAN. Cultures were
maintained on Luria-Bertani (LB) agar (1st Base, Singapore)
or potato dextrose agar in case of yeast. Prior to incubation
with nanoparticles, the bacteria were cultured overnight
in 5mL of LB broth (1st Base, Singapore) in a Certomat
SII incubation shaker (Sartorius Stedim Biotech, Aubagne,
France) at 37∘C and 150 rpm until the culture reached an
OD600 of 1.0 (Ultrospec UV VIS 3000 pro, Amersham
Pharmacia Biotech, Cambridge, England) corresponding to
approximately 108 CFUmL−1. e overnight cultures were
diluted to approximately 107 CFUmL−1 using sterile LB
broth.

8. Antimicrobial Activity Testing

e antimicrobial properties of the HAN nanocomposite
were evaluated against the aforementioned micro-organisms
using the disk diffusion method as described previously [12].
Microorganisms were cultured in LB broth in case of bacteria
(1st Base, Singapore) or potato dextrose broth (Fluka) in
case of yeast to achieve a culture growth turbidity of 1 by
measuring optical density (OD) spectrophotometrically at
600 nm. e suspension of each micro-organism was serially
diluted in LB broth to a concentration of 1 ∼ 2 104 CFU/mL.
e inhibitory activity was read aer 24 hours of incubation
at 37∘C. HAN-free discs (distilled water only) cultured under
the same conditions were used as a control.

9. Characterization

Powder X-ray diffraction patterns were recorded with a
Shimadzu XRD-6000 instrument (Shimadzu, Tokyo, Japan)
using CuK𝛼𝛼 radiation (𝜆𝜆 𝜆 1𝜆𝜆418Å) and a dwell time
of 4 degrees per minute. Cell count was carried using
Neubauer hemocytometer (Weber, England) using clear
�eld microscopy (Nikon, Japan). e bacteria were cultured
overnight in a Certomat SII incubation shaker (Sartorius
Stedim Biotech, Aubagne, France). UV spectrophotometer
(UV-160A; Shimadzu Co. Ltd., Tokyo, Japan) was used in the
determination of DNA fragmentation.

10. Results and Discussion

10.1. Powder X-Ray Diffraction. Figures 1(a) and 1(e) show
PXRD patterns of the ZnO and free hippuric acid, respec-
tively. In addition, Figures 1(b)–(d) show hippurate nano-
composites prepared using various concentrations of hip-
puric acid: 0.05, 0.2, and 0.4 molar, respectively. As shown
in Figure 1(a), the ZnO sample shows �ve intense re�ections
between 30–60∘ correspond to diffractions due to 100, 002,
101, 102, and 110 planes [13]. It was reported previously
that the basal spacing for zinc layered hydroxide with nitrate
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F 1: PXRD patterns for ZnO (a), hippurate nanocomposite
prepared at various concentrations of hippuric acid (0.05, 0.2, and
0.4 molar for (b), (c), and (d), resp.,) and free hippuric acid (e).

(ZLH) as the interlamella anion was 9.74Å which appeared
at 2𝜃𝜃 = 9.12 due to the 200 plane of the monoclinic structure
[14]. e PXRD pattern for HAN is shown in Figure 2(c)
with basal spacing of 21.3 Å. e expansion of basal spacing
from ZLH to HAN was due to the inclusion of hippuric acid
anion, namely, hippurate into the ZLH lamella with a vertical
monolayer orientation that warrants the expansion of the
ZLH lamella [9]. is can only be achieved when suitable
concentration of hippuric acid is available in the mother
liquor, under the experimental conditions as stated earlier.
At Figure 1(d) HAN prepared using 0.4 molar hippuric acid,
a number of peaks are observed due to hippuric acid phase.
is might be due to the non-intercalated hippuric acid,
which was adsorbed onto the surface of ZLH. HAN prepared
using 0.05 molar hippuric acid shows the presence of ZnO
phase.HANprepared using 0.2molar hippuric acid produced
sharp, symmetrical, and intense peaks, especially for the
(003) peak, and the relatively pure intercalated compound
was obtained at this concentration. As a result of relatively
pure phase, HAN prepared from 0.2 molar hippuric acid was
subsequently used for further characterizations.

10.2. Cytotoxicity of Combination of HAN with Cytara-
bine. Figure 2 shows the cytotoxicity of hippuric acid,
HAN nanocomposite, and their combinations with cytara-
bine against HL-60 cells. e cytotoxicity of cytarabine
was investigated using human promyelocytic (HL-60) cells
as described previosly [15]. e hippuric acid and HAN
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F 2: MTT assays of HL-60 cell line treated with free hippuric acid, HAN and the combination of cytarabine with hippuric acid and
HAN.
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T 1: Viability of HL-60 cells during incubation with cytarabine, combination of cytarabine with hippuric acid, and cytarabine with HAN
nanocomposite.

Concentration of Cyta (𝜇𝜇g/ml) Viability (%) Concentration of Cyta : HA or HAN (𝜇𝜇g/mL) Viability (%)
HA HAN

20.0 1.6 20 : 20 1.4 1.2
10.0 2.4 10 : 10 2.4 1.6
5.0 2.4 5 : 5 2.2 1.5
2.5 2.6 2.5 : 2.5 2.1 1.9
1.25 5.7 1.25 : 1.25 5.1 2.3
0.625 5.5 0.625 : 0.625 5.6 3.5
0.3125 9.4 0.3125 : 0.3125 9.6 5.8
0.00 100.0 0 : 0 100.0 100.0

T 2: IC50 for HL-60 cells during incubation with cytarabine, doxorubicin, and combination of drugs with hippuric acid and with HAN
nanocomposite.

Cytarabine Doxorubicin
Cyta Cyta + HA Cyta + HAN Doxo Doxo + HA Doxo + HAN

IC50 0.17 ± 0.09 𝜇𝜇g/mL 0.17 ± 0.07 𝜇𝜇g/mL 0.16 ± 0.07 𝜇𝜇g/mL 2.70 ± 0.07 𝜇𝜇g/mL 1.80 ± 0.11 𝜇𝜇g/mL 1.03 ± 0.19 𝜇𝜇g/mL

T 3: Antiproliferative assays of HL-60 cells aer 24, 48, and 72 hours treatment with cytarabine alone and combination of cytarabine
with hippuric acid and HAN nanocomposite.

Incubation time HL-60
Cytarabine Cytarabine + HA Cytarabine + HAN

24 hours 83.50% 82.40% 88.20%
48 hours 91.40% 91.40% 95.10%
72 hours 95.50% 95.10% 97.40%

nanocomposite, up to a concentration of 50𝜇𝜇g/mL did not
show any inhibition in the cell growth of treated HL-60 cells
(Figures 2(a) and 2(b)). In the absence of hippuric acid or
HAN (Figure 2(c)), the cytarabine suppressed the growth of
HL-60 cells with IC50 values of 0.17 ± 0.09 𝜇𝜇g/mL. As shown
in Figure 2(d) and Table 1, the combination of hippuric acid
with cytarabine show inhibition in the cell growth, similarly
with cytarabine action and with IC50 0.17 ± 0.07 𝜇𝜇g/mL.

e combination of cytarabine with HAN (Figure 2(e))
shows slightly higher tumor suppression as compared to
cytarabine alone with IC50 values of 0.16 ± 0.07 𝜇𝜇g/mL. is
indicate that the suppression percentage using HAN reached
4.1%. A detailed look at Table 1, the results of MTT assay
show that HAN exposure potentiates the toxic activity of
cytarabine in HL-60 cells in a dose-dependent manner, and
the lowest two combinations (0.62𝜇𝜇g/mL and 0.31 𝜇𝜇g/mL)
show the most notable effect.

Furthermore, compared with cytarabine, doxorubicin
(Doxo) showed lower cytotoxicity toward the HL-60 cell line
(Figures 3(a)–3(c)). Table 2 shows the IC50 values for the
combination of cytarabine and doxorubicin with hippuric
acid and HAN nanocomposite.

10.3. Antiproliferative Effect of Cytarabine Alone and Com-
binations of Cytarabine with Hippuric Acid and HAN.
Figure 4(a) shows the effect of free cytarabine or in

combination with hippuric acid and HAN on the prolif-
eration of HL-60 cells at various incubation periods 24,
48, and 72 hours. Cytarabine and its combination with
HAN suppressed the proliferation of HL-60 tumor cells. e
combination of the drug with HAN was more efficient than
the free drug in suppressing the tumor cells.

As shown in Table 3 at 24 hours, the combination of
cytarabine with HAN showed 88.20% suppression of the
proliferation as compared to the free cytarabine, which
showed only 83.50% suppression. Additionally, at 72-hour
treatment, the growth suppression for cytarabine with HAN
showed 97.40%, compared to 95.50% for free cytarabine.

e result in Figure 4(b) con�rmed that the combination
of cytarabinewithHANcan inhibit the cell proliferationmore
than doxorubicin with HAN.

In general, the current study showed that HAN did
not potentiate the toxicity of cytarabine. However, these
results are clearly distinct from our previous �ndings with
tamoxifen, in which HAN showed a dramatic inhibition of
HepG2 cell proliferation [9].

10.4. Examination of DNA Fragmentation. DNA fragmen-
tation is an important feature of nucleus that occurs in the
apoptotic process. It is worth mentioning that Bouffard and
Momparler have studied the effect of cytarabine versus DNA
damages in leukemic cell HL60 line. Cytarabine at 5𝜇𝜇m
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F 3: MTT assays of HL-60 cell line treated with a combination of doxorubicin with hippuric acid and HAN as positive control.

showed DNA fragmentation, veri�ed by DNA ladder assay
[16]. ese nuclear changes were investigated in the presence
and the absence of hippuric acid or HAN in the presence of
cytarabine.

e degree of DNA fragmentation in the untreated
control and in cells exposed to the drugs for 72 hours is
shown in Figure 5. e fragmentation background in the
untreated control was approximately 2.00 ± 0.26%. Both

cytarabine alone and its combination of hippuric acid exhib-
ited an increase in a similar manner through a signi�cant
increase in percentage of DNA fragmentation by 10.70 ±
0.96% and 10.80 ± 1.10%, respectively, as compared to an
untreated group without any marked difference as a result of
the combination. e double-stranded DNA fragmentation
has generally occurred with 18.90 ± 1.33%when HL-60 can-
cer cells are exposed to an equal combination of cytarabine
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F 4: Antiproliferative assays of HL-60 cell line aer, 24 48, and 72 hours of treatment with free cytarabine and a combination of free
cytarabine with hippuric acid and HAN (a) and positive control using doxorubicin (b).

T 4: Antimicrobial activities of hippuric acid and HAN nanocomposite against different microorganisms aer 24 hours treatment∗.

Sample SC BS PA MRSA CA
HA 8 13 11 10 9
HAN 7 7 10 8 7
SC: Salmonella choleraesuis; BS: Bacillus subtilis; PA: Pseudomonas aeruginosa; MRSA: methicillin-resistant Staphylococcus aureus; CA: Candida albicans; HA:
hippuric acid; HAN: hippurate nanocomposite.
∗Diameters of zones of inhibition were measured to nearst mm.

toHAN concentration.is result provides a rationale for the
synergistic property of HANwhen combined with cytarabine
more than that was observed in MTT results. is indicates
that drug delivery to the tumor cell was noticeably enhanced
by nanocomposite with ZLH. In the nanocomposite system,
however, drugs can reach the tumor cell membrane without
any early decomposition, since the drug is stabilized and
protected in the interlayer space of the ZLH layers.is result
clearly con�rmed that the intercalation reaction not only
resulted in avoidance of drug denaturation but also enhanced
the permeability of the drug into the target cells without any
noticeable side effects [17].

10.5. Antimicrobial Activity of Hippuric Acid and Its HAN
Nanocomposite. ere were many previous studies reported
on the antimicrobial activity of hippuric acid [18–22]. e

effect of HAN against different microorganisms is reported
in the present study. e work principle depends on the
measurement of the diameter of inhibition zones where
the increase in the inhibition zone indicating the highest
antimicrobial activity. HAN exhibited antimicrobial activity
against the tested organisms by showing the clear inhibition
zones using the disk diffusion method. e diameters of the
inhibition zone are shown in Table 4. Similar to antibiotic
sensitivity testing, the antimicrobial activity of the hippuric
acid against different microorganisms was determined using
the disk diffusion method, employing the nanoparticles
impregnated disks.

In the present study, 100 𝜇𝜇g/mL suspension of hip-
puric acid and 25𝜇𝜇g/mL suspension of HAN were used to
impregnate 6mm diameter sterilized �lter paper disks. e
nanocomposite laden disks were placed on the surface of
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F 5: DNA fragmentation percentage of HL-60 cell line aer 72
hours by cytarabine and combinations of cytarabine with hippuric
acid and HAN.

LB agar plates containting the tested microorganism. e
microbial suspension (100 𝜇𝜇L of 104 CFUmL−1) was applied
uniformly on the surface of the dried LB agar plates in case of
bacteria or potato dextrose agar plates in case of yeast before
placing the disks on the plate (3 plates per microorganism).
e plates were incubated at 37∘C for 24 hours. At the end
of the incubation period, the average diameter (mm) of the
inhibition zone surrounding the disk was measured using a
ruler with up to 1mm resolution.

e most susceptible organisms to the hippuric acid were
Bacillus subtilis and Pseudomonas aeruginosa. In addition,
Pseudomonas aeruginosa and methicillin-resistant Staphylo-
coccus aureus were more sensitive to HAN as compared to
other micro-organisms, and this might be attributed to the
smaller particle size of HAN as compared to hippuric acid
alone. e small particle size of HAN allowed more drug
uptake by Gram-negative bacteria. As shown in Table 4,
hippuric acid and HAN show similar antimicrobial activity
against all the tested organisms, although hippuric acid shows
a slightly larger zone of inhibition than HAN. is might be
attributed to that HAN is known of slow release of active
hippuric acid.

It is worth mentioning that Pseudomonas aeruginosa and
MRSA aremajor pathogens causing problematic infections in
human and animals such as septicemia, wound, burns, and
deadly infections [23, 24]. In addition, these two pathogens
are known of multidrug resistance to several classes of
currently used antibiotics making the treatment process
problematic and concerning [25, 26]. Nanointercalation of
9.5 𝜇𝜇g hippuric acid (38% of the 25 𝜇𝜇g HAN) between
two zinc-layered hydroxide (ZLH) increases its efficacy and
exhibits the approximate reduction of 100 𝜇𝜇g/mL hippuric
acid in bacterial growth aer 24 hours exposure as seen
in Pseudomonas aeruginosa. e application of HAN would
improve control of infections caused by these pathogens by
its slow release of antibacterial activity. Our results were in
accordance with the prospective importance of nanoparticles

in the treatment of bacterial infections and nanomedicine
[27, 28].

11. Conclusion

A new nanocomposite compound in which hippuric acid
is intercalated into the interlayer of zinc layered hydroxide
was synthesized by direct reaction of zinc oxide aqueous
suspension with anions of hippuric acid. e resulting phase
pure nanocomposite was synthesized using 0.2 molar hip-
puric acid and had a basal spacing of 21.3 Å.e combination
of cytarabine with HAN showed higher tumor suppression
efficiency compared to cytarabine alone with IC50 values
0.165 ± 0.070 𝜇𝜇g/mL. e exposure of HL-60 cancer cells to
cytarabine alone resulted in 10.70 ± 0.96% DNA fragmenta-
tion compared to 18.90 ± 1.33% in the case of combination
of cytarabine with HAN. Furthermore, the HAN nanocom-
posite showed antimicrobial activity against Pseudomonas
aeruginosa and methicillin-resistant Staphylococcus aureus.

Con�ict of �nterests

e authors declare that they have no con�ict of interests in
this work.

Acknowledgments

e authors would like to thank the Ministry of Higher
Education of Malaysia for �nancial support under Grant
no. FRGS/1/11/SG/UPM/01/2 (Vot. 5524165) and to the
Malaysian International Scholarship (MIS) for Financial
support of Dr. MEZ, from the department of Microbiology
and Immunology, Faculty of Pharmacy, Zagazig University,
Egypt, through a postdoctors scolarship.

References

[1] V. Rives, Layered Double Hydroxides: Present and Future, Nova
Science, New York, NY, USA, 2001.

[2] G. G. C. Arizaga, K. G. Satyanarayana, and F. Wypych, “Layered
hydroxide salts: synthesis, properties and potential applica-
tions,” Solid State Ionics, vol. 178, no. 15–18, pp. 1143–1162,
2007.

[3] K. Ladewig, P. X. Zhi, andQ. L. Gao, “Layered double hydroxide
nanoparticles in gene and drug delivery,” Expert Opinion on
Drug Delivery, vol. 6, no. 9, pp. 907–922, 2009.

[4] S. Aisawa, “Nucleotide transport efficiency to leukemia cells by
layered double hydroxide,” Kagaku to Kogyo, vol. 55, no. 7, p.
809, 2002.

[5] J. H. Choy, M. Park, and J. M. Oh, “Bio-nanohybrids based on
layered double hydroxide,” Current Nanoscience, vol. 2, no. 3,
pp. 275–281, 2006.

[6] J. H. Choy, “Biological hybrid materials for drug delivery
system,” Solid State Phenomena, vol. 111, pp. 1–6, 2006.

[7] J. H. Choy and M. Park, “Nanohybridization of biomolecules
with layered double hydroxides and hydroxy double salts for
advanced applications,” Clay Science, vol. 12, pp. 52–56, 2005.

[8] M. Louer, D. Louer, and D. Grandjean, “Etude structurale
des hydroxynitrates de nickel et de zinc. I. Classi�cation



Journal of Nanomaterials 9

structurale,” Acta Crystallographica B, vol. 29, pp. 1696–1703,
1973.

[9] S. H. H. Al Ali, M. Al-Qubaisi, M. Z. Hussein, Z. Zainal, and
M.N. Hakim, “Preparation of hippurate-zinc layered hydroxide
nanohybrid and its synergistic effect with tamoxifen on HepG2
cell lines,” International Journal of Nanomedicine, vol. 6, pp.
3099–3111, 2011.

[10] S. H. Al Ali, M. Al-Qubaisi, M. Z. Hussein, M. Ismail, Z.
Zainal, and M. N. Hakim, “Controlled-release formulation
of antihistamine based on cetirizine zinc-layered hydroxide
nanocomposites and its effect on histamine release from
basophilic leukemia (RBL-2H3) cells,” International Journal of
Nanomedicine, vol. 7, pp. 3351–3363, 2012.

[11] M. Z. Hussein, S. H. Al Ali, Z. Zainal, and M. N. Hakim,
“Development of antiproliferative nanohybrid compound with
controlled release property using ellagic acid as the active
agent,” International Journal of Nanomedicine, vol. 6, pp.
1373–1383, 2011.

[12] J. M. Andrews, “BSAC standardized disc susceptibility testing
method,” Journal of Antimicrobial Chemotherapy, vol. 48, no. 1,
pp. 43–57, 2001.

[13] M. Yin, Y. Gu, I. L. Kuskovsky et al., “Zinc oxide quantum rods,”
Journal of the American Chemical Society, vol. 126, no. 20, pp.
6206–6207, 2004.

[14] S. P. Newman and W. Jones, “Comparative study of some lay-
ered hydroxide salts containing exchangeable interlayer anions,”
Journal of Solid State Chemistry, vol. 148, no. 1, pp. 26–40, 1999.

[15] J. M. Leclerc and R. L. Momparler, “Effect of the interval
between exposures to cytarabine on its cytotoxic action on HL-
60 myeloid leukemic cells,” Cancer Treatment Reports, vol. 68,
no. 9, pp. 1143–1148, 1984.

[16] D. Y. Bouffard and R. L. Momparler, “Comparison of the
induction of apoptosis in human leukemic cell lines by 2’, 2’-
di�uorodeoxycytidine (gemcitabine) and cytosine arabinoside,”
Leukemia Research, vol. 19, no. 11, pp. 849–856, 1995.

[17] J. H. Choy, J. S. Jung, J. M. Oh et al., “Layered double hydroxide
as an efficient drug reservoir for folate derivatives,”Biomaterials,
vol. 25, no. 15, pp. 3059–3064, 2004.

[18] J. M. T. Hamilton-Miller and W. Brum�tt, “Methenamine
and its salts as urinary tract antiseptics. Variables affecting
the antibacterial activity of formaldehyde, mandelic acid, and
hippuric acid in vitro,” Investigative Urology, vol. 14, no. 4, pp.
287–291, 1977.

[19] D. Kaye, “Antibacterial activity of human urine,” Journal of
Clinical Investigation, vol. 47, no. 10, pp. 2374–2390, 1968.

[20] Y. L. Lee, J. Owens, L. rupp, and T. C. Cesario, “Does
cranberry juice have antibacterial activity?” Journal of the
American Medical Association, vol. 283, no. 13, p. 1691, 2000.

[21] I. Ofek, J. Goldhar, D. Zafriri, H. Lis, R. Adar, and N.
Sharon, “Anti-Escherichia coli adhesin activity of cranberry and
blueberry juices,”eNewEngland Journal ofMedicine, vol. 324,
no. 22, p. 1599, 1991.

[22] R. Raz, B. Chazan, and M. Dan, “Cranberry juice and urinary
tract infection,” Clinical Infectious Diseases, vol. 38, no. 10, pp.
1413–1419, 2004.

[23] N. Mesaros, P. Nordmann, P. Plésiat et al., “Pseudomonas
aeruginosa: resistance and therapeutic options at the turn of the
new millennium,” Clinical Microbiology and Infection, vol. 13,
no. 6, pp. 560–578, 2007.

[24] A. R. Naylor, P. D. Hayes, and S. Darke, “A prospective audit
of complex wound and gra infections in Great Britain and

Ireland: the emergence of MRSA,” European Journal of Vascular
and Endovascular Surgery, vol. 21, no. 4, pp. 289–294, 2001.

[25] J. N. Sharpe, E. H. Shively, and H. C. Polk, “Clinical
and economic outcomes of oral linezolid versus intravenous
vancomycin in the treatment of MRSA-complicated, lower-
extremity skin and so-tissue infections caused by methicillin-
resistant Staphylococcus aureus,” American Journal of Surgery,
vol. 189, no. 4, pp. 425–428, 2005.

[26] D. M. Livermore, “Multiple mechanisms of antimicrobial
resistance in Pseudomonas aeruginosa: our worst nightmare?”
Clinical Infectious Diseases, vol. 34, no. 5, pp. 634–640, 2002.

[27] A. J. Huh and Y. J. Kwon, “‘Nanoantibiotics’: a new paradigm
for treating infectious diseases using nanomaterials in the
antibiotics resistant era,” Journal of Controlled Release, vol. 156,
pp. 128–145, 2011.

[28] S. Parveen, R. Misra, and S. K. Sahoo, “Nanoparticles: a
boon to drug delivery, therapeutics, diagnostics and imaging,”
Nanomedicine, vol. 8, no. 2, pp. 147–166, 2012.



Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2013, Article ID 629681, 12 pages
http://dx.doi.org/10.1155/2013/629681

Review Article
Nanomedicine in Action: An Overview of Cancer Nanomedicine
on theMarket and in Clinical Trials

RuibingWang, Paul S. Billone, andWayneM.Mullett

Nordion Inc., 447 March Road, Ottawa, ON, Canada K2K 1X8

Correspondence should be addressed to Ruibing Wang; ruibing.wang@nordion.com

Received 22 October 2012; Accepted 9 November 2012

Academic Editor: Haiyan Li

Copyright © 2013 Ruibing Wang et al. is is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Nanomedicine, de�ned as the application of nanotechnology in the medical �eld, has the potential to signi�cantly change the
course of diagnostics and treatment of life-threatening diseases, such as cancer. In comparison with traditional cancer diagnostics
and therapy, cancer nanomedicine provides sensitive cancer detection and/or enhances treatment e�cacy with signi�cantly
minimized adverse effects associated with standard therapeutics. Cancer nanomedicine has been increasingly applied in areas
including nanodrug delivery systems, nanopharmaceuticals, and nanoanalytical contrast reagents in laboratory and animal model
research. In recent years, the successful introduction of several novel nanomedicine products into clinical trials and even onto the
commercial market has shown successful outcomes of fundamental research into clinics. is paper is intended to examine several
nanomedicines for cancer therapeutics and/or diagnostics-related applications, to analyze the trend of nanomedicine development,
future opportunities, and challenges of this fast-growing area.

1. Introduction

According to National Nanotechnology Initiative (NNI, a
multiagencyUS government program initiated in 2001), nan-
otechnology is broadly de�ned as the science and engineer-
ing involved in the design, synthesis, characterization, and
application of materials and devices with at least one of the
dimensions on the nanoscale (typically 1–100 nanometers)
[1]. Since its inception several decades ago, nanotechnology
has drawn increasing attention from both the academic
and industrial sectors for applications not only in materials
science and engineering, such as light-emitting devices and
solar cells, but also in the biotechnology and medical �elds
including disease diagnostics, prevention, and treatment.
Accordingly, the level of interest in nanotechnology shown
by both academic and industrial investigators has led to the
increased development of novel nanotechnology platforms
for medical applications, sharp increases in government
funding, and venture capital investment [2]. Nanomedicine
as a newly created subterm, refers to the application of
engineered nanomaterials to the medical �eld.

Nanotechnology offers many potential bene�ts to med-
ical applications including the early detection of cancers

and cancer treatment, passive and active disease targeting,
increased biocompatibility, and multifunctionality encom-
passing both imaging and therapeutic capabilities, allowing
for simultaneous disease treatment and monitoring [3]. e
major advantages of nanomaterials in medical applications
include the following. (1)ey are on the same size scale with
biomolecules such as receptors, antibodies, and nucleic acids.
Nanomaterials can also be functionalized with biomolecules,
enabling them to target speci�c organelles within certain
tissues or even the entire cells for localization in the targeted
area. (2) Nanostructures can oen overcome solubility and
stability issues through surface modi�cation/wrappings or
additional formulation. (3) Nanostructures have novel physi-
cal properties, such as optical properties from quantum dots,
which can be utilized for bioimaging. (4) Due to the nanosize,
they are normally composed of thousands of atoms with a
high surface area so that a higher therapeutic payload (e.g.,
radioactive isotopes or chemotherapy drugs) can be carried
to or encapsulated in the nanostructure. Once delivered and
recognized by a receptor, the high-dose therapeutic load can
cause more devastating damage to cancer cells at the targeted
site. (5) Nanoparticle (NP) formulations, through passive or
active targeting, can oen release therapeutic payloads at
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T 1: Nanomedicines approved by one or more regulatory bodies.

Product Nanoplatform/agent Indication Status Company

Doxil
PEGylated
liposome/doxorubicin
hydrochloride

Ovarian cancer Approved 11/17/1995
FDA50718

Ortho Biotech
(acquired by JNJ)

Myocet Non-PEGylated liposomal
doxorubicin nanomedicine Metastatic breast cancer

Approved in Europe and
Canada, in combination
with cyclophosphamide

Sopherion erapeutics,
LLC in North America and
Cephalon, Inc. in Europe

DaunoXome Lipid encapsulation of
daunorubicin

First-line treatment for
patients with advanced
HIV-associated Kaposi’s
sarcoma

Approved in the USA Galen Ltd.

ermoDox
Heat-activated liposomal
encapsulation of
doxorubicin

Breast cancer, primary liver
cancer

Received Fast Track
Designation, approval
expected by 2013

Celsion

Abraxane Nanoparticulate
albumin/paclitaxel Various cancers Approved 1/7/2005

FDA21660 Celgene

Rexin-G
Targeting protein tagged
phospholipid/microRNA-
122

Sarcoma, osteosarcoma,
pancreatic cancer, and
other solid tumor

Fully approved in
Philippine
Phase II/III (Fast Track
Designation, Orphan Drug
Status Acquired) in USA

Epeius Biotechnologies
Corp.

Oncaspar PEGylated asparaginase Acute lymphoblastic
leukemia Approved 24/06/2006 Enzon Pharmaceuticals,

Inc.

Resovist Iron oxide nanoparticles
coated with carboxydextran Liver/spleen lesion imaging In 2001, approved for the

European market Bayer Schering Pharma AG

Feridex Iron oxide nanoparticles
coated with dextran Liver/spleen lesion imaging Approved by US-FDA in

1996 Berlex Laboratories

Endorem Iron oxide nanoparticles
coated with dextran Liver/spleen lesion imaging Approved in Europe Guerbet

cancer sites, thus signi�cantly reducing nonspeci�c toxicity
[3].

However, challenges always exist together with oppor-
tunities. First, nanomedicine may pose a myriad of full
characterization challenges. Second, concerns about safety
and manufacturability should not be ignored. For instance,
each nanomedicine’s batch-to-batch consistency needs to
be veri�ed with effective quality control methods [4]. In
addition, nanomedicine may be ineffective if the therapeutic
moiety of a particle disassociates from the nanoparticle
platform upon administration or during circulation in the
bloodstream or is degraded inside the particle. Pretargeting
release of a therapeutic payload (e.g., a chemotherapeutic)
from the nanoplatform may result in an acute toxicity
independent of the pharmacokinetics of the nanoparticle
platform itself [3, 5]. Clinical translation of NPs requires a
complete understanding of particle size, composition, for-
mulation, internal and external structure, chemical reactivity
and stability, and their relationship with the human body,
namely, biodistribution, toxicity, and biocompatibility [6].

Even with these and other challenges, a few �rst-
generation nanomedicines have already obtained recognition
in the clinical cancer research community as effective tools.
For instance, Doxil (a liposomal formulation of doxorubicin)
was approved by the FDA in themid-1990s anddemonstrated
a decreased cardiotoxicity compared with free doxorubicin

T 2: Half-life of ASNase (native versus PEGylated) [50].

Product Manufacturer 𝑇𝑇1/2

E. coli native ASNase (Elspar) Merck & Co. Inc. 1.15 days
PEG-ASNase (Oncaspar) Enzon Pharmaceuticals 5.85 days

[7]. Another prime example of the budding success of
nanomedicine is Abraxane, a nanoscale albumin-bound form
of paclitaxel, approved by FDA in 2005 [8]. is nanoparticle
has a size around 100 nm and solubilizes a poorly soluble
drug (paclitaxel) so that the notable side effects of paclitaxel
are signi�cantly decreased. Tables 1 and 3 list nanomedicine,
constructs currently on the market and in clinical trials,
respectively. It is noteworthy from the list that most of the
FDA approved marketed nanomedicines, including Doxil,
Abraxane, ermoDox, and Rexin-G, are organic-based for-
mulations, presumably due to better biocompatibility and the
low (or no) toxicity of the organic platforms. However, inor-
ganic materials-based medical devices and nanomedicines,
such as Aurimune (colloidal gold platform based) and Auro-
Lase (gold-coated silica nanoparticle platform based), have
recently gained FDA recognition and are in various phases
of clinical trials [9, 10]. e majority of the agents are
therapeutics, where market sizes are larger and potentially
more pro�table than diagnostics, given equal or similar
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development costs associated with a regulatory approval for
either type [6].

e following sections will discuss nanomedicines that
are on the market (approved from one or more regulatory
authorities for commercial use) and nanomedicines that are
still in clinical trials, as listed in Tables 1 and 3, respectively.

2. Cancer Nanomedicine on theMarket

2.1. Liposomal Anthracyclines. ere are several nanoparti-
cle technologies based on the liposomal encapsulation of
anthracyclines, which are known to be potent cytotoxic
agents for various types of cancers. ree of the most widely
known and marketed technologies are Doxil (also marketed
in Canada and Europe as Caelyx, Janssen Biotech, Inc.),
Myocet (marketed by Sopherion erapeutics, LLC in North
America and Cephalon, Inc. in Europe), and DaunoXome
(Galen Ltd.).

2.1.1. Doxil. Doxil was initially approved by the FDA in
1995 as a treatment for AIDS-related Kaposi’s sarcoma. It
is considered the �rst approved “nanodrug” and has been
successful since its market introduction, with over $600
million USD in annual sales across all of its markets [11].

Doxil liposomes consist of a single lipid bilayer mem-
brane composed of hydrogenated soy phosphatidylcholine
(HSPC) and cholesterol with doxorubicin encapsulated in the
internal compartment [12]. e mean size of the vesicles is
in the range of 80–90 nm [13] and because doxorubicin is a
small-molecule therapeutic, each vesicle can hold a payload
of up to 15,000 molecules [12]. In order to mitigate the
stability and early release issues that traditional liposomal
encapsulations of doxorubicin have [14], 2000Da segments
of poly(ethylene glycol) (PEG) are graed to the liposome
surface. In addition to providing stability to the particles, the
PEG functionalization makes the particles nearly invisible
to the reticuloendothelial system (RES), earning them the
distinction of stealth liposomes [12, 13].

Doxil vesicles rely on a passive targeting mechanism in
order to accumulate at tumor sites [13]. While not speci�c to
theDoxil formulation (as evident from the other technologies
discussed below), the primary mechanism for accumulation
and distribution throughout tumor sites is believed to be due
to the combination of long circulation time (half-life of 2-3
days for clearance) [12] and the microvascularity of tumors,
along with the enhanced permeability and retention (EPR)
effect [15, 16]. e volume of the distribution of Doxil is
only slightly larger than the plasma volume itself, indicating
that there is a very little uptake of the liposomes by healthy
tissue. Consequently, many studies have indicated that Doxil
efficacy is substantially higher than that of free doxorubicin
on a mg-to-mg scale [13], likely due to the liposomal
targeting mechanism discussed above. However there is still
no consensus on themechanismof doxorubicin delivery itself
to the cancerous cells within the tumor once the vesicles have
been uptaken. Barenholz discusses two mechanisms [11] but
concludes that the most likely mechanism for doxorubicin
delivery is that a collapse of the ammonium sulfate gradient
in the tumor interstitial �uid results in the release of the

doxorubicin outside the tumor cells, aer which it is taken
up by the cells; this mechanism still lacks conclusive clinical
evidence.

Despite its signi�cantly longer circulation time than dox-
orubicin itself (which has an in vivo half-life of ∼5min) [12],
Doxil has dramatically different, and less severe, side effects
than the free drug [15]. In particular, Doxil shows a drastic
decrease in the cardiotoxicity over doxorubicin, for which
cardiotoxicity is the dose-limiting side effect. Early Phase
I-II studies with Doxil revealed that the cardiotoxicity in
solid tumor patients is insigni�cant [12], attributed to nearly
negligible levels of the free drug in the blood stream and the
minimal distribution of Doxil to the heart itself. e maxi-
mum tolerated dose (MTD) of Doxil, as de�ned during Phase
II trials, was 50mg/m2 every four weeks [17]. e two most
severe side effects of Doxil are mucositis and palmar plantar
erythrodysesthesia (PPE) [12]. PPE, which is a schedule-
limiting and critical dose-limiting factor for multiple-course
treatment regimes [12], is a toxic effect unique to Doxil (not
observed with free doxorubicin) and is attributed largely to
the long circulation time of the vesicles and a tendency of
stealth liposomes to accumulate at the skin [18].

As of 2012, indications for Doxil include second-line
treatment ofAIDS-relatedKaposi’s sarcoma (1995), recurrent
ovarian cancer (1998), metastatic breast cancer (2003), and
multiple myeloma in combination with bortezomib (2007)
[11].

2.1.2. Myocet. Myocet is a liposomal doxorubicin nanomedi-
cine whose main difference from Doxil is that it lacks the
PEG functionalization on the particle surface. Advantages
of the formulation are mainly to do with toxicity. Without
PEGylation, the circulation time is signi�cantly shorter than
observed for Doxil (∼2.5 hrs) and the liposomes are not
“invisible” to the RES. erefore, Myocet is not associated
with PPE, the dose-limiting toxicity of Doxil, and shows
signi�cantly reduced incidence of mucositis when compared
to Doxil [19]. However, Myocet still has a circulation time
long enough to ensure the effective passive targeting of tumor
sites. Despite the signi�cantly increased circulation time of
Myocet as compared to doxorubicin, efficacy is essentially the
same in most clinical tests [20]. In one particular Phase III
head-to-head comparison between doxorubicin and Myocet
for the treatment of metastatic breast cancer, response rates
and progression-free survival were identical for the two
treatments [21]. However, the incidence of cardiac-related
toxicity was lower with Myocet. e major dose limiting
toxicity (DLT) of Myocet has been shown to be leukopenia
or neutropenia [22].

eMyocet liposome is composed of a bilayer membrane
of egg phosphatidylcholine and cholesterol in a 55 : 45 mole
ratio. Doxorubicin is loaded into the internal aqueous core of
the particle using an active loading process driven by a pH
gradient; once the doxorubicin is loaded into the liposomes,
the molecules stack into �bres that are noncovalently cross-
linked with citrate [23]. Unlike Doxil, Myocet has been
observed to release its doxorubicin quite rapidly. Within 24
hours, 90% of its doxorubicin content is released in vivo [19].
e increased release rate as compared to Doxil is attributed
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primarily to the lack of PEG coating, which stabilizes the
membrane of the liposome and prevents the leakage of the
payload [16].

Myocet is not yet approved for use in the USA (Phase
III clinical trials as �rst-line treatment for HER2 positive
metastatic breast cancer is underway) but it is marketed in
Canada and Europe in combination with cyclophosphamide
as a �rst-line treatment for metastatic breast cancer [23].

2.1.3. DaunoXome. Unlike the previous two technologies,
DaunoXome is a lipid encapsulation of a different anthra-
cycline, daunorubicin. Daunorubicin differs from the more
commonly used doxorubicin in that the former lacks a
hydroxyl group at the 14-position [24]. DaunoXome was
originally developed using daunorubicin instead of doxoru-
bicin due to its increased aqueous stability and its increased
cytotoxicity for certain types of solid tumors [19]. e
DaunoXome liposome consists of a bilayer membrane of
distearoyl phosphatidylcholine and cholesterol at a 2 : 1molar
ratio. e citrate salt of daunorubicin is encapsulated within
the inner aqueous core of the vesicle [25]. e particles
themselves are approximately 50 nm in diameter [26] and
demonstrate the high stability and minimal leakage of the
entrapped daunorubicin [27].

Like the previously discussed doxorubicin-based tech-
nologies, DaunoXome also relies on a passive-targeting
mechanism for the targeting of tumor sites. Because of the
small vesicle size, net neutral charge, and incorporation of
cholesterol and a lipid molecule with a high phase-transition
temperature, DaunoXome is able to avoid the RES and
has a circulation half-life of 2–4 hours [28]. Early trials
with DaunoXome versus free daunorubicin showed higher
accumulation of free daunorubicin within tumors for the
DaunoXome than for the free drug. e free drug showed
9.6 𝜇𝜇g/g accumulation in the tumor aer 1 hr, with further
decreasing levels thereaer, while DaunoXome treatment
resulted in 100 𝜇𝜇g/g accumulation of daunorubicin equiva-
lents through 11 hours [24].

DaunoXome is approved in the USA as a �rst-line
treatment for patientswith advancedHIV-associatedKaposi’s
sarcoma [29]. ere are also many active and/or recruiting
clinical trials trying to prove the clinical efficacy for various
forms of leukemia [30].

2.2. ermoDox. While not currently approved in any mar-
kets, Celsion’s ermoDox is very similar to Doxil and
Myocet, as discussed above; in that it is composed of doxoru-
bicin encapsulated within the aqueous inner core of bilayer
liposomes. e property that makes ermoDox unique and
has garnered it so much attention is that upon heating the
liposomes to temperatures ≥39.5∘C, they release their pay-
loads of doxorubicin within seconds [31, 32]. is property
enables the payload of doxorubicin to be delivered as a
burst to a tumor site without the associated systemic toxicity
observed with the administration of the free drug itself [33].

e ermoDox liposome is comprised of dipalmito-
ylphosphatidylcholine (DPPC), monostearoylphosphatidyl-
choline (MSPC), and DSPE-MPEG-2000 in a 90 : 10 : 4 molar
ratio [31]. DPPC, which has a gel-to-liquid crystalline phase

transition temperature (Tc) of 41.5∘C, induces membrane
instability in the ermoDox liposome at temperatures
around Tc. Because of its size (∼100 nm) and nature, the
liposomes are rapidly identi�ed by the RES and are concen-
trated in the liver [33]. erefore, ermoDox was identi�ed
as an ideal candidate for the treatment of hepatocellular
carcinoma (HCC). In order to deliver the thermal energy
required to release the ermoDox payload of doxorubicin,
radiofrequency ablation (RFA) is a convenient means as it
is already widely used in the treatment of HCC. Two of the
main drawbacks of RFA in the treatment of HCC tumors
are the following. (1) Large tumors (>3 cm) are ineffectively
treated and (2) cancerous cells at the periphery of the
tumor oen survive following RFA treatment and result in
incidents of recurrence [33].However, whenermoDoxwas
administered prior to RFA treatment in various preclinical
and early-phase clinical trials, there were synergistic effects
on treatment. e doxorubicin released by the ermoDox
upon RFA-induced heating increases the tumoricidal effect
at the ablation margin, while RFA improves the efficacy of
the doxorubicin at killing cancerous cells. e latter point
has been observed through many studies and is attributed
to the upregulation of doxorubicin induced at the high
temperatures reached during RFA [33].

e MTD of ermoDox was determined to be
50mg/m2; the dose-limiting toxicities were grade 3 alanine
aminotransferase increase and grade 4 neutropenia. ere
does not seem to be any abnormal liver toxicity for the
treatment based on the use of ermoDox; all of the adverse
events during early phase clinical trials were consistent with
the adverse event pro�le of free doxorubicin.

ere is currently one major Phase III clinical trial
ongoing for ermoDox in conjunction with RFA for the
treatment of unresectable HCC [34]. According to the infor-
mation on Celsion’s website (http://celsion.com/), results
of the pivotal HEAT clinical trial are expected sometime
in 2013. e FDA has given the HEAT trial a Fast Track
Designation and it is being conducted under an FDA Special
Protocol Assessment. In addition, the National Institutes of
Health (NIH) has designated the study as a Priority Trial
for liver cancer. e US-FDA, European Medicines Agency
(EMA), and the Chinese, South Korean, and Taiwanese
regulatory bodies have all con�rmed that the HEAT study
provides an acceptable basis for the submission of a market-
ing authorization application [35]. ermoDox treatment is
also being investigated for various forms of breast cancer and
bone metastases [36].

2.3. Abraxane. Unlike the previously discussed liposo-
mal technologies, Abraxane (marketed by Celgene) is a
nanoparticle-based cancer treatment that utilize albumin
nanoparticles as the carriers of the active agent. e active
agent in Abraxane is paclitaxel, a diterpene that has dramatic
chemotherapeutic effects based on its ability to stabilize
microtubules causingmitotic arrest [37].While paclitaxel has
been used widely as a chemotherapeutic agent for various
forms of cancer, its original formulation (known as Taxol
and also including ethanol) included the solvent Cremophor,
which itself caused a number of adverse reactions, including
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acute hypersensitivity [38]. Because of paclitaxel’s hydropho-
bic nature, it needs a nonpolar carrier to make it clinically
viable. Albumin is an ideal carrier as it is the natural carrier
of hydrophobic molecules such as vitamins and hormones
with favorable noncovalent binding interactions [39]. e
nanoconjugates of albumin and paclitaxel are easily synthe-
sized by mixing paclitaxel and human serum albumin in an
aqueous solvent and passing the solution through a high
pressure jet, resulting in nanoparticles in the size range of
100–200 nm [40]. Upon injection into biological systems, the
nanoparticles rapidly dissolve into smaller 10 nm complexes
consisting of albumin molecules with bound paclitaxel [38].
As expected, the Abraxane formulation lacks the toxicity
effects attributed to the Cremophor solvent.

Abraxane has been shown to not only decrease the
toxicity of traditional paclitaxel formulations but to actually
increase the efficacy of the drug in clinical trials involving
patients with an advanced breast cancer [38]. e increased
efficacy has been proposed to be due to both increased
the uptake from the intravascular space and an increased
transport into cancer cells. Albumin is known to bind to
endothelial glycoprotein receptor gp60, which in turn is
bound to an intracellular protein cavloin-1. is process
causes the formation of transcytotic vesicles known as cave-
olae that transport the plasma constituents within the vesicle
through the endothelial cell, including the albumin-bound
paclitaxel [39]. Once the drug has been delivered from the
intravascular space into the intratumoral space, albumin also
facilitates the intratumoral uptake of paclitaxel. A recent in
vivo study showed a 33% higher accumulation of paclitaxel
in the intratumoral space for an albumin-conjugated form of
paclitaxel when equal doses of paclitaxel were administered
using the albumin-based and the Cremophor-formulated
paclitaxel [41]. Current explanation for this phenomenon is
that albumin is also able to bind to SPARC (secreted protein
acid and rich in cysteine), a protein that is overexpressed in
the extracellular space for a variety of cancers [39].

Abraxane (also commonly referred to as nab-paclitaxel)
was approved by the FDA in 2005 for the treatment of breast
cancer aer the failure of the combination chemotherapy for
metastatic disease or relapse within 6 months of adjuvant
chemotherapy. Prior therapy should have included an anthra-
cycline unless clinically contraindicated [42]. Several other
indications are currently being pursued through aggressive
clinical trials, including �rst-line metastatic breast cancer,
nonsmall cell lung cancer, and recurrent ovarian, peritoneal,
or fallopian tube cancers in platinum-sensitive patients.

2.4. Rexin-G. e cancer collagen matrix targeting nano-
medicine platform is a liposome platform with a high-
affinity collagen-bindingmotif, derived from coagulation von
Willebrand factor (vWF), which is genetically engineered
into liposome surface proteins [43]. e model product
of this platform, Rexin-G, an Epeius proprietary product,
is a replication-incompetent, pathotropic (disease-seeking)
tumor matrix (collagen-) targeted retro vector encoding an
N-terminal deletion mutant of the cyclin G1 gene with
potential antineoplastic activity [43, 44]. e microRNA is

encapsulated into the said platform. When injected intra-
venously, the nanoparticles (∼100 nm) seek out and accu-
mulate in cancerous lesions wherein collagenous matrix pro-
teins are exposed by tumor invasion, neoangiogenesis, and
extracellular remodeling. e accumulation of nanoparticles
within the tumormicroenvironment, in the vicinity of cancer
cells, enhances gene transfer efficiency via natural viral cell
receptor mechanisms. In Epeius early preclinical and clinical
studies, Rexin-G demonstrated a signi�cant antitumor activ-
ity in a broad spectrum of solid tumors [45, 46].

Although Epeius is currently conducting a number of
clinical trials in theUSA and abroad for Rexin-G as therapeu-
tic intervention for metastatic or locally advanced cancers,
Rexin-G in fact has been approved for use in “all solid
tumors” in the Philippines based on profound evidence of
single-agent efficacy in a broad spectrum of chemoresistant
tumors [43]. e clinical data including the documentation
of safety and efficacy of Rexin-G from studies conducted
in the Philippines has helped Rexin-G to gain Orphan
Drug Designation as an effective treatment for pancreatic
cancer in 2003, followed by Orphan Drug Status for both
osteosarcoma and so tissue sarcoma in 2008 [44]. By 2009,
Epeius completed its Advanced Phase I�II and con�rmatory
Phase II trials for pancreatic cancer, sarcoma, and osteosar-
coma, respectively, with all primary and secondary endpoints
achieved. Consequently, Rexin-G has received FAST Track
Status and priorities from the US-FDA and is in the process
of applying for an accelerated approval for these clinical
indications.emarket in theUSAmay grow sharply if Phase
III clinical trials go well [44].

It is worthwhile to point out that the Rexin-G technology
is the �rst of its kind (gene therapy of cancer) accessible on
the market (e.g., in the Philippines) and has been considered
revolutionary in the �eld of cancer treatment [47].

2.5. Oncaspar. Asparaginase (ASNase), a naturally occurring
enzyme expressed and produced by microorganisms, cat-
alyzes the hydrolysis of asparagine to aspartic acid. ASNase
was identi�ed as a potential chemotherapeutic agent for
acute lymphoblastic leukemia (ALL) in 1961 when it was
observed that guinea pig serum-treated lymphoma-bearing
mice underwent a rapid and oen complete regression [48].
e potential of ASNase as a childhood ALL therapeutic was
con�rmed with the consecutive series of clinical trials [49].

e working mechanism behind ASNase therapeutic
effect on ALL is that ASNase catalyzes the conversion of L-
asparagine to aspartic acid and ammonia (as shown by the
equation below) whereas leukemic cells growth depends on
circulating asparagine, since that ALL leukemic cells and
some other suspected tumor cells are unable to synthesize
the nonessential amino acid asparagine, whereas normal cells
are able to make their own asparagine [50]. e presence of
ASNase deprives the leukemic cell of circulating asparagine,
which leads to cell death:

Asparagine
km = 29 𝜇𝜇M
−−−−−−−−−−→ Aspartic acid + NH3

(1)
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In the USA there are two forms of commercially available
asparaginase: Elspar, an E. coli-derived asparaginase man-
ufactured by Merck (Whitehouse Station, NJ, USA), and
pegaspargase (Oncaspar), a PEGylated form of asparaginase,
manufactured by Enzon Pharmaceuticals, Inc. (Bridgewater,
NJ, USA) from the Merck asparaginase bulk drug prod-
uct [50]. e technology of polyethylene glycol covalent
conjugation to the native asparaginase increases the drug
hydrodynamic radius, prolongs its circulation and reten-
tion time, decreases proteolysis, decreases renal excretion,
and shields antigenic determinants from immune detection
without obstructing the substrate-interaction site, and thus
reduces the side effect of the native asparaginase such as
hypersensitivity [51, 52].

Oncaspar was �rst approved by the US-FDA in 1994 for
use in ALL patients who developed hypersensitivity to the
native form of asparaginase. It was then approved by the
US-FDA in 2006 as the �rst-line treatment of patients with
ALL as a component of a multiagent thermotherapy regimen
[53]. In addition to circumventing hypersensitivity to Elspar,
PEGylation results in Oncaspar having a longer biological
half-life than Elspar, as shown by Table 2. In most treatment
protocols for ALL, Elspar is given three times weekly for six
or nine doses. Because of the longer half-life of Oncaspar, it is
oen possible to achieve a similar or equal therapeutic effect
with fewer injections [53].

is nanomedicine demonstrates again that drug surface
modi�cation (i.e., PEGylation) can signi�cantly alter drug�s
pharmacokinetics and pharmacodynamics, thus eliminating
some side effects (such as hypersensitivity) and/or enhancing
treatment effect with a reduced dose.

2.6. Cancer Imaging Nanomedicine: Resovist and Feridex/End-
orem. One of the very few fully approved inorganic-based
cancer nanomedicines are superparamagnetic iron oxide
(SPIO) nanoparticle agents forMR imaging. SPIO nanoparti-
cle MR imaging contrast agents have been of great interest in
research and clinical applications for the past decades [54].
While there are still some in clinical trials or experimental
study stages, a few SPIO products have been approved by
various regulatory bodies including the US-FDA [55]. Of
these approved SPIOs, the most phenomenal products for
cancer diagnostics are Resovist, Endorem, and Feridex [55].

Resovist, ferumoxide SPIO nanoparticles with 4.2 nm
core diameters and 62 nm hydrodynamic diameters, is an
organ-speci�c MRI contrast agent used for the detection
and characterization of especially small focal liver lesions
[56]. Resovist consists of SPIO nanoparticles coated with
carboxydextran, which are accumulated by phagocytosis in
cells of the reticuloendothelial system (RES) of the liver.
e uptake of Resovist injection in the reticuloendothelial
cells results in a decrease of the signal intensity of normal
liver parenchyma on both T2- and T1-weighted images. Most
malignant liver tumors do not contain RES cells and therefore
do not uptake the iron particles. e resulting imaging
effect is an improved contrast between the tumor (bright)
and the surrounding tissue (dark). Resovist can be injected
as an intravenous bolus, which allows for the immediate
imaging of the liver and reduces the overall examination time.

A dynamic imaging strategy aer bolus injection supports
characterizing lesions. In comprehensive clinical trials, it
demonstrated an excellent safety pro�le [57, 58]. In 2001,
Resovist was approved for the European market. However,
Resovist competed with Primovist, the other liver imaging
agent of Bayer Schering Pharma AG. Due to this reason, the
production of Resovist was unfortunately abandoned in 2009.

Endorem, marketed by Guerbet, and Feridex (approved
by US-FDA in 1996), marketed by Berlex Laboratories, are
also ferumoxide SPIO nanoparticles but coated with dextran
instead of carboxdextran. e iron oxide core is 4.8–5.6 nm
and the hydrodynamic diameter is about 80–150 nm. ese
nanoparticles efficiently accumulate in the liver (about 80%
of injected dose) and spleen (about 5–10% of injected dose)
within only minutes of administration, due to RES uptake
[59]. But tumor tissues such as metastases, primary liver
cancer, cysts and various benign tumors, adenomas, and
hyperplasia do not take these materials and thus retain their
native signal intensity, so the contrast between normal and
abnormal tissue is increased. Peak concentrations of iron
were found in liver aer 2 hours and in the spleen aer 4
hours and the blood half-life is only about 6min [59]. Unlike
Resovist, Endorem and Feridex show some side effects such
as cardiovascular problems and lumbar pain [60].

Further development of SPIO-enhanced MR imaging
depends on the improved knowledge of the fundamental
mechanism of SPIO agents on MR signal, the pharmacoki-
netic control of these agents, including appropriate selection
of particle charge, size, and coating, linking these agents
with molecules capable of accurate speci�c targeting, and the
development of new imaging sequences [60].

3. Cancer Nanomedicine in Clinical Trials

is section is focused on the cancer nanomedicines that are
in clinical trials for any cancer indications and have not been
approved by FDA or other regulatory bodies for commercial
production.

3.1. erapeutic Nanomedicine in Clinical Trials. Even with
development challenges, a few �rst-generation nanoparticle
therapeutics, such as Doxil and Abraxane, have already
obtained recognition in the clinical cancer research com-
munity. Considerable research and clinical trials are now
being invested in qualifying nanoparticles as “platforms” for
various drugs. Table 3 provides an updated summary of the
nanomedicine constructs currently undergoing clinical trials
as previously published by Zhang et al. [61] and Tiwari et al.
[62].

A large number of preclinical nanoparticle delivery sys-
tems have been developed with potential for cancer detection
and therapy.eEuropean Science andTechnologyObserva-
tory (ESTO) conducted a global survey in 2006 and identi�ed
that over 150 companies are developing nanoscale therapeu-
tics [63]. As indicated by this blossoming research area, the
synthesis and formulation possibilities for nanoparticles are
almost endless considering the ability to incorporate various
chemical and biology entities that provide both imaging
and therapeutic capabilities. However, this multimodality
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approach combined with the ability to control and target
the delivery of a therapeutic agent requires a sophisticated
engineering of nanoparticles. For example, multiple factors
affect the pharmacokinetic behavior of nanoparticles, but
the surface charge, size, nanoparticle shape, and stealth
properties are among the most critical. Researchers have
exploited these properties at the benchtop for introduction
into various preclinical models for the optimization of the
stability anddelivery characteristics of the nanoparticle.More
signi�cantly, this research work has now also led into the
introduction of nanoparticle candidates into the clinical and
commercial market.

In particular, therapeutically loaded nanomedicines have
the potential for achieving improved therapeutic indexes for
cancer treatment. Nanoparticles have shown a signi�cant
promise as improved drug delivery systems improving the
formulation characteristics of the existing drugs that may
have poor administration. Several commercial examples now
exist, con�rming the promise of nanoparticle reformulation
approaches to reduce drug side effects, while potentially
increasing efficacy. One additional promise of nanoparticles
is the reformulation of therapeutic agents that have failed in
clinical development due to pharmacology challenges. For
example, Shim et al. [64] recently described a proof of a
principle nanoparticle approach to overcome drug delivery
challenges and revive the clinical potential of wortmannin.

A series of clinical studies have substantiated the potential
of nanoparticle-based therapeutics for demonstrating the
enhanced tumor accumulation of delivered therapeutics
with less adverse effects. Although most commercialized
nanomedicines have been based on a passive-targeting strat-
egy that exploits the EPR effect, there is an increasing need for
the development of active-targeting technologies.e leading
strategy has been the conjugation of ligand molecules that
speci�cally bind to receptors that are overexpressed on tumor
cells relative to normal cells [62].

As indicated during previous discussions and by a recent
review [65], six common types of nanoparticles are approved
or in late stages of clinical trials: polymer-drug conju-
gates, micelles, protein-based carriers, liposomes, polymeric
nanoparticles, and inorganic nanoparticles. As previously
discussed and seen from Table 3 a majority of nanoparticles
under clinical/commercial development are therapeutics,
and most of them are organic based due to a relatively low
toxicity and high biocompatibility.

To further extend the capabilities of nanoparticles
for simultaneous imaging and therapeutic applications,
researchers have begun to increasingly exploit various inor-
ganic matrices, such as gold, iron oxide, quantum dots, and
silica nanoparticles [66]. In this respect, nanomedicines can
be developed as theranostics, which possess both imaging
and therapy capabilities.

3.2. eranostics in Clinical Trials. Cancer nanotheranostics
are the use of nanoparticles for combined diagnosis and ther-
apy in cancer applications. Incorporating imaging capability
into a nanoparticle is a very useful attribute for monitoring
the distribution of the treatment in vivo. is provides
direct and con�rmatory information about the mechanism

of action for a speci�c patient, thereby providing a signi�cant
advantage over more traditional drug therapies for cancer
treatment.e development ofmultifunctional nanoparticles
has the potential for the rapid disease veri�cation and
identi�cation of the effected tissues for improved treatment
protocols. Wang et al. [66] indicated in a recent review article
that a combined technique will result in an acceleration of the
drug development and improved disease management with
reduced risks and costs.

e clinical development of theranostic agents is still
preliminary and several challenges, such as efficient and
targeted guidance of the therapeutic/imaging nanoparticles,
still exist [67]. In addition, the potency of the nanoparticle
could be further improved with multimodality treatment
options. However, one nanoparticle platform which is pro-
gressing from the benchtop to the clinical bedside is gold
nanoparticles. eir inherit properties make them appealing
as thematerial can be easilymanufactured and functionalized
with both imaging/therapeutic agents and targeting vectors
[68]. Initial clinical studies have been completed with gold
nanoparticles coated with citrate and thiolated PEG/tumor
necrosis factor-𝛼𝛼 (TNF-𝛼𝛼) [69, 70]. e dose limiting toxicity
of TNF-𝛼𝛼was signi�cantly improved with the developed gold
nanoparticle formulation.

4. Summary and Perspectives

e biggest challenge that nanomedicine faces at present
is meeting all the safety guidelines required for gaining
clinical acceptance, particularly those required by the FDA
and other regulatory bodies. Over the past decade, various
nanoparticle/nanomedicine platforms have been screened
and studied in terms of their size, shape, and surface prop-
erties to meet these guidelines and market request. ese
include (�) �target-speci�city�: ideally, a nanomedicine will
accumulate mainly in the diseased organs/sites, bypassing
normal ones, (2) a proper size (oen ultrasmall): thus they
can be eliminated from the body preferably through the
renal �ltration system, and (3) nontoxic and biocompatible,
with a surface made up of natural polymers/biomolecules.
Versatility of a nanomedicine is also highly desirable, which
means that multifunctional therapeutic agents and multi-
modality imaging capacity (i.e., optical, MRI, SPECT, PET,
and/or CT) can be combined into one nanomedicine that not
only will facilitate the early diagnosis of diseases, but will also
have the potential to monitor in real time the progress of the
therapeutic delivery.

In spite of all the challenges, nanotechnology has become
closely related with cancer care today and has been applied
in an evolutionary manner to improve the properties of
cancer therapeutic, diagnostics, and other health care prod-
ucts. Biotech, pharmaceutical, and medical sciences com-
panies have been active parts of the evolution and are
dynamic collaborators with researchers, government, and
educational institutions in developing and translating can-
cer nanomedicines. Based on the full spectrum of cancer
nanomedicines in clinical trials and on the market that
have been discussed in this paper, it is highly expected
that the forthcoming generations of nanomedicines will
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have targeting moiety, may carry multiple drugs that could
potentially be released in a controlled manner, and will be
equipped with an imaging capacity.
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Hematogenous metastasis, the process of cancer cell migration from a primary to distal location via the bloodstream, typically
leads to a poor patient prognosis. Selectin proteins hold promise in delivering drug-containing nanocarriers to circulating tumor
cells (CTCs) in the bloodstream, due to their rapid, force-dependent binding kinetics. However, it is challenging to deliver such
nanocarriers while avoiding toxic effects on healthy blood cells, as many possess ligands that adhesively interact with selectins.
Herein, we describe a nanostructured surface to capture flowing cancer cells, while preventing human neutrophil adhesion.
Microtube surfaces with immobilized halloysite nanotubes (HNTs) and E-selectin functionalized liposomal doxorubicin (ES-
PEG L-DXR) significantly increased the number of breast adenocarcinoma MCF7 cells captured from flow, yet also significantly
reduced the number of captured neutrophils. Neutrophils firmly adhered and projected pseudopods on surfaces coated only with
liposomes, while neutrophils adherent to HNT-liposome surfaces maintained a round morphology. Perfusion of both MCF7 cells
and neutrophils resulted in primarily cancer cell adhesion to the HNT-liposome surface, and induced significant cancer cell death.
This work demonstrates that nanostructured surfaces consisting of HNTs and ES-PEG L-DXR can increase CTC recruitment for
chemotherapeutic delivery, while also preventing healthy cell adhesion and uptake of therapeutic intended for CTCs.

1. Introduction

Hematogenous metastasis typically signals a poor patient
prognosis, with over 90% of cancer deaths attributed to
the metastatic spread [1]. For metastasis to occur, cancer
cells detach from the primary tumor, invade through the
basement membrane, and intravasate into the peripheral
circulation as circulating tumor cells (CTCs) [2]. CTCs that
express sialylated carbohydrate ligands on their surface can
adhesively interact with selectin proteins on the inflamed
endothelial cell wall, leading to selectin-mediated CTC
tethering and rolling on the endothelium, followed by firm
adhesion and arrest [3]. CTCs can then extravasate to the
tissue of a distal organ to form secondary metastases, and
while the percentage of CTCs that survive this pathway is
small (<0.01%), the formation of such metastases remains
the primary cause of cancer-related deaths [4, 5].

Several chemotherapeutics are currently in use for the
treatment of cancers, including doxorubicin, which is in
use for the treatment of Kaposi’s sarcoma, acute leukemia,

metastatic breast cancer, and other lymphomas and sar-
comas [6]. Doxorubicin is an adriamycin anthracycline
antibiotic that can induce cancer cell death via DNA
intercalation, inhibition of topoisomerase II, and formation
of free radicals [7, 8]. However, the nonspecific effects of
doxorubicin are numerous, and include systemic toxicity,
tissue necrosis, neutropenia, and cardiomyopathy [9, 10].
Nanobiotechnology has contributed to the development
of novel drug delivery vehicles to both enhance the effi-
ciency of doxorubicin while reducing its toxic effects, such
as polymers, dendrimers, and liposomes [11]. Liposomal
doxorubicin (L-DXR) in particular has been shown to
enhance overall drug efficacy by altering pharmacokinetics,
increasing circulation time, and reducing non-specific toxic
effects [12–14]. Polyethylene glycol (PEG) conjugation to the
liposome surface provides steric stabilization and increased
circulation time of the drug and can also aid in tumor
uptake due to enhanced permeability and retention effects
[14, 15]. The efficacy of L-DXR has been shown clinically as
evidenced by Doxil, which has been approved by the FDA
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for use in treating Kaposi’s sarcoma [16]. However, cur-
rent L-DXR formulations lack the targeting mechanisms
to treat individual CTCs in the bloodstream, due to the
rarity of CTCs amongst healthy circulating blood cells. The
concentration of CTCs in the bloodstream of patients is
approximately one in a million leukocytes [17] or one in a
billion of all healthy blood cells [18].

Cell adhesion molecules known as selectins hold promise
in targeting drug delivery vehicles to CTCs under phys-
iological shear flow, due to their rapid, force-dependent
binding kinetics [19, 20]. Sialylated carbohydrate ligands
are expressed on the surface of many CTCs, which have
the ability to bind to selectin proteins on the inflamed
endothelium during metastasis [21–23]. Targeting of CTCs
in the bloodstream via selectin-mediated adhesion could
reduce the probability of metastasis. However, healthy
circulating leukocytes are also known to express sialylated
carbohydrate ligands on their surface [24]. Thus, strategies to
reduce healthy blood cell adhesion are required for selectin-
mediated targeting of therapies to CTCs.

The development of nanostructured surfaces to enhance
the capture of CTCs for chemotherapeutic delivery while
preventing healthy cell adhesion has not been yet investi-
gated. Here, we assessed the application of a nanostructured
surface consisting of halloysite nanotubes and nanoscale L-
DXR to increase cancer cell recruitment while preventing
leukocyte adhesion.

2. Materials and Methods

2.1. Cell Culture. Colorectal adenocarcinoma cell line COLO
205 (ATCC #CCL-222) and breast adenocarcinoma cell line
MCF7 (ATCC no. HTB-22) were purchased from American
Type Culture Collection (Manassas, VA, USA). COLO 205
cells were cultured in RPMI 1640 medium supplemented
with 10% (v/v) fetal bovine serum and 1% (v/v) PenStrep, all
purchased from Invitrogen (Grand Island, NY, USA). MCF7
cells were cultured in Eagle’s Minimum Essential Medium
(EMEM) supplemented with 0.01 mg/mL bovine insulin,
10% (v/v) fetal bovine serum, and 1% (v/v) PenStrep, all pur-
chased from Invitrogen. All cancer cell lines were incubated
under humidified conditions at 37◦C and 5% CO2 and were
not allowed to exceed 90% confluence.

2.2. Neutrophil Isolation. Neutrophils were isolated as pre-
viously described [25]. Briefly, human peripheral blood was
obtained from healthy blood donors after informed consent
via venipuncture and collected using sterile sodium heparin-
containing tubes (BD Biosciences, San Jose, CA, USA).
Neutrophils were isolated from blood by centrifugation
at 480×g for 50 min at 23◦C, in a Marathon 8 K cen-
trifuge (Fisher Scientific, Pittsburgh, PA, USA) using 1-Step
Polymorphs (Accurate Chemical & Scientific Corporation,
Westbury, NY, USA). Neutrophils were extracted and washed
in Mg2+ and Ca2+-free Hank’s balanced salt solution (HBSS),
and all remaining red blood cells in the suspension were
lysed hypotonically. Neutrophils were resuspended at a
concentration of 1.0× 106 cells/mL in HBSS containing 0.5%

HSA, 2 mM Ca2+ and 10 mM HEPES (Invitrogen), buffered
to pH 7.4.

2.3. Liposomal Doxorubicin Synthesis. Nanoscale liposomes
were synthesized as described previously [26]. Briefly, lipids
were dried overnight and rehydrated using a thin lipid film
hydration method [27, 28] with 125 mM ammonium sulfate
(Sigma-Aldrich, St. Louis, MO, USA). Lipids were then
subjected to 10 freeze-thaw cycles and extruded to prepare
empty liposomes (EL). Doxorubicin hydrochloride (Sigma-
Aldrich) was encapsulated within ELs using an ammonium
sulfate remote loading method, at a doxorubicin-to-lipid
ratio of 0.2 : 1 (w/w). Excess DXR was removed using gel
exclusion chromatography with Sephadex G-50 (Sigma-
Aldrich). Liposomal doxorubicin concentration was deter-
mined by spectrophotometry (λ = 490 nm). The loading
efficiency of doxorubicin was determined to be >95%.

2.4. Targeted Liposome Preparation. E-selectin functionalized
L-DXR (ES-PEG L-DXR) and E-selectin functionalized
empty liposomes (ES-PEG EL) were prepared using a post-
insertion technique [29]. Recombinant human E-selectin/Fc
chimera (rhE/Fc) (R&D Systems, Minneapolis, MN, USA)
was thiolated and conjugated to 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-maleimide 2000 (DSPE-PEG2000

maleimide) (Avanti Polar Lipids, Alabaster, AL, USA). To
incorporate ES-polyethylene glycol (ES-PEG) conjugates
into the lipid bilayer, ES-PEG was incubated with liposomes
at 50◦C for 30 min. Liposomes were stored at 4◦C for <1 week
until usage.

The mean particle diameter and zeta potential of the
liposome formulations were measured by dynamic light
scattering, using a Malvern Zetasizer Nano ZS (Malvern
Instruments Ltd., Worcestershire, UK) according to the
manufacturer’s protocols. Mean particle diameter and zeta
potential measurements of the liposome formulations were
similar to values previously reported [26]. To determine
successful E-selectin conjugation to liposome surface, 10 μL
of fluorescently tagged liposomes were mixed with 490 μL
of MCF7 cells (106 cells/mL) and exposed to shear flow
in a cone and plate viscometer at 2.0 dyn/cm2 for 10 min.
Fluorescent liposomes adhered to the cell surface were mea-
sured using an Accuri C6 flow cytometer (Accuri Cytometers,
Inc., Ann Arbor, MI, USA). To assess fluorescent liposome
adhesion and internalization to MCF7 cells, sheared samples
were incubated for 60 min at 37◦C and then imaged using
confocal microscopy.

2.5. Confocal Microscopy. Fluorescent ES-conjugated lipo-
somes were used to verify selectin-mediated adhesion to
cancer cells. Fluorescent lipids were synthesized using fluo-
rescent BODIPY-cholesterol (Avanti Polar Lipids). Cells were
incubated with 2 μL of 10 mg/mL trihydrochloride trihydrate
(Hoechst 33342) (Invitrogen, Carlsbad, CA, USA) for 15
minutes to image cell nuclei. Cells were then placed on glass
coverslips and visualized with a Zeiss 710 Spectral Confocal
Microscope System (Carl Zeiss MicroImaging GmbH, Jena,
Germany) at 65x magnification with FITC and DAPI filters.
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Images were processed using Zen 2009 light edition software
(Carl Zeiss MicroImaging GmbH).

2.6. MCF7 Static Assays. MCF7 cells were cultured in
complete media at a concentration of 1 × 105 cells/mL on
12-well plates (Becton Dickinson, Franklin Lakes, NJ, USA).
Cells were treated with ES-PEG L-DXR, L-DXR, or EL at
volumes of 0 to 5 μL for 18 hours. MCF7 cells were treated
with Accutase (Sigma-Aldrich) for 5 min at 37◦C, to remove
adherent cells from the surface. Cells were then washed with
phosphate buffered saline (PBS) at 1000 rpm in a refrigerated
centrifuge (Allegra XX-22R Centrifuge; Beckman Coulter,
Brea, CA, USA) and resuspended in fresh media. After 4 days,
cell viability was evaluated on a hemocytometer (Hausser
Scientific, Horsham, PA, USA) using a trypan blue exclusion
assay (Lonza, Wilkersville, MD, USA). Cells were also treated
with 0.5 μL of liposome solution and assessed for viability
over a period of 1–4 days. Cell morphology and uptake of
doxorubicin were imaged using brightfield and fluorescence
microscopy, respectively.

2.7. Cancer Cell and Neutrophil Preparation for Capture
Experiments. MCF7 and COLO 205 cells were treated with
Accutase (Sigma, St. Louis, MO, USA) for 5–10 min before
handling. MCF7 and COLO 205 cells were washed in PBS
and resuspended at a concentration of 1.0 × 106 cells/mL, in
a flow buffer of HBSS containing 0.5% HSA, 2 mM Ca2+,
and 10 mM HEPES (Invitrogen), buffered to pH 7.4. For
neutrophil capture experiments, freshly isolated neutrophils
were resuspended in flow buffer at a concentration of
1.0 × 106 cells/mL. For combined cell capture assays, MCF7
or COLO 205 cells were resuspended in flow buffer with
neutrophils at a 1 : 1 cancer cell to neutrophil ratio, at a
concentration of 1.0 × 106 cells/mL.

2.8. HNT-Liposome Surface Functionalization. Microrenat-
hane microtubing (Braintree Scientific, Braintree, MA, USA)
of inner diameter 300 μm was cut to 55 cm in length and
washed with 75% ethanol. To prepare HNT-coated micro-
tube surfaces, a 6.6% by weight HNT solution (NaturalNano,
Rochester, NY, USA) was treated via sonication, followed by
filtration [26]. Microtubes were washed using distilled water,
followed by incubation with 2 : 8 poly-L-lysine (0.1% w/v,
Sigma) for 5 min and then incubation with treated HNT
solution for 3 min. Microtubes were washed thoroughly with
distilled water to remove excess HNTs in solution and were
incubated overnight at RT. Surface immobilization of lipo-
somes was achieved by incubating E-selectin functionalized
liposome solution (ES-PEG L-DXR or ES-PEG EL) for 2.5
hours within HNT-coated microtubes. Smooth microtubes
were prepared by immobilizing liposomes on the surface in
the absence of HNTs. All surfaces were blocked for non-
specific adhesion for 1 h with 5% bovine serum albumin
(BSA) (Sigma-Aldrich) in PBS (w/v). All incubation steps
were preceded and followed by thorough washes with PBS.
Immobilized E-selectin proteins were activated prior to cell
capture experiments via perfusion of calcium-enriched flow
buffer.

2.9. Capture Experiments. To visualize cell adhesion and
capture, functionalized microtubes were secured onto the
stage of an Olympus IX81 motorized inverted microscope
(Olympus, Center Valley, PA, USA). A motorized syringe
pump (KDS 230; IITC Life Science, Woodland Hills, CA,
USA) was used to perfuse cell suspensions through micro-
tubes at physiologically relevant flow rates. Cancer cells
and combined cell solutions were initially perfused through
microtubes at a rate of 0.008 mL/min (wall shear stress
of 0.5 dynes/cm2) for 30 min, and then 0.04 mL/min (wall
shear stress of 2.5 dynes/cm2) for another 30 min. Isolated
neutrophils were perfused at 0.04 mL/min for 60 min.
Microtubes were washed with calcium-enriched PBS at
1.0 dyn/cm2 to remove all nonadherent cells. Accutase was
gently perfused into the microtube and allowed to incubate
for 10 min to detach adherent cells, followed by perfusion
of medium for cell collection. For combined cell assays,
neutrophils were separated from cancer cell by centrifugation
using 1-Step Polymorphs after cell collection. Cells were
cultured in 6-well plates in complete media and analyzed for
cell viability at day 4 via trypan blue exclusion.

2.10. Data Acquisition. Videos of cell capture experiments
were recorded using a microscope-linked Hitachi CCD cam-
era KP-M1AN (Hitachi, Japan) and a Sony DVD Recorder
DVO-1000MD (Sony Electronics Inc., San Diego, CA, USA).
Video frames were utilized to determine the number of
captured cells per 100,000 μm2. For combined cell exper-
iments, cancer cell and neutrophil capture measurements
were determined based on differences in cell diameter.

2.11. Shape Factor Analysis. Brightfield images of neutrophils
captured in smooth and HNT-coated tubes were analyzed
for morphological changes using a shape factor analysis.
Outlines of neutrophils were created from thresholded
brightfield images using edge-detection functions in Meta-
morph software (Universal Imaging Corp., West Chester, PA,
USA). Neutrophil morphological changes were determined
using a shape factor program in Metamorph, where shape
factor is determined by:

shape factor = 4πA
P2

, (1)

where P is the perimeter and A is the area of the object
(neutrophil). Shape factor values close to 1 correspond to
a circle, while values approaching 0 represent spindly or
dendritic shapes.

2.12. Statistical Analysis. Data sets were plotted and analyzed
using Prism 5.0b for Mac OS X (GraphPad software, San
Diego, CA, USA). All results were reported as the mean ±
standard error of the mean. A two-tailed paired t-test was
used for comparisons between two groups. P-values less than
0.05 were considered significant.

3. Results and Discussion

3.1. ES-PEG L-DXR Targets and Induces Cell Death in MCF7
Breast Cancer Cells. To assess the functionality of E-selectin
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Figure 1: Liposomes functionalized with E-selectin (ES) adhesively bind and deliver doxorubicin to MCF7 breast cancer cells. (a) Flow
cytometry fluorescence histograms of MCF7 cells adhered to fluorescently tagged (FL) liposomes and FL ES functionalized liposomes after
exposure to fluid shear stress in a cone-and-plate viscometer. FITC: Fluorescein isothiocyanate. (b) Confocal microscopy image of FL ES
liposomes (green) bound to MCF7 cells after fluid shear stress exposure. Cell nucleus = blue. Scale bar = 10 μm. (c) Number of viable MCF7
cells after treatment with empty liposomes (EL), liposomal doxorubicin (L-DXR) or ES functionalized L-DXR (ES-PEG L-DXR) under static
conditions for a period of 1–4 days. (d) Dose response of MCF7 cells after treatment with liposomes over a 4-day period. ((e)–(h)) Bright
field microscopy images of untreated MCF7 cells (e) and those treated with EL (f), L-DXR (g), and ES-PEG L-DXR (h) after a 4-day period.
Scale bars = 100 μm. ((i)–(l)) Fluorescence microscopy images of doxorubicin uptake (red) of untreated MCF7 cells (i) and those treated
with EL (j), L-DXR (k), and ES-PEG L-DXR (l) after a 4-day period.

conjugated to the liposome surface, fluorescently tagged ES-
PEG L-DXR was incubated with human breast cancer MCF7
cells and sheared in a cone-and-plate viscometer for 10 min
at 2.0 dyn/cm2. MCF7 cells have been previously shown
to roll on ES-coated surfaces, a process that is mediated
by CD24 expressed on the MCF7 cell surface [30]. MCF7
cells sheared with fluorescent ES-PEG L-DXR increased in
fluorescence by >99.9%, compared to MCF7 cells sheared
with fluorescent liposomes lacking E-selectin (Figure 1(a)).
Confocal microscopy revealed that ES-PEG L-DXR not only
binds to the cancer cell surface, but also internalizes within
the cell over time (Figure 1(b)), making this targeting
mechanism well suited for the internalization of ES-PEG L-
DXR within cancer cells. Static assays verified cellular uptake
and cytotoxicity of ES-PEG L-DXR at levels comparable to
L-DXR (Figures 1(c) and 1(d)). MCF7 cells treated with
either L-DXR (Figure 1(g)) or ES-PEG L-DXR (Figure 1(h))
had observable membrane blebbing and were non-adherent,

characteristic of MCF7 cell death. MCF7 cells treated with
EL (Figure 1(f)) were adherent and displayed a morphology
similar to healthy, untreated MCF7 cells (Figure 1(e)). Flu-
orescence microscopy confirmed comparable doxorubicin
uptake in MCF7 cells treated with L-DXR (Figure 1(k)) and
ES-PEG L-DXR (Figure 1(l)), compared to control samples
in the absence of doxorubicin (Figures 1(i) and 1(j)). It is
apparent from these images that E-selectin adhesion to the
cell surface does not hinder internalization and cytotoxic
effects of L-DXR on MCF7 cells, making this targeting
mechanism suitable for MCF7 treatment under physiological
flow.

3.2. Nanostructured Surfaces Enhance MCF7 and COLO 205
Cell Adhesion to ES-PEG L-DXR. Our lab has previously
demonstrated that selectin proteins and selectin-coated
nanoparticles can be immobilized on the inner surfaces of
microtubes for the capture of circulating cells [31], as well as
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Figure 2: HNT-liposome-coated surfaces enhance MCF7 and COLO 205 cell capture. (a) MCF7 breast cancer cells adhered to a smooth
microtube coated with ES-PEG L-DXR. Scale bar = 100 μm. (b) MCF7 cells adhered to an HNT-coated microtube with ES-PEG L-DXR.
Scale bar = 100 μm. (c) Number of MCF7 cells adhered to smooth and HNT-coated microtubes per 100,000 μm2. (d) Number of COLO 205
cells adhered to smooth and HNT-coated microtubes per 100,000 μm2. ∗P < 0.01. ∗∗P < 0.001.

for use as in vitro models of the microvasculature to examine
the rolling adhesion of leukocytes [32] and cancer cells [33].
In this study, smooth microtubes were coated with only ES-
PEG L-DXR. HNT-liposome-coated microtubes were coated
with HNTs, followed by ES-PEG L-DXR immobilization.
MCF7 or COLO 205 cells were perfused through microtubes
at shear stresses (0.5–2.5 dyn/cm2) observed in the microvas-
culature in vivo [34]. Both cell lines were chosen as model
CTCs because they express sialylated carbohydrate ligands
and exhibit rolling adhesion properties on immobilized E-
selectin surfaces [30, 35]. MCF7 cells were captured from
flow in both smooth (Figure 2(a)) and HNT-liposome-
coated microtubes (Figure 2(b)). However, an increased
number of MCF7 cells were captured on HNT-liposome
surfaces, compared to smooth surfaces. A significant three
fold increase in MCF7 (Figure 2(c)) and two fold increase
in COLO 205 cell capture (Figure 2(d)) per 100,000 μm2

were observed on HNT-liposome-coated surfaces, compared
to smooth surfaces coated with ES-PEG L-DXR. HNT-
coated microtubes have been previously shown to increase
the adsorption of selectin proteins [36], compared to the
adsorption of selectins within microtubes in the absence
of HNTs. It is likely that HNT coatings can also enhance

the deposition of ES-PEG L-DXR, which could increase the
recruitment of flowing cancer cells.

3.3. Nanostructured Surfaces Reduce Neutrophil Adhesion to
ES-PEG L-DXR. While HNT-coated surfaces can enhance
the delivery of chemotherapeutics to CTCs via selectin-
mediated adhesion, it is also important to examine the
effects of such surface interactions with healthy blood cells.
Leukocytes, which express sialylated carbohydrate ligands,
outnumber CTCs by roughly one million to one in patients,
on average [37]. Thus, leukocytes could potentially uptake
the majority, if not all of the encapsulated chemotherapeutic
being delivered. However, capture assays revealed that the
number of neutrophils adhered to HNT-liposome-coated
surfaces (Figure 3(b)) was largely diminished compared to
smooth surfaces (Figure 3(a)), the opposite of the trend
observed in cancer cell capture studies. Similar trends were
also observed in the isolation of CTCs from a suspension
of mononuclear cells [38]. A significant >94% reduction
of neutrophils captured per 100,000 μm2 was confirmed
in HNT-liposome-coated microtubes, compared to smooth
microtubes coated with ES-PEG L-DXR (Figure 3(c)).
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Figure 3: HNT-liposome-coated surfaces reduce and weaken neutrophil adhesion. (a) Neutrophils adhered to a smooth microtube coated
with ES-PEG L-DXR. Scale bar = 100 μm. (b) Neutrophils adhered to an HNT-coated microtube with ES-PEG L-DXR. Scale bar = 100 μm.
Insets show representative cell shapes at higher magnification (approximately 20 × 20μm). (c) Number of neutrophils adhered to smooth
and HNT-coated microtubes per 100,000 μm2. (d) Shape factor analysis of neutrophils adhered to smooth and HNT-coated microtubes.
∗∗P < 0.001.

Cytoskeletal projections known as pseudopods were
observed consistently on neutrophils adhered to smooth
surfaces, characteristic of firmly adhered and activated neu-
trophils (Figure 3(a)) [24]. Neutrophils on HNT-liposome-
coated surfaces displayed a rounder morphology, character-
istic of weaker adhesion of resting neutrophils (Figure 3(b)).
Shape factor analysis has previously been utilized to assess
neutrophil morphological changes [26] and was performed
in this study to determine the effect of adhesion to HNT-
liposome-coated surfaces on morphological changes. On
a scale of 0 (elongated shapes) to 1 (circularity), shape
factor analysis verified a significantly higher shape factor
in neutrophils adhered to HNT-liposome-coated surfaces
(Figure 3(d)), compared to those adhered to smooth sur-
faces, adding further support that neutrophils display weaker
adhesion on HNT-liposome-coated surfaces.

To examine if the reduction in neutrophil adhesion
is due to prevention of ES-PEG L-DXR adsorption to
the surface, ES-PEG L-DXR was fluorescently tagged and
immobilized on smooth and HNT-coated microtubes. How-
ever, fluorescence microscopy confirmed that ES-PEG L-
DXR immobilized within both smooth (Figure 4(b)) and

HNT-coated microtubes (Figure 4(c)), compared to control
microtubes in the absence of fluorescent ES-PEG L-DXR
(Figure 4(a)). Thus, the reduction in neutrophil adhesion
could not be caused by prevention of ES-PEG L-DXR
adsorption.

3.4. HNT-Liposome Surfaces Capture Cancer Cells and Repel
Neutrophils from a Mixture of Cells. The use of HNT-
liposome-coated surfaces for CTC capture from a combined
cell suspension was assessed via perfusion of a 1 : 1 mixture of
cancer cells and neutrophils over liposome-coated surfaces.
Neutrophils and MCF7 cells were identified based on size;
cells 15 μm in diameter or less were identified as neutrophils,
while cells greater than 15 μm were identified as MCF7 or
COLO 205 cells. Upon perfusion of neutrophils and MCF7
cells, the number of neutrophils captured decreased on
HNT-liposome-coated surfaces (Figure 5(b)) compared to
smooth surfaces (Figure 5(a)). Simultaneously, an increase
in MCF7 cell capture was observed on HNT-liposome-
coated surfaces (Figure 5(b)), compared to smooth surfaces
(Figure 5(a)). The number of both MCF7 (Figure 5(c)) and
COLO 205 (Figure 5(d)) cells captured was significantly
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Figure 4: E-selectin functionalized liposomes immobilize on both smooth and HNT-coated microtube surfaces. ((a)–(c)) Fluorescence
microscopy images of microtubes coated with BSA (a), smooth microtubes coated with fluorescent ES-PEG L-DXR (b), and HNT-coated
microtubes with immobilized fluorescent ES-PEG L-DXR (c). Scale bar = 100 μm.
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Figure 5: HNT-liposome surfaces simultaneously enhance MCF7 and COLO 205 cell adhesion and reduce neutrophil adhesion from a
combined suspension of cancer cells and neutrophils. (a) MCF7 cells (red arrow) and neutrophils (yellow arrow) adhered to a smooth
microtube coated with ES-PEG L-DXR. Scale bar = 100 μm. (b) MCF7 cells (red arrow) and neutrophils (yellow arrow) adhered to an HNT-
coated microtube with immobilized ES-PEG L-DXR. Scale bar = 100 μm. (c) Number of MCF7 cells adhered to smooth and HNT-coated
microtubes per 100,000 μm2. (d) Number of COLO 205 cells adhered to smooth and HNT-coated microtubes per 100,000 μm2. (e) Number
of neutrophils adhered to smooth and HNT-coated microtubes per 100,000 μm2. ∗P < 0.01.
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Figure 6: HNT-liposome-coated surfaces successfully deliver doxorubicin to cancer cells from a combined solution of cancer cells and
neutrophils. Brightfield images of MCF7 cells captured on a smooth surface (a) and an HNT-liposome-coated surface (b), from a combined
solution of cancer cells and neutrophils. Internalization of doxorubicin (red) in MCF7 cells captured on a smooth surface (c) and an HNT-
liposome-coated surface (d), from a combined solution of cancer cells and neutrophils. All images were taken after 4-day incubation at
37◦C. Scale bar = 100 μm. Number of viable MCF7 (e) and COLO 205 (f) cells after capture on smooth and HNT-liposome-coated surfaces.
Control samples represent viable cells captured by ES-PEG EL. ∗P < 0.01. ∗∗P < 0.001.

increased on HNT-liposome-coated surfaces, with signifi-
cant reductions in neutrophil capture (Figure 5(e)).

3.5. HNT-Liposome Surfaces Induce Cancer Cell Death within
a Mixture of Cancer Cells and Neutrophils. The ability to
successfully deliver doxorubicin to cancer cells within a
combined cell suspension was assessed by the removal and
collection of captured cells from surfaces, separation of
cancer cells from neutrophils, and placement into culture
for viability tests. Neutrophils, which have a short lifespan
in vivo and typically undergo cell death in vitro within 18–
28 hours after isolation [39], showed negligible differences
in viability whether captured within microtubes or placed
directly into culture upon isolation (not shown). After a 4-
day incubation, brightfield microscopy confirmed that while
MCF7 cells captured on smooth surfaces were adherent
and displayed healthy morphology (Figure 6(a)). However,
MCF7 cells captured on HNT-liposome-coated surfaces were
non-adherent and displayed significant membrane blebbing
characteristic of apoptosis (Figure 6(b)). MCF7 cells cap-
tured on smooth surfaces exhibited minimal doxorubicin
uptake based on fluorescence images (Figure 6(c)), while
MCF7 cells captured on HNT-liposome-coated surfaces
displayed increased doxorubicin uptake (Figure 6(d)). Cell
viability assays confirmed doxorubicin-induced cell death,
with a significant decrease in MCF7 (Figure 6(e)) and
COLO 205 cell viability (Figure 6(f)) when captured on

smooth tubes coated with ES-PEG L-DXR, compared to
control smooth surfaces coated with ES-PEG EL. However,
the number of viable MCF7 and COLO 205 cells captured
on HNT-liposome-coated surfaces was significantly reduced,
compared to the number of viable cells captured on smooth
surfaces. Similar trends were observed previously in KG-1a
and COLO 205 cells captured from a solution consisting
only of cancer cells [26]. These results demonstrate that a
combined surface of HNTs and ES-PEG L-DXR can serve
a dual role in: (1) delivering chemotherapeutics to CTCs
and (2) reducing leukocyte adhesion and interaction with
chemotherapeutics and thus reducing toxic side effects on
healthy blood cells.

4. Conclusion

Here, we have demonstrated a technique utilizing cell
adhesion molecules to deliver therapeutics to CTCs while
actively preventing blood cell adhesion. ES-PEG L-DXR was
shown to adhesively interact with MCF7 breast cancer cells
and induce cell death. Under physiological flow rates, HNT-
liposome-coated surfaces significantly increased the number
of captured MCF7 and COLO 205 cancer cells, compared to
smooth surfaces coated with ES-PEG L-DXR. The opposite
trend occurred with healthy blood cells, as perfusion of
neutrophils over HNT-liposome coated surfaces significantly
reduced the number of captured cells. In a combined
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solution of cancer cells and neutrophils, HNT-liposome-
coated surfaces simultaneously increased the number of
MCF7 and COLO 205 cells captured, while significantly
reducing neutrophil capture to minimum levels. Liposomal
doxorubicin was successfully delivered to MCF7 and COLO
205 cells in flow assays with a combined solution of cancer
cells and neutrophils. The application of HNT-liposome
surfaces can enhance chemotherapeutic delivery to CTCs
and reduce the probability of metastasis. Additionally, the
unique ability of such surfaces to prevent normal blood
cell interactions can reduce toxic non-specific effects and
dramatically reduce chemotherapeutic dosages required for
CTC treatment.
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In the present study, cholesterol nanostructured lipid carriers with various oleic acid content loaded with paclitaxel (PTX) were
prepared by solvent emulsification-diffusion method using a Taguchi design. Size, zeta potential, entrapment efficiency, drug
loading, and release percent of NLCs were measured. The results indicated that the most effective factors on the size were oleic
acid content and surfactant percent. Zeta potential was more affected by the drug content. Drug to- lipid weight ratio was the
most effective factor on entrapment efficiency and drug release from NLC. In the present work, the effect of lyophilization on the
particle size and release properties of NLCs was also evaluated. The results revealed no differences between the characteristics of
NLCs before and after freeze drying by using 25% w/w sorbitol as cryoprotectant. Cytotoxicity studies indicate that PTX associated
with the NLC is also effective in HT-29 cell lines and enters the cancer cells selectively through the LDL receptor endocytic pathway.
The IC50 values of free PTX solubilized in Cremophor EL and NLC-born PTX after 72 h exposure were 8.32 ± 1.35 ng/mL and
5.24± 0.96 ng/mL, respectively.

1. Introduction

Paclitaxel (PTX) is one of the most broadly active com-
pounds prescribed to treat aggressive human malignancy
such as cancers of ovary, breast, lung, head and neck, esoph-
agus, bladder, endometrium, hematological and pediatric
malignancies [1]. Low water solubility of PTX (0.3 µg/mL)
and high toxicity have limited its clinical application.
Currently, PTX is commercially available as Taxol in a
vehicle composed of 1 : 1 of Cremophor EL (CrEL) and
ethanol to enhance water solubility of the drug. Some serious
side effects associated with CrEL include hypersensitivity
reactions, nephrotoxicity, and neurotoxicity. In addition,
Taxol has short-term physical stability upon dilution due
to the precipitation of PTX in the aqueous media. Other
problems with ethanol and CrEL include leaching of plas-
ticizer from polyvinyl chloride infusion bags and sets during
injection of the drug [2]. Due to the above-aforementioned

limitations, there is a need for new alternative formula-
tions that can overcome poor aqueous solubility of PTX,
deliver the drug more specifically to the target organs,
and produce fewer side effects. Several approaches such as
parenteral emulsions [3], liposomes [4], nanoparticles [5–
7] complex with cyclodextrin [8], water soluble prodrugs
[9], and polymeric micelles [10–15] have been employed
to deliver PTX into the body or targeted tissue. Solid lipid
nanoparticles (SLNs) are one of the carrier systems having
more advantages over other colloidal delivery systems. These
include biocompatibility, sterility, scale up, and protection of
incorporated active ingredients against chemical degradation
[16]. However, SLNs are associated with some potential
limitations, namely, limited drug loading and drug expulsion
during storage due to the crystallization of lipid matrix
or lipid polymorphism. To overcome these limitations,
nanostructured lipid carriers (NLCs) by mixing solid lipids
with chemically very different liquid lipids (oils) have been
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developed to improve drug loading and release properties of
conventional SLNs. By using special mixtures of solid lipids
and liquid lipids the particles become solid after cooling
but do not crystallize which leads to more imperfections
in the crystal and higher drug loading [17]. The objective
of the present study was to prepare LDL targeted NLCs
for delivery of PTX to the cancer cells. In this work for
preparation of NLCs, oleic acid (OA) has been used as
liquid lipid and cholesterol as solid lipid base. Based on
previous published reports, cholesterol-rich nanoemulsion
was taken-up by the low-density lipoprotein (LDL) receptors
after injection into the bloodstream. Since most cancer cells
show LDL receptors upregulation, cholesterol-fabricated
nanoparticles can be used as carrier system to target
antineoplastic drugs to cancerous cells [18]. Indeed, it was
shown in vitro that cholesterol nanoemulsion internalizes
drugs such as carmustine, etoposide, and paclitaxel into
cultured neoplastic cells [19–21]. Therefore, it is postulated
that our NLCs containing cholesterol may concentrate in
cancerous cells with LDL receptor overexpression. After
injection of the NLCs to the systemic circulation, cholesterol
as the lipid base of the nanoparticles acquires apo E and
other apolipoproteins from native lipoproteins. Apo E that is
recognized by LDL receptors allows binding of the artificial
NLCs to the receptors and internalize the carrier inside the
cancer cells. Nanoemulsions are in liquid form and undergo
instabilities such as flocculation, drug release, creaming,
gelling, and aggregation of particles; whereas NLCs combine
the advantages of polymeric nanoparticles, fat emulsions,
and liposome [22]. Lipid nanoparticles that encapsulated
paclitaxel have been studied by several groups [23–27]. In
most of these studies carriers only achieved passive targeting
due to the enhance permeation and retention (EPR) effect.
In some of these published reports synergistic combination
of passive and active targeting has been provided by chemical
functionalizing the surface of nanocarriers with legends such
as antibodies, peptides, or small molecules that recognize
tumor-specific antigens which is complicated and expensive
[23, 24]. But in our study, using cholesterol simply allows
binding of the NLCs to the LDL receptors. This binding
mediates internalization of the drug to the neoplastic cells.
In this circumstance, the drug is largely released inside the
cancer cells resulting enhanced efficiency.

Taguchi design L8 was used to optimize and evaluate the
effect of different processing variables on characteristics of
the NLCs.

In aqueous dispersed form, NLCs show an increase in
particle size after a short period of time. So in subsequent
study we aimed to increase the stability of NLCs using freeze-
drying technique.

The prepared NLCs of PTX could not be lyophilized
directly, and use of cryoprotectants was essential to prevent
aggregation of the particles after reconstitution. In the
current study, the freeze drying of the optimized formulation
with or without cryoprotectants was also studied. Further-
more, effects of different variables such as the type and
percentage of cryoprotectants and freezing temperature on
the characteristics of the particles after freeze drying were
also investigated. Moreover, we evaluated the cytotoxic effect

Table 1: Definition and trial levels of factors in Taguchi L8
orthogonal array experiment used in production of NLCs loaded
with PTX.

Studied variable Level 1 Level 2

Oleic acid content (w/w%) 15 30

Surfactant type Poloxamer188 Tween80

Drug/lipid ratio % 5 10

Surfactant concentration % 1 2

Sonication time (min) 2 4

Homogenization rate (rpm) 800 1300

of the drug incorporated in NLCs and compared with those
of free drug solutions on the human colorectal cancer cell
line, HT-29.

2. Materials and Methods

2.1. Materials. Cholesterol, oleic acid, tween80, ethanol,
and acetone were obtained from Merck (Germany). Polox-
amer 188 and paclitaxel were from Sigma-Aldrich, (US).
Avicel RC591 from (FMC, Brussels, Belgium), aerosol
from (Evonik, Frankfort Germany), mannitol from (Merk
chemical company, Frankfort Germany), dextrose from
(Luzhou Bio-Chem, Shandong China), sorbitol, PEG4000
from (Frankfort, Germany), HPLC grade acetonitrile, and
methanol from Caledon (Canada). RPMI 1640 medium,
sera, and antibiotics for cell culture were purchased from
Sigma-Aldrich (US). Human colorectal cancer cells (HT-
29) were obtained from Pasteur institute (Iran). 3-(4, 5-
Dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide
(MTT) from Sigma- Aldrich (US).

2.2. Preparation of PTX-Loaded NLC. Different variables
along with an overview of the formulations investigated in
the present work are listed in Table 2. Different formulations
are shown with different codes. The blank-and-drug loaded
NLCs were prepared by an emulsion solvent diffusion and
evaporation method followed by ultrasonication. Six vari-
ables were investigated in two levels. Briefly, 60 mg mixture of
cholesterol and oleic acid (OA) at 15 or 30 wt% OA content
and different amount of drug defined according to drug/lipid
weight ratio (5 and 10 wt% PTX) were completely dissolved
into the mixture of acetone (3 mL) and ethanol (3 mL)
in water bath at 60◦C. In the second step, the oily phase
was dispersed in an aqueous phase containing a surfactant
(poloxamer 188 or tween80) in different concentrations (1%
or 2%) at 60◦C and premixed by magnetic stirrer for 5 min at
800 rpm. The resulting preemulsion was then ultrasonicated
(either at 2 or 4 min) using a probe sonicator (Baldelin,
Germany) by probe TT13 in amplitude 40% to produce
an o/w nanoemulsion. Finally, the obtained nanoemulsion
(o/w) was cooled down at room temperature while stirring
on magnetic stirrer at 800 or 1300 rpm for about 1 h [27].

2.3. Experimental Design and Analysis. Table 1 displays the
six independent variables and their levels studied in a L8
orthogonal array using Taguchi design. L and subscript 8
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Table 2: Formulations of NLCs produced by a Taguchi design in a standard orthogonal array (L8).

Code Wt% OA Surfactant type
Drug/lipid

ratio
Surfactant

conc.
Sonication time

(min)
Homogenization rate

(rpm)

O15P1 15 Poloxamer188 5 1 2 800

O30T2 30 Tween80 5 2 2 800

O30P1 30 Poloxamer188 10 1 4 800

O15P2 15 Poloxamer188 5 2 4 1300

O15T1 15 Tween80 10 1 2 1300

O30T1 30 Tween80 5 1 4 1300

O30P2 30 Poloxamer188 10 2 2 1300

O15T2 15 Tween80 10 2 4 800

denote the Latin square and the number of the experimental
runs, respectively. A run involved the corresponding com-
bination of levels to which the factors in the experiment
were set. All experiments were performed in triplicate. Four
studied responses were included: particle size, zeta potential,
entrapment efficiency (EE), and drug release percent. The
experimental results were then analyzed by the Design Expert
software version 7 (Stat-Ease, Inc., Minneapolis, Minnesota,
USA) to extract independently the main effects of these
factors, followed by the analysis of variance (ANOVA)
to determine which factors were statistically significant.
Identifying controlling factors and qualifying the magnitude
of the effects were also emphasized.

2.4. Determination of Particle Size and Zeta Potential of the
Nanoparticles. Size and zeta potential of NLCs were mea-
sured by photon correlation spectroscopy (PCS, Zetasizer
3000, Malvern, UK). All samples were diluted appropriately
with the aqueous phase of the formulation for the measure-
ments. Z-Average particle size, polydispersity index, and zeta
potential were measured in triplicate.

2.5. Analytical Method of PTX Detection. PTX concentration
in release medium and its entrapment efficiency in nanopar-
ticles were measured using a reversed-phase HPLC method
developed and validated in our laboratory according to a
previously published method with a minor modification
[27]. The method was validated for linearity, accuracy, and
precision. A C18-Bondapak column (3.9 mm× 250 mm) was
used. The mobile phase consisted of potassium dihydro-
gen phosphate (0.01 M)/acetonitrile (45 : 55) with final pH
adjusted to 3.5 ± 0.1 with orthophosphoric acid. The mobile
phase eluted at the flow rate of 1.5 mL/min, and the effluent
was monitored at 227 nm using a UV detector. Column
temperature was kept at 40◦C, and 40 µL of sample was
injected into the HPLC column. Data analysis and processing
were performed by millennium software.

2.6. Determination of Entrapment Efficiency and Drug Loading
in NLC. Following precipitation of NLCs by centrifuga-
tion, the drug content in supernatant was determined in
triplicate by HPLC. The separated drug-loaded NLCs were
redispersed in 0.1 wt% tween80 and surged vertically for
3 min to dissolve the adsorbed drugs on the surface of NLCs.

Then the dispersions were centrifuged at 20000 rpm for
another 15 min. The drug content in the supernatant after
centrifugation was measured by HPLC method. The drug
entrapment efficiency (EE) and drug loading (DL) in the
nanoparticles were calculated from (1)

EE =
(
Wa−Ws1−Ws2

Wa

)
× 100,

DL =
(

Wa−Ws1−Ws2
Wa−Ws1−WS2 + Wl

)
× 100,

(1)

where Wa is the weight of drug added in system, Ws1
is the analyzed weight of drug in supernatant after the
first centrifugation, Ws2 is the analyzed weight of drug in
supernatant after the second centrifugation, and WL is the
weight of lipid added in system [27].

2.7. In Vitro Release of PTX from NLCs. To determine the
release rate of PTX from nanoparticles, 3 mL of aqueous
dispersion of each formulation was added to the dialysis
bags with molecular weight cutoff of 12000 Da and the
sealed bags were placed in the glass beaker in 150 mL of the
phosphate buffer solution (PBS) 0.1 M, PH 7.4 containing
0.1% tween80 to provide sink condition with agitation of
200 rpm. Samples were withdrawn at predetermined time
intervals up to 72 h and replaced with fresh PBS maintained
at the same temperature [28]. The content of PTX in the
samples was determined by the described HPLC method.

2.8. Freeze Drying of NLCs. In the preliminary trials the
particles were lyophilized by using different types of cryopro-
tectants: PEG4000, AvicelRC591, aerosil, mannitol, sorbitol,
and dextrose. Freezing temperature was −70◦C for about 24
hours, and 25% (w/w) concentrations of cryoprotectants in
mass were used. Operating conditions of the freeze dryer
(Christ Alpha 4.2LD over, Germany) were a temperature of
−40◦C and a pressure of 0.4 bar. After choosing the best
cryoprotectant which caused the lowest growth in particle
size, subsequently optimization of various effective factors
in lyophilization process of NLC of PTX was carried out
and the physicochemical properties of the NLCs before and
after freeze drying were checked. Redispersion of lyophilized
nanoparticles is carried out using 0.01% PVA in distilled
water using a sonicator bath for 10 minutes.
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2.9. Atomic Force Microscopy (AFM). Observation of the
morphology and particle size of the optimized NLCs before
and after freeze drying was performed by an atomic
force microscope (Nanosurf AG, Liestal, Switzerland). AFM
images were obtained by measurement of the interac-
tion forces between the tip and the sample surface. The
experiments were done in air at room temperature (25◦C)
operating in contact mode. Droplets of the final suspension
(20 µL) were deposited onto a small mica disk. After the drop
was dried, the contact mode was used at room temperature.

2.10. Cell Culture. HT-29, the human colorectal adeno-
carcinoma cell lines, were obtained from Pasteur institute
(Iran). Cells were grown at 37◦C in humidified atmosphere
containing 5% CO2 in RPMI 1640 medium supplemented
with 10% fetal bovine serum (FBS), 100 units/mL penicillin,
and 100 units/mL streptomycin. For the experiments, the
cells were detached by trypsin treatment, seeded at a density
4 × 104 cells/mL into 96-well culture plate (SPLLifescience,
Korea), and incubated for 24 h at 37◦C in 5% CO2 and 100%
humidity before cell viability test.

2.11. In Vitro Cytotoxicity Assay. After seeding the cells on
96 well plate, each row was treated with 20 µL of different
concentrations of paclitaxel solution (a 50 : 50 mixture of
Cremophor EL and ethanol), 20 µL of PTX-loaded NLC
formulation in different concentrations, 20 µL of blank NLC,
20 µL of different concentrations of PTX in DMSO, and 20 µL
of culture medium (as negative control), respectively. The
concentration of paclitaxel varied from 0.1 to 100 ng/mL for
commercial vehicle, NLCs, and DMSO. Then the plate was
incubated for 72 h, after that 20 µL MTT was added to each
well, and cells were incubated for another 4 h. After removing
the unreduced MTT and medium, each well was washed with
100 µL of PBS, and 180 µL of DMSO was then added to each
well to dissolve the MTT formazan crystals. Immediately
after pipetting, each raw was separately analyzed by ELISA
method. Cell viability for each sample was calculated using
(2)

Cell survival = mean of each group−mean of blank
mean of negative control−mean of blank

.

(2)

Another experiment was performed to confirm that cyto-
toxicity of loaded NLC is mediated by internalization of the
drug through LDL receptors. Considering that cholesterol is
fitted to the LDL receptors via Apo-E protein, the cellular
viability tests were carried out in the absence of Apo-E. In
this experiment HT-29 viable cells were grown in RPMI
1640 medium supplemented with 100 units/mL penicillin,
100 units/mL streptomycin and without serum. After that,
the cells were detached by trypsin treatment, seeded at a
density 4 × 104 cells/mL into 96-well culture plate, and
incubated for 24 h at 37◦C in 5% CO2 and 100% humidity.
After this period, 10 ng/mL PTX, free or associated with
NLC, was added to the plate in triplicate and incubated for
24 h at 37◦C. The cell cytotoxicity and survival percent were
evaluated by MTT assay.

3. Results and Discussion

3.1. Particle Size and Zeta Potential of NLCs. Solvent dif-
fusion method was used for preparation of PTX-loaded
NLC. The organic phase was added to the aqueous phase
in the same temperature at 60◦C. Hu et al. have shown
that the lower temperature of dispersion medium led to
the lower diffusion rate of organic dispersion phase and
consequently formed the relatively large particles with wide
size distribution [29]. The properties of PTX-loaded NLCs
such as particle size, polydispersity index (PI), zeta potential,
entrapment efficiency, and release percent are listed in
Table 3.

It was found that the size of drug-loaded particles was
higher than that of drug-free ones due to the incorporation
of drug in NLC matrix. On the other hand, the most
effective factor on particle size relates to the drug content.
Changing the drug content from 5 to10 increased the size of
nanoparticles effectively.

As shown in Figure 1, the OA content and surfactant
concentration had also rather high contribution to the
particle size. The higher oleic acid content reduced the
viscosity inside NLC, and consequently, reduced the surface
tension to form smaller particles. The polydispersity index
was also decreased by increasing the OA content. These
results suggested that the addition of OA to the formulations
was in favor of forming nanoparticles with more homoge-
nous size distributions due to the size reduction. In the
study conducted by Hu et al., stearic acid nanostructured
lipid carriers with various oleic acid content loaded by
clobetasol were prepared by solvent diffusion method. In
their study as OA content was increased up to 30%, the
particle sizes were decreased with more regular morphology
which is in agreement with our results [30]. Increasing
the concentration of surfactant decreased the particle sizes
of nanoparticles. Muller has shown that increasing the
poloxamer concentration to 1% was effective in producing
smaller size SLN composed of tripalmitin, cetylpalmitate,
and glycerylmonostearate [31]. In present study, it seems
that 1% poloxamer is sufficient to cover the surface of
nanoparticles effectively and prevents agglomeration during
the process.

Zeta potential is often a key factor to understand the
stability of colloidal dispersion. As shown in Table 3 the
absolute value of zeta potential in most formulation was
above 10. This demonstrates that the nanoparticles disper-
sion obtained by solvent diffusion method in an aqueous
system in this study is a physically stable system [32]. The
data shown in Figure 1 reveals that the drug content is the
most effective variable on zeta potential of nanoparticles.
Changing drug/lipid weight ratio from level 1 to level 2
(increasing the drug percent from 5% to 10%) decreased
the absolute value of zeta potential. Freitas and Muller have
shown that the increased drug content could reduce the
charge density and absolute values of zeta potential [33].
Our results revealed that changing the surfactant type from
tween80 to poloxamer188 elevated the absolute value of the
zeta potential. In the study conducted by Lim and Kim the
zeta potential was decreased in the corporation of tween80
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Table 3: Physical properties of different NLCs.

Code
Particle size

(nm)
Pd index

Zeta potential
(mV)

EE∗ % DL∗∗ %
Drug released

after 72 h

O15P1 158.1 ± 17.1 0.1 ± 0.009 −20.8 ± 0.26 63 ± 13.2 3.3 ± 0.5 43.39 ± 6.8

O30T2 80.68 ± 15.9 0.2 ± 0.01 −9.1 ± 0.12 72 ± 11.6 2.8 ± 0.3 53.9 ± 7.6

O30P1 173.6 ± 19.8 0.3 ± 0.02 −12.7 ± 0.19 60 ± 10.3 2.8 ± 0.5 59.3 ± 5.6

O15P2 132.9 ± 21.3 0.2 ± 0.04 −19.7 ± 0.23 63 ± 9.8 2.3 ± 0.4 52.23 ± 4.3

O15T1 189.4 ± 15.6 0.6 ± 0.02 −9.17 ± 0.15 46 ± 10.2 2.1 ± 0.2 50.5 ± 8.5

O30T1 100.9 ± 12.3 0.3 ± 0.01 −12.9 ± 0.15 62 ± 11.6 3.5 ± 0.2 50.23 ± 6.3

O30P2 137.3 ± 13.4 0.1 ± 0.03 −8.8 ± 0.13 53 ± 8.6 2.9 ± 0.5 70.3 ± 5.4

O15T2 169.8 ± 10.8 0.4 ± 0.04 −10.7 ± 0.09 53 ± 7.3 3.1 ± 0.6 63.78 ± 8.1
∗

EE: entrapment efficiency. ∗∗DL: drug loading.
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Figure 1: Contribution percent of different effective factors on
the particle size, zeta potential, entrapment efficiency, and release
percent of NLCs loaded with PTX.

as surfactant [34]. The results of Table 3 and data analysis
showed that absolute zeta potential decreased as emulsifier
concentration increased to 2% which was in accordance with
the results of other researchers [35]. Data analysis showed
that increasing the amount of OA could decrease the absolute
value of zeta potential. In preparation of clobetasol NLCs
with various amount of oleic acid, no trend was found
for zeta potential changes by increasing the OA content
of nanoparticles [30]. In fact crystalline reorientation or
recrystallization of lipid can result in changes on the
particle surface and subsequently change the zeta potential
unpredictably.

3.2. Entrapment Efficiency in NLC. The calibration curve
of HPLC method used for determination of drug content
and drug release studies was linear in the concentration
range 0.05–2 µg/mL (r2 = 0.999). The inter- and intraday
precision and accuracy were less than 10.27% with the

detection limit 20 ng/mL. As Figure 1 shows, drug to lipid
weight ratio is the most effective factor on entrapment
efficiency in NLC. Changing the drug/lipid weight ratio
from 10% to 5%, decreasing the amount of drug to lipid,
accompanied good entrapment of drug in the lipids. The
OA content were also influenced loading and entrapment
efficiency. The drug entrapment efficiency was increased,
by increasing the percentage of OA. Previous studies have
illustrated that incorporation of liquid lipids to solid lipids
can lead to massive crystal order disturbances. This results
in great imperfections in the crystal lattice, which in
turn leaves enough space to accommodate drug molecules,
which ultimately improves drug loading capacity and drug
entrapment efficiency [36]. As shown in Figure 1, other
factors were not effective on the drug loading.

3.3. In Vitro Release of PTX from NLC. Figure 1 shows that
the drug release from NLCs is more affected by drug/lipid
ratio and the surfactant concentration. The release rate
became faster when the amount of OA was increased.
Surfactant type, sonication time, and homogenization rate
did not significantly affect the release rate. The drug release
profiles from NLCs are shown in Figure 2. Drug-to-lipid
weight ratio could influence the release of PTX from
nanoparticles. When the drug increased from 5 to 10%, most
of the drug located at the outer shell of nanoparticles which
led to faster drug release. For all formulations, a biphasic
drug release pattern was observed, which is due to the burst
release at the initial stage and is followed by sustained release
in the later times. The release rate in initial stage became
faster with increasing the OA content. On the other hand,
when the OA content increased from 15 to 30%, the particle
size decreased; consequently, the specific surface area was
increased, and the faster release rate was observed. Changing
the surfactant concentration from level1 to 2 also increased
the drug release rate.

3.4. Optimization of PTX-NLCs. Computer optimization
process and a desirability function determined the effect of
the levels of independent variables on the responses. All
responses were fitted to the linear model. The constraints
of particle size were 80.68 to 189.4 nm with targeting the
particle size in the range of 100–189, for zeta potential was
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Figure 2: In vitro release profile of paclitaxel from cholesterol NLCs (n = 3): (a) drug/lipid 5% w/w, (b) drug/lipid 10% w/w.
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Figure 3: Effect of different cryoprotectants, concentration, and
freezing rate on particle size. Sublimation time did not have
significant effect on particle size. S: Sorbitol, A: Aerosil.

−8.8 to −20.8 mV, while the target was maximum absolute
value of zeta potential, for the EE the constraint was 46 to
72% with the goal of maximum value, and for release percent
the target was considered in the range of the measured value.

Accordingly, the predicted optimized formulation by
the software would contain 5% PTX, 30% OA, 1% polox-
amer188, 2 minute sonication, and 800 rpm homogeniza-
tion rate. To confirm the predicted model, the optimized
formulation was prepared, and the observed responses were
measured and listed in Table 4. The acceptable agreement
between the observed values and the values predicted by the
software and the negligible error percent confirm the vali-
dation and reliability of our method as well as its adequate

Table 4: Predicted versus actual responses obtained for the
optimized formulation.

Responses
Particle size

(nm)
Zeta potential

(mV)
Release after

72 h
EE (h)

Actual
values

181.6 ± 14.8 −12.9 ± 0.2 42.3 ± 3.6 53 ± 4.2

Predicted
values

142.33 −12.33 50 59

Error (%) 21.54 4.41 18.77 11.32

Table 5: Results of a preliminary screening of different cryoprotec-
tants.

Cryoprotectant
Particle size

(nm)
Zeta potential

(mV)

PEG4000 1550 ± 296.3 −4.5 ± 0.3

Avicel RC591 956 ± 120.6 −6.9 ± 0.9

Mannitol 1056 ± 213.6 −2.8 ± 0.1

Dextrose 857 ± 87.6 −4.3 ± 0.4

Sorbitol 216 ± 21.2 −10.6 ± 0.7

Aerosil 480 ± 83.2 −15.6 ± 0.3

precision for the prediction of optimized conditions in the
domain of levels chosen for the independent variables.

3.5. Freeze Drying of NLCs. As mentioned, lyophilization is
an approach to improve the physical and chemical stability
of colloidal system. The results of the preliminary screening
study of different cryoprotectants listed in Table 5 show
that PEG4000, Avicel, and dextrose cause an increase in
size to about 1 microns and zeta potential to about −5 µm
suggesting an aggregation of particles, leading to poor
redispersibility. In a work conducted by varshosaz et al., PEG
as cryoprotectant caused a significant increase in size and zeta
potential [32].
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Figure 4: size distribution and AFM images of NLCs of PTX (a) size distribution of NLCs before freeze drying, (b) size distribution of NLCs
after freeze drying, (c) AFM image of NLCs before freeze drying, and (d) AFM image of NLCs after freeze drying.

Mannitol also showed poor redispersibility with particle
size greater than 1 micron which may be related to crystalliza-
tion of mannitol in low temperature. Moreover, the growing
crystals of water and mannitol may exert mechanical forces
on the nanoparticles leading to their fusion. Table 5 shows
that sorbitol and aerosil cause less increase in particle size
and zeta potential after redispersion of dried nanoparticles in
distilled water. However, to optimize the lyophilization pro-
cess the effect of concentration and freezing rate should be
considered. In the literature, different freezing methods have
been used to freeze nanoparticle suspensions. In this study
we used liquid nitrogen freezing (−89◦C/5 min) and loading
vials onto precooled shelves (−70◦C/24 h, −20◦C/24 h).

The results showed an increase in the particle size of
NLCs using rapid freezing rate for all the tested formulations.

However, some studies have shown that high super cooling
leads to the formation of small ice crystals and may
decrease the mechanical stress on nanoparticles avoiding
their aggregations. Our results may be explained by the
fact that quick freezing in liquid nitrogen destabilized the
nanoparticles leading to a greater formation of aggregates
after redispersion, so slower freezing at−70◦C in deep freezer
proved to be better method for this formulation. In the
study conducted by Saez et al., sorbitol was found to be
an effective cryoprotectant when PLGA nanoparticles were
frozen at −70◦C [37]. We also investigated the effect of
cryoprotectant concentrations in three levels (10, 25, and
50% w/w). As shown in Figure 3, it seems that sorbitol
was better than aerosil in reducing particle size. Sorbitol
in 25% w/w concentration may arise from the formation
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of a protective capping layer around the NLCs. The zeta
potential range for all preparation was low, with the range
−9.8 up to −15.5 mv. This may be related to the effect of
PVA. PVA is a polymer with long-chain alkyl which causes
a negative charge. Redispersion of lyophilized formulations
in 0.01% PVA reduces the zeta potential and improves
dispersion. Our results also revealed that aerosil causes more
decrease in zeta potential than sorbitol. Perhaps because the
suspension of aerosil has negative zeta potential and increases
the absolute zeta potential of nanoparticles, while sorbitol is
a natural compound that dissolves in water.

Based on our results, the optimum condition is obtained
using sorbitol 25% w/w concentration, freezing rate of
−70◦C/24 h, and 48 h sublimation time. To confirm the data
of particle size, the AFM photographs and size distributions
of the nanoparticles prior and after freeze drying by using
25% sorbitol were also shown in Figure 4. Optimized freeze
drying condition maintained the particle size of NLCs of
PTX after redispersion. The AFM images of the nanoparticles
revealed spherical and round shape of approximately 150–
200 nm in diameter, which was similar to the results
obtained by photon correlation spectroscopy. The results of
loading percent and 3 days drug release study on optimized
formulation after redispersion showed 42% drug loading and
40% drug release from nanoparticles. As shown in Figure 5
there is no significant change in the burst effect and drug
release content from NLCs before and after lyophilization.

3.6. In Vitro Cytotoxicity. Figure 6 shows the cytotoxic
activity curves of the optimized NLC-PTX formulation, PTX
solubilized in DMSO, PTX in Creomophor EL, and blank
NLC. The blank NLCs did not show significant cytotoxicity
whit more than 80% of HT-29 cells survived after 72
exposure to the highest concentration of blank NLCs.

At low concentration (0.1 ng/mL), only free PTX in
DMSO and Cr EL was effective to suppress the cell growth,
while PTX loaded-NLCs displayed no cytotoxicity, which
may be attributed to the relatively low amount of drug

0

20

40

60

80

100

120

0.1 1 10 100

PTX concentration (ng/mL)

Blank NLC
PTX-DMSO

PTX-NLC
PTX-Cr EL

C
el

l s
u

rv
iv

al
 (

%
)

Figure 6: In vitro cytotoxicity of various PTX formulations and
blank NLC against HT-29 cell line after 72 h incubation. Data were
plotted as the mean ± SD of three measurements.

Table 6: IC50 values of PTX solutions and the drug-loaded NLC
against HT-29 cell lines.

Drug formulation
IC50 (mean ± SD)

24 h 48 h 72 h

PTX in cremophor EL 15.81 ± 3.12 10.23 ± 1.56 8.32 ± 1.35

PTX-NLC 18.93 ± 2.56 11.24 ± 2.34 5.24 ± 0.96

PTX in DMSO 13.31 ± 4.12 8.93 ± 3.56 6.91 ± 0.85

released from the carriers. At high concentrations (1–
100 ng/mL) PTX-loaded NLCs also showed decrease in cell
growth, which was comparable to free PTX. Thus our finding
demonstrated that PTX-NLC developed in this study had the
potency similar to that of Cremophor-EL-based formulation
and could be a safe drug carrier. The amount of PTX required
to achieve the IC50 values were evaluated after 24, 48, and
72 h exposure of cells to the free PTX and PTX-loaded
NLCs. As shown in Table 6 the cytotoxicity of PTX was time
dependent.

Survival of HT-29 cultured in the absence of Apo E
was considerably increased by incubation with NLC-PTX.
On the other hand, free drug cytotoxicity was much less
affected by the change in growth medium (Figure 7). It is
concluded that the drug associated with cholesterol lipid
base is uptook into the cancer cells by endocytosis via LDL
receptors, and when Apo E is removed from the serum in
the medium of cell culture the targeting to the LDL receptors
is blocked and cell viability is increased. The unassociated
drug could freely cross the cellular membrane and exert its
cytotoxicity. As expected the cytotoxicity of free drug was
unaffected by the absence of Apo E from culture medium.
Hence, the optimized NLCs developed in our study could be
an efficient vehicle for delivery of PTX to the intended site
without provoking any side effect associated with cremophor
EL containing formulations. The drug content from these
lipidic nanoparticles is largely released inside the cancer
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Figure 7: Cytotoxicity of PTX-loaded NLC and free PTX in the
presence (grey columns) or absence (black columns) of Apo E after
24 h incubation.

cells resulting in an enhanced efficiency and reducing side
effects.

4. Conclusion

In the present study the PTX-loaded NLCs were prepared
using solvent diffusion method following probe sonication
and finally freeze dried under certain conditions which
were evaluated by different factors. Optimized formula-
tion containing 5% PTX, 30% OA, 1% poloxamer188, 2
minute sonication, and 800 rpm homogenization rate gave
nanoparticles with about 181.6 nm with 0.1 polydispersity,
−12.9 Mv zeta potential, 43% drug release after 3 days
and 53% entrapment efficiency. The optimum condition
in freeze drying was achieved by using sorbitol in 25%
w/w, freezing rate of −70/24, and sublimation time 48 h.
Freeze-dried NLCs suspended in PVA 0.01% solution still
were spherical with the mean diameter about 200 nm and
entrapment efficiency 42%. cytotoxicity results showed that
PTX associated with NLCs is also effective and exerts the
pharmacologic effect by entering the cell through the LDL
receptor endocytic pathway. Thus, the optimized NLCs
developed in our study could deliver PTX selectively to
the cancer cells without any side effect associated with
cremophor EL containing formulations. These nanoparticles
are, therefore, anticipated to be a promising PTX carrier for
their targeted and intracellular delivery.
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A highly sensitive immunosensor based on a gold nanopatterned chip was developed for accurate determination of alpha-
fetoprotein (AFP) via total internal refection fluorescence microscopy (TIRFM). The surface of the gold nanopatterned chips was
modified with dithiobis(succinimidyl propionate) and protein A/G for immobilization of the AFP antibody. The immunoassay
created a sandwich of antigen between the AFP antibody on the chip that was modified with protein A/G, and the secondary
antibody, a monoclonal anti-human-AFP labeled with biotin (biotin-labeled anti-AFP). AFP concentration was determined based
on evanescent field fluorescence signal, which was generated by interaction between biotin-labeled anti-AFP and a streptavidin-
labeled fluorescence dye. AFP concentration could be measured in a wide dynamic linear range of 720 zM–10 nM with a detection
limit of 720 zM. A significant enhanced sensitivity (∼40,000-fold) was achieved with the AFP-nanoarray chip compared to
conventional chemiluminescence immunosensors. The immunoassay exhibited a wide detection range and high sensitivity and
accuracy, qualities valuable for clinical assay of AFP.

1. Introduction

Since the introduction of sandwich assays using monoclonal
antibodies, various immunoassays have been introduced
with automated analysis and increased specificity [1]. How-
ever, many immunoassay methods such as enzyme-linked
immunosorbent assay (ELISA), radioimmunoassay (RIA),
and single radial immunodiffusion have disadvantages such
as being time-consuming procedures using expensive instru-
mentation with complicated separation and labeling steps,
and potential dangers (e.g., radiation hazards) or expensive
materials [2]. New techniques such as electrochemistry [3],
chemiluminescence [4], piezoelectricity [5], surface plasmon
resonance (SPR) [6], and sandwich immunoassays based
on nanoarray protein chips [7, 8] have attracted inter-
ests because of their characteristics. Specifically, nanoarray
protein chips offer a sensitive, accurate, quantitative, and

simple alternative methodology for determination of tumor
markers.

Alpha-fetoprotein (AFP) is a 70 kDa oncofetal glycopro-
tein of 591 amino acids. It contains a single asparagine-linked
(Asn233) carbohydrate chain that is a known biomarker
for hepatocellular carcinoma (HCC) [9–12]. The association
between serum AFP and HCC has been extensively described
[13–16]. AFP has been a diagnostic test for HCC since
the 1970s, when most patients with HCC were diagnosed
at an advanced stage with clinical symptoms [17]. AFP is
suggested to function as a transport molecule for several
different ligands and various drugs [18, 19] and to have
immunosuppressive activity and a role in regulation of
cell proliferation [20]. The first conditionally quantitative
serum assays for AFP were introduced in 1971 [21]. Sev-
eral approaches have attempted to enhance the techniques
of SPR detection [22] such as bioluminescent sandwich
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Figure 1: (a) DIC image of gold nanopatterned AFP chip with a spot diameter of 100 nm and (inner) SEM image of individual gold spots.
(b) Schematic diagram of the AFP sandwich fluorescence immunoassay. (c) Schematic diagram showing the TIRFM detection system. L:
laser; HL: halogen lamp; P: transmitted all-side polished dove-type prism; GNC: gold nanopatterned chip; OL: objective lens; BF: band-pass
filter; C: charge-coupled device.

immunoassays [23], electrochemical immunoassays [24],
and chemiluminescence resonance energy transfer [25].
However, the sensitivities for these assays are still poor [26].

In this study, a sandwich immunoassay using gold
nanopatterned protein chips was developed for quantitative
detection of tumor markers such as AFP in serum. A total
internal reflection fluorescence microscopy (TIRFM) tech-
nique based on evanescent field fluorescence imaging was
applied for trace analysis of AFP with a wide dynamic linear
range to use in clinical diagnosis. The relationship between
evanescent field-fluorescence signal and AFP concentration
showed excellent and extensive linearity. The method was
successfully applied to determine AFP in human serum.

2. Experimental Details

2.1. Reagent Preparation. Dimethyl sulfoxide (DMSO) and
glycine were from Sigma-Aldrich Inc. (St. Louis, MO, USA).
Dithiobis(succinimidyl propionate) (DSP) and protein A/G
were from Pierce (Rockford, IL, USA). Tris (base) was
from Mallinckrodt Baker, Inc. (Phillipsburg, NJ, USA).
StabilGuard was from SurModics (Eden Prairie, MN, USA).
Alexa Fluor 488 streptavidin was obtained from Molecular
Probes (Eugene, OR, USA). Human AFP antigen, mon-
oclonal antibody to human AFP (5H7), and monoclonal
antibody to human AFP labeled with biotin (biotin-labeled
anti-AFP, 4A3), were from Biodesign International (ME,
USA). Normal human serum samples were isolated from
blood by centrifugation at 2,000 rpm for 15 min at 2◦C. To
mimic clinical conditions, a standard AFP sample of 20 fM
was spiked into 1 : 104 diluted normal human serum at a
three-to-one ratio. Before use, 1× PBS buffer solution (pH
7.4; 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.4 mM
KH2PO4) was filtered through a 0.2-μm membrane filter and
photobleached overnight using a UV-B lamp (G15TE, 280–
315 nm, Philips, The Netherlands).

2.2. Gold Nanopatterned Chips. A gold nanopatterned sub-
strate was designed as shown in Figure 1(a) and fabricated
by the National Nanofab Center (Daejeon, Republic of
Korea). Four-inch soda-lime glass wafers from Winwin Tech
(Bucheon, Republic of Korea) were used to make 4 × 5
nanoarrays with 100 nm diameter spots (SEM in Figure 1(a))
with a 10 μm pitch. Gold spots were deposited on the glass
substrate by an electron beam evaporator. Substrates were
coated with a 5 nm adhesive layer of chromium (99.997%
purity) at a rate of 0.1 nm/s, followed by deposition of a
20 nm layer of gold (99.997% purity) at a rate of 0.1 nm/s.
Before linker deposition, chips were immersed in acetone
(99.5% purity) for 30 s, followed by isopropyl alcohol (99.9%
purity) for 30 s. Gold nanopatterned chips were exposed to
piranha solution (1 : 1 = H2SO4 : 30% H2O2) for 30 min,
rinsed with deionized water, and dried under a stream of
nitrogen. Before use, chips were stored in a desiccator.

2.3. AFP Single-Molecule Sandwich Immunoassay on Gold
Nanopatterned Chips. The analytical procedure for sandwich
immunoassay of AFP on a gold substrate is schematically
depicted in Figure 1(b). Gold patterned chips were immersed
in 4 mg/mL DSP in DMSO for 30 min, then rinsed with
DMSO and deionized water. Addition of 0.1 mg/mL of
protein A/G, which binds to the heavy chains of the antibody
Fc region, was used to uniformly orient the antibodies
for 1 h. Unreacted succinimide groups were blocked with
10 mM Tris (pH 7.5) and 1 M glycine for 30 min. Chips
were incubated with StabilGuard for 30 min to stabilize
bound proteins, then rinsed briefly with a few drops of
deionized water. Chips were incubated with 20 μL of 2 μg/mL
monoclonal antibody to human AFP (5H7) in PBS (pH 7.4)
for 1 h. After washing, AFP standard protein that was diluted
to various concentrations, or normal or spiked clinical
samples were incubated on chips for 1 h. The incubation
time of the sample with 720 zM AFP was increased to 5 h
to allow sufficient time for Brownian motion. Reaction with
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Table 1: Comparison of detection limits between AFP-nanoarray chips and other methods.

Method Dynamic range (ng/mL) LOD (ng/mL) References

SPR 1.0–200 (14 pM–2.8 nM) 0.65 (9.1 pM) [22]

BL immunoassay I 0.01–100 (140 fM–1.4 nM) 0.01 (140 fM) [23]

BL immunoassay II 0.02–200 (280 fM–2.8 nM) 0.02 (280 fM) [28, 29]

CRET 5–70 (70 pM–980 pM) 2.50 (35 pM) [25]

FRET inhibition assay 0.8–45 (11.2 pM–0.63 nM) 0.41 (5.74 pM) [30]

Pz immunoassay 20–640 (280 pM–8.96 nM) 20 (280 pM) [31]

EC immunoassay I 0.5–80 (7 pM–1.12 nM) 0.25 (3.5 pM) [32]

EC immunoassay II 0.1–30 (1.4 pM–420 pM) 0.018 (252 fM) [33]

EC immunoassay III 0.01–200 (140 fM–2.8 nM) 0.004 (56 fM) [34]

EC immunoassay IV 1.0–10 (14 pM–140 pM) 0.70 (9.8 pM) [35]

ECL immunoassay 0.002–32 (28 fM–448 pM) 0.002 (28 fM) [36]

CL immunoassay 0.01–0.5 (140 fM–7 pM) 0.005 (70 fM) [37]

AFP-nanoarray chip 50 × 10−9–714.3 (720 zM–10 nM) 50 × 10−9 (720 zM) This work

Indication: SPR: surface plasmon resonance; BL: bioluminescent; CRET: chemiluminescence resonance energy transfer; FRET: fluorescence resonance energy
transfer; Pz: piezoelectric; EC: electrochemical; ECL: electrogenerated chemiluminescence; CL: chemiluminescence; LOD: limit of detection.

20 μL of 2 μg/mL biotin-labeled anti-AFP (4A3) was for 1 h.
To detect biotin-labeled anti-AFP, 20 μL of Alexa Fluor 488
streptavidin (2 μg/mL) was added to chips and incubated for
30 min. Chips were washed in 100 mL 1× PBS for 2 min and
rinsed briefly with deionized water at each step. All reactions
were carried out at room temperature with agitation.

2.4. Total Internal Reflection Microscopic System. A schematic
diagram of the TIRFM system is in Figure 1(c). An upright
Olympus BX51 microscope (Olympus Optical Co., Ltd.,
Tokyo, Japan) with an Olympus 100× UPLFL objective lens
(oil type, 1.3 N.A., W.D. 0.1 mm) was used. A 520/10 nm
band-pass filter from Semrock (Rochester, NY, USA) was
coordinated with the use of 473 nm laser excitation during
imaging. Fluorescence images were captured by an electron-
multiplying, cooled charge-coupled device (EM-CCD) cam-
era (QuantEM 512SC, Photometrics, AZ, USA) equipped
with a Uniblitz mechanical shutter (Vincent Associates,
Rochester, NY, USA) with an exposure time of 100 ms. All
quantitative analysis of data and image acquisition used
MetaMorph 7.1 software (Universal Imaging Co., Downing
Town, PA, USA).

3. Results and Discussion

A single-molecule sandwich immunoassay for sensitive
detection of AFP by evanescent field-enhanced fluorescence
was designed. The sensitivity of the AFP assay could calculate
the detection limit of 720 zM using 100 nm gold nano-
patterned chips. Size reduction and site-specific labeling of
antibodies to create a surface with high functional capacity
increases the sensitivity of an immunoassay [27]. Further-
more, the 100 nm gold array chips showed no quenching
of fluorescence dyes and had increased sensitivity. Under
optimal conditions, the sandwich immunoassay had high
sensitivity and a wide dynamic range for monitoring on a
single-molecule level.
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Figure 2: Calibration curve with linear range of standard AFP
concentrations produced by serial dilutions from 720 zM to 10 nM.
Relative fluorescence intensity (RFI) was corrected by background
subtraction.

The increase in relative fluorescence intensity (RFI) was
proportional to AFP concentration (Figure 2), and the linear
response range was 720 zM to 10 nM (linear regression
equation, y = 884.12x + 836.76, R = 0.9932) with a
low detection limit of 720 zM and a signal-to-noise ratio
(S/N) of 3 (Table 1). The AFP-nanoarray chip method
showed 40,000 times higher sensitivity than other methods
(i.e., surface plasmon resonance, bioluminescent immunoas-
say, electrochemical immunoassay, and chemiluminescence
immunoassay). These results showed that the proposed
method was highly sensitive, especially for ultralow levels of
AFP.

In addition, the wide quantification range (720 zM to
10 nM) would be useful for healthy human serum, which has
unestablished normal ranges for AFP. The normal range of
AFP for adults and children is variously reported as under
50 ng/mL [38], under 10 ng/mL [39], and under 5 ng/mL
[40]. Bader et al., Wang and Xu reported that the average
concentration of AFP is about 25 ng/mL in healthy human
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Figure 3: (a) Peak of fluorescence intensity of serially diluted AFP standard antigen reacted with a chip as “a” to “b” horizontal line in (b).
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Figure 4: Evanescent field-enhanced fluorescence images via prism-type TIRFM of (a) standard AFP (AFP-positive sample), (b) normal
(nonpathologic) human serum, and (c) AFP-spiked human serum on gold nanopatterned chip.

serum [41, 42]. Ju et al. also reported a low average value
of 3.4 ng/mL [43]. However, a level above 500 ng/mL of AFP
in adults can be indicative of HCC, germ cell tumors, and
metastatic liver cancer.

The assay method for quantitative analysis was based on
evanescent field-enhanced fluorescence imaging via prism-
type TIRFM. First, we selected signal regions and back-
ground regions with the same area. The sum of TIRF
intensities of occupied pixels per single spot was corrected by
background subtraction and RFI was calculated. Figure 3(a)
shows the peak of fluorescence intensity of serial diluted AFP

standard antigen reacted on chip. The peak width was greater
than the spot diameter of 100 nm because of fluorescence
imaging. The peak shows a moderate increase with increasing
AFP concentration from 14.3 aM to 143 pM.

In this study, samples including standard AFP antigen,
normal human serum, and human serum with added
standard AFP antigen were evaluated using TIRFM and
single-molecule sandwich immunoassay chips. The AFP
standard (AFP, positive sample) (Figure 4(a), 1.42 pg/mL =
20 fM), normal (nonpathologic) human serum (Figure 4(b),
0.13 pg/mL = 1.8 fM), and the sample of human serum
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spiked with AFP (Figure 4(c), 1.16 pg/mL = 16.3 fM; the-
oretical, 1.1 pg/mL = 15.4 fM) were analyzed using gold
nanopatterned chips. The results indicated that the sandwich
immunoassay using the gold nanopatterned chips gave the
high accuracy and sensitivity required for the quantification
of biomarkers in human serum samples.

Specificity is an important factor in practical use of
immunoassays. AFP is closely related to albumin, both
genetically and structurally. The amino acid sequences of
AFP and albumin have extensive homology, and the genes
coding for the proteins are localized to the same area of
human chromosome 4 (4q11–q13) [44]. Since the 1980s,
research on monoclonal antibodies with unique specificity
for individual binding sites on antigens has been used to
improve the sensitivity and specificity of AFP determination
[45]. Ding et al. evaluated the selectivity of an immunosensor
with four kinds of potential interferents, including L-
glutamic acid, bovine serum albumin, hemoglobin, and D-
glucose [32]. Chan et al. showed specificity satisfactory with
paired monoclonal antibodies for AFP [46]. The monoclonal
antibodies against human AFP from Biodesign International
(5H7 and 4A3) that we used for the AFP sandwich assay
specifically recognized the human AFP molecule [47]. This
allowed us to ignore the negligible effects of interfering
antigens in the AFP sandwich immunoassay.

4. Conclusions

We developed a single-molecule sandwich immunoassay on
gold nanopatterned chips that was highly sensitive for AFP
detection in human serum. The method has a wide range
of quantitation and could be applied for testing healthy
human serum with the normal range of AFP that has been
reported as 47.6 pM–700 pM. The method could be used to
diagnose AFP-negative or AFP-positive human serum from
pathological clinical samples.

The linear response range of the assay for AFP concen-
tration was 720 zM to 10 nM with a correlation coefficient
of 0.9932. The detection limit of 50 × 10−9 ng/mL (720 zM)
with a S/N of 3 was in linear range of the calibration
curve, and much lower than LODs from 0.004 ng/mL to
20 ng/mL reported for other methods [28–31, 33–35]. For
the AutoDELFIA hAFP immunoassay for the quantitative
determination of hAFP, Mannings et al. established that
falsely low AFP concentrations occur in 2.8% of samples with
AFP concentrations <15 kU/L (13.8 ng/mL = 193 pM) due
to immunoassay interference [48]. Our results showed that
a sandwich immunoassay chip for quantitative analysis of
AFP by evanescent field-enhanced fluorescence imaging was
simple and sufficiently sensitive for determination of AFP in
human serum samples. The assay had good precision and
accuracy at the single-molecule level. The new immunoassay
is expected to be widely useful for highly sensitive clinical
analysis and other biotechnology applications.
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Semiconductor Quantum dots (QDs) have generated extensive interest for biological and clinical applications. These applications
arise from their unique properties, such as high brightness, long-term stability, simultaneous detection of multiple signals,
tunable emission spectra. However, high-quality QDs, whether single or core-shell QDs, are most commonly synthesized in
organic solution and surface-stabilized with hydrophobic organic ligands and thus lack intrinsic aqueous solubility. For biological
applications, very often it is necessary to make the QDs dispersible in water and therefore to modify the QD surfaces with various
bifunctional surface ligands or caps to promote solubility in aqueous media. Well-defined methods have been developed for QD
surface modification to impart biocompatibility to these systems. In this review, we summarize the recent progress and strategies
of QDs surface modification for potential cancer diagnostic and therapeutic applications. In addition, the question that arose
from QD surface modification, such as impact of size increase of QD bioconjugates after surface-functionalization or surface
modification on photophysical properties of QDs, are also discussed.

1. Introduction

Cancer is one of the most serious health threats worldwide,
with an estimated 12.7 million new cases and 7.6 million
cancer deaths in 2008 [1]. Cancer is greatly feared due to
the widespread occurrence of this disease, its high death
rate, and recurrence after treatment. The application of nan-
otechnology in medicine has provided an unprecedented
opportunity for addressing many of the current challenges
in the diagnosis and treatment of cancer [2, 3].

Semiconductor quantum dots (QDs) have great potential
in biomedical fields, due to their excellent optical properties.
QDs exhibit discrete size-dependent energy levels. As the
size of the nanocrystal increases, the energy gap decreases,
yielding a size-dependent rainbow of colors. By varying the
size and the composition of the QDs, light wavelengths from
the ultraviolet to the infrared range can be achieved, so that
they enable simultaneous examination of multiple molecules
and events [4]. QDs have unique optical spectra compared
to organic fluorophores. Organic dyes typically have narrow

absorption spectra, which mean that they can only be excited
within a narrow window of wavelengths. Furthermore,
organic dyes have asymmetric emission spectra broadened
by a red tail. In contrast, QDs have broad absorption spectra,
enabling excitation by a wide range of wavelengths, and their
emission spectra are symmetric and narrow. Consequently,
multicolor nanocrystals of different sizes can be excited by
a single wavelength shorter than their emission wavelengths,
with minimum signal overlap. QDs are also relatively stable
light emitters owing to their inorganic composition, making
them less susceptible to photobleaching than organic dye
molecules [5, 6]. The unique optical properties of QDs make
them appealing as in vivo and in vitro fluorophores in various
biological and medical applications, such as diagnosis and
therapy of cancer [7–11].

QDs are usually utilized as either core-only or core-shell
structures [12]. Core-shell nanoparticles are more desirable
for biological applications as the core being passivated by the
shell (usually a wider band-gap material), which improves
fluorescent properties and prevents leaching. Core-shell
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QDs are typically synthesized from various semiconductor
materials which can provide access to a full range of potential
emission wavelengths. High-quality QDs, whether single or
core-shell structures, are most commonly synthesized in
organic solution and surface-stabilized with hydrophobic
organic ligands and thus lack intrinsic aqueous solubility. For
biological applications, it is necessary to alter the QDs so that
they become dispersible in water, and therefore to modify
the QDs surface with various bifunctional surface ligands
or caps to promote solubility in aqueous media [4, 13–
16]. Also, the attachment of biological molecules to the
QD surface needs to provide the desired specific biorecog-
nition and/or targeting properties. In some cases, the QD
surface ligands must accomplish this mission by providing
unique functional groups, such as carboxyls or amines, for
the multistep covalent chemical coupling of biomolecules.
Therefore, surface modification is vital for QDs in biological
applications. In this paper, we summarize the recent progress
and strategies in QDs surface modification for cancer diag-
nostics and therapeutics related applications: (1) the growth
of additional layer, for instance a silica shell, around the
nanoparticles, through surface silanization; (2) the exchange
of hydrophobic surfactant molecules with bifunctional
molecules; (3) coating of QD surfaces with amphiphilic poly-
mers, phospholipid micelles, or microspheres. Moreover, the
questions that arose from QD surface modification, such as
the impact size increase of QD bioconjugates after surface
functionalization or surface modification on photophysical
properties of QDs, are also discussed.

2. Silanization

In order to render QDs more effective and also more bio-
compatible for potential cancer diagnostics and therapeutic-
related biomedical applications, one of the most preferred
approaches is to introduce a silica shell covering the QDs [17,
18]. This approach is also called surface silanization [6, 19].
The first step of this process involves exchanging the surface
ligand with a thiol-derived silane, such as mercaptopropy-
ltris(methyloxy)silane (MPS). The trimethoxysilane groups
can be cross-linked by the formation of siloxane bonds.
During further silica shell growth, other types of silicon can
be added to render a different charge and provide functional
groups on the surface (Figure 1) [4]. Those most frequently
used are aminopropylsilanes (APS), phosphosilanes, and
polyethylene glycol (PEG)-silane [19, 20]. Because the silica
shells are highly cross-linked, silanized QDs are extremely
stable. Silanization is preferred also because it is less toxic
in comparison with other ligands [21, 22]. Most reports
of silica coated systems are limited up to the cytotoxicity
evaluation [23–25]. For example, for in vivo applications,
these materials have to travel through body fluids such as
like blood. In that sense, the materials have to satisfy the
mandatory criteria such as basic haemocompatibility [26].

A number of reports have been devoted to silica coating
of colloidal nanoparticles by aqueous classical methods such
as Stöber synthesis methodology [27–29], silicate water-glass
methodology [30, 31], and the methodology using sodium of
silane coupling agents [32]. Recently, many new approaches

have been explored. Based on classical methods, Guerrero-
Martı́nez et al. [30] developed three different synthetic
strategies, including: (i) the use of water-in-oil (W/O) micro-
emulsions to coat nanoparticles such as metal colloids, mag-
netic nanoparticles, and semiconductor nanocrystals, (ii)
silica coating of polymeric aggregates, surfactant vesicles, and
polymer/surfactant stabilized inorganic nanoparticles, and
(iii) assembly of silica colloids on nano- and microparticles
by various physiosorption strategies (Figure 2). Although
many groups have also successfully prepared silica-coated
core-shell QDs, the various types of surface-silanized QDs
still could be divided into three classes, such as single QDs,
core-shell QDs, and multiple-layered QDs being coated by
silica shell.

Firstly, Chen et al. [33] synthesized CdTe QDs coated
with silica particles and the particles surface was further
functionalized covalently with α-fetoprotein antibody, anti-
AFP (secondary antibodies denoted Ab2). This work presents
a novel strategy for ultrasensitive detection of biomarkers
based on CdTe quantum dot. The enhanced detection
of biomarkers based on single QD-functionalized silica
nanosphere labels was achieved by an increase in CdTe QDs
loading per sandwiched immunoreaction. Tan et al. [34]
utilized silica functionalized PbSe QDs on two different cell
lines for cytotoxic studies and found that the silica-coated
PbSe QDs were much less cytotoxic than the polymer coated
PbSe QDs, which were used for comparison.

More interestingly, Selvan et al. [35] employed Igepal as a
nonionic surfactant and synthesized 20∼30 nm silica-coated
CdSe/ZnS/SiO2 QDs via a reverse microemulsion. The QDs
displayed comparable quantum yields to CdSe/ZnS QDs, but
were much less toxic than organic-coated water-soluble QDs.
Also, Bruchez et al. [6] extended the CdSe/CdS/SiO2 core-
shell systems by adding a third layer of silica to labeled 3T3
mouse fibroblast cells. Furthermore, Durgadas et al. [26]
reported CuSe/ZnS/Silica QDs, which were conjugated with
an anticancer drug and labeled HepG2 and C6 glioma cancer
cells. They also pointed out that the improvement of the
core/shell/shell QD synthesis would expand the applications
of QDs in disease site targeting and cellular labeling.

Finally, Yi et al. [36] and Selvan et al. [37] encapsulated
QDs and magnetic nanoparticles (MPs) in a silica shell using
a reverse microemulsion synthesis. The resulting MPs (γ-
Fe2O3)-QDs (CdSe)/SiO2 nanocomposite particles present
a unique combination of magnetic and optical properties.
Their nonporous silica shell facilitated their surface modifi-
cation for bioconjugation in various biomedical applications.
For example, the synthesis of multifunctional nanoparticles,
in which both QDs and magnetic particles were coated with
silica, was used for live cell imaging of human liver cancer
cells (HepG2), mouse fibroblast cells (NIH-3T3), and the
protein detection.

In general, these silica-coated core-shell nanostructured
architectures are fascinating hybrid materials that combine
various types of cores with silica that possess superior sta-
bility and little toxicity. In addition, the careful control over
the thickness of the silica shell can provide sensitive tuning of
the response to light and magnetic information. Silica-coated
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Figure 1: Surface silanization sketch of TOPO-capped CdSeZnS core/shell particles by mercaptopropyltris(methyloxy)silane (MPS). The
diagram was adapted from [4].
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Figure 2: Three synthetic approaches of silica coated nanomaterials. (a) W/O microemulsion method, (b) silica coating the polymers or
surfactants, (c) silica nanoparticles self-assembled onto nanomaterials.

systems also could be beneficial for electronic and biosensing
applications.

3. Ligand Exchange

Among the strategies that have been used to stabilize
core or core-shell nanocrystals in aqueous solutions, the
most common approach is to exchange the hydrophobic

surfactant molecules with bifunctional molecules, which are
hydrophilic on one end and hydrophobic on the other end.
Because these bifunctional molecules replace the hydropho-
bic surfactants, this process is called ligand exchange [19].
Among the bifunctional molecules, thiols (–SH) are used
as anchoring groups to bind to the QDs surface, while
carboxyl (–COOH) groups are used as the hydrophilic ends.
Numerous examples of QD surface ligand exchange with
using bifunctional biorelevant molecules such as cysteine,
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mercaptosuccinic acid, and glutathione have provided fin-
ished materials with opportunities for biomedical applica-
tions [38].

3.1. Cysteine. Liu et al. [39] developed a compact cysteine
coating on a highly robust CdSe/ZnCdS QD to form water-
soluble QDs via ligand exchange. These QDs were bio-
logically compatible, extraordinarily compact, highly fluo-
rescent, and easily functionalized nanocrystals for in vivo
targeted imaging. Choi et al. [40] also coated CdSe/ZnS
QDs with cysteine by ligand exchange and precisely defined
the requirements for renal filtration and urinary excretion
of inorganic, metal-containing nanoparticles. They reported
that the hydrodynamic diameter (HD) was smaller than
5.5 nm, which was beneficial for rapid and efficient urinary
excretion and elimination of QDs from the body. This study
provided a foundation for the design and development of
biotargeting nanoparticles for biomedical applications [41,
42].

3.2. Mercaptosuccinic Acid. Yong et al. [43] functionalized
the InP/ZnS QDs with mercaptosuccinic acid to render them
highly dispersible in aqueous media and allowed specific in
vitro targeting of pancreatic cancer cell lines. This work has
suggested the immense potential of InP/ZnS QDs as safe and
efficient non-cadmium-based optical imaging nanoprobes
for the early detection of cancer.

3.3. Polyethylene Glycol. Choi et al. [44] coated InAs/ZnS
QDs with various chain length of polyethylene glycol (PEG).
They found that increasing the PEG chain length from 2
to 22 units not only resulted in changes in hydradynamic
diameter, but also resulted in better targeting to the liver,
kidney, pancreas, and lymph nodes.

3.4. Mercaptoacetic Acid. Yu et al. [45] synthesized mer-
captoacetic acid (MAA) coated CdSe/ZnS QDs via ligand
exchange and linked QDs to alphafetoprotein (AFP) anti-
bodies for specific binding with AFP. They archived specific
fluorescence detection with the QD-anti-AFP in nude mice
xenocrafted with cancer. The fluorescence results demon-
strated that QD-Anti-AFP fluorescent spectral and lifetimes
had not varied much from that of the original QDs.
Moreover, QD-Anti-AFP had exhibited higher fluorescence
efficiencies than QDs under two-photon excitation.

3.5. Glutathione. Tiwari et al. [46] used glutathione to coat
CdSe/CdZnS QDs (GSH-QDs) and anti-HER2 antibodies
to conjugate QDs (HER2Ab-QDs) using different coupling
agents (EDC(1-ethyl-3-(3-dimethyl-aminopropyl)carbodii-
mide)/sulfo-NHS(3-sulfo-N-hydroxy-succinimide sodium
salt), iminothiolane/sulfo-SMCC(sulfosuccinimidyl-trans-
4-(N-maleimidomethyl)cyclohexane-1-carboxylate), and
sulfo-SMCC). These fluorescent probes have great potential
for the precise determination of HER2 status among breast
cancer patients at the cellular levels.

3.6. Ligand Exchange with Other Molecules. QDs functiona-
lized with polyamidoamine (PAMAM) [47–49] and poly-
isoprene [38] have shown great potential for applications

in cancer targeting and molecular imaging, such as gastric
cancer cells. The resulting water-soluble QDs have shown
fluorescence quantum efficiencies in the 40 to 50% range
and extraordinary fluorescence stability in biological envi-
ronments after cross-linking of the ligand shell.

Although many biological applications of QDs have been
achieved by using bifunctional molecules to render QDs
water soluble, this approach can often negatively alter the
chemical and physical states of the QDs surface and cause a
dramatic decrease in the quantum efficiency. For example,
Jin et al. [50] modified the surfaces of hydrophobic CdSeTe/
CdS QDs with GSH in a tetrahydrofuran-water solution and
these QDs exhibited quantum yields of only 22%. Moreover,
the stability of the QDs has not been well understood under
in vivo conditions. The long-term stability of the QDs
depends on the bond between the thiol group and the QD
surface, which can be weak with oxidation. Consequently,
the thiol-based molecules can become cleaved from the QD
surface, causing the QDs to aggregate and precipitate from
solution.

4. Amphiphilic Polymer Coatings

Instead of exchanging the hydrophobic surfactant, the QDs
in this case are coated with a cross-linked amphiphilic
polymer. The hydrophobic part of the amphiphile is designed
to interact with the hydrophobic chains of the surface
ligands, and the hydrophilic component (most commonly in
the form of carboxyl groups or polyethylene glycol chains)
provides water solubility and chemical functionality.

The CdSe/ZnS QDs [58, 59], after being coated by
PEG(poly(ethylene glycol)), were conjugated with mono-
clonal anti-EGFR (epidermal growth factor receptor) anti-
bodies (cetuximab) through two long-chain heterobi-
functional linkers, sulfo-LC-SPDP(sulfosuccinimidyl 6-
[3′-(2-pyridyldithio)propionamido]hexanoate) and sulfo-
SMCC(sulfosuccinimidyl-trans-4-(N-maleimidomethyl)cy-
clohexane-1-carboxylate). The cellular imaging experiments
using the QD-cetuximab conjugates showed a clear endo-
cytosis pathway, which was evidenced by the colocalization of
the QD-cetuximab conjugates with dye-labeled transferrin.
These results suggest that the QD-cetuximab conjugates as
an imaging modality for tumor EGFR overexpression can be
expected to provide important information on the expres-
sion levels of EGFR among cancer cells. Such applications
include in vitro assays, cellular imaging, and in vivo imaging
applications.

During amphiphilic polymerization coating process, a
cross-linking treatment is often performed. Although not
always necessary, the cross-linking reactions are thought to
increase the stability of the polymeric shell of the QDs.
Hydrolysis of the remaining anhydride groups transfers the
polymer-coated QDs to the water phase. This treatment also
provides a large number of carboxylic units, which can be
used for further derivatization. Although there are relatively
few literature examples of QDs coated with amphiphilic
polymers, the methods based on hydrophobic interactions
between the QD ligands and polymer functionalities have
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Table 1: QD/microbead hybrid material preparation methods and their characteristics and biomedical applications.

Approaches QDs Characteristics or applications

(1) Bead identification accuracies as high as 99.99%
(a) CdSe/ZnS [51] (2) The coding and target signals of DNA hybridization at the

single-bead levelQDs are absorbed into the subsurface
region of microbeads, as the solvent is
removed

(1) Both single- and dual-color codes were also obtained
(b) CdSeTe [52] (2) Good detection sensitivity and low cytotoxicity on suspension

immunoassay for goat antimouse IgG on the xMAP platform

QDs are electrostatically bound to the
surfaces of the microspheres, using
layer-by-layer strategy

(a) CdTe [53]
More flexibility for creating QD-beads in biomedicine applications
(sensing, immunoassay, encoding, and diagnostic)

(b) CdTe [54] Cytotoxicity reductions

QDs grow around preformed silica
spheres

CdSe, CdSe/ZnS, or
CdSe/ZnSe/ZnS [55]

A comparatively stable and noncytotoxic intracellular delivery

QDs are incorporated into polymer
microbeads through emulsion and
suspension polymerization

(a) CdSe/ZnS [56]
Good detection sensitivity of rabbit IgG molecules onto the surfaces of
the microbeads-QDs

(b) Cd1−xZnxSe1−ySy [57]
High-throughput multiplexed biomolecular immunoassay for human
IgG detection

already addressed many problems related to undesired ligand
exchange reactions.

5. Micellar Phospholipid Coatings

The encapsulation of QDs within phospholipid micelles is
attractive for several reasons [60–62]: firstly, the encapsu-
lation step does not alter the surface, secondly, the optical
properties of the QDs are retained, and thirdly, the micelles
have highly dense surfaces, which prevents nonspecific
adsorption so that the supramolecular architecture is main-
tained by local hydrophobic interactions.

Dubertret et al. [63] encapsulated individual CdSe/ZnS
QDs in phospholipid block copolymer micelles and demon-
strated both in vitro and in vivo imaging. When conju-
gated to DNA, the nanocrystal-micelles acted as in vitro
fluorescent probes to hybridize to specific complementary
sequences. In comparison with other systems, they simul-
taneously provided efficient fluorescence, a great reduction
in photobleaching, colloidal stability in various biological
environments, and low nonspecific adsorption. Hu et al.
[64] also reported alloyed CdTe1−xSex/CdS QDs encapsu-
lated within PEG-grafted phospholipid micelles. For tumor-
specific delivery in vivo, the micelle-encapsulated QDs
were conjugated with a cyclic arginine-glycine-aspartic acid
(cRGD) peptide, which targeted the αvβ3 integrins that
are overexpressed in angiogenic tumor vasculatures. Their
work had demonstrated that these QDs provide a promising
theranostic, nanosized platform for both cancer imaging
and therapy. Erogbogbo et al. [65] reported that silicon
QDs and iron oxide nanoparticles were coencapsulated
by phospholipid-polyethylene glycol (DSPE-PEG) micelles.
Their luminescence stability in a prostate cancer microenvi-
ronment was demonstrated in vivo. Many groups also have
synthesized lipid-coated nanoparticles and used them in
cellular and in vivo imaging [66–70]. The encapsulation of
QDs by phospholipid micelles provides more opportunities
for utilizing QDs in biological applications.

6. Microsphere/Microbead Coatings

Incorporating QDs in microspheres is of interest for both
fundamental studies on light-matter interactions [71] and
practical applications, such as semiconductor microlasing
[72] and biological tags [6]. This dot-in-a-dot structure
confines electrons and photons in all three dimensions. The
spontaneous emission was enhanced from that of regular
QDs because the QDs were embedded within the microcavi-
ties [73].

Methods to incorporate QDs into microbeads include
the following approaches [74]. The first approach involves
the dispersion of commercially available or synthesized
microbeads and QDs in a solvent/nonsolvent mixture is
chosen to cause the partial swelling of microbeads. QDs that
are dispersed in the solution penetrate into the microbeads
and, as the solvent is removed, are captured in the subsurface
region of the microbeads. The second method utilizes a
layer-by-layer strategy to adsorb QDs consecutively onto
oppositely charged microbeads. In this scheme, QDs are
electrostatically bound to the surfaces of the microspheres.
The third approach involves the growth of a silica/QD shell
around preformed silica spheres. Finally, the fourth approach
involves loading QDs into polymer microbeads through
emulsion and suspension polymerization. With these meth-
ods described above, various QDs can be incorporated into
microspheres/microbeads and are further directed to more
biomedical applications such as diagnostics (Table 1).

7. Summary and Future Challenges

The rapid development of nanotechnology has given the
new hope in the early detection and potentially treatment
of cancer. Much basic work on the engineering of QD
surfaces and creating QD bioconjugates with control over
all relevant properties has been accomplished. In spite of
this, there are still many questions that remain unanswered.
For example, size of a conjugate is also one crucial aspect.
Although the sizes of QDs are comparable to those of
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large proteins, it is important to note that the surface-
functionalization and further conjugation of biomolecules
can increase the sizes of QD bioconjugates. Such large sizes
may limit access to intracellular organelles and alter the
intrinsic activity of any attached proteins. Therefore, devel-
oping surface functionalization techniques that maintain a
small overall size is highly desirable. Additionally, during
exchange between hydrophobic surfactant molecules and
bifunctional molecules, the long-term stability of the QDs
become more dependent on thiol- and metal bonds, which
are relatively weak. The real-world applications of thiol-
capped core-shell QDs are therefore rather limited. All of
these considerations would hinder the application of QDs
in biomedical applications. Therefore, the development of
an effective approach for QD surface functionalization still
remains a challenge for this technology.
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We estimated the photothermal transduction efficiency of gold nanorod (GNR) solutions for different GNR concentrations and
irradiation laser power. In particular, we verified that the degree of cell death area could be modulated by GNR concentration
and irradiation laser power. The efficacy of GNR-produced photothermal ablation of cancer cells was evaluated by irradiating
GNRs in the presence of MDA-MB-231 breast cancer cells with a near-infrared (NIR) laser at different laser power densities and
irradiation times. GNR-induced photothermal ablation was applied successfully to cancer cells at various NIR laser power densities
and irradiation times and was characterized with live-dead cell staining. Through these techniques, we established the system for
not only verification of induced photothermal effect using NIR laser and thermocouple, but also identification of uptake efficiency
for GNRs and cell viability using dark field and fluorescence imaging, respectively.

1. Introduction

Photothermal cancer therapy using nanostructures has been
an attractive technique for the localized ablation of target
cancer cells in a minimally invasive manner [1]. Near-
infrared (NIR) light is particularly useful for photothermal
therapies because biological tissues are relatively transparent
to NIR light [2]. To maximize the photothermal effects, it
is important to manufacture well-tailored nanostructures
that can absorb NIR light well to transform into heat for
localized target cell ablation [3–5]. Recently, there have been
many photothermal studies using various nanostructures
such as carbon nanotubes [6], gold nanoparticles (GNPs)
[7], and gold nanorods (GNRs) [8]. Among them, GNRs
are particularly attractive because their longitudinal surface
plasmon band is tunable by adjusting the aspect ratio of the
rod (length/width) [9]. The longitudinal surface plasmon

band for GNRs is located in the NIR region. Photon
excitation of the surface plasmon band of GNRs by NIR light
oscillates the free electron cloud. The kinetic energy of the
oscillating electrons is then conveyed to the lattice of GNRs
through electron-phonon coupling. Accordingly, the lattice
also oscillates, and the GNRs reach thermal equilibrium with
their environment through heat dissipation [9]. Although
substantial efforts have been devoted to photothermal
therapy, most previous research has focused on target cell
viability after photothermal agent internalization and NIR
light exposure and has neglected characterization of the
influence of specific conditions, for example, light power
density, concentration of agents, and light exposure time,
on the generation of heat and the subsequent temperature
changes.

In this study, we modulated photothermal effects of
GNRs solutions subjected to NIR laser irradiation under
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various conditions (i.e., changing power density of NIR laser
and GNR concentration). Results were compared to those
using GNP solutions as a control photothermal agent. The
temperature elevation rates were estimated for each concen-
tration of GNR and GNP solution. The rate of temperature
elevation and the photothermal transduction efficiency (the
ratio of the energy converted to heat to the energy delivered
from by the NIR laser) were measured for each sample.
Finally, GNR solutions with high photothermal transduction
efficiency were used to ablate MDA-MB-231 breast cancer
cells at various NIR laser irradiation powers and durations.
Using a series of these processes, we developed the versatile
system that can measure the temperature elevation rate of
solutions, detect the uptake of photothermal agents, and
diagnose the cell viability.

2. Experimental Methods

2.1. Preparation of Gold Nanorods (GNRs). Monodispersed
GNRs were synthesized by a seed-mediated growth method
according to a previously published protocol, with some
modification [10]. In brief, for the preparation of gold
seed solution, 0.25 mL of HAuCl4·3H2O (100 mM) and
7.5 mL of hexadecyltrimethylammonium bromide (CTAB)
solution (95 mM) were mixed, and 0.06 mL of ice-cold
sodium borohydride solution (100 mM) was added to the
mixture under vigorous stirring. The solution mixture was
allowed to react for 2 minutes and was stored at room
temperature for 3 hours. A growth solution containing 80 μL
of silver nitrate solution (100 mM) was prepared by addition
of 0.5 mL of HAuCl4·3H2O (100 mM) and 9.5 mL of CTAB
solution (95 mM) under vigorous stirring. After the addition
of 55 μL of ascorbic acid solution (100 mM), the color of the
solution changed from yellow to colorless. 12 μL of gold seed
solution was introduced into the growth solution and stirred
for 10 seconds. The product solution was maintained for 24
hours at room temperature without disturbing, and its color
changed from colorless to reddish-brown as time went on.
The GNR solutions were centrifuged twice at 15,000 rpm for
30 minutes to remove excess CTAB molecules and were then
redispersed in 5 mL of deionized water.

2.2. Preparation of Gold Nanoparticles (GNPs). Monodis-
persed GNPs were also synthesized using a previously
published protocol as a control photothermal agent for
comparison to GNRs [11]. In brief, GNPs were prepared
by the reduction of 1.0 wt% tetrachloroaurate(III) trihydrate
(2 mL) in the presence of 80 wt% tetrakis(hydroxymethyl)
phosphonium chloride (12 μL) and NaOH (0.5 mL of 1 M)
as reducing agents for 10 minutes at room temperature.

2.3. Preparation of PEGylated GNRs (PGNRs). Monodis-
persed PGNRs were prepared using a previously published
protocol [12]. To prepare PGNRs, GNRs were coated with
heterobifunctionalized PEG (CM-PEG-SH) as a stabilizer.
50 mg of CM-PEG-SH was added to 5 mL of GNR solution
and stirred for 48 hours at room temperature. The mixture
was centrifuged at 15,000 rpm for 30 minutes to remove

unbound CM-PEG-SH molecules and resuspended in 5 mL
of PBS.

2.4. Characterization of Photothermal Agents. The absor-
bance of GNRs and GNPs was measured using UV-Vis
spectrometer (UV1800, Shimadzu). The chemical structure
of the PGNRs was analyzed using a proton-nuclear magnetic
resonance (1H-NMR) spectrometer (JUM-ECP300, JEOL
Ltd.) with dideuterium oxide as solvent. The quantities of
Au in GNRs and GNPs were determined using inductively
coupled plasma atomic emission spectrometry (ICP-AES,
Thermo Electron corporation).

2.5. Photothermal Effect Measurement. To prepare samples
for photothermal effect studies, 320 μL GNR solutions
(0.0295, 0.0394, 0.0492, and 0.0591 mg/mL) and GNP
solutions (0.0125, 0.025, 0.05, and 0.1 mg/mL) were prepared
in glass vials. The samples were kept at room temperature
for at least 30 minutes prior to irradiation to establish a
steady-state temperature. The sample vials were enclosed
within styrofoam vial racks and were irradiated with an 808
nm diode laser (JOLD-30-FC-12, JENOPTIK) with a 1 mm
beam diameter for one minute at power densities of 0.25,
0.5, 1.0, or 2.0 W/cm2, respectively. Temperature elevations
of GNR and GNP solutions irradiated with a NIR laser were
measured using thermocouple (True RMS Multimeter 287,
Fluke).

2.6. Cellular Uptake. The uptake efficiency of PGNRs by
MDA-MB-231 cells was assessed from dark field images
using a high numerical aperture dark field condenser (U-
DCW, Olympus), which delivers a very narrow beam of
white light from a tungsten halogen lamp to the surface of
the sample.Immersion oil (nd: 1.516, Olympus) was used to
narrow the gap between the condenser and the glass slide and
to balance the refractive index. The dark field images were
captured using an Olympus CCD camera.

2.7. Photothermal Ablation of Cancer Cells. To test the
photothermal ablation potential of the GNRs, MDA-MB-
231 breast cancer cells (5 × 104 cells/well) were incubated
using a previously published protocol [9]. The distributions
of the live and dead cells were observed using an fluo-
rescence imaging system based on commercial microscopic
system (BX51, Olympus) after cellular staining with an
acetomethoxy derivative of calcein (calcein AM: live cells)
and ethidium bromide (EthBr: dead cells).

3. Results and Discussion

The absorption peaks of GNRs at 520 and 780 nm (UV1800,
Shimadzu) due to the oscillation of electrons along the
transverse and longitudinal axes of the nanorod, respectively
(Figure 1), were in good agreement with previous studies
[13]. In contrast to GNRs, GNPs, which maintain a more
uniform geometry, only had a peak at 520 nm. Collectively,
these results suggest that GNRs have the potential for more
efficient photothermal conversion than GNPs in the NIR
region.
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Figure 1: Molar extinction coefficient spectra of GNR and GNP
solutions.

To investigate the photothermal effects of the samples,
first, we designed optical system that optimized for irradia-
tion of NIR laser. A schematic illustration of the temperature
measurement system is shown in Figure 2(a). Styrofoam
vial racks insulated the samples from ambient temperature
variations to improve the accuracy of the measurement of
temperature elevations. Temperature elevation rates were
estimated from temperature differences during the initial
10 seconds of each experiment. The sample temperatures
increased almost linearly with power density. Greater tem-
perature increases were observed with GNR solutions at
higher GNR concentrations and higher NIR laser power
density, whereas the temperature of GNP solutions increased
almost the same degree regardless of the GNP concentration.
Linear fits of the temperature elevation rate of each GNR
and GNP solution as functions of irradiated power density
confirmed these observations (Figure 2(b)).

The photothermal transduction efficiency for each sam-
ple was also estimated using previously published calculation
method [14]. First, the energy received by each solution
used Q = cmΔT (where Q is calories, c is specific heat,
m is mass, and ΔT is the temperature variation). The
specific heat of the solution was assumed to be the same
as water (cwater = 4.179 J/g◦C). The energy delivered to the
solutions by NIR laser irradiation was determined as J =Ws
(where J is energy, W is laser power, and s is time). The
photothermal transduction efficiency η was then estimated
as the ratio of the energy received to the energy delivered:
η = Q/J . Figure 2(c) shows the photothermal transduction
efficiency of GNR and GNP solutions as a function of
mass concentration. Photothermal transduction efficiency
increased with increasing GNR concentration (slope = 5.97),
whereas the efficiency was nearly constant for GNP solutions
(slope = 0.08). The sensitivity of efficiency to the GNR
concentration suggests that GNR solutions are suitable as
photothermal ablation agents.

Accordingly, the GNR solutions were then used as
photothermal ablation agents for cancer cells. A schematic
of the approach for photothermal ablation of cancer cells is
shown in Figure 3(a). To evaluate GNRs as potential cancer
cell photothermal ablation agents, hexadecyltrimethylam-
monium bromide (CTAB) on the surface of the GNRs must
be modified because CTAB molecules exhibit a cytotoxic
phenomenon and cellular function interference due to
its strong electric potential [15]. 1H-NMR spectra were
obtained to confirm the chemical structure of PGNRs
(Figure 3(b)). The characteristic peaks of CTAB (3.1, 1.2,
and 0.8 ppm, black line) were not detected, whereas that
of PEG (3.6 ppm, red line) was observed in the PGNR
spectra (blue line). The peaks at 4.8 ppm were characteristic
of dideuterium oxide (D2O) peaks from the solvent. These
results indicated that the CTAB molecules were successfully
exchanged with CM-PEG-SH molecules.

Figure 4(a) shows a dark field image of untreated MDA-
MB-231 cells as a negative control. The MDA-MB-231 cells
appeared dark blue in the dark field image. In Figure 4(b),
the scattered light from internalized PGNRs was observed
as a dark yellow spot. Images of live-dead stained cells are
shown in Figure 5 using fluorescence microscopic imaging.
Regions of dead cells stained with EthBr (red region)
broaden with increasing laser power density and irradiation
time. No damage was observed in samples that were not
NIR irradiated, in samples irradiated with 5 W/cm2 for 10
minutes, or irradiated with 40 W/cm2 for 30 minutes on
MDA-MB-231 cells without PGNRs loading. In samples
irradiated with 10 W/cm2 for 10 minutes, 20 W/cm2 for 5
minutes, or 20 W/cm2 for 10 minutes, black dark spots in
the calcein AM staining images (first row) and red spots
in the EthBr staining images (second row) were observed.
The size of the spots did not match the 2 mm spot size
of the laser. The laser irradiation spots were bigger than
the black dark spot and the red spot in the calcein AM
and EthBr stained images, respectively, most likely due to
the Gaussian nature of the irradiating beam, which causes
cells at the periphery of the laser spot to receive less
power [16]. Consequently, the minimum temperature for
cell ablation was not achieved, so the black dark spots in
the calcein AM staining images and the red spots in the
EthBr staining images were smaller than laser irradiation
spots. When the cells were irradiated at 40 W/cm2 for 30
minutes, the black spot in the calcein AM images was
larger than the laser irradiation spot, indicating that the
heat generated by the PGNRs increased the temperature
above that necessary for cell death, and cells in adjacent
areas outside the laser spot diameter were also ablated as
the excessive heat dissipated away from the PGNRs. In
the merged images (the third row), the doughnut-shaped
black areas suggest that PGNR-generated heat caused cell
shrinkage [16].

We suggest that it is necessary to integrate and optimize
a system for investigation about photothermal effect of pho-
tothermal agents, uptake efficiency of photothermal agents
toward the specific cell lines, and cell viability assay after
light irradiation (Figure 6). Thus, we assembled techniques
to observe the above-mentioned phenomenon in one place.
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Figure 2: (a) Schematic illustration of temperature measurement system. (b) Temperature elevation rate as a function of power density
for each GNR and GNP concentration; black: 0.0295 mg/mL, red: 0.0394 mg/mL, green: 0.0492 mg/mL, and blue: 0.0591 mg/mL for GNRs;
black: 0.0125 mg/mL, red: 0.025 mg/mL, green: 0.05 mg/mL, and blue: 0.1 mg/mL for GNPs. (c) Photothermal transduction efficiencies of
GNR and GNP solutions as a function of mass concentrations; black: GNPs, red: GNRs. Inserted numbers are slope values of each fitted
graph.

Firstly, we designed optimized optical system for NIR laser
irradiation. The wavelength of NIR laser was 808 nm and
GNR have highest absorption in this wavelength, so this
wavelength was suitable to investigate the photothermal
effect of GNRs as photothermal agents. Second, we measured
temperature of the samples in quasi-insulated system using
thermocouple. The temperature elevation rate was analyzed
depending on sample concentration and irradiated power
density, and then, we calculated photothermal transduction

efficiency using simple mathematical methods for each sam-
ple. Third, we conducted dark field imaging for confirmation
of GNR uptake efficiency toward the cancer cells. The
MDA-MB-231 cells appeared dark blue, whereas internalized
PGNRs were observed as a dark yellow spot. The dark
field image analysis was reliable method for assessment of
uptake efficiency as nanoparticles and cells have different
light scattering colors. Finally, we classified live and dead
cells using fluorescence images that have distinct color
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Figure 3: (a) Schematic of photothermal ablation with GNRs for cancer cells. (b) Proton-nuclear magnetic resonance (1H-NMR) spectrum;
black: CTAB, red: PEG, and blue: PGNRs.
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Figure 4: Dark field image of (a) nontreated MDA-MB-231 cells and (b) MDA-MB-231 cells treated with PGNRs. Scale bars: 20 μm. (c)
Fluorescence images of MDA-MB-231 cells treated with PGNRs after NIR laser irradiation. Dotted lines mean NIR laser irradiated spot.
Beam diameter of NIR laser is 2 mm. All scale bars: 400 μm.

differences according to cell viability. Moreover, we show that
modulation of the degree for cell viability according to GNRs
concentration and irradiation laser power. We propose a
series of technique processes for assessment of photothermal
effect at once because these techniques are essential for
execution and evaluation of photothermal therapy.

4. Conclusions

In conclusion, we modulated the photothermal transduction
capabilities of GNRs and GNPs solutions for the ablation of
cancer cells. The temperature elevations induced by different
concentrations of GNRs and GNPs solutions subjected to

different NIR laser power densities were measured. The
temperature elevation rates of GNR and GNP solutions were
calculated, and the efficiency of photothermal transduction
was determined as a function of mass concentration. Finally,
GNR-induced photothermal ablation was applied success-
fully to cancer cells at various NIR laser power densities and
irradiation times and was characterized with live-dead cell
staining. These results demonstrate the differences in pho-
tothermal transduction efficiency between GNRs and GNPs
solutions and suggest that photothermal ablation of cancer
cells is sensitive to this efficiency as well as the irradiation
conditions. Based on these results, we propound a system
for photothermal effect analysis. A set of separate techniques
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converged to a point with the aim of accurate evaluation for
photothermal therapy. This system will present a way about
precise photothermal therapy evaluation.
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