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Considered as a key technology of the 21st century, the nan-
otechnology is considered a useful tool that may help to
develop new and efficient applications, especially in nano-
medicine.

Nanomedicine exploits the physical, chemical, and bio-
logical properties of materials at the nanometer scale. It is
expected to have its substantial impact on preventive medi-
cine, diagnostics, medical imaging, therapy, and drug deliv-
ery.

In this special issue of International Journal of Photo-
energy, there were presented some basic and engineering
researches in the field of nanomedicine and the related bio-
therapeutic discovery.

This issue covered current topics and recent progress in
targeted nanomedicine and therapeutic concepts, photody-
namic therapy and regenerative medicine.

The Authors have submitted original research and arti-
cles describing the latest scientific and technological research
results in the following topics. The topics included the fol-
lowing:

(i) nanostructures and biomaterials,

(ii) nanomedicine,

(iii) nanobiotechnology and nanomedicine,

(iv) drug discovery and development.

In the name of the editorial team, I want to express my ap-
preciation about the quality, originality, and novelty of works
submitted by the authors, and in this respect, we welcome the

proposal of the journal to publish a special number dedicated
to the field of nanomedicine.

Rodica-Mariana Ion
Tebello Nyokong

G. Gyulkhandanyan
Danuta Wrobel
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The biological effects of specific wavelengths, so-called “far-infrared radiation” produced from ceramic material (cFIR), on whole
organisms are not yet well understood. In this study, we investigated the biological effects of cFIR on murine melanoma cells (B16-
F10) at body temperature. cFIR irradiation treatment for 48 h resulted in an 11.8% decrease in the proliferation of melanoma cells
relative to the control. Meanwhile, incubation of cells with cFIR for 48 h significantly resulted in 56.9% and 15.7% decreases in the
intracellular heat shock protein (HSP)70 and intracellular nitric oxide (iNO) contents, respectively. Furthermore, cFIR treatment
induced 6.4% and 12.3% increases in intracellular reactive oxygen species stained by 5-(and 6)-carboxyl-2′,7′-dichlorodihydroflu-
orescein diacetate and dihydrorhodamine 123, respectively. Since malignant melanomas are known to have high HSP70 expression
and iNO activity, the suppressive effects of cFIR on HSP70 and NO may warrant future interest in antitumor applications.

1. Introduction

Melanomas are one of the major malignant tumors of Cau-
casian people, with approximately 60,000 new cases of inva-
sive melanoma being diagnosed in the USA each year. Ac-
cording to a WHO report, about 48,000 melanoma-related
deaths occur worldwide per year. Melanocytes are normally
present in the skin, and they are responsible for producing
the dark pigment, melanin. Despite many years of intensive
laboratory and clinical research, the greatest chance of a cure
is early surgical resection of thin tumors.

Far-infrared radiation (FIR) is the major heat-trans-
mitting radiation of sunlight at wavelengths between 3 μm
and 1 mm as defined by the International Commission on
Illumination (CIE 1987). FIR, especially that at the range
of 3∼14 μm, is termed “life light” and has many biological
effects. Previous studies demonstrated that FIR has a wide
range of applications including increasing the microcircula-
tion, promoting wound healing, modulating sleep, treating

depression, inhibiting tumor proliferation, and processing
food [1–6]. Recently, FIR use has been growing in popularity
for its health-promoting properties and is an alternative
remedy in Japan, China, Taiwan, and Korea. However,
the mechanisms underlying these biological effects are still
poorly understood. There are few reports investigating the
biological effects of FIR, especially those concerned with the
effect on cancer cells, such as melanomas.

This study is aimed to investigate the possible biological
effects of FIR produced by ceramic material (cFIR) on
murine melanoma cells using the B16-F10 cell line. We
focused on the effects on cell viability, intracellular heat
shock protein (HSP)70, intracellular nitric oxide (iNO), in-
ducible nitric oxide synthase (iNOS), and reactive oxygen
species (ROS). The direct suppressive effect on melanoma
cells by FIR was investigated. The inhibition of HSP70 syn-
thesis and iNO in tumor cells shows the possible utility of
FIR in cancer therapy. After a literature review, we discuss the
possible physiological mechanism behind these observations
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Figure 1: SEM picture of cFIR ceramic powder used in this study.

based on past studies detailing related biomolecular factors
and future applications.

2. Methods

2.1. Chemicals and Reagents. B16-F10, a murine melanoma
cell line (ATCC: CRL-6475), was procured from the Biore-
source Collection and Research Center (Hsinchu, Tai-
wan). Dulbecco’s modified Eagle’s medium (DMEM), fetal
bovine serum (FBS), sodium bicarbonate, antibiotic/anti-
mycotic solution, and trypsin/0.52 mM EDTA solution
were purchased from Gibco (Grand Island, NY, USA).
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT), phosphate-buffered saline (PBS), dimethyl sul-
foxide (DMSO), Hoechst 33342, and phenylmethylsulfonyl
fluoride (PMSF) were purchased from Sigma (St. Louis, Mo,
USA). The rabbit antihuman HSP70 antibody, anti-β actin
antibody, and anti-iNOS antibody were obtained from
Stressgen (Victoria, BC, Canada), Abcam (Cambridge, UK),
and Calbiochem (San Diego, USA), respectively. 4-Amino-5-
methylamino-2′,7′-difluorofluorescein (DAF-FM) diacetate
and dihydrorhodamine 123 were obtained from Invitrogen
(Branford, Conn, USA). 5-(and 6)-Carboxyl-2′,7′-dichloro-
dihydrofluorescein diacetate (Carboxy-H2DCFDA) was ob-
tained from Molecular Probes (Eugene, Ore, USA).

2.2. cFIR Ceramic Powder. As previously reported [7–9],
the cFIR ceramic powder consisted of microsized particles
(Figure 1) made from numerous mineral oxides, includ-
ing aluminum oxide, ferric oxide, magnesium oxide, and
calcium carbonate. These crushed and irregular-shaped
microparticles had an average size of 4.39 um. The cFIR
emissivity (the ratio of the radiation energy irradiated from
a sample relative to an ideal black body, as described by
Plank’s law) was determined using an SR5000 infrared
spectroradiometer (CI, Migdal HaEmek, Israel). The amount
of FIR energy reaching the cells was 0.11 J/cm2 with FIR at
wavelengths between 3 and 14 μm. Prior to use in cell culture,
180 g of cFIR powder was placed in a plastic bag and sterilized
with 75% ethanol and UV light.

2.3. Cell Culture. B16-F10 cells were cultured in DMEM
supplemented with 10% FBS, 1.5 g/L sodium bicarbonate,

4.5 g/L glucose, 100 U/mL penicillin, 0.1 mg/mL strepto-
mycin, and 0.25 μg/mL amphotericin B at 37◦C with 5%
CO2 in a humidified incubator. Cells were subcultured at a
ratio of 1 : 5 every third or fifth day. To evaluate the effect
of the cFIR powder, cultured cells were divided into a cFIR
group and control group that received no cFIR treatment.
B16-F10 cells were seeded at a density of 2 × 105 cells/well
in 6-well plates. Following previous reports [7–9], enclosed
FIR powder was uniformly distributed in a plastic bag, and
the bag was inserted directly beneath the cell culture dish in
the cFIR group. RAW 264.7 macrophages were used as the
positive control to study the antitumor effects.

2.4. Cell Viability and Proliferation. The cell survival rate was
quantified using a colorimetric MTT assay that measured
mitochondrial activity in viable cells. This method was per-
formed as previously described with slight modifications
[10]. In brief, B16-F10 cells were seeded at a density of 2
× 105 cells/well in 6-well plates. Cells were then incubated
for 48 h. To evaluate the effect of the cFIR powder, cultured
cells were divided into three groups: group C was the control
without cFIR influence; group FP24 consisted of cells cul-
tured in a normal environment for 24 h and then cultured
with the cFIR powder for another 24 h; group FP48 consisted
of cells cultured with the cFIR powder for 48 h. MTT was
freshly prepared at 1 mg/mL in PBS, and 800 μL was added
to each well and incubated at 37◦C for 4 h. Then, 800 μL of
DMSO was added to each well to dissolve the MTT-formazan
crystals. After incubation at 37◦C for 10 min, the solution
was transferred to a 96-well enzyme-linked immunosorbent
assay (ELISA) plate, and the absorbance was measured with a
spectrophotometer at 540 nm. The optical density (O.D.) of
the control cells was considered to be 100%.

2.5. HSP70. The primary polyclonal rabbit antihuman
HSP70 antibody and rabbit anti-β actin antibody were used
at a 1 : 2000 dilution. Blots were developed using a horse-
radish peroxidase-conjugated goat antirabbit secondary anti-
body and enhanced chemiluminescence (ECL system, Amer-
sham Biosciences). Analysis was then performed, and dif-
ferences between the control and experimental groups were
quantitatively determined by Winlight32 software (Berthold
Technologies).

2.6. iNO. The experimental group included 18 plates with
B16-F10 cells receiving cFIR treatment for 48 h. The control
group had the same condition but without cFIR treatment.
Cells were then stained with DAF-FM diacetate for fluores-
cence measurements. Fluorescence was analyzed by FACScan
flow cytometer (Becton Dickinson, USA), and fluorescence
intensity profiles and the mean fluorescence intensities of
different treatments of B16-F10 cells were determined for the
data analysis.

2.7. iNOS. The iNOS expression was determined by western
blotting analysis. At the end of the incubation period, cells
were washed with PBS, scraped with a rubber policeman, and
sonicated for 2 min in ice-cold solution. Proteins (50 μg/lane)
were separated by electrophoresis on an 8% acrylamide gel
and transferred to nitrocellulose, which was then incubated
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Figure 2: The effect of cFIR on B16-F10 and RAW 264.7 cell
viability. Groups C, FP 24, and FP48 received cFIR treatment for
0, 24, and 48 h, respectively. Values are expressed as the mean and
standard deviation, and the difference between groups was tested
using the Wilcoxon test.

with an anti-iNOS antibody at a l : 200 dilution. The bands
corresponding to iNOS were visualized by enhanced chemi-
luminescence.

2.8. ROS. The intracellular ROS level of B16-F10 was mea-
sured after 48 h with or without cFIR treatment. Intracellular
ROS were detected using Carboxy-H2DCFDA. When oxi-
dized by ROS, Carboxy-H2DCFDA fluoresces green. After
incubating cells for 30 min with 1 μM of Carboxy-H2DCFDA
[11], the fluorescence was detected by confocal laser scanning
microscopy (SP5, Leica) with excitation and emission wave-
lengths of 488 and 505∼560 nm, respectively.

Intracellular ROS were also measured by flow cytometry.
After 48 h with or without cFIR treatment, a dihydrorho-
damine 123 working solution was added directly to the
medium to reach 25 μM and then incubated at 37◦C for
25 min. Cells were then washed once, resuspended in PBS,
and kept on ice for immediate detection by FACScan flow
cytometry [12]. Levels of dihydrorhodamine 123 fluores-
cence represent the values from 104 cells based on an arbi-
trary scale of fluorescence intensity.

2.9. Apoptosis. A cell that is undergoing apoptosis demon-
strates nuclear condensation and DNA fragmentation, which
can be detected by staining with Hoechst 33342 and fluo-
rescence microscopy. B16-F10 cells were washed with PBS
and stained with Hoechst 33342 (5 mg/mL) for 20 min at
room temperature to detect apoptosis. Three independent
experiments were used for each group, and at least 100 cells
in seven random fields were counted [13].

2.10. Statistical Analysis. All data were measured in triplicate,
with experiments repeated at least three times. Data are pre-
sented as the mean ± standard deviation. Statistical signifi-
cance between the control and cFIR groups was determined
using the Wilcoxon test method. A value of P < 0.05 was con-
sidered statistically significant (∗), and P < 0.01 was highly
significant (∗∗).

3. Results

3.1. Proliferation of Murine Melanoma Cells. Results of the
cell viability assays are presented in Figure 2. For groups C
(control), FP24 (cFIR irradiated for 24 h), and FP48 (cFIR
irradiated for 48 h), cell viabilities were 100% ± 2.9%,
101.9% ± 2.5%, and 88.2% ± 4.8%, respectively. Compared
to group C, the rate of proliferation did not significantly
change in group FP24, but significantly decreased (11.8%
lower) in group FP48. RAW 264.7 macrophages were not
affected by cFIR treatment. A significant difference in the
inhibitory effect on B16-F10 cell viability was found at
48 h, and we examined HSP70, iNO, iNOS, ROS, and cell
apoptosis at 48 h according to the cell viability results.

3.2. HSP70. After B16-F10 cells were treated with or without
cFIR for a 48 h interval, levels of HSP70 synthesis were
measured by western blotting. To normalize HSP70 contents,
we evaluated the ratio of HSP70 to β-actin. Figure 3 shows
that intracellular HSP70 production in the cFIR group was
significantly less than that of the control group. The relative
HSP70 amounts were 0.86 ± 0.10 in group C and 0.37 ±
0.07 in group FP48. This result reveals that cFIR significantly
inhibited intracellular HSP70 expression by B16-F10 cells.

3.3. iNO. Levels of NO synthesis in group FP48 subjected to
a 48 h interval with cFIR treatment and in group C without
treatment were measured by the mean fluorescence intensity.
Fluorescence intensities were 14± 1.4 in group C and 11.8 ±
0.5 in group FP48. Figure 4 shows that the iNO production in
the cFIR group was significantly less than that of the control
group. This result reveals that cFIR inhibited iNO synthesis
by B16-F10 cells.

3.4. iNOS. Analysis of iNOS expression for B16-F10 cells
subjected to a 48 h interval with or without cFIR treatment
was performed by Western blotting. Figure 5 indicates
that the normalized mean production of iNOS protein
(iNOS/GAPDH) in group C and group FP48 are 2.85 ±
1.19 and 1.33 ± 0.75, respectively. This result may reflect the
ability of cFIR to suppress iNOS expression by B16-F10 cells.

3.5. ROS. Figure 6 shows the staining of intracellular ROS
by confocal laser scanning microscopy. Green spots in the
images are stained ROS. Levels of intracellular ROS for
the group subjected to a 48-h interval with cFIR treatment
(Figure 6(a) right image) exhibited an increased amount
compared to the control group (Figure 6(a) left image).
The normalized ROS level (average intracellular/extracellular
fluorescence intensity) indicated that there was a 6.0%
increase in the cFIR group (1.07 ± 0.04) compared to the
control group (1.13 ± 0.05) as shown in Figure 6(b).
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Figure 3: Comparison of intracellular HSP70 levels between the
control (group C) and cFIR (group FP48) groups. (a) Western blot-
ting gel. (b) The mean and standard deviation of the normalized
HSP70 amount (Wilcoxon test).

Figure 7 shows another ROS result by flow cytometry.
The mean fluorescence intensities of group C and group
FP48 were 127.1 ± 14.1 and 142.7 ± 18.0 (n = 12), respec-
tively. Therefore, the intracellular fluorescence intensity of
group FP48 showed a 12.3% increase compared to group
C. This result is consistent with the finding of confocal laser
scanning microscopy (Figure 6).

3.6. Apoptosis. Compared to group C, inhibition of cell pro-
liferation was observed in group FP48 by Hoechst 33342
staining (Figure 8). Compared to group C, cell proliferation
was inhibited by 13.2% ± 0.8% in group FP48. This result is
consistent with the result of the MTT assay in Figure 2. How-
ever, only about 1.1% ± 0.1% cells with apoptotic changes
were observed in group FP48 (arrow in Figure 8(b)). The
result indicates that inhibition of cell proliferation in group
FP48 was perhaps not through inducing cell apoptosis but by
interfering with the cell cycle such as cell growth arrest.

4. Discussion

In this study, we observed that the growth of B16-F10 cells
was inhibited after irradiation with cFIR for 48 h (Figure 2)
compared to the control group. A previous in vitro study [14]
revealed that FIR with a heat source (hFIR) inhibited the
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Figure 4: Comparison of intracellular NO between the control
(group C) and cFIR (group FP48) groups. Expression values are the
mean and standard deviation, and the statistical difference was
detected by the Wilcoxon test.
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Figure 5: Comparison of inducible nitric oxide synthase between
the control (group FP48) and cFIR (group FP48) groups. Expres-
sion values are the mean and standard deviation, and the difference
between groups was tested using the Wilcoxon test.

growth of HeLa cells (a cervical cancer cell line). Similarly,
Ishibashi et al.’s [6] demonstrated that hFIR suppressed the
proliferation of several types of cancer cells, including HSC3
(tongue squamous cell carcinoma), Sa3 (gingival squamous
cell carcinoma), and A549 (pulmonary adenocarcinoma) cell
lines. Their results also demonstrated that hFIR has different
effects on HSP70 overexpression in cancer cells with different
basal levels of HSP70. Based on Ishibashi et al. [6] and our
studies, FIR may have potential benefits in the medical
treatment of melanomas. However, our study with cFIR
differed from that of Ishibashi et al. with hFIR producing
a 40◦C thermal effect. As is known, HSPs accumulate in
cells exposed to a heat source and a variety of other stressful
stimuli. In fact, hFIR experiments produce a thermal effect
which might overlap with the results of the somatothermal
cFIR influence on cells.

Gene expression levels of HSPs can determine the fate
of cells in response to a death stimulus, and apoptosis-
inhibitory HSPs, particularly HSP70, may participate in
carcinogenesis [15]. A previous study demonstrated that
pancreatic cancer cells expressed significantly higher HSP70



International Journal of Photoenergy 5

20μm 20μm

(a)

R
el

at
iv

e
m

ea
n

R
O

S
in

te
n

si
ty

(i
n

tr
ac

el
lu

la
r/

ex
tr

ac
el

lu
la

r)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

C FP48

(b)

Figure 6: Intracellular ROS by confocal laser scanning microscopy. (a) Stained images of ROS in the control group (left) and cFIR group
(right). Scale bars = 20 μm. (b) Comparison of normalized mean ROS fluorescence intensity in B16-F10 cells between the control (group C)
and cFIR (group FP48) groups.
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Figure 7: Intracellular ROS by flow cytometry. Expression values of
the control (group C) and cFIR (group FP48) groups are the mean
and standard deviation, and the statistical difference was detected
by the Wilcoxon test.

levels compared to nonmalignant ductal cells, which suggests
that HSP70 plays a role in tumor cell resistance to apoptosis
[16]. They showed increased HSP70 expression in cancer

tissues versus normal tissues from the same pancreatic cancer
patient. These findings agree with several reports in the
literature showing increased HSP70 expression in a variety of
malignant tumors, such as colorectal, breast, and gastric
cancers. The importance of these findings strengthens the
hypothesis that high levels of HSP70 expression are cor-
related with increased drug resistance in cancer cell lines.
They concluded that the major role of HSP70 was in boost-
ing resistance of pancreatic cancer cells to apoptosis. Gurbux-
ani et al. [17] showed increased gene expression of HSP70
in tumor cells and proposed that it enhances their immuno-
genicity. However, HSP70 was also demonstrated to prevent
tumor apoptosis. They proved that the reduced level of
HSP70 expression in colon cancer cells resulted in a specific
immune response by promoting cell death in vivo. HSP 70 is
overexpressed in malignant melanomas [18] and underex-
pressed in renal cell cancer [19]. Overexpression of HSP70 in
various tumors is associated with enhanced tumorigenicity
and resistance to therapy. Conversely, downregulation of
Hsp70 in tumor cells was found to enhance tumor regression
in certain animal models [20].

HSP was found to be overexpressed by B16-F10 mel-
anoma cells. The HSP70 protein content was shown to
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(a)

 

(b)

Figure 8: Hoechst 33342 staining to detect apoptotic changes. (a) Control group and (b) cFIR group. Scale bars = 50 μm. Arrows indicate
very small amounts of apoptotic changes (DNA condensation) in B16-F10 cells treated by cFIR for 48 h.

considerably vary in human melanoma cells from different
cell lines, and HSP70 levels in melanoma cells evidently
contribute to their resistance to anticancer drugs [21].
HSP70 expression is elevated in many cancers and con-
tributes to tumor cell survival and resistance to therapy.
Leu et al. [22] found that tumor cells cultured with an
HSP70 inhibitor showed suppressed tumor development,
and the survival of mice was enhanced. Stellas et al. [23]
showed that using a monoclonal antibody against HSP90 was
capable of inhibiting cell invasion and metastasis of B16-
F10 melanomas. Galluzzi et al. [24] also demonstrated that
a chemical inhibitor of HSP70 exerted prominent tumor-
selective cytotoxic effects, thereby lending further support
to the future application of HSP70 as a promising target for
anticancer therapy. In addition, a previous study conducted
by Nylandsted et al. [25] found that depletion of HSP70 may
inhibit cancer. The expression of HSP70 is correlated with
increased cell proliferation, poor differentiation, lymph node
metastases, and poor therapeutic outcomes in human breast
cancer [26]. A recent study validated that using an HSP70
inhibitor was capable of inhibiting B16-F10 cell growth [27].

In this study, we also found that NO levels significantly
decreased after irradiation with cFIR powder, indicating
that the inhibitory effect on the murine melanoma cell line
may be associated with lowered levels of NO. Intracellular
NO is a highly reactive molecule implicated in numerous
physiologic and pathologic processes, which play important
roles in nonspecific antitumor immune responses [8, 28, 29].
However, in some circumstances, NO may also lead to tumor
expansion and metastasis [28, 30, 31].

In this study, we further found that iNOS production in
cFIR group was significantly lower than control group. This
finding may reflect that the reduction of iNO is a result
of the inhibition of iNOS by cFIR. For murine melanoma
cells, a connection between elevated levels of NO after iNOS
induction and consequent cancer cell inhibition was previ-
ously described [32]. In fact, iNOS was induced by cytokines
and LPS in normal melanocytes but not in melanoma cells
[33]. The expression of iNOS found in melanoma cells may
result in the continuous formation of NO, which may subse-
quently activate or inhibit physiological processes different
from apoptosis but important for tumor progression. The
elevation of iNOS and the consequent higher NO levels

were also associated with an increased number of lymphatic
vessels, resulting in lymphangiogenesis in melanomas [34].
It was also demonstrated that the loss of iNOS inducibility in
melanoma cells showed a well-demarcated difference from
normal melanocytes, and this regulation defect was the
result of melanocytic transformation and malignancy [31].
Unlimited elevation of NO concentrations in melanomas is
expected to promote metastases by maintaining the vasodila-
tor tone of blood vessels in and around the melanoma
[35]. It is well recognized that NO is involved in melanoma
progression, since the proliferative and metastatic capacities
were measured and showed that NO-treated melanoma cells
exhibited higher levels of aggressiveness [36]. Therefore, our
results showing simultaneous melanoma cell inhibition and
a decrease in NO by suppression of iNOS expression can
logically be accepted.

ROS are constantly generated and eliminated in biolog-
ical systems and play important roles in a variety of normal
biochemical functions and abnormal pathological processes.
Growing evidence suggests that cancer cells exhibit increased
intrinsic ROS stress accompanied by increased metabolic
activity and mitochondrial malfunction [37]. Previous stud-
ies demonstrated that certain agents that generate ROS help
preferentially kill cancer cells or inhibit their growth [38–
41]. Cancer cells that exhibit increased intrinsic oxidative
stress with high levels of cellular ROS and a low antioxidant
capacity are more susceptible to chemotherapy. Therefore,
there is a therapeutic strategy to treat cancer cells by further
increasing ROS using pharmacological agents that directly
increase ROS production, inhibit cancer cell antioxidant
defenses, or their combination [37, 38].

Based on our current results, we propose that cFIR
treatment may induce intracellular ROS production which
results in cell growth arrest but not significant apoptosis
[41]. On the other hand, cFIR treatment also reduced Hsp70
expression and NO production and resulted in further cell
growth inhibition. However, the detailed mechanism is not
clear yet, and further investigations are needed to elucidate
this.

5. Conclusions

Unlike traditional FIR with a heat source, this study is the
first to demonstrate that somatothermal cFIR without an
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additional thermal effect affected murine melanoma cells
and was capable of suppressing the proliferation of B16-F10
cells and inhibiting intracellular NO and HSP70 production.
Treatment with cFIR induced intracellular ROS production
but did not significantly affect cell apoptosis, leading us to
speculate that interference with the cell cycle, such as cell
growth arrest, occurred. We deduced that the melanoma
inhibitory effect may be a consequence of or share a common
pathway with the decreased intracellular HSP70 and NO.
Further investigations into the basic biomolecular and phys-
iological mechanisms occurring in melanoma cells following
cFIR treatment will help advance future therapeutic applica-
tions of cFIR.
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and M. Jäättelä, “Selective depletion of heat shock protein
70 (Hsp70) activates a tumor-specific death program that is
independent of caspases and bypasses Bcl-2,” Proceedings of the



8 International Journal of Photoenergy

National Academy of Sciences of the United States of America,
vol. 97, no. 14, pp. 7871–7876, 2000.
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While much nanotechnology leverages solid-state devices, here we present the analysis of designs for hybrid organic-inorganic
biomimetic devices, “protocells,” based on assemblies of natural ion channels and ion pumps, “nanoconductors,” incorporated
into synthetic supported lipid bilayer membranes. These protocells mimic the energy conversion scheme of natural cells and are
able to directly output electricity. The electrogenic mechanisms have been analyzed and designs were optimized using numerical
models. The parameters that affect the energy conversion are quantified, and limits for device performance have been found using
numerical optimization. The electrogenic performance is compared to conventional and emerging technologies and plotted on
Ragone charts to allow direct comparisons. The protocell technologies summarized here may be of use for energy conversion
where large-scale ion concentration gradients are available (such as the intersection of fresh and salt water sources) or small-scale
devices where low power density would be acceptable.

1. Introduction

Protocells are simplified, synthetic versions of natural cells
that can be engineered for specific functions. The pro-
tocell designs described here consist of well-characterized
molecular components and can be designed to maximize
energy conversion [1, 2]. Our protocell designs are inspired
by natural cell structures, but are not a simple duplicate
of natural cells. These protocells have one or more lipid
bilayers [3–5], membranes of back-to-back monolayers of
amphiphilic lipid molecules formed by hydrophobic interac-
tions, with appropriate nanoconductors [1, 6–10] to achieve
the performance goals. The lipid bilayers would be stabilized,
such as on a mesoporous silica [11] or nanofiber support
[12]. The nanoconductors incorporated into the membranes
can be either natural or engineered [13] membrane proteins,
including ion channels and ion pumps [1, 6–10, 14]; they
are responsible for the regulation of ionic flux through the
lipid bilayer. Channels let ions passively travel along the
electrochemical gradient and may be gated to open and close
in response to chemical, mechanical, or electrical signals,
while pumps actively move ions against the electrochemical
gradient but require energy input, for example, from ATP
hydrolysis [15, 16]. Ion transport is widely studied in

the context of biology and neuroscience of natural cells
[14, 16, 17]. The protocells described here exploit and
extend the electrical energy conversion mechanisms found
in natural cells by assembling optimized combinations of
nanoconductors to maximize energy output.

Emerging energy conversion devices rely on a myriad
of technologies, including solid-state materials based on
thermoelectric [18–20], piezoelectric [21, 22], and photo-
voltaic [23, 24] effects. Thermoelectric devices convert a
thermal gradient into electric voltage; these devices require
the unusual combination of good electrical conductivity and
poor thermal conductivity, for example, bismuth telluride
(Bi2Te3) or its alloys with selenium [18–20, 25, 26]; the
energy conversion efficiency of thermoelectric devices is
still low (<10%) [18, 19]. Piezoelectric devices convert
mechanical strain into charge based on the strain-induced
charge separation effect of piezoelectric materials, such as
quartz crystals [21, 22] or ZnO nanowires [27]. However, the
energy output of piezoelectric devices is low (≈104 J·m−3)
[28, 29]; these devices can only satisfy applications with very
low power consumption (<mW) [30, 31]. And of course,
photovoltaic devices convert light energy into electricity.
Single junction thin film photovoltaic devices have energy
conversion efficiency up to ≈25% [32–34]. Multijunction
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Figure 1: The electrogenic mechanism and performance of a protocell with AC output. (a) The anatomy of the electric eel [1]. (b) and (c)
The electrocyte in the resting and the stimulated stage [1]. (d) The calculated voltage outputs of the electrocyte and the optimally configured
artificial protocell.

inorganic photovoltaic cells convert broader ranges of the
available spectrum into electricity; the reported efficiency of
multijunction cells has reached ≈42% [23, 24].

In contrast to these solid-state materials, individual bio-
logical components have significantly higher energy conver-
sion efficiency. For instance, Na+/K+-ATPase, the ubiquitous
ion pump, which maintains transmembrane Na+ and K+

gradients, actively pumps Na+ and K+ against their ion
gradients with an efficiency of 75% to 80% using energy from
ATP hydrolysis [35, 36]. Another transmembrane protein,
F1-ATPase, is reported to convert the free energy from ATP
hydrolysis into the rotation of F1 motor with the efficiency
close to 100% [37–40]. However, neither of these numbers
takes into account losses in the rest of the ATP energy cycle.

Current biological energy conversion schemes usually
rely on the formation of an intermediate product (oil, sugar,
ethanol, etc.) that can be refined and burned to produce
electricity [41, 42] with substantial losses in this step;
however, cells also convert chemical energy directly into
action potentials, and we have been interested in exploring
this “direct to electricity” approach that eliminates the com-
bustion/fuel cell losses. For instance, Electrophorus electricus
generates electricity to sense in murky water, stun prey,
and ward off predators [43, 44]. A mature electric eel can
generate substantial electric voltage (open circuit) of 400 V
to 600 V [8, 44, 45], with current peaks (short circuit) of

1 A [45, 46]. The electricity is produced by the collective
behavior of its electrogenic cells, the “electrocytes”, under
the synchronization of its electromotor neurons [8, 45, 47]
(Figure 1(a)). The electrocyte generates electricity in the
form of action potentials; each electrocyte may produce
≈150 mV transcellular potential with typical durations on
the order of 3 ms [8, 45]. Many other natural cells produce
action potentials with varying amplitudes and durations.
For instance, a squid giant axon generates ≈100 mV for
≈1 ms [17, 48–52]. The electricity is converted from the
transmembrane ion gradient through these cell membranes
by membrane-protein-regulated ion transport [8, 17, 45].

Artificial protocells designed to mimic and maximize the
energy conversion schemes seen in natural electrogenic cells,
are an intriguing approach to energy conversion that builds
on recent advances in synthetic biology and nanotechnology.

2. Electrogenic Mechanism of Protocells

In the electrocyte, the transmembrane proteins necessary for
action potential formation are asymmetrically distributed
across two primary membranes (Figure 1(b)) separated
by insulating septa [8, 43–45]. The noninnervated mem-
brane exhibits high densities of Na+/K+-ATPase pumps,
K+ channels, and Cl− channels, which maintain a resting
potential of≈−85 mV [8, 45, 53]. The innervated membrane
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contains high densities of acetylcholine receptors (AChRs)
and voltage-gated Na+ channels, which are responsible for
the activation of the action potential (AP); there are also
inward rectifier K+ channels (Kirs) [8], voltage-gated K+

channels (Kvs) [9], and leak channels [8] on the innervated
membrane.

Upon binding of a chemical agonist, acetylcholine (ACh),
the ACh receptors (AChR) become permeable to Na+ and K+

cations. The opening of AChRs depolarizes the innervated
membrane, raising the open probability of voltage-gated Na+

ion channels (Figure 1(c)) [6, 8, 44]. With positively charged
ions (Na+) flowing into the cell, the innervated membrane
potential further increases, which enhances the opening of
additional voltage-gated Na+ channels. This cascade, where
ACh receptors open large number of voltage-gated Na+

channels, results in the formation of an AP on the innervated
membrane. The inward rectifier K+ channels are closed
during this stage, which speeds the increase of the membrane
potential. At the peak, the innervated membrane potential
is +65 mV [8, 53]. Because of the existence of abundant
voltage-gated Na+ ion channels on the innervated mem-
brane, the electrocyte can also be stimulated electrically, that
is, injecting current to depolarize the innervated membrane
[54, 55].

There are no AChRs or voltage-gated Na+ ion chan-
nels on the noninnervated membrane of the electrocyte
(Figure 1(c)) [8, 45, 53]. Therefore, this membrane is unable
to respond to either chemical or electrical stimulus. The
noninnervated membrane potential remains ≈ −85 mV due
to ATPase, K+ channel, and Cl− channel activities [8, 45, 53].
At the peak of an action potential, the innervated mem-
brane reaches +65 mV transmembrane potential resulting
in a total ≈150 mV voltage output across each electrocyte
(Figure 1(c)) [8, 45, 53]. This transcellular potential is
summed with serial connection of multiple electrocytes. For
an electric eel to generate 600 V there must be at least 4000
layers of electrocytes connected in series [53]. In every layer,
multiple electrocytes are connected in parallel to increase
the current (Figure 1(a)). The insulating septa, composed
of dense connective tissues [44, 56], separate the innervated
membrane and the noninnervated membrane and prevent
the electric charge from being short-circuited within the fish
(Figure 1(a)).

After the peak of action potential, the innervated mem-
brane is repolarized with the inactivation of Na+ channels
[6] and the opening of inward rectifier channels and voltage-
gated K channels [8, 9]. The leak ion flux further expedites
the restoration of membrane potential to the resting state
[57].

During the action potential, substantial ion flux occurs
through the open ion channels, which results in a net
electric current (electric charge flux) from the innervated
membrane to the noninnervated membrane. The necessary
ion concentration gradient is sustained by the slow and
steady action of ion pumps, Na+/K+-ATPase, relying on
energy from ATP hydrolysis [35, 36, 58].

A protocell, with the same ion channels/pumps configu-
ration as the natural electrocyte, may imitate the electrogenic
mechanism of the natural electric eel. Such a protocell pro-

duces the electricity in the form of an action potential, that
is, an alternating current (AC) output. The ion gradient
in this protocell is created, and can be recharged, by ATP
fueled ion pumps, for example, Na+/K+-ATPase [35, 36,
58]. If other molecular components were added, such as
bacteriorhodopsin and FoF1-ATP synthase [59–62], this
protocell could be recharged by light energy.

A rechargeable protocell with AC output requires con-
certed system-level interactions of multiple types of ion
channels and at least one type of ion pump [1]. A simplified
version, reduced to just one type of ion channel (or
channel analogue) would lack the ability to recharge, but
would be easier to fabricate and could convert an existing
ion concentration gradient into DC current, as shown in
Figure 2(a).

One scheme for a protocell with DC output consists of
two water droplets with different initial salt concentrations,
suspended in an immiscible carrier, such as a mixture of
oil and lipid. Because of the hydrophobic interactions, the
surface of the water droplet is covered by a monolayer of
lipid; when the two water droplets are brought into contact,
a lipid bilayer forms at the interface of the two water
droplets (as shown in Figure 2(a)) [64–68]. The presence of
the bilayer prevents the merging of the two water droplets
(Figure 2(b)). If an ion selective channel (or synthetic
analogue) is inserted at the interface, ions will flow from the
high-concentration droplet to the low-concentration one.

Natural ion channels are not very stable, synthetic chan-
nel analogues, such as the S. aureus α-hemolysin (α-HL), are
useful platforms to dial-in desired channel performance. The
wildtype α-HL is normally weakly anion selective [69, 70];
it can also be made cation selective by protein engineering
with or without further chemical modification [63, 71]; for
instance, 2-sulfonatoethyl methanethiosulfonate- (MTSES-)
treated G133C mutant has been reported with cation
selectivity of 170 (gK/gCl) [63].

When cation selective channels are inserted into the
bilayer at the interface of two droplets (Figure 2(a)), there
will be unbalanced ion transport, which causes charge sep-
aration between the droplets. This charge separation results
in a potential difference. In addition, due to the different
chemical activities of electrodes submerged in the droplets
with different concentrations of salts [72, 73], the electrode
reactions also contribute to the potential difference. The
total voltage output of such a system is the combination of
contributions from selective ion transport and the electrode
reactions in the different solutions. The output can power
an external circuit, modeled as a resistor (R), as shown in
Figure 2(a).

3. Electrogenic Performance of Protocells

Before undertaking the design of an artificial electrocyte,
we developed a quantitative model (as described in [1]) to
describe the electrogenic mechanism in the natural electro-
cyte of Electrophorus electricus and to evaluate the influence
of molecular parameters on the electrogenic performance of
the cell; the numerical model served to guide the design of
the protocell to optimize the electrogenic performance.
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Figure 2: The electrogenic mechanism and performance of a protocell with DC output. (a) The schematic of this protocell (not drawn to
scale) [2]; (b) the microscopic image of the structure of this protocell (scale bar: 1 mm); (c) the calculated voltage output of this protocell
using a cation-selective channel (MTSES-treated G133C α-HL mutant), based on published channel parameters [63]. The total voltage
output (Et) is shown with the contribution from ion transport through the channels (Er) and contributions from the electrodes (Ec).

To summarize briefly, the ionic current through inner-
vated membrane of the electrocyte (Figure 1(b)) is described
by the Hodgkin-Huxley model [17], with currents through
the AChR and Kir channels;

I = CM
dV

dt
+ gKn

4(V −VK) + gNam
3h(V −VNa)

+ gl(V −Vl) + IKir + IAChR,

(1)

where I is the current through the innervated membrane,
CM is membrane capacitance, and V is the membrane
potential. gK is the maximum conductance of voltage-gated
K+ channel, n determines the open probability of K+ channel,
VK is the equilibrium potential of K+ ions; gNa and VNa

are those of Na+ channels, m controls the activation of Na+

channels, and h determines the inactivation of Na+ channels.
gl is the conductance of leak channel and Vl is the potential at
which the leak current is zero. IKir is the current through the
inward rectifier channels. IAChR is the current through AChR.

There are K+ and Cl− ion channels as well as Na+/K+-
ATPase on the noninnervated membrane. The ionic current
through the ion channel in the noninnervated membrane
(Figure 1(b)) is described by the Goldman-Hodgkin-Katz
current equation [6], which depicts the current through

a channel as a function of membrane potential and the ion
gradient. The active transport of ions by Na+/K+-ATPase on
the noninnervated membrane was modelled with Michaelis-
Menten kinetics at a ratio of three Na+ ions per two K+ ions
[74, 75].

The missing physiological parameters were found
numerically by matching the model current output to the
nuances of the measured action potential curve on the
natural electrocyte with nonlinear least squares [76, 77].

The voltage output of the natural electrocyte is shown in
the upper trace of Figure 1(d). The design of the protocell
was numerically optimized to maximize the electrogenic
performance. The design of the protocell started as a list
of natural nanoconductors (i.e., ion channels/pumps), basic
biophysical parameters (ion permeabilities, two insulating
membranes, etc.); the objective of the numerical optimiza-
tion was to maximize the electrogenic performance (e.g.,
single pulse energy output, power output density, or energy
conversion efficiency) of the protocell design.

The electrical energy output of an artificial cell is defined
as

W =
∫
UI dt, (2)
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where W is the electrical power output and U and I are the
voltage and current applied, over time, t. The single pulse
energy output is defined as the energy output during one
firing of the action potential. The power output density is
defined as the energy output of a single layer of cells in a unit
of time and with a unit area of cell membrane.

The energy conversion efficiency Φ of the AC protocell is
defined as

Φ = Wout

Esti + EATPase/ΦATP
, (3)

where Wout is the work done across the external circuit, Esti

is the energy input from the electrical stimuli, EATPase is the
energy from ATP hydrolysis of Na+/K+-ATPase, and ΦATP

(around 75% to 80%) [78] is the energy conversion efficiency
of ATP biosynthesis by oxidation of glucose or fatty acids.
The transmembrane ion concentration gradient of the cell
is sustained by Na+/K+-ATPase. The pumps are fuelled by
ATP hydrolysis [58], consuming 5.9×104 J/mol (14 kcal/mol)
[79].

The numerical optimization produces a configuration
for the protocell that best achieves the design objective.
Constrained nonlinear numerical optimization [76, 77] was
used to guide the design. One of the constraints was to
maintain the total channel density on each membrane while
the density of individual type of channels was allowed to
change in the algorithm. The resulting protocell, optimized
for the electrogenic performance, with the same overall
channel densities as the natural electrocyte, may produce
action potentials that are longer in duration than the natural
electrocyte (Figure 1(d)). The protocell design has both
higher power output and greater energy conversion efficiency
than a natural electrocyte (Table 1). An optimally configured
protocell is predicted to produce 0.545 W·m−2 per cell; the
power output density of the protocells would be linearly
dependent on the layers of protocells; a protocell array with
dimensions 4.3 mm × 4.3 mm × 3.9 mm could continuously
supply 300 μW given a sufficient energy source.

The electrogenic performance of the protocell optimized
for DC output was also quantitatively analyzed with a
numerical model (as described in [2]). In this protocell,
the electric potential (Et) consists of two components
(Figure 2(c)): (1) the electric potential (Er), due to the ion
movement through the ion-selective membrane proteins, for
example, α-HL mutants; (2) the electrode potential (Ec), due
to the different activities of the two electrodes in solutions of
different ion concentration;

Et = Ec + Er. (4)

The electrode potential (Ec) is a function of chloride ion
concentrations in the two droplets [72, 73]:

Ec = RT

F
ln

aCl−, Anode

aCl− , Cathode
= RT

F
ln

γBmB

γAmA
. (5)

aCl−, Anode and aCl−, Cathode are the chemical activities of
chloride ions around the two electrodes; γB is the activity
coefficient of the ions in the droplet B; mB is the molality

(mol·kg−1) of droplet B; γA and mA are those for the droplet
A. R is the gas constant; T is temperature; F is the Faraday
constant.

The potential Er , from the unbalanced ion transport
through the ion selective α-HL mutants, is depicted by a
simplified version of Hodgkin-Huxley model [17]:

I = C
dEr
dt

+ gK(Er −VK) + gCl(Er −VCl). (6)

I is the current through the lipid bilayer; C is the membrane
capacitance; gK and gCl are the K+ and Cl− conductance’s of
the α-HL mutants; VK and VCl are the reversal potentials of
K+ and Cl− ions.

The total voltage output (Et) of this protocell is coupled
electrically by Kirchhoff ’s laws through the external circuit
(Figure 2(a)). As seen in Figure 2(c), the total voltage output
Et is the summation of the potential Er due to the unbalanced
ion transport and the potential Ec due to the chemical
activities of electrodes in the different solutions. Over time,
Et of the protocell decreases from the initial value, due to the
shrinkage of ion gradient through the lipid bilayer, which
comes from both the ion exchange through the proteins
and the water exchange through the lipid bilayer; in this
procedure, the relative droplet sizes may vary over time. The
shrinkage of ion gradient causes the decrease of both Er (6)
and Ec (5). Eventually, the ion concentrations in the two
droplets reach equilibrium, which is the end of life of this
protocell. During its lifetime, the protocell outputs electricity
to power the external circuit (Figure 2(a)); the total energy
output density (w) of this protocell is defined as

w = W

V
=
∫
EtI dt

V
. (7)

W is the energy output of the protocell; V (m3) is the volume
of the protocell.

The energy conversion efficiency is defined as the ratio
of the energy output to the free energy stored in the ion
concentration gradient. The unitary free energy stored in the
concentration gradient, dG0(J ·mol−1), is given by [15]

dG0 = RT ln
(
SB
SA

)
. (8)

SA and SB (mol·L−1) are the ion concentrations of the two
droplets; R and T are the gas constant and the temperature.

The critical parameters affecting the electrogenic perfor-
mance (e.g., energy output density, and energy efficiency)
are the ion selectivity and channel density (using α-HL
mutants in the model), the lipid bilayer area, the initial ion
concentrations, and the volumes of the two droplets and the
external resistance. The design was numerically optimized by
varying these device parameters using a constrained nonlin-
ear optimization algorithm [76, 77]. The constraints include
the solubility of the ions in the water and the upper limit
of channel density in the membrane. The objective function
was the total electrogenic performance of the protocell over
its lifetime—either the energy density or energy conversion
efficiency. The optimization algorithm varies the parameters



6 International Journal of Photoenergy

Table 1: The calculated electrogenic performance of three cell types: the natural electrocyte, and the optimized protocell with AC output,
and the optimized protocell with DC output.

Cells Electrocyte Optimized AC protocell DC protocell

Maximum power density (W·kg−1) 3.28 4.19 12.6

Maximum energy density (W·h·kg−1) 3.28∗ 4.19∗ 1.92

Maximum energy conversion efficiency (%) 14.7 19.7 48†

∗: The energy densities of these two cells are estimated based on simulations of one hour continuous output; but the actual energy densities may be even
larger with enough ATP supplied; Electrophorus electricus can generate low-level action potentials for hours without any sign of exhaustion [80, 81].
†: The protocell designed for DC output can reach an energy conversion efficiency of 48%; but this configuration has impractically low energy density
(1.74 × 103 J·m−3, i.e., 4.83 × 10−4 W·h·kg−1). This protocell designed for maximum energy density (6.9 × 106 J·m−3, i.e., 1.92 W·h·kg−1) has an energy
conversion efficiency of 10%.
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Figure 3: Ragone chart comparing the natural electrocyte, AC protocells, and DC protocells with conventional batteries, capacitors, and
other energy conversion devices, including piezoelectric, thermoelectric, and photovoltaic devices (data for these other devices from [28,
85, 86, 88–90]). The AC protocell performance is described by a parallelogram; the bottom edge indicates the performance of AC protocells
from initial design parameters (i.e., the natural electrocyte, marked with “©”) to the optimal design parameters (marked with “+”) at 1 h
continuous output; the top edge indicates the performance of AC protocells at 10 h continuous output; the left and right sides reflect the
performance of AC protocells spanning from 1 h to 10 h.

and evaluate the electrogenic performance of the protocell
at this set of parameters; the electrogenic performance at
this point will be compared to that of the previous set of
parameters; based on the comparison results, decisions will
be made to either stop the optimization or to further vary
the parameters to maximize the electrogenic performance.

The design optimized for maximum energy density
output is estimated to produce 6.9 × 106 J·m−3 energy
(≈1.92 W·h·kg−1), with an estimated energy conversion
efficiency of 10%; the energy density is ≈5% that of a
lead-acid battery [82, 83]. The energy output calculated
for a protocell optimally configured for high-energy density
(6.92×106 J·m−3), with two pairs of droplets with diameters
3.9 cm and 3.3 cm, shows it could power a typical electronic
gadget (≈20 mW) for about 10 h.

Higher-energy conversion efficiency can be obtained at
the expense of reducing the energy density. The maximum
energy conversion efficiency calculated for these protocells
reached 48%, but at that point the energy density is quite low
(1.74×103 J·m−3) and not practical for portable applications.

Ragone charts [84–87] compare the performance of
electrical energy storage devices, and provide a represen-
tation of the energy density related to the speed over
which the energy can be delivered (e.g., power density).
Conventional batteries and capacitors generally fall towards
different ends of a Ragone chart: batteries generally deliver
limited power over longer times [84–86]; capacitors generally
deliver larger pulses for short times [87]. The Ragone
positions of the natural electrocyte, the protocell with AC
output and the protocell with DC output are plotted along
with other technologies, shown for reference, in Figure 3.
The maximum power output of the natural electrocyte
(or a protocell with the exact same configuration as the
natural electrocyte) is estimated to be 0.427 W·m−2·cell−1;
each cell layer is 130 μm wide; if the mass density of the
electrocyte is assumed to be 1 × 103 kg·m−3 (the major
constituent being water), the power density of the natural
electrocyte is estimated to be 3.28 W·kg−1; the power density
of the protocell with optimized configuration is estimated
to be 4.19 W·kg−1 (Table 1). Upon stimulus, Electrophorus
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electricus can generate action potentials for hours without
any sign of exhaustion through its main organ [80, 81]; the
positions of the natural electrocyte and the AC protocell with
optimal design are marked (“©” and “+”) based on simula-
tion results assuming one-hour continuous energy output,
but their actual energy densities may be even higher if
enough ATP was available. Therefore, the position of the AC
protocell in the Ragone chart is described by a parallelogram;
the vertical range indicates the performance of AC protocell
spanning from 1 h to 10 h at given design parameters, which
designates that the actual energy densities of AC protocells
could be even larger than the current estimation with enough
ATP; the horizontal range of the parallelogram indicates the
range of performance of AC protocells from initial design
parameters to optimal design parameters.

The protocell designed for DC output is estimated to
produce 6.9 × 106 J·m−3, equivalent to 1.92 W·h·kg−1; the
average power density is 12.6 W·kg−1, calculated from the
energy density and the lifetime of the protocell (lifetime
is limited by the initial concentration and discharge rate
in this case). The lifetime scales linearly with the volume;
droplets with 10-times larger diameters have 1000-times
larger volumes and would have 1000-times longer lifetime
but the total energy density available for output would
remain the same at 1.92 W·h·kg−1. Therefore, the position of
the protocell with DC output in the Ragone chart is depicted
by a star (∗) with dotted lines, indicating that depending on
the droplet sizes, the same energy density may be delivered
more slowly and at lower power density than the results based
on a configuration calculated with droplets of 254 nL and
146 nL. The energy density of the DC protocell is ≈5% that
of a lead-acid battery [82, 83]; the power density of the DC
protocell is comparable to traditional batteries. Compared
with other alternative energy conversion devices (Figure 3),
the electrogenic performance of protocells is much better
than that of the piezoelectric devices and comparable to that
of thermoelectric and photovoltaic devices. The photovoltaic
devices have dramatically worse performance (e.g., the power
density of ≈10 μW·cm−2) when used indoors than outdoors
(power density of ≈1.5 × 104 μW·cm−2); when compared
to the indoor performance, the protocells have larger power
density than the photovoltaic devices. In addition, the AC
protocell can be recharged using a biological energy source,
for example, ATP, which seems appealing for powering
implantable devices.

The protocell technologies summarized here may be of
use for energy conversion where large-scale ion concentra-
tion gradients are available (such as the intersection of fresh
and salt water sources) and for those applications where low
power density is not a limiting factor.

4. Conclusion

Protocells, by assembling natural and synthetic nanoscale
conductors (e.g., ion channels/pumps), provide a new app-
roach to convert chemical energy (or energy stored in a con-
centration gradient) into electricity. The electrogenic per-
formance of these protocells has been numerically modeled
and effectively enhanced by optimization. The optimized

designs produce energy densities sufficiently large for prac-
tical applications, from low-power consumer electronics to
implantable biomedical devices.

The challenges to this technology lay in creating stable
and selective channels and ion pumps—natural membrane
proteins are currently purified and inserted into lipid bilayers
[91, 92]. Synthetic counterparts of ion channels can be
synthesized by protein engineering, such as α-hemolysin and
its mutants [63, 71]. Artificial ion channels may also be
fabricated by precisely tailoring the radii of SiO2 nanopores
through organic group functionalization [93, 94]. Of course,
long-term stability is another concern—the droplet bilayer
is one approach, which has been reported to extend bilayer
lifetimes [64–68]. Other approaches for stabilizing the lipid
bilayer include mesoporous silica [11] or nanofiber support
[12]; these porous supports not only stabilize the lipid bilayer
but also maintain water accessibility to both sides of the
bilayer [12], which is critical for device function. As is done
with conventional batteries, multiple protocells could be
connected in series and/or parallel to achieve needed voltage
and current outputs.
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Photodynamic therapy (PDT), which employs photosensitizers (PSs), a light source with appropriate wavelength, and oxygen
molecules, has potential for the treatment of various tumors and nononcological diseases due to its high efficiency in directly
producing cellular death, vascular shutdown, and immune activation. After the clinical success of Photofrin (porphyrin derivative),
many PSs were developed with improved optical and chemical properties. However, some weak points such as low solubility
and nonspecific phototoxicity induced by hydrophobic PSs still remain. In order to overcome these problems, various polymeric
carriers for PS delivery have been intensively developed. Here, we report recent approaches to the development of polymeric
carriers for PS delivery and discuss the physiological advantages of using polymeric carriers in PDT. Therefore, this paper provides
helpful information for the design of new PSs without the weaknesses of conventional ones.

1. Introduction

The therapeutic application of light began in 1900 when
Raab reported that the combination of acridine orange and
light could destroy living organisms (paramecium) [1].

Recently, photodynamic therapy (PDT) has been inten-
sively studied and employed as a modality for the treatment
of various tumors and nononcological diseases due to its
unique properties [2, 3]. This modality involves a non-
invasive process that has minimal nonspecific effects on
normal tissues, although some problems such as high cost
and short-term period for retreatment still remain. PDT
was first approved for skin cancer by the Canadian FDA in
1994. As illustrated in Figure 1 [4] PSs exposed to light of
an appropriate wavelength are excited to singlet states (S1).
PSs can relax back to ground state by emitting a fluorescent
photon (S0) or be excited to triplet states via intersystem
crossing (ISC; T1). From triplet excited states, PSs can
relax back to ground state by emitting a phosphorescent
photon or by transferring energy to another molecule via
radiationless transition [5]. In addition, PSs can transfer
energy to other molecules via type I and type II reaction
processes. In the type I reaction, free radicals formed by

hydrogen- or electron-transfer from PSs react with oxygen,
thereby producing reactive oxygen species (ROS), including
superoxide (O2

−) and peroxide anions (O2
2−). In the type

II reaction, PSs in the excited triplet state directly transfer
energy to molecular oxygen in a triplet ground state (3O2),
resulting in the formation of highly reactive singlet oxygen
(1O2). In PDT, these ROS oxidize (photodamage) subcellular
organelles and other biomolecules, leading to light-induced
cell death. Indeed, PDT using PSs has been used to treat
esophageal cancer in the United States and Canada, early-
and late-stage lung cancer in The Netherlands, bladder
cancer in Canada, and early-stage lung, oesophageal, gastric,
and cervical cancers in Japan [6].

In this review, we focused on the key factors of PSs (PS
type, light source, and oxygen molecules) in PDT, since
the side effects and efficacy of PDT are determined by the
properties of the PS. PSs were divided in three generations:
1st generation was based on porphyrin (first clinically
used product) [5], 2nd generation was chlorin derivatives
for improvement of solubility in water [7–10], and 3rd
generation was polymeric PS with enhanced target specificity
[11–17].
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Figure 1: Jablonski diagram showing energy transfer from photosensitizers (PSs) to molecular oxygen [4].

Table 1: Approved or currently on-trial PSs [2].

Sensitizer Trade name Potential indications Activation wavelength

HPD (partially purified),
porfimer sodium

Photofrin
Cervical endobronchial, oesophageal, bladder, gastric
cancer, and brain tumors

630 nm

BPD-MA Verteporfin Basal-cell carcinoma 689 nm

m-THPC Foscan Head and neck tumors prostate and pancreatic tumors 652 nm

5- ALA Levulan
Basal-cell carcinoma, head and neck, and
gynaecological tumors

635 nm

Diagnosis of brain, head and neck, and bladder tumors 375∼400 nm

5-ALA-methylester Metvix Basal-cell carcinoma 635 nm

5-ALA-benzylester Benzvix Gastrointestinal cancer 635 nm

5-ALA-hexylester Hexvix Diagnosis of bladder tumors 375∼400 nm

SnETs Purlytin
Cutaneous metastatic breast cancer, basal-cell
carcinoma, Kaposi’s sarcoma, and prostate cancer

664 nm

Boronated protoporphyrin BOPP Brain tumors 630 nm

HPPH Photochlor Basal-cell carcinoma 665 nm

Lutetium texaphyrin Lutex Cervical, prostate, and brain tumors 732 nm

Phthalocyanine-4 Pc4
Cutaneous/subcutaneous lesions from diverse solid
tumor origins

670 nm

Taporfin sodium Talaporfin Solid tumors from diverse origins 664 nm
∗

5-ALA: 5-aminolevulinic acid; BPD-MA: benzoporphyrin derivative-monoacid ring A; HPD: hematoporphyrin derivative; HPPH: 2-(1-Hexyl-oxyethyl)-2-
devinyl pyropheophorbide-alpha; mTHPC: meta-tetrahydroxyphenylchlorin; SnET2: tin ethyl etiopurin.

2. Photosensitizers (PSs)

The most commonly used and studied PSs to date are
porphyrin derivatives such as Photofrin and Photogem.
These materials are 1st generation PSs and are among the
most useful PSs for clinical trials (Table 1) [2]. These PSs
have absorption maxima in the red portion of the spectrum
and are efficient singlet oxygen generators. Red absorption
maxima allow activating light to penetrate deeper into tissue.
However, these PSs readily accumulate and stay in normal
skin for a longtime, leading to severe sunburning and photo-
reaction. Their side effects are inhibited by avoiding daylight
and high-energy light, or by wearing protective clothing
and sunglasses for approximately 6 weeks after treatment,
all of which constitute a major limitation in clinical trials.

To solve these problems, many researchers have synthesized
2nd generation PSs, which have improved physical properties
such as high water solubility and photo-adsorption coeffi-
cient compared to 1st generation PSs (Figure 2). For this,
second-generation PSs aim to have absorption maxima at
wavelengths longer than 630 nm, since 1st generation PSs
display relatively weak absorption at 630 nm that does not
allow for optimal light penetration. Therefore, after a useful
2nd generation PS is identified, it is tested in vitro and in vivo
for PDT activity [18].

Second-generation PSs based on chlorin show rapid
clearance from the skin, and they were approved by the
Japanese government and EU in 2003 [19–21]. Thus, PDT
with 2nd generation PSs can reduce skin phototoxicity.
However, the patient must stay in a darkened room for at
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least 2 weeks, and high target efficiency to the tumor site
is required. To solve these problems, 3rd generation PSs
were developed by chemical conjugation with biocompatible
polymer and encapsulation in nanoparticles by physical
interaction in order to reduce the toxicity to normal tissues
and maximize tumor specificity. In particular, generation of
PSs is often carried out by fluorescence resonance energy
transfer (FRET), which can control the photoactivity of
PSs by changing the environmental conditions. FRET is
a distance-dependent interaction between the electronic
excited states of two dye molecules in which excitation is
transferred from a donor molecule to an acceptor molecule
without emission of a photon [22].

3. Polymeric Carrier for Delivery of PSs

As mentioned above, PDT is often accompanied with long-
lasting skin toxicity, which is a major limitation in its
clinical application [2, 3, 5]. This effect is mainly due
to the hydrophobic and nonspecific properties of PSs
[23]. To improve the poor water solubility of PSs, a new
concept was developed using polymeric carriers. In 1992,
Kopecek’s group began a study using a polymer-PS conjugate
[24]. They reported N-(2-hydroxypropyl)methacrylamide
(HPMA) copolymer containing mesochlorin e6 monoethy-
lene diamine disodium salt (Mce6). The Mce6 was bound via
pendant enzymatically degradable oligopeptide side chains
(G-F-L-G) in one copolymer and was attached through

noncleavable side chains (G) in the other. Preliminary
experiments were also undertaken to compare their local-
ization/retention behavior and their tumoricidal activities
in vivo (A/J mice; C1300 neuroblastoma). The results of
localization/retention experiments found that Mce6 bound
to the non-cleavable copolymer was retained in the tumor
and other tissues for a prolonged time period compared
to free Mce6 or Mce6 bound to cleavable copolymer. Light
activation of Mce6 from the cleavable copolymer resulted in
a substantially more potent biological response in vivo than
did the permanently bound Mce6. It was thus hypothesized
and indirectly supported by photophysical data that both
of the polymer-photosensitizer complexes are aggregated
(or conformationally altered) under physiological conditions
due to their hydrophilic/hydrophobic properties. In buffer at
pH 7.4, the quantum yield of singlet oxygen generation by
free Mce6 was three-fold higher than that by Mce6 bound
to non-cleavable copolymer; adding detergent increased the
quantum yield of singlet oxygen generation to a value
consistent with that of free Mce6. In vivo, if a sufficient
time lag is allowed after drug administration for tumor
cell lysosomal enzymes to cleave Mce6 from the polymer
containing degradable side chains, then Mce6 is released in
free form and behaves similar to the free drug. The other
approach using a dendrimeric PS system was reported by
Kataoka’s group [17, 25]. In that report, to enhance the
efficacy of PDT, a new photosensitizer formulation, that is,
dendrimer phthalocyanine- (DPc-) encapsulated polymeric
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Figure 3: Chemical synthetic method and target specificity of folate conjugate with chlorin-based tris(3-Hydroxyphenyl)-4-carboxy-
phenylchlorin [37].

micelle (DPc/m), was developed. DPc/m induced efficient
and rapid cell death accompanied by characteristic morpho-
logical changes, such as blabbing of cell membranes, when
the cells were photoirradiated using a low-power halogen
lamp or high-power diode laser. Fluorescent microscopic
observation using organelle-specific dyes demonstrated that
DPc/m might accumulate in the endo-/lysosomes; however,

upon photoirradiation, DPc/m might be promptly released
into the cytoplasm and photodamage the mitochondria,
which may account for the enhanced photocytotoxicity of
DPc/m. This study also demonstrated that DPc/m displays
significantly higher PDT efficacy in vivo than clinically
used Photofrin (polyhematoporphyrin esters) in mice bear-
ing human lung adenocarcinoma A549 cells. Furthermore,
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DPc/m-treated mice did not show skin phototoxicity, which
was also observed in the PHE-treated mice, under the tested
conditions. These results strongly suggest the usefulness of
DPc/m in clinical PDT. These systems are an attempt in PDT
to enhance the tumor-specificity of PSs.

To date, a variety of polymeric carriers, including po-
lymer-PS conjugates [26, 27], PS-loaded nanocarriers [15],
long-circulating liposomes [28], and polymeric micelles [29–
33], have been developed due to their passive targeting
properties, which increase tumor-selective accumulation
due to enhanced microvascular permeability via impaired
lymphatic drainage in tumor tissue, a phenomenon which

20 μm

20 μm20 μm20 μm

(a)

20 μm

20 μm20 μm20 μm

(b)

Figure 5: Confocal microscopic images of fixed HeLa cells incu-
bated with polymeric carrier for PSs (b) or free PSs (a) for 6 h [13].

Maeda et al. termed the enhanced permeability and retention
(EPR) effect [34–36].

4. Polymeric Photosensitizer from Conjugation
between Biocompatible Polymer and PSs

Conjugation technology was employed to improve the low
tumor specificity of PSs. The method to conjugate a target
specific ligand such as folate to PSs (Figure 3) operates by
slightly increasing target specificity toward the tumor site
[37]. However, different from expectations, the conjugates
create new interactions between the molecules, due to high
hydrophobicity or π-π stacking, which results in low stability.
On the other hand, to improve the poor water solubility of
PSs, simple substitutions with hydrophilic groups (carboxyl,
sulfate groups) were studied. Unfortunately, this study led
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Figure 6: (a) Confocal laser scanning microscopic image of cellular internalization of CSA-based polymeric PSs in HeLa cells with incubation
times of 1 and 6 h, (b) fluorescence-activated cell sorting (FACS) data of HeLa cells treated with (left) free Ce6 or (right) Ac-CS/Ce6 3 for 1
(blue), 3 (purple), and 6 h (green) [39].

to quick clearance of PSs from the body, resulting in an
increased injection dose. Indeed, Laserphyrin chlorin deriva-
tive substituted with carboxyl group requires a six-times
higher dose than that of porphyrin [38]. Therefore, poly-
meric PSs composed of conjugate of biocompatible polymer
and PS have been investigated to improve water solubility
and tumor targeting via EPR. Polymeric PSs may also provide
easy purification by using precipitation and dialysis methods.

PSs are characterized by high solubility in aqueous
solution, slow clearance from the body, and great specificity
for tumors via the EPR effect. In particular, carriers show a
self-quenching effect for controlling PS phototoxicity in the
circulation, suppressing it via fluorescence resonance energy
transfer (FRET) effect until they reach the target site, at
which point the suppression can be rapidly reversed by the
environmental conditions such as the enzyme [11–13, 39]
and pH [16].

The enzymatically triggered photoactivity of polymeric
PSs for tumor targeting was achieved by two methods
based on the location of the enzyme, either extracellular or
intracellular.

First, we reported the enzymatically triggered photoac-
tivity of polymeric PSs by enzyme present in the cellular
compartments. The concept of the system is shown in
Figure 4(a). The system requires a ligand to uptake into the
cell. Our group reported this system using pullulan/folate
conjugate since folate receptor is overexpressed in tumor cells
[40–43]. The conjugate did not show photoactivity during
blood circulation due to self-quenching of PSs (FRET effect).
However, when the conjugate was internalized in the cancer
cells via receptor-mediated endocytosis, photoactivity was
restored due to loss of the FRET effect by enzymatic attack
within cellular compartments such as lysosomes. As shown
in Figure 4(b), when the esterase was treated with surfactant
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(0.1% Tween 80), polymeric PSs fluorescence dramatically
increased to almost 80% of that of free PSs in organic solvent
(DMSO or DMF). The intensity increased in proportion
to the enzyme concentration, indicating that fluorescence
was recovered by the enzymatic cleavage of the ester bond
between pullulan and PSs. This suggests that as the polymeric
PS is conjugated with the target ligand, it is easily internalized
into the target cell. The property is very important to the
accumulation of polymeric PSs at tumor site. Polymeric PSs

entrapped at the tumor site via the EPR effect prevent the
accumulation of other polymeric PSs at the site by blocking
narrow blood vessels. Thus, entrapped polymeric PSs are
rapidly internalized into the tumor cells to enhance their
accumulation rate.

Our group reported polymeric PSs produced by con-
jugation of PSs with polymer possessing a target such as
hyaluronic acid (HA) and chondroitin sulfate (CS) [13, 39].
HA is a natural polymer common in the human body.
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It interacts with CD44 receptor, which is overexpressed in
specific tumor cells [13, 44–46]. HA was acetylated prior
to being dissolved in organic solvent and then conjugated
with different amounts of PSs, resulting in the formulation
of self-organizing polymeric PSs in aqueous solutions. The
polymeric PS obtained was below 200 nm in size with a
monodisperse size distribution. It was rapidly internalized

into HeLa cells via an HA-induced endocytosis mechanism,
a process that was blocked by the application of excess
HA polymer (Figure 5). The results of the study indicate
that HA-based polymeric PSs can potentially be applied in
PDT. More recently, acetylated-chondroitin sulfate (CSA)/PS
conjugates were synthesized via the formation of an ester
linkage between CSA and PSs [39]. These conjugates in
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a HeLa cell culture system displayed rapid cellular uptake
without any other ligands (Figure 6(a)) and fluorescence-
activated cell sorting (FACS) analysis shows same result
(Figure 6(b)). From these results, we suggest that this system
may be instrumental in the design of new photodynamic
therapies aiming to minimize phototoxicity.

Recently, polymeric PS with pH-triggered photoactiv-
ity was reported [26]. The system exploited the differ-
ence in extracellular pH between tumor and normal tissues
(Figure 7). The system is composed of glycol chitosan (GCS)
and PEG blocks for the hydrophilic outer shell and 3-diethyl-
aminopropyl isothiocyanate (DEAP, pH sensitive material)
and PS blocks for the hydrophobic inner core. In particular,
incorporation of a PEG block may improve the stability
of the drug conjugate in serum as well as its penetration
into tumor vasculature [27]. Upon encountering the tumor
environment, the polymeric carrier-PS conjugate undergoes
conformational changes into an uncoiled structure. This

unique trait of polymeric PSs was confirmed experimentally
(Figures 8(a)–8(d)). The magnitude of the particle-size
changes for the polymeric PSs was large between pH 7.4
and 6.8; that is, the particle was 150 nm in diameter at pH
7.4 and 3.4 nm at pH 6.8. Figure 8(c) shows that polymeric
PS was almost spherical in shape at pH 7.4. However, it
became disentangled at pH 6.8, although very few aggregates
were observed in this case (Figure 8(d)). Moreover, the
zeta potential of polymeric PSs changed from −8.0 mV to
+1.3 mV as the pH of the solution decreased from pH 7.4
to 6.8; the negative value originated from the PEG block at
pH 7.4 and was offset by the protonation of the DEAP block
at pH 6.8 (Figure 8(e)). It is known that the extracellular pH
value in most clinical tumors is more acidic (pH, 6.5–7.0)
than in normal tissues (ca. pH 7.4) [47, 48]. The different
response of polymeric PSs at pH 7.4 (normal tissue pH)
and at pH 6.8 (pH in tumors) presents a new route for the
functionalization of photosensitizing drug conjugates.
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Figure 10: In vivo advantage of noninvasive fluorescence imaging tumor specificity compared to free PpIX and PpIX-polymeric nanocarriers
[15].

5. Physical Loaded PSs in Nanocarriers

On the other hand, various nanocarriers with biodegradable
and biocompatible polymers have been investigated for
delivery of PSs. PSs are readily loaded in a nanocarrier by
hydrophobic interactions between the hydrophobic moieties
in the polymer and PSs. Hydrophobically modified glycol
chitosan nanocarrier loaded with protoporphyrin IX (PpIX),
which is a porphyrin-based PS (Figure 9) [15], has been
reported. The nanocarrier range from 200∼300 nm shows

a much better accumulation rate at the tumor site than free
PSs in vivo. In a previous study in SCC7 tumor-bearing mice,
PpIX-glycol chitosan nanocarrier exhibited enhanced tumor
specificity and increased therapeutic efficacy compared to
free PpIX (Figure 10). Unfortunately, the system did not
show controllable photoactivity via self-quenching, which
can minimize damage against normal tissue and blood cells.

PSs were also loaded in nanocarriers via an ionic complex
(Figure 11) [17]. In that study, the complex decreased
the hydrophobicity of PSs, which produced a nanocarrier
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composed of a core with sufficient photoactivity and an
outer shell with dendrimer form. The dendrimer form of
PSs becomes available to ionic complex using PEG, which
contains a cationic charge. PEG is well known for its strong
hydrophilic groups, which increase the retention time in
the blood circulation by exposure on the surface of the
nanocarrier [49–52]. Further, this system increases the tumor
target specificity by binding with antibody or a target moiety
[34] and does not require control of drug release, which
is always hurdle in drug delivery system. However, the
system has side-effects associated with PDT such as skin
toxicity.

Recently, gold nanoparticles have been developed
(Figure 12) [14], this gold nanorod-PS complex was devel-
oped for noninvasive near-infrared fluorescence imaging and
cancer therapy. A previous study showed that fluorescence
emission and singlet oxygen generation by AlPcS4 (photo-
sensitizer, Al(III) phthalocyanine chloride tetrasulfonic acid)
were quenched after complex formation with GNRs (gold
nanorods); 4-fold greater intracellular uptake and better in
vitro phototoxicity were observed in GNR-AlPcS4-treated
cells than in free AlPcS4-treated cells, and after intravenous
injection of the GNR-AlPcS4 complex, tumor sites were
clearly identified in near-infrared fluorescence images as
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early as 1 h after injection. The tumor-to-background ratio
increased over time and reached 3.7 at 24 h; tumor growth
was reduced by 79% with photodynamic therapy (PDT)
alone and by 95% with dual photothermal therapy (PTT)
[53] and PDT. Based on these results, novel multifunctional
nanomedicine may be useful for near-infrared fluorescence
imaging and PTT/PDT in various cancers. Moreover, during
circulation in the blood, these polymeric nanocarrier system
can be completely suppressed until it reaches the target site,
where the suppression can be rapidly reversed by decomplex.
And, this system currently attempts the introduction of
targeting ligands at the end of the PEG chain, which
may further improve tumor targeting efficiency of GNR-PS
complexes.

6. Conclusion

As suggested previously, many studies on PDT based on
polymeric carriers such as polymeric PSs and nanocarrier
loaded with PSs have been carried out in order to improve
the poor water solubility and target specificity of PSs. For
this purpose, polymeric carriers increase water solubility
and targeting ratio. In particular, polymeric PSs composed
of a conjugate of polymer and PS display controllable
photoactivity between the target site and normal tissue
via the FRET effect. And, this property provides the basis
for various applications in the fields of diagnostics and
biosensors. Although there are still tasks that must be solved,
such as a more specific targeting rate, high photo-adsorption
efficiency, and easy light source delivery to tumor sites, the
development of polymeric carriers can dramatically increase
the potential of PDT in the diagnosis and treatment of
diseases.
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Light has always fascinated mankind and since the beginning of recorded history it has been both a subject of research and a tool
for investigation of other phenomena. Today, with the advent of nanotechnology, the use of light has reached its own dimension
where light-matter interactions take place at wavelength and subwavelength scales and where the physical/chemical nature of
nanostructures controls the interactions. This is the field of nanophotonics which allows for the exploration and manipulation
of light in and around nanostructures, single molecules, and molecular complexes. What is more is the use of nanophotonics in
biomolecular interactions—nanobiophotonics—has prompt for a plethora of molecular diagnostics and therapeutics making use
of the remarkable nanoscale properties. In this paper, we shall focus on the uses of nanobiophotonics for molecular diagnostics
involving specific sequence characterization of nucleic acids and for gene delivery systems of relevance for therapy strategies. The
use of nanobiophotonics for the combined diagnostics/therapeutics (theranostics) will also be addressed, with particular focus on
those systems enabling the development of safer, more efficient, and specific platforms. Finally, the translation of nanophotonics
for theranostics into the clinical setting will be discussed.

1. Introduction

Nanophotonics deals with the interaction of light with
matter at a nanometer scale, providing challenges for fun-
damental research and opportunities for new technologies,
encompassing the study of new optical interactions, materi-
als, fabrication techniques, and architectures, including the
exploration of natural and synthetic, or artificially engi-
neered, structures such as photonic crystals, holey fibers,
quantum dots, subwavelength structures, and plasmonics
[1, 2]. The use of photonic nanotechnologies in medicine
is a rapidly emerging and potentially powerful approach
for disease protection, detection, and treatment. The high
speed of light manipulation and the remote nature of optical
methods suggest that light may successfully connect diag-
nostics, treatment, and even the guidance of the treatment

in one theranostic procedure combination of therapeutics
with diagnostics (including patient prescreening and therapy
monitoring).

Limitations in medical practice are closely associated
with the fact that diagnostics, therapy, and therapy guidance
are three discrete and isolated stages. In order to overcome
some of the sensitivity and specificity of current medicines,
theranostics unites the three above stages in one single
process, supporting early-stage diagnosis and treatment [3,
4]. Nowadays, there is an ever increasing need to enhance the
capability of theranostics procedures where nanophotonics-
based sensors may provide for the simultaneous detection of
several gene-associated conditions and nanodevices utilizing
light-guided and light-activated therapy with the ability to
monitor real-time drug action (see Figure 1).
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Figure 1: Nanophotonics for theranostics. Nanoparticles-based strategies can be used for biosensing using plasmonic nanosensors, such as
metal nanoparticles functionalized with nucleic acid strand for colorimetric assays and biobar codes for protein detection or intense labels for
immunoassays. Some nanoparticle systems can also be used for sensing by exploring a typical FRET system or can be surrounded with Raman
reporters in order to provide in vivo detection and tumour targeting. In fact, NPs symbolize an important class of materials with unique
features suitable for biomedical imaging applications such as increased sensitivity in detection and high quantum yields for fluorescence.
Alternatively, NPs can survey near/far field enhancing qualities that hold promise for a bounty of novel applications in optics and photonics.
Engineered NPs can also act as phototherapeutic agents that can be attached to specific targets for selective damage to cancer cells.

2. Nanophotonics For Diagnostics

2.1. Surface Plasmons on Nanoparticles and Surfaces. Surface
plasmons are collective charge oscillations that occur at
the interface between conductors and dielectrics. They can
take various forms, ranging from freely propagating electron
density waves along metal surfaces to localized electron
oscillations on metal nanoparticles (NPs) [5, 6]. When
light passes through a metal nanoparticle, it induces dipole
moments that oscillate at the respective frequency of the
incident wave, consequently dispersing secondary radiation
in all directions. This collective oscillation of the free conduc-
tion electrons is called localized surface plasmon resonance
(LSPR). Light on NP induces the conduction electrons to
oscillate collectively with a resonant frequency that depends
on the nanoparticles’ size, shape, composition, interparticle
distance, and environment (dielectric properties) [7–10]. As
a result of these SPR modes, the nanoparticles absorb and
scatter light so intensely that single NPs are easily observed
by eye using dark-field (optical scattering) microscopy.
Plasmonic NPs provide a nearly unlimited photon resource
for observing molecular binding for longer periods of time,
once they do not blink or bleach like fluorophores [11].

Nanoparticle-based colorimetric assays for diagnostics
have been a subject of intensive research, where LSPR can

be used to detect DNA or proteins by the changes in the
local index of refraction upon adsorption of the target
molecule to the metal surface. Due to the intense SPR in
the visible yielding extremely bright colors, gold nanoparticle
colloids have been widely used of molecular diagnostics. In
fact, gold nanoparticles (AuNPs) functionalized with ssDNA
capable of specifically hybridizing to a complementary target
for the detection of specific nucleic acid sequences in
biological samples have been extensively used [12–27]. Other
approaches use the AuNPs’ plasmonic as a core/seed that can
be tailored with a wide variety of surface functionalities to
provide highly selective nanoprobes for diagnostics [28] or
the SPR scattering imaging or SPR absorption spectroscopy
generated from antibody-conjugated AuNPs in molecular
biosensor techniques for the diagnosis of oral epithelial living
cancer cells in vivo and in vitro [29] and the use of multi-
functional AuNPs which incorporate both cytosolic delivery
and targeting moieties on the same particle functioning as
intracellular sensors to monitor actin rearrangement in live
fibroblasts [30].

Plasmonic NPs have also been used as extremely intense
labels for immunoassays [31–34] and biochemical sensors
[19, 35–37]. Also, the use of colloidal silver plasmon resonant
particles (PRPs) coated with standard ligands as target-
specific labels has been reported for in situ hybridization and
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immunocytology assays [34]. Most notably, a nanoparticle-
based Biobar code has been developed for the detection
of proteins that relies on magnetic microparticle probes
with antibodies that specifically bind a target of interest
and nanoparticle probes that are encoded with DNA that
is unique to the protein target of interest and antibodies
that can sandwich the target captured by the microparticle
probes [33]. Haes and coworkers have reported on an optical
biosensor based on localized surface plasmon resonance
spectroscopy developed to monitor the interaction between
the antigen, amyloid-β-derived diffusible ligands (ADDLs),
and specific anti-ADDL antibodies, used in the detection of
a biomarker for Alzheimer’s Disease [35].

2.2. Raman-Spectroscopy-Based Systems. When light inter-
acts with a substance, it can be absorbed, transmitted, or
scattered. Scattered radiation can result from an elastic col-
lision (Rayleigh scattering) or inelastic (Raman scattering).
Raman spectroscopy is based on a change of frequency
when light is inelastically scattered by molecules or atoms
resulting in a molecular fingerprint information on molec-
ular structure or intermolecular interaction of a specific
process or molecule. The potential of Raman spectroscopy as
biomedical diagnostics tool is rather low due to its low cross-
section (∼10−30 cm2) that results in low sensitivity [38].
However, in 1977, two groups independently described the
use of noble metal surfaces to enhance the Raman scattering
signal of target molecules [39, 40]—Surface enhancement
raman spectroscopy (SERS). Jeanmaire and Van Duyne
proposed a twofold electromagnetic field enhancement that
was later associated with the interaction between the incident
and scattered photons with the nanostructure’s LSPR [41].
Simultaneously, Albrecht and Creighton suggested the source
of the enhancement to be caused by a specific interaction
between an adsorbate and the nanoparticle surface, briefly, a
charge transfer from the adsorbate into the empty energetic
levels on the metal surface or from the occupied levels of the
nanoparticle’s surface to the adsorbate [42–44].

Generally, SERS requires that the biological analyte
reaches a suitable surface where the substrates are treated as
two-dimensional macroscopic surfaces onto which adsorbed
molecules suffer a local-field enhancement. Despite direct
adsorption not being a good solution because of its depen-
dence on the affinity between substrate and analyte,
a method to identify and distinguish different strains of virus
based on signal differences generated by the surface amino-
acids using silver nanorods has been successfully developed
[45]. Using a similar approach of direct adsorption, Pı̂nzary
et al. used naked silver nanoparticles to differentiate in situ
healthy colon from carcinoma colon tissue [46]. Nanotags
have been widely employed to address the lack of specificity
[47, 48]. These nanotags usually possess a metallic colloidal
core functionalized with a Raman reporting molecule and
the specific molecule used to capture the analyte and have
been used to directly detect DNA sequences [49, 50] and
amplified DNA products of epizootic pathogens using com-
plementary DNA strands so that only the complementary
target hybridizes with the probes [51]. Using a similar

system, but exploring the distance-dependent enhancement
of the electromagnetic field with a hairpin probe molecule,
Wabuyele has also been used to distinguish single nucleotide
polymorphisms in cancer-related genes [52]. Combining
nanotags with other nanoparticles or binding surfaces that
target the same analyte in a sandwich conformation proved
useful to detect antibodies in serum [53]. A similar approach
using a flat substrate instead of NPs had already been
proposed to detect DNA, RNA, and proteins [54, 55].
However, in this approach, the substrate is used only to
immobilize the analyte; a gold-nanoparticle-based nanotag
is used to identify the analyte and the surface enhancement
is obtained by silver coating of the nanotag. miRNA profiling
has also been pursued via a slightly different approach based
on the hybridization of the target molecules with a thiolated
oligonucleotide and subsequent functionalization on a silver
substrate [56]. SERS have also been explored to identify
changes in the analyzed system such as interaction between
DNA and xenobiotic molecules like cisplatin [57] or DNA-
binding proteins [58, 59]. The combination of magnetic
iron/gold core-shell nanoparticles with gold nanorods has
also been used to specifically enumerate E. coli in water
samples in a rapid and sensitive test [60]. In this case,
the magnetic nanoparticles are used to concentrate the
bacteria, improving the Raman signal by concentration and
the posteriorly added gold nanorods serve as Raman signal
enhancers.

SERS can also be used in conjunction with colloidal
gold to detect and target tumors in vivo, where the AuNPs
are surrounded with Raman reporters that provide light
emission 200 times brighter than quantum dots [61, 62].
It was also found that the Raman reporters became more
stable and yielded larger optical enhancements when NPs
were encapsulated with a thiol-modified polyethylene glycol
coat, which also allows for increased biocompatibility and
circulation times in vivo. When conjugated to tumor-
targeting ligands, these conjugated SERS-NPs were able to
target tumor markers at surface of malignant cells, such as
epidermal growth factor receptor (EGFR) that is sometimes
overexpressed in cells of certain cancer types [29] and used
to locate the tumor in xenograft tumor models [50].

2.3. Fluorescence-Based Systems. Quantum dots (QDs) are
semiconductor nanoparticles with narrow, tunable, symmet-
rical emission spectra, and high quantum yields [63–65],
and together with compatibility with DNA and proteins,
make QDs exceptional substitutes as fluorescence labels.
The use of QDs for nucleic acid characterization has
long been proposed, for example, CdSe/ZnS QDs for SNP
identification on human TP53 gene, multiallele detection
of hepatitis B and C viruses [66], and in situ detection of
chromosome abnormalities and mutations [67]. QDs have
also been used as chemical sensors by exploring a typical
FRET system where a dark quencher is placed at a protein-
binding site attached to a QD surface. The quantum dots
emission is quenched in presence of the analyte and upon
analyte displacement the emission is restored [68]. A simpler
approach was used to detect adenine using fluorescent
ZnS nanoparticles at pH7, making use of capability of



4 International Journal of Photoenergy

adenine itself to quench emission of the quantum-dot-like
nanoparticles [69].

Several studies report on the modulation of fluorophores
at the vicinity of nanoparticles (e.g., gold, silver, and quan-
tum dots) [70, 71], an interaction that has found application
in a variety of systems to detect biologically relevant targets
with particular focus upon AuNPs due to their ease in func-
tionalization with biomolecules [72–75]. Several methods
based on the quenching of fluorescence have been proposed
for DNA detection consisting of fluorophore-labeled ssDNA
electrostatically adsorbed onto gold nanoparticles [76], car-
bon nanotubes [77], and carbon nanoclots [78], where the
presence of a complementary target triggers desadsorption
of the newly formed dsDNA from the nanostructures due
to the electrostatic variation between ssDNA and dsDNA,
and fluorescence emission is restored. Also, fluorescence
quenching of fluorophores close to metal nanoparticles
functionalized with thiol-modified oligonucleotides has been
explored in different conformations. Tang and co-workers
proposed a method to probe hydroxyl radicals using an
AuNP-oligonucleotide-FAM system where the hydroxyl rad-
ical promotes strand breakage and consequent release of
FAM, restoring the previously quenched fluorescence [79].
The same quenching mechanism was used to detect specific
DNA strands using two probes (one with an AuNP label and
another labeled with TAMRA) that hybridize to two DNA
sequences near each other [80], bringing the fluorophore and
AuNP close enough to quench fluorescence emission.

Proteins have also been probed through nanoparticle-
fluorescence-mediated systems, for example, human blood
proteins have been let to interact with fluorescent AuNPs
and detected through quenching [81]. In another example,
a sandwich immunoassay using AuNPs quenching has been
proposed for the detection of the protein cardiac troponin T
by its interaction with two different antibodies, one attached
to AuNPs and the other labeled with fluorescent dyes [82].
By means of an opposite modulation, infrared fluorescent
nanoparticles showed enhanced fluorescence when interact-
ing with protein [83].

A popular application of fluorescence modulation by
nanoparticles has been specific ion sensing. Su and co-
workers developed a copper sensor by covering fluores-
cent DNA-Cu/Ag nanoclusters with mercaptopropionic acid
which quenches the intrinsic fluorescence of the nanopar-
ticle; in the presence of Cu2+, the capping agent is oxi-
dized to form a disulfide compound resulting in release
of the nanoparticle and restoration of emission suitable
for quantification between 5 and 200 nM [84]. A very
specific colorimetric and fluorimetric method to detect
Hg2+ ions was developed with porphyrin-modified Au@SiO2

nanoparticles, where the intensively fluorescent red complex
turns green and weakly fluorescent in presence of Hg2+ [85].
Another examples include sensing of Pb2+ and adenosine
by combining an adenosine aptamer and a DNAzyme
with an abasic site where 2-amino-5,6,7-trimethyl-1,8-
naphthyridine is trapped to quench its fluorescence [86].
When in solution, Pb2+ enables the DNAzyme to cleave its
substrate thus removing the fluorescent compound from the
abasic site restoring its fluorescence. Similarly, the presence

of adenosine induces structural change of the aptamer,
resulting in the release of the fluorescent molecule from the
DNA duplex and a subsequent fluorescence enhancement.

2.4. Nanophotonics Bioimaging. Nanoparticles show unique
features suitable for biomedical imaging applications, such
as an increased sensitivity in detection through amplification
of signal changes (e.g., magnetic resonance imaging); high
fluorescence quantum yields and large magnetic moments;
properties that induce phagocytosis and selective uptake
by macrophages (e.g., liposomes); physicochemical manip-
ulations of energy (i.e., quantum dots); among others
[87]. Because light absorption from biologic tissue com-
ponents is minimized at near infrared (NIR) wavelengths,
most nanoparticles (e.g., noble metal and magnetic NPs,
nanoshells, nanoclusters, nanocages, nanorods and quantum
dots) for in vivo imaging and therapy have been designed to
strongly absorb in the NIR and used for in vivo diagnostics
[83, 88, 89]. Ex vivo and in vivo imaging applications of
nanoparticles have included their use as contrast agents for
magnetic resonance imaging (MRI) [90], optical coherence
tomography (OCT) [91–93], photoacoustic imaging (PAI)
[94], and two-photon luminescence (TPL) spectroscopy
[95].

2.4.1. Magnetic Resonance Imaging. Magnetic resonance
imaging (MRI) is based heavily on nuclear magnetic reso-
nance (NMR), first described by R. Damadian. Magnetic res-
onance measurements cause no obvious deleterious effects
on biological tissue, and the incident radiation consists
of common radio frequencies at right angles to a static
magnetic field [96]. Iron oxide nanoparticles show super-
paramagnetism, allowing for the facile alignment of the
magnetic moments to an applied magnetic field, thus of
great interest as contrast agents for MRI [97]. Presently,
magnetic iron oxide nanoparticles are routinely used as
contrast agents to enhance an MRI image, providing sharper
contrast between soft and hard tissue in the body (e.g.
liver and spleen or lymph nodes) [98]. Jun et al. pre-
sented a synthetically controlled magnetic nanocrystal model
system that led to the improvement of high-performance
nanocrystal—antibody probe systems for the diagnosis of
breast cancer cells via magnetic resonance imaging [99].
Also, MnFe2O4 nanocrystals functionalized with an antibody
conjugate (herceptin) capable of specific targeting of can-
cerous cells was successfully used for in vivo MRI in mice
[88]. Driehuysb et al. developed an imaging method to detect
submillimeter-sized metastases with molecular specificity
by targeting cancer cells with iron oxide nanoparticles
functionalized with cancer-binding ligands, demonstrating
in vivo detection of pulmonary micrometastases in mice
injected with breast adenocarcinoma cells [100]. Hybrid NPs
with a superparamagnetic iron oxide/silica core and a gold
nanoshell, with significant absorbance and scattering in the
NIR region, have been used in vivo as contrast agents for
MRI presenting a good MR signal in hepatoma, each moiety
providing for a distinct signal that enhanced detection
[101].
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2.4.2. Optical Coherence Tomography. Optical Coherence
Tomography (OCT) is an imaging modality that provides
cross-sectional subsurface imaging of biological tissue with
micrometer scale resolution which is based on a broadband
light source and a fiber-optic interferometer. It captures
three-dimensional images from within optical scattering
media, typically employing near-infrared light. The use
of relatively long wavelength light allows it to penetrate
into the scattering medium [102–104]. The extra scattering
provided by Au-nanoshells enhances optical contrast and
brightness for improved diagnostic imaging of tumors in
mice due to the preferential accumulation of the nanoshells
in the tumor [105]. Tseng et al. developed nanorings with
a localized surface plasmon resonance covering a spectral
range of 1300 nm that produced both photothermal and
image contrast enhancement effects in OCT when delivered
into pig adipose samples [106]. Additionally, the image con-
trast enhancement effect could be isolated by continuously
scanning the sample with a lower scan frequency, allowing to
effectively control the therapeutic modality. In the same way,
gold capped nanoroses have been used in photothermal OCT
to detect macrophages in ex vivo rabbit arteries [107].

2.4.3. Photoacoustic Imaging. In photoacoustic imaging
(PAI) and photoacoustic tomography (PAT), a pulse of
NIR laser light, typically 757 nm, is used in resonance with
the surface plasmon instead of a continuous NIR source.
With this technique causing rapid thermal expansion of
the surrounding media, the generated sound wave can be
detected on the surface of the subject. NIR reduces the
amount of absorption that occurs, but absorption of light
by various other organs is unavoidable [108, 109]. Yang
et al. demonstrated the feasibility of using poly(ethylene
glycol)-coated Au nanocages as a new in vivo NIR contrast-
enhancing agent for photoacoustic tomography and image
their distribution in the vasculature of rat brain. These Au-
nanocages enhanced the contrast between blood and the
surrounding tissues by up to 81%, achieving a more detailed
image of vascular structures at greater depths. Additionally,
they were shown to present slight advantages over Au-
nanoshells, being better suited for in vivo applications,
specially due to their more compact size (<50 nm compared
to >100 nm for Au-nanoshells) and larger optical absorption
cross-sections [110]. Due to the ability of gold-nanorods
to have the maximum of the plasmon resonance tuned
further into the NIR, Motamedi et al. reported a contrast
agent for a laser optoacoustic imaging system for in vivo
detection of gold nanorods and to enhance the diagnostic
power of optoacoustic imaging [111]. Song et al. proposed
a noninvasive in vivo spectroscopic photoacoustic sentinel
lymph node mapping in a rat model using gold nanorods as
lymph node tracers [112].

2.4.4. Two-Photon Luminescence. In two-photon lumines-
cence (TPL) spectroscopy, an electron is excited from
the conductance band to the valence band of the metal
nanoparticles using two photons. As the electron relaxes
to the conductance band, light is released and amplified

due to a resonant coupling with localized surface plasmons,
enhancing a variety of linear and nonlinear optical prop-
erties [113, 114]. TPL was first described by Boyd et al.
that found that roughened metal surfaces exhibited much
higher induced luminescence efficiency than smooth surfaces
[115]. In fact, TPL is a potentially powerful technique
for noninvasive imaging at the micron scale hundreds of
microns deep into scattering tissue. This way, it ought to be
possible to discriminate cancerous and healthy tissue based
on two-photon imaging from endogenous fluorophores. For
enhanced imaging, two-photon contrast agents have been
developed showing the ability to increase signal-to-noise
ratio and targeted to molecular signatures of interest that are
not fluorescent. Because imaging of intrinsic fluorophores
is often difficult due to their relatively weak signals, the use
of such a bright contrast agent holds the promise to enable
in vivo applications of two photon imaging in a clinical
setting [113, 116, 117]. Wang et al. collected images of single
gold nanorods flowing in the mouse ear blood vessels with
luminescence three times stronger than background [114].
It is worth mentioning that the TPL signal from a single
nanorod is 58 times that of the two-photon fluorescence
signal from a single rhodamine molecule.

2.4.5. QDs for In Vivo Imaging. In the last decade, water
soluble bioconjugated QDs have been increasingly applied
for imaging [63, 64, 118] However, QD probes for imaging
show poor stability once inside cytosolic environment and
reduced biocompatibility in living organisms [119], which
constitutes a serious drawback for widespread in vivo
application.

Despite the serious concerns related to the in vivo use of
QDs, these nanocrystals show remarkable imaging properties
that may be judged of value for improved diagnostics. In
fact, QDs have proven of great value when imaging vascular
networks of mammals such as lymphatic and cardiovascular
systems [120–124]. Also, Kim et al. demonstrated that quan-
tum dots allowed a major cancer surgery to be performed
in large animals (mice and pigs) under complete image
guidance, by locating the position of sentinel lymph nodes
[125]. With similar potential to that observed when imaging
the lymph system, the imaging of cardiovascular systems
has also been achieved using QDs [126, 127]. Larson et
al. demonstrated that QDs retained their fluorescence after
injection and could be detected in the capillaries of skin and
adipose tissue of a mouse [128]. The fluorescent emission
and multiplexing capabilities of QDs are being exploited to
improve the sensitivity and selectivity in the early detection
of tumors [61, 129, 130]. Åkerman et al. described for the
first time the application of targeted cancer imaging by
using ZnS-capped CdSe QDs coated with a lung-targeting
peptide that accumulate in the lungs of mice, whereas two
other peptides specifically direct QDs to blood vessels or
lymphatic vessels in tumors [131]. Later, Gao et al. described
the development of multifunctional nanoparticle probes
based on QDs with a copolymer linked to tumor-targeting
ligands and drug-delivery functionalities for cancer targeting
and imaging in living animals [132]. Once the toxicological
aspects associated with QDs have been clarified, such studies
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demonstrate the potential of QDs for ultrasensitive and
multiplexed imaging of molecular targets in vivo.

3. Nanophotonics for Therapy

Nanophototerapy uses pulsed lasers and absorbing nanopar-
ticles attached to specific targets for selective damage to
cancer cells. Plasmonic photothermal therapy (PPTT) and
photodynamic therapy (PDT) are two of the main techniques
that take advantage of the selective absorbance of the surface
plasmon resonance and the fact that the nanoparticles relax
by liberating heat into their surrounding environment.

3.1. Plasmonic Photothermal Therapy. Plasmonic photother-
mal therapy is a less invasive experimental technique that
holds great promise for the treatment of cell malignancies
and, in particular, of cancer. It combines two key compo-
nents: (i) light source, specifically lasers with a spectral range
of 650–900 nm for deep tissue penetration and (ii) optical
absorption of AuNPs which release the optical irradiation
as heat in the picoseconds time scale, thereby inducing
photothermal ablation [133–135]. Kirui et al. reported the
use of gold and iron oxide hybrid nanoparticles in targeting,
imaging, and selective thermal killing of colorectal cancer
cells [136]. Huang and colleagues have demonstrated that
gold nanorods have a longitudinal absorption band in the
NIR on account of SPR oscillations and are effective as
photothermal agents [137]. Gold nanorods aspect ratios
allow tuning the SPR band from the visible to the NIR
(transmits readily through human skin and tissue), mak-
ing them suitable for photothermal converters of near
infrared light for in vivo applications [138, 139]. Effective
photothermal destruction of cancer cells and tissue have
been demonstrated for other gold nanostructures, such as
branched gold nanoparticles [140], gold nanoshells [141–
143], gold nanocages [134], and gold nanospheres [144].

3.2. Photodynamic Therapy. Photodynamic therapy employs
chemical photosensitizers that generate reactive oxygen
species (ROS), such as a singlet oxygen (1O2), capable of
tumor destruction [145, 146]. This technique is noninvasive
and can be applied locally or systemically without noticeable
cumulative toxicity effects without high costs. To attain
maximal killing efficiency of tumor cells, the photosensitizer
must be in close proximity to the tumor cells, thus requiring
specific targeting when administered systemically. One of
the major limitations is the poor tissue penetration of high-
energy light and the systemic dispersal of the photosensitizer
[147, 148].

Aiming at circumventing some of the limitations of pho-
todynamic therapy, Zhang et al. reported a new type of pho-
tosensitizers based on photon upconverting nanoparticles (a
process where low energy light, usually near-infrared (NIR)
or infrared (IR), is converted to higher energies, ultraviolet
(UV), or visible, via multiple absorptions or energy transfer
steps) [149, 150]. One year later, Yong et al. reported the
use of NPs modified with zinc phthalocyanin photosensitizer
that produce green/red emission on near-infrared (NIR)

excitation and is capable of singlet oxygen sensitization; upon
targeted binding to cancer cells, significant cell destruction
was induced [151]. Recently, Qian et al. published similar
results with the use of zinc phthalocyanine nanocrystals
coated with a uniform layer of mesoporous silica [152].

4. Conclusions

Light is an amazing intermediate with a gargantuan capacity
for carrying multiple information and functions. Instinc-
tively, we view light as rays, which propagate in a single direc-
tion, either being absorbed or reflected to some extent by any
object on which it impinges. However, the propagation of
light through a material is itself a quantum effect, involving
the excitation and relaxation of electrons in the material.
It is well known that light has the facility to act through
biological, chemical, mechanical, and thermal pathways
at molecular/cellular levels in diagnostic and therapeutic
applications.

Currently, we are in the dawn of a new age in therapy
driven by nanotechnology vehicles. Although there are tech-
nical challenges associated with the therapeutic application
of nanodevices, the integration of therapy with diagnostic
profiling has accelerated the pace of discovery of new
nanotechnology methods. In addition to continuing to push
forward on the above challenges, nanotechnology together
with photonics can be used both for identifying useful target
candidates and for validating their importance in disease
states. Nanophotonics may present new opportunities for
personalized medicine in which diagnosis and treatment
are based on each individual’s molecular profile. Further
research into the fundamental mechanisms that efficiently
control light using nanodevices could unveil new dimensions
of nanoparticle-mediated theranostic systems.

Here, we have attempted to give the reader a limited
overview of some aspects of the current state of research into
the fascinating aspects and control over nanophotonics in
molecular diagnostics and therapy applications.
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[131] M. E. Åkerman, W. C. W. Chan, P. Laakkonen, S. N. Bhatia,
and E. Ruoslahti, “Nanocrystal targeting in vivo,” Proceedings



International Journal of Photoenergy 11

of the National Academy of Sciences of the United States of
America, vol. 99, no. 20, pp. 12617–12621, 2002.

[132] X. Gao, Y. Cui, R. M. Levenson, L. W. K. Chung, and S. Nie,
“In vivo cancer targeting and imaging with semiconductor
quantum dots,” Nature Biotechnology, vol. 22, no. 8, pp. 969–
976, 2004.

[133] X. Huang, P. K. Jain, I. H. El-Sayed, and M. A. El-Sayed,
“Determination of the minimum temperature required for
selective photothermal destruction of cancer cells with the
use of immunotargeted gold nanoparticles,” Photochemistry
and Photobiology, vol. 82, no. 2, pp. 412–417, 2006.

[134] J. Chen, D. Wang, J. Xi et al., “Immuno gold nanocages
with tailored optical properties for targeted photothermal
destruction of cancer cells,” Nano Letters, vol. 7, no. 5, pp.
1318–1322, 2007.

[135] Y. Haba, C. Kojima, A. Harada, T. Ura, H. Horinaka, and
K. Kono, “Preparation of poly(ethylene glycol)-modified
poly(amido amine) dendrimers encapsulating gold nanopar-
ticles and their heat-generating ability,” Langmuir, vol. 23, no.
10, pp. 5243–5246, 2007.

[136] D. K. Kirui, D. A. Rey, and C. A. Batt, “Gold hybrid
nanoparticles for targeted phototherapy and cancer imag-
ing,” Nanotechnology, vol. 21, no. 10, Article ID 105105, 2010.

[137] X. Huang, I. H. El-Sayed, W. Qian, and M. A. El-Sayed,
“Cancer cell imaging and photothermal therapy in the near-
infrared region by using gold nanorods,” Journal of the
American Chemical Society, vol. 128, no. 6, pp. 2115–2120,
2006.

[138] X. Huang, I. H. El-Sayed, and M. A. El-Sayed, “Applications
of gold nanorods for cancer imaging and photothermal
therapy,” Methods in Molecular Biology, vol. 624, pp. 343–357,
2010.

[139] W. S. Kuo, C. N. Chang, Y. T. Chang et al., “Gold nanorods in
photodynamic therapy, as hyperthermia agents, and in near-
infrared optical imaging,” Angewandte Chemie - International
Edition, vol. 49, no. 15, pp. 2711–2715, 2010.

[140] B. Van De Broek, N. Devoogdt, A. Dhollander et al., “Specific
cell targeting with nanobody conjugated branched gold
nanoparticles for photothermal therapy,” ACS Nano, vol. 5,
no. 6, pp. 4319–4328, 2011.

[141] L. R. Hirsch, R. J. Stafford, J. A. Bankson et al., “Nanoshell-
mediated near-infrared thermal therapy of tumors under
magnetic resonance guidance,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 100,
no. 23, pp. 13549–13554, 2003.

[142] C. Loo, L. Hirsch, M. H. Lee et al., “Gold nanoshell biocon-
jugates for molecular imaging in living cells,” Optics Letters,
vol. 30, no. 9, pp. 1012–1014, 2005.

[143] C. Loo, A. Lowery, N. Halas, J. West, and R. Drezek,
“Immunotargeted nanoshells for integrated cancer imaging
and therapy,” Nano Letters, vol. 5, no. 4, pp. 709–711, 2005.

[144] X. Huang, P. K. Jain, I. H. El-Sayed, and M. A. El-
Sayed, “Plasmonic photothermal therapy (PPTT) using gold
nanoparticles,” Lasers in Medical Science, vol. 23, no. 3, pp.
217–228, 2008.

[145] S. B. Brown and S. H. Ibbotson, “Photodynamic therapy and
cancer,” BMJ, vol. 339, Article ID b2459, 2009.

[146] J. Cadet, “The photodynamic therapy of cancer cells,” Photo-
chemistry and photobiology, vol. 87, no. 1, p. 1, 2011.

[147] A. Lin and S. M. Hahn, “Photodynamic therapy: a light in
the darkness?” Clinical Cancer Research, vol. 15, no. 13, pp.
4252–4253, 2009.

[148] M. A. MacCormack, “Photodynamic therapy,” Advances in
Dermatology, vol. 22, pp. 219–258, 2006.

[149] P. Zhang, W. Steelant, M. Kumar, and M. Scholfield, “Ver-
satile photosensitizers for photodynamic therapy at infrared
excitation,” Journal of the American Chemical Society, vol.
129, no. 15, pp. 4526–4527, 2007.

[150] B. Ungun, R. K. Prud’homme, S. J. Budijono et al., “Nanofab-
ricated upconversion nanoparticles for photodynamic ther-
apy,” Optics Express, vol. 17, no. 1, pp. 80–86, 2009.

[151] D. K. Chatterjee and Z. Yong, “Upconverting nanoparticles as
nanotransducers for photodynamic therapy in cancer cells,”
Nanomedicine, vol. 3, no. 1, pp. 73–82, 2008.

[152] H. S. Qian, H. C. Guo, P. C. L. Ho, R. Mahendran, and
Y. Zhang, “Mesoporous-silica-coated up-conversion fluores-
cent nanoparticles for photodynamic therapy,” Small, vol. 5,
no. 20, pp. 2285–2290, 2009.



Hindawi Publishing Corporation
International Journal of Photoenergy
Volume 2012, Article ID 926754, 7 pages
doi:10.1155/2012/926754

Research Article

Mannan-Modified PLGA Nanoparticles for
Targeted Gene Delivery

Fansheng Kong, Linfu Ge, Ximin Liu, Ning Huang, and Fang Zhou

Department of Hematology, General Hospital of Ji’nan Command, PLA, 25 Shifan Road, Ji’nan 250031, China

Correspondence should be addressed to Fang Zhou, zhoufangphd@yahoo.com.cn

Received 28 April 2011; Revised 28 May 2011; Accepted 15 June 2011

Academic Editor: Rodica-Mariana Ion

Copyright © 2012 Fansheng Kong et al. This 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.

The studies of targeted gene delivery nanocarriers have gained increasing attention during the past decades. In this study, mannan
modified DNA loaded bioadhesive PLGA nanoparticles (MAN-DNA-NPs) were investigated for targeted gene delivery to the
Kupffer cells (KCs). Bioadhesive PLGA nanoparticles were prepared and subsequently bound with pEGFP. Following the coupling
of the mannan-based PE-grafted ligands (MAN-PE) with the DNA-NPs, the MAN-DNA-NPs were delivered intravenously to rats.
The transfection efficiency was determined from the isolated KCs and flow cytometry was applied for the quantitation of gene
expression after 48 h post transfection. The size of the MAN-DNA-NPs was found to be around 190 nm and the Zeta potential
was determined to be −15.46mV. The pEGFP binding capacity of MAN-DNA-NPs was (88.9 ± 5.8)% and the in vitro release
profiles of the MAN-DNA-NPs follow the Higuchi model. When compared with non-modified DNA-NPs and Lipofectamine
2000-DNA, MAN-DNA-NPs produced the highest gene expressions, especially in vivo. The in vivo data from flow cytometry
analysis showed that MAN-DNA-NPs displayed a remarkably higher transfection efficiency (39%) than non-modified DNA-NPs
(25%) and Lipofectamine 2000-DNA (23%) in KCs. The results illustrate that MAN-DNA-NPs have the ability to target liver KCs
and could function as promising active targeting drug delivery vectors.

1. Introduction

Biodegradable nanoparticles have been used frequently as
gene delivery vehicles due to their extensive bioavailability,
better encapsulation, high stability, and minimal toxicity [1].
They can be tailor made to achieve both controlled drug
release and tumor targeting by tuning the polymer charac-
teristics and shaping the surface through nanoengineering
[2]. A number of different polymers, both synthetic and
natural, have been utilized in formulating biodegradable
nanoparticles [3–5]. One of the most extensively investigated
polymers for nanoparticles is the biodegradable and biocom-
patible poly(D,L-lactide-co-glycolide) (PLGA), which has
been approved by the FDA for certain human clinical uses
[6].

Active targeting is a noninvasive approach to transport
drugs and genes to target sites with the help of site-specific
ligands [7]. Nanocarriers with active targeting properties

could potentially be delivered to specific organs, tissues, cells,
or even cellular organelles. Various kinds of targeting resi-
dues such as antibodies, peptides, and saccharides have been
applied towards the modification of nanocarriers to achieve
active targeting [8, 9]. Nanocarriers modified with saccha-
rides, have seen advancement due to their high specificity,
low toxicity, and low immunogenicity. Recently, bioadhesive
PLGA nanoparticles were established as promising drug
delivery systems [6, 10], and mannan-based PE-grafted
ligands (MAN-PEs) were synthesized and applied for the
surface modification of nanocarriers to achieve active target-
ing [11]. In this study, MAN-PE-modified bioadhesive PLGA
nanoparticles were investigated as active targeting gene
delivery system using plasmid enhanced green fluorescent
protein (pEGFP) as the model gene.

In the present study, MAN-PEs were applied for the
surface modification of PLGA nanoparticles to achieve
active targeting to the liver. In vitro and in vivo behavior
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of mannan-modified DNA-loaded PLGA nanoparticles was
investigated in comparison with nonmodified DNA-loaded
PLGA nanoparticles.

2. Materials and Methods

2.1. Materials. Poly(d,l-lactic-co-glycolic) (PLGA, 50 : 50,
Av.MW 25,000) was obtained from Shandong Institute
of Medical Instrument (China). Mannan and L-α-phos-
phatidylethanolamine (PE) were purchased from Sigma-
Aldrich Co. (USA). pEGFP-N1 was provided by Shan-
dong University (China). PicoGreen reagent and Lipofec-
tamine 2000 were obtained from Invitrogen Corporation
(USA). MTT (3-[4,5-dimehyl-2-thiazolyl]-2,5-diphenyl-2H-
tetrazolium bromide) was purchased from Sigma-Aldrich
(China). All other chemicals were of analytical grade or
higher.

2.2. Animals. Adult male Sprague-Dawley rats (10-to-15-
week old) were purchased from the Medical Animal Test
Center of Shandong Province and housed under standard
laboratory conditions. All animal experiments complied
with the requirements of the National Act on the Use of
Experimental Animals (People’s Republic of China).

2.3. Preparation of Bioadhesive PLGA Nanoparticles. Bioad-
hesive PLGA nanoparticles (NPs) were prepared following
the methods described by Zou et al. [6, 10]. Carbopol 940
(CP) was dispersed in distilled water at room temperature
and left overnight to swell. Neutralization of the CP disper-
sion was achieved by adding the required amount of 1 M
NaOH until pH 7.0 was reached. The resulting CP stock
solution was diluted with distilled water to afford a 0.02%
(w/v) CP solution. Bioadhesive PLGA nanoparticles were
prepared under optimized conditions by a nanoprecipitation
method (solvent displacement technique) [12, 13]. 50 mg
of PLGA polymer was accurately weighted and dissolved
in 3 mL acetone. The organic phase was added dropwise
into the 0.02% CP solution being stirred at 600 rpm and
room temperature. When complete evaporation of the
organic solvent had occurred, the redundant stabilizers and
the nanoparticles were separated by ultracentrifugation at
1000 g, 4◦C for 20 min. The pellet was resuspended in Milli-
Q water, washed three times, and filtered through a 0.45 μm
membrane. The resulting nanoparticle suspensions were
stored at 4◦C until use.

2.4. Fabrication of DNA-Loaded Nanoparticles. The reporter
gene pEGFP was mixed with the PLGA nanoparticles by
vortexing the nanoparticle suspension with a 1 mg/mL
solution of DNA for 20 s. Incubation of the mixture for
30 min at RT facilitated the formation of the DNA-loaded
PLGA nanoparticles (DNA-NPs).

2.5. Surface Modification of DNA-Nps with Mannan-PE.
Mannan-PE was synthesized in accordance with the method
described by Yu et al. [11]. Surface modification of DNA-NPs
with mannan-PE ligands was accomplished according to the

procedure developed by Vyas et al. [14]. Mannan-PE ligands
were dissolved in 5 mL of phosphate buffered saline (PBS, pH
7.4). Then, the solution was added at dropwise into 10 mL
of DNA-NPs that were stirred at 800 rpm by a laboratory
magnetic stirrer at RT. The suspension was continually
stirred at 600 rpm until the completion of modification. The
excessive nonmodified ligands were removed by spinning the
resultant suspension through a Sephadex G-50 column at
2,000 rpm for 5 min. The pellet was resuspended in Milli-
Q water, washed three times, and filtered through a 0.80 μm
membrane to obtain the desired mannan-modified DNA-
loaded PLGA nanoparticles (MAN-DNA-NPs).

As a result of the modification process, the hydrophobic
PE domains coated the surface of bioadhesive DNA-NPs,
masking the inherent charge on the carriers. The total ligand-
to-carrier weight ratio was optimized by measuring the
change in Zeta potential. The optimum ratio was found
to occur when increasing the ligand-to-carrier weight ratio
resulted in no significant change in Zeta potential.

2.6. Characterization of MAN-DNA-NPs and DNA-NPs. The
surface morphologies of both the MAN-DNA-NPs and the
nonmodified DNA-NPs were examined by transmission
electronic microscopy (TEM). The mean particle size and
Zeta potential of the NPs were analyzed by photon corre-
lation spectroscopy (PCS) and laser Doppler anemometry,
respectively.

PicoGreen-fluorometry assay was carried out to measure
the adsorption efficiency of the DNA loaded NPs [9, 15]. The
pEGFP was isolated from the MAN-DNA-NPs and DNA-
NPs by centrifugation at 1000 g, 4◦C for 20 min. Analysis of
the pEGFP containing supernatants by a fluorescence spec-
trophotometer afforded the concentration of plasmid DNA.

2.7. In Vitro DNA Release Studies. The MAN-DNA-NPs
and DNA-NPs were placed in phosphate buffered solution
(PBS, pH 7.4) to characterize the DNA release profile [16].
Typically, aliquots of complexes (equivalent to 1 μg DNA)
were suspended in Eppendorf tubes containing 1 mL of
PBS and vortexed. The tubes were continuously shaken in
a 37◦C water bath at 100 rpm. Separate tubes were used
for each data point. At predetermined time intervals, the
nanoparticle suspensions were centrifuged (1000 g, 4◦C for
20 min) and the amount of DNA released in the supernatant
was analyzed by the PicoGreen assay mentioned above.
Background readings were obtained using the supernatants
from the blank PLGA-NPs.

2.8. Isolation and Culture of Kupffer Cells. Kupffer cells (KCs)
were isolated from SD rats under pentobarbitone anaesthesia
[17–20]. The rats’ portal vein were cannulated and perfused
with HBSS for 10 min at RT. During this time, the liver was
excised and the perfusate discarded. The liver was then per-
fused with 0.2% pronase (60 mL at RT) which was discarded.
Then, the liver was perfused with a recirculating solution of
0.05% pronase and 0.05% collagenase (60 mL at RT) until
the liver was digested as judged by the softening of the liver
parenchyma beneath the capsule. The liver was then cut into
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small pieces, suspended in 100 mL solution containing 0.02%
pronase, 0.05% collagenase, and 0.005% DNase, and agitated
at RT for 20 min. Following digestion, the liver homogenate
was filtered through sterile gauze and centrifuged (1000 g,
4◦C for 10 min). The supernatant was removed and the pellet
resuspended in 10 mL Percoll gradient. Aliquots (5 mL) of
this cell suspension were added to 5 mL aliquots of Percoll
gradient. These were carefully overlaid with 5 mL HBSS and
centrifuged at 1000 g, 4◦C for 20 min. The nonparenchymal
cell-enriched layer observed at the interface between the two
layers was carefully harvested and diluted with 10 mL of
HBSS. The suspension was then centrifuged (1000 g, 4◦C for
20 min) to precipitate the KCs, which were then seeded into
a 96-well microtiter plate at a density of 2 × 104 cells/well
in 200 μL RPMI 1640 supplemented with 10% fetal bovine
serum (FBS) and antibiotics. After incubation at 37◦C for
2 h under 5% CO2 atmosphere, the culture medium was
replaced by 200 μL fresh RPMI 1640 to yield the purified KCs.

2.9. In Vitro Cytotoxicity Evaluation and Transfection Analysis.
The in vitro cytotoxicity of MAN-NPs was evaluated by
MTT assay [21] in the above cultured KCs. After incubation
at 37◦C for 24 h under 5% CO2 atmosphere, the culture
medium was replaced with 200 μL of fresh RPMI 1640
containing various concentrations of the MAN-NPs or Lipo-
fectamine 2000 for comparison, and the cells were incubated
for another 24 h. The cell viability was then assessed by
MTT assay. 5 mg/mL of MTT in PBS was then added to
each well, and the plate was incubated for an additional
4 h at 37◦C under the aforementioned 5% CO2 atmosphere.
Then, the MTT containing medium was removed, and the
crystals formed by living cells were dissolved in 100 μL
DMSO. The absorbance at 570 nm was determined by a
microplate reader. Untreated cells were taken as a control
with 100% viability, and cells without the addition of MTT
were used as a blank to calibrate the spectrophotometer to
zero absorbance. The relative cell viability (%) compared to
control cells was calculated using (Abssample/Abscontrol)× 100.

For transfection efficiency analysis, the KCs were seeded
into 24-well plates at a density of 1 × 105 cells/well in 1 mL
of RPMI-1640 with 10% FBS, 24 h prior to transfection.
When the cells were at about 80% confluence, the media was
replaced with 200 μL serum-free media containing MAN-
DNA-NPs and DNA-NPs. Naked DNA was used as a negative
control. Lipofectamine 2000 was used as a positive control.
The original incubation medium was replaced with 1 mL of
complete medium after incubation at 37◦C for 4 h under
a 5% CO2 atmosphere. The cells were incubated and were
studied every 12 h until 48 h after transfection. The fluo-
rescent cells were observed using an inversion fluorescence
microscope, at which time pictures were taken for the record.

2.10. In Vivo Delivery and Transfection. Adult male Sprague-
Dawley rats (10-to-15-week old) were divided into five
groups (six rats in each group) and injected intravenously
with 1 mL of both MAN-DNA-NPs and DNA-NPs. Identical
intravenous doses of blank NPs, naked pEGFP, and Lipofec-
tamine 2000-DNA served as controls. At predetermined time

Table 1: Particle size and Zeta potential of NPs, DNA-NPs, and
MAN-DNA-NPs (mean ± SD, n = 3).

Sample
Mean particle

size (nm)
Polydispersity
index (PDI)

Zeta potential
(mV)

NPs 116.7± 3.2 0.19± 0.05 −29.18± 3.54

DNA-NPs 145.3± 8.7 0.23± 0.08 −36.58± 1.32

MAN-DNA-NPs 189.7± 5.3 0.15± 0.07 −15.46± 1.09

intervals, the rats’ KCs were isolated under pentobarbitone
anaesthesia as described in Section 2.8. The KCs were then
seeded into 24-well plates in 1 mL of RPMI 1640 with 10%
FBS. The fluorescent cells were observed using an inversion
fluorescence microscope, and the pictures were captured.

For further quantitation of the transfection efficiency,
flow cytometry was used. Cells were washed with 1 mL
of PBS (100 g, 4◦C for 5 min) and were detached with
trypsin/EDTA. The supernatant was discarded and resus-
pended with 300 μL of PBS, mixed well, and added into the
flow cytometer to determine the amount of KCs which has
been successfully transfected.

2.11. Statistical Analysis. All studies were repeated a min-
imum of three times and all measurements were carried
out in triplicate. Results were reported as means ± SD (SD
= standard deviation). Statistical significance was analyzed
using the Student’s t-test. Differences between experimental
groups were considered significant when the P value was less
than 0.05 (P < 0.05).

3. Results

3.1. Characterization of DNA Loaded NPs. The transmission
electron micrograph (TEM) pictures of the MAN-DNA-
NPs and DNA-NPs were shown in Figure 1. DNA-NPs had
spherical shapes (Figure 1(a)) while the MAN-DNA-NPs had
dark coats on the white particles (Figure 1(b)). Mean particle
size, polydispersity index (PDI), Zeta potential of blank
PLGA nanoparticles (NPs), DNA-NPs, and MAN-DNA-NPs
were characterized and summarized in Table 1.

To optimize the mannan-PE to DNA-NPs weight ratio,
the change in Zeta potential was measured and the optimum
ratio was obtained when no significant change in Zeta
potential was observed after increasing the mannan-PE
percent. The optimum ratio was obtained at 1/2 (mannan-
PE/DNA-NPs, w/w) (Figure 2).

3.2. Gene Loading Capacity and In Vitro Release Studies.
PicoGreen fluorometry assay was carried out to quantitate
the loading efficiencies of the gene delivery systems. DNA
binding quantity (%) = (total amount of DNA− the amount
of free DNA)/total amount of DNA × 100. The pEGFP
binding capacities of MAN-DNA-NPs and DNA-NPs were
(88.9 ± 5.8)% and (89.5 ± 4.5)%, respectively.

The in vitro release profiles of modified and nonmodified
DNA-NPs are illustrated in Figure 3 and the release behavior
of the MAN-DNA-NPs and DNA-NPs follow the Higuchi
model best.
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Figure 1: TEM imaging of DNA-NPs (a) and MAN-DNA-NPs (b).
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Figure 2: Optimization of mannan-modified DNA-NPs: MAN-PEs
to DNA-NPs weight ratio (w/w).

3.3. In Vitro Cytotoxicity and Transfection. The isolated Kupf-
fer cells were defined on the basis of the presence of phago-
cytosis of latex beads and or positive immunostaining with
antibody to the epitope ED2. With the above-mentioned
method, about 81. 52 × 106/rat liver Kupffer cells were
obtained, purity was around 92% (to 88.69 × 106/rat liver
NPC), and more than 95% cells were alive. The isolated and
purified rat Kupffer cells retained their in vivo morphologi-
cal, biological and immunological characteristics.

In vitro toxicity of modified and nonmodified NPs was
evaluated by MTT assay in rat KCs. The cytotoxicity of
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Figure 3: In vitro release profile of MAN-DNA-NPs and DNA-NPs
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0

20

40

60

80

100

5 25 50 100 200

NPs concentration (µ/mL)

C
el

lv
ia

bi
lit

y
(%

)

NPs
MAN-NPs
Lipo
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± SD, n = 3).

MAN-NPs and NPs at various concentrations (5, 25, 50, 100,
and 200 μg/mL) was evaluated. Lipofectamine 2000 at the
concentration of transfection was used as comparison. The
cell viabilities in the presence of NPs and MAN-NPs over the
studied concentration range (5–200 μg/mL) were between 80
and 120% compared with controls (Figure 4). MAN-NPs and
NPs exhibited a lower cytotoxicity than Lipofectamine 2000
at all concentrations (P < 0.05).

The in vitro transfection efficiencies of MAN-DNA-
NPs and DNA-NPs in KCs after 48 h of transfection are
shown in Figure 5. When compared with naked DNA, DNA-
NPs, and Lipofectamine-DNA, MAN-DNA-NPs had higher
transfection efficiency.
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Figure 5: Fluorescent micrographs of KCs transfected by plasmid
EGFP with DNA-NPs (c) and MAN-DNA-NPs (d). The KCs trans-
fected by naked DNA (a), and Lipofectamine-DNA (b) was used as
control.
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Figure 6: Fluorescent micrographs of KCs transfected by plasmid
EGFP in vivo. Gene expression was examined after 12, 24 and 48 h
post injection.

3.4. In Vivo Gene Delivery in Rats. After intravenous injec-
tion of naked DNA, blank NPs, Lipofectamine 2000-DNA,
DNA-NPs, and MAN-DNA-NPs, the KCs were isolated at
12 h, 24 h, and 48 h. The fluorescent cells were observed
using an inverted fluorescence microscope (Figure 6). The
pictures apparently showed that MAN-DNA-NPs had better
transfection efficiency in rats compared with nonmodified
DNA-NPs and Lipofectamine 2000-DNA. Flow cytometry
was applied for the further quantitation of gene expression
after 48 h following transfection. As shown in Figure 7,
the percentage of KCs transfected with pEGFP appeared
at the UR and LR quadrants, MAN-DNA-NPs displayed a
remarkably higher transfection efficiency than nonmodified
DNA-NPs (P < 0.05) and Lipofectamine 2000-DNA (P <
0.05) in KCs.

4. Discussion

In the present study, novel mannan-modified bioadhesive
PLGA nanocarriers were constructed as active targeting
gene delivery system. As illustrated in Figure 1 and Table 1,
nonmodified DNA-NPs had spherical shapes while the
mannan-modified MAN-DNA-NPs had a dark coat on the
white balls, which may be employed to identify the successful
coating of mannan-PE. The mean particle size of NPs was
around 100–200 nm, which is ideal for the nanoparticulate
system.

During the modification procedure, mannan containing
ligands were extensively coated onto the DNA-NPs’ surface,
which covered their original charge and caused the change
in Zeta potential. The optimization of ligand-to-carrier ratio
was carried out by measure the Zeta potential. The optimum
ratio was obtained at 1/2 (mannan-PE/DNA-NPs, w/w)
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Figure 7: Flow cytometry analysis of KCs transfected by plasmid
EGFP in vivo. Gene expression was examined after 48 h following
injection. (a) Naked DNA, (b) Lipofectamine-DNA, (c) DNA-NPs,
and (d) MAN-DNA-NPs (mean ± SD, n = 3).

(Figure 2) and the optimum MAN-DNA-NPs had a Zeta
potential of −15.46 mV (Table 1).

PicoGreen fluorometry method was applied to quantitate
the loading capacity and in vitro release behavior of MAN-
DNA-NPs. The binding efficiency of MAN-DNA-NPs and
DNA-NPs was 88.9% and 89.5%, which had no significant
difference. The results demonstrated that binding of mannan
containing ligand onto the NPs surface did not detach
the DNA from the complexes. The in vitro release profiles
(Figure 3) of MAN-DNA-NPs and DNA-NPs were nearly
identical. These findings support the notion that the coating
of mannan did not hinder the release of DNA. The release
profiles of the MAN-DNA-NPs and DNA-NPs both follow
the Higuchi model, MAN-DNA-NPs: Q% = 0.0654t1/2 +
0.0206, r = 0.9952; DNA-NPs: Q% = 0.063t1/2 + 0.05848,
r = 0.9958.

Macrophages play a major role in the immune response
to foreign antigens, targeting macrophages is one of the im-
portant therapeutic ways to treat genetic metabolic diseases

such as Gaucher’s disease and human immunodeficiency
virus (HIV) infection [22]. KCs are liver-specific resident
macrophages that play an integral part in the physiological
homeostasis of the liver. Kuppfer cells have significant roles
in acute and chronic responses of the liver to bacterial
and viral infections, toxic or carcinogenic attack, as well as
mediating hepatotoxicity [23]. In this study, rat KCs were
isolated and used as model cells for in vitro toxicity and
transfection evaluation. For cell viability study, both MAN-
NPs and blank NPs showed lower cytotoxicity compared with
Lipofectamine 2000 (P < 0.05, Figure 4), most probably
due to the better biodegradability and bioavailability. The
in vitro transfection of MAN-DNA-NPs and DNA-NPs was
carried on KCs (Figure 6). After transfection for 48 h, MAN-
DNA-NPs gained better transfection results than DNA-NPs,
which may be explained by the sugar-lectin-mediated active
targeting mechanism. The modified pEGFP loaded NPs were
bound to the KCs and delivered the DNA into the cells to
express EGFP.

The in vivo gene delivery and expression studies were
applied in rats. After intravenous injection, the KCs were iso-
lated, cultured, and analyzed with fluorescence microscope
and flow cytometer. As shown in Figure 6, MAN-DNA-NPs
achieved the best transfection efficacy in every data point. For
further quantitation of the fluorescent KCs, flow cytometry
was applied and the KCs with green fluorescence appeared at
the UR and LR quadrants (Figure 7). The modified MAN-
DNA-NPs showed higher transfection efficiency in rats
compared with nonmodified DNA-NPs and Lipofectamine
2000-DNA (P < 0.05) which demonstrates that the mannan
modified PLGA NPs had the ability to target liver KCs and
could function as promising active targeting drug delivery
vectors.

5. Conclusions

In conclusion, MAN-PEs-modified pEGFP-loaded bioad-
hesive PLGA-NPs could be targeted delivered to the liver
and successfully transfected the KCs. This may be explained
by the sugar-lectin-mediated active targeting mechanism.
The results indicate that this kind of modification could
be generalized to other kinds of nanocarriers and construct
many kinds of active targeting drug delivery systems.
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