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With significant attention focused on nanoscience and nan-
otechnology in recent years, nanomaterials have been used
in a wide variety of applications such as automotive, envi-
ronmental, energy, catalysis, biomedical, drug delivery, and
polymeric industries. Among those fields, the application of
nanomaterials with pharmaceutical science is an emerging
and rapidly growing field and has drawn increasing attention
recently. Research and development in this field is mainly
focused on several aspects such as the discoveries of novel
functional nanomaterials, exploration on nanoparticles with
controlled and targeted drug delivery characteristics, and
investigation of biofunctionalized and diagnostic nanoma-
terials. In this special issue, we have invited a few papers
related to recent advances in pharmaceutical application of
polymeric nanomaterials.

The first article of this special issue provides a compre-
hensive literature review on the application of polymeric
nanoparticles in cancer drug delivery especially on temper-
ature and pH-responsive drug delivery systems. The second
paper examines properties of the PLGA-chitosan nanoparti-
cle/plasmid DNA complex after formation, determines the
optimal ratio of plasmid DNA: nanoparticles for nucleic
acid delivery purposes, and elucidates the location of the
pDNA within the complexes. The third paper demonstrates
an alternative way to monitor the viability of cells adhered
on a nanoporous polymer film prepared by laser interference
pattering in real time. The fourth paper uses mechanically
embossed polyester films to analyze the dynamics of cell
alignment and cell-specific factors modulating the response
of chinese hamster ovary cells and of a rat myogenic cell
line to the surface topography. The fifth article develops
methotrexate-human serum albumin conjugates by a simple
carbodiimide reaction and evaluates its cytotoxicity. The

sixth paper proposes to produce a self-microemulsifying
docetaxel using PLGA, tetraglycol, labrasol, and cremophor
ELP. The prepared Dtx-loaded self-microemulsifying system
shows an inhibitory effect for proliferation of B16F10
melanoma cells. The seventh paper describes a straightfor-
ward production methodology of paramagnetic microparti-
cles with homogeneous and selectable sizes using flow focus-
ing technology and reports the development of an initial for-
mulation of a stable iron oxide suspension compatible with
the flow focusing requirements. The eighth paper proposes
the use of nanostructured materials (TiO2 and Fe2O3) for
simultaneously coloring and/or improving the antimicrobial
properties of PMMA resins. The ninth paper clarifies the
effects of water-soluble chitosan and water-soluble chitosan
nanoparticles on hypercholesterolemia induced by feeding a
high-fat diet in male Sprague-Dawley rats. The tenth article
presents the microspheres based on the protein Zein (ZN)
and ZN associated to the natural polymer chitosan. The last
paper of this special issue describes a novel methodology
comprised of microdialysis and optical imaging to assess the
liposome stability in vivo.

Libo Wu
Lu Sun
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Polymeric nanomaterials have the potential to improve upon present chemotherapy delivery methods. They successfully reduce
side effects while increasing dosage, increase residence time in the body, offer a sustained and tunable release, and have the ability
to deliver multiple drugs in one carrier. However, traditional nanomaterial formulations have not produced highly therapeutic
formulations to date due to their passive delivery methods and lack of rapid drug release at their intended site. In this paper,
we have focused on a few “smart” technologies that further enhance the benefits of typical nanomaterials. Temperature and pH-
responsive drug delivery devices were reviewed as methods for triggering release of encapsulating drugs, while aptamer and ligand
conjugation were discussed as methods for targeted and intracellular delivery, with emphases on in vitro and in vivo works for each
method.

1. Introduction

A major obstacle for chemotherapy is the inability to deliver
adequate doses of drugs to the affected areas in the body.
Systemic toxicity of these drugs limits their dose, while rapid
clearance from circulation requires large doses in order to be
effective. Doxorubicin, for instance, has a five to ten minute
half life in the plasma [1].

Polymeric nanomaterials offer a promising solution by
encapsulating chemotherapy drugs, and have been shown
to reduce toxicity by providing a protective housing for the
drug that limits its interaction with healthy cells [2–5]. As
a result, the pharmacokinetic properties of the drug are
based on the pharmacokinetic properties of the particle, as
long as the drug can stay entrapped with the carrier until
release is desired [6]. The potential benefits of such delivery
devices also include controlled and long-term release rates,
prolonged bioactivity, reduced side effects, increased patient
compliance due to decreased administration frequency, and
the ability to codeliver multiple drugs with synergistic effects
to the same site [7–9].

Delivery devices made from erodible polymers are
an attractive option over nonerodible ones because they
degrade and gradually disappear after delivery [10]. Of these

polymers, poly(ε-caprolactone), poly(lactic acid) (PLA),
poly(glycolic acid) (PGA), and their copolymers have been
among the most extensively researched due to their bio-
compatibility, biodegradability, and regulatory approval [11–
15]. For an anticancer drug carrier to prove effective,
prolonged circulation times and controlled drug release
at the tumor site are required [16, 17]. Various works
have already been done to improve particle circulation
time by limiting renal secretion and hindering uptake by
the reticuloendothelial system (RES) [18–22]. This is often
accomplished by pairing poly(ethylene glycol) (PEG) with
the polymer of the nanoparticle. PEG has been shown to
inhibit the binding of plasma proteins to the surface of
polymeric drug carriers, preventing their recognition by the
RES. This imparts “stealth” properties to the delivery device,
increasing its systemic circulation time significantly [23].

Passive targeting is created because the size of the
polymeric systems and their increased residence time make
them suitable carriers to take advantage of the enhanced
permeability and retention (EPR) effect in tumors [6, 24,
25]. The EPR effect is described as hyperpermeable tumor
vessels that allow for the extravasation of circulating macro-
molecules, such as polymeric nanomaterials, that, combined
with the lack of a lymphatic drainage system, results in their
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gradual accumulation [26]. While this results in localized
delivery gradually over time, there still remains the need
for drugs that act intracellularly to release and permeate
the cell walls. In addition, it has been shown that slow and
passive drug release from drug-carrying particles reduces
their effectiveness in cancer treatment [27]. Overall, passive
polymer drug carriers have not demonstrated increased
therapeutic efficacy due to lack of intercellular and localized,
rapid drug delivery [28–30].

Current research has thus focused on advancing these
polymer vehicles with “smart” technologies that are respon-
sive to environmental stimuli. These can be separated into
two categories: (1) site-targeting, where particles actively
search for and attach themselves to specific and diseased
cells by the use of molecules such as ligands, antibodies,
and aptamers; (2) site-triggering, where chemical or physical
changes in the environment trigger the rapid release of
the drug payload. This review focuses on a few selected
“smart” technologies in each category: ligand and aptamer
site-targeting particles, and pH and temperature-responsive
particles.

2. Smart Nanomaterials

2.1. Site-Targeted Nanomaterials

2.1.1. Ligands. Attaching targeting ligands to the particle
surface can take advantage of the overexpression of various
receptors on tumor cell surfaces [31, 32]. Coupled with
the passive accumulation at tumor sights caused by the
EPR effect, targeted particles can increase the interaction
time between particles and the tumor cell and increase the
likelihood of the particles being taken up by the tumor cells
via endocytosis [33].

Targeted delivery takes advantage of differences in the
expression of cell surface receptors between healthy and
tumor cells. For example, folate receptors are known to
be vastly overexpressed in several human tumors [34–36].
Attaching folate to the outer shell of particles can create a
targeted drug delivery carrier. Folate conjugation has shown
success at creating targeted anticancer agents that can avoid
nonspecific attacks on normal tissue and increase cellular
uptake within target cells [31–33, 37, 38].

PEG is commonly associated with the surfaces of micelle-
like particles and liposomes to increase particle circulation.
By coupling ligands to polyethylene glycol (PEG), a targeted
particle can be created where the ligand is expressed on
the particle surface. Combining the benefits of prolonged
particle circulation with the benefits of delaying drug release,
an ideal system exists for targeted delivery [33, 39–45].
The increased residence time increases the likelihood of
interaction between receptor and target for targeted delivery.

Yoo et al. developed folate-conjugated PEG-co-poly
(lactic-co-glycolic acid) (PEG-PLGA) micelles loaded with
the anti-cancer drug doxorubicin that expressed folate on the
micelle surface [33]. Studies indicated increased cytotoxicity
and decreased tumor growth for folate conjugated micelles
as opposed to nontargeted micelles and free DOX [33].
Targeted particles also showed increased cellular uptake [33].

2.1.2. Aptamers. Aptamers are DNA and RNA sequences
that recognize specific target analytes [46]. Aptamers can be
selected to bind with high specificity and affinity to a wide
range of molecules such as organic dyes, amino acids, bio-
logical cofactors, antibiotics, peptides, proteins, and whole
cells [47]. Aptamers are often compared to antibodies for
their affinity to select molecules, but despite their similarities,
offer several important advantages: aptamers can be easily
synthesized in vitro without the need for an induced immune
response from animals [48], which makes them able to target
nonimmunogenic molecules; the aptamer synthesis process,
SELEX, can be carried out in nonphysiological settings
[49]; they are more stable and can be obtained at a lower
cost [50].

Since the targeted molecule can be uniquely associated
with a particular disease, early research into aptamers has
concentrated on early-stage disease diagnosis, particularly in
cancer. Common cancer diagnostic methods involve somatic
or visual techniques, such as self-examinations and localized
X-rays. A major disadvantage of these methods is that they
do not lead to diagnoses until advanced stages in the disease,
a factor in cancers high death rates [51, 52]. However, cancer
is a genetic disease, and aptamers provide a way for screening
at the molecular level using selective cell binding [53].

Cancer-detecting assays using fluorescent imaging that
are currently being developed utilize aptamers conjugated
with dye-doped silica nanoparticles. These fluorescent
nanoparticles are favored over direct dye conjugation due
to their signal amplification and ability to immobilize
biomolecules [54–56]. These particles have often combined
with magnetic particles, which allows for convenient separa-
tion of bound cells, to make two-part aptamer-based assays
[53, 57, 58]. Gold nanoparticles, which are ideal contrasting
agents, have been conjugated with cancer-targeting aptamers
to successfully create assays for detecting prostate and breast
cancer cells [59, 60].

The ability of aptamers to bind directly with diseased
cells has gained them recognition in site-specific drug
delivery research. In particular, systems utilizing polymeric
nanovehicle and aptamer conjugates are believed to create
devices that can deliver high drug doses to diseased cells in a
controlled fashion with minimal toxicity to healthy cells.

In vitro studies involving these systems often utilize
the A10 2′-fluoropyrimidine RNA aptamer, which targets
the prostate-specific membrane antigen (PSMA) found on
the LNCaP cell line. This allows for comparison with
control groups tested against PC3 cells, another prostate-
cancer cell line that does not display the PSMA antigen,
to prove that the drug carriers only have affinity for cells
expressing the targeted antigen [61–63]. Using fluorescent
imaging, this comparison was able to establish that drug
vehicles conjugated with the PSMA-targeting aptamer were
internalized by cells via receptor-mediated endocytosis [64].
PEG-PLGA nanoparticles carrying the chemotherapy drug
docetaxel and targeting PSMA cells in vivo have produced
dramatic reduction in tumor sizes in mice compared to free
docetaxel and non-targeted particles [61]. The increase in
cancer cell toxicity was credited to a combination of the
intracellular delivery of the drug, increased retention time,
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and reduced circulation clearance at the tumor site due to
high-affinity binding with the antigen.

Polymeric micelles have proven to increase the overall
affinity of aptamers that exhibit ones considered too low for
drug-aptamer delivery systems [65]. They do this by taking
advantage of multivalent binding effects, where multiple
aptamers on the micelle surface link with the cell-surface
antigens to produce an overall stronger bond. This allows for
the targeting of unique cellular antigens that would otherwise
be considered unsuitable for drug-aptamer conjugates.

Polymeric nanocarriers provide the benefit of being able
to carry multiple drugs in the same vehicle. This, combined
with aptamer targeting, can be used to selectively deliver
dual-drug payloads to cancerous cells. Due to their different
mechanisms of action, the drugs may provide additive or
synergistic effects that can allow for lower doses, and reduce
side effects [66, 67]. More importantly, this is thought
to combat drug resistance, a major problem associated
with cancer drug treatment [68]. Packaging the drugs in a
nanocarrier, as opposed to a simple mixture, allows for their
simultaneous delivery on a cell-by-cell basis, which has been
proven to be more effective [69–71].

This can even be used to combine drugs with dif-
ferent water solubility properties, as was accomplished by
Zhang et al. using PEG-PLGA [9]. In systems where the
aptamer binding initiates endocytosis, such as with A10
RNA aptamer, combinations of drugs and genes that require
delivery to intracellular compartments to properly function
experience greater benefits [72]. This approach has been
used successfully in aptamer-gene conjugates [73, 74], and
is beginning to see promise in aptamer-nanoparticle conju-
gates. Polyethyleneimine-grafted-PEG (PEI-PEG) nanopar-
ticles carrying doxorubicin and the hairpin shRNA, which
suppresses the antiapoptotic gene Bc1-xl, produced signifi-
cantly lower cell viability and enhanced therapeutic efficacy
compared to single drug-loaded nanoparticle aptamer sys-
tems and free drug mixtures [75].

2.2. Site-triggered Nanomaterials

2.2.1. pH-Responsive Nanomaterials. One method to pro-
mote drug release at the tumor sight is by taking advantage
of the lower pH of the tumor’s microenvironment. Mildly
acidic conditions exist in tumor and inflammatory tissues
(pH 6.8) and in endosomes (pH 5-6) in comparison to
the more neutral physiological condition (pH 7.4) [76,
77]. The ability of nanoparticles to accumulate in solid
tumors has been shown by the enhanced permeation and
retention (EPR) effect [6, 24, 25, 78]. In addition, it has
also been demonstrated that nanoparticles can be taken
up within cancer cells through a process called endocytosis
[79, 80]. Many anticancer drugs, such as doxorubicin, work
by inhibiting cell replication. Thus, for anticancer drugs to be
effective, they must interact with intracellular components.
If particles can gain access to the intracellular components
through endocytosis, then it seems logical that the particle
deliver its payload of anticancer drugs once inside the cell.
Once the particle is taken up via endocytosis, the endocytic
vesicles ultimately change to late endosomes and then to

lysosomes in which the proton concentration is 100 times
higher (pH 5.0) than the physiological condition (pH 7.4)
[76]. Micelle forming polymer-drug conjugates and drug
loaded liposomes provide the potential for drug release
within a lower pH environment. Drug release from micelles
can be targeted to these acidic environments by conjugating
the polymer to the drug with an acid-cleavable linkage.
Release can be targeted to acidic conditions in liposomes
by causing destabilization of the liposome shell under acidic
conditions.

Nanomaterials such as liposomes and micelles are exam-
ples of particles that can accumulate in solid tumors as
a result of the EPR effect [3, 9–11]. Micelles consist of a
hydrophobic core and a hydrophilic corona or shell and
are well suited to entrap and solubilize hydrophobic drugs
within their core. Because some of the most commonly
used cancer drugs are hydrophobic, micelles have gained
widespread use for the delivery of cancer therapeutics [39,
41, 42, 45, 80–83]. Liposomes typically involve a bimolec-
ular phospholipid membrane that encloses an aqueous
compartment. Because liposomes contain a phospholipid
membrane they can entrap hydrophobic drugs, but they
can also encapsulate various hydrophilic drugs such as
peptides, proteins, and nucleic acids within their aqueous
compartment [84, 85]. Previous work has been done to
increase liposome stability by increasing circulation time and
by preventing drug leakage until the target is reached [86–
88]. Micelle like particles and liposomes with pH sensitivity
have shown great promise as delivery vehicles for anticancer
drugs, DNA, RNA, proteins, and peptides [76, 82, 89–98].

In order for micelles to take on pH responsibilities, the
drug is typically conjugated to the polymer that makes up
the core of the micelle by an acid cleavable linkage. The
creation of a polymer-drug conjugation is referred to as a
polymeric prodrug and allows the drug to remain inactive
until cleavage from the polymer carrier. When used in
the formation of micelles, polymeric prodrugs can control
release by chemically attaching the drug within the core of
the micelle or by increasing the thermodynamic stability of
the micelle in order to delay micelle degradation [39, 99].
In order to prolong drug release, an active substance can
be linked to a polymeric molecule via a covalent bond
which is naturally hydrolyzed in vivo [100–102]. For pH-
responsiveness of polymeric prodrug micelles, the linkage
between drug and polymer is more readily hydrolyzed at a
lower pH.

If taken up via endocytosis, drug association with a
polymer carrier can help avoid the multidrug resistance
(MDR) effect (i.e. recycling of chemotherapy drugs). Drug
association with a polymer carrier, either through conjuga-
tion or entrapment within the micelle core, can help limit
free drug being outfluxed from the cancer cell through the
p-glycoprotein pump.

Various works have been done involving the conjugation
of the anti-cancer drug doxorubicin (DOX) to the hydropho-
bic core forming polymer of the micelle [82, 89, 93, 94].
The conjugation of drug to polymer was performed via a
hydrazone linkage and ultimately resulted in enhanced DOX
accumulation and cytotoxicity within tumor cells as opposed



4 Journal of Nanomaterials

to free DOX. One of the more promising aspects for this type
of pH-responsive release is the ability of the DOX-conjugated
micelles to circumvent the multi-drug resistant effect once
taken up by endocytosis [82].

One of the main disadvantages of conjugating the
drug to the polymer to get pH responsiveness is the need
to maintain drug bioactivity throughout the conjugation
scheme. Liposomes that are pH responsive overcome this
barrier because the shell of the liposomes is what can be
tailored to exhibit pH effects. Because of previous work to
increase liposome stability and circulation, the liposome can
circulate long enough to passively reach the target sight (EPR
effect), and the drug can stay associated with the liposome
until the proper pH environment is reached [85–88, 91].

In order for liposomes to deliver their payload at the
intracellular layer, the liposomes must first be taken up
by endocytosis. Once taken up, the liposomes need to
destabilize at the lower endosomal pH. This destabilization
can allow the liposome to break down and deliver its contents
into the cell cytoplasm. Modification by the inclusion of
lipids with pH sensitivity can give the liposome “fusogenic”
properties[91]. The term fusogenic refers to the ability of
liposomes to destabilize at the lower endosomal pH and
“fuse” with the endosomal bilayer to allow for access to
the cell cytoplasm. This first became a desired intracellular
release mechanism by the observation that certain viruses
take advantage of the endosomal acidification to infect
cells[91]. Acidic environments within the body also occur
at tumors, inflamed or infected tissue, where pH sensitive
delivery may also be desirable.

The most common pH-sensitive liposomes are composed
of phosphatidylethanolamine (PE) as the primary bilayer
component combined with compounds that are stable at a
neutral pH, but unstable under acidic conditions [91]. Alter-
ing pH sensitivity is typically done by including pH-sensitive
lipids, synthetic peptides/proteins, or pH-sensitive polymers
within the lipid bilayer or the liposome aqueous com-
partment [91, 103–108]. With PE liposomes destabilization
occurs by intercalation of amphiphilic molecules that contain
a protonatable acidic group (i.e. a carboxylic group) that
becomes protonated under acidic conditions and causes the
PE molecule to revert to an inverted and unstable hexagonal
phase [91, 109, 110]. Some of the most effective molecules
included within the bilayer that induce pH sensitivity and
ultimately, increase drug delivery to the cytoplasm, consist of
combinations of dioleoylphosphatidylethanolamine (DOPE)
and cholesteryl hemisuccinate (CHEMs) [91, 111, 112].

2.2.2. Thermoresponsive. Hyperthermia has been investi-
gated as a method for triggered drug release to targeted areas
in thermoresponsive liposomes. Here, in vivo temperatures
are achieved through either older and more general methods,
such as warmed baths or perfusates [113], or through more
advances and localized methods, requiring ultrasonic and
microwave units [114, 115]. Since most mammalian cells
begin to show damage at 42◦C [116], hyperthermia is defined
as temperatures between this and physiological temperature
(37◦C). When the liposomes pass through the area with
increased temperature, they release their encapsulated drugs.

In addition to localized drug release, hyperthermia
offers other indirect benefits, such as increased microvessel
permeability in tumors, which causes more liposomes to
accumulate at the intended site [117, 118] while healthy
microvessels are not significantly altered [119]; increased
cell permeability, which allows the released drugs to diffuse
through the cell walls more easily [120]; and increased
sensitivity to thermal injury compared to healthy cells [121].

To take advantage of this triggering mechanism, lipo-
somes must have a liquid-crystalline transition temperature
(Tc) within the accepted temperature range. Upon reaching
this temperature, they become highly permeable to their
water-soluble contents, causing hydrophilic drugs to release
in the intended location [122, 123]. Tc is a material property
of the liposome polymer and is primarily determined by
the length of its fatty acid chains [124]. This allows for
the addition of other polymers to the liposome, notably
polyethylene glycol (PEG), to increase the retention time
and stability [125] and alter the release kinetics [126, 127],
without significantly changing its transition temperature. To
achieve a desirable Tc, it is possible to combine polymers with
different transition temperatures in ratios that result in one
in the hyperthermic range [128].

In order for a thermosensitive liposome to be considered
for a drug-delivery device, it must be stable in plasma
circulation, release minimal amount of drug at physiolog-
ical temperatures, and then release its payload quickly in
hyperthermia conditions. Common phospholipids include
1,2-dihexadecanoyl-sn-glycero-3-phosphocholine (DPPC),
1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine (DSPE), and
1,2-dipalmitoyl-sn-glycero-3-phosphoglyceroglycerol (DPP-
GOG), often in combination and with varying amounts of
PEG [113, 129–132].

In vivo experimentation has proven promising for
these thermo-sensitive devices. The chemotherapy drug
carboxyfluorescein (CF) produced a sixfold bioavailability
increase in cancerous hamsters when packaged in a thermo-
sensitive liposome under hyperthermia compared to free
CF [132]. Similar nanovehicles carrying DOX successfully
eliminated tumors in six out of nine cancerous mice after 60
days [133]. In a phase I clinical trial, temperature-sensitive
liposomes carrying DOX were given to dogs with solid
tumors in conjunction with localized hyperthermia. The
study reported a 17-fold decrease in drug clearance rate when
using the liposomes compared to the free drug, resulting in a
higher bioavailability [134].

Alternatively, copolymers have been designed that have
a different thermo-sensitive property, called the cloud point
(CP), which changes over time, eliminating the need for
hyperthermic conditions. Above the CP, the co-polymer
precipitates out of solution and freely forms micelles that can
encapsulate their drug; below the CP, the polymer dissolves
into solution, causing the micelle to destabilize and release
its payload [135]. Thus, these co-polymers are designed to
begin with a CP that is below ambient conditions so that a
drug vehicle can be made, and then end with a CP that is
above physiological temperature after the micelles have been
delivered to the target cells [136].
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This has been achieved through the use of a novel
class of hydrophobic lactate-containing polymers, notably
poly(N-(2-hydroxypropyl) methacrylamide oligolactates)
(pHPMAm-Lacn) and poly(N-(2-hydroxyethyl) methacryla-
mide)-oligolactates (pHEMAm-Lacn). The change in CP
over time is caused by the hydrolysis of the lactate side
group: as the polymer degrades and the lactate hydrolyzes,
the polymer becomes more hydrophilic, causing an increase
in the CP [135]. In both polymers, the initial CP is
dependent on the length of the lactate chain, and can
thus be tailored, though pHPMAm-Lac2 and pHEMAm-
Lac2 provide the most convenient CPs of 10◦C [137] and
22◦C [138], respectively. To create an amphiphilic block co-
polymer, PEG is most commonly used as the hydrophilic
segment to take advantage of its stealth properties and longer
circulation times [139], as previously described.

These micelles have encountered obstacles in preliminary
in vitro and in vivo experimentation, as release kinetics
of encapsulated paclitaxel have been in large part due to
diffusion rather than micelle destabilization [140]. In addi-
tion, fast degradation kinetics of the lactate chains, causing
quick micelle destabilization, resulted in no measurable
accumulation in mice 24 h after i.v. injection [141]. How-
ever, mPEG-b-p(HEMAm-Lacn) polymers modified with
methacryloxy-chloride in the micelle core have displayed
prolonged circulation times in vivo and increased tumor
accumulation compared to unmodified micelles [142]. This
new class of thermosensitive polymers shows promise for
future chemotherapy work.

2.3. Combined Smart Technologies. Because targeted particles
can increase uptake by endocytosis, pH-sensitive release is
desirable. Combining the benefits of a receptor-targeted
micelle and a pH-responsive drug conjugate was performed
by Bae et al. [92–95]. Targeting a surface receptor on cancer
cells can cause increased cellular uptake, and a pH-responsive
degradable bond between drug and polymer can cause
release in the low pH environment of the lysosome. Folate
was used as the targeting molecule and the pH-responsive
hydrazone bond was used to conjugate DOX to the polymer.
The self-assembling block copolymers required to prepare
the targeted and pH-responsive micelles (approximately 60
nm), consisted of folate-PEG-poly(aspartate hydrazone dox-
orubicin) [FOL-PEG-P(Asp-Hyd-DOX)]. Delivery to tumor
cells known to overexpress folate receptors has been shown
with micelles using folate as the targeting moiety to cause
increased endocytotic cellular uptake into the intracellular
acidic compartments known as endosomes (pH 5-6) [33].
Drugs conjugated within a micelle by a hydrazone linkage
show selective release within the low pH environment of
endosomes [76, 82, 89].

In terms of effective dose (ED), the effective doses for free
DOX and micelles without folate were similar, but the ED
for folate conjugated micelles was lowered 2-fold compared
to the free DOX micelles [93]. The overall findings by Bae
et al. suggest that an intracellular, environment-targeting
micelle drug carrier is one of the most effective approaches
for cancer treatment [92]. Liposomes with pH-sensitivity

and targeting ligands have also been effectively used to
increase residence time at the target cells, increase uptake,
and increase intracellular delivery [37, 96, 98].

3. Conclusion

Smart technologies in polymer nanomaterials offer a unique
way to deliver chemotherapy drugs to their intended target
without affecting healthy cells. By utilizing the naturally
low pH environment found in tumors and endosomes,
these drug carriers are free to circulate in the body, only
releasing their drugs at their intended location. Thermo-
sensitive polymer vehicles, when combined with localized
hyperthermia, can be triggered to release their payload at
the desired site. Ligands and aptamers, on the other hand,
provide a way for these vehicles to actively target cancerous
cells and then induce receptor-mediated endocytosis for
intracellular delivery. Compared to free drug and passive
nanomaterial systems, these smart devices have proven to
increase therapeutic effects and efficacy in a variety of cellular
and animal models. Progression of these techniques will
eventually lead to increased accuracy in delivering higher
doses and more toxic drugs, which will require challenges
like premature drug release and false cell targeting to be
addressed. As these technologies are further developed and
other methods of triggering and targeting emerge, smart
polymer nanomaterials will be able to provide improved
cancer treatment methods.
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[49] T. Mairal, V. C. Özalp, P. Lozano Sánchez, M. Mir, I. Katakis,
and C. K. O’Sullivan, “Aptamers: molecular tools for analyti-
cal applications,” Analytical and Bioanalytical Chemistry, vol.
390, no. 4, pp. 989–1007, 2008.

[50] R. Nutiu and Y. Li, “Structure-switching signaling aptamers:
transducing molecular recognition into fluorescence signal-
ing,” Chemistry, vol. 10, no. 8, pp. 1868–1876, 2004.

[51] P. C. Hoffman, A. M. Mauer, and E. E. Vokes, “Lung cancer,”
Lancet, vol. 355, no. 9202, pp. 479–485, 2000.

[52] J. L. Mulshine and D. C. Sullivan, “Lung cancer screening,”
New England Journal of Medicine, vol. 352, no. 26, pp. 2714–
2720, 2005.

[53] J. E. Smith, C. D. Medley, Z. Tang, D. Shangguan, C. Lofton,
and W. Tan, “Aptamer-conjugated nanoparticles for the
collection and detection of multiple cancer cells,” Analytical
Chemistry, vol. 79, no. 8, pp. 3075–3082, 2007.

[54] X. Zhao, L. R. Hilliard, S. J. Mechery et al., “A rapid bioassay
for single bacterial cell quantitation using bioconjugated
nanoparticles,” Proceedings of the National Academy of Sci-
ences of the United States of America, vol. 101, no. 42, pp.
15027–15032, 2004.

[55] X. Zhao, R. Tapec-Dytioco, and W. Tan, “Ultrasensitive DNA
detection using highly fluorescent bioconjugated nanoparti-
cles,” Journal of the American Chemical Society, vol. 125, no.
38, pp. 11474–11475, 2003.

[56] X. Zhao, R. P. Bagwe, and W. Tan, “Development of organic-
dye-doped silica nanoparticles in a reverse microemulsion,”
Advanced Materials, vol. 16, no. 2, pp. 173–176, 2004.

[57] J. K. Herr, J. E. Smith, C. D. Medley, D. Shangguan, and W.
Tan, “Aptamer-conjugated nanoparticles for selective collec-
tion and detection of cancer cells,” Analytical Chemistry, vol.
78, no. 9, pp. 2918–2924, 2006.

[58] H. W. Chen, C. D. Medley, K. Sefah et al., “Molecular
recognition of small-cell lung cancer cells using aptamers,”
ChemMedChem, vol. 3, no. 6, pp. 991–1001, 2008.

[59] D. J. Javier, N. Nitin, M. Levy, A. Ellington, and R. Richards-
Kortum, “Aptamer-targeted gold nanoparticles as molecular-
specific contrast agents for reflectance imaging,” Bioconjugate
Chemistry, vol. 19, no. 6, pp. 1309–1312, 2008.

[60] C.-C. Huang, S.-H. Chiu, Y.-F. Huang, and H.-T. Chang,
“Aptamer-functionalized gold nanoparticles for turn-on light
switch detection of platelet-derived growth factor,” Analytical
Chemistry, vol. 79, no. 13, pp. 4798–4804, 2007.

[61] O. C. Farokhzad, J. Cheng, B. A. Teply et al., “Targeted
nanoparticle-aptamer bioconjugates for cancer chemother-
apy in vivo,” Proceedings of the National Academy of Sciences of
the United States of America, vol. 103, no. 16, pp. 6315–6320,
2006.

[62] O. C. Farokhzad, S. Jon, A. Khademhosseini, T.-N. T.
Tran, D. A. LaVan, and R. Langer, “Nanoparticle-aptamer
bioconjugates: a new approach for targeting prostate cancer
cells,” Cancer Research, vol. 64, no. 21, pp. 7668–7672, 2004.

[63] O. C. Farokhzad, A. Khademhosseini, S. Jon et al., “Microflu-
idic system for studying the interaction of nanoparticles and
microparticles with cells,” Analytical Chemistry, vol. 77, no.
17, pp. 5453–5459, 2005.

[64] S. Dhar, F. X. Gu, R. Langer, O. C. Farokhza, and S. J.
Lippard, “Targeted delivery of cisplatin to prostate cancer
cells by aptamer functionalized Pt(IV) prodrug-PLGA−PEG
nanoparticles,” Proceedings of the National Academy of Sci-
ences of the United States of America, vol. 105, no. 45, pp.
17356–17361, 2008.

[65] Y. Wu, K. Sefah, H. Liu, R. Wang, and W. Tan, “DNA
aptamer-micelle as an efficient detection/delivery vehicle
toward cancer cells,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 107, no. 1, pp.
5–10, 2010.

[66] C. Walsh, “Molecular mechanisms that confer antibacterial
drug resistance,” Nature, vol. 406, no. 6797, pp. 775–781,
2000.

[67] D. Hanahan, G. Bergers, and E. Bergsland, “Less is, more,
regularly: metronomic dosing of cytotoxic drugs can target
tumor angiogenesis in mice,” Journal of Clinical Investigation,
vol. 105, no. 8, pp. 1045–1047, 2000.

[68] H. Joensuu, K. Holli, M. Heikkinen et al., “Combination
chemotherapy versus single-agent therapy as first- and
second-line treatment in metastatic breast cancer: a prospec-
tive randomized trial,” Journal of Clinical Oncology, vol. 16,
no. 12, pp. 3720–3730, 1998.

[69] Y. Wang, S. Gao, W.-H. Ye, H. S. Yoon, and Y.-Y. Yang,
“Co-delivery of drugs and DNA from cationic core-shell
nanoparticles self-assembled from a biodegradable copoly-
mer,” Nature Materials, vol. 5, no. 10, pp. 791–796, 2006.

[70] Y. Wang, L.-S. Wang, S.-H. Goh, and Y.-Y. Yang, “Syn-
thesis and characterizationo of cationic micelles self-
assembled from a biodegradable copolymer for gene deliv-
ery,” Biomacromolecules, vol. 8, no. 3, pp. 1028–1037, 2007.

[71] N. Wiradharma, Y. W. Tong, and Y.-Y. Yang, “Self-assembled
oligopeptide nanostructures for co-delivery of drug and gene



8 Journal of Nanomaterials

with synergistic therapeutic effect,” Biomaterials, vol. 30, no.
17, pp. 3100–3109, 2009.

[72] L. Cerchia, P. H. Giangrande, J. O. McNamara, and V. de
Franciscis, “Cell-specific aptamers for targeted therapies,”
Methods in Molecular Biology, vol. 535, pp. 59–78, 2009.

[73] T. C. Chu, K. Y. Twu, A. D. Ellington, and M. Levy, “Aptamer
mediated siRNA delivery,” Nucleic Acids Research, vol. 34, no.
10, article e73, 2006.

[74] J. O. McNamara II, E. R. Andrechek, Y. Wang et al.,
“Cell type-specific delivery of siRNAs with aptamer-siRNA
chimeras,” Nature Biotechnology, vol. 24, no. 8, pp. 1005–
1015, 2006.

[75] E. Kim, Y. Jung, H. Choi et al., “Prostate cancer cell death
produced by the co-delivery of Bcl-xL shRNA and doxoru-
bicin using an aptamer-conjugated polyplex,” Biomaterials,
vol. 31, no. 16, pp. 4592–4599, 2010.

[76] Y. Bae, S. Fukushima, A. Harada, and K. Kataoka, “Design of
environment-sensitive supramolecular assemblies for intra-
cellular drug delivery: polymeric micelles that are responsive
to intracellular pH change,” Angewandte Chemie. Interna-
tional Edition, vol. 42, no. 38, pp. 4640–4643, 2003.

[77] G. Helmlinger, A. Sckell, M. Dellian, N. S. Forbes, and
R. K. Jain, “Acid production in glycolysis-impaired tumors
provides new insights into tumor metabolism,” Clinical
Cancer Research, vol. 8, no. 4, pp. 1284–1291, 2002.

[78] Y. Matsumura and H. Maeda, “A new concept for macro-
molecular therapeutics in cancer chemotherapy: mechanism
of tumoritropic accumulation of proteins and the antitumor
agent smancs,” Cancer Research, vol. 46, no. 12, part 1, pp.
6387–6392, 1986.

[79] K. Kataoka, G. S. Kwon, M. Yokoyama, T. Okano, and Y.
Sakurai, “Block copolymer micelles as vehicles for drug
delivery,” Journal of Controlled Release, vol. 24, no. 1−3, pp.
119–132, 1993.

[80] G. S. Kwon and T. Okano, “Polymeric micelles as new drug
carriers,” Advanced Drug Delivery Reviews, vol. 21, no. 2, pp.
107–116, 1996.

[81] G. S. Kwon, M. Naito, M. Yokoyama, T. Okano, Y. Sakurai,
and K. Kataoka, “Physical entrapment of adriamycin in AB
block copolymer micelles,” Pharmaceutical Research, vol. 12,
no. 2, pp. 192–195, 1995.

[82] H. S. Yoo, E. A. Lee, and T. G. Park, “Doxorubicin-
conjugated biodegradable polymeric micelles having acid-
cleavable linkages,” Journal of Controlled Release, vol. 82, no.
1, pp. 17–27, 2002.

[83] H. S. Yoo, K. H. Lee, J. E. Oh, and T. G. Park, “In vitro
and in vivo anti-tumor activities of nanoparticles based on
doxorubicin-PLGA conjugates,” Journal of Controlled Release,
vol. 68, no. 3, pp. 419–431, 2000.

[84] T. M. Allen, “Liposomal drug formulations: rationale for
development and what we can expect for the future,” Drugs,
vol. 56, no. 5, pp. 747–756, 1998.

[85] D. Momekova, S. Rangelov, S. Yanev et al., “Long-circulating,
pH-sensitive liposomes sterically stabilized by copolymers
bearing short blocks of lipid-mimetic units,” European
Journal of Pharmaceutical Sciences, vol. 32, no. 4-5, pp. 308–
317, 2007.

[86] M. C. Woodle, “Sterically stabilized liposome therapeutics,”
Advanced Drug Delivery Reviews, vol. 16, no. 2-3, pp. 249–
265, 1995.

[87] S. Zalipsky, “Chemistry of polyethylene glycol conjugates
with biologically,” Advanced Drug Delivery Reviews, vol. 16,
no. 2-3, pp. 157–182, 1995.

[88] A. Gabizon and D. Papahadjopoulos, “Liposome formula-
tions with prolonged circulation time in blood and enhanced
uptake by tumors,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 85, no. 18, pp.
6949–6953, 1988.
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Poly(D,L-lactide-co-glycolide-) (PLGA-)chitosan nanoparticles are becoming an increasingly common choice for the delivery of
nucleic acids to cells for various genetic manipulation techniques. These particles are biocompatible, with tunable size and surface
properties, possessing an overall positive charge that promotes complex formation with negatively charged nucleic acids. This
study examines properties of the PLGA-chitosan nanoparticle/plasmid DNA complex after formation. Specifically, the study aims
to determine the optimal ratio of plasmid DNA:nanoparticles for nucleic acid delivery purposes and to elucidate the location of
the pDNA within these complexes. Such characterization will be necessary for the adoption of these formulations in a clinical
setting. The ability of PLGA-chitosan nanoparticles to form complexes with pDNA was evaluated by using the fluorescent
intercalating due OliGreen to label free plasmid DNA. By monitoring the fluorescence at different plasmid: nanoparticle ratios,
the ideal plasmid:nanoparticle ration for complete complexation of plasmid was determined to be 1:50. Surface-Enhanced Raman
Spectroscopy and gel digest studies suggested that even at these optimal complexation ratios, a portion of the plasmid DNA was
located on the outer complex surface. This knowledge will facilitate future investigations into the functionality of the system in
vitro and in vivo.

1. Introduction

Successful gene delivery and expression remains a significant
hurdle that must be overcome before genetic therapies
gain clinical acceptance. As such, there is currently much
emphasis on further developing nucleic acid delivery sys-
tems, which can be classified into three categories: physical
injection, viral vectors, and nonviral vectors [1]. Direct
injection of genetic material is locally effective in tissues
such as skin and muscle, but it can be invasive for more
interior tissues, and it requires significant involvement of
medical personnel during clinical administration [2]. Viral
vectors have been effective in gene delivery, but significant
immunological effects in patients have severely hampered
their use [1–3]. Nonviral vectors include liposomes, lipid
reagents, and polymeric nanoparticles (NPs). Because of
their biocompatibility and ability to reach more interior

target tissues, these delivery systems have the potential to
circumvent the issues surrounding both direct injection and
viral vectors [1, 2, 4–6]. Polymeric NPs have an advantage
over both liposomes and lipid reagents because of their ease
of manipulation, control over DNA release profiles, and
biological stability in vivo [7]. In addition, the properties of
these NPs can be easily modified, for example, by addition
of functional polymer groups to increase uptake or improve
release of cargo genetic material [4, 5, 8].

One of the major drawbacks to gene encapsulation in
synthetic polymers for delivery using bottom-up techniques
is the incorporation of plasmid DNA (pDNA) into the par-
ticles during the synthesis phase. The encapsulation method
requires the pDNA to be in contact with organic solvents,
decreasing the chance for successful cellular delivery[9]. Of
the polymeric NPs, delivery systems based on chemically
modified cationic polymers have proven to be most effective
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[7, 10–12]. Kumar et al. developed cationically modified
PLGA NPs which were designed to bind to pDNA post-
synthesis in an attempt to reduce its degradation prior to
delivery. In their study, a PVA-chitosan blend was used to
stabilize PLGA NPs and to provide a positively charged
surface for pDNA association [13, 14]. Many reports have
emphasized the use of the cationic polysaccharide chitosan to
readily complex with negatively charged pDNA [10, 15–17].
Kasturi et al. found that pDNA encapsulated within PLGA
leads to significant confinement of the complexes within
endolysosomes, yet the application of chitosan to the surface
of the NPs was projected to improve pDNA-NP release from
the endolysosomes and offer a more protected path through
the cytoplasm to the nucleus [18].

There are several reports on various aspects of chitosan-
PLGA NPs for pDNA delivery, focusing on preparation
methods, the final characteristics of synthesized NPs, and
their behavior in vivo (i.e., cytotoxicity and transfection
efficiency) [15–17, 19–21]. The ability of NPs to limit
nuclease degradation of encapsulated pDNA has also been
well documented [4, 21–23]. There is a gap in information
regarding particle characteristics and their effect on DNA
binding which has been addressed only recently [24–26].
Surface images have been captured by scanning probe
microscopy, a newer technique applied to this topic, yet
are only capable of verifying morphology of the occur-
ring particle-DNA complexes and not the degree of DNA
encapsulation[24]. Studies have demonstrated that modifi-
cation of particle characteristics such as particle size and
overall surface charge can directly affect the amount and
avidity of nucleic acid binding [27]. Variations in chitosan
type and content, PLGA type, and particle preparation
methods (i.e., centrifugation, freeze-drying) have been used
to change these NP characteristics and have been shown
to directly affect the binding efficiencies of the particles
to nucleic acids such as antisense DNA oligonucleotides
[24, 25] and small interfering RNAs [26]. Good manufac-
turing practices in pharmaceutical development require a
thorough characterization of polymeric nanoparticles both
before and after drug loading. The biological and chemical
characteristics of nanoparticles can be altered by nucleic
acid binding and must be completely understood before
these delivery systems can be useful clinically [28]. Despite
recent advancements in the synthesis and characterization of
polymeric nanoparticles as improved drug delivery systems,
the location of DNA in the particle-DNA complexes remains
unknown.

It is the intent of this study to synthesize cationic
chitosan-PLGA NPs designed for pDNA delivery, to ver-
ify the physiochemical properties of the particles while
exploring their effect on pDNA binding at varied ratios,
and ultimately to identify the location of DNA relative
to the particles in the pDNA-NP complex. Methods used
to characterize the complex include dynamic light scatter-
ing (DLS), scanning electron microscopy (SEM), and gel
electrophoresis complexation and digestion assays. A newer
technique, Surfaced-Enhanced Raman Spectroscopy (SERS),
was utilized to detect pDNA location within the complexes.
The final aim of this study is to provide further insight

into an NP delivery system designed for plasmid DNA
delivery that is completely characterized with respect to DNA
location in the polymer-DNA complex. This knowledge will
be necessary for development of NP-based genetic therapy
formulations.

2. Materials

PLGA (Poly(DL-lactide-co-glycolide)) (50 : 50 (LA : GA),
MW (40,000−75,000)) was purchased from Sigma Aldrich.
PVA (Polyvinyl Alcohol) (Sigma, MW 9000−10,000) was
obtained from Polysciences, Inc. Protasan chitosan chloride
(>75−90 deactylate, 150−4000kDa) was purchased from
NovaMatrix Inc. (Norway). Ethyl Acetate HPLC/ACS grade
was acquired from Fisher Scientific (Pittsburg, PA). The
nanopure water (ddH2O) used in dialysis was prepared
using a Nanopure Diamond (Barnstead) water purification
system. Nylon closures were purchased from Fisher Scientific
(Pittsburg, PA). pAcGFP1-N1 plasmid was obtained from
Clontech Corporation (Mountain View, CA). Quant-IT
OliGreen ssDNA Reagent and SYBR Gold nucleic acid
stain were purchased from Invitrogen Corporation (Grand
Island, NY). Fluorescence measurements were performed
using Plastibrand PMMA cuvettes (1.5 ml) purchased from
Sigma Aldrich (St. Louis, MO) and measured using the
Perkin Elmer LS 55 Luminescence Spectrometer (Waltham,
MA). ReadyAgarose Mini Gels (1% Agarose, 8 wells) were
purchased from Bio-Rad Laboratories (Hercules, CA). Chi-
tosanase (Streptomyces) and lysozyme (chicken egg white)
were purchased from EMD Biosciences (San Diego, CA), and
DNase I was purchased from New England Biolabs (Ipswich,
MA)

3. Methods

3.1. PLGA Nanoparticle Synthesis. An organic phase was
made by dissolving 200 mg PLGA in 10 ml of ethyl acetate
at room temperature, stirring for 2 hours at 400 rpm using
a C25KC shaking incubator (New Brunswick Scientific, Edi-
son, NJ). An aqueous phase was made by dissolving 100 mg
PVA in 10 ml of 0.1 mM ethyl acetate water solution at 75◦C
for 5 min, under stirring. Following cooling, 30 mg chitosan
chloride was added to the PVA solution, and the mixture
was stirred for 15−30 min at 1000 rpm on the vortex mixer.
The solution was allowed to degas at room temperature
until clear. Following this step, 2.5 ml of organic phase was
added dropwise to 10 ml aqueous phase under stirring at
14,000 rpm with the Ultra-Turrax T25 homogenizer T18
basic (Ika Works Inc., Wilmington, NC). Then, the emulsion
was homogenized for extra 10 minutes and sonicated while
in an ice bath for 10 min at 40% amplitude, 2 seconds on and
2 seconds off using a sonicator model CV33 (Vibracell, Sonic
& Materials Inc., Denbury CT). The solvent was evaporated
with a Buchi rotovap R-124 (Buchi Analytical Inc., New
Castle DE) set at 30◦C, under 40 psi vacuum and a nitrogen
flow at 100 kpa for 10 min. A 40 ul sample was removed and
used for DLS analysis. The rest of the sample underwent
purification by dialysis, followed by freeze-drying.
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3.2. Purification. The sample was purified by dialysis, using
100,000 MWCO, 1.8 ml/cm dialysis tubing (Fischer Scien-
tific, Pittsburgh, PA), against distilled water. Dialysis was
run for 8 hours, changing water every 2 hours. The particle
solution was removed from inside the tube and placed into
borosilicate vials with trehalose (2 : 1 w/w trehalose:particles)
added prior to freeze-drying.

3.3. Freeze-Drying. While freeze-dryer temperature was
allowed to drop to ∼ −35◦C, the sample was prepared by
approximate particle weight volume as 4.7 mg/ml. Enough
trehalose was added to empty, clean borosilicate vials to
achieve a 1 : 1 or 1 : 2 trehalose-to-particle ratio. The appro-
priate volume of purified particle solution was added to the
vial and mixed gently until trehalose was dissolved. The vials
containing 1 : 2 w/w particles:trehalose mixtures were frozen
at−80◦C in an angled rack for 2 hours. Next, the sample vials
were connected to the Labconco freeze dryer (FreeZone 2.5
Plus) and allowed to freeze-dry at −35◦C for 48 hours. The
obtained powder was stored under refrigerated conditions
until further use.

3.4. Chi/PLGA- pDNA Complex Formation. 0.5 mg of dried
NP was weighed out and combined with 0.5 ml of water. The
solution was vortexed for 15 minutes at 1000 rpm. NPs and
pDNA were combined in Millipore water, vortexed for 30
seconds, and allowed to complex at pDNA/NP ratios of 1 : 1,
1 : 10, 1 : 20, 1 :50, and 1 :100 by weight at room temperature
undisturbed for 1 hour.

3.5. DNA Entrapment. To each sample, 25 ul of OliGreen
(OG) fluorescent nucleic acid stain (1X concentration in
water per manufacturer’s recommendations) was added to
complexes containing a total of 4 ng of pDNA and incubated
at room temperature in a dark space for 5 minutes in a 1.5 ml
cuvette. After incubation, the total volume in the cuvette
was raised to 500 ul using Millipore water. The relative
fluorescence was determined using 490 nm excitation and
520 nm emission wavelengths in an LS55B Luminescence
Spectrophotometer. Complexes were analyzed in pDNA/NP
ratios of 1 : 1, 1 : 10, 1 : 20, 1 : 50, and 1 : 100 (w/w).

3.6. Electrophoretic Mobility. Electrophoretic mobility of
pDNA-NP complexes was determined by gel electrophoresis.
100 ng of pDNA (10 ng/ul) in similar pDNA/NP ratios
described previously was mixed with 4 ul of loading buffer,
loaded into agarose gels (1% w/v) and run in TAE buffer at
6 V/cm for 60 minutes, followed by staining with SYBR Gold
for 15 minutes and visualization on a transilluminator.

3.7. Particle Size, Size Distribution, and Zeta Potential. NPs
and pDNA-NP complexes were characterized in terms of
size, size distribution, and zeta potential by dynamic light
scattering (DLS) using the Malvern Zetasizer Nano ZS
(Malvern Instruments Inc., Southborough, MA). In all cases,
a volume of 1.3 ml of each sample at a concentration of
0.3 mg/ml was placed in a polystyrene cuvette and the
measurements were performed at 25◦C. The viscosity and

refraction index were set equal to those specific to water. Zeta
potential was measured with a disposable capillary cell with
a volume of 1 ml after purification. The mean values of size
and PDI were determined using a monomodal distribution.

3.8. Enzymatic Digestion Assays. DNase I was used to digest
pDNA not internalized within the NP complex whereas
chitosanase and lysozyme were used to digest the NP
polymers. DNase I (1U) was added to free pDNA and
pDNA-NP complexes (1 : 50 pDNA/NP) in the supplied
DNase buffer, followed by incubation for 10 minutes at
37◦C. Plasmid digestion was analyzed via electrophoresis
as described above. A chitosanase/lysozyme solution was
prepared by combining 80 ul chitosanase (0.25 U/mL) with
20 ul of lysozyme (100 U/mL in 50 mM sodium acetate
buffer) similar to that used to degrade chitosan NPs reported
by Mao et al. [22]. 5 ul of the enzyme cocktail was added
to pDNA and complexes (1 : 50 pDNA/NP) and incubated
at 37◦C for 18 hours. Samples were analyzed for enzymatic
digestion via electrophoresis as described above.

3.9. pDNA Localization Using Surface-Enhanced Raman Spec-
troscopy. For the SERS experiments, silver NPs of 10 to
20 nm diameter were prepared first by citrate or borohydride
mediated reduction of chloroauric acid or silver nitrate,
respectively, based on the following protocol. Sodium boro-
hydrate was added gradually to water followed by sodium
citrate and by AgNO2 (dropwise) under slow stirring.
Polyvinyl pyrrolidone (PVP) was added to the solution,
and the mixture was stirred for 30 minutes. The resulting
product was a goldish yellowish solution in color. The high
magnification TEM image of the silver nanoparticles (SNPs)
is shown in Figure 1(a).

The pDNA-NP complex suspension was mixed in equal
parts with the SNP colloidal suspension under stirring
for 2 hours over ice. A few droplets of the final mixture
were deposited on a glass slide for Raman analysis. The
overall analysis schematic is shown in Figure 1(b). Raman
scattering studies were done at room temperature with
a 633 nm (1.96 eV) laser excitation with a Horiba Jobin
Yvon LabRam HR800 spectrometer equipped with a charge-
coupled detector and two grating systems: 600 and 1800
lines/mm. The laser beam intensity measured at the sample
was kept at 10 mW, and the acquisition time was 5 seconds
per sample. An Olympus microscope focused the incident
beam to a spot size of <1 μm2, and the backscattered light
was collected 180◦ from the direction of incidence. Raman
shifts were calibrated on a silicon wafer at the 520 cm−1 peak.

4. Results

4.1. Particle Size, Size Distribution, and Zeta Potential.
Particle size analysis by DLS was completed for a range
of pDNA-NP complex ratios. As shown in Figure 2(a),
the size of the complexes was compared as a function of
pDNA/NP ratios ranging from 0 (no DNA) to 1 (w/w).
The effect of complexing NPs with pDNA binding at varied
ratios produced particle sizes that increased with increasing
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Figure 1: (a) High resolution TEM images of the Ag nanoparticles used for the SERS experiments. (b) The schematic of the Raman and
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Figure 2: Size (a) and zeta potential (b) of pDNA-NP complexes, as
a function of pDNA/NP ratios (n = 3; mean ± standard error).

pDNA/NP ratio. All pDNA-NP complexes remained less
than 200 nm in size for 1 : 400, 1 : 200, 1 : 100, 1 : 50, 1 : 10,
and 1 : 1 w/w pDNA/NP.

Zeta potential analysis, shown in Figure 2(b), performed
on the same pDNA-NP complexes indicates that the com-
plexes were positively charged with a zeta potential higher
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Figure 3: The relative fluorescence of pDNA in each sample is
dependent on the quantity of NPs in each complex. Maximum
fluorescence is exhibited by free pDNA. Decreasing pDNA/NP
ratios yield decreasing fluorescence intensities (n = 5; mean ±
standard error).

than 20 mV at all ratios studied. The pDNA-NP complexes
at 1 : 1 ratio were not further analyzed because their larger
diameter is not practical for cell delivery and a much
larger amount of material would be required for accurate
zeta potential analysis. As expected, adding more negatively
charged pDNA decreased the zeta potential of the DNA-NP
complexes.

4.2. DNA Entrapment and Electrophoretic Mobility Studies.
The complex formation of pDNA and NPs was confirmed
by fluorescence and gel electrophoresis. The relative fluores-
cence from the OliGreen nucleic acid stain is an indication
of free, or incompletely complexed, DNA within the sample.
Maximum fluorescence is exhibited by the sample that
contained only free plasmid in water. As seen in Figure 3,
a decrease in the pDNA/NP ratio corresponds to a decrease
in fluorescence intensity. Such a decrease in fluorescence
indicates that the pDNA is complexed to the point that
DNA dye association and fluorescence are prevented. At a
pDNA/NP ratio of 0.02, a 94% decrease in fluorescence
intensity is observed compared to that of the free pDNA.
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Figure 4: Gel analysis of complex formation and degradation. (a) Complexes formed at various ratios: lane 1: 100 ng plasmid DNA; lane 2:
1 : 1 plasmid:particle complex; lane 3: 0.1; lane 4: 0.05; lane 5: 0.02; lane 6: 0.01; lane 7: 1 kb ladder. (b) Plasmid and pDNA/NP complexes
after nuclease digestion using DNase I: lane 1: 1 kb ladder; lane 2: 100 ng plasmid; lane 3: 0.02 complex; lane 4: 100 ng plasmid with DNase
I; lane 5: 0.02 complex with DNase I. (c) Plasmid and pDNA/NP complexes treated with chitosanase and lysozyme: lane 1:1 kb ladder;
lane 2: 100 ng plasmid; lane 3: 0.02 plasmid:particle complex; lane 4 : 100 ng plasmid with chitosanase/lysozyme; lane 5: 0.02 complex with
chitosanase/lysozyme.

Comparison of this value to a negative control containing
only water indicates complete complexation of all free
pDNA using these synthesis and complexing methods. The
complete uptake of all of the pDNA indicates the ideal ratio
for protection and delivery of the entire DNA load.

Electrophoretic mobility studies further support the
Oligreen fluorescence assay data, where the mobility of free
plasmids is compared to that of complexes. Plasmid bands
are visible in complexes in lanes 2-3 of the gel (Figure 4(a)),
indicating the presence of free pDNA in the corresponding
samples of 1 and 0.1 pDNA/NP ratios, similar to the bands
seen in lane 1, that contain only free plasmid. No free
plasmid bands are visible in subsequent lanes of pDNA/NP
complexes of ratios 0.05, 0.02 and 0.01, indicating complete
complexation of all free plasmid. In these samples, the only
staining is visible in the gel wells, where the increased NP
content retards electrophoretic mobility of the complex.

4.3. Enzymatic Degradation of pDNA and Complexes. After
incubation with DNase I, gel electrophoresis confirms the
degradation of free pDNA, with no bands visible except a
faint band of high mobility at the bottom of the gel image
(Figure 4(b), lane 4). The smeared pattern in lane 5 is
an indication that some of the pDNA in the complex was
available for digestion, as fragments of various sizes with
higher mobility than those of undigested plasmid are visible.
A lesser degree of digestion occurs for complexes, as the

smeared band does not contain fragments as small as those
in lane 4. In the pDNA-NP sample exposed to DNase, there
is still a large amount of remaining complexes that exhibit no
electrophoretic mobility and are thus seen as bands in the gel
well, suggesting protection from endonuclease digestion.

As a means to determine if the PLGA and chitosan
nanoparticles could be digested to free plasmid DNA for
further analysis, a mixture of chitosanase and lysozyme was
used to digest these NPs as previously described in [22].
Gel electrophoresis of digestion of free pDNA with this
enzyme mixture in this system reveals no visible pDNA
bands, indicating plasmid degradation (Figure 4(c), lane 4).
Comparison of lanes 3 and 5 indicates release of pDNA
from complexes upon incubation with the enzyme mixture
and suggests the ability of the complex to protect the DNA
from enzymatic degradation. The combination of DNase
and chitosanase/lysozyme digestions was used sequentially to
digest free plasmid on the exterior of complexes, followed
by digestion of the NP complexes to free encapsulated
pDNA. The chitosanase/lysozyme was chosen to partially
degrade the NP complexes so that entrapped pDNA could
be released and analyzed. Because chitosanase is not an
enzyme that these NPs would likely encounter in human
tissue, it is obviously less relevant for modeling stability of
these formulations in vivo; however this enzyme has utility
in characterization studies of therapeutic formulations. In
this test to treat complexes with DNase, followed by its
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Figure 5: (a) Typical Raman spectrum of the pDNA/NP complexes.
(b): Representative SERS spectrum of the pDNA/NP complexes
conjugated PLGA NPs and decorated with silver nanoparticles
(SNPs). It can be observed that the strong scattering peaks
corresponding to pDNA and since the signal was mostly collected
due to the SERS effect generated by the SNPs, it can be concluded
that the DNA is present mostly on the surface of the PLGA NPs.

inactivation, then digestion with the chitosanase/lysozyme
mixture, the result was complete digestion of the plasmid
(data not shown,) suggesting either incomplete DNase
inactivation or, similar to the lane 4 result, digestion of the
plasmid by the chitosanase and lysozyme mixture.

4.4. Raman Spectroscopy Analysis. Raman spectroscopy is
a powerful tool for the identification of various organic
and biologic molecules with high specificity. One major
drawback is its inability of detecting the interactions of
small clusters of molecules, down to single molecule level.
Organic systems, such as polymers, have strong Raman
characteristic scattering features, which can overlap onto
the peaks corresponding to biological molecules, like DNA,
making the spectral identification and distinction between
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Figure 6: The variation of the ratio between the 720 cm−1 (DNA-
Adenine) and 847 cm−1 PLGA (rCH2) peaks intensity values with
the relative concentration of DNA to polymer NPs based on the
SERS analysis of the complexes.

such systems difficult. A characteristic Raman spectrum
of the pDNA-NP complexes is shown in Figure 5(a) and
is typical to the polymeric structures (with the strongest
peak features corresponding to the CH stretching modes
2900−3000 cm−1). The 847 cm−1 peak (rCH2) was consid-
ered as a reference band for the concentration analysis of the
polymer NP relative to pDNA. Very weak peaks overimposed
onto the polymer spectrum can be attributed to pDNA.
Given the depth of penetration of the 633 nm laser beam into
the polymeric samples, the presence of the pDNA strands
onto the surface of the polymeric nanostructures is difficult
to prove and quantify, since their corresponding peaks are
significantly weaker as compared to those of the polymer
NPs. As a result, a novel SERS-based approach was used
to only acquire Raman signal from the top surface of the
polymer surfaces. For this, silver nanoparticles (SNPs) were
deposited onto the surfaces of the pDNA-PLGA complexes,
which enabled a strong enhancement of the pDNA signal,
as shown in Figure 5(b). The presence of the SNPs on the
surfaces of the polymer NPs was found to be responsible
for a strong SERS effect, which preferentially allowed the
collection of Raman scattering signal from the surface
of the pDNA-coated polymer nanostructures (the peaks
corresponding to the polymer nanomaterials were highly
reduced or disappeared, including the strong C-H stretching
modes; not shown here). The characteristic 721 cm−1 peaks
assigned to Adenine are easily visible, similar to that of
both Raman and silver-based SERS studies on DNA [29,
30]. This approach allowed the understanding, with clear
identification and probing, of the surface morphology and
chemistry of the polymer NPs by indicating that while much
of the pDNA is entrapped within the complexes, some of
the DNA molecules are present on the outer surface. Further
morphological studies will be necessary to determine the
exact conformation of the exterior pDNA on outer complex
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surfaces, yet it is presumed that it is not completely sterically
shrouded by polymer, as some enzymatic degradation of the
plasmid does still occur.

The strong SERS effect generated by the SNPs deposited
onto the surface of the pDNA-NP complexes was also used
to obtain relative pDNA concentration information relative
to the polymer NPs as their relative concentration was varied
in the following pDNA/NP ratios: 1, 0.1 and 0.01. The results
are presented in Figure 6. It can be clearly observed that
as the ratio pDNA/polymer decreases, the ratios between
the 721 cm−1 (pDNA) and 847 cm−1 (PLGA) peaks follow
a similar decreasing trend. Therefore, it can be concluded
that the pDNA coverage of the NP complexes surface varied
according to their relative concentrations.

5. Discussion

Complex formation between chitosan-PLGA NPs and pDNA
was confirmed using both fluorescence and gel electrophore-
sis techniques. Significant complex formation was seen
beginning in pDNA/NP ratios of 0.1 and lower. Using the
fluorescent intercalating dye OliGreen, free pDNA within
the complexes could be labeled and quantified relative to
samples containing only free pDNA. The complexation of
all pDNA was confirmed by comparison of the relative
fluorescence of samples containing pDNA-NP complexes
(0.02 ratio) to a pure water sample and indicates that no
free pDNA is present. The lack of electrophoretic mobility of
the pDNA in the complexed form further confirms complete
encapsulation, as no free plasmid bands were visible in
complexes with pDNA/NP ratios lesser than 0.1. These data
suggest good correlation between the fluorescence staining
method and the gel mobility method, both of which are
relatively easy to carry out.

The protection from enzymatic digestion that NP com-
plexes afford to pDNA was confirmed by gel electrophore-
sis after treatment with DNase and chitosanase/lysozyme
mixtures. A standard pDNA/NP complex ratio of 0.02
was subjected to enzyme digestion and gel analysis. Partial
complex dissociation was seen with treatment of chitosanase
and lysozyme, where gel electrophoresis confirms that no
free pDNA is present after initial complex formation.
Chitosanase/lysozyme digestion degrades the nanoparticle
portion of the complexes, freeing the pDNA. Gel digest
studies also confirm that free pDNA is unable to sustain
exposure to the concentrated chitosanase/lysozyme solution
and is completely degraded. The presence of intact pDNA
in the 0.02 complex sample suggests the ability of the NPs
to provide protection from enzymatic degradation, an aspect
important for efficient gene delivery in vivo.

The addition of DNase I to free pDNA was used as a
control to measure the extent of free plasmid degradation.
Complexes treated with the nuclease exhibit limited elec-
trophoretic mobility, indicating that within the complex,
some of the pDNA must be exposed to the introduced
enzyme. Because the complex offers protection from enzy-
matic degradation to the pDNA within it, this data suggests
that the degraded DNA is located on the outside of the
complex. These results are in excellent correlation with

the SERS analysis afforded by SNPs deposited on surface
of pDNA/NP complexes. Standard Raman analysis of the
complexes did not enable elucidation of DNA peaks within
the NP complex, yet silver-based SERS showed greatly
enhanced DNA peaks and clearly indicated the presence of
pDNA strands on the surface of the complexes. Such a dual
approach for the surface analysis of polymeric nanoparticles
complexed with various biological systems could represent
a technique not limited for the study of their chemical and
morphological properties but useful also for following them
in vitro and in vivo as they interact with various cells and
tissues. Such approaches could also prove useful in studying
the delivery of the biological agents into cells via nanoparticle
platforms and the release of the active therapeutics from
polymeric nanosurfaces.

6. Conclusions

PLGA-chitosan NPs 150 nm in size, with a zeta potential
of +34 mV, were synthesized by the proposed, optimized
method. Complexing of NPs with pDNA was successful, with
pDNA-NP complexes less than 200 nm in size for 0.025, 0.05,
0.01, 0.02, 0.1, and 1.0 pDNA/NP w/w ratios. All complexes
were positively charged for the ratios studied (>20 mV).
Complexes with pDNA/NP ratios of 0.02 and greater showed
no electrophoretic mobility, indicating the successful uptake
of all pDNA into the complex. Electrophoresis studies of
the complexes after incubation with chitosanase/lysozyme
indicate their ability to offer protection of the pDNA from
enzymatic degradation. This characteristic is of importance
for clinical adoption of these formulations, where protection
of nucleic acids from enzymatic degradation in both the
extracellular and intracellular spaces is critical for in vivo
efficacy. The electrophoretic mobility of the complexes after
treatment with DNAse I suggests that some of the pDNA
is located on the outside of the complex, and SERS data
supports these findings. The decoration of the pDNA-NP
complexes with SNPs allowed the use of Raman spectroscopy
for the analysis of the surface-only micro environments of the
samples and indicates the presence of exposed pDNA strands
at the surface of the polymer NP structures. This novel
nondestructive approach can be developed in highly sensitive
platforms for understanding and studying the interactions
between biologic and organic systems. Clarification of the
location of DNA within polymeric nanoparticulate delivery
systems will aid in optimizing formulations that can achieve
targeted delivery with minimal degradation. These aspects
will be critical for good manufacturing practices in pharma-
ceutical development, validation, and clinical administration
of these therapeutics. Further studies are needed to evaluate
the in vitro and in vivo delivery and expression of plasmids
in this form of the PLGA-chitosan NP complex and whether
these results correlate with the variety of physicochemical
characterizations made in this study.
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We have demonstrated an alternative way to monitor the viability of cells adhered on a nanoporous polymer film in real time. The
nanoporous polymer films were prepared by laser interference pattering. During exposure of holographic patterning, the dissolved
solvents were phase separated with photocured polymer and the nanopores were created as the solvents evaporated. The diffracted
spectra from the nanoporous polymer film responded to each activity of the cell cycle, from initial cell seeding, through growth,
and eventual cell death. This cell-based biosensor uses a nanoporous polymer film to noninvasively monitor cell viability and may
prove useful for biotechnological applications.

1. Introduction

Nanoporous materials with a pore size ranging from 1 nm
to 100 nm have demonstrated applications in a number
of multidisciplinary fields [1]. The large internal surface
area of nanoporous materials optimizes their use as a
functional structure which absorbs or interacts with atoms,
ions, and molecules. In biosensing applications [2–7], the
porosity yields a large surface-to-volume ratio that enables
the immobilization and hybridization of a higher percentage
of analyte, such as protein or DNA. The selectivity and
sensitivity of nanopore-based biological sensors are dra-
matically increased by designing nanopores with different
surface modification techniques [8–13]. Polymeric materials
are widely used in biological applications [14–17] because
of the ease of synthesis and intrinsic functional properties,
such as biodegradability and biocompatibility, which are
key characteristics for cell and tissue engineering. Polymeric

materials have also attained much attention in nanoscience
and nanotechnology as they can be designed for advanced,
smart applications. Several techniques, such as soft lithog-
raphy, template-directed emulsion, and polymerization-
induced phase separation, have been demonstrated as prac-
tical means to fabricate nanoporous polymers with different
functionalities [18–23]. We have developed a system to
fabricate nanoporous polymers by holographic interference
patterning using a photo-curable monomer containing a
polar solvent (formamide) or solvent/liquid crystal (LC)
mixture [24, 25]. The nanoporous structure is determined
by the interference pattern generated by one or more laser
beams. We have also demonstrated that such polymeric,
nanoporous photonic structures could be used as sensitive
and selective sensors that detect solvent vapor, relative
humidity, and protein [26–31].

In this paper, we demonstrate a cell-based biosensor
using nanoporous polymeric film. The transmitted spectrum
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from an ordered, nanoporous polymer substrate varies from
initial cell seeding, during cell growth, and cell death. This
spectal-based analysis provides an alternative way to monitor
cell culture viability using optical transducer scheme, which
has advantage of label-free detection, in contrast to fluores-
cence detection. HeLa, a common cervical cancer cell line,
served as the cell model for the studies.

2. Experimental Section

A photo-curable monomer containing 10 wt% 3-amino-
propyltriethoxysilane (APTES, Aldrich), 20 wt% acetone

solution (Aldrich), 20 wt% liquid crystal (MDA3061,
Merck Taiwan), 40 wt% dipentaerythritol hydroxypenta
acrylate (Aldrich), 1 wt% Rose Bengal (Spectra Group
Limited), 2 wt% n-phenylglycine (Aldrich), and 7 wt%
n-vinylpyrrolidinone (Aldrich) was used to fabricate
the nanoporous polymer structures. We first mixed the
monomer syrup homogeneously with a mixer and sonicator.
Second, we sandwiched 20 μL of the monomer onto one
glass slide and covered the syrup with another ITO-coated
glass slide. The thickness of the sandwiched sample was
controlled by a 15 μm plastic spacer. Third, we used a
514 nm Argon ion laser as the exposure source to conduct
the holographic interference patterning process. During
the holographic interference pattering, the sandwiched
sample was exposed under two laser beams of 100 mW
at a writing angle of 15 degrees for one minute. Figure 1
shows the schematic of the optical setup for fabricating
the nanoporous polymer film by holographic interference
patterning. Fourth, immediately following the interference
patterning, we postcured the sandwiched sample under
a white light source for 24 hours. After the postcuring
process, the sandwiched sample was separated for cell
seeding. The nanoporous polymer remained upon the
non-ITO-coated glass slide. The surface and cross-sectional
morphologies of the fabricated nanoporous polymer film
were characterized by a low voltage scanning electron
microscope (LVSEM). The cervical cancer cell line HeLa was
cultured with DMEM medium with 5% fetal bovine serum,
2 mM L-glutamine, and sodium pyruvate. The nanoporous
polymeric sample was sterilized with 70% ethanol, exposed
to UV light for 30 minutes, and subsequently placed in
a 6-cm petridish. 3 × 105 HeLa cells were seeded onto
the petridish for 8 hours and the cells attached to the
nanoporous polymer were photographed with a microscope
(Olympus CKX41) bound CCD camera (Olympus DP71).
The transmission spectra from the cell-seeded samples
were characterized using an Ocean Optics HR4000
spectrometer.
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Figure 4: Optical design used to monitor the biological viablity of the cells using the nanoporous polymer film. On the right are the
representative spectra corresponding to the each process. (a) To measure the transmitted light from the sample, illumination (light source)
and observation (detector) are aligned on the same optical path and the corresponded spectra shows a broad shape which is not suitable for
biological observation. (b) To measure the diffracted light, the observation (detector) is placed in the position of the diffracted light path,
15◦ from the sample normal, leading to a sharp spectrum signal. (c) Seeding the cells on the sample surface introduces a scattering effect as
the cells scatter some light out of the diffracted light path and the intensity of spectrum decreases. (d) Cell death causes the cells to detach
from the sample surface and the intensity of spectrum increases.
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Figure 5: Observation of phase-contrast microscopic images of cervical cancer cells on the surface of nanoporous polymer film (a) before
cell seeding; (b) after 8 hrs cell seeding and incubation and (c) after 8 hrs of cell seeding and incubation, and the inducing cell death for 8 hrs
at room temperature.
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Figure 6: The diffraction spectra characterized from the
nanoporous polymer film at different time of cell incubation.

3. Results and Discussion

In a typical process of holographic interference patterning
using photopolymer and LC/solvent mixture, the pho-
topolymer is polymerized in the bright region (constructive
interference) while the LC/solvent tends to be trapped in the
dark region (destructive interference) by the photochemical
potential force during the photopolymerization process.
Under the photochemically induced phase-separation state,
the LC/solvent phase separates from the polymer and
generates an ordered structure defined by the holographic
interference pattern. After opening the sandwiched sam-
ple, the solvent evaporates and a well-defined nanoporous
photonic polymer structure is obtained. Figure 2 shows the
SEM cross-sectional micrograph of nanoporous polymer
film fabricated by two-beam interference patterning. A one-
dimensional lamella structure consisting of layered polymers
and patterned nanopores was successfully prepared by the

holographic technique. Figure 3 depicts the surface mor-
phology of the nanopores separated by the polymer. The pore
size observed within the polymer lamella ranges between 50–
200 μm.

Figure 4 shows a schematic illustration of the optical
design and corresponding spectra of the cell-based biosensor
using the nanoporous polymer film. Since the cell culturing
process was conducted in media, the nanoporous polymer
film situated on one side of the glass slide has to be stable
in the aqueous environment. We have observed that by
adding the APTES compound, the nanoporous polymer
film’s water-stability is strongly enhanced [26]. Moreover,
it should be noted that APTES is commonly used for
preparing amino functional groups on glass and silica. The
APTES-modified materials are biocompatible and suitable
for biosensing applications. The addition of APTES in the
photopolymer not only enhances the stability, but also the
biocompatibility of nanoporous polymer film. When both
light source and detector are positioned normal to the
sample, the nanoporous polymer film presents a relative
spectrum containing a broad peak ranging from 450 nm
to 1000 nm, as shown in Figure 4(a). If the detector is
placed at the position of diffracted light, the obtained
spectrum shows a sharp peak is observed at the wavelength
of ∼400 nm, as shown in Figure 4(b). The introduction of
adhered cells on the surface of the nanoporous polymer film
generates scattering and the intensity of diffraction decreases,
as shown in Figure 4(c). Figure 4(d) depicts the reverse,
as the detachment of the cells due to cell death increases
the intensity of the light scatter. Herein, lies the sensing
mechanism of this biosensor. The light scatter from viable,
adhered cells is transduced via the intensity and peakshift
properties of the diffraction spectrum.

To verify the cell attachment on the sample surface,
optical microscopy was performed on nanoporous polymer
during the cell viability. Figures 5(a) and 5(b) show the
phase-contrast microscope images for cervical cells seeded
on the surface of nanoporous polymer film after 0–8 hr cell
incubation, respectively. Cervical cancer cells appear with a
small round shape on the surface of nanoporous polymer
film. Figure 5(c) shows the image for cervical cells after
8 hr cell seeding and kept in the room temperature without
cell incubation. The clear image of cells indicates the cell
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attaching on the surface of nanoporous polymer film while
the unclear image (out of focusing) indicates the unattached
cells. We speculate that some of the unattached cells are
from the dead cells that could be proved from the optical
spectroscopy.

The change of light scattering from the biological activity
on the nanoporous polymer film was monitored using fiber
optical spectroscopy. Figure 6 shows the relative intensity of
diffracted light dependent on the time of cell seeding upon
the nanoporous polymer film. After 4 hr cell incubating, the
diffracted light decreases. Light scattering generated by cell
adhesion onto the sample causes a decrease of diffracted
light. We also observed that the peak wavelength (∼400 nm)
diffracted from the sample blue-shifts 5 nm after 4 hrs cell
growth. According to the Bragg condition, λ = 2naveΛ, where
λ is the peak wavelength of spectrum, nave is the average
refractive index of sample, and Λ is period of the periodic
structure, we speculate that the attachment of the cells
might induce a change in the refractive index and further
change the peak wavelength of the diffracted spectrum. 8 hr
cell incubating make the intensity of peak wavelength of
spectrum decrease and the wavelength blue-shift 8 nm. We
removed the sample from the incubator and recorded the
diffraction spectrum after 8 hrs and found that the intensity
of the spectrum increased and redshifted 8 nm. The cells
should become nonviable upon prolonged periods of time
removed from the incubator. The cells detached from the
sample and the sample has become more transparent. Such
biological activities were recorded by the optical spectrum
from the nanoporous polymer film.

4. Conclusion

We have successfully prepared a nanoporous polymer film
which has served as a platform to observe cell activity.
The ordered nanopores were created by a holographic
interference pattering technique. The diffracted spectra
observed from the nanoporous polymer film responded
to the attached cell activity of cell seeding, growth, and
death. The cell-based biosensor fabricated by the nanoporous
polymer film offers a label-free, noninvasive method to
continuously monitor cell activity and may prove useful for
biotechnological applications.
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We used mechanically embossed polyester films to analyze the dynamics of cell alignment and cell-specific factors modulating
the response of Chinese hamster ovary (CHO) cells and of a rat myogenic cell line to the surface topography. The films used had
grooves with a periodicity of approximately 750 nm and a depth of 150 nm. Both cell lines responded to the topographical feature.
On unpatterned control areas, cells of both lines showed a random distribution with orientation angles close to 45◦. Both cell types
exhibited an elongated morphology on the patterned surface. CHO cells typically showed bipolar spreading. Their contact area
increased almost exclusively along the groove direction. Likewise, freshly seeded rat myoblasts displayed protrusions emerging in
parallel with the grooves. However, myoblasts frequently had more than two sites with plasma protrusions pulling the cells along
different grooves. They could also develop lamellipodia expanding without a preferred direction and long filopodia.

1. Introduction

For mammalian cells, adhesion to the extracellular matrix
or to the cell culture substratum when grown in vitro plays
an essential role for many processes such as proliferation
and differentiation. Cells attach to the surface via focal
adhesions, connecting the surface to the cytoskeleton. For-
mation of these interfaces is not only affected by surface
chemistry (including the presence of ligands), electrostatic
charge, wettability, and elastic modulus [1, 2]. Surfaces
can provide micro- and nanosized topographical clues to
guide alignment, migration of cells or outgrowth of neurites
along a specific orientation [3, 4]. To probe the ability of
cells to respond to surface topography, grooved substrata
are often used, usually resulting in physical guidance along
the direction of the grooves and reorganization of the
cytoskeleton. Alignment occurs on grooves with periods
<20 μm [4] and depths down to a threshold around 30–
90 nm [5–8]. Despite a large body of literature, however,
fundamental questions remain open. The basic mechanism

by which cells recognize surface geometry remains obscure.
It may be a more or less passive process, whereby adhesion
molecules best fitting the local topography simply draw
cells or cellular components into the observed shape, or
it may involve more elaborate regulatory mechanisms.
It is also not clear if there is one uniform mechanism
active over the entire range of scales which evoke a
response, or if different processes accomplish guidance
on the micro- and nanoscale, respectively. The extent of
contact guidance depends on cell type used, plating density,
and, most import, feature geometry and feature aspect
ratio [6, 9–13]. In some instances, growth perpendicu-
lar to the groove direction has been observed [14, 15],
and the response of cells may depend on soluble factors
[15].

We have recently employed laser processing to generate
polystyrene films with periodic surface ripple structures
with a periodicity of 200 nm–800 nm and a depth of
40 nm–150 nm [16]. We probed a range of cell lines for
proliferation and contact guidance. Although the aspect
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Figure 1: (a) Surface plot of a mechanically embossed polyester film characterized by AFM. (b) Schematic cross-section of an AFM image.
(c) Phase-contrast light microscopic image of a patterned film obtained with a 25x oil immersion objective. Scale bar, 5 μm.

ratios of the surfaces were lower than those employed in
most other studies (e.g., [6] or [17]), parallel alignment
of cells occurred above a cell-specific critical periodicity
of 200 nm–400 nm. Here, we focus on the dynamics of
cell spreading and alignment, and we attempt to gain
some insight in the cell-specific factors responsible for
the variability of cell alignment. We employed mechan-
ically embossed polyester films. This replication method,
which is frequently used to fabricate diffractive surfaces
(e.g., holograms), offers the advantage of low-cost mass
production. We selected CHO cells, which are quite sen-
sitive with respect to surface topography [18] and a rat
myoblast cell line displaying less pronounced contact guid-
ance [16].

2. Materials and Methods

2.1. Preparation of Patterned Surfaces. The surfaces were
fabricated by mechanical embossing of polyester carrier films
[19]. The films were coated with an UV-curable polyester
resin, imprinted with an embossing machine containing the
pattern, and photopolymerized. In some initial experiments,
the films were additionally irradiated with far UV light with
a wavelength of 172 nm as previously described [20]. The
latter treatment, which introduces polar oxidic groups on
the surface, enhanced biocompatibility for cell lines weakly
attaching to the substratum such as human embryonic
kidney (HEK 293) cells, but was found to be unnecessary

for other cell types. The surface topography of the films was
analysed using a diCP II (Veeco Instruments, Mannheim,
Germany) atomic force microscope (AFM). Before use in
cell culture, samples were sterilized for 20 minutes with 70%
ethanol and washed with phosphate-buffered saline (PBS).
The films were placed in 35 mm Petri dishes with a 0.18 mm
synthetic bottom permitting oil immersion microscopy (μ-
Dishes, ibidi, Martinsried, Germany). Appropriately shaped
Teflon rings were inserted to prevent floating of the
films.

2.2. Cell Culture and Labelling. CHO-K1 cells and a cell line
derived from rat skeletal myoblasts [19] were cultured at
37◦C and 5% CO2 in Dulbecco’s Modified Eagle Medium
(DMEM; EuroClone, Pero, Italy) supplemented with 10%
fetal bovine serum (FBS, EuroClone) and 5 μg mL−1 gen-
tamycin (EuroClone) in a humidified atmosphere. Cells were
harvested with PBS containing 0.05% trypsin containing
0.02% EDTA and seeded onto the patterned surfaces.
Typically, the cells were used in cell passage number
between 10 and 30 and seeded onto the substrates at a
density of about 1000 cells mm−2. In some experiments, cells
were stained after harvesting with the lipophilic fluorescent
dye PKH26 (Sigma Aldrich, Vienna, Austria) according to
the manufacturer’s recommendations. For time-lapse video
microscopy (performed at ambient CO2 concentration),
media were supplemented with 50 mM Hepes·NaOH (pH
7.2, Sigma).
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Figure 2: (a) Histograms of orientation angles of CHO cells (n = 150) on grooved polyester films (left panel) or on adjacent unpatterned
control areas (right panel) one day post seeding. (b) Orientation angles of rat myoblasts (n = 100). Curves represent probability density
functions of half-normal distributions fitted to the data sets. Inlet values represent average orientation angles.

2.3. Microscopy and Image Analysis. Brightfield, phase con-
trast and fluorescence microcopic images were captured with
an inverted microscope (Axiovert 200, Zeiss, Oberkochen,
Germany) equipped with a Zeiss LSM 510 laser scan-
ning module and a transmitted light detector. Image
analysis was performed with ImageJ 1.43 (available at
http://rsb.info.nih.gov/ij). The outlines of cells were traced
using the NeuronJ plugin [21]. After conversion into closed
polygons, ellipses were fitted to the outlines. The orientation
angle of a cell was defined as the absolute value (in degrees)

of the smallest angle between the major axis of the best-
fitting ellipse and the direction of the grooves. This approach
ignores the sign of the deviation and, thus, gives values
which vary between 0◦ (perfect alignment) and 90◦ (exactly
perpendicular orientation). Cell populations with random
orientation should have an average orientation angle of
45◦.

The shape of the cells was quantified by measurement of
their minimum and maxiumum Feret’s diameter (minimum
and maximum caliper length, resp.) and by the dimension-
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Figure 3: (a) Maximum Feret’s diameter and circularity of CHO cells on a grooved substratum (grey bars) or on an adjacent unpatterned
control area (open bars) one day post seeding (n = 150). (b) Morphology of rat myoblasts. Asterisks denote statistically significant differences
(P < .05).

less shape index circularity

M = 4πA
P2

, (1)

where A is the area of a cell and P is its perimeter. A perfect
circle has a circularity of 1, while the values for deformed
objects approach zero. The solidity of cells was estimated by
the ratio of the area of a cell to the area of its convex hull.
Pairwise comparisons for statistical significance were made

by Student’s t-test. Results were considered as statistically
different at P < .05.

3. Results

3.1. Characterization of Grooves. The topology of the surfaces
generated by mechanical embossing was evaluated by AFM
(Figure 1). The average depth of the grooves was 154 ±
11 nm with a periodicity of 758 ± 22 nm. The surface
structures were visible by conventional light microscopy,
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Figure 4: Time-lapse phase contrast images of a near-confluent CHO cell culture growing on a mechanically embossed polyester film. The
dashed line denotes the border between an area with grooves (upper part of the images) and smooth control area (lower part of the images).
Arrows denote cells which underwent mitosis. Scale bar, 20 μm.

allowing to determine their direction and the orientation
angle of cells growing on the surface. Due to refractive
properties of the material, however, peak maxima of the
line pattern changed with the focus plane. Thus, it was not
possible to determine directly whether the lines visible in the
light microscopic images correspond to grooves or ridges,
respectively. However, we saw in some microscope images
features in bright color which were obviously elevated above
or on top of the groove structure. From this we conclude
that probably the bright lines in the microscope images
correspond to the groove ridges, while the valleys between
them are more dark.

3.2. Cell Alignment. The two cell lines studied responded
to the patterned surface by alignment along the direction
of the grooves. The degree of alignment was somewhat
variable, depending on the cell culture conditions, passage
number and seeding density. When cultured under identical
conditions and low to moderate cell densities, CHO cells
showed more pronounced alignment than rat myoblasts
(Figure 2). This observation is in line with our previous
report on the sensitivity of the two cell lines to surface struc-
ture periodicity [16]. Cell populations growing on adjacent
unpatterned control areas consistently displayed random
orientation with average orientation angles close to 45◦.
The substrate topography not only affected orientation, but
also cell morphology (Figure 3). Cell populations growing on
grooves were more elongated than control cells and tended
to have a higher average maximum Feret’s diameters (a
statistically significant difference was only found for CHO
cells). Both cell lines showed little motility, neither on
grooved nor on smooth films (data not shown). Nonetheless,
the general alignment on grooved films was maintained even
in fairly dense cell layers, in which neighbouring cells can act
as physical barriers (Figure 4). Mitotic cells detached from
the surface, rounded up, and divided. The daughter cells
occupied the space freed by the mother cell by spreading

along the direction of grooves. Upon reaching confluency,
however, the alignment of rat myoblasts degraded quickly,
owing to their tendency to overgrow other cells rather than
maintaining a strict monolayer.

3.3. Time-Lapse Microscopy. To study attachment and
spreading in more detail, freshly harvested cells were seeded
onto patterned films and analyzed by time-lapse microscopy.
Under our cell culture conditions, the time required to
complete attachment varied considerably. Rat myoblasts
could complete attachment within 1-2 hours, while CHO
cells required 5 hours or more. No differences between cells
seeded onto a grooved surface and control cells on adjacent
smooth areas were apparent (data not shown). When seeded
onto a grooved surface, many CHO cells displayed strictly
bipolar spreading (Figure 5). Short cytoplasmic processes,
3–6 μm in diameter, and bleb-like structures protruded
preferentially from two opposing sites of the cells in parallel
with the groove direction. The cells elongated along the
groove direction with little lateral spreading. The final width
of the cells (estimated as the minimum Feret’s diameter) as
measured one day after seeding was not much above that of
freshly trypsinized, round cells (Figure 5(c)).

3.4. Cytoplastic Protrusions. A more complex picture
emerged when rat myoblasts were used. Three or more
major cytoplasmic protrusions were frequently visible on
freshly seeded cells, which emerged not necessarily on
opposing poles (Figure 6). Again, initial protrusion of these
structures closely followed the direction of the grooves. With
increasing diameter during later stages of spreading, the
cytoplasmic processes could trespass individual grooves. The
cells displaying these features did not necessarily elongate
exactly along the groove direction. Being pulled along
distinct grooves, they could adopt a triangular or otherwise
deformed shape and a skewed alignment with respect to the
groove direction. Rat myoblasts could also develop large
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Figure 5: Attachment of CHO cells. (a) Time-lapse phase contrast microcopy of a freshly harvested CHO cell on a grooved substrate. Scale
bar, 10 μm. (b) Orthogonal stack slices with time as the z-axis (300 minutes, 150 slices). The cell elongates along the vertically oriented
grooves and displays little lateral spreading. (c) Average minimum Feret’s diameter of freshly harvested, floating CHO cells (grey bar) and
CHO cells cultured for one day on a grooved substratum (open bar). Both evaluations were performed for n = 100 cells. (d) Time-lapse
phase contrast microcopy of a freshly harvested CHO cells on a unpatterned smooth substrate.

lamellipodia, which extended not only along the grooves, but
also perpendicular to them, resulting in lateral spreading.
In addition, freshly harvested rat myoblasts frequently had
long filopodia, which could be visualized with the lipophilic
membrane dye PKH26 (Figure 7(a)). Most filopodia showed
highly dynamic expansion, motions and retractions, but
some remained motionless and aligned with the groove
direction. We never found CHO cells carrying comparable
structures when stained with the dye. Only short cytoplasmic
protrusions were observed. A fraction of these structures
was aligned with the groove direction (Figure 7(b)).

Overall, our observations indicate that the rat myoblasts
developed more complex morphological features (including
multiple cytoplasmic protrusions, lamellipodia, and filopo-
dia) than CHO cells. In order to have a simple quantitative
measure for these oberservations, we reasoned that the
solidity index of a simple oval or rod-shaped cell is equal
to one, while more complex shapes will most likely have
convex deficiencies along their boundaries. We therefore
compared the solidities of rat myoblasts, attached either
to the grooved surface or to control areas, with those of
CHO cells. Significantly lower values were obtained for rat
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Figure 6: Time-lapse phase contrast images of rat myoblasts freshly seeded onto a grooved polyester film. The grooves were oriented
vertically. Arrows indicate the location of cytoplasmic protrusions. The cell in the upper panel shows 3 major initial cytoplasmic protrusions,
while multiple protrusions are visible on the cell in the lower panel. Scale bars, 20 μm.

myoblasts (Figure 8). There were no significant differences
between cells of one type growing on grooves and control
cells on unpatterned areas.

4. Discussion

Mechanical embossing of polyester films provided a con-
venient method to fabricate a grooved surface to study
contact guidance of murine cells. Fairly smooth grooves
(with an aspect ratio close to 0.2) were chosen to permit
detectable, but not perfect alignment. The two cell lines
employed reacted to the surface topology by aligning parallel
to the direction of the grooves and by adopting an elongated
morphology (Figures 2 and 3). Thus, they followed the
general trend observed for a wide range of different cells on
comparable surface topologies [4, 22]. The cells aligned pri-
marily during attachment and spreading, regardless whether
they were seeded onto the surface after trypsination of
whether they originated from mitosis of cells detaching from
surface during culture (Figures 4 and 5). While both cell
lines displayed orientation angles deviating little from the
direction of the grooves, differences became apparent when
analyzing the dynamics of cell attachment and spreading.
One may distinguish several degrees of complexity of these
processes. In the simple case, a cell follows bipolar dilation
with little lateral expansion (apart from a prototypical CHO
cell, melanocytes would be a good example). In this case, it
may be feasible to describe the response to various surface
geometries in a dose-response fashion as successfully done

by several authors [10, 23]. One has to postulate that
these cells possess a kind of “quorum sensing” mechanism
which allows the existence of not more than two poles
and supresses expansion in other directions. The integrin
adhesome network [24] may be a candidate for this task. It
must be a dynamic mechanism, since cells can adjust their
alignment within a few hours, as indicated by recent work
with surfaces with reconfigurable microtopography [25].

Rat myoblasts represented more complex cases. These
cells frequently developed protrusions from more sites
and/or protrusions with different morphologies (filopodia,
lamellipodia), displayed lateral spreading and a deformed
shape (Figure 6). These more elaborate morphologies appear
to be cell-specific rather than the consequence of the surface
topology, at least when quantified with the very basic shape
descriptor solidity. However, a common observation was that
many of the initial cellular processes emerging from a cell
(except lamellipodia) protruded along the groove direction
even if the cell as a whole displayed poor alignment with
the surface feature after completing attachment. In other
words, the protruding organelles of a cell may sense surface
geometries at thresholds lower than those determined by
measurement of the orientation of entire cells or cell popu-
lations. Consequently, it is not clear whether the cell-specific
threshold values for contact guidance reported in the liter-
ature (which are usually estimated by measuring whole-cell
orientations) truly reflect the ability of the cells to sense these
geometries. It is quite possible that all mammalian cells share
a very similar threshold, which is blurred by cell-specific
morphological features affecting the overall cell orientation.
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(a)

(b)

Figure 7: Fluorescence images of rat myoblasts (a) and CHO cells (b) growing for one day on grooved substrata. The cells were stained with
the membrane dye PKH26 before seeding. The grooves were oriented vertically. Arrows indicate filopodia or cell protrustions aligned with
the grooves. The myoblast cell shown in the upper right panel has partially internalized the dye. Scale bars, 10 μm.

Fujita et al. analyzed the dynamics of alignment of
mesenchymal stem cells on a surface with similar topograph-
ical features as ours [26]. They found that cell protrusions
expanded and retracted as if they were probing the surround-
ing area. Since protrusions perpendicular to the grooves
tended to retract more rapidly than those with a parallel
orientation, these authors suggested that the retraction
phase is an important factor for cell alignment. The cogent
idea behind their model is that cell protrusions extending
perpendicular to the topographical feature can form focal
adhesions only on the ridges, while protrusions extending
in parallel can form stable complexes along their entire
length. Thus, the latter could be less prone to retraction. The
movements of the cell protrusions observed with our cell
lines did not allow to distinguish clear cycles of extension and
retraction (when viewed at low magnification, they appeared
as almost continuous forward movements), but this concept
is certainly worth to be further explored.

The role of filopodia in establishing alignment also
remains a controversial issue. It is generally believed that

filopodia act as sensory organelles probing the environment
[27]. They may determine the spatial localization of focal
adhesions [28] and they respond to topographical features
down to a threshold distance of approximately 35 nm [29].
In addition, filopodia aligned parallel to nanoscaled grooves
were found after fixation of the cells (e.g., [15]). However,
analysis of the movements of filopodia of mesenchymal
stem cells on a grooved substratum did not reveal a
specific direction [26]. Our observations also indicate that
distinct filopodia are not a prerequisite for contact guidance.
Under our cell culture conditions, we only observed short
protrusions on CHO cells, although the response of this cell
line to the patterned substratum generally outperformed that
of rat myoblasts which frequently displayed long filopodia
(Figure 7). Our observations do by no means argue against
a general sensory role of filopodia. However, long filopodia
can easily span the distance of several groove periodicities.
During their movements, they often touch the substratum
only with their tips. Hence, filopodia may be able to sense
topographical features on a very restricted scale, but not
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Figure 8: Average solidity of CHO cells (grey bar) and rat myoblasts
(open bar) after one day of culture on a grooved polyester film or
on adjacent unpatterned control areas (n > 100). Asterisks denote a
statistically significant difference (P < .05).

the direction of grooves which are broader than the average
diameter of filopodia. Alternatively, if they can sense the
direction, multiple filopodia emerging from one cell with all
probing different grooves may still be unable to pull a cell
into a specific direction. Clearly, more detailed analyses of the
movements of filopodia and the other cellular protrusions
and quantification of traction forces applied to the substrate
would be helpful to resolve their role in sensing surface
topography.

5. Conclusion

We have here demonstrated that mechanical embossing of
polymer foils can successfully be utilized to generate large
quantities of patterned substrates to study the responses
of cells to nanotopographical features. Our results suggest
that the oriented spreading of the cell types studied is
largely determined by the very first protrusions emerging
from a cell, with their location being affected by sub-
tle topographical features. In general, the rat myoblasts
developed more complex morphological features (includ-
ing multiple cytoplasmic protrusions, lamellipodia, and
filopodia) than CHO cells. Our studies are still in the
stage of basic. However, the findings of this work may
be relevant for future applications in cell therapies, tissue
engineering, and cell tests for development of novel pharma-
ceutics.
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Hoffmann, “One step ahead: role of filopodia in adhesion for-
mation during cell migration of keratinocytes,” Experimental
Cell Research, vol. 315, no. 7, pp. 1212–1224, 2009.

[29] M. J. Dalby, N. Gadegaard, M. O. Riehle, C. D. Wilkinson,
and A. S. Curtis, “Investigating filopodia sensing using arrays
of defined nano-pits down to 35 nm diameter in size,” The
International Journal of Biochemistry & Cell Biology, vol. 36,
no. 10, pp. 2005–2015, 2004.



Hindawi Publishing Corporation
Journal of Nanomaterials
Volume 2011, Article ID 768201, 7 pages
doi:10.1155/2011/768201

Research Article

Nanoparticles of Conjugated Methotrexate-Human Serum
Albumin: Preparation and Cytotoxicity Evaluations

Azade Taheri,1 Fatemeh Atyabi,1, 2 Faranak Salman Nouri,1 Fatemeh Ahadi,1

Mohammad Ali Derakhshan,1 Mohsen Amini,3 Mohammad Hossein Ghahremani,2, 4

Seyed Nasser Ostad,2, 4 Pooria Mansoori,5 and Rassoul Dinarvand1, 2

1 Department of Pharmaceutics, Faculty of Pharmacy, Tehran University of Medical Sciences, P.O. Box 14155-6451, Tehran, Iran
2 Nanotechnology Research Centre, Faculty of Pharmacy, Tehran University of Medical Sciences, Tehran, Iran
3 Department of Pharmacology, Faculty of Pharmacy, Tehran University of Medical Sciences, Tehran, Iran
4 Drug Design and Development Research Centre, Faculty of Pharmacy, Tehran University of Medical Sciences, Tehran, Iran
5 Faculty of Medicine, Ahvaz Jundishapur University of Medical Science, P.O. Box 12244-9876, Ahvaz, Iran

Correspondence should be addressed to Rassoul Dinarvand, dinarvand@tums.ac.ir

Received 1 June 2010; Revised 5 July 2010; Accepted 1 August 2010

Academic Editor: Libo Wu

Copyright © 2011 Azade Taheri 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.

Methotrexate-human serum albumin conjugates were developed by a simple carbodiimide reaction. Methotrexate-human
serum albumin conjugates were then crosslinked with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide HCl (EDC) to form
nanoparticles. The size of nanoparticles determined by laser light scattering and TEM was between 90–150 nm. Nanoparticles
were very stable at physiologic conditions (PBS pH 7.4, 37◦C) and after incubation with serum. The effect of amount of EDC
used for crosslinking on the particle size and free amino groups of nanoparticles was examined. The amount of crosslinker
showed no significant effect on the size of nanoparticles but free amino groups of nanoparticles were decreased by increasing the
crosslinker. The physicochemical interactions between methotrexate and human serum albumin were investigated by differential
scanning calorimetry (DSC). Nanoparticles were more cytotoxic on T47D cells compared to free methotrexate. Moreover,
methotrexate-human serum albumin nanoparticles decreased the IC50 value of methotrexate on T47D cells in comparison with
free methotrexate.

1. Introduction

HSA as a drug carrier represents a new strategy for controlled
drug delivery. Its use as a polymeric particulate system
[1, 2] or conjugates with drug molecules [3] has been
reported. HSA conjugates can localize drugs in special
site and control the release of drugs. Therefore, HSA is
considered as good candidate for drug delivery in cancer
therapy [4]. MTX is a folate antagonist and is used widely
in the treatment of human cancer. MTX induces cancer
cure in women suffering from metastatic choriocarcinoma
[5, 6]. Moreover this antimetabolite has several defects.
After I.V. administration, MTX is rapidly cleared from
circulation through the kidneys. Mean distribution half-life
of MTX is 1.5–3.5 hrs [7]. Consequently, tumor exposure
time of MTX is short. Several efforts have been made to

reduce MTX defects. In a study, MTX has been physically
incorporated into bovine serum albumin nanoparticles to
target and control the release of MTX in tumor environment
[8]. A disadvantage of this system may be the increased
chance of tumor resistance due to the sustained release of
methotrexate. Moreover, nun-targeted release of drugs may
induce side effects [9]. Conjugation of cytotoxic drugs to
carriers decreases the systemic toxicity and increases their
therapeutic benefits [10]. HSA plays an important role as
a nutrient for proliferating tumors; consequently HSA is a
very good candidate for conjugating cytotoxic drugs [11].
Preparation of MTX-HSA conjugates have been reported
before. Endo et al. studied the cytotoxicity of conjugated
MTX on MM46 cells [12]. They showed that free MTX was
more cytotoxic than MTX-HSA conjugates on the tumor cell
line. In this study we have prepared MTX-HSA nanoparticles
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using MTX-HSA conjugates. MTX-HSA nanoparticles with
a size of less than 150 nm have a good chance to reach tumor
cells through the porous membranes of vascular system as a
result of enhanced penetration and retention (EPR) effect.
Previous studies have shown the benefit of nanoparticles
for the delivery of cytotoxic agents [13]. Moreover, the
release of free MTX from nanoparticles in serum would
be low thus fewer side effects would be expected [10].
The physicochemical characterizations of nanoparticles, the
effect of the amount of crosslinker on particle size and free
amino groups of nanoparticles, and stability properties of the
MTX-HSA nanoparticles were evaluated.

2. Materials and Methods

2.1. Materials. Methotrexate USP was kindly donated
by Cipla Pharmaceutical Co., India. 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide HCl and human serum
albumin (HSA) were purchased from Sigma (Steinheim,
Germany). Total protein kit (Micro Lowry) was from
Sigma (Saint Louis, USA). PMRI-1640 modified medium
and penicillin/streptomycin solution were obtained from
Gibco Invitrogen (Carlsbad, CA). MTT was obtained from
Sigma (St. Louis, USA). Methanol and acetonitrile used as
mobile phase in HPLC and DMSO were purchased from
Merck (Darmstadt, Germany). Deionized water was used
throughout the experiment. All other chemicals used were
of reagent grade.

2.2. Preparation of MTX-HSA Conjugates. MTX (20 mg)
with EDC (15 mg) was dissolved in DMSO (1.25 ml). The
solution was placed in water bath at 50◦C for 15 min.
Then the solution was cooled to room temperature and was
added to HSA solution (250 mg HSA in 2 ml PBS pH 7.4).
After reaction time, unreacted MTX, EDC, and DMSO were
removed using Amicon Ultra-4 Centrifugal Filter Devices
(Millipore, USA).

2.3. Gel Permeation Chromatography (GPC). Gel permeation
chromatography was carried out using a GPC system (Agi-
lent 1100 Liquid Chromatographer, Agilent technologies,
USA) with a refractive index detector (Agilent technologies,
USA) and PL Aquagel-OH mixed gel-filtration column
(300×7.5 mm internal diameter, pore size 8 μm; Agilent tech-
nologies, USA). Water at a flow rate of 1.2 ml/min was used
as mobile phase. All experiments were performed at 23◦C.
HSA (50 mg/ml) and MTX-HSA conjugates (20 mg/ml) were
dissolved in water separately and were injected to GPC
system. Figure 1 shows the GPC chromatogram of MTX-
HSA conjugate and HSA. The GPC chromatogram of MTX-
HSA conjugate showed a peak at 19.8 min whereas a single
peak was found for HSA. No additional peak was detected for
free MTX and HSA in the GPC chromatogram of MTX-HSA
conjugate. These results indicated that MTX was coupled to
HSA successfully and no polymerization of HSA took place.

After analysis of MTX-HSA conjugate by GPC analysis,
HPLC analysis was used for identifying the MTX-HSA
conjugate and quantitative analysis of free MTX.
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Figure 1: The GPC chromatogram of MTX-HSA conjugate and
HSA.

2.4. High-Performance Liquid Chromatography Analysis of
MTX and MTX-HSA Conjugate. MTX-HSA conjugates were
characterized and tested for the content of free MTX using
HPLC. The amount of free drug in the conjugates was
determined by reverse-phase HPLC after precipitation of
MTX-HSA conjugate and extraction of free MTX in an
organic solvent. After addition of 2 mL of methanol contain-
ing ZnSO4 (1% w/v) to the conjugates (2 mg) dissolved in
water (0.5 mL), the samples were mixed and centrifuged for
10 minutes at 5000 rpm. The supernatant was analyzed using
a C18 column (4.6 × 250 mm, pore size 5 μm; Teknokroma,
Barcelona, Spain). The mobile phase (phosphate buffer pH
7.2: acetonitrile, 88:12 v/v) was delivered at a flow rate of
1.20 ml/min with a pump (WellChrom, K-1001, Knauer,
Berlin, Germany). The free MTX was detected at 305 nm
with an ultraviolet detector (WellChrom, K-2600, Knauer).
Then a solution of methotrexate and a mixture solution
of MTX and MTX-HSA conjugate were injected to the
above system separately. In addition, 2 mg of MTX-HSA
conjugate and 0.5 mg of MTX were dissolved in 0.5 ml 0.01
N NaOH and mixed; after addition of 1 mL of ethyl acetate,
the samples were mixed and centrifuged for 10 minutes
at 15000 rpm. The aqueous phase was discarded, and the
organic solvent evaporated under nitrogen flow. The residues
redissolved in methanol (100 μL) and were injected to the
above HPLC system.

2.5. Preparation of MTX-HSA Nanoparticles. MTX (20 mg)
with EDC (15 mg) was dissolved in DMSO (1.25 ml). The
solution was placed in water bath at 50◦C for 15 min. Then
the solution was cooled to room temperature and was added
to HSA solution (250 mg HSA in 2 ml PBS pH 7.4) at the rate
of 1 ml/min under constant stirring (600 rpm). The MTX-
HSA conjugates so formed were cross-linked by adding 5 mg
EDC under constant stirring at room temperature for 4 h
to produce MTX-HSA nanoparticles. Dialysis against PBS
was performed (cellulose membrane, cutoff 12000 kDa from
Merck, Germany) for removing unbound MTX, EDC, and
DMSO. Nanoparticles were then lyophilized at −40◦C for
48 h (Lyotrap Plus, LTE, scientific ltd, Oldham, UK).
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2.6. Determination of MTX/HSA Molar Ratio in Nanopar-
ticles. 12.5 mg of MTX-HSA nanoparticles was accurately
weighed and dissolved in 4 ml of 0.1 N NaOH. MTX content
was determined by using UV absorbance of the solution
in 372 nm. The calibration plot of dissolved MTX in 0.1 N
NaOH was linear in the range of 0.005–0.2 mg/ml. It was
assumed that the molar absorptivity of MTX did not change
by conjugation [14]. HSA absorbance was negligible at this
wavelength. HSA content of nanoparticles was determined
using Total Protein Kit, Micro Lowry, Peterson’s Modifica-
tion from Sigma-Aldrich.

2.7. Measurement of Size and Size Distribution of Nanopar-
ticles. Lyophilized nanoparticles were suspended in PBS to
make a 1% solution. Then the size, polydispersity and zeta
potential of MTX-HSA nanoparticles were determined by
Zetasizer Nano ZS (Malvern Instruments, Worcestershire,
UK).

2.8. Transmission Electron Microscopy (TEM). Lyophilized
nanoparticles were characterized by Transmission Electron
Microscope (Zeiss EM 900, Jena, Germany).

2.9. Differential Scanning Calorimetry (DSC). The thermal
behavior of MTX, HSA, physical mixture of MTX and HSA,
and MTX-HSA nanoparticles was studied by Differential
Scanning Calorimetry (DSC-60, Shimadzu, Japan) over a
range of 20 to 200◦C, at a scan rate of 10◦C per min.

2.10. In Vitro Release of MTX. The release of MTX was
evaluated by measuring the release of free MTX in phosphate
buffer (pH 7.4) and serum as follows.

An exact amount of MTX-HSA conjugate nanoparticles,
MTX-HSA conjugate, and MTX (20 mg) was dissolved
in 2 ml of PBS (pH 7.4) separately. The solutions were
introduced in dialysis tube (cellulose membrane, cutoff
12000 kDa, Merck, Germany). The tubes were placed into
capped, wide mouth jars containing 10 ml of PBS (pH 7.4)
as release medium. These jars were placed in a shaker water
bath (37◦C) for 72 hours. Every 24 hours, 0.1 ml of release
mediums was removed and replaced with 0.1 ml of the same
buffer solution. Samples were analyzed by high-performance
liquid chromatography (HPLC) on a Teknokroma C18, 4.6×
250 mm column at 305 nm to determine the free MTX [15].
30 mg of MTX-HSA conjugate nanoparticles, MTX-HSA
conjugate, and MTX were incubated with 3 ml of foetal calf
serum (FCS) and then were placed in 37◦C. Every 24 h free
MTX was determined in FCS [15].

2.11. Determination of Amino Groups in Conjugates. The free
amino groups of nanoparticles were determined using 2,
4, 6-trinitrobenzene-sulfunic acid (TNBS) [16]. After the
reaction of nanoparticles with TNBS, nanoparticles were
separated using Amicon Ultra-4 Centrifugal Filter Devices
(Millipore, USA). The filtrate was analyzed for remaining
free TNBS at 349 nm.

2.12. In Vitro Cytotoxicity of Nanoparticles. Human breast
cancer cells (T47D) were cultivated in RPMI-1640 medium
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Figure 2: HPLC chromatogram of free MTX and MTX-HSA
conjugate.

supplemented with 10% fetal bovine serum and 1%
penicillin-streptomycin at 37◦C in a humidified incubator
with 5% CO2. Cells were maintained in an exponential
growth phase by periodic subcultivation.

T47D breast cancer cells were seeded in 96-well plates
(Costar, IL, USA) at the density of 10000 viable cells/well and
incubated 24 h to allow cell attachment. The medium was
replenished every other day. The cells were incubated with
the MTX and MTX-HSA nanoparticles at concentrations
of 6.25 to 100 nM for 96 h. At appropriate time intervals,
20 μl of MTT (5 mg/ml in PBS) was added to each well, and
the culture medium containing MTT solution was removed
after 3-4 hrs. The formazan crystals were dissolved in 100 μl
DMSO and read at 570 nm. Cell viability was calculated by
the following equation:

Cell viability (%) =
(

Ints
Intc

)
n × 100, (1)

where Ints is the colorimetric intensity of the cells incubated
with the samples and Intc is the colorimetric intensity of the
cells incubated with the phosphate buffer (pH 7.4) only as
positive control. IC50, the drug concentration at which 50%
cell growth inhibited, was calculated by the curve fitting of
the cell viability data using Prism 4.0 (Graphpad, San Diego,
USA).

3. Results and Discussion

3.1. Characterization of MTX-HSA Conjugates. Figure 1
shows the GPC chromatogram of MTX-HSA conjugate and
HSA. The GPC chromatogram of MTX-HSA conjugate
showed a peak at 19.8 min whereas a single peak was found
for HSA. There were not any additional peaks for free
MTX and HSA in the GPC chromatogram of MTX-HSA
conjugate. These results indicated that MTX was coupled to
HSA successfully, and no polymerization of HSA took place.

Figure 2 shows the HPLC chromatogram of free MTX
and MTX-HSA conjugate. Free MTX showed a single peak at
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50 nm

Figure 3: Transmission electron micrograph of MTX-HSA
nanoparticles (MTX-HSA molar ratio: 2).
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Figure 4: DSC thermogram of MTX, HSA, physical mixture of
MTX and HAS and MTX-HSA nanoparticles.

1.9 min while the mixture solution of MTX-HSA conjugate
and free MTX showed two separate peaks at 1.9 and 4.9 min.
After injection of residues of liquid-liquid extraction with
ethyl acetate, only one peak was detected at 1.9 min. Because
in the process of liquid-liquid extraction with an organic
solvent such as ethyl acetate, MTX-HSA conjugate remained
in aqueous phase and only free MTX could have moved to
the organic phase. This result confirms that the peak seen at
4.9 min is related to MTX-HSA conjugate.

3.2. Characterization of MTX-HSA Conjugated Nanoparticles.
Three types of nanoparticles were prepared with MTX-
to-HSA molar ratios of approximately 2, 8, and 12. The
size, drug content, zeta potential, and polydispersity of
various samples are reported in Table 1. Nanoparticles were
analyzed with TEM. Figure 3 shows the transmission electron
micrographs of nanoparticles. The diameter of nanoparticles
determined by laser light scattering was in the range of 90–
150 nm. As can be seen in Figure 3 the size of nanoparticles

determined by TEM was approximately 50 nm. Laser light
scattering measurements were aimed at providing average
values for the hydrodynamic diameter while TEM is a
direct, model independent technique depicting the internal
structure of the individual nanoparticles. Smaller sizes of
nanoparticles determined by TEM compared with laser light
scattering have been previously reported [2].

Figure 4 shows the DSC thermograms of MTX, HSA,
physical mixture of MTX and HSA, and MTX-HSA conju-
gate nanoparticles. Differential scanning calorimetry (DSC)
technique was used to confirm successful conjugation of
methotrexate to human serum albumin [17, 18]. The
control experiments were carried out each using pure
methotrexate, human serum albumin, and physical mixture
of methotrexate and human serum albumin. The two
endothermic peaks of physical mixture of methotrexate and
human serum albumin (78◦C and 120◦C) are similar to
endothermic peaks of pure methotrexate (122◦C) and pure
human serum albumin (70◦C) whereas an endothermic
peak (90◦C) was observed for MTX-HSA conjugate. The
analysis of calorimetric data suggested that conjugation of
methotrexate to human serum albumin led to a shifting of
the Tm to lower temperatures. Compared to MTX, HSA and
physical mixture of methotrexate and human serum albu-
min, apparent difference observed in the thermal behaviors
and physicochemical properties of MTX-HSA conjugates
supports the possibility of conjugation of methotrexate to
human serum albumin.

Figure 5(a) shows the particle size of MTX-HSA
nanoparticles cross-linked with different amount of EDC
(2.5, 5, 7.5, 10, 12.5, and 15 mg). The results indicate that
the amounts of EDC used for cross-linking did not have
significant effect on the size of nanoparticles. Figure 5(b)
shows that by increasing the amount of cross-linker the free
amino groups per HSA molecule are decreased.

3.3. In Vitro Release of MTX. MTX-HSA nanoparticles were
stable in both phosphate buffer (pH 7.4) and fetal calf serum
(FCS) at 37◦C. After 72 hours, only 5% and 9% of MTX
were released from MTX-HSA nanoparticles in phosphate
buffer and FCS media, respectively. Nanoparticles with
different MTX/HSA molar ratios released similar amount
of MTX at physiologic condition (PBS pH 7.4 and 37◦C)
and after incubation with FCS. 6% and 10.2% of MTX were
released from MTX-HSA conjugates in PBS pH 7.4 and
FCS, respectively. It is obvious that 100% of free MTX were
released in PBS pH 7.4 and 37◦C and after incubation with
FCS.

3.4. In Vitro Cytotoxicity of Nanoparticles. Figure 6 shows
the in vitro cytotoxicity of free MTX drug and MTX-HSA
nanoparticles with different molar ratios of MTX to HSA
on T47D breast cancer cells. As can be seen the cytotoxicity
of MTX-HSA nanoparticles on T47D cells was significantly
higher than that of free MTX. It can also be seen that MTX-
HSA conjugates inhibited the cell proliferation even in lower
concentration at 96 h. The IC50 (the dose which produces
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Table 1: Preparation and characterization variables and parameters of MTX-HSA conjugate nanoparticles.

Sample MTX (mg) HSA (mg)

EDC used for
MTX

conjugation
(mg)

MTX/HSA
molar ratio

Particle
diameter

(nm)

Zeta
Potential

(mV)
Polydispersity

1 20 250 15 12± 0.12 150.3± 5.1 −16± 0.2 0.20± 0.01

2 20 350 15 8± 0.18 111.7± 4.6 −12± 0.5 0.10± 0.01

3 20 700 15 2± 0.09 95.5± 3.2 −9± 0.2 0.12± 0.01
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Figure 5: The effect of the amount of EDC on the size of MTX-
HSA nanoparticles (a) and the number of free amino groups on the
surface of nanoparticles (b).

50% inhibition of growth) of free MTX drug and MTX-
HSA nanoparticles on T47D cells with incubation time of
96 h is shown in Table 2. These data show that MTX-HSA
nanoparticles decreased the IC50 value of MTX on T47D
breast cancer cells in comparison with free MTX.

Drug-carrier conjugated systems may be internalized by
different cell types, suggesting that they may be a suitable
carrier system for the transport of drugs into cells [19].
Nanoparticles formulations might improve drug deposition
and activity while reducing systemic toxicity and adverse
events [20]. The conjugation of cytotoxic drugs to carriers
can decrease the adverse reaction of these drugs. There are
different strategies for using albumin as a drug delivery
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Figure 6: Cytotoxicity effect of free methotrexate and MTX-HSA
NPs on T47D breast cancer cells after 96 h.

system for cancer therapy [21]. One strategy may be the
preparation of albumin particles loaded with cytotoxic agent
[8]. The disadvantage of this method is that release of the
cytotoxic agent in blood circulation induces side effects.
Another strategy is the conjugation of cytotoxic agents to
HSA [3, 22]. The disadvantage of this system is the lower
toxicity of the conjugated system in comparison to the
free drug [22]. However, there are other reports showing
higher cytotoxicity for the conjugated systems including
the current study [3]. In this study we tried to prepare
nanoparticles from MTX-HSA conjugates to increase the
cytotoxicity of the system on one hand and to reduce
the presumed side effects of the system on another hand.
Three types of nanoparticles with different molar ratios of
MTX to HSA were produced by variation of the amount
of HSA used in synthesis. Carboxylic acid groups of MTX
were activated by EDC coupling agent. These activated
groups react with primary amino groups of albumin. We
used DMSO as a solvent for both MTX and EDC. DMSO
plays the role of desolvating agent for HSA molecules.
Nanoparticles were prepared by desolvation process and then
were stabilized by addition of different amounts of EDC
as cross-linker. EDC acts as the crosslinking agent between
carboxylic acid groups of HSA and free amino groups of
HSA. Figure 5(a) demonstrates that the concentration of
cross-linker above 2% (5 mg EDC for 250 mg albumin) has
no significant effect on the size of nanoparticles. Increasing
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Table 2: IC50 of MTX and MTX-HSA nanoparticles on T47D breast cancer cells after 96 h.

MTX
MTX-HSA NPs MTX-HSA NPs MTX-HSA NPs

(MR:2)∗ (MR:8) (MR:12)

IC50 (nM) 123.4± 4.2 45.6± 2.5 24.6± 3.4 14.3± 2.9
∗

MR: molar ratio of MTX/HAS.

the amount of cross-linker decreased the free amino groups
of nanoparticles (Figure 5(b)). Low drug release from the
system both in phosphate buffer (pH 7.4) and in serum
indicates the stability of the nanoparticles. Consequently,
after I.V. administration of nanoparticles, the concentration
of free MTX in plasma will be very low, hence less side effects
are expected. The results of cytotoxicity test indicated the
higher cytotoxicity of MTX-HSA nanoparticles compared to
that of free MTX free drug. The cell viability measured at
125 nM drug concentration was decreased from 50.3% for
MTX free drug to 35.3%, 23.4%, and 18.5% for the MTX-
HSA nanoparticles with MTX-to-HSA molar ratio of 2, 8,
and 12, respectively, after 96 h of incubation. As can be seen
in Figure 6, MTX-HSA nanoparticles prepared using higher
molar ratio of MTX to HSA showed better inhibition of
cell proliferation even at low drug concentration (6.25 nM)
(P < . 05). The IC50 of MTX in the MTX-HSA nanoparticles
with molar ratio of 2, 8, and 12 is 2.5-, 5-, and 10-fold lower
than that of free MTX on T47D cells, respectively.

The increased antitumor activity of MTX-HSA nanopar-
ticles may be related to enhanced transendothelial cell trans-
port of albumin which is mediated by the gp60 (albondin)
receptor and caveolar transport [23, 24]. Albumin binding
to gp60 activates caveolin-1 resulting in the formation of
caveoli, which transport albumin and other plasma con-
stituents across the endothelial cell to the interstitial space.
The increased antitumor activity of MTX-HSA nanoparticles
may also be related to the enhanced intratumor delivery
of MTX. The gp60 receptors are specific for albumin and,
once activated, allow for transport of albumin complexes
across blood vessel wall barriers into underlying tumor tissue
[25]. Moreover, MTX has similar structure to folate. It is
possible that the molecules of methotrexate on the surface of
nanoparticles play the role of targeting moieties and increase
the transendothelial transport and cytotoxic effect of MTX-
HSA nanoparticles.

4. Conclusion

MTX was successfully conjugated to HSA using EDC. The
conjugates were then crosslinked using EDC to prepare
nanoparticles with a size range of 90 to 150 nm. The
nanoparticles prepared in this study were shown to be more
soluble in aqueous and PBS media. It was also shown that the
MTX-HSA conjugated nanoparticles were of more cytotoxic
effect on T47D cell line than MTX free drug. In conclusion it
can be said that the MTX-HSA nanoparticles were showed
to be superior in vitro antitumor activity when compared
to MTX free drug. These nanoparticles appear to be a good
candidate for further antitumor tests in animal models.

Abbreviations

HSA: Human serum albumin
MTX: Methotrexate
MTX-HSA: Methotrexate-Human serum albumin
EDC: 1-ethyl-3-(3-dimethylaminopropyl)

carbodiimide HCl
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The aim of this paper was to prepare a self-microemulsifying docetaxel (Dtx) using PLGA, Tetraglycol, Labrasol, and Cremophor
ELP. The prepared Dtx-loaded self-microemulsifying system (SMES) showed the initial size of the range of 80–100 nm with narrow
size distribution and the negative zeta-potential values. Its morphology was a spherical shape by atomic force microscopy. In
experiment of stability, Dtx-loaded SMES prepared in DW and BSA condition showed good stability at 37◦C for 7 days. The
viability of the B16F10 cells incubated with Dtx-loaded SMES, Dtx-solution, and Taxol were decreased as a function of incubation
time. In conclusion, we confirmed that Dtx-loaded SMES showed an inhibitory effect for proliferation of B16F10 melanoma cells.

1. Introduction

The first-line treatment of various cancers includes surgery,
radiotherapy, or a combined treatment regimen [1–4]. As
second-line treatment for cancer, the chemotherapy using
anticancer drugs may be treated to remove completely
cancers [1–6]. Many highly potent anticancer drugs are
clinically treated as available commercial products. However,
the utility of these cancer chemotherapeutic drugs in clinical
applications is limited by very low solubility in aqueous
[7, 8].

Paclitaxel (Ptx), isolated from the bark of Taxus brevifo-
lia, has significant activity against a variety of tumors such
as breast cancer, advanced ovarian carcinoma, lung cancer,
and head and neck carcinoma [9]. Docetaxel (Dtx) is also an
anticancer drug belonging to the second generation of the
taxoid family [10]. Ptx and Dtx are hydrophobic drugs with
poor aqueous solubility [11, 12]. To enhance solubility of Ptx,
it is currently formulated for clinical application as Taxol by
Cremophor EL-based solvent system containing dehydrated
ethanol [13].

Recently, various formulations such as liposomes, emul-
sions, micelles, microspheres, and polymeric nanoparticles
have been employed for the encapsulating Ptx and Dtx
including several anticancer drugs [14–20]. The selection of

a proper Ptx and Dtx encapsulating formulation is important
to improve the instability problems such as subsequent
precipitation of the solubilised hydrophobic Ptx and Dtx for
in vivo treatment.

The poor water solubility of Ptx and Dtx can be
improved by the formulation with oil, low molecular
weight surfactants, and so forth. The self-microemulsifying
system (SMES) are isotropic mixtures of oil, a surfactant,
and cosurfactants, which form fine oil-in-water emulsions
when exposed to aqueous media [21–23]. Thus, the SMES
was found to be highly suitable for the incorporation of
hydrophobic Ptx and Dtx. Because SMES may be a promising
way to load hydrophobic Dtx in delivery system, here, we
report on the preparation of Dtx-loaded SMES which could
result in an improvement of stability of the solubilised
hydrophobic Dtx in aqueous media.

2. Materials and Methods

2.1. Materials. Poly (d,l-lactide-co-glycolide) (PLGA, molec-
ular weight, 8,000, 20,000 and 90,000 g/mole) was purchased
from Boerhinger Ingelheim (Ingelheim, Germany). Doc-
etaxel was purchased from Naprod Life Science Pvt, Ltd
(India). Paclitaxel (Genexol) was purchased from Samyang
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Table 1: Formulation for the preparation of Dtx-loaded SMES.

Composition Formulation

(g, w/w) F1 F2 F3

Drug
0.003

(Docetaxel)

Solubilizer
0.5

(Tetraglycol)

PLGA 8k g/mol 0.005

PLGA 20k g/mol 0.005

PLGA 90k g/mol 0.005

Cosurfactant
0.14

(Labrasol)

Surfactant
0.16

(Cremophor ELP)

Zeta-potential (mV) −7.7± 0.4 −2.8± 1.3 −4.3± 0.6

Genex Co. (Seoul, Korea). Caprylocaproyl macrogol-8 glyc-
eride (Labrasol) was obtained from Gattefosse (Westwood,
NJ, USA). Cremophor ELP was purchased from BASF
(Germany). Tetraglycol was purchased from Sigma Chemical
Co. (St. Louis, MO, USA). All other chemicals were of reagent
grade. The deionized water (DW) was prepared by a Milli-Q
purification system from Millipore (Molsheim, France).

2.2. Preparation of Dtx-Loaded SMES, Dtx-Solution, and
Taxol. A series of SMES was prepared in each of the various
formulas with PLGA, docetaxel, solubilizer, surfactant, and
cosurfactant. Briefly, PLGA, Dtx, Tetraglycol, Labrasol, and
Cremophor ELP in the various ratios (Table 1) were added
into the vial, followed by heating on a hot plate to 60–70◦C
with stirring and vortex mixing until Dtx had perfectly dis-
solved. A solution of 3 mg of SMES was carefully weighed in
10 mL tube. It was then emulsified by contacting to 7 mL DW
and vortexed, followed by keeping at room temperature for
about 30 minutes to use in subsequent studies. The prepared
Dtx-loaded SMES used without any purification. A 6 mg of
Dtx and Ptx was added into 10 mL mixture of Cremophor EL
and ethanol (v/v = 1/1) to prepare Dtx-solution and Taxol,
respectively [19–21].

2.3. Dtx Encapsulation Efficiency. The Dtx-loaded SMES and
Dtx-solution prepared as final concentration of 0.43 mg/mL
of Dtx in 7 mL DW. The flask was allowed to equilibrate
for 30 minutes at RT. The solution was thereafter filtered
through a filter paper. The Dtx encapsulation efficiency in
the solution was analyzed using a high-performance liquid
chromatography (HPLC), Agilent 1200 series LC system
equipped with detection at 220 nm using a diode array detec-
tor (Agilent Technologies, Inc., Santa Clara, USA). A Sunfire
C18 column (4.6 × 150 mm, 5 μm) was used. The mobile
phase consisted of a distilled water : acetonitrile : methanol
(41 : 48 : 11 v/v) mixture, and the column was eluted at a
flow rate of 1.0 mL/min. The Dtx encapsulation efficiency
was calculated by comparison with the standard calibration
curves prepared with known concentrations of Dtx. Three

independent Dtx-loaded SMES experiments were performed
for each Dtx encapsulation efficiency and then averaged.

2.4. Size Analysis of Dtx-Loaded SMES, Dtx-Solution and
Taxol. For analysis, formulation (50 μL) of Dtx-loaded
SMES, Dtx-solution and Taxol were diluted with 50 mL DW
in volumetric flask, followed by vortex mixing gently mixed.
The particle size, size distribution, and surface charge of
resultant formulation were determined by dynamic light
scattering (DLS, ELS-8000, Photal, Japan) at room tem-
perature. The analysis was individually measured for three
samples of Dtx-loaded SMES, Dtx-solution, and Taxol, and
then calculated as average value using three individual sizes.

2.5. Morphology of Dtx-Loaded SMES. The shape and surface
morphology were investigated by atomic force microscopy
(AFM). A 10 μL of Dtx-loaded SMES was transferred onto
silicon wafer which was washed with MeOH. The wafer was
quickly placed in liquid nitrogen, followed by the freeze-
drying for 2 days. AFM measurements were carried out in
the tapping mode with a nanoscope IV instrument (Digital
Instruments Inc.).

2.6. Stability of Dtx-Loaded SMES, Dtx-Solution, and Taxol.
Dtx-loaded SMES, Dtx-solution, and Taxol were prepared
with 7 mL DW or a solution of 0.9% NaCl and 5% bovine
serum albumin (Bovogen, Australia) and individually placed
in 10 mL tube. The tube was constantly shaken at 100 rpm
and 37◦C for 7 days. At the set time, the droplet size
was individually measured for three samples of Dtx-loaded
SMES, Dtx-solution, and Taxol, and then calculated as
average value.

2.7. Cell Culture. B16F10 melanoma cell line was obtained by
Korea Cell Line Bank and cultured in culture media (MEM
(Minimum Essential Medium, Gibco BRL, USA) supple-
mented with 10% fetal bovine serum (Gibco BRL, USA)
and 1% PS (Penicillin streptomycin, Gibco BRL, USA)), and
maintained at 37◦C in 5% CO2 humidified atmosphere. The
cells were seeded into 75-cm2 flasks, cultured, and changed
medium every 2 days.

2.8. Cell Cytotoxicity Tests. B16F10 cell suspension (2 ×
104 cells/well) was seeded in a 48-well plate. The cells were
incubated overnight to allow for cell attachment under cul-
ture media. The cells were incubated without and with Dtx-
loaded SMES, Dtx-solution, and Taxol for 7 days without
changing of culture media [19–21]. The final concentration
of the Dtx and Ptx in the cell culture medium was adjusted
to 1 μg/mL. Cell viability was determined by using water-
soluble enzyme substrate MTT which was converted to
purple water-insoluble product formazan accumulated in the
cytoplasm of viable cells. Cell viability of each well performed
individually and then calculated as average value. In brief,
100 μL of PBS solution of the MTT tetrazolium substrate
(5 mg/mL) was added after 1, 4, and 7 days. After incubation
for 4 h at 37◦C, the resulting purple formazan precipitate was
solubilized by the addition of 1 mL of DMSO and shaken
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F1-0 F2-0 F3-0

(a) 0 day in DW

F1-7 F2-7 F3-7

(b) 7 day in DW

F1-0 F2-0 F3-0

(c) 0 day in BSA

F1-7 F2-7 F3-7

(d) 7 day in BSA

Figure 1: Pictures (a, c) before and (b, d) after incubation at 37◦C for 7 days of Dtx-loaded SMES prepared in (a, b) DW and (c, d) BSA with
different formulations F1–F3.

for 30 minutes. An aliquot from each well (100 μL) was
transferred to 96-well plates and then read using a plate
reader of an ELISA (E-max, Molecular Device, USA). The
optical density of each well was determined at 590 nm.

2.9. Statistical Analysis. Cytotoxicity data were obtained
from independent experiments in which each of the five
treatment conditions were tested in triplicate. All data are
presented as means ± standard deviations (SD). The results
were analyzed by one-way ANOVAs using the Prism 3.0
software package (GraphPad Software Inc., San Diego, CA,
USA).

3. Results and Discussion

3.1. Preparation of Dtx-Loaded SMES. The Dtx-loaded SMES
were prepared by using Dtx, tetraglycol, Cremophor ELP,
Labrasol, and PLGA; the formulation is summarized in
Table 1. The prepared Dtx-loaded SMES were observed
visually. As shown in Figure 1(a) Dtx-loaded SMES (F1–F3)
showed the transparent emulsion solution for all formula-
tions, indicating that Dtx was successfully incorporated into
the SMES. The Dtx encapsulation efficiency is above 70%.
Dtx-solution and Taxol showed the transparent solution.

The size and size distribution of Dtx-loaded SMES
measured by DLS were shown in Table 2. The average size
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Figure 2: AFM image of Dtx-loaded SMES (F3).
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Figure 3: DLS images measured after incubation at 37◦C at 0, 4, and 7 days of Dtx-loaded SMES prepared in BSA with different formulations
F1–F3 (0, 4 and 7 represent the incubation time).

of the Dtx-loaded SMES determined from the DLS was
in the range of 80–100 nm. It seemed that the changes of
PLGA molecular weight did not significantly affect the size
of the resultant Dtx-loaded SMES. Even though the droplet
size distribution was slightly broader for increasing PLGA
molecular weight, F1–F3 is formulation with appropriate
size. Meanwhile, Dtx-solution and Taxol showed the average
size in the range of 200–300 nm.

The AFM morphology of Dtx-loaded SMES showed the
spherical shape with smooth surface as shown in Figure 2. A
comparatively uniform droplet size of Dtx-loaded SMES was
also observed at AFM, indicating no aggregation or adhesion
among SMES.

3.2. Stability of Dtx-Loaded SMES. The stability of Dtx-
loaded SMES is important to maintain the in vivo therapeu-
tic concentration of Dtx. Surface charge may be an important
indication for the stability of Dtx-loaded SMES in medium.
The zeta potential of the Dtx-loaded SMES indicates the
negative surface charges (Table 1). This implies that the
repulsion among the Dtx-loaded SMES with the same type
of surface charge can provide stability.

To examine stability of the solubilised Dtx in DW and
BSA condition, Dtx-loaded SMES, Dtx-solution, and Taxol
were prepared with DW or a solution of 0.9% NaCl and 5%
BSA (Figures 1 and 4). The prepared Dtx-loaded SMES, Dtx-
solution, and Taxol were constantly shaken at 100 rpm and
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Table 2: The changes of average particle size by incubation for 0–7 days at 37◦C of Dtx-loaded SMES prepared in DW and BSA condition
with different formulations F1–F3.

Condition In DW In BSA conditiona

Formulation F1 F2 F3 F1 F2 F3

Particle size (nm)b
Initial 85± 1 92± 3 93± 13 116± 4 87± 2 113± 8

4 days 93± 5 88± 4 77± 20 218± 15 93± 6 167± 11

7 days 115± 5 99± 4 93± 15 234± 3 126± 9 226± 3
aA solution of 0.9% NaCl and 5% bovine serum albumin.
bThe mean and standard deviation of particle size for each formulation was calculated by individual measurement of three formulations.

Dtx-solution-0 Taxol-0

(a) 0 day in DW

Dtx-solution-7 Taxol-7

(b) 7 day in DW

Dtx-solution-0 Taxol-0

(c) 0 day in BSA

Dtx-solution-7 Taxol-7

(d) 7 day in BSA

Figure 4: Pictures (a, c) before and (b, d) after incubation at 37◦C
for 7 days of Dtx-solution and Taxol prepared in (a, b) DW and (c,
d) BSA.

37◦C for 7 days. There is a little change of particle size for
F1–F3, Dtx-solution, and Taxol prepared in DW as shown in
Figures 1(b) and 1(d), indicating the stability of Dtx-loaded
SMES, Dtx-solution, and Taxol in DW.

For Dtx-loaded SMES, Dtx-solution, and Taxol prepared
in BSA, the size of Dtx-loaded SMES steadily increased as
a function of time (Table 2). The sizes of F1 and F3 at 7
days were approximately two times larger than those at 0 day.
Meanwhile, F2 was maintained the original size for at least 4
days and only increased from 87 to 126 nm (Figure 3). It can
be noted that proper Dtx encapsulating formulation can lead
to stability of solubilised Dtx. Meanwhile Dtx-solution and
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Figure 5: In vitro cytotoxicity of B16F10 melanoma cell against
Dtx-loaded SMES of formulations F1, F2, and F3 for 1, 4, and 7
days. The cells grown on a culture plate without Dtx-loaded SMES
were used as the control and the cells with Taxol and Dtx-solution
were used for comparison (∗P < .001).

Taxol precipitated immediately in BSA condition, indicating
nonstability of Dtx-solution and Taxol (Figure 4).

3.3. Antitumor Activity of Dtx-Loaded SMES. The cytotoxi-
city for Dtx-loaded SMES (F1–F3), Dtx-solution, and Taxol
for comparison was evaluated using B16F10 melanoma cell
line (Figure 5). The B16F10 cells in the control experiment
proliferated as a function of culture time. However, the
viability of the B16F10 cells incubated with Dtx-loaded
SMES (F1–F3) was approximately 50%–60% and 30%–
40% at 4 days and 7 days, indicating that increasing the
incubation time from 24 to 48 h led to more cell death.
A similar viability of the B16F10 cells was observed when
Dtx-solution and Taxol were used for 4 days. However, the
viability of the B16F10 cells for Dtx-solution and Taxol was
maintained when the incubation time was extended to 7
days. This indicates that the Dtx-loaded SMES was somewhat
more effective in inhibition of B16F10 cell proliferation than
Dtx-solution and Taxol. Thus, it appeared that the slightly
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improved inhibition of B16F10 cell proliferation may be due
to the Dtx-loaded SMES’s stability.

4. Conclusion

The authors prepared the Dtx-loaded SMES to improve their
stability. The prepared Dtx-loaded SMES showed a spherical
shape in the range of 80–90 nm. The authors found that
the formulation of the Dtx-loaded SMES prepared in DW
and BSA showed a little change in the particle size for
7 days. Dtx-loaded SMES showed an inhibitory effect on
B16F10 melanoma proliferation. Thus, further research on
the animal model using Dtx-loaded SMES prepared in this
work is now in progress.
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Paramagnetic particles offer an extensive improvement in the magnetic separation or purification of a wide variety of protein
molecules. Most commercial paramagnetic particles are synthesized by laborious and costly procedures. A straightforward
production of paramagnetic microparticles with homogeneous and selectable sizes using flow focusing (FF) technology is
described in this work. The development of an initial formulation of a stable iron oxide suspension compatible with the FF
requirements is also reported. The obtained particles, below 10 microns in diameter and presenting smooth and reactive surface,
were codified with an organic fluorophore and showed excellent properties for covalent attachment of biomolecules such as
proteins and its subsequent recognition by flow cytometry. Furthermore, particles with suitable magnetite content resulted as
well-suited for commercial magnet separators for these purposes.

1. Introduction

Magnetic polymer particles usually consist of a core of
silica or polystyrene covered by paramagnetic nanoparticles,
typically iron oxide. In other cases iron oxide is entrapped
within a polymer matrix that can be engineered to exhibit
the desired physical and chemical properties, providing a
reactive surface to which proteins and polynucleotides can
be conjugated. The conventional methods for preparing
paramagnetic microparticles include (a) swelling [1], (b) dis-
persion polymerization [2], (c) emulsion polymerization [3],
(d) emulsion-solvent extraction-evaporation [4], (e) porous
membranes [5], (f) layer-by-layer [6], (g) conventional sol-
gel method [7].

Commercial particles for these purposes are produced by
a multiple-step procedure resulting in a laborious and costly
production process.

Magnetic particles offer high potential benefits in mul-
tiple fields, particularly in biotechnology and biomedicine.
According to their use in these later fields, they can be
simply classified into two wide groups: particles for in vivo
or in vitro [8–10] applications. In biochemical applications,
the use of these particles for multiplexed assays constituted
a particularly useful tool, allowing homogeneous results,
facilitating the sample manipulation, and avoiding the risk
of sample loss.

In these uses, paramagnetic microparticles need to satisfy
the following prerequisites: they should be stable in water,
uniform in size, and responsive to magnetic field gradients.
In addition, they must be identifiable by a suitable system
(usually by an optical codification system) [10–16].

Here we report a very versatile and controlled procedure
for the production of dye-labelled solid paramagnetic poly-
meric microparticles, yielding remarkable size accuracy with
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negligible size dispersion and allowing surface engineering
or design. We demonstrate some crucial advantages over
alternative methods for the size ranges considered in this
work (from about 1 to 10 microns):

(i) high production rate from a single nozzle (some
orders of magnitude by multiplexing can be scaled up
though this is out of the scope of present work),

(ii) one-step production,

(iii) selectable size using the same device,

(iv) strict control on the particle size distribution (zero-
rejection production).

The first stage of the synthesis procedure implies the
elaboration of a stable magnetite suspension. We have
evaluated several stabilizing agents to obtain a suitable
magnetite suspension compatible with a standard Flow
Focusing (FF) nozzle. Then, we directly utilize the magnetite
suspension to produce nearly monodisperse drops without
any external excitation source or additional purification steps
[17] inside a continuous phase. Those drops yield solid
microspheres through solvent extraction by the continuous
phase. This approach allows the production of magnetic
fluorescent-encoded beads with a uniform morphology,
narrow diameter distribution, and controlled and suitable
fluorescent and magnetic properties in a one-step easy way.
Magnetic properties were evaluated by a simple magnetic
separation test and by measuring magnetite content. The
effectiveness of the microbead array for covalent attachment
of biomolecules was tested in a quantitative way. Finally,
the ability of the fluorescently labeled microspheres for the
detection of biomolecule interactions using flow cytometry
was also tested, extending the study of previously synthesized
“barcoded” particles produced by the FF technology [18].

1.1. Flow Focusing Technology. In short, FF is a simple and
low-cost atomization technique based on the combination
of a specific geometry and hydrodynamic forces providing
a remarkable accuracy in size, narrow size dispersion,
and feasibility. The appropriate fluid combinations allow
not only particles to be obtained but also monodisperse
bubbles, sprays, or emulsions at micro- and nanoscales. The
phenomenon is characterized by the presence of a steady
microjet which is “sucked” through a small orifice and
eventually breaks up into droplets of well-defined size under
very gentle operation conditions and reliability [19].

One of its most important innovative applications is
the possibility of obtaining solid microparticles by means
of solidifying the controlled-size microdrops generated.
Depending on the nature of the fluids employed, different
solidifying processes can be used: thermal solvent evap-
oration/extraction, cooling of melted materials, chemical
hardening, UV-curable monomers, and so forth. As the
drops are generated with a precise, narrow size distribution,
the solid particles maintain the same geometrical features. In
addition, this technology is suitable for particle engineering
through the manipulation of its internal morphology, all
in one-step: depending on the use of single, multiple or

coaxial feeding capillaries, homogeneous particles, or sin-
gle/multivesicle microcapsules with one or multiple shells of
controllable thickness can be achieved. Some nice examples
of particle production by FF technology are controlled
multicore microcapsules [20], poly(lactic-co-glycolic acid)
(PLGA) particles for drug encapsulation of hydrophilic
(gentamicin sulphate) [21] and lipophylic (lidocaine) drugs
and also for proteins such us green fluorescent protein [22,
23], solid lipid particles obtained by spray cooling using a
special thermostated FF nozzle [21], or encoded fluorescent
microparticles for biomolecules detection [17, 18].

One of the main advantages of FF technology is the
predictability of the final microparticle diameter with a
remarkable accuracy. In the present work, the FF technology
was adapted to the solvent extraction encapsulation method
using a simple FF liquid-liquid configuration. In this case, the
drop diameter (dg) could be calculated from the expression
of the jet diameter (d j) as

dg =
(

3π
2k

)1/3

dj , (1)

where k is the wavenumber of the fastest growing pertur-
bation on the jet (approximately k ≈ 0.5 for most liquid-
liquid combinations) which depends on the viscosities and
densities ratios between the inner and outer liquids [20, 24].
The jet diameter depends on geometry of the nozzle (mainly
D, orifice diameter) and the operating conditions (mainly the
liquid flow rates; see references [18, 25, 26]) only. Hence, the
final droplet diameter can be written as

dg =
(

3π
2k

)1/3(Qd

Qt

)1/2

D, (2)

where Qd and Qt are the inner and outer fluid flow rates,
respectively.

The particle diameter (dp) is calculated by taking into
account the drop diameter, the polymer density (ρp), and the
polymer concentration (C, mass of polymer per volume of
solution):

dp =
(

3πC
2kρp

)1/3(
Qd

Qt

)1/2

D. (3)

Thus, given a desired final particle diameter, it is possible to
set up the experimental conditions so as to drastically reduce
the numbers of trials, or, conversely, for a specific flow rate
combination and properties of the liquids, the final particle
diameter can be predicted.

Several technological approaches have been previously
used to synthesize magnetic particles for these purposes.
However, important limitations were found related to

(i) the nozzle geometry, where even the nozzle orienta-
tion affected the particle morphology due to the effect
of gravity forces [27],

(ii) the nozzle fabrication: nozzles fabricated in PMDS
(poly(dimethylsiloxane)) by soft lithography needed
to be pretreated to avoid wetting problems and
presented leak problems [27–29],
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(iii) the method applied for drop solidification such us
UV-curable monomers, which required the appli-
cation of high temperatures for long times (60◦C,
overnight) [28] and to remove monomer in excess
[29] or to employ toxic reactants such us glutaralde-
hyde as a cross-linker agent [30].

2. Materials and Methods

2.1. Materials. The following chemicals were purchased
from Sigma-Aldrich (USA) and were used as received: poly-
styrene (PS) (Mw = 4000−200000); poly(styrene-co-maleic
acid) partial isobutyl/methyl ester (PSMiso); poly(styrene-
co-maleic acid) partial sec-butyl/methyl esther (PSM-
sec); rhodamine B; magnetite Fe3O4 98%,dichloromethane
(DCM) 99.9% grade HPLC; oleic acid; polyvinyl alcohol
(PVA), MW 72000; protein G, protein A, and fluorescein-
labelled rabbit antimouse antibody. Ethyl acetate (EA) PRS
was obtained from Panreac Quı́mica S.A. (Barcelona, Spain),
Ethocel from The Dow Chemical Company, and Aerosil 200
Pharma, Eudragit RS PO, and Eudragit S100 from Degussa
AG, Barcelona, Spain.

2.2. Methods

2.2.1. Preparation of Magnetite Suspension. To elaborate
the paramagnetic nanoparticle suspension, oleic acid, sil-
icon oxide (Aerosil 200 Pharma), cellulose (Ethocel), and
methacrylates (Eudragit RS PO, Eudragit S100) were assayed
as stabilizing agents.

As a carrier, a 4% w/v polymer solution was prepared
in ethyl acetate (EA). Then, the stabilizing agent was
codissolved or dispersed in that solution at different con-
centrations (0.6−1.5% w/v). After this, an accurately weighed
aliquot of the paramagnetic nanomaterial (40−160 mg),
20−30 nm in size, was added and dispersed by sonication for
5 minutes. The newly prepared suspension was left standstill
for 60 minutes. To evaluate the degree of sedimentation,
several images of the suspension in a 10 mL glass vial were
taken at 0, 10, 30, and 60 minutes. Finally, the presumed
stable suspension was filtered through a 15−20 μm filter
(Albet LabScience, Spain).

2.2.2. Preparation of Paramagnetic Microparticles by FF.
An axisymmetric FF device was employed to prepare the
paramagnetic microparticles at 25 ± 1◦C in a simple liquid-
liquid configuration, adapting the technology to the tradi-
tional emulsion-evaporation/extraction microencapsulation
method (see Figure 1(a)).

A simple FF nozzle, model Avant (with geometric
dimensions D = 100μm, D0 = 150μm, and H = 100μm;
see Figure 1(a)) (Ingeniatrics Tecnologı́as S.L., Spain) was
used to produce an o/w emulsion (see Figure 1(b)). The
magnetite suspension, oil phase (focused fluid), was injected
using a syringe pump (Harvard Apparatus, mod. “44”
programmable, 55−1144) rated at 0.25−2 mL/h. The aqueous
phase, distilled water (focusing fluid) was injected through

Focused fluid

Focusing fluid

D1

H

D

(a)

Syringe pump Focused
fluid

Focusing
fluid

HPLC pump

FF nozzle

Distilled
water

Air supply

(b)

Figure 1: A simple FF nozzle (a) Scheme of functioning (D1
inner diameter of capillary tube, H distance capillary tube and
nozzle exit, D diameter of exit orifice); (b) Experimental setup
for paramagnetic microparticle production adapting FF to the
traditional microencapsulation method emulsion-evaporation of
solvent.

an HPLC pump (Shimadzu Corp. mod. LC-10AD vp,
Germany) at 2−4 mL/minute.

With a proper control of the relative flow rates of the
two fluids employed, the oil phase steady microjet (magnetite
suspension) issuing from the nozzle became unstable at
a certain station and broke into uniform droplets [19,
25, 26]. To avoid microdrop coalescence or deformation,
the emulsion was produced in a bath containing a PVA
solution 1% w/v under agitation for 3 hours by continuous
air bubbling. After this time, the solvent was evaporated
and the microdrops formed solid microparticles which were
collected by centrifugation (4500 rpm, 10 minutes, Orto
Alresa, mod. Digicen, Spain) and washed three times with
fresh distilled water. The microparticles were then stored
either as dry powder after freeze-drying [frozen in liquid
nitrogen and lyophilized at −80.0 ± 0.5◦C and 0.057 mbar;
(Telstar, Cryodos, Spain)] or as a suspension, in distilled
water containing sodium azide (0.2% w/v) to avoid microbial
growth, and stored at 4.0 ± 0.5◦C , in order to increase
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their physicochemical stability but without significantly
modifying their characteristics.

To produce encoded paramagnetic microparticle with an
optically identifiable code, rhodamine B was used as a model
fluorophore. It was codissolved with the polymer in ethyl
acetate at 0.2 mM concentration.

2.2.3. Characterisation of the Paramagnetic Microparticles
(MPs). The shape and surface characteristics of the micro-
spheres were determined by scanning electron microscopy
(SEM) (Philips XL-30, USA) after coating lyophilised sam-
ples with a gold thin film. MP diameters of nonlyophilised
samples were determined under conventional microscopy
(Leica DM LS) using an image-processing program (Image
J. 1.30 v). Diameters from 500−1000 microparticles randomly
selected from various micrograph images were measured and
statistically processed. Results obtained were confirmed by
SEM.

The magnetite content was determined by measuring the
content of Fe atoms in lyophilised samples by inductively
coupled plasma mass spectrometry (ICP-MS) (Thermo Ele-
mental X-7, Termo Scientific) at 259.940 nm. Samples were
previously digested in a microwave digester (Anton Para,
mod. 3000) by adding nitric acid and hydrogen peroxide.

The magnetite content was expressed as an encapsulation
efficiency percentage (%EE):

%EE =
(
Q

Qi

)
∗ 100, (4)

where Q is the amount of magnetite encapsulated and Qi the
initial magnetite amount employed.

The paramagnetic microparticle behaviour under cova-
lent coupling protocol conditions was also studied. The
effect of pH and temperature on microparticle aspect and
morphology was evaluated for different periods of time.

2.2.4. Magnetic Separation Test. Magnetic particles 5 μm in
diameter, dispersed in 50 mL distilled water at a concentra-
tion of ≈107 particles/mL were placed in a commercial mag-
netic separator (Merck ref. 69964). After prefixed intervals of
time, an aliquot from supernatant was evaluated by counting
the number of free particles in suspension using a Bürker
camera.

2.2.5. Coupling of Protein G/A and Interaction Detection. In
order to evaluate the affinity binding capacity of synthesized
particles protein coupling assays were performed by the
carbodiimide method as in previous work [18]. This is the
most extensively used approach for coupling biomolecules
to carboxylated surfaces. The method consists of activating
carboxylic acid groups towards amide or ester formation.

Briefly, for protein conjugation, particles were acti-
vated with a freshly 1-ethyl-3-(3-dimethylaminopropyl)car-
bodiimide (EDC) solution in an activating medium, MES
pH 5.4, for 20 minutes under stirring at room tempera-
ture. After several centrifugal washings microparticles were
resuspended in coupling buffer, PBS pH 7.4, containing
protein A or G. Then, particles were incubated for 2 hours

Table 1: Formulations tested to produce paramagnetic micropar-
ticles by using a FF simple nozzle (for F3 to F9. Cpolym indicate
polymer mixes of PS + PSM).

Formulation
Cpolym

(%w/v)
Stabilizing agent(%w/v) Magnetite

(%w/v)
Aerosil Ethocel

Eudragit
RSPO

F1 1 0.6 — — 0.4

F2 1 — — 0.6 0.4

F3 0.5 + 0.5 0.6 — — 0.4

F4 1.4 + 0.6 0.6 — — 0.4

F5 1.4 + 0.6 0.9 — — 0.4

F7 2.8 + 1.2 0.6 — — 0.4

F8 2.8 + 1.2 1.8 — — 0.4

F9 2.8 + 1.2 0.9 — — 0.4

F11 4 1.8 — — 0.4

E2 4 — 1 — 0.6

E3 4 — 1.5 — 0.8

E5 4 0.6 1 — 0.6

under stirring agitation. After this, particles were collected
by centrifugation (13000 rpm, 2 minutes; Eppendorf) and
washed three times with washing buffer, MES 50 mM, NaCl
2 M and Tween 20 0.02%, pH 6. Finally, a blocking solution
was added, PBS, NaN3 0.1%, and BSA 1%, pH 7.4.

3. Results

3.1. Stability of Magnetite Suspension. As it was previously
indicated, to produce the paramagnetic microparticles by a
simple FF device, the formation of a paramagnetic nano-
material suspension was required, constituting the focused
fluid. This suspension had to be stable for the time necessary
to guarantee the formation of particles with a minimal and
homogeneous content in magnetite.

This was a crucial and difficult goal due to the density of
magnetite, 4.8−5.1 g/L. The time required for a suspension to
be considered stable was fixed at 60 minutes.

Different results were obtained depending on the mate-
rial employed as stabilizing agent. The best results in terms of
suspension stability were achieved with Aerosil 200 Pharma
at concentrations over 12% w/w, which were capable of
producing stable suspensions after 72 hours. The rest of
the formulations were excluded for MP production due to
suspension instability.

3.2. Microparticle Morphology and Aspect. The SEM images
in Figure 2 are representative of the paramagnetic micropar-
ticle populations 5 μm in diameter prepared by FF. A TEM
image of commercial magnetite is also included (Figure 2(i))
(Philips CM-10). The surface features of the microparticles
depended on the stabilizing agent employed and its concen-
tration.

As it can be seen, spherical microparticles were obtained
in all cases with the exception of the particles prepared
with Eudragit RS PO (Figure 2(b)). In those cases where
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Figure 2: MPs aspect and morphology for formulations indicated: (a) F1; (b) F2, elaborated with Eudragit RSPO; (c) F5; (d) F7; (e) F8; (f)
F9; (g) E3; (h) blank particles and, (i) TEM image of magnetite employed.

Aerosil or Ethocel was employed as stabilizing agents for
the primary magnetite suspension, spherical particles were
achieved although the particle surfaces depended on the
magnetite/polymer/stabilizer ratio.

The effect of polymer concentration can be observed
in Figures 2(a), 2(c), and 2(e). In these cases, the polymer
concentration was 1, 2, and 4% w/v, respectively, and the
stabilizing agent concentration was 30% w/w. Interestingly
enough, as the polymer concentration increased, more
regular spherically shaped particles were obtained. When the
polymer concentration was kept at 4% w/w and the Aerosil
concentration decreased from 30 to 12% w/w, it was possible
to obtain particles with almost smooth surfaces (see Figures
2(d), 2(e), and 2(f)). This is an important aspect, because
particles with highly porous surfaces promote unspecific
unions that pose hindrances to the final application [31].

Ethocel, a water-insoluble ethyl cellulose used worldwide
for many different functional purposes in pharmaceutical
products, was also employed as a stabilizing agent in the
range of 9 to 25% w/w. Figure 2(g) shows an example of

this type of particle. In all cases, spherical smooth particles
were obtained (similar pictures not shown were obtained for
the rest of the formulations tested). For illustrative purposes,
Figure 2(h) shows “blank” particles, without magnetite.

3.3. Microparticle Size and Size Distribution. In the exper-
iments here reported, particle size analysis showed nearly
monosized particles with selectable size between 3 and 10 μm
in diameter, almost five times smaller than some published
examples of magnetic particles obtained using devices based
on FF principle [27–30].

Table 2 summarizes the diameters obtained as a function
of polymer and Aerosil concentration using a flow rate of
3 mL/minute for the focusing fluid and 1 mL/hour for the
focused fluid (magnetite suspension).

In order to determine the versatility of the particular FF
device designed for the particle production, the possibility of
producing paramagnetic microparticles with programmable
or selectable sizes using the same nozzle was studied. For this
purpose, several combinations of fluid rates were tested to
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Table 2: MPs size as a function of polymer and Aerosil concentra-
tion (Magnetite 4% w/v, Qt 3 mL/min, Qd 1 mL/h).

Formulation D th (μm) Dmedium (μm) SD (μm) VC (%) GSD

F2
4.0

3.73 0.59 15.96 1.18

F3 3.80 0.39 10.34 1.10

F4
4.7

4.94 0.41 8.37 1.09

F5 4.95 0.49 9.86 1.09

F7 5.2 5.55 0.53 9.61 1.10

F8 6.2 6.03 0.67 11.06 1.12

F9 5.8 6.09 0.75 12.29 1.34

F11 5.8 5.78 0.25 4.39 1.05

obtain particles below 10 μm in diameter (some of them are
shown in Figure 3). The formulation used for this study was
F11. Figure 3 shows some of the results obtained.

For a given flow of focused fluid, an increase of the
focusing liquid rate of flow leads to a decrease of the
microparticle diameters. For a fixed focusing liquid rate of
flow, an increase of the focused fluid flow rate leads to an
increase in diameter(3). Thus, using a single nozzle with fixed
geometrical parameters, it is possible to provide the required
microparticle size by a simple adjustment of the liquid flow
rates. The process setup also allowed the high-throughput
synthesis of particles (109 particles per hour and per nozzle)
in a continuous manner superior to related procedures
for the production of magnetic particles described in the
literature [27–29, 32].

The reproducibility of the process was also confirmed.
Using flow rates Qd = 1 mL/hour and Qt = 3 mL/minute, the
intralot diameter was 5.78 μm ± 0.25 μm with a VC equal
to 4.39% (n = 5). The incorporation of rhodamine B into
these polystyrene particles did not modify the final particle
diameter.

In all cases, the experimental data were in accordance
with the theoretical FF predictions (theoretical diameters
are included in Figure 3). Successful results using the same
mathematic model have been also reported for other loaded
microparticles [21, 23].

3.4. Magnetite Content . The magnetite content was deter-
mined by ICP by measuring the Fe atom percentage. The
theoretical Fe atom percentage in magnetite is 70.9%.
Elemental analysis gave 69.2%. This experimental datum was
used as the reference to calculate particle magnetite content.

Table 3 lists the results for the indicated formulations.
The best results were obtained using Aerosil as stabilizing

agent, yielding an EE% of 74%. In the case of formulations
with Ethocel, the maximum EE was about 28%. These results
can be explained probably due to a more stable magnetite
suspension obtained using Aerosil as stabilizing agent.

3.5. Microparticle Stability in Covalent Coupling Protocols.
The aim of this brief study was to test the stability of
microparticles under the pH, temperature, and time con-
ditions involved in a covalent union process, following the
usual protocols for multiplex assays.

Table 3: Magnetite content determined by ICP for formulations
indicated (mean ± SD).

Sample Fe th
(% w/w)

Fe exp .
(% w/w)

EE%
(Fe)

EE%
(magnetite)

Magnetite 70.91 69.784 ± 0.33 — —

F8 4.48 3.09 ± 0.23 68.94 ± 0.30 74.01 ± 0.27

F9 4.48 0.605 ± 0.15 13.50 ± 0.53 14.49 ± 0.48

F11 4.48 2.382 ± 0.46 53.14 ± 0.45 57.05 ± 0.43

E2 6.84 1.22 ± 0.39 17.84 ± 0.49 19.15 ± 0.29

E3 7.53 1.80 ± 0.27 26.32 ± 0.38 28.26 ± 0.17

E5 6.73 1.22 ± 0.38 18.14 ± 0.60 19.47 ± 0.58

Table 4: Experimental conditions for paramagnetic microparticles
stability study (particles were 5 μm in diameter).

Medium pH T (◦C) Time (h)

PBS 7 37 2 4

MES 6 37 2 4

PBS-BSA 7.4 37 2 4

DENHART 8
90 10 minute —

55 2 4

Three types of polystyrene were employed as the polymer
matrix formed to prepare the paramagnetic particles: PS,
PSMiso, and PSMsec. Particles 5 μm in diameter were
dispersed in different media and observed under optical
microscopy at preset times (see Table 4).

In PBS (pH 7), MES (pH 6), and PBS-BSA (pH 7.4)
media, the microparticles maintained their morphology and
size at 37◦C for 4 hours, independently of the polymeric
matrix composition.

The particles prepared with PSMsec also kept their
properties at 90◦C for 10 minutes and 55◦C in Denhart
medium (pH 8) for 4 hours, in contrast to those elaborated
employing PSMiso. In this case, the particles showed a clear
halo, began to dissolve and swelled, increasing their size in
the first minutes of the assay (see Figure 4).

In view of these results, PSMsec was selected as the
optimal polymer to prepare the MPs. Like the PSMiso, this
polymer presents carboxyl groups at a high density (acid
value ∼ 180 mg KOH/g) which facilitates covalent unions.
The improved stability of PSMsec could be due to the
chemical structure of the sec-butyl residue that precludes any
reagent to approach the carboxyl group.

3.6. Magnetic Separation Test. Highly magnetic particles
are particularly useful in an immunoassay for their faster
separations and thus faster assays becoming possible. Results
obtained from this test are nicely shown in Figure 5, where
the magnetic separation of F11 and E3 particles suspensions
was very similar, confirming the higher magnetization of
both formulations.

3.7. Immunoassays. Selected paramagnetic microparticles
obtained were evaluated for immunoprecipitation assays.
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Figure 4: Presence of a dissolution halo for paramagnetic particles
elaborated using PSMiso after 10 min incubating in Denhart
medium at 90◦C.

Proteins G and A were covalently coupled onto F11-codified
microparticle surfaces.

Figure 6(a) shows a fluorescence microscopy image from
F11 microparticles codified with rhodamine B.
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Figure 5: Change in free particles (%) in suspension as a function
of magnetic separation time.

3.7.1. Analysis of Protein-Protein Interaction. To confirm the
union, particles were incubated with a fluorescent-labeled
antibody (fluorescein-labeled rabbit antimouse antibody),
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Figure 6: (a) Fluorescence microscope image of paramagnetic microparticles 5 μm in diameter codified with Rhodamine B (formulation
F11) and fluorescence flow cytometry profiles for (b) naked E3 microparticles and coupled E3 microparticles with protein G or protein A
after incubating with 0.1 mg/ml antibody solution and (c) protein G coupled E3 microparticles after incubation with increasing antibody
concentration solutions.

measuring their fluorescence by flow cytometry (FACSCal-
ibur, Becton Dickinson).

0.3 mg of microparticles conjugated to the analyte was
incubated for 1 hour in 100 μL of a BSA 1% w/v solution
in PBS buffer (pH 7.4). After that, samples were incubated
with the fluorescent-labeled antibody in PBS buffer at several
concentrations (0−100 μg/mL) for 1 hour, then washed three

times with Tween 20 0.02% (v/v), NaCl 2 M, in MES hydrate
buffer 50 mM solution, pH 5.4 and then analyzed using flow
cytometry.

After coupling protein A or protein G to F11 microparti-
cles and incubating with a 0.1 mg/mL solution of fluorescent-
labeled antibody, increased fluorescence was observed in
comparison to that from particles not coupled with an
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immunoglobulin binding protein (see Figure 6(b)). To
confirm that the increased fluorescence was not due to
the previously coupled protein, protein G-coupled F11
microparticles were incubated with different fluorescent
antibody solutions. An increase in microparticle fluorescence
was observed as the concentration of antibody increased
(see Figure 6(c)) from 0.02 μg/mL to 50 μg/mL, allowing
a quantitative detection for the antibody in this interval of
concentrations.

The same experiments were performed with E3 particles
(data not shown), and the results were similar.

It is thus possible to conclude that the paramagnetic
microparticles produced by FF technology are useful for
immunoprecipitation assays.

4. Conclusions

A simple method has been described for the control-
lable production of functionalized paramagnetic polystyrene
microparticles using a combination of flow focusing (FF)
and the solvent extraction/evaporation technique. A stable
magnetite suspension was produced using silicon oxide as
stabilizing agent. Here, a two-phase fluid (magnetite suspen-
sion) was flow focused into a laminar capillary microjet to
yield monodisperse drops by capillary breakup, showing no
differences with a flow-focused single-phase liquid in terms
of drop size prediction. This fact confirms the wide range
of possible uses of FF, expanding the fluid natures that this
technique can accommodate.

The process here reported is potentially a very helpful
procedure for efficient microparticle engineering, yielding
paramagnetic monodisperse microparticles with diameters
of a few microns and a functional surface: a suitable tool for
separation processes.

The production of encoded microparticles was also
described. The functionality of dye-labelled beads was evalu-
ated allowing conjugation of biomolecules such as proteins.
Conjugated microparticles represent a valuable tool for the
detection of analyte interactions, using flow cytometry as one
of the most accurate and simple techniques for analysis.

To summarize, FF could be regarded as a suitable low-
cost alternative for the mass production of high-quality
micro-bead arrays and microparticles for separation pro-
cesses. The dye-labeled microspheres produced have been
validated for their useful properties in the analysis of
biomolecules.

Notation

C: Polymer concentration (% w/v)
Dg: Drop diameter
Dj: Jet diameter
Dp: Particle diameter
D: Diameter of the outlet orifice (μm)
D0: Inner diameter of the capillary (μm)
D th: Theoretic particle diameter predicted by FF

technology (μm)
Dmedium: Measured mean particle diameter (μm)

EA: Ethyl acetate
EE: Encapsulation efficiency
GSD: Geometrical standard deviation (μm)
H: Distance between the capillary and the outlet

(μm)
ICP-MS: Inductively coupled plasma mass

spectroscopy
PMDS: Poly(dimethylsiloxane)
PS: Polystyrene
PSMiso: Polystyrene isobutyl
PSMsec: Polystyrene sec-butyl
PVA: Poly(vinyl alcohol)
Qd: Focused fluid flow rate (mL/h)
Qt: Focusing fluid flow rate (mL/minute)
Q: Amount of magnetite encapsulated
Qi: Initial magnetite amount
RhB: Rhodamine B
SEM: Scanning electron microscopy
SD: Standard deviation (μm)
VC: Variation coefficient.

Acknowledgments

This work was funded by the Spanish Ministerio de
Ciencia y Tecnologı́a (Project nos. DPI2002-04305-C02-02
and DPI2000-0392-P4-03), Consejerı́a de Innovación de la
Junta de Andalucı́a (Projects nos. 830446 and TEP-1190),
and Corporación Tecnológica de Andalucı́a e Ingeniatrics
Tecnologı́as S.L. L. M.-Banderas, A. R.-Gil and R. G.-
Prieto are grateful for financial support from the Spanish
Ministerio de Ciencia y Tecnologı́a, University of Sevilla-
El Monte Foundation, and Consejerı́a de Innovación de la
Junta de Andalucı́a grants for researcher formation. The
numerous suggestions of Dr. A. Cebolla are also gratefully
acknowledged.

References

[1] J. Ugelstad, K. H. Kaggerud, F. K. Hansen, and A. Berge,
“Absorption of low molecular weight compounds in aqueous
dispersions of polymer-oligomer particles. A two step swelling
process of polymer particles giving an enormous increase in
absorption capacity,” Makromolekulare Chemie, vol. 180, no.
3, pp. 737–744, 1979.
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“Flow cytometric quantification of competitive reverse
transcription-PCR products,” Clinical Chemistry, vol. 48, no.
9, pp. 1398–1405, 2002.

[13] S. P. Mulvaney, H. M. Mattoussi, and L. J. Whitman, “Incor-
porating fluorescent dyes and quantum dots into magnetic
microbeads for immunoassays,” Biotechniques, vol. 36, no. 4,
pp. 602–609, 2004.

[14] K. Kriz, F. Ibraimi, M. Lu, L.-O. Hansson, and D. Kriz, “Detec-
tion of C-reactive protein utilizing magnetic permeability
detection based immunoassays,” Analytical Chemistry, vol. 77,
no. 18, pp. 5920–5924, 2005.

[15] T. Banert and U. A. Peuker, “Synthesis of magnetic beads
for bio-separation using the solution method,” Chemical
Engineering Communications, vol. 194, no. 6, pp. 707–719,
2007.

[16] P. Wallemacq, J.-S. Goffinet, S. O’Morchoe et al., “Multi-site
analytical evaluation of the abbott ARCHITECT Tacrolimus
assay,” Therapeutic Drug Monitoring, vol. 31, no. 2, pp. 198–
204, 2009.

[17] L. Martı́n-Banderas, M. Flores-Mosquera, A. M. Gañan-Calvo,
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PLGA microparticles engineered by flow focusing: physico-
chemical characterization and protein detection by reversed-
phase HPLC,” International Journal of Pharmaceutics, vol. 380,
no. 1-2, pp. 147–154, 2009.
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Nowadays, most products for dental restoration are produced from acrylic resins based on heat-cured Poly(Methyl MethAcrylate)
(PMMA). The addition of metal nanoparticles to organic materials is known to increase the surface hydrophobicity and to reduce
adherence to biomolecules. This paper describes the use of nanostructured materials, TiO2 and Fe2O3, for simultaneously coloring
and/or improving the antimicrobial properties of PMMA resins. Nanoparticles of metal oxides were included during suspension
polymerization to produce hybrid metal oxides-alginate-containing PMMA. Metal oxide nanoparticles were characterized
by dynamic light scattering, and X-ray diffraction. Physicochemical characterization of synthesized resins was assessed by a
combination of spectroscopy, scanning electron microscopy, viscometry, porosity, and mechanical tests. Adherence of Candida
albicans cells and cellular compatibility assays were performed to explore biocompatibility and microbial adhesion of standard and
novel materials. Our results show that introduction of biocompatible metal nanoparticles is a suitable means for the improvement
of conventional acrylic dental resins.

1. Introduction

To date, up to 95% dental prostheses are composed of
Poly(Methyl MethAcrylate) (PMMA), due to its advantages,
including its optical properties, biocompatibility, and aes-
thetics [1, 2]. However, important issues are still to be
addressed in order to improve acrylic polymers properties
for artificial dentures. For instance, microbial adhesion onto
PMMA has been a long-standing drawback accompanying
long-term PMMA wearers. In dentistry, adhesion and plaque
formation onto PMMA-based resins is a common source
of oral cavity infections and stomatitis [3]. These affections
may cmtinvolve a variety of human pathogens and have
been commonly associated to the oral commensal Candida
albicans [4], an opportunistic pathogen causing emergent
disease within immune suppressed patients [5]. Microbial
adhesion has also been a limiting factor for other PMMA

biomedical applications, such as ophthalmic prostheses,
contact lenses and bone repair [6, 7]. Other weak points
of PMMA materials include lack of strength and toxicity
[8]. Therefore, the search for innovative solutions addressing
these problems is of special interest in the development of
acrylic materials-based implants.

Dental prostheses may include titanium oxide (TiO2) as
a coloring agent; hybrid materials ranging from yellowed-
transparent to red colors may be obtained using TiO2

into a given PMMA formulation. Interestingly, nanosized
structured TiO2 has proved to bear antimicrobial properties,
due to TiO2-induced photocatalytic production of cytotoxic
oxygen radicals [9]. In 1985, Matsunaga et al. reported for
the first time the microbicidal effect of TiO2 photocatalytic
reaction [10]. TiO2 exhibits strong oxidizing power under
irradiation of UV light with water and oxygen environment
around TiO2. Consequently, irradiated TiO2 can decompose
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and/or oxidize most of organic and/or inorganic compounds
[11]. This phenomenon may increase the applicability of
titania for use in the destruction of microorganisms, which
consist primarily of organic-based compounds. In addition,
its high chemical stability, low cost, and nontoxicity make
TiO2 ideal as an alternative material for improving antimi-
crobial properties. Up to now, antibacterial applications of
TiO2 have been employed in various environmental settings.

Various studies have shown that doping TiO2 with
metal or metal oxides, such as Fe3+, strongly improve the
photocatalytic activity, hence increasing their disinfection
effect [10, 11]. In the present study, both TiO2 and Fe2O3

nanoparticles have been integrated into alginate-containing
PMMA resins designed as “pink” gingival substitute and
artificial dental holders. Hybrid inorganic-PMMA materials
were prepared by introducing TiO2 and Fe2O3 nanoparticles
during acrylate synthesis. A combination of physicochemical,
microscopy, and biological analyses were used to characterize
the novel nanoparticles-containing acrylic formulation.

2. Materials and Methods

2.1. Nanoparticles and Reagents. TiO2 and Fe2O3 were kindly
supplied by González Cano y Compañı́a (Mexico). Methyl
Methacrylate, Peroxide Benzoyl and Toluene were purchased
from Sigma (St. Louis, MO), and Sodium Alginate was
obtained from Manufacturera Dental Continental (Mexico).

2.2. PMMA Synthesis. Standard PMMA was synthesized
when Methyl MethAcrylate (MMA) monomer (200 g) was
dispersed in 800 mL of deionized water in a five-neck glass
reactor under nitrogen atmosphere at 70±1◦C and 1200 rpm
under reflux. Then, the suspension was mixed with sodium
alginate (2.5%) as suspension agent and peroxide benzoyl as
initiator (1%). For the nanopigmented PMMA formulation,
TiO2 (0.0150 g) and Fe2O3 (0.009 g) were dissolved in
water and incorporated with MMA to the reaction system.
The resulting PMMA particles were carefully washed and
dried at 60◦C during 24 h. Specimens were prepared by
mixing PMMA powder with MMA (3 : 1) and 1% initiator
and packed into molds. Then, thermopolymerization was
conducted in a water bath at 70±1◦C during 90 min followed
by 30 min in boiling water. Specimens were trimmed with
wet abrasive paper of grit 100 and 300 (Fandeli, Mexico), in
order to obtain 65×10×2.5 mm samples for flexural behavior
analyses, 30 × 10 × 2.5 mm for porosity test, 10 × 0.5 mm
discs for water sorption and solubility tests, and 10 × 2 mm
discs for toxicity assay and Candida albicans adhesion test.
The upper and lower planes of discs for biological assays were
untouched.

2.3. Dynamic Light Scattering. Prior to use, all the solvents
used were filtrated with 0.2 μm filters to eliminate dust and
the sample holder was cleaned with distilled water followed
by acetone, to prevent contamination. For each sample, 2 mg
of particles were suspended in 20 mL of solvent and filtrated.
The samples were maintained in an ultrasonic bath for
10 min. The scattering cells (10-mL cylindrical vials) were

immersed in a large-diameter thermostated bath of index-
matching liquid (transdecalin). Dynamic Light Scattering
(DLS) measurements were performed in a B1-200SM instru-
ment (Brookhaven Instruments Co., Holstsville, NY). The
results were analyzed by using the Nonnegative Least Square
(NNLS) and Contin methods.

2.4. X-Ray Diffraction (XRD). XRD was used to determine
the phases present in the TiO2 and Fe2O3 particles. Diffrac-
tograms were recorded on a MiniFlex, Rigaku Diffractome-
ter. A 2θ diffraction angle per min ranging from 10◦ to 80◦ at
30 kV and 15 mA.

2.5. Spectroscopy. For the synthesized standard and nanopig-
mented PMMA, Fourier Transform Infra-Red (FTIR) spec-
troscopy was conducted in a Bruker Vector 33 Instrument,
by the transmittance technique. Samples were prepared in
KBr pellets with a weight content of around 1%. Briefly, both
resin (∼2 mg) and KBr (∼150 mg) were ground together
into an agate mortar with an agate pestle until the sample
was well dispersed, and the mixture has the consistency of
fine flour. Then, a translucent disk was prepared and FTIR
spectra were obtained in the wavenumber region between
400 and 4000 cm−1. Specimens were also analyzed by Raman
Dispersive Spectroscopy in a Senterra apparatus (Bruker)
equipped with λ = 685 nm laser and FT-Raman (Nicolet
910) with λ = 1064 nm in the laser, coupled with an Olympus
microscope. The sample was directly deposited onto a holder
with no further preparation.

2.6. Scanning Electronic Microscopy. SEM observations were
carried out with a JSM-6060LV scanning microscope (JEOL,
Peabody, MA). The samples were coated with gold by
vacuum evaporation and examined at ×100 magnifications.

2.7. Viscosimetry. Dilute PMMA solutions were made in
toluene. The viscosities were measured using an Ubbelohde
1C capillary viscometer. The test was performed at 25◦C and
the viscosity average molecular weight (Mv) was calculated
using the Mark-Houwink-Sakurada equation [12].

2.8. Flexural Behavior. Flexural strength (S) and flexural
modulus (E) were measured in a tensile-compression cell
(Mecmesin, Horsham, England), using a cross head of
0.5 kg/min. Specimens (n = 10) were loaded to failure in
three-point bending. The parameters were calculated from
the following [13]:

S = 3PL

2bh2 , E = FL3

4δbh3 , (1)

where P is the load at break, b and h are the width and
the thickness of the specimen, respectively, L is the length
between supports (10 mm), δ is the maximum deflection of
the center of the beam, and F is the slope of the tangent to
the initial straight-line portion of the load-deflection curve.
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2.9. Porosity Test. Samples (n = 10) were initially weighted
and placed in a silica gel desiccator. Every 24 h sample
weight was recorded until constant weight was reached
(±0.0005 g). Internal porosity (Vip) of each sample was
calculated through the equation Wa = (dr− da)(Vsp−Vip),
where Wa is the sample weight (g), dr is the acrylic resin
density (1.198 g/cm3), da (0.00123 g/cm3) is the local air
density at 21◦C and 585 mmHg, Vsp is volume of samples,
and Vip is the volume of internal porosity (cm3) [14].

2.10. Water Sorption and Solubility Test. The discs (n = 10)
were weighted (mg) and placed in a silica gel dessicator, every
24 h the discs were weighted until constant mass (m1). Discs
were placed in distilled water for 7 days at 37±1◦C. After that,
the discs were dried and weighted (m2). The discs were placed
in the dessicator again and weighted every 24 h until constant
mass (m3). Area (A) of each sample was calculated in cm2.
Water sorption (Ws) and Solubillity (Sl) were calculated as
follows [15]: Ws = (m2 −m1)/A; Sl = (m1 −m3)/A.

2.11. Toxicity Assay. Specimens from standard and nanopar-
ticles-pigmented PMMA resins were prepared and sterilized
by exposure of both faces to ultraviolet irradiation during
5 min. Biocompatibility was assessed by an in vitro test
performed in cultured cells in the presence of the new
materials [8, 16, 17]. Briefly, NIH-3T3 mouse embryonic
fibroblast-like cells were exposed to PMMA specimens, and
proliferation was assessed measuring reductase enzymatic
activity by transformation of 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) into a colored
reduced form [18]. Cells were maintained in Dulbecco’s
Modified Eagle Medium (DMEM) (Gibco, Invitrogen, Carls-
bad, CA) supplemented with 10% fetal bovine serum
(Gibco) and 100 U/mL penicillin-streptomycin at 37◦C in
5% CO2, 95% humidity. Cells were plated into 24-well sterile
plates (Nunc-Thermo Fisher Scientific, Roskilde, Denmark)
at a concentration of 104 cells per well and incubated
in 500 μL culture medium for 24 h and 72 h. Then, the
culture medium was renewed and specimens were carefully
deposited in direct contact to NIH-3T3 cell monolayer.
After incubation times, resins were removed, MTT assay
was performed following the manufacturer instructions
(Sigma, St. Louis, MO), and absorbance was measured in a
microplate reader (Bio-Rad 680) at a wavelength of 655 nm.
Cell cultures with medium only were used as controls. Each
experiment was performed by triplicate.

2.12. Candida albicans Adhesion Test. Candida albicans strain
90026 (American Type Culture Collection, Manassas, VA)
was cultured overnight in yeast broth (Sigma-Aldrich). Cells
were harvested by centrifugation at 3,000 rpm for 5 min,
and pellet was adjusted to obtain a suspension with 0.15
optical density at 540 nm. Sterilized resin specimens were
placed into 24-well sterile culture plates (Nunc) and 500 μL
yeast suspension was added. After a 24-h incubation period
at 37◦C, nonadherent cells were removed from specimens
by washing for 10 min under sonication, followed by 3
washings with distilled water for 1 min under shaking.

Adherent fungi were extracted by incubation with 1.0 mL
benzalconium chloride for 15 min. Finally, a microbial cell
viability assay based on luminescent ATP measurement (Bac
Titer-Glo, Promega, Fitchburg, WI) was performed in order
to determine the number of viable cells adhered to composite
resins. Briefly, extract aliquots (20 μL each) were mixed
with 30 μL BacTiter Glo reagent in 1.5 mL-Eppendorf clear
tubes and luminescence was recorded after 5 min in a 20/20
luminometer (Turner Biosystems, Promega) at wavelength of
590 nm emission. Relative luminescence intensity, in 10 sec-
integration periods, was measured in three samples.

2.13. Statistical Analysis. One-way ANOVA and Tukey test
(P < .05) were carried out for the following tests: elastic
modulus, transverse strength, porosity, sorption water, sol-
ubility, citotoxicity assay, and Candida albicans adhesion.

3. Results and Discussion

3.1. Characterization of Metal-Oxide Particles. As observed in
Figure 1, metal oxide particles range from 150 to 350 nm in
diameter, showing a normal size distribution. Average size of
pigments was found to be 225.9 nm for TiO2 and 299.7 nm
for Fe2O3 particles. The pigments were also characterized by
X-ray diffraction (XRD) in order to search whether specific
crystal phases with antimicrobial properties are present in
the powders. The XRD patterns of nanoparticles are shown
in Figure 2. Diffractograms indicate crystalline structures for
both nanomaterials. Rutile was found to be the major phase
in the TiO2 sample, although a certain amount of anatase
morphology was also observed (Figure 2(a)). For their part,
ferrite particles were found with the hematite crystalline
structure (Figure 2(b)).

3.2. Production and Morphology of Standard and Nanopig-
mented Resins. Synthesis of PMMA was conducted by
adding TiO2 and Fe2O3 nanoparticles during the poly-
merization step, giving rise to pigmented resins. Standard
formulations lacking nanoparticles were prepared and used
as controls. SEM analyses showed that synthesis procedures
reveal acrylic resins with homogeneous size distribution
and morphology for both standard and hybrid materials.
SEM micrographs showed the presence of regular spherical
particles, with size distributions around 60 μm in diame-
ter (Figure 3). The homogeneous distribution of particles
suggests that sodium alginate is a suitable suspension agent
promoting the formation of spherical PMMA particles, as it
has been observed previously [12].

3.3. Spectroscopy. Standard and nanopigmented PMMA
were analyzed by FTIR and Raman dispersive spectroscopy.
As seen in Figure 4(a), the FTIR spectra show the main
expected bands characterizing the vibrational spectrum of
PMMA [19, 20], namely, the characteristic methylene C–H
stretches bands at 2949 cm−1 and the ester carbonyl C=O
stretching vibrations at 1722 cm−1. The C–O deformation
at 1166 cm−1, the C–O–C vibration at 1141 cm−1 and CH2

aromatic group at the band 1437 cm−1. In Figure 4(b),
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Figure 1: Characterization of metal oxide powders used for pigmented PMMA. Dynamic Light Scattering (DLS) was performed to determine
the size distribution of TiO2 (a) and Fe2O3 (b) nanopigments.
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Figure 2: X-ray diffraction patterns of TiO2 (a) and Fe2O3 (b) nanoparticles used in this study. Titania spectrum shows a predominant rutile
crystalline structure whereas a hematite phase was found for ferrite.
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Figure 3: SEM micrograph of standard (a) and nanopigmented PMMA (b) at ×100 magnification.
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Figure 4: Spectroscopy analysis of PMMA resins. (a) FT-IR of standard PMMA. (b) FT-IR of nanopigmented PMMA. (c) and (d) Raman
Dispersive spectra from synthesized PMMA resins without and with nanopigments, respectively. Intensity of peaks is in arbitrary units (a.u.).

the vibrational band observed between 2858 and 2958 cm−1

refers to the stretching C–H from alkyl groups and the peak
between 1722 cm−1 are due to the stretching C–O and C–O
from acetate group remaining from PMMA polymerization.
The addition of the nanomaterials did not affect the structure
of the original PMMA, but they have helped to substantially
improve its properties [21].

A typical sequence of Raman spectra is depicted in
Figures 4(c) and 4(d), for the samples: standard and
pigmented PMMA, respectively. Bands at 1726, 994, and
812 cm−1 correspond to the carbonyl group of the PMMA
polymer [22]. The 601 and 385 cm−1 bands correspond to
the nanopigment materials.

3.4. Molecular Weight. The synthesized polymers were sub-
jected to viscometry testing using toluene as solvent. Figure 5
shows the values obtained with the concentration and
reduced viscosity of each polymer tested in order to obtain

the y value of the graph equation. The y value was
replaced in the Mark-Howink-Sakurada equation to get
the molecular weight (Mv) of each PMMA. The obtained
values of the molecular weight distribution were 24 and
36× 105 g/mol for the standard PMMA and nanopigmented
PMMA, respectively, which probably attributable to the
interaction of metal oxides with organic compounds during
the synthesis of polymers.

3.5. Flexural Behavior and Porosity. Important physical prop-
erties of acrylic resins may be influenced by the presence
of TiO2 and Fe2O3 nanoparticles. In this work, the flexural
modulus, flexural strength, and porosity of standard and
nanopigmented polymer resins were determined [23, 24].
As observed in Table 1, flexural behavior was unchanged
between standard and nanopigmented PMMA. There was
no statistically significant difference in the elastic modulus
values (P > .05). In contrast, the transverse strength and
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Figure 5: Determination of molecular weight distribution values for standard (a) and nanopigmented (b) PMMA, based on concentration
and reduced viscosity analysis.

Table 1: Mechanical properties in synthesized standard and
nanoparticles-containing PMMA resins.

Flexural
Modulus (GPa)

Flexural
Strength (MPa)

Porosity
(%)

Standard
PMMA

2.5± 0.3 62.3± 4.9 10.5± 0.7

Nanopigmented
PMMA

2.5± 1.4 77.6± 5.1 4.6± 0.4

Table 2: Mean values and standard deviation of water sorption and
solubility tests from standard and nanopigmented PMMA.

Water Sorption
(mg/cm2)

Solubility
(mg/cm2)

Standard PMMA 0.71± 0.5 0.041± 0.07

Nanopigmented PMMA 0.27± 0.2 0.035± 0.03

porosity values were found significantly different between
standard and nanopigmented resins (P < .05). Flexural
values are important in dental prosthetics because biting and
mastication forces have a deforming effect during function,
and any factor that increases the deformation of the base
and changes the stress distribution may lead to denture
fracture [2]. In contrast, a strong reduction of porosity
was found with the introduction of nanosized metal oxide
pigments. It has been reported that significant porosity can
severely weaken acrylic resin prosthesis. Regarding hygiene,
a denture must be nonporous in order to resist staining,
calculus deposition, and adherent substances. A spongy
denture tissue surface, full of nutritive substances, is an ideal
incubator for species such as Candida albicans.

3.6. Water Sorption and Solubility Test. In a denture base
material, water absorbed acts as a plasticizer and affects the
dimensional stability, subjecting the material to internal
stresses and possible crack formation [25, 26]. Water
sorption of PMMA formulations was thus evaluated. Table 2
shows water sorption found in PMMA formulations.
Nanopigmented PMMA presented lower sorption value
than the standard PMMA. In solubility tests, both polymers

showed similar behavior. There was a statistically signifficant
difference (P < .05) between groups in water sorption
tests. When solubility of polymers was tested (Table 2), no
differences were found between formulations, which showed
low solubility. These results fulfill with the fact that polymer
networks should be insoluble materials, so that chemical and
physical processes with deleterious effects on the structure
and function of dental polymers can be avoided [25].

3.7. Microbial Adhesion and Cellular Compatibility.
Interactions between microbes and surface materials
for prosthodontics may result in plaque formation and oral
colonization by opportunistic pathogens. The first interac-
tions leading to plaque formation is microbial adherence to
surface materials. Herein we performed microbial tests to
assess the attachment of Candida albicans, the most common
oral-associated pathogen, onto standard and nanoparticles-
containing PMMA. C. albicans was cultured under aerobic
conditions to obtain a cell suspension and incubated with
specimen disks. After removal of nonadherent fungi, a
luminometric assay was performed to estimate adhesion on
the new material. As shown in Table 3, PMMA containing
nanoparticles showed a lowered C. albicans adhesion. Since
the antifungal effect may be related to a wide spectrum of
cellular toxicity, the activity of fibroblast-like cells cultured in
the presence of standard and nanoparticles-containing mate-
rials was explored. An enzyme metabolic assay, reflecting
viability of cultured cells, showed that nanoparticle-dopped
materials have a biocompatibility behavior similar to
that of the control group, with no significant differences
according to one-way ANOVA test (Figure 6). These results
demonstrate that nanostructured metal coloring additives
are a suitable means for producing nontoxic hybrid materials
with antimicrobial properties for dentistry applications.

4. Conclusion

In this study, nanosized TiO2 and Fe2O3 particles were
employed during synthesis of PMMA. In recent years,
metal oxide nanoparticles have been largely investigated
for their activity as antimicrobial additives. In particular,
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Table 3: Luminiscence assay results of adherent Candida albicans
onto nonpigmented and nanoparticles-pigmented PMMA.

Acrylic resin Luminiscence relative units (LRU)

Standard PMMA 25912± 12778

Nanopigmented PMMA 23447± 2161
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Figure 6: Biocompatibility of nonpigmented, standard PMMA
(Std-PMMA) and TiO2/Fe2O3-containing PMMA (NP-PMMA) as
assessed through a metabolic assay in NIH-3T3 fibroblast-like cell
line cultures. Cells were exposed to PMMA formulations during
24 or 72 h. No significant differences were found between groups,
according to one-way ANOVA test (P < .05).

TiO2 is now considered a low-cost, clean photocatalyst
with chemical stability and nontoxicity [27, 28] and has
been used for a wide variety of environmental applications,
including water treatment [9] and air purification [10,
29]. Herein we report that the introduction of nanosized
metal oxide materials for preparing acrylic resins allows the
production of polymer with both color and surface modi-
fications. Interestingly, physical tests of nanopigmented and
standard PMMA showed a lower porosity for TiO2/Fe2O3

containing PMMA. This finding suggests that metal oxide
nanoparticles are suitable additives for the improvement
of PMMA formulations, since high porosities have been
considered a critical drawback for PMMA in prosthodontics
applications [30]. Moreover, the nanotechnology-assisted
design allows a product with well controlled morphology,
as assessed by SEM. Physicomechanical testing also showed
that nanoparticles-containing PMMA behave as is specified
by the International Standards for Denture Prosthetics
[13, 15]. Since photocatalytic events induced by TiO2 and
ferrite nanoparticles may be a source of cellular toxicity,
the hybrid pigmented PMMA material was analyzed for

biocompatibility, using the MTT assay, an in vitro cellular
activity test widely used for dental materials [16, 17]. As
shown in Figure 6, cells incubated for different periods with
TiO2/Fe2O3 containing PMMA indicated that the new for-
mulation was devoid of toxicity. Antimicrobial properties in
PMMA formulations were assessed by a luminometry assay
of adherent Candida albicans viable cells. The results showed
that using the nanoparticles-containing formulation, antimi-
crobial properties were increased in a slight manner only.
Further research must thus include TiO2 mainly composed
by particles with anatase crystal structure, a morphology
phase corresponding to the highest titania antimicrobial
effects [11]. As it was shown by X-ray diffraction analyses,
morphology of TiO2 nanoparticles obtained for this study
had a low anatase phase amount. Besides, the influence on
PMMA properties of nanoparticles concentration remains
an important issue to be adressed. In summary, this work
points out a potential of metal oxide nanoparticles for
the improvement of resin-based dental materials. Further
research on the hybrid material is therefore encouraged for
future prosthodontics developments.
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Chitosan, a deacetylated product of chitin, has been demonstrated to lower cholesterol in humans and animals. However, chitosan
is not fully soluble in water which would influence absorption in the human intestine. In addition, water-soluble chitosan (WSC)
has higher reactivity compared to chitosan. The present study was designed to clarify the effects of WSC and water-soluble chitosan
nanoparticles (WSC-NPs) on hypercholesterolemia induced by feeding a high-fat diet in male Sprague-Dawley rats. WSC-NPs
were prepared by the ionic gelation method and the spray-drying technique. The nanoparticles were spherical in shape and had a
smooth surface. The mean size of WSC-NPs was 650 nm variing from 500 to 800 nm. Results showed that WSC-NPs reduced the
blood lipids and plasma viscosity significantly and increased the serum superoxide dismutase (SOD) activities significantly. This
paper is the first report of the lipid-lowering effects of WSC-NPs suggesting that the WSC-NPs could be used for the treatment of
hypercholesterolemia.

1. Introduction

Dyslipidemia, including hypercholesterolemia, hypertriglyc-
eridemia, or their combination, is a major risk factor for car-
diovascular disease. Generally, dyslipidemia is characterized
by increased fasting concentrations of total cholesterol (TC),
triglycerides (TG), and low-density lipoprotein cholesterol
(LDL-C), in conjunction with decreased concentrations
of high-density lipoprotein cholesterol (HDL-C) [1]. At
present, these lipid imbalances are most routinely treated
with pharmacological therapy. However, many cholesterol-
lowering agents, especially statins, are associated with severe
side effects [2]. In light of this, there has been great interest
in the influence of dietary fibers, such as chitosan, on
cholesterol absorption in the intestine.

Chitosan is a natural cationic polysaccharide consisting
of (1-4)-2-amino-2-deoxy-D-glucopyranosyl units. It breaks
down slowing to harmless products (amino sugars), which
are completely absorbed by the human body [3]. Due to
its nontoxicity and high biocompatibility, chitosan has been

formulated as dietary supplements, as carrier for oral peptide
and protein drug delivery, as targeted drug delivery, and
in the pharmaceutical and biomedical fields [4–6]. Due to
the existence of amino groups, chitosan possesses positive
charge, so it can bind negatively charged substrates such as
lipids and bile acids. Chitosan also interfere with emulsifi-
cation of neutral lipids by binding them with hydrophobic
bonds [7]. Several studies have shown that chitosan has
cholesterol-lowering properties both in animals and humans
[8, 9].

However, chitosan has high viscosity and is not fully
soluble in water, but it is in acidic solutions. Such properties
of chitosan would decrease its absorption in the human
intestine because most animal intestines, especially the
human gastrointestinal tract, do not possess enzymes such
as chitinase and chitosanase [10]. WSC has lower viscosity
and is soluble in water. Subsequently, it seems to be readily
absorbed in vivo. And, WSC has been reported to have
the health benefits such as immunity regulation, antitumor,
liver protection, blood lipids lowering, and antidiabetic



2 Journal of Nanomaterials

and antioxidant properties [11, 12]. In particular, previous
studies revealed that the WSC was effective at lipid lowering
compared to chitosan [13].

Furthermore, nanoparticles show some specific charac-
teristics such as an increase of stability of therapeutic agents,
controlled- and sustained-release properties, and the deeply
penetration into tissues through fine capillaries [14]. We
have prepared the WSC-NPs as a carrier to load the protein
drug by the ionic gelation method [15]. And, WSC-NPs
have the better solubility for the big total surface area and
lower viscosity than WSC. Therefore, this study examined
the effects of WSC and WSC-NPs on hypercholesterolemia
induced by feeding a high-fat diet in rats.

2. Materials and Methods

2.1. Chemicals. WSC was purchased from Shandong Aokang
Biotech Ltd (Shandong, China). The viscosity was more than
200 cps, and deacetylation value was 85%. Total cholesterol
(TC), Triacylglycerol (TG), high-density lipoprotein choles-
terol (HDL-C), and low-density lipoprotein cholesterol
(LDL-C) kits were obtained from BioSino Bio-technology
and Science Inc (Beijing, China). Superoxide dismutase
(SOD) kits were purchased from Nanjing Jiancheng Bioengi-
neering Institute (Wenzhou, China). Unless otherwise stated,
all laboratory reagents were of analytical grade.

2.2. Animals and High-Fat Emulsions. Male Sprague-Dawley
rats weighing 200 ± 20 g were purchased from Guangzhou
University of Chinese Medicine Laboratory Animal Center
(Guangzhou, China). All animal protocols were approved
by the institutional animal care and use committee of
Guangdong Pharmaceutical University (Guangzhou, China).
They were housed in an isolator caging system in an air-
conditioned animal room at 23± 1◦C. Rats were allowed free
access to food and water.

Briefly, the high-fat emulsions were prepared as follows.
10.0 g cholesterol and 1.0 g propylthiouracil powder were
dissolved into 20.0 g lard oil at 80◦C and stirred for
10 min to ensure complete dissolution as the oil phase. The
primary emulsions were prepared by diluting 5 mL emulsifier
(Tween-80) and 20 mL sodium deoxycholate solution (2.0%)
into the oil phase with a high-speed blender. Then, the
distilled water was added to the primary emulsions to form
the high-fat emulsions (100 mL) with stirring.

2.3. Preparation and Characterization of Water-Soluble Chi-
tosan Nanoparticles. In this study, WSC-NPs were formed
as a result of complex electrostatic interactions between
the positively charged copolymers and negatively charged
tripolyphosphate (TPP) under mild conditions. Briefly, WSC
(0.1% w/v) and TPP (0.1% w/v) were dissolved in purified
water. For preparation of WSC-NPs, the WSC solution
(500 mL) was stirred (800 rpm) at room temperature (25◦C).
Then, 0.1% TPP solution (100 mL) was added to the system
while stirring was continued to complete nanoparticles
formation. The rate of adding TPP was 0.75 ml/min. The
nanosuspension was then spray dried using the Lab Spray

Dryer L-117 (Laiheng Scientific Co. Ltd, Beijing, China) with
a standard nozzle (0.5 mm). The atomizing air flow rate
was 10–15 L/min, and the flow rate was 600 ml/h. The inlet
temperature was controlled at 160◦C. The outlet temperature
was determined by the inlet temperature and relative factors
such as air and liquid feed flow rates and varied between
80–85◦C. The stability of WSC-NPs is affected by various
environmental conditions during long-term storage. Studies
were carried out to evaluate the stability of the WSC-NPs for
5 months at room temperature.

The FTIRs were taken with KBr pellets on Perkin-Elmer
Spectrum one FTIR (Shimadzu, FT-IR 8700, Japan).The
particle size and size distributions of the nanoparticles
were performed by particle sizer (Zetasizer 3000 HAS,
Malvern Instruments Ltd., Worcs, UK).The morphology of
the nanoparticles was examined under scanning electron
microscopy (SEM) using a Hitachi S3700N (Hitachi Ltd,
Japan) microscope at 10 kV.

2.4. Experimental Procedure. The rats were fed ad libitum
with a commercial diet for 5 days and were then assigned
to 5 groups (n = 8) as follows: (a) normal diet fed
rats (NF), (b) high-fat emulsions fed rats (HF), (c) high-
fat emulsions and 450 mg/kg/d WSC fed rats (WSC), (d)
high-fat emulsions and 450 mg/kg/d WSC-NPs fed rats (H-
WSC-NP), and (e) high-fat emulsions and 225 mg/kg/d
WSC-NPs fed rats (L-WSC-NP). The NF group received an
equivalent amount of distilled water; the HF group, received
high-fat emulsions daily by oral intubation until the study
ended. The other groups were administered the high-fat
emulsions by oral intubation for 2 weeks to establish the
hyperlipidemic condition, and then the WSC and WSC-NPs
samples were administered orally to the WSC and WSC-NPs
groups for 4 weeks. All groups were fed the corresponding
diets in which the composition conformed to GB14924.3
(Guangdong Laboratory Animal Center, Guangzhou, China)
as the basal diets during the whole experiment. Each rat was
weighed once a week.

At the end of the experimental period, blood samples
were withdrawn from the orbital venous plexus using a
capillary tube under ether anesthesia after an overnight fast.

2.5. Serum Lipids and SOD. Blood was clotted at room
temperature and centrifuged in a centrifuge at 3000 rpm for
15 min. Serum was separated, and TC, TG, HDL-C, and
LDL-C were measured with commercial assay kits using the
Automated Biochemistry Analyzer AMS-18 (Beijing Option
Science and Technology Development Co. Ltd, Beijing,
China).

The serum SOD contents were analyzed with commer-
cially available analytical kit by the SPECORD S600 UV-Vis
Spectrophotometer (Analytic Jena AG, Germany).

2.6. Plasma Viscosity. Blood samples were taken from the
ocular vein using a heparinized capillary tube and cen-
trifuged at 3000 rpm for 5 min in the Eppendorf Centrifuge
5810R (Eppendorf Co, Germany) to obtain the plasma. The
plasma viscosity was measured by the Automatic Blood
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Figure 1: SEM (magnification of 1000x) microphotographs of
WSC-NPs (a) and particle size distribution of WSC-NPs (b).

Rheometer LBY-N6B (Beijing Precil Instrument Co. Ltd,
Beijng, China).

2.7. Statistical Analysis. All data were expressed as
means±SE. Differences between the groups were determined
by one-way analysis of variance, using a statistical analysis
software program (SPSS for windows, version Rel, 16.0, Spss
Inc, Chicago, IL); the Student-Newman-Keuls Multiple-
Range Test comparisons at P value of <.05 were made to
determine significant differences among means.

3. Results and Discussions

3.1. Characterizations and Stability of WSC-NPs. The
microphotographs and particle size of the WSC-NPs are
shown in Figure 1. All nanoparticles were found to be
nearly spherical in shape, and the external surfaces appeared
smooth (Figure 1(a)). The mean particles size of WSC-
NPs was 650 nm variing from 500 to 800 nm (Figure 1(b)).
FTIR spectra of WSC-NPs and WSC matrix show that
the tripolyphosphoric groups of TPP are linked with the
ammonium group of WSC; the inter- and intramolecular
actions are enhanced in WSC-NPs [15].

The stability studies show that there were no detectable
changes in color, odor, taste, or pH and no visible microbial
growth in the WSC-NPs.
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Figure 2: Effects on body weight gain in rats fed high-fat diets.
Results are expressed as means± SE of eight rats. Values marked by
the different letters are significantly different (P < .05).

3.2. Effects on Body Weight in Rats Fed High-Fat Diets.
A significantly lower weight gain was observed in all the
treatment groups compared with the rats that consumed the
normal diet and the high-fat diet (Figure 2), and H-WSC-
NP, WSC produced lower counts compared with L-WSC-NP.
However, weight gains were not significant between the H-
WSC-NP and WSC groups.

Previously, WSC was shown to reduce body weight gain
of rats that was caused by a high-fat diet [16]. In our
study, the rats in the WSC group showed similar responses.
Compared with the NF group, body weight gains of rats
fed the WSC and H-WSC-NP were significantly lower than
those fed the L-WSC-NP. This indicated that WSC could be
used as weight-loss agent for healthy and obese humans, but
further study is needed to clarify the antiobesity action and
mechanisms of WSC-NPs.

3.3. Effects on Serum TC, TG, HDL-C, LDL-C, and SOD in
Rats Fed High-Fat Diets. The hyperlipidemic model showing
that the serum concentrations of TC, TG, HDL-C, and
LDL-C increased, was established in the HF group after
2 weeks (Table 1). Compared with the HF group, the TC
and TG levels in H-WSC-NP and L-WSC-NP groups were
significantly decreased, showing that the effect of WSC-
NPs treatment was even more powerful than the treatment
of WSC group. The serum LDL-C levels in the treatment
groups were significantly decreased compared with the HF
group, and no significant difference was observed among
the treatment groups. There were no significant difference
of HDL-C levels among all the groups (Table 1). The serum
SOD was increased significantly in the H-WSC-NP and L-
WSC-NP groups compared with the NF and HF groups, but
increased slightly in the WSC group (Table 2).

The low levels of HDL-C and the high levels of LDL-C
indicated an imbalance between cholesterol transport from
the liver to the extrahepatic tissues and back to the liver [17].
Moreover, dyslipidemia is characterized by increased fasting
concentrations of total cholesterol (TC), triglycerides (TG),
and LDL cholesterol (LDL-C), in conjunction with decreased
concentrations of HDL cholesterol (HDL-C). WSC and
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Table 1: Effects on serum TC, TG, HDL-C, and LDL-C in rats fed high-fat diets.

Group TC (mmol/L) TG (mmol/L) HDL (mmol/L) LDL (mmol/L)

NF 1.59 ± 0.21a 0.99 ± 0.20d 0.70 ± 0.07f 1.03 ± 0.18h

HF 2.45 ± 0.28b 1.46 ± 0.23e 1.19 ± 0.14g 1.33 ± 0.19i

WSC 1.52 ± 0.78a 1.33 ± 0.37e 0.62 ± 0.17f 0.78 ± 0.25j

H-WSC-NP 0.46 ± 0.69c 1.02 ± 0.33d 0.67 ± 0.26f 0.67 ± 0.32j

L-WSC-NP 0.33 ± 0.24c 0.82 ± 0.50d 0.91 ± 0.33fg 0.92 ± 0.26j

Values are expressed as means ± SE (n = 8). Values marked by different letters within the same row are significantly different (P < .05).

Table 2: Effects on serum SOD in rats fed high-fat diets.

Group Serum SOD (U/mL)

NF 83.43 ± 9.78a

HF 87.18 ± 14.01a

WSC 92.35 ± 6.32b

H-WSC-NP 107.23 ± 16.25c

L-WSC-NP 98.08 ± 12.68b

Values are expressed as means ± SE (n = 8). Values marked by the different
letters within the same row are significantly different (P < .05).

WSC-NPs significantly lowered TC, TG, and LDL-C levels
in the plasma, which was consistent with previous reports
[18]. Plasma concentration of HDL is inversely correlated
with the risk of coronary heart disease, but low HDL-C
poses no risk in the absence of elevated LDL cholesterol
or TC. The levels of plasma HDL-C should be increased in
the WSC-NP group; however, plasma concentration of HDL
is influenced by several factors, including gender, race, and
diet. Furthermore, WSC-NPs exhibited better cholesterol-
binding capacity than WSC. This is consistent with the
previous report that chitosan with finer particle size could
effectively lower the plasma and liver lipid level in rats
[19].

Excessive superoxide radicals may induce lots of senile
diseases such as atherosclerosis. Any elevation in the level
of the SOD was accompanied by a decrease in super-
oxide radicals [20, 21]. In the experiment, the serum
SOD was elevated significantly by feeding the H-WSC-
NP and L-WSC-NP compared with NF and HF groups,
and WSC could not increase the serum SOD significantly.
Therefore, it seems likely that WSC-NPs may improve the
hypercholesterolemia induced by the high-fat diet through
reducing serum TC, TG, and LDL-C, and elevating the SOD
activity.

3.4. Effects on Plasma Viscosity in Rats Fed High-Fat Diets. As
shown in Table 3, by experimental design, the average plasma
viscosity of rats in the HF group increases significantly
compared with the average level for rats in the NF group.
In the three treatment groups, plasma viscosity showed
a decreasing trend. When compared with the HF group,
significant differences were seen for the H-WSC-NP and L-
WSC-NP groups.

Table 3: Effects on plasma Viscosity in rats fed high-fat diets.

Group Plasma viscosity (mPa.S)

NF 1.47 ± 0.25a

HF 1.84 ± 0.40b

WSC 1.68 ± 0.18b

H-WSC-NP 0.86 ± 0.18c

L-WSC-NP 1.13 ± 0.50c

Values are expressed as means± SE (n = 8). Values marked by different
letters within the same row are significantly different (P < .05).

Plasma viscosity played an important role in the perfu-
sion of the microvasculature and was a major determinant
of endothelial shear stress [22]. Plasma viscosity was used
as a marker for different diseases in humans such as
coronary artery disease atherosclerosis [23]. The rats’ plasma
viscosity was increased significantly by feeding the high-fat
emulsions, and the WSC-NPs and WSC reduced this increase
effectively. Although the plasma viscosity tended to decrease
in the WSC group, the differences were not statistically
significant compared with HF group. The results suggested
that the mechanisms of WSC to improve TC, TG, LDL, and
SOD may different with plasma viscosity. Furthermore, the
WSC-NPs exhibited a better effect than the WSC, showing
that WSC-NPs may serve as a useful agent for preventing
hypercholesterolemia.

4. Conclusions

In conclusion, the data generated by this study demonstrated
that WSC-NPs not only lower serum lipids levels and
plasma viscosity but also increased serum SOD activities.
Moreover, the hypercholesterolemia is affected by WSC-NPs
even more than the WSC. Hence, the data obtained from
this study could facilitate the further development of dietary
intervention to hypercholesterolemia. Further studies are
needed to clarify the mechanisms of the WSC-NPs to inhibit
hypercholesterolemia induced by feeding a high-fat diet in
male Sprague-Dawley rats.

To date, all rats appear healthy and remain active after
oral administration of the WSC and WSC-NPs. Therefore,
WSC and WSC-NPs are safe dietary fibers to inhibit
hypercholesterolemia.
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WSC-NP: Water-soluble chitosan nanoparticle
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Biomaterials applied as carriers for controlled drug delivery offer many advantages over the conventional systems. Among them,
the increase of treatment effectiveness and also a significant reduction of toxicity, due to their biodegradability property, are some
special features. In this work, microspheres based on the protein Zein (ZN) and ZN associated to the natural polymer Chitosan
(CHI) were prepared and characterized. The microspheres of ZN and ZN/CHI were characterized by FT-IR spectroscopy and
thermal analysis, and the morphology was analyzed by SEM images. The results confirmed the incorporation of CHI within
the ZN-based microspheres. The morphological analysis showed that the CHI added increased the microspheres porosity when
compared to the ZN microspheres. The chemical and physical characterization and the morphological analysis allow inferring that
ZN/CHI microspheres are good candidates to act as a carrier for controlled drug release.

1. Introduction

Carriers for drug delivery based on polymeric systems
have been widely used not only for providing slow and
gradual release of active components but also for targeting
to specific organs of the body where the medicines may heal
inflammation, tumor, and other diseases [1, 2]. One of most
important concerns on drug administration is the need of
maintenance of its characteristics during the delivery up to
the target without changes in its molecular structure which
could alter the drug-action capability [3]. The drug-loading
on a polymer matrix, which one could act as an efficient
carrier, is an interesting mean to ensure the preservation
of drug molecular stability [4]. Polymer matrixes obtained
from colloidal systems are good examples often employed
for such purpose [5]. Among them, liposome, micelles,
emulsions, and particles with micro, or nanodimensions can
be mentioned [2].

The employment of natural polymers on obtaining
colloidal systems enables the achievement of materials with

many interesting features (low toxicity, biocompatibility,
and biodegradability), thus allowing their use as carriers.
Several works have been published related to the use of
natural polymers such as collagen, cellulose, zein, alginate,
and chitosan in those systems [6–8]. Zein (ZN), a protein
that belongs to the prolamine class, is the major protein
from corn [9, 10]. Due to its ability for acting as a water
barrier, ZN has been widely used as a coating for candies,
nuts, fruits as well as food packaging [9]. There are also
studies concerning medical application of ZN such as carriers
for drug release at specific sites in the human body [11].
Although ZN is a water-insoluble protein it remains soluble
in aqueous solutions containing at least 70% alcohol [12].
On the other hand, ZN has the ability to form films, suitable
for coating, in the presence of water through intermolecular
interactions which are responsible for joining the molecules
together [9]. This property is also important for studies of
edible films and coatings, both in the food industry, as well
as gastroresistant film in the pharmaceutical and biomedical
research.
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Chitosan (CHI) [or poly(β-(1-4)-2-amine-2-deoxy-D-
glucopyranose)] is a natural polysaccharide obtained from
partial or total deacetylation of the biopolymer chitin, which
is the major constituent of the invertebrates exoskeleton
[13]. CHI shows well-known physical and biological features
[14, 15]. It has been widely used in biomedical and
pharmaceutical applications, such as carriers for controlled
drugs and DNA release, in the manufacture of contact
lenses, artificial membranes and skin, and periodontal and
orthopedic applications [16–18].

The association of zein (ZN) with chitosan (CHI),
forming microparticles, was investigated in this paper aiming
the application of such biomaterial as carrier for controlled
drug release.

2. Materials and Methods

2.1. Materials. Chitosan (CHI) (Golden Shell Biochemical
Co., China), with deacetylation degree equal to 15% and MV

equal to 90 × 103 g mol−1, was determined according to Mao
et al. [19]; Corn zein protein was supplied in powder form by
Quı́mica Brasil Ltda. (CAS number 9010-66-6), with a MW

of 22 × 103 g mol−1; Hydrochloric Acid (Nuclear, Brazil);
Acetic Acid (F. Maia, Brazil); Ethanol (TEDIA, Brazil); and
Sodium hydroxide (Nuclear, Brazil).

2.2. Preparation of Microspheres. The microspheres based
only on ZN were prepared by the solubilization of 2.0 g of
ZN in 100 mL of ethanol-water (rate 4 : 1 ethanol/water)
under magnetic stirring. The ZN alcoholic solution was
transferred to a flask coupled to a high-speed laboratory
mixer (Quimis, model Extratur). After this, the solution
was vigorously mixed (12,000 rpm) for 15 min, and 100 mL
of distilled water was slowly dropped to the system during
the stirring (rate flow: 4 mL min-1). The water addition
changes the ratio ethanol-water to 2 : 3 v/v, inducing the
loss of solubility of ZN and allowing the formation of
microspheres droplets. So, the insoluble microspheres were
collected through filtration under vacuum, after that were
frozen under liquid N2 and then lyophilized during 24 h.
The preparation of ZN/CHI microspheres followed the same
procedures described above unless by the addiction of CHI
solution instead of distilled water. The 1.0 wt/v-% CHI
solution was prepared in 0.2 mol L−1 acetic acid solution
at 65◦C under magnetic stirring. After the lyophilizing step,
the ZN/CHI microspheres were washed with 0.2 mol L−1 HCl
solution to remove the free CHI. So, these microspheres were
dried again under reduced pressure at room temperature.
The two types of microspheres (ZN and ZN/CHI) were
characterized by scanning electronic microscopy (SEM)
images, Fourier transform infrared (FTIR) spectroscopy,
differential scanning calorimetric (DSC), thermogravimetric
analysis (TGA), and differentiate weight loss (DTG) analysis.

2.3. SEM Images. The morphologies of ZN and ZN/CHI
microspheres were investigated by SEM images (Shimadzu,
model SS 550). The microspheres surfaces were sputter-
coated with a thin layer of gold for allowing the SEM

visualization. The images were taken by applying an electron
accelerating voltage of 8 kV. The microspheres average diam-
eters were calculated by means of the software Size Meter�,
version 1.1, with differentiation threshold set according to
the image scale.

2.4. FTIR Spectroscopy. The lyophilized ZN particles or
the after-dried ZN/CHI particles were mixed with KBr to
form thin discs that were characterized by FTIR (Shimadzu
Scientific Instruments, Model 8300, Japan), operating in the
region from 4000 to 400 cm−1, resolution of 4 cm−1. Also,
for control FTIR, spectrum of CHI was obtained in the same
conditions.

2.5. DSC Analyses. DSC analyses were performed on
a calorimeter (Netzsch, model STA 409 PG/4/G Luxx,
USA) operating in the following conditions: heating rate
of 10◦C min−1, nitrogen atmosphere with flow rate of
20 mL min−1, and temperature range from 22 to 400◦C. For
all analyses it was obtained firstly the respective baselines.

2.6. TGA Analyses. TGA analyses were carried out on a ther-
mogravimetric analyzer (Netzsch, model STA 409 PG/4/G
Luxx, USA) at a heating rate of 10◦C min−1 under nitrogen
atmosphere with flow rate of 20 mL min−1 in a temperature
range from 22 to 400◦C.

3. Results and Discussion

Figure 1 shows the SEM images obtained from particles of
ZN (Figures 1(a)–1(b)) and of ZN/CHI (Figures 1(c)–1(d)).
The SEM images show that the particles are microspheres;
indeed, however the size distribution is widely scattered. The
average diameter of microspheres was calculated, in each
case, from the simple average of 50 microspheres diameters
randomly chosen, using the software Size Meter�. The
calculated values were equal to 1.23 ± 0.47 μm for the ZN
microspheres and 4.30 ± 1.93 μm for the ZN/CHI ones.
From these values, it was possible verifying that the CHI
incorporation into ZN microspheres increases in 3.5-fold
the average diameter compared to neat ZN particles. This
is totally expected considering the fact that CHI chains are
larger than ZN chains (c.a. 4 times higher); therefore, the
incorporation of CHI chains should promote an increase
in mobility of polymer chains inside the particles reflecting
in an increase of the size of ZN/CHI microspheres, which
agrees with the calculated values. Another fact that might
contribute to the average size of ZN/CHI particles to be
higher than ZN particles is the higher miscibility of CHI
chains in the parent solution in which the particles were
obtained. Thus, the presence of CHI should affect not only
the size but also the porosity of particles as can be observed
in the micrographs on Figure 1.

According to the SEM images of Figure 1, it can be
inferred also that both types of microparticles have the pre-
dominance of spherical shape. However, it could be observed
that the ZN microspheres have smoother surfaces while
ZN/CHI microspheres have irregular surfaces with spongy
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Figure 1: SEM images of ZN (a-b) and ZN/CHI (c-d) microspheres.

characteristics. This clear difference was interpreted having
in the mind the fact that the two types of microparticles
were prepared under different conditions. The microspheres
constituted only by ZN were formed by the addition of
distilled water in the ethanol-water solution, precipitating
when the ethanol concentration lowered below the threshold
value of 70%–30% (v/v) ethanol-water. Since the ZN/CHI
microspheres were prepared by slow addition of aqueous
CHI (0.2 mol L−1 acetic acid) solution into alcoholic solution
of ZN, with vigorous mixing, the two procedures are quite
different. In this sense, the precipitation of microspheres
occurred due to the fact that zein became insoluble in
alcoholic medium of less than 70% (ZN particles) and CHI
became insoluble in this condition and/or in medium with
pH > 5 (CHI/ZN particles) [20].

Another synthesis factor that may have influenced the
surfaces of microspheres particles is the difference in the
forming solutions viscosity. Comparing the alcoholic solu-
tion of ZN with the solution obtained after the CHI addition,
there is an increase in its viscosity. The alcoholic ZN solution
exhibits a low intrinsic viscosity ([η]) at 25◦C equal to
19.85 mL g−1. The addition of CHI solution, which exhibits
higher [η] (equal to 950.10 mL g−1), into the system, may

have contributed to increasing the [η] of ZN solution ([η]
equal to 308.50 mL g−1). Thus, despite the vigorous mixing,
the smooth surface observed on microspheres constituted by
neat ZN was not achieved in ZN/CHI microspheres. More-
over, the higher surface roughness of ZN/CHI microspheres
could contribute to increasing the drug adsorption on the
microspheres and improving the encapsulation and releasing
rates compared to neat ZN particles.

3.1. FTIR Spectroscopy. The ZN and ZN/CHI microspheres
and pure CHI (powder) were characterized by FTIR
spectroscopy technique (Figure 2). The FTIR spectrum
of CHI (Figure 2(c)) exhibited a broad intense band at
3437 cm−1assigned to O–H vibrational stretching. Close
to this wavelength, a N–H vibrational stretching is also
commonly verified, but due to windening of OH band it was
hindered. The band at 1633 cm−1 was assigned to C=O from
amide groups and to -NH2 deformation [21], and the intense
band at 1082 cm−1 was assigned to the C–O vibrational
stretching, characteristics of primary alcoholic groups on
CHI structure. Figure 2(a) shows the FTIR spectrum for ZN
microspheres, where a clear OH band at 3387 cm−1, two
intense bands at 1656 and 1545 cm−1, assigned to the amide
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Figure 2: FTIR spectra of (a) ZN microspheres, (b) ZN/CHI
microspheres, and (c) pure CHI.

bands, are observed. In one of amide band the predominance
of C=O vibrational stretching occurs, and for the other
amide band the C–N stretching predominates [22]. The FTIR
spectrum from ZN/CHI microspheres (Figure 2(b)) presents
a similar profile as compared to FTIR from ZN microspheres.

However, the band observed at 1545 cm−1 in the ZN
microsphere FTIR spectrum, which can be assigned to N-H
bond, was shifted to 1533 cm−1 in the ZN/CHI microsphere
FTIR spectrum. This fact may indicate a possible interaction
among the ZN and CHI chains, probably through hydrogen
bonding among the amino groups present on both CHI
and ZN chains. Furthermore, the formation of ZN/CHI
microspheres was also confirmed by the arising of a band at
1082 cm−1 in their spectrum of low intensity, which was not
observed in the ZN microsphere spectrum, confirming the
presence of CHI.

Different from work by Torres-Giner et al. [23], in
which a common solvent for both compounds to form
ZN/CHI blends was used; in this work, a nonsolvent for both
components was used for precipitating the microspheres.
Thus, simultaneous precipitation of ZN and CHI during
the microspheres formation was expected and confirmed
by FTIR spectroscopy. The almost complete precipitation
should occur due to the interaction among the ZN protein
and CHI chains by hydrogen bonding. Some other works
addresses the interaction of the polysaccharide chitosan
with proteins (i.e. gelatin, collagen, etc.) through hydrogen
bonds [24, 25]. The hydrogen bonds are formed due to the
interaction among the amino groups present in the protein
(ZN) structure and the amino groups on the CHI chains. By
adding water to the system, which acts as nonsolvent for the
ZN, the precipitation of microspheres occurs by decreasing
the relative amount of alcohol and increasing the pH. So,
microspheres are formed and are composed mainly by ZN
with CHI incorporated into their structures.

3.2. Thermal Analyses. The thermal profiles of ZN and
ZN/CHI microspheres were evaluated by DSC, TGA, and
DTG analysis. Figure 3 shows the DSC curves of neat CHI,
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Figure 3: DSC curves of pure CHI, ZN and ZN/CHI microspheres.

ZN, and ZN/CHI microspheres. All the DSC curves show
endothermic peaks in the range of temperature of 50 to
150◦C. The presence of such peaks was attributed to the loss
of volatile components or the possibility of chain relaxation
[26]. Furthermore, in this temperature range is also verified
the breakdown of hydrogen bonds which are present in
zein structure and other molecular associations [27]. The
DSC curve of pure CHI exhibits a strong exothermic peak
at 307◦C, which is attributed to the degradation of that
polysaccharide [28].

Proteins have some features associated to their different
tridimensional structure, such as the denaturation process.
Some works show that the temperature of unfolding protein
can be evaluated through thermal analysis [29, 30]. Mothe
et al. [30] attributed the presence of an endothermic peak in
proteins thermograms to the destabilization of their physical
interactions, as hydrogen bonding, electrostatic interaction,
and dipole-dipole interaction, thus causing the loss of three
dimensional protein structures. DSC curves of ZN and
ZN/CHI microspheres exhibited endothermic peaks at 311◦

and 318◦C, which can be interpreted as the protein unfolding
[31].

It was also verified through DSC curve, close to 174◦C, an
alteration on the linear profile of ZN curve. Such alteration
was associated to the ZN glass transition temperature (Tg),
and above this temperature the protein chains of ZN undergo
to a flexible stage. This inference is supported by other studies
that also determined the Tg of ZN in a temperature range
of 160–180◦C [31, 32]. Moreover, the Tg for the ZN/CHI
microspheres was observed at temperature higher than that
observed for the pure ZN microspheres. The Tg of ZN/CHI
microspheres increased c.a. 8◦C from that without CHI.
Thus, it can be evidenced that the incorporation of the
polysaccharide CHI within the ZN microspheres makes the
CHI/ZN structure get some flexibility in just a higher tem-
perature. This fact was explained by the interaction among
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the ZN and CHI chains after the microsphere formation, as
observed through the FTIR spectra (see Figure 1).

Figure 4 shows the TGA curves of CHI powder and
microspheres of ZN and ZN/CHI. The decrease of about 10%
on mass between 50◦ and 150◦C was due to the vaporization
of water and volatile components from the material.

In the same temperature range, the decrease of mass
observed for ZN is lower than that for CHI or ZN/CHI.
This happens due to the lower hydrophilicity of ZN, while
the pure CHI and ZN/CHI microspheres exhibit higher
hydrophilicity. Thus, the amount of water volatilized is
greater for these latter two. From 200 to 400◦C, the TGA
curves for CHI, ZN, and ZN/CHI presented significant mass
loss being in this event more intense for ZN, followed by
ZN/CHI and CHI. The mass loss in this range (200–400◦C)
for ZN particles is about 60% while for the ZN/CHI the
decrease is 50%. The DTG curve (first derivative of TGA
curves versus temperature), presented in Figure 5, provides
information of thermal stability of ZN and ZN/CHI particles
compared to CHI.

The incorporation of CHI on ZN allows the formation of
material pursuing thermal stability similar to ZN. This was
inferred after analysis of DTG curves (Figure 5).

Furthermore, as observed by analysis of DSC curves, the
incorporation of CHI shifted the Tg of microspheres to a
larger value when compared with Tg exhibited by neat ZN
microspheres. Also, the incorporation CHI on ZN particles
promoted an increase at the temperature of the unfolding of
zein. Note that for the pure ZN microspheres the unfolding
temperature was observed to occur at 328◦C whereas for the
ZN/CHI microspheres this temperature appears at 332◦C.
These results reinforce the hypothesis that the incorporation
of CHI into ZN-based microspheres allows advantages and
amplifying some of their properties, for instance, the thermal
stability.

4. Conclusions

In this work, microspheres based on the protein zein
(ZN) and on ZN having the polysaccharide chitosan (CHI)
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Figure 5: DTG curves of pure CHI, ZN and ZN/CHI microspheres.

incorporated were prepared through the technique of pre-
cipitation by the addition of a nonsolvent under high
stirring. SEM images allowed observing that both types of
obtained microspheres presented spherical shape. Detailed
analyses of SEM showed that surface of ZN particles is
smooth while the surface of ZN/CHI particles is rougher.
This difference on the microspheres surfaces could be an
advantage to their application as carrier to drug delivery.
The microspheres average diameter was calculated through
the use of specific software. The average diameter was equal
to 1.23 ± 0.47 μm for the ZN microspheres and 4.30 ±
1.93 μm for the ZN/CHI ones. Analysis of FTIR spectroscopy,
allowed infering that the incorporation of the CHI into ZN
microspheres effectively occurred. Thermal profile of the
two types of microspheres was evaluated through DSC and
TGA. Comparing the results, it was verified that the ZN/CHI
microspheres presented similar thermal profile to that of
the ZN microspheres. Furthermore, the CHI incorporation
provided an increase in the Tg of ZN microspheres inducing
increasing the temperature at which ZN chains get flexibility.
So, in despite of both types of materials prepared, this
work exhibited interesting features; such materials might be
applied in studies to obtain viable carriers for controlled
drug release. As discussed previously, the CHI incorporation
provides ZN/CHI microspheres with some advantages over
neat ZN microspheres.
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Juliana Francis Piai, André Ricardo Fajardo, and Silvia
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Nanoparticle-mediated drug delivery and controlled release has been a vigorous research area in contemporary nanomedicine.
The in vivo stability of nanoparticle delivered on site is a prerequisite for the design of drug-controlled release by any means.
In this study, the first methodology comprised of microdialysis and optical imaging to assess the liposome stability in vivo is
reported. Macroscopically, we demonstrated the DPPG liposomes with negative surface charge fast accumulated in the rat liver
upon their i.v. administration using optical imaging. Microscopically, the concurrent analysis of fluorescent molecules leaching
from the liposomes, in situ sampled using microdialysis probe, provides the dynamic information of stability of DPPG liposomes
locus in quo. The current combination of in situ microdialysis and optical imaging possesses a great potential for use as a platform
technology to evaluate the nanoparticle stability and the bioavailability of drug payload released on targeted site in vivo.

1. Introduction

Nanoparticle-mediated drug delivery has been emerging as a
vigorous research area. The nanoformulation of chemother-
apeutics can improve the pharmacokinetics; the controlled
release of drug can be further exploited with either inherent
pathophysiological conditions like acidic pH in tumor,
or external physical means such as photoirradiation and
alternating magnetic fields [1–4]. The high stability of
nanoparticle delivered on-site is a critical prerequisite for the
design of drug controlled release by any means. The oth-
erwise spontaneous release of drug will result in unwanted
side effects and collateral tissue damages, to compromise the
advantages of using nanoparticles as carriers. Thus, to define
a methodology that can dynamically monitor the stability
of targeted nanoparticles and bioavailability of drug payload
locus in quo is important in validation of the activatable drug
release strategy.

Nanomedicine approaches to drug delivery center on
developing nanoscale particles to improve the bioavailability
of a drug. The biodistribution of nanoparticles including
blood circulation, immunosystem interaction, clearance, and
metabolism are synergically determined by many factors
such as size, shape, surface chemistry, and charge. Among
nanoparticles, liposomes have played an important role in
formulation for potential drugs to improve their therapeutic
index. Due to their biocompatibility and biodegradability,
liposomes are by far the most studied colloidal particles
applied in medicine, particularly in antitumor therapy. The
use of liposomes as drug carriers requires the liposomal
preparations with various clearance rates and biodistribu-
tion patterns to better fit the specifics of each particular
application. Liposome charge and liposome coating with
different polymers, such as PEG, are among the parameters
known to strongly affect biological properties of liposomes
[5]. During the delivery process, after extravasation into
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Scheme 1: The microdialysis probe with total diameter of 360 µm
and molecular size cutoff at 100 KDa was in situ implanted for
simultaneous measurements of fluorescence intensity of extracel-
lular fluid. If the liposomes are ruptured, the encapsulated CF
molecules will be leaching out and collected by microdialysis probe.
Thus, the stability of liposomes on site in liver can be dynamically
assessed by the change of fluorescence intensity in microdialysates.

tumor tissue, liposomes remain within tumor stroma as a
drug-loaded depot and eventually are subject to enzymatic
degradation and/or phagocytic attack, leading to release of
drug for subsequent diffusion to tumor cells. Therefore,
the temporal profiles of biodistribution and stability of
nanoformulated contrast agent/drug carrier in vivo are
critical in determining the imaging/therapeutic efficacy and
the necessity for advanced design of activatable controlled
release.

There are a number of imaging modalities that have
been reported to trace the biodistribution of nanoparticles
in vivo, including positron emission tomography (PET) [6],
magnetic resonance imaging (MRI) [7, 8], and optical image
system [9]. However, these techniques, though noninvasive,
are not sensitive enough to reflect the dynamic changes
of nanoparticle stability incurred by variations of patho-
physiological microenvironments or activations of external
means for drug-controlled release. The indiscernibility of
image signals contributed from the contrast agent of intact
nanoparticles and that leaching from the disintegrated
nanoparticles can seriously impede the interpretation of
nanoparticle biodistribution. Current maneuvers to validate
the nanoparticle biodistribution measured using imaging
modalities are to acquire ex vivo tissue dissections for
inductively coupled plasma-mass spectroscopy (ICP-MS)
measurement and/or TEM imaging with energy dispersed
X-ray spectroscopy (EDX) for element analysis [10, 11].
By verifying the physical residence of nanoparticles in
tissues that colocalized with the imaging contrast, it can
assure an appropriate interpretation of nanoparticle biodis-
tribution using the aforementioned non-invasive imaging
modalities. Nevertheless, these processes are time consuming
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Figure 1: The dequenching effects of fluorescence liposomes were
measured upon lysis by nonionic surfactant Triton X-100. A
prominent quenching of fluorescence intensity was observed as the
concentration of liposome-encapsulated CF increased from 10 mM
to 100 mM.

and difficult to acquire dynamic profiles of nanoparticle
biodistribution and stability locus in quo.

Alternatively, to assess the stability of nanoparticle in
response to local variations of microenvironments as residing
in tissue, we exploited an in vivo microdialysis system. Such a
technique used for intracerebral sampling, for example, can
provide continuous monitoring of levels of compounds of a
single animal and has been widely used for pharmacological
and physiological studies to assay endogenous neurotrans-
mitters or exogenous compounds [12, 13]. In the previous
report [14], we applied fluorescent polystyrene nanospheres
(20 nm) to study the blood-brain barrier (BBB) permeability
and used microdialysis probe which was implanted in the
cerebral cortex of an anesthetized rat to in situ monitor the
extravasation of administered fluorescent nanospheres into
the brain across the blood-brain barrier. As illustrated in
Scheme 1, since the microdialysis probe contains membrane
with a specific molecular weight cutoff, it possesses a selective
permeability for molecules with different sizes at locus of
tissue, in the close vicinity of where the probe is positioned.
If the contrast agent- or drug-encapsulating nanoparticles on
site can maintain their morphological stability, their size will
be too large to be selectively collected through the microdial-
ysis membrane. On the contrary, the contrast agents or drug
molecules leaching from the disintegrated nanoparticles, due
to their small size, can easily diffuse through the probe
membrane and be collected in microdialysates for further
analysis. Thus, the microdialysis system has the potential
of usage as a platform for dynamic monitoring of the
nanoparticle stability in vivo, locus in quo.
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Figure 2: (a) The time-lapse optical images showed that liposome containing 10 mM CF, with the size of 200–240 nm, fast accumulated in
rat liver as soon as 5 min after i.v. administration. The fluorescence intensity observed from liver gradually increased and reached its plateau
in 100 min. To evaluate the stability of these on-site DPPG-liposomes in liver, the microdialysis probe with the molecular size cutoff at
100 kDa was implanted in situ to simultaneously analyze the fluorescence signals of extracellular fluid in liver, as indicated with a red-dotted
circle. (b) The profile of fluorescence intensity in microdialysate showed no significant variation throughout the concurrent optical imaging
course after the i.v. injection of CF-encapsulating liposomes.

In the present study, we synthesized carboxyfluorescein-
(CF-)encapsulating liposomes with different surface charges
as models of drug carrier. An analytical method was imple-
mented that combined the optical image system as well as
in vivo microdialysis sampling technique to simultaneously
monitor the biodistribution of liposomes in vivo and to
assess their on-site stability at the extracellular space of liver
tissue, where the liposomes accumulated the most after the
intravenous (i.v.) administration. The current instrument
configuration comprised of the optical image system and the
microdialysis platform can provide dynamic observations
of nanoparticle stability in vivo, from the macroscopic to
microscopic scales.

2. Experimental Section

2.1. Preparation of Referenced CF-Encapsulating Liposomes
(Dipalmitoylphosphatidyl Choline-Liposome: DPPC-Lipo-
some). Liposomes were prepared using the film hydration
method [14]. The lipid mixture consisted of a 10 : 10 : 1
molar ratio of DPPC, cholesterol, and DPPG. The total
lipid mixture was dissolved in 4 mL of a solvent mixture

consisting of chloroform and methanol (8 : 2), followed by
a 1-min sonication at 45◦C. The organic solvent was then
removed under vacuum on a rotary evaporator, leaving a
milky white, gel-like suspension of proliposomes. It was
followed by addition of 1 milliliter of CF solution (10 mM
or 100 mM) to the lipid mixture. After sonication for 3
more min, the liposome preparation was ready to pass
through a 0.2-µm polycarbonate filter 20 times for the
production of a homogeneous suspension of uniform
size. Any unencapsulated dye or trace organic solvent was
removed from the liposome preparation by gel filtration
on Sephadex G-50 column at room temperature, followed
by dialysis (MWCO, 12–14 kDa) against 0.01 M potassium
phosphate buffer (pH 7.0) at 4◦C in the dark.

2.2. Preparation of Relatively Cationic CF-Encapsulating
Liposomes (Dipalmitoylphosphatidyl Ethanolamine-Liposome:
DPPE-Liposome). The procedure was similar to that for
DPPC liposome, except the lipid mixture used for DPPE
liposome consisted of a 10 : 10 : 3 molar ratio of DPPC,
cholesterol and DPPE.
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Figure 3: (a)The time-lapse optical imaging of liposome containing higher CF concentration at 100 mM illustrated no augmentation of
fluorescence intensity in liver throughout the imaging course; the consistent self-quenching of fluorescence implicated the liposomes on site
in liver remained their intact liposomal integrity. (B) At later phase of imaging course, the lysis buffer of Triton X-100 was locally infused
at 2 µl/min via microdialysis probe. It caused the rupture of liposomal lipid integrity, resulting in an immediate increase of CF fluorescence
intensity measured in the microdialysate.

2.3. Preparation of Relatively Anionic CF-Encapsulating Lipo-
somes (Dipalmitoylphosphatidyl Glycerol-Liposome: DPPG-
Liposome). The procedure was similar to that for DPPC
liposome, except the lipid mixture used for DPPG liposome
consisted of a 10 : 10 : 3 molar ratio of DPPC, cholesterol,
and DPPG.

2.4. The HepG2 Cell Line Experiments. Human hepatoma
cells (HepG2) were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) (Gibco; Carlsbad, CA) with 10%
fetal bovine serum (Hyclone; Logan, Utah). Cells were seeded
onto glass bottom dishes (35 mm OD× 10 mm High, glass
area: 22 mm dia., and glass thickness: 0.17 mm) (WillCo
Wells BV; Amsterdam, Netherlands) at density of 1 × 105

cells /dish, and cultured overnight in culture medium. Cell
nucleus were labeled by 10 mM Hoechst33342 (Molecular
probe, Carlsbad, CA) for 5 min and rinsed twice with
PBS buffer. DPPC liposome or DPPE liposome, encapsu-
lating 100 mM carboxyfluorescein, were added to cells at
concentration 5 × 105 liposome/ml in serum-free medium
and cells were incubated for different time periods from
1 h to 4 h. Unfused liposome were removed by washing
twice with PBS and replaced with DMEM medium without

phenol red. Live cells were observed with Leica AS MDW
system (Leica Microsystems; Wetzlar, Germany) at high
magnification (63X). Carboxyfluorescein was imaged using
490 nm excitation wavelengths and 530/30 nm BP emission
filter. Hoechst 33342 was excited by 380 nm and its emission
was collected by 465/20 nm BP emission filter.

2.5. In Vivo Microdialysis System. The microdialysis system
was perfused with 50 mM phosphate buffer solution (pH
7.4) at a flow rate of 2 µL/min. Microdialysis probes,
made of polyethylene sulfonate with a molecular weight
cutoff at 100,000, were purchased from CMA (Carnegie
Medicine Association, Solna, Sweden). The microdialysates
were allowed to flow through a polyimide-coated fused-silica
capillary (360-µm o.d., 250-µm i.d.). A 2-cm segment of
the capillary was stripped of the polyimide coating to serve
as the detection window and placed inside a fluorescence
detector (Argos 250 FL detector, Flux Instruments, Basel,
Switzerland). Polyethylene catheters were inserted into the
liver of the rats.

2.6. Optical Imaging System. The light from a 100 W mer-
cury lamp (color temperature is 5700 K) was passed with
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Figure 4: 10 µM free CF molecules were i.v. administered to validate
the CF sensing of in situ microdialysis probe. The microdialysate
of hepatic interstitial fluid demonstrated an increase of CF fluores-
cence intensity following the i.v. injection.

Table 1: Characteristics of fluorescent DPPG-liposome.

10 mM
CF-liposome

100 mM
CF-liposome

Diameter 202.33 nma 250.3 nma

Volume of liposome 4.34 ×10−12 b 8.21 ×10−12 b

Number of Liposome 1.44 ×1013 c 8.95× 1012 c

Dye molecule/liposome 23132 448557

Concentration of CF 10 mM 100 mM
aThe particle size is average.
bThe unit is µL.
cThe unit is No. per mL.

an interference filter (model 545AF75, Omega) to induce
fluorescence. The imaging sensor of the in vivo imaging
system was a charge-coupled device (CCD) camera (model
DW436, Andor, Northern Ireland) cooled down to −90◦C.
An interference filter (model FF495 Ex 02–25, Smerok, USA)
covered the 50 mm f/1.2 lens (Nikon) to block the exciting
light. The body temperature of the rats was maintained at
37◦C with a heating pad.

3. Results and Discussion

3.1. Properties of Fluorescent Liposomes. We synthesized
DPPG-liposomes containing 10 mM and 100 mM of CF,
respectively, by using the film hydration method (shown
in Experimental Section). The characteristics of liposomes
were described in Table 1. The hydrodynamic diameters of
liposome are around 200∼250 nm and the calculated average
volume of a single liposome is about 4.3–8.2×10−12µL.

The average diameters of the liposomes were measured
using the Coulter LS particle analyzer (Coulter Corp.,

Miami, FL). The spectral analysis displayed the maximal
absorption and fluorescence emission of CF-encapsulated
liposomes at 495 nm and 520 nm, respectively, which resem-
bled those of CF solution (Figure 1).

Since the biodistributions of liposome and of other
nanoparticles were reported to greatly depend on the surface
charge [15–17], the zeta potentials of DPPG- and DPPE-
liposomes were measured and listed in Table 2. As described
in Experimental Section, to vary the molar ratios of DPPG
and DPPE to DPPC and cholesterol in lipid mixtures, the
constructed liposomes can possess different surface charges.
The DPPG-liposomes containing 10 mM and 100 mM CF
exhibited negative zeta surface potentials of −43.30 mV and
−38.16 mV at pH 7.4, respectively. In contrast, the DPPE-
liposomes encapsulating 10 mM and 100 mM displayed
the relatively positive surface potentials of −10.99 mV and
−15.00 mV at pH 7.4, respectively (Table 2).

3.2. Dequenching of Fluorescent Liposomes upon Lysis by
Nonionic Surfactant. The 100 mM fluorescent CF encapsu-
lated within DPPG liposomes with the sizes around 200 nm
indicated apparent self-quenching of fluorescence, due to
its relatively high concentration confined within a relatively
small volume (Figure 1). The quenching effect could be
evaluated by disintegrating liposomes with the nonionic sur-
factant, Triton X-100, to compare the fluorescence intensity
before and after lysis. The lysis buffer containing surfactant
Triton X-100 of 0.1% in PBS buffer (pH 7.4) was added
and mixed gently to 3 mL of the liposome solution for 10
minutes at room temperature. As demonstrated in Figure 1,
the liposome-encapsulated CF at 10 mM showed comparable
levels of fluorescence intensity before and after lysis, while
the 100 mM specimens indicating ninefold increase of that
after the liposomes being lyzed. Thus, this dramatic change
of fluorescence intensity before and after liposome disin-
tegration could be further applied to sense the stability of
liposomal structure as delivered on site in tissue. On the
other hand, for tracking biodistribution of liposome in vivo,
the 10 mM specimen was selected, due to its traceable, bright
fluorescence intensity.

3.3. In Vivo Biodistribution versus In Situ Stability of Fluo-
rescence Liposomes. The biodistribution of CF-encapsulating
DPPG liposome was monitored dynamically by homemade
small animal optical imaging system, and its on-site stability
was simultaneously assessed using in situ microdialysis
probe. Prior to imaging, male Sprague Dawley rats (weight
ca. 250 g) were placed on Teklad 2916 diets for 5 days
and fasted for 12 h, to minimize rodent chow autofluores-
cence within the GI-tract and anesthetized with urethane
(1.5 g/kg) i.p. injection. DPPG-liposomes containing 10 mM
and 100 mM CF, at a dosage of 16 mg/kg, were injected
i.v. via the tail vein of animals, respectively. The time-lapse
optical images showed that liposome containing 10 mM
CF, with the size of 200–240 nm, fast accumulated in rat
liver as soon as 5 min after i.v. administration (Figure 2(a)).
The fluorescence intensity observed from liver gradually
increased and reached its plateau in 100 min. To evaluate
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Figure 5: The HepG2 cells treated with DPPG liposomes containing 100 mM CF (surface charge ca. −40 mV) showed no CF fluorescence
in the cytoplasm, implicating that no cell uptake of liposomes took place during the 4h imaging course. The scale bar is 10 µm.
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Figure 6: The HepG2 cells treated with DPPE-liposomes containing 100 mM CF (surface charge ca. −10 mV) showed pronounced increase
of CF fluorescence in the cytoplasm, implicating that avid cell uptake of liposomes took place after the treatment. The scale bar is 10 µm.

Table 2: The zeta potentials of fluorescent DPPG- and DPPE-liposomes.

DPPG-liposome
(10 mM CF)

DPPG-liposome
(100 mM CF)

DPPE-liposome
(10 mM CF)

DPPE-liposome
(100 mM CF)

Zeta potential (mV) −43.30 −38.16 −10.99 −15.00
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the stability of these on-site DPPG liposomes in liver,
the microdialysis probe with the molecular size cutoff at
100 kDa was implanted in situ to simultaneously analyze the
fluorescence signals of extracellular fluid in liver (Shceme
1). As depicted in Figure 2(b), the profile of fluorescence
intensity in microdialysates showed no significant variation
throughout the concurrent optical imaging course after the
i.v. injection of CF-encapsulating liposomes. It implicated
that liposomes in liver were able to maintain their structural
stability, preventing the encapsulated CF from leaching into
the extracellular fluid and being sampled by the microdialysis
probe. On the other hand, since the liposomes were not
disintegrated, with the intact size of 200 nm, they were
simply too large to permeate through the membrane of
microdialysis probe.

For DPPG liposomes containing high concentration of
100 mM CF, due to the self-quenching phenomenon, there
was no observable increase of fluorescence signal in liver of
anesthetized rat during the optical imaging course, following
the i.v. administration (Figure 3(a)). If the liposomes with
100 mM CF disintegrate on site, it would result in CF
molecules permeating into the interstitial space of liver,
consequently to compromise the self-quenching of fluores-
cence. Therefore, the dark time-lapse images of liver could
be accounted for the macroscopic evidence that implicating
the integrity of liposomes was remained intact at their loci
of liver. To microscopic probing of the stability of liposomes
encapsulating 100 mM CF, the positioned microdialysis in
liver also revealed no increase of CF fluorescence in micro-
dialysates over the 100-min concomitant optical imaging
session (Figure 3(b)). The upshift of fluorescence baseline
(from less than 0.01 to ca. 0.03 V) upon the i.v. injection of
liposomes was due to the high concentration of encapsulated
CF molecules. At the equilibrium, with 100 mM liposome-
encapsulated CF, the concentration of free CF molecule in
the prepared ready-to-use solution was much higher than
that with 10 mM liposome-encapsulated CF. Consequently,
it incurred the increase of baseline following the injection
of liposome solution, as delineated in Figure 3(b). At later
phase of imaging course, the lysis buffer of Triton X-100
was locally infused at 2 µl/min via microdialysis probe. It
caused the rupture of liposomal lipid integrity, resulting in
an immediate increase of CF fluorescence intensity measured
in the microdialysate (Figure 3(b)).

Since the lysis buffer diffused to the tissue only in the
vicinity of microdialysis probe, its effective volume on tissue
was very small; only those liposomes situated around the tip
of microdialysis probe were subject to the lysis. Thus, this
increase of fluorescence intensity, resulted from the leaching
CF, could only be sensed by the microdialysis in situ, but
not by the optical imaging measurement. As such, to deliver
Triton-X for liposome disintegration was not an efficient
means of controlled release, albeit it provided indirect
evidence to substantiate the intact of liposomal structure in
situ of liver. The release of CF molecules during the Triton-
X lysis was a process of concentration-dependent diffusion,
therefore, to probe the integrity of liposome via this means
was better to use liposomes encapsulating 100 mM, rather
than 10 mM.

To further validate the CF sensing of in situ microdialysis
probe, 10 µM free CF molecules were i.v. administered.
As shown in Figure 4, with this CF concentration before
the plasma dilution—less than a thousandth of that previ-
ously used with the liposome encapsulation, a prominent
fluorescence signal was still able to be measured via the
microdialysis sampling of extracellular fluid in liver. It
implicated that the in situ microdialysis was suitable for
monitoring of the drug controlled release in tissue locus
in quo. In summary, all the evidence, from macroscopic
optical imaging to microscopic microdialysis measurement,
indicates that, following i.v. administration, the DPPG-
liposomes would fast accumulate in the liver and reside in the
extracellular space with the high stability of morphological
integrity over the period of 2 h.

3.4. The Hepatoma Cell Uptakes of Liposomes versus Different
Surface Charges. There are a number of reports demon-
strating that the biodistribution of nanoparticles is surface
charge-dependent [15–17]. In general, the nanoparticles
with greater surface charge tend to be more avid for
cell uptake via process like endocytosis. In the current
study, the DPPG-liposomes, with the surface zata poten-
tial of ca. −40 mV, were demonstrated to reside in the
extracellular space of liver tissue. How the surface charge
of liposomes leads the propensity of their interactions
with cells was investigated with the in vitro model of
human hepatoma cell line (HepG2). The HepG2 cells
(1 × 105 cell number) were seeded onto a glass bottom
dish and cultured overnight in culture medium. The cell
nuclei were labeled by 10 mM Hoechst 33342 for 5 min
and then rinsed twice with PBS buffer. Afterwards, the
DPPG-liposomes (ca. −40 mV) or DPPE-liposomes (ca.
−10 mV), both encapsulating 100 mM carboxyfluorescein,
were respectively added to HepG2 cells at concentration
of 5 × 105 liposome/ml in serum-free medium, incu-
bated for various time periods, from 1 h to 4 h. If the
treated liposomes are engulfed into cells, the encapsu-
lating 100 mM CF can be released from the disrupted
liposomal structure via two possible pathways: direct lipid-
cell membrane fusion or cell endocytosis. In the latter
pathway, the lipase in endosomes is responsible to digest
the liposome to release the CF molecules [5]. Both cases
will result in the increase of intracellular fluorescence
intensity, due to the compromise of CF fluorescence self-
quenching by its dilution in cytoplasm. In our study, the
time-lapse fluorescence microscopy illustrated that, with
the DPPG-liposomes, no CF fluorescence was observed in
the cytoplasm of HepG2 cells, implicating no cell uptake
of liposomes occurred in 4 h (Figure 5). However, with
the DPPE-liposomes possessing relatively positive surface
charge as compared to the DPPG liposomes, the pronounced
intracellular fluorescence intensity was observed throughout
the 4 h imaging course (Figure 6). These results of liposome-
cell interaction are consistent to that for other reported
nanoparticles [15–17] and are supportive to the in vivo
observation of extracellular residence of DPPG liposomes in
liver.
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4. Conclusions

In this study, we successfully implement the first method-
ology comprised of microdialysis and optical imaging to
dynamically assess the stability of liposome in vivo. Macro-
scopically, with the time-lapse optical imaging, we demon-
strated that the DPPG-liposomes with surface charge around
−40 mV would accumulate in the liver of anesthetized rat
upon their i.v. administration in 5 min. Microscopically, the
concurrent analysis of fluorescent molecules in extracellular
fluid of liver tissue, in situ-sampled using microdialysis
probe, provided the dynamic information of stability of
DPPG-liposomes locus in quo. From macroscopic to micro-
scopic results, all the evidence implicated that the DPPG-
liposomes could reside in the extracellular space of liver, with
stable and intact morphological integrity, over a period of
2 h at least. The microdialysis probing the lipid integrity of
liposome, by analyzing the increase of fluorescence intensity
in microdialysates that attributed to the leaching of CF
molecules, provides itself as a platform technology used for
evaluation of nanoparticle stability (not only for liposome)
and the bioavailability of drug payload released on targeted
site in vivo. As such, the current combination of in situ
microdialysis and optical imaging possesses a great potential
to be used vigorously in the research of nanoparticle-
mediated drug targeted delivery and controlled release.
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