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Folic acid-conjugated nanoparticles (NPs) of biodegradable polymer poly(lactic-co-glycolic acid) (PLGA), which were
emulsified by long-chain D-�-tocopheryl polyethylene glycol succinate (vitamin E TPGS or simply TPGS) for targeted
delivery of anticancer drugs, are prepared. The NPs were characterized for their size and size distribution, surface
morphology, surface charge, drug encapsulation efficiency, and surface chemistry. The cellular uptake and the cytotoxicity
of the drug-loaded PLGA NPs were assessed in vitro with MCF7 breast cancer cells in close comparison with the
corresponding Short-chain TPGS (TPGS2k)-coated PLGA NPs and the original drug. The long-chain TPGS 2000
(TPGS2k)-emulsified PLGA NPs showed great advantages over the short-chain TPGS 1000 (TPGS1k)-emulsified and the
nude PLGA NPs. The folic acid-conjugated TPGS2k-emulsified PLGA NPs showed significant advantages in cellular
uptake and therapeutic effects in vitro. The IC50 value showed 90.4% less than that of the original drug. VVC 2012 American

Institute of Chemical Engineers AIChE J, 58: 3289–3297, 2012
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Introduction

Cancer is one of the most dread diseases today.1 One in
four deaths in the United States is due to cancer, although
the combined death rate decreased by 21.0% for men
between 1990 and 2006 and 12.3% for women between
1991 and 2006.2 Nevertheless, the major cancer treatment in
current regimen is still surgery followed by chemotherapy
and/or radiotherapy, which are not satisfactory enough to
suppress the disease. Despite serious side effects, chemother-
apy still plays a major role in fighting against cancer due to
its systemic property, which is a complicated procedure with
a high risk. The side effects may come from the drug itself,
its dosage form due to the adjuvant toxicity, restricted phar-
macokinetics, and pharmacodynamics. Chemotherapeutic en-
gineering may provide an ideal solution for those problems,
which was defined as application and further development of

engineering especially chemical engineering principles to
solve the problems in the current regimen of chemotherapy
to achieve best efficacy with least side effects.3,4

As a major technology in chemotherapeutic engineering,
nanoparticle (NP) technology has been regarded as one of
the most promising approaches to deal with cancer and has
been extensively exploited to improve conventional chemo-
therapy in the recent years.5–9 Among various types of drug
delivery systems in nanoscale, NPs of biodegradable poly-
mers have been under intensive investigation and proof-
of-concept experimental results have been achieved. It has
been demonstrated for the first time in the literature that one
10 mg/kg dose of paclitaxel formulated in the poly(lactide-
co-glycolide) (PLGA) NPs could realize 168-h effective
chemotherapy in comparison with only 22-h treatment for
Taxol

VR

and the drug tolerance can be 400% higher with 3.6
times area-under-the-curve (AUC), a quantitative measure-
ment of in vivo therapeutic effect.8 Such positive result was
then confirmed by docetaxel, a better derivative of pacli-
taxel, formulated in the Poly(lactic acid)-D-a-tocopheryl
polyethylene glycol succinate (PLA-TPGS) NPs. One 10 mg/
kg dose of such a NP formulation realized 336-h effective
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chemotherapy in comparison with 24-h treatment for
Taxotere

VR

. The AUC was found to be 8.1 times larger for
the former than that for the latter.9 These results relieved a
major concern on chemotherapeutic engineering, for example
feasibility—could the NPs escape from the recognition and
elimination by the reticuloendothelial system (RES) to
deliver the drug into the cancer cells? Another concern is
the safety—how long the NPs would stay in the body and
what the impact to health could be. This is a serious ques-
tion we have to pursue, which has become an important
branch in chemotherapeutic engineering (or cancer nanotech-
nology and nanomedicine). The advantages of the NP formu-
lations over the traditional chemotherapy in current regimen
may be due to their unique properties such as the small size,
favorite surface chemistry, high drug encapsulation effi-
ciency especially for hydrophobic drugs, controlled and sus-
tained drug release manner, high cellular uptake efficiency,
desired pharmacokinetics, long circulation half-life, and
other highly tailored functions such as passive as well as
active targeting.10–12 Furthermore, with further development,
chemotherapeutic engineering may promote personalized
chemotherapy; delivery of therapeutic agents across physio-
logical drug barriers; and eventually, chemotherapy at
home.13

NPs should be appropriately engineered before taking
effect in practical cancer chemotherapy. There are several
fundamental problems and technical barriers that must be
overcome for anticancer drug delivery,14 which include op-
sonization and phagocytosis of NPs,15 capture and retention
of NPs in RES,16 difficulties in NP accumulation near solid
tumors and targeting the cancerous cells followed by pene-
tration into solid tumors.17,18 The effective solution is to
engineer NPs by tuning their size, polydispersity, surface
area, surface charge, surface morphology as well as surface
chemistry through introducing versatile surfactants to coat
the NPs to enhance the drug delivery to the cancer cells,
avoid being recognized by the microphages and cross the
various physiological drug barriers.

TPGS surfactants are amphiphilic macromolecules consist-
ing of a hydrophilic polar polyethylene glycol (PEG) seg-
ment and a hydrophobic tocopheryl (vitamin E) segment.19

The TPGS that has been used for NPs formulation for drug
delivery is TPGS 1000 (TPGS1k), which has been proved to
be an effective surfactant for NP formation for drug delivery,
for example, the quantity of TPGS needed to make the same
amount of NPs is only 1/67 of poly(vinyl alcohol) (PVA) by
weight.20 Moreover, because of its bulky lipophilic segment,
TPGS was thought to possess properties such as better drug
solubilization, high emulsification effect, high drug encapsu-
lation efficiency, high cellular adhesion, and adsorption.21–23

TPGS was also proved to be able to effectively block P-gly-
coprotein (P-gp) efflux pump which is a major component in
the multidrug resistance system expressed on a lot of cancer-
ous cells that removes the drug molecules from the cancer-
ous cells, thus, alleviating bioavailability of the drug.24,25 In-
hibition of P-gp allows drugs to be retained within the path-
ological cells enabling drug concentration to keep effective
doses to kill the cells. Conversely, the PEG chains conju-
gated on TPGS1k could make NPs avoid opsonization and
internalization by RES due to the PEGylation, which reduces
the proteins to bind on the NPs.26–28

In the literature, the PEG chain of the TPGS used for NP
preparation so far is PEG 1000 (Mw ¼ 1000). We denote
the TPGS of PEG 1000 chain as TPGS1k. Nevertheless, the

chain length of PEG in TPGS macromolecules are adjustable
and PEG 1000 might not be long enough to fulfill the
requirement to make stealth NPs to avoid RES scavenging
and protein adsorption, which could lowering the circulation
life time of the NPs in bloodstream because it is believed
that only molecular weight of PEG not shorter than 2000
should be required to achieve those benefits.15,29 In 2006,
researchers synthesized a series of TPGS analogs with a va-
riety of PEG chain length and indicated that the transporta-
tion of rhodamine 123 in Caco-2 cells was influenced by the
chain length of PEG.30 It is thus inspired that the perform-
ance of the TPGS-emulsified NPs may be dependent on its
PEG chain length, which may be a decisive factor that has
been ignored in the literature of NPs for drug delivery.
Therefore, we conducted a systematic research on the possi-
ble effects of the PEG chain length in the surfactant TPGS.

In this work, we synthesized a series of TPGSnk surfac-
tants of various PEG chain lengths to demonstrate the effec-
tiveness of those enhanced surfactants in the NPs formation
for targeted drug delivery with docetaxel as a model anti-
cancer drug, which is one of the best antineoplastic agents
against a wide spectrum of cancers.31 It is expected that the
TPGS of optimal PEG chain length could be found for best
performance of the NPs for targeted drug delivery. Folic
acid-functionalized TPGS was also synthesized to provide
the possibility of active targeting to the cancer cells of folate
receptors (FRs) overexpression. The effects of the surfactant
chain length on the physicochemical and pharmaceutical
properties and in vitro cellular uptake and cytotoxicity of the
PLGA NPs prepared by the nanoprecipitation method were
investigated. Such a chemotherapeutic engineering technol-
ogy devoids of toxic additives such as PVA. Although in
vitro, our results showed that TPGSnk, especially TPGS2k
has great advantages in NPs formulation for drug delivery
over the commercial formulation of docetaxel, Taxotere

VR

and supplies more choices for engineering versatile poly-
meric NPs by selecting among the surfactants of different
chain length in the family.

Experimental

Materials

Docetaxel (anhydrous, 99.56%) was purchased from Shang-
hai Jinhe Bio-Technology, China. Taxotere

VR

was provided by
National Cancer Center (Singapore). TPGS1k, poly[D,L-lac-
tide-co-glycolide] (PLGA, 75:25, Mw ¼ 90,000–126,000),
monomethoxy PEG (MPEG, Mw ¼ 2000 and 5000, from now
on simply MPEG2k and MPEG5k, respectively), tocopheryl
succinate (or vitamin E succinate, VES), dicyclohexylcarbo-
diimide (DCC), 4-(dimethylamino) pyridine (DMAP),
N-hydroxysuccinimide (NHS), triethylamine (TEA), N-(3-
Dimethylaminopropyl)-N0-ethylcarbodiimide hydrochloride
(EDAc), folic acid, sucrose, methanol, ethanol, dichlorome-
thane (DCM), diethyl ether, acetone, acetonitrile (ACN), di-
methyl sulfoxide (DMSO), coumarin-6, phosphate-buffered sa-
line (PBS, pH 7.4), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay, and propidium iodide (PI)
were purchased from Sigma-Aldrich (St. Louise, MO). Poly[-
ethylene glycol]-2000 bis-amine (PEG2k bis-amine) was
offered by Laysan Bio (Arab, AL). Tween-80 was from ICN
Biomedicals (OH). Triton X-100 was provided by USB Corpo-
ration (OH). Fetal bovine serum (FBS), trypsin–EDTA solu-
tion, and penicillin–streptomycin solution were purchased from
Invitrogen. Dulbecco’s modified Eagle’s medium (DMEM)
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was from Sigma. All solvents used in this study were high-per-
formance liquid chromatography (HPLC) grade. MCF7 breast
cancer cells were provided by American Type Culture Collec-
tion (ATCC). The water used was pretreated with the Milli-Q

VR

Plus System (Millipore Corporation, Bedford).

Synthesis of TPGSnk surfactants

The surfactants of TPGSnk (n ¼ 2 or 5) were synthesized
by carbodiimide chemistry. Briefly, tocopheryl succinate was
weighed and dissolved in DCM. MPEG2k or MPEG5k was
also weighed and dissolved in DCM. Both the tocopheryl
succinate and MPEG were then added together with DCC
and DMAP with stoichiometric ratio of 1:1:2:0.1, respec-
tively, and left to stir overnight in nitrogen environment at
dark. The solution was then filtered to remove byproduct
and precipitated in cold diethyl ether. The precipitate
obtained was then washed by diethyl ether again and dis-
solved in water and dialyzed against water. The milky dis-
persion was filtered again to remove impurities and the fil-
trate was collected. TPGS 2000 (TPGS2k) and TPGS 5000
(TPGS5k) powder were obtained after freeze drying of the
filtrate. For amine-terminated TPGS, tocopheryl succinate,
PEG2k bis-amine, DCC, and NHS were weighed and dis-
solved in DCM separately with stoichiometric ratio of
1:1.2:2:2, respectively. The solution was mixed with 20 ll
of TEA and left to stir in nitrogen environment at dark for 2
days. The solution was then filtered to remove byproduct
and precipitated in cold diethyl ether. The precipitate
obtained was then washed by diethyl ether again and
dissolved in water and dialyzed against water. The milky
dispersion was filtered again to remove impurities and the
filtrate was collected. D-a-Tocopheryl amino polyethylene
glycol 2000 succinate (TPGS2kNH2) powder was obtained
after freeze drying the filtrate. The 1H NMR spectra were
collected on a Bruker ACF300 (300 MHz) spectrometer
using d6-DMSO as solvent.

Preparation of PLGA NPs

NPs were prepared by the nanoprecipitation method. The
aqueous phase was first prepared by dispersing the TPGSnk
surfactants in ultrapure water at concentration of 0.08 mg/
ml. PLGA was weighed and dissolved in acetone forming a
10 mg/ml oil phase. The oil phase was then added dropwise
into 10 times of the aqueous phase while continuously stir-
ring. The particle suspension was left to stir until all the sol-
vent was evaporated. The particle suspension was then fil-
tered and centrifuged and washed three times at 8000 rpm
for 15 min at 4�C. The powder of the NPs was obtained af-
ter freeze drying. The docetaxel loaded NPs were fabricated
using the same method with the 5% (w/w) drug-contained
oil phase. The fluorescent NPs were fabricated by the same
procedure except for 0.5% (w/w) coumarin-6-contained oil
phase. Formulations without surfactant added in the process
were prepared using the same method but replacing the
aqueous phase with only ultrapure water. From now on,
PLGA NP, T1k NP, T2k NP, and T5k NP are assigned in
abbreviation to the NPs with no surfactant, TPGS1k,
TPGS2k, and TPGS5k used as surfactant, respectively.

Conjugation of folic acid onto the TPGS2kNH2-coated
NPs

Postconjugation strategy (i.e. conjugation of ligand onto
the NPs surface instead of conjugation of ligand onto the
polymer before NPs formulation) to link the folic acid to the

TPGS2kNH2-coated NPs was applied. Suspended NPs were
mixed with folic acid at a molar ratio of 20:1. N-(3-Dimethy-
laminopropyl)-N0-ethylcarbodiimide hydrochloride (EDAc)
and NHS were added in excess and the suspension was
stirred overnight before filtering through a filter paper. Fil-
trate collected was dispersed in ultrapure water and washed
three times. The particles were collected and freeze dried.
Similarly, T2kN NP and T2k NP-FOL infer TPGS2kNH2-
coated NPs and the NPs coated by TPGS2kNH2 and fur-
ther conjugated by folic acid, respectively.

Characterization of the NPs

The average particle size and size distribution of the NPs
were measured using laser light scattering (LLS, 90Plus Par-
ticle Sizer, Brookhaven Instruments Corporation, Huntsville,
NY) at a laser angle of 90� at 25�C. The sample was pre-
pared by diluting the NP suspension with ultrapure water
and sonicating for 1 min to ensure homogenous dispersion
of the particles. The surface charge of the NPs in water was
measured using a zeta-potential analyzer (Zeta Plus, Broo-
khaven Instruments Corporation) at 25�C. The sample was
prepared by diluting the NP suspension with ultrapure water
and sonicating for 1 min to ensure homogenous dispersion
of the particles. The zeta-potential was measured under cer-
tain pH value and concentration of the dispersion. The drug
loading efficiency of the NPs was determined in triplicates
by HPLC (Agilent LC 1100 series). A reversed phase
Inertsil

VR

ODS-3 column (250 � 4.6 mm, particle size 5 lm;
GL Science, Tokyo, Japan) was used. Three milliliters of NP
suspension with known amount of NPs was freeze dried,
redissolved in 1 ml of DCM, and left overnight to evaporate.
Four milliliters of mobile phase (50:50, v/v ACN/water
solution) was added and the solution was filtered using a
0.45 lm poly(vinylidene fluoride) (PVDF) syringe filter
before being transferred to a HPLC vial. The effluent was
detected at 230 nm with a UV-VIS detector. Comparison
between the AUC readings obtained from the sample to pre-
viously prepared calibration curve yielded the amount of
docetaxel within the sample. The drug loading is defined as
the ratio between the mass of drug encapsulated in the NPs
and the mass of the NPs presented.

Surface morphology

The surface morphology of the NPs was visualized using
field emission scanning electron microscope (FESEM, JSM-
6700F, JEOL, Tokyo, Japan) at an accelerating voltage of 5
kV. The samples were prepared by placing a drop of the NP
suspension on copper tape placed on top of a sample stub
and left under reduced pressure to dry. The sample was then
coated with a platinum layer using Auto Fine Coater (JEOL)
for 30 s at 30 mA current.

Surface chemistry

The surface chemistry of the NPs was assessed using
x-ray photoelectron spectroscopy (XPS, AXIS His-165 Ultra,
Kratos Analytical, Shimadzu Corporation, Japan). The sam-
ples were analyzed using a fixed transmission mode covering
a range of binding energy from 0 to 1100 eV with pass
energy of 80 eV. Peak curve fitting was performed using
software provided by the instrument manufacturer.

In vitro cellular uptake of the NPs

Cell line experiments were carried out using human breast
adenocarcinoma (MCF7) cells cultured in DMEM
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supplemented with 10% FBS and 1% penicillin–streptomycin
as the antibiotics in humidified environment of 5% CO2 at
37�C. Growth medium was replenished every other day and
subculture was performed when cells reached 80% confluence.

For quantitative study, MCF7 cells were seeded into 96-
well black plates (Costar, IL,) at 5 � 103 cells/well (0.1 ml)
and after the cells reached 80% confluence, the medium was
changed to the suspension of coumarin-6 loaded NPs at a
NP concentration of 0.125 mg/ml for 2 h. After incubation,
the NP suspension in the testing wells was removed and the
wells were washed with 0.1 ml PBS three times to remove
the NPs outside the cells. After that, 50 ll of 0.5% Triton
X-100 in 0.2 N NaOH solution was added to lyse the cells.
The fluorescence intensity present in each well was then
measured by microplate reader (Genios, Tecan, Switzerland)
with excitation wavelength at 430 nm and emission wave-
length at 485 nm.

For qualitative studies, MCF7 cells were seeded in a
chambered cover glass system (LAB-TEK

VR

, Nagle Nunc
International, Naperville, IL) in humidified environment of
5% CO2 at 37�C. After incubation of 24 h, the medium was
replaced by coumarin-6-loaded NP suspension at a concen-
tration of 0.125 mg/ml. Cells were incubated again for 2 h
and washed thrice with PBS. Cells were then fixated by
addition of 75% ethanol for 20 min. Cells were further
washed twice with PBS and nuclei counterstaining was car-
ried out with PI for 45 min. The cells were washed twice
with PBS. Finally, the cells were observed using confocal
laser scanning microscope (CLSM, Olympus Fluoview
FV1000) using a PI and FITC channel.

In vitro cytotoxicity

MCF7 cells were seeded in 96-well transparent plates
(Costar, IL) at 5 � 103 cells/well (0.1 ml) and after 12 h,
the old medium was removed and the cells were incubated
for 24, 48, and 72 h in the medium containing Taxotere

VR

or
docetaxel loaded NP suspension at an equivalent drug con-
centration of 0.5, 0.25, 0.1, and 0.025 lg/ml. The NPs were
sterilized with UV irradiation for 1 day before use. At given
time intervals, the cultured cells were assayed for cell viabil-

ity with MTT. The wells were washed twice with PBS and
10 ll of MTT supplemented with 90 ll culture medium was
added. After 3 h incubation, the medium was removed and
the precipitate was dissolved in DMSO. The absorbance of
the wells was measured by the microplate reader (Genios)
with wavelength at 570 nm and reference wavelength at 620
nm. Cell viability was calculated by the following equation:
cell viability ¼ Abss/Abscontrol � 100%, where Abss is the
absorbance of the wells containing the cells incubated with
the NP suspension and Abscontrol is the absorbance of the
wells containing the cells incubated with the culture medium
only (positive control).

Statistical analysis

Data were expressed as the means with 95% confidence
intervals. Statistical tests were performed with the Student’s
t test. For all tests, P values less than 0.05 were considered
to be statistically significant. All statistical tests were two
tailed.

Results and Discussion

Synthesis of various surfactants

TPGSnk (n ¼ 2 and 5) surfactants were synthesized using
the carbodiimide reaction. 1H NMR was applied to confirm
the successful conjugation of PEGnk molecules with VES.
Typically, the results of TPGS2k from the NMR analysis are
shown in the Figure 1. This figure shows a comparison
among MPEG2k, VES, and TPGS2k. Most peaks that occur
in the spectrum of MPEG2k and VES also occur in the spec-
trum of TPGS2k, albeit slightly shifted, showing a strong re-
semblance between the structures of the basic compounds
and the product as well as the change of chemical environ-
ment in the product. With the results, it can be said that
TPGS2k has been successfully synthesized. TPGS5k was
synthesized similarly except MPEG5k instead of MPEG2k
was used. The other functionalized material, TPGS2kNH2

was also synthesized using the carbodiimide reaction in the
presence of NHS. The reaction resulted in the formation of
yellowish solid. Figure 2 shows a comparison among PEG2k
bis-amine, VES, and TPGS2kNH2. All peaks that occur in

Figure 1. 1H NMR spectra of MPEG2k, VES, and
TPGS2k.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 2. 1H NMR spectra of PEG2k bis-amine, VES,
and TPGS2kNH2.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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the spectrum of PEG and VES also occur in the spectrum of
TPGS2kNH2 with slight shift, pointing to a successful syn-
thesis of TPGS2kNH2.

Preparation of NPs

The NPs were prepared by the nanoprecipitation method,
which requires two miscible solvents with the first solvent
(acetone) dissolving the drug and polymer and the second
solvent (water) dispersing the surfactant. The drug and poly-
mer should not be dissolved in the second solvent. The addi-
tion of the polymer-containing solvent into the dispersing
medium causes a rapid desolvation of the polymer and for-
mation of drug-entrapped NPs.32 The surfactants dispersed in
aqueous phase were subsequently adsorbed onto the surface
of the NPs due to hydrophobic interaction. Surface coating
of NPs was thus achieved by the various desired surfactants.
The factors taken into account during the fabrication include
the type of organic solvent, the surfactant to solvent ratio,
the rate of addition of polymer solution, and temperature.
Several batches of PLGA NPs without drug, with docetaxel
or coumarin-6 loaded were successfully fabricated. The sur-
factants used during the fabrication included TPGS1k,
TPGS2k, and TPGS5k. TPGS1k is a commercial product,
which was used as a comparison to benchmark the effective-
ness of the newly synthesized surfactants in this work.

Conjugation of folic acid to the NPs

The conjugation of folic acid onto the NPs was proposed
to fulfill the targeted delivery purpose aiming to target the
cancerous cells, which are of FRs overexpression. Ligand
conjugation can be made in two ways in the literature: post-
conjugation means that the ligand conjugation is made after
the NPs formulation and preconjugation means that conjugat-
ing the ligand to the polymer first and the NPs are then for-
mulated. The former one was used in this work that was
achieved via the aqueous phase carbodiimide reaction
between folic acid and the free amine groups on

TPGS2kNH2-coated NPs using EDAc and NHS. The sche-
matic diagram of the structure of the NPs and the reaction is
illustrated in Figure 3. The merit of postconjugation for
attaching the targeting ligands onto NPs is that it ensures the
ligands to stay on the top of the particles but not buried
inside the spheres.

Characterization of the NPs

Particle Size and Size Distribution. The size of the NPs
plays an important role in determining their performance in
chemotherapy. Smaller size NPs may be able to permeate
more easily through the biological barriers and penetrate the
epithelial cells via endocytosis. However, too small NPs may
not have enough surface energy to overcome the bending
energy needed in the endocytosis process. Moreover, too
small NPs may be resulted in too low drug encapsulation ef-
ficiency and too fast drug release kinetics. The ability of the
NP to target and accumulate in cancer cells is also affected
by its size. The size and size distribution of the NPs with
different surfactants are compared in Table 1. From Table 1,
the NP size measured using LLS is between 200 and 250
nm. The optimal range of NPs for cellular uptake by endocy-
tosis was found to be 100–200 nm in our earlier publica-
tions.33 The size of the NPs coated by the long-chain
TPGS2k and TPGS5k falls in or near this optimal range.
The NPs conjugated with folic acid are slightly larger in size
due to the extra folic acid tail attached to the surface. The
size distribution is quite narrow indicating that the NPs are
quite uniform in size. Narrow size distribution would allow
for better control of the properties of the NPs.

Surface charge

The surface charge of the folic acid-conjugated, drug-
loaded PLGA NPs was measured by the zeta-potential ana-
lyzer, which indicates the stability of the particle disper-
sion. Surface charge that is highly negative or positive
points to a stable colloidal suspension due to the high
repulsion force between the NPs. NPs with low colloidal
stability tend to aggregate and form large aggregates, losing
some of the properties in the nanoscale. In addition, NPs
that are very negative are believed to be hindered from
crossing the cell membrane due to the negative nature of
the cell membrane, which might repel the NPs. All the
NPs prepared in this work have negative surface charges
below �19 mV.

Drug loading

Drug loading is defined as the amount (weight) of drug
encapsulated in the NPs of a given weight, which is repre-
sented by the units of lg drug per mg NPs. The results are
summarized in Table 1. The drug loading of T2k NP is the
highest in comparison to other NP formulations. This sug-
gests that TPGS2k is more effective than other convention-
ally used surfactants in ensuring that more drugs were

Figure 3. Schematic illustration of the structure of the
nanoparticles and the postconjugation of fo-
lic acid onto the particles.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Table 1. Characteristics of the Docetaxel-Loaded PLGA NPs with Various Surfactants TPGSnk: Particle Size, Size
Distribution, Zeta-Potential, and Encapsulation Efficiency

Nanoparticles Particle Size (nm) Polydispersity Zeta-Potential (mV) Drug Loading (lg/mg NP)

NP 206.7 � 2.9 0.065 � 0.027 �42.57 � 0.60 8.23 � 0.026
T1k NP 215.8 � 2.7 0.035 � 0.014 �21.48 � 1.14 5.60 � 0.040
T2k NP 202.3 � 6.1 0.069 � 0.049 �22.21 � 0.98 28.48 � 0.110
T5k NP 249.2 � 16.6 0.225 � 0.028 �24.91 � 0.80 36.90 � 4.170
T2k NP-FOL 241.5 � 4.3 0.150 � 0.023 �19.00 � 0.82 3.79 � 0.054

Data represent mean � SE, sample # 3.
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entrapped within PLGA matrix. The higher drug loading
also hint at the potential of TPGS2k to be used as a surfac-
tant to produce NPs that are effective drug carriers with
appropriate size and stability.

Particle morphology

High-resolution images to study the surface morphology
of the NPs were obtained using FESEM (Figure 4). Particles
of different formulations were shown to be about 200–250
nm, consistent with the results obtained from LLS. In addi-
tion, the particles were revealed to be generally spherical in
shape and uniform in size. The NPs prepared using different
surfactants were quite similar in visualization. The surface of
the NPs was also revealed to be smooth on the images.

However, T2k NP-FOL formulation was seen to be more ad-
hesive than others, which could be attributed to the bulky
condition of the surface causing entanglement between par-
ticles after drying.

Surface chemistry

To confirm the existence of the primary amine groups as
well as the folic acid on the NPs’ surface, surface chemical
composition of the NPs was elucidated from the specific
binding energy on the XPS spectrum. Figure 5 shows the
wide scan and comparison among TPGS2kNH2, T2kN NP,
and T2k NP-FOL. To prove the successful synthesis of
TPGS2kNH2, nitrogen was specifically scanned. From the
inset of Figure 5, a peak for nitrogen at a binding energy of
396 eV was observed in the XPS spectrum, indicating the
successful conjugation of amino PEG onto VES resulting in
the product. In addition, the nitrogen peak can be observed
in the spectrum of both the T2kN NP and T2k NP-FOL,
demonstrating the presence of the surfactant on the surface
of the NPs. The slight shift of the position of the nitrogen
peak from the two NPs is possibly due to the change of the
chemical environment near the surfactants, that is the pres-
ence of PLGA. The signal due to nitrogen on T2k NP-FOL
was higher can be assigned to the presence of more nitrogen
atoms in the chemical structure of folic acid (seven nitrogen
atoms in one folic acid molecule).

In vitro cellular uptake of the NPs

The ability of the particles to penetrate into the cells and
be internalized and retained within the cell is important to
achieve the objective of delivering drugs. Targeting effects
of folic acid conjugation can also be examined. The qualita-
tive cellular uptake analysis was conducted by visualization
of the internalized coumarin-6-loaded NPs using CLSM. Fig-
ure 6 shows the images of MCF7 human adenocarcinoma
cells, which had internalized fluorescent loaded NPs. The
images in rows A–E are of various NP formulations in the
following order: NPs without surfactant, T1k NPs, T2k NPs,
T5k NPs, and T2k NP-FOL. The images in column 1 were
obtained using the FITC channel, which reveals the green

Figure 5. XPS wide-scan spectra of the synthesized
product TPGS2kNH2 (lower curve), T2kN NP
(middle curve), and T2k NP-FOL (upper
curve).

The inset graph shows the N 1s spectra of those three

with the same sequence. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.

com.]

Figure 4. FESEM images of (A) PLGA NP, (B) T1k NP, (C) T2k NP, (D) T5k NP, (E) T2kN NP, and (F) T2k NP-FOL.
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fluorescence of coumarin-6-loaded NPs. Column 2 contains
images obtained using the PI channel that highlights the
nuclei stained by PI in red fluorescence. Column 3 lists
the images that were overlaid by the FITC and PI channels.
The images in column 3 shows the nucleus of the cells sur-
rounded by green fluorescence from the coumarin-6-loaded
NPs distributed in cytoplasm. The particles coated by the
surfactant TPGSnk were also successfully internalized with
noticeably higher concentrations within the cells as can be
seen from the brighter green fluorescence in the images. The
comparison of the particles retained in the cells between
folic acid-conjugated NPs (T2k NP-FOL) with nonligand
attached NPs (T2k NP) demonstrated the FR-targeted behav-
ior from the ligand-conjugated NPs. Folic acid and its conju-
gate were widely used for selective delivery of anticancer
agents to cells with FRs. Folic acid is able to be efficiently
internalized into the cells through the receptor-mediated
endocytosis (RME). In the condition of the same exciting
laser intensity from the same confocal microscope, after
incubating 2 h, the fluorescence distribution of T2k NP-FOL
in the cytoplasm (row E) is significantly higher than that of
T2k NP (row C). It can be explained that RME facilitates
and promotes the entry of the NPs into cells when the folic
acid-conjugated NPs meet the overexpressed FRs on MCF7
cells.34,35 Apart from that, quantitative measurement also

evidently displayed the higher cellular uptake efficiency of
folic acid-conjugated NPs. The efficiency for the T1k NP,
T2k NP, T5k NP, and T2k NP-FOL is 42.8%, 14.3%,
23.1%, and 45.4% higher than that of the PLGA NPs,
respectively (two-tailed Student’s t test, P\ 0.05). The find-
ing supports the hypothesis that the new surfactant provides
the opportunity to conjugate with folic acid for targeted
delivery to specific cancerous cells.

In vitro cytotoxicity

The in vitro therapeutic efficacy of the drug delivery sys-
tem was demonstrated in the cytotoxicity measurement
(Figure 7). The cytotoxicity was measured by the cell viabil-
ity: lower cell viability or survival rate would translate to
higher cytotoxicity. A general decreasing cell viability trend
was observed with increasing incubation times for the differ-
ent formulations tested. Longer incubation time would mean

Figure 6. Confocal laser scanning microscope (CLSM)
images of the particles internalized in MCF7
cells.

Rows A–E show PLGA NP, T1k NP, T2k NP, T5k NP,

and T2k NP-FOL used, respectively. [Color figure can

be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 7. MCF7 cell viability measurement after 24 h
(A), 48 h (B), and 72 h (C) treated by formula-
tions of TaxotereV

R

, T1k NP, T2k NP, T5k NP,
and T2k NP-FOL at various drug concentra-
tions.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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longer exposure of the cells to the NPs carrying the drug,
allowing more time for the NPs to internalize into the cells
and release the loaded drugs in the cytoplasm, resulting in
higher cell mortality. It was also observed that higher drug
concentrations lead in lower cell viability, which is quite
straightforward to understand. The highest cell mortality
appeared at the highest concentration of the NP formulation
after the longest treatment time suggesting that the drugs
were released controllably and sustainably over a period of
time, which is consistent with our previous study.8 From
Figure 7, the cell viability from the groups treated by the
various NP formulations were found to be generally lower
than that treated by Taxotere

VR

, especially in the lower drug
concentration groups, which infers the comparable and even
better capability of the NP formulations to defeat cancer
cells. When compared the viability results of the long-chain
surfactant-coated NPs with those of TPGS (i.e. TPGS1k) sur-
face coating, the performance of T2k NPs and T5k NPs was
clearly better in general. It would be interesting to have a
focused investigation on the possible impact of the various
TPGSnk surfactants on the drug release kinetics as it would
demonstrate if there is any initial burst behavior and further
reveal the reasons for the improved performance of the drug
delivery system in cancer cell inhibition. We have had a
plan to investigate in vitro drug release profiles as well as in
vivo pharmacokinetics of those systems in our future studies.

In addition, from Figure 7, we notice that cell viability is
further lowered with the use of folic acid when compared
with all the other formulations in all the drug concentration
cases. This situation was also repeated at all treatment times.
As the concentration of the drugs is the same, the lower via-
bility of cells implies that the result could be due to the tar-
geting effect of folic acid. As there was a propensity for
NPs conjugated with folic acid to accumulate within cancer
cells, a higher concentration of the drug would be present
leading to higher cell mortality. The results also act in coor-
dination with those shown in the cellular uptake test.

Quantitative analysis of the dosage form for in vitro thera-
peutic effect was carried out from the in vitro cell viability
data. The IC50, which is an in vitro therapeutic index defined
as the drug concentration needed to kill 50% of the incu-
bated cells in a designated time period, was calculated from
the evaluation (Table 2). The IC50 value after 24-h treatment
is 0.026 lg/ml for T2k NP and 0.0025 lg/ml for T2k NP-
FOL. The results demonstrated that the folic acid-conjugated
NP formulation could be 90.4% more effective than the
same NPs of no folic acid conjugation. Particularly, this is
just a preliminary proof-of-concept in vitro experimental
results, which should be further confirmed by the in vivo
experiments.

Conclusions

A series of long-chain TPGSnk surfactants, that is
TPGS2k, TPGS5k, and TPGS2kNH2, were successfully syn-

thesized in this study. Docetaxel-loaded PLGA NPs were
prepared using the nanoprecipitation method with those sur-
factants used in the emulsification process. The long-chain-
coated PLGA NPs were characterized and their in vitro per-
formance was evaluated. Folic acid was conjugated onto
TPGS2kNH2-coated PLGA NPs for targeted chemotherapy.
Comparison of the characteristics between the PLGA NPs
prepared with the various long-chain surfactants and the bare
PLGA NPs showed similar characteristics in terms of size,
size distribution, and surface morphology. However, the for-
mer were shown to have significantly higher drug loading,
greater cellular uptake efficiency and cytotoxicity than the
latter in vitro. The folic acid conjugation on the NPs further
increased the cellular uptake efficiency and cytotoxicity. The
long-chain surfactant TPGS2k seems to have the best effects
in NP formulation of anticancer drugs among the various
TPGSnk surfactants. Folic acid conjugation can further pro-
mote the targeted drug delivery to the cancer cells of folate
overexpression.
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