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To facilitate the administration of combined 5-Fluorouracil (5-FU) and gold nanoparticles (for pho-
tothermal treatment purposes), we developed 5-FU-gold-poly(lactide-co-glycolic acid) (5-FU-Au-
PLGA) nanovehicles, via the nanoprecipitation method. The gold nanoparticles were incorporated
inside the 5-FU-PLGA carriers using a roller mixer. Morphological analysis using atomic force
microscopy (AFM), scanning electron microscopy (SEM) and transmission electron microscopy
(TEM), indicated uniform, singly separated spherical nanoparticles (NPs). Drug content, recovery
and entrapment in the NPs were approximated using UV-spectrophotometer data. Approximately
26% of nanoparticles were recovered after drying. The percentage of total drug content was about
30%, and the percentage of drug entrapment reached 57%. Electrostatic Force Microscopy images
confirmed the presence of gold inside the drug-loaded nanoparticles. We speculate that the 20-nm
gold particles were able to diffuse, after 12 hours of mixing (using the roller mixer), into the PLGA
matrix through the 100-nm pores (observed by SEM) without affecting the integrity of the drug deliv-
ery vehicle. These synthesized nanoparticles show promise as multimodal vehicles in the delivery
of chemotherapeutic agents.
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1. INTRODUCTION

The past few years have witnessed an extraordinary

growth and interest in the field of nanomedicine, whether

in diagnosis or treatment of diseases. In particular, the

design of drug delivery carriers that minimize the side

effects of therapeutic agents has gained leviathan atten-

tion. These nanovehicles include liposomes,1–3 polymeric

micelles,4–12 solid particles13–20 and polymersomes.21 Engi-

neered nanoparticles intended for medical purposes have

to be generally in the size range of 20–500 nm. These

nanoparticles (NPs) have relatively large surfaces, which

enhance their ability to bind, adsorb and carry other com-

pounds such as drugs, probes and proteins. For drug

delivery purposes, biodegradable nanoparticle formula-

tions are preferred22 with Poly (lactic-co-glycolic acid)

(PLGA) nanoparticles being among the most studied solid

biodegradable nanocarriers in drug delivery.

∗Authors to whom correspondence should be addressed.

Several methods have been successful in nanoparti-

cle preparation from biodegradable and biocompatible

polymers including solvent evaporation, mono-

polymerization, nanoprecipitation, in addition to the

salting out method.23 Yang et al.24 developed a system for

diagnosing and treating breast cancer, based on doxoru-

bicin (Dox)—magnetic PLGA nanoparticles conjugated

with well-tailored antibodies. The goal of their study was

to synthesize a multimodal nanocomposite drug delivery

system composed of the anticancer drug Dox combined

with the magnetic particles of ferrous-ferric oxide (Fe3O4�
entrapped in PLGA nanoparticles using the nanoemul-

sion method. To achieve active targeting, the antibody

Herceptin (HER) was conjugated on the surface of the

nanocomposite.24 In another study, nanoparticles for com-

bined Dox and photothermal treatments were synthesized

by Park et al.25 The group developed Dox-loaded-PLGA-

gold-half-shell nanoparticles (Dox-loaded PLGA-Au H-S

NPs) by depositing gold films on Dox-loaded PLGA

nanoparticles (PLGANPs) for Hela cells treatment. Dox

is slowly released from the biodegradable PLGANPs.
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Additionally, and in an attempt to improve the in vivo
effectiveness of these nanocarriers, heat was locally gen-

erated by utilizing near-infrared (NIR) irradiation. In this

paper, we report the incorporation of the hydrophilic

antineoplastic agent 5-Fluorouracil (5-FU) and gold

nanoparticles (GNPs) into PLGA carriers. We will also

report on utilizing electrostatic force microscopy (EFM)

as a novel characterization technique for nanoparticles.

2. METHODS AND MATERIALS

2.1. Materials

The polymer used in the production of the nanoparticles

is poly(lactide-co-glycolic acid) (PLGA), (Sigma Aldrich,

St. Louis, MO, USA), with a ratio of 75:25 lactide: gly-

colide, and a molecular weight range of 66,000–107,000.

Dimethylformamide (DMF) (Sigma Aldrich, St. Louis,

MO, USA) is used as the organic solvent, and triple dis-

tilled water as the aqueous phase. 5-Fluorouracil (5-FU)

is obtained from the Pharmaceutical Research Laboratory

(Al Quds University, Jerusalem).

2.2. Methods

2.2.1. Nanoparticles Preparation

The nanoprecipitation method used in this research is illus-

trated in Figure 1.26 It is based on assembling an organic

phase with an aqueous phase and forming a colloidal sys-

tem. This method includes dissolving 82 mg of the PLGA

copolymer and 50 mg of 5-FU in 2.7 ml DMF. Nanopre-

cipitation occurs when the organic phase comes in con-

tact with 10 ml of the aqueous phase thus allowing for

Fig. 1. Preparation of PLGA combined therapy nanosystems by nanoprecipitation method.

the formation of solid spherical homogenous nanoparti-

cles. The organic phase is slowly added to the aqueous

phase by inserting the syringe directly into the magneti-

cally stirred dispersed phase and continuously stirring for

1 hour. The subsequent suspension is centrifuged 4 times

for 15 minutes, and the resulting suspension is dried using

a speed dryer at 35 �C for one hour. The nanoparticles are

then washed three times with water in order to remove the

traces of the 5-FU that adsorbed on their surface and to get

rid of the excess DMF. Finally, the gold nanoparticles are

incorporated inside the 5-FU/PLGA carriers using a roller

mixer. Typically the 5-FU/PLGA and gold nanoparticles

were allowed to mix for 12 hours.

2.2.2. Morphology

The morphological characterization of the empty, and the

5-FU loaded nanoparticles, is achieved using atomic force

microscopy (AFM) (Nanotec Electronica, Madrid, Spain),

scanning electron microscopy (SEM) (FEI Company,

Hillsboro, Oregon, USA) and transmission electron micro-

scope (TEM) (FEI Company, Hillsboro, Oregon, USA).

The procedure involves placing a 20-�l drop on a mica

substrate to study the morphology using AFM, a 10-�l
drop on a silicon dioxide substrate to obtain SEM images,

and a 5-�l drop on a copper grid for TEM characterization.

2.2.3. Dynamic Light Scattering (DLS)

Zetasizer Nanoparticle Analyzer (Malvern Instruments

Ltd, Worcestershire, UK) is used to find the size of the

nanocarriers. Each nanoparticle sample is diluted 10-fold

for DLS analysis.

4676 J. Nanosci. Nanotechnol. 11, 4675–4683, 2011
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Fig. 2. SEM image of empty PLGA nanoparticles.

2.2.4. Determination of 5-FU Loading

The encapsulation efficiency of drug loading inside the

nanoparticles is determined by measuring the amount of

the non-encapsulated 5-FU in the supernatant (after cen-

trifuging and washing the nanoparticles). The loading

efficiency and the concentrations are measured and cal-

culated using UV spectrophotometer data (NanoDrop

Technologies, San Francisco, CA, USA). The following

equation is used to calculate the percentage recovery of

5-FU in the collected nanoparticles.

Nanoparticle Recovery (%)

= mass of nanoparticles recovered×100%

mass of polymeric material, drug and any exipient used in formulation

(1)

Fig. 3. SEM images. (a) Shows distribution of NPs loaded 5-FU, (b) zoom image for one NP drug loaded.

Equations 2 and 3 23 are used to calculate the loading

capacity and drug entrapment:

Drug content (% w/w)

= mass of drug in nanoparticles×100%

mass of nanoparticles recovered
(2)

Drug entrapment (%)

= mass of drug in nanoparticles×100%

mass of drug used in formulation
(3)

2.2.5. In-Vitro Release

In vitro release of 5-FU from the PLGA nanoparticles

is studied using a spectrophotometer that measures the

UV light absorbance of the drug at different time inter-

vals. The drug loaded PLGA molecules are introduced into

a continuously stirred (stirring being accomplished via a

horizontal shaker) phosphate buffer saline (PBS) with a

pH = 7�4 and a temperature of 37 �C. Aliquots are taken

every two hours, and their absorbance measured at 265 nm

(drug molecules absorb UV light at 265 nm but the empty

PLGANP do not).

The cumulative amount of 5-FU released from drug-

loaded PLGA nanoparticles is calculated using the follow-

ing equation:

Comulative Release (%)= M�t�×100%

Mactual

(4)

Where, M�t� is the mass of 5-FU released from the

PLGANPs at time (t) and Mactual is the mass of 5-FU

present in the PLGANPs, as calculated using Eq. (2).

J. Nanosci. Nanotechnol. 11, 4675–4683, 2011 4677
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Fig. 4. TEM images of 5-FU loaded nanoparticles. (a) Zoom image, (b) shows distribution of loaded nanoparticles.

3. RESULTS AND DISCUSSION

3.1. Nanoparticle Morphology

A 10-�l drop of empty and drug-loaded nanoparticle sam-

ples is placed on a silicon dioxide substrate and then

examined under a SEM. Figure 2 shows uniform singly-

separated spherical nanoparticles with an average size of

192.02 nm.

(a)

(b)

(c)

Fig. 5. AFM topography images for empty nanoparticles. (a) Shows singly separated NPs. (b) Cross sectional height profile of single NP. (c) Histogram

shows the height distribution of empty PLGA NPs.

Figure 3(a) shows the distribution of uniform spherical-

singly separated 5-FU nanoparticles with an average size

of 251.2 nm. By zooming to the nanoscale, Figure 3(b)

confirms the spherical shape of these novel carriers.

In order to further characterize the physical shape

of these nanoparticles, a 5-�l drop of 5-FU loaded

nanoparticles is deposited on a copper grid for TEM

characterization. Figure 4 shows the morphology of the

4678 J. Nanosci. Nanotechnol. 11, 4675–4683, 2011



Delivered by Ingenta to:
American Scientific Publishers

IP : 69.233.24.200
Sat, 07 Jul 2012 18:41:41

R
E
S
E
A
R
C
H

A
R
T
IC

L
E

Karmi et al. Multifunctional Nanovehicles for Combined 5-FU and Gold Nanoparticles Based on the Nanoprecipitation Method

(a)

(b)

(c)

Fig. 6. (a) AFM images for NPs loaded 5-FU at different scanning size. (b) Cross-sectional height profile of single loaded NP, (c) Histogram shows

the height distribution of drug loaded PLGA NPs.

(a) (b)

(c)

Fig. 7. (a) AFM image of gold/5-FU loaded nanoparticles. (b) Cross sectional height profile of single gold/loaded NP (c) Histogram shows the height

distribution of gold/drug loaded PLGA NPs.

J. Nanosci. Nanotechnol. 11, 4675–4683, 2011 4679
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Fig. 8. (a) AFM image for empty nanoparticles. (b), (c) and (d) Shows EFM images for the same nanoparticles at +5 V, 0 V and −5 V respectively.

(d) A line profile shows the magnitude of the signal on the PLGA nanoparticles. (f) Cross sectional height profile of single nanoparticle.

Fig. 9. (a) AFM image for 5-FU and gold nanoparticles loaded in PLGA nanoparticles. (b), (c) and (d) Shows EFM images for the same nanoparticles

at +5 V, 0 V and −5 V respectively. (d) A line profile shows the magnitude of the signal on the loaded nanoparticles. (f) Cross sectional height profile

of single nanoparticle.

4680 J. Nanosci. Nanotechnol. 11, 4675–4683, 2011
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Fig. 10. A SEM image of two nanoparticles showing nanopores in the

structure of the matrix.

loaded nanoparticles using two scanning amplifications.

Figure 4(a) shows the detailed structure of two drug-loaded

particles outlining the uniform shape of these drug delivery

vehicles, while Figure 4(b) shows how these nanoparticles

tend to cluster on the TEM grid.

Figure 5(a) shows a tapping mode AFM topography

image of empty PLGA nanoparticles deposited on a mica

substrate; with a cross sectional height profile (of a single

NP) of 170±54�130 nm as displayed in the profile shown

in Figure 5(b). A histogram of the size distribution profile

follows in Figure 5(c).

The morphology of the 5-FU loaded nanoparticles is

shown in Figure 6. Upon loading, the size of nanoparticles

Fig. 11. Release profile of 5-FU from PLGA nanoparticles (blue line) and 5-FU from PLGA/GNPs (red line).

increases by a factor of 30%, to reach approximately 250±
30�936 nm. A 3-D examination shows the relaxation of the

nanoparticles on the mica surface in which the particles

appear to be in the shape of a spheroid.

Drug-loaded gold nanoparticles topography images

obtained using the AFM tapping mode are shown in

Figure 7, in which the size of the particles has increased

by about 64.7%. (From approximately 170± 54�130 nm

for empty nanoparticles, to 280± 19�6 nm when gold

was incorporated inside the PLGA nanovehicles.) As

mentioned above, the shape of the nanoparticle can be

described as that of a spheroid due of the relaxation of the

PLGANPs on the mica surface.

Electrostatic force microscopy (EFM) is used to ensure

the presence of the gold particles inside the loaded-PLGA

drug carriers. EFM is one of the AFM modes for detecting

the electrical properties of the object, and in our case nei-

ther the empty nanoparticles nor the drug loaded NPs are

polarizable thus no electrostatic signal is emitted as shown

in Figure 8. After loading the gold nanoparticles inside

the carriers (via the roller-mixer), however, our newly syn-

thesized 5-FU/PLGA/GNPs start to exhibit an electrostatic

signal as evidenced by the black spots observed in EFM

micrographs shown in the Figures 9(b and d).

The question still remains as to whether the gold

nanoparticles are present on the surface of the drug

loaded-PLGA nanovehicles or inside the PLGA matrix.

J. Nanosci. Nanotechnol. 11, 4675–4683, 2011 4681
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Figure 10(a) uses a high magnification of SEM to show

the presence of ∼100-nm nanopores in the 5-FU/ PLGA

structure. We speculate that the 20-nm gold particles were

able to diffuse, after 12 hours of mixing, into the PLGA

matrix via these tiny pores without affecting the integrity

of the drug delivery vehicle.

3.2. Size Analysis of Nanoparticles

After a 10-fold dilution with distilled water, the average

size of nanoparticles, and their size distribution profiles are

obtained using dynamic light scattering (DLS). The aver-

age size of the empty, drug-loaded, and gold/5-FU loaded

nanoparticles are approximately 192.02 nm, 251.2 nm, and

316 nm, respectively. These results confirm the sizes mea-

sured using the AFM technique and reported earlier. We

would like to elaborate more on how we compare the size

of these nanoparticles using DLS and AFM. It is impor-

tant to keep in mind that the total volume of the particles

measured using both techniques is equal, however the shape

is different due to the relaxation of the nanoparticles on

the mica surface. Thus, the AFM shape of the PLGANPs

shown in Figures 5–7 is assumed to be that of a spheroid

with a volume= 1/2a2b, where a is the Forward Width at

Half Max (FWHM) and b is the AFM measured height as

opposed to the DLS measurements which approximate the

volume of these nanocarriers as a sphere (V = 4/3�r3�.

3.3. Determination of 5-FU Loading

Drug content, recovery and entrapment in the NPs are

approximated using Eqs. (1–3) and UV spectrophotometer

data. Approximately 26% of nanoparticles are recovered

after drying. The percentage of total drug content is about

30%, and the percentage of drug entrapment reached 57%.

3.4. In Vitro Release

In vitro release of 5-FU from the PLGA nanoparticles

is measured using the spectrophotometer UV absorbance

data described previously. Figure 11 shows the cumulative

percentage of 5-FU released from the two newly synthe-

sized nanocarriers as a function of time. In the case of

the 5-FU-loaded PLGA nanoparticles, the release shows a

rapid initial phase, in which the drug located near the sur-

face of the PLGA nanosystem diffuses out of the carrier

at a considerably fast rate. But after this initial burst, the

release plateaus for several hours as a result of the possible

diffusion of some drug molecules back into the polymeric

matrix. The release is resumed, afterwards, due to the ero-

sion of the polymeric carrier. A similar release scenario

unveiled with the drug-gold-loaded PLGA nanoparticles,

but with one exception. The loaded GNPs appear to facili-

tate the release of the 5-FU molecules from the polymeric

vehicle by aiding in the dissociation of the PLGA matrix.

With both carriers, complete release appears to proceed

within a period of 24 hours mainly due to the dissolution

of the polymeric nanostructure.

4. CONCLUSION

The drug delivery system reported in this research con-

sists of polymeric nanoparticles that are biocompati-

ble and biodegradable, loaded with an antimetabolite

chemotherapeutic agent and 20 nm-gold nanoparticles.

The GNPs maybe utilized as photothermal agents induc-

ing hyperthermia, thus enhancing the efficacy of regular

drug loaded-PLGA nanoparticles. The nanoprecipitation

method is chosen because of its simplicity and ability to

form a homogeneous population of nanoparticles.

Morphological analysis for our newly designed nanosys-

tem is performed using high resolution techniques includ-

ing the tapping mode of AFM, and high resolution SEM

and TEM. DLS indicates uniform nanoparticles with aver-

age diameters of 192.02 nm, 251.2 nm, and 316 nm corre-

sponding to the empty NPs, drug loaded NPs and combined

drug GPNs. Finally, in vitro release experiments prove that

the gold nanoparticles aid in the dissociation of the poly-

meric NPs, which would facilitate the release of loaded

drug.

The next step is to examine the feasibility of using this

novel drug delivery system in vitro. To our knowledge, we

are the first group to use EFM to study metallic nanopar-

ticles incorporation inside polymer carriers. Additionally,

while previous researchers have reported the deposition of

gold on the surface of PLGA nanocarriers, here we show

the presence of gold nanoparticles inside the PLGA matrix.

We believe that the synergistic effect of the chemotherapy

(induced by 5-Fluorouracil) coupled with the hyperther-

mia (induced by the gold nanoparticles) have the potential

to increase the efficacy of these newly synthesized PLGA

nanocarriers and may allow for decreasing the amount

of the 5-FU administered to patient which in turn would

reduce its cytotoxity and side effects.
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