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Abstract Nanoparticle-based drug delivery systems are

considered promising for the delivery of imaging agents

and drugs for the detection and treatment of illnesses,

including cancer. Investigation of nanoparticle interactions

with the diseased cells can lead to better designs. In this

work, poly(lactic-co-glycolic acid) nanoparticles loaded

with rhodamine 6G were prepared by nanoprecipitation

with high encapsulation efficiency. In vitro release studies

demonstrated that rhodamine escaped from the nanoparti-

cles at a very slow rate at physiological pH, thus making it

ideal for imaging studies. At acidic pH this agent was

released quickly, suggesting charge interactions between

the polymer and rhodamine. Microscopy and flow cytom-

etry studies show higher uptake in MDA-MB-231 breast

cancer cells when exposed to rhodamine-loaded nanopar-

ticles than to rhodamine in solution.

1 Introduction

Biodegradable nanoparticles have been recently the focus

of research in the delivery of imaging and therapeutic

agents as they promise to improve early detection of var-

ious diseases, reduce dose-limiting side effects caused by a

range of drugs, and improve the efficacy of treatments by

controlling the spatial and temporal distribution of the

agent or drug in vivo. As drug delivery systems, biode-

gradable nanoparticles offer benefits including enhanced

protection of the active agent from degradation in the

physiological environment, maintenance of drug levels

within desired therapeutic limits, maximal use of the

pharmaceutical, the need for fewer doses, and better patient

compliance [1–3]. Because of the great opportunities that

nanoparticles offer in diagnostics and treatment, elucida-

tion of the interactions of these systems at the cellular level

is of great importance. Better understanding of nanoparti-

cle-cell interface can lead to the design of improved

systems.

In this work, the formulation of biodegradable nano-

particles loaded with the fluorescent molecule rhodamine

6G (RHO) was investigated with the purpose creating

formulations to be used for study the interactions of the

nanoparticles with target cells in vitro through confocal

fluorescence microscopy and flow cytometry. The hypoth-

esis here was that these nanoparticles could be used to

elucidate the behavior of the formulations containing

therapeutic agents in vitro through imaging methods. For

this to be true, RHO-loaded nanoparticles must have

properties equivalent to the nanoparticles loaded with

therapeutic agents, i.e. similar size, morphology, and sur-

face chemistry.

RHO is a fluorescent dye that is commonly used as a label

for detection and monitoring of molecules in fluorescence

microscopy, flow cytometry, immunohistochemistry and

spectroscopy. RHO has a molecular weight of 479 g/mol.

RHO is highly soluble in water, ethanol, methanol, acetone

and dimethyl sulfoxide, among other agents. It presents

absorption and fluorescence peaks at about 530 nm and

550 nm, respectively. RHO has been previously used as a

dye for mitochondrial staining and as an inhibitor of mito-

chondrial function in cells [4, 5], for general cellular staining
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[6] and also as a dye for imaging of nanoparticles for gene

delivery in vivo [7–9].

The biodegradable RHO-loaded nanoparticles were

prepared with poly(lactide-co-glycolide) (PLGA), the

copolymer of lactide and glycolide. PLGA is a biode-

gradable polymer that has been clinically used for

resorbable sutures as well as in numerous drug delivery

systems, including Lupron Depot� formulation of leupro-

lide acetate for the treatment of prostate cancer and

endometriosis (TAP Pharmaceutical Products), Nutropin

Depot� formulation of human growth hormone (Genen-

tech), Sandostatin� Depot PLGA microsphere formulation

for inhibition of human growth hormone secretion

(Novartis), ProLease� (Alkermes) and Trelstar� Depot

(Debiopharm) [10, 11]. PLGA is degraded in physiological

media by hydrolysis, generating lactic acid and glycolic

acid which are further metabolized into carbon dioxide and

water in the body [12, 13].

2 Materials and methods

2.1 Materials

Rhodamine-6G (RHO) was obtained from ACROS

Organics (Morris Plains, NJ, USA). Bovine serum albumin

was obtained from Sigma-Aldrich (Saint Louis, MO,

USA). Acetone, methanol and ethyl acetate were obtained

from Fisher Scientific (Fairlawn, NJ, USA) and were of

HPLC grade. PLGA (formerly PLGA50:50DL2A, now

5050DLGA2A, 50/50 D,L-lactide to glycolide ratio,

molecular weight 11,000 g/mol, carboxylic acid and

hydroxyl end groups) was obtained from LakeShore Bio-

materials (Birmingham, AL, USA).

2.2 Preparation of RHO-loaded nanoparticles

Nanoparticles with RHO were prepared with an oil-in-

water nanoprecipitation method [14–16]. RHO was first

dissolved in acetone at concentrations ranging from 0.017

to 0.1 mg/ml. A volume of 3–4.35 ml of this solution was

then used to dissolve 100 mg of PLGA. This organic

solution was then added to 10 ml of an aqueous solution

containing 10 mg/ml of bovine serum albumin, vortexed

and sonicated for 30 s to form a nanoparticle suspension.

Acetone was evaporated by stirring the suspension at

500 rpm under vacuum for 45 min. Nanoparticles were

recovered by centrifugation for 10 min at 48,000 9 g

with a refrigerated Beckman J2-21 centrifuge (Beckman

Instruments Inc., Palo Alto, CA). The particles were

washed three times by resuspending in 10 ml of the

surfactant solution through sonication and/or vortexing,

followed by centrifugation. Supernatants from each

centrifugation were collected for determination of the

amount of the imaging agent that had not been encapsulated

within nanoparticles. Blank nanoparticles or nanoparticles

with no RHO were prepared similarly except that PLGA

was directly dissolved in 3 ml of acetone.

Small samples of the nanoparticle suspension were

taken throughout the preparation procedure in order to

identify and troubleshoot any step at which the particles

aggregated. After three washes, the nanoparticle pellet was

frozen at -20�C without any cryoprotectant, freeze dried

in a Labconco Freeze Dryer 4.5 for 2 days, and stored at

-20�C.

2.3 Nanoparticle characterization

The yield of nanoparticle batches was determined by

weighing out the mass of dry nanoparticles that was pro-

duced after freeze drying and comparing it to the mass of

polymer and RHO that was used to prepare the particles.

Particle size was determined using a Coulter Nanosizer

from suspensions of nanoparticles in water. The Nanosizer

uses photon correlation spectroscopy to determine particle

size from the temporal variation of light scattering caused

by Brownian motion of the suspended particles. Particle

sizes were determined during the preparation process by

diluting samples of nanoparticle suspensions in deionized

(DI) water and after freeze drying by resuspending a small

amount of dry nanoparticles in DI water with sonication.

The zeta potential of the nanoparticles was measured

with a ZetaPlus� instrument (Brookhaven Instruments

Corporation), Holstville, NY, USA). Freeze dried nano-

particles were resuspended by sonication in 1 mM KCl

solution at a concentration of 1 mg/ml. Ten zeta potential

readings were obtained for each batch.

Nanoparticle morphology was studied through scanning

electron microscopy (SEM). A small amount of freeze

dried nanoparticles was suspended in DI water with soni-

cation and vortexing and dried at room temperature on top

of a carbon conductive tab held on top of a aluminum

sample disk holder (Tad Pella Inc., Redding, CA, USA).

SEM samples were sputter coated with metal plasma and

imaged with a Hitachi 4500 electron microscope.

2.4 Determination of RHO encapsulation efficiency

and loading

Encapsulation efficiency (EE), or the percentage of the

total amount of imaging agent used in the preparation that

was actually encapsulated, was determined by quantifying

the amount of agent found in supernatants collected during

the cycles of nanoparticle washes (MRHO-Supernatants) and

comparing it to the mass of agent used for nanoparticle

preparation (MRHO-Preparation), as described in Eq. 1.
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EE ¼
MRHO�Preparation �MRHO�Supernatants

� �

MRHO�Preparation

� 100% ð1Þ

The mass of the RHO lost in the supernatants was

determined by absorption spectroscopy using standard

curves (r2 [ 0.99) of known concentrations of the agent in

the surfactant solution used for nanoparticle suspension and

washing. A Shimadzu UV-1201 UV/Vis spectrophotometer

with an optical range from 200 to 1,100 nm was used for

this purpose. RHO absorbance was measured at the peak

wavelength of 530 nm in bovine serum albumin solution.

Loading, or the weight percent of RHO in the final

formulation, was calculated by dissolving a known mass of

nanoparticles (MNPs) in dichloromethane, and determining

the amount of RHO in solution (MRHO-IN-NPs) based on a

standard curve (r2 [ 0.99) of known concentrations of the

agent in the same organic solvent. Loading was calculated

as described by Eq. 2.

Loading ¼ MRHO�IN�NPs

MNPs

� 100% ð2Þ

2.5 In vitro release experiments

The release of RHO under simulated physiological condi-

tions from nanoparticles was studied. A known mass of

nanoparticles was suspended in a specific volume of

0.01 M phosphate buffered saline, pH 7.4, and incubated in

poly(carbonate) centrifuge tubes in a 37�C water bath. At

specific time points, the samples were centrifuged for

15 min at 48,000 9 g and a portion of the supernatant was

removed for analysis and replaced with fresh buffer.

Absorption spectroscopy was used to determine the mass

RHO released with time. Each set of data was run in

independent triplicates. The average and standard deviation

between repetitions was determined. At the end of the

release study, the nanoparticle suspension was centrifuged

and all the supernatant was removed. The nanoparticle

pellet was resuspended in water and centrifuged to remove

excess buffer salts. The supernatant was again removed and

the pellet was freeze dried for determination of remaining

dry weight and agent content by spectrophotometry. To

investigate the effect of pH on the release profile, identical

experiments were carried out in isotonic dimethylglutaric

acid buffer pH 4.0.

2.6 Studies of nanoparticle interaction with cancer

cells in vitro

In vitro experiments were performed to elucidate the

interaction between PLGA nanoparticles and cancer cells.

As a model, human mammary gland adenocarcinoma cell

line MDA-MB-231 was used. These cells were generously

provided by Dr. Dharmawhardane, formerly from the

Section of Molecular, Cell and Developmental Biology of

The University of Texas at Austin. Cells were incubated at

37�C under a 5% CO2 atmosphere and maintained with

Dulbecco’s Modified Eagle Medium (DMEM) supple-

mented with 10 v/v% fetal bovine serum, 1% HEPES

buffer, 1% L-glutamine and 1% sodium pyruvate.

For microscopy studies, cells were seeded in four 6-well

plates that contained a pre-sterilized coverslip at a con-

centration of 300,000 cells per well. A day after seeding,

the cell media was replaced with media containing 100 lg/ml

of RHO-loaded nanoparticles or the equivalent RHO con-

centration in solution (0.28 lg/ml) based on actual RHO

loading. After a 2 h exposure to the RHO-containing for-

mulations, the media was removed and cells were washed

three times with Dulbecco’s phosphate buffered saline

(DPBS), fixed for 15 min in 3.7% formalin and again

washed three times. Coverslips were then mounted onto

microscopy slides using Fluoromount-G (Southern Bio-

tech, Birmingham, AL, USA) to protect the samples.

Microscopy slides were observed with a Leica SP2 AOBS

confocal microscope using laser sources at 476, 488 and

496 nm to excite RHO and detecting the fluorescence

signal in the 550–650 nm range. All microscopy gain and

offset settings were maintained constant throughout the

study.

For flow cytometry studies, cells were seeded at a

concentration of 500,000 cells per well in 6-well plates.

Growth media was replaced with RHO-containing formu-

lations 24 h after seeding. The tested formulations included

RHO-loaded nanoparticles, RHO in solution, blank nano-

particles and DPBS as a control. The concentrations used

were 5, 50 and 500 lg/ml in DPBS for nanoparticles.

Equivalent RHO solution concentrations of 0.014, 0.14 and

1.4 lg/ml were used based on a nanoparticle loading of

0.28 wt%. After exposure to these formulations for 2, 4 or

8 h, cells were washed three times with DPBS and a cell

suspension was created using trypsin/EDTA. Cells sus-

pensions were diluted in growth media to stop the

trypsinization process, centrifuged and washed three times

with DPBS. Cells were finally resuspended in 1 ml of

DPBS without Ca/Mg and immediately analyzed with a

FACS Calibur flow cytometer (Beckton & Dickinson,

Franklin Lakes, NJ, USA) using a 488 nm laser for exci-

tation of RHO and a band centered at 585 nm for detection

of fluorescence. Flow cytometer channel voltage and gain

were maintained constant throughout the analysis. Flow

cytometry data were processed to remove the events

associated to free nanoparticles according to their light

scattering properties. From the filtered data, the arithmetic

mean of the fluorescence intensity of cells exposed to the

various formulations was determined.
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2.7 Statistical analysis

Significant difference between the means of sample groups

was determined using Student’s t-test based on a confi-

dence level of 95% (P \ 0.05). Statistical analysis was

performed for sizing, yield, encapsulation efficiency and

loading data.

3 Results and discussion

In the present work, PLGA nanoparticles loaded with the

fluorescent molecule rhodamine were prepared as tools for

the investigation of their interaction with tumor cells

in vitro through the use of fluorescence microscopy and

flow cytometry. In the past several groups have developed

similar model nanoparticles for imaging by fluorescence

and electron microscopy, although in most cases the parti-

cles used for imaging have not been representative of

particles used for drug delivery in terms of their physio-

chemical properties [17–20]. Such differences can result in

different biodistribution and cellular uptake. In addition,

few reports have been available on the use of flow cytom-

etry for the study of cell-nanoparticle interaction [21–23].

Because the particles synthesized in the present work are

being designed to be ultimately intravenously injected and

to circulate in the blood before being deposited into tissue

in an in vivo setting, the interaction of the particles with

the macrophage phagocytic system is relevant. It is well

known that hydrophobic nanoparticles such as those made

with PLGA are rapidly opsonized and consequently rapidly

removed from the circulation after administration [24–26].

The use of serum proteins such as albumin to mask the

surface of particles from recognition by the immune system

has been previously suggested as a means to increase their

circulation time [27]. However, although the use of surface

bound serum proteins can significantly increase residence

time in the blood, uptake of the particles by organs with

high macrophage density such as the liver, spleen, bone

marrow, lymph nodes is still dominant [27]. Nanoparticles

can also be modified to include hydrophilic and neutral

polymers such as poly(ethylene glycol) (PEG), with or

without albumin as a tensioactive agent, in order to delay

opsonization and sequestration [28–30]. Our group has

reported on the evaluation of a number of strategies for the

incorporation of PEG onto PLGA nanoparticles [31]. In the

present work and as described below, albumin was inclu-

ded as a beneficial agent for the preparation and stability of

the nanoparticles, while also taking into account the fact

that its presence on the surface of the particles could delay

opsonization in vivo.

One final aspect that must be considered in the devel-

opment of particles for systemic delivery is the fate of the

polymer. The degradation time frame of the PLGA used in

the present research is of 2–4 weeks in average, as speci-

fied by the manufacturer, although it is known that the rate

of degradation is also affected by factors such as the

geometry and porosity of the nanoparticles in addition to

the molecular weight, monomer ratio or end groups of the

polymer. The degradation products of PLGA are lactic and

glycolic acid, which are rapidly metabolized by the body

through the Krebs cycle [27]. In the case of high locali-

zation of the nanoparticles at any specific tissue, an

inflammatory response is possible which could result in

particle phagocytosis.

3.1 Nanoparticle characterization

RHO nanoparticles were successfully prepared using

nanoprecipitation by co-dissolving RHO and PLGA in

acetone and precipitating the polymer into nanoparticles in

an aqueous phase having bovine serum albumin as a

stabilizer. Table 1 summarizes the results of RHO nano-

particle characterization. Batch mass recovery, or yield,

ranged in average from 74 to 82% and was not dependent

on the loading of RHO. Most of the yield loss can be

attributed to difficulties in collecting the dry nano-

particles after freeze drying, although losses could have

Table 1 Properties of rhodamine-loaded poly(lactic-co-glycolic acid) nanoparticles. Values shown are the average ± standard deviation for

samples of at least 3 independent batches of a given targeted loading

Targeted rhodamine

loading (wt%)

Number of

samples

Batch

yield (%)

Size before

freeze

drying (nm)

PIb Size after

freeze

drying (nm)

PIa Encapsulation

efficiency (%)

Loading

(wt%)

Zeta

Potential

(mV)

0 4 74.1 ± 3.9 293 ± 32 4 332 ± 104 6 – – -58.9 ± 0.8

0.08 3 81.5 ± 2.8 376 ± 109 2 300 ± 85 5 89.7 ± 0.4 0.07 ± 0.002 *

0.15 4 82.8 ± 3.6 258 ± 54 3 333 ± 219 4 83.4 ± 7.9 0.15 ± 0.03 *

0.3 4 79.1 ± 7.6 282 ± 63 5 291 ± 51 5 89.9 ± 7.9 0.29 ± 0.01 -54.1 ± 3.2

PIb—polydispersity index of particle size before freeze drying

PIb—polydispersity index of particle size after freeze drying

* Not measured
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also occurred during nanoparticle preparation and centri-

fugation steps.

The average nanoparticle size was 300 nm before freeze

drying and 314 nm after freeze drying. No statistically

significant difference was observed in the average size of

the particles loaded with 0.08, 0.15 or 0.30 wt% RHO

compared to blank nanoparticles, as expected for particles

loaded with relatively small amounts of a small molecular

weight drug. No significant differences were observed

between the size of samples of a given targeted loading

before or after freeze drying (P [[ 0.05). No aggregation

of particles, and consequent increase in the average particle

size was observed during the various steps of nanoparticle

preparation and washing. The size of the particles after

freeze drying indicates that no cryoprotectant is needed for

lyophilization of these particles. Our group has published

similar results in the preparation of PLGA nanoparticles

loaded with the chemotherapeutic agent doxorubicin with

BSA as the surface stabilizer [32]. It is possible that excess

albumin adsorbed to the surface of the nanoparticles pro-

vided cryoprotection during the process of freezing and

drying.

The polydispersity index (PI) provides an indication of

the variation in the nanoparticle size. This index, as given

by the Coulter NanoSizer, ranges from 0 to 9 where a

reading of 0 indicates a monodispersed formulation while a

polydispersity of 9 represents a distribution in which the

ratio of the largest to the smallest particle is of 5 or more.

This index, however, cannot be used to quantitatively

compare the variability of the particle sizes as a function of

loading or other conditions. It is merely gives a qualitative

indication of the range in particle sizes. As shown in

Table 1, the particle preparation method used in this work

resulted in the formation of nanoparticle populations of

moderate polydispersity. Also, the polydispersity of the

particles ranged from 2 to 5 before freeze drying and

between 4 and 6 after freeze drying, suggesting the possi-

bility that some particle aggregation occurred during this

process although not statistically significant based on the

average particle size.

Figure 1 displays a scanning electron microscopy image

of RHO-loaded PLGA nanoparticles. The nanoparticles

have a roughly spherical morphology and sizes in the range

of 100 and 300 nm, with most particles having a diameter

of less than 200 nm. These observations agree with the

results described above.

The zeta potential of RHO-loaded nanoparticles with

0.3 wt% loading was of -54 mV. This value was not

signicanlty different from that of blank nanoparticles,

suggesting that loading of the particles with rhodamine did

not notably modify their surface properties. The zeta

potential of the batches with intermediate rhodamine

loading was not measured. The highly negative nature of

the particles is a desired property as it can increase the

stability of the nanoparticle suspension through interparti-

cle charge repulsion.

The encapsulation efficiency of RHO was in the range of

83–89%. No statistically significant difference was

observed between the encapsulation efficiency for the

desired loading levels of 0.075, 0.15 or 0.30 wt% RHO.

The actual weight percent of RHO that was found to be

loaded within dissolved PLGA nanoparticles was within

86% of the targeted loading in all cases. Although higher

loading is readily possible since RHO favorably interacts

with PLGA, this was not necessary as the particles were

already easily detected by fluorescence at the concentration

levels tested.

3.2 In vitro release of RHO

In vitro release studies demonstrated that RHO-loaded

nanoparticles were an optimal formulation for imaging

studies because the hydrophobic RHO was released very

slowly, as shown on Fig. 2. Specifically, within 12 h less

than 15% of the agent had been released when incubated at

37�C at pH 7.4. On the other hand, at pH 4.0 the nano-

particles rapidly released the agent, with 75% being

released within the same 12 h. Acidic pH in the order of 4–

5 is typical of lysosomes to which the particles would

likely be routed during the process of cellular uptake, while

a pH of 7.4 is representative of the extracellular and

cytoplasmatic conditions. This pH-dependent release can

be associated with charge interactions between the depro-

tonated PLGA carboxylic acid end groups and the

positively-charged RHO at pH 7.4. Such interaction is lost

at the acidic pH since then PLGA is in its non-ionic form.

In addition, the faster release rate may be associated with

Fig. 1 Scanning electron microscopy image of rhodamine-loaded

poly(lactic-co-glycolic acid) nanoparticles. White bar represents a

length of 1 lm
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the faster degradation rate of the polymer at the acidic

conditions. Analogous pH-dependent release was observed

previously in doxorubicin-loaded PLGA nanoparticles

[32], suggesting that this imaging formulation can at least

in part simulate the in vitro behavior of therapeutic nano-

particles. Importantly, and as will be described in the next

section, controlled release of RHO over a time period of

12 h is more than sufficient for studying the interaction and

uptake of nanoparticles by cells in vitro. In addition, and in

view of the results, it should be noted that in the event of

particle opsonization and sequestration by macrophages,

loaded therapeutic or imaging agents would be rapidly

released as a result of phagocytosis and consequent

enclosure within lysosomes.

3.3 Cellular studies with RHO-loaded nanoparticles

Microscopy and flow cytometry studies of the interaction

of RHO-loaded nanoparticles and breast cancer cells

were conducted. Microscopy studies, as seen in Fig. 3,

show that the cells are able to uptake RHO both when

presented in the form of nanoparticles or as a solution.

Higher fluorescence intensity, corresponding to higher RHO

concentration, was observed in cells exposed to RHO-

loaded nanoparticles compared to that in cells exposed to

RHO in solution. It is also important to note that RHO

fluorescence was distributed throughout the cytoplasm of

the cells.

Flow cytometry was used in separate experiments to

quantify the level of fluorescence associated with cells

treated with the various formulations. For flow cytometry,

suspensions of blank or RHO-loaded nanoparticles and cells

exposed to these formulations were analyzed. In these

studies, laser light of a wavelength of 488 nm was focused

on a narrow stream of the flowing suspension of nanoparti-

cles, cells or both. Upon interaction of the light with a

nanoparticle or cell, the light scattered in line with the laser

source (forward scattering) or perpendicular to it (side

scattering), and the fluorescence produced by the sample

were detected. As expected, nanoparticles resulted in sig-

nificantly greater side scattering as a result of their high

opacity while cells are able to scatter light in the forward

direction in a much greater amount as a result of their low

index of refractivity. This difference was used to separate the

data of independent nanoparticles that had remained in the

samples of cells exposed to nanoparticles as the purpose of

the experiment was to obtain a quantitative measure of RHO

(whether entrapped in nanoparticles, or free) directly

Fig. 2 In vitro release of rhodamine from poly(lactic-co-glycolic

acid) nanoparticles as a function of rhodamine loading and pH. The y-

axis, Mt/Minf, corresponds to the cumulative fraction of rhodamine

mass released over time (Mt) compared to the total mass of rhodamine

that was released or found in the remaining nanoparticles (Minf). Y

bars represent the standard deviation between 3 independent samples

for each condition

Fig. 3 Confocal microscopy images at the plain of maximum cellular

fluorescence of MDA-MB-231 breast cancer cells after exposure to a
rhodamine-loaded nanoparticles, b rhodamine in solution or c growth

media as a control for 2 h at 37�C. Cells were exposed to 280 ng/ml

of rhodamine or to equivalent nanoparticle concentrations based on

rhodamine loading
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associated with the cells. Figure 4 shows the side and for-

ward scattering of RHO-loaded and blank nanoparticles, and

of control and nanoparticle-exposed cells. As shown, clear

regions associated with free nanoparticles are visible. Gates

were then used to quantify the fluorescence associated with

the cells (i.e. for the data points within the high forward

scattering and low side scattering region).

After removal of the data of independent nanoparticles,

the fluorescence associated which each cell after exposure

to RHO in solution or in nanoparticles was determined.

Figure 5 shows the arithmetic mean of the fluorescence

intensity recorded in the cells exposed to each dosage. As

can be seen in both of these figures, the fluorescence

associated with cells exposed to RHO-loaded nanoparticles

Fig. 4 Plot of forward versus

side scattering (x and y-axis,

respectively) of nanoparticle or

cell suspensions obtained after

flow cytometry analysis.

Scattering profile of

a rhodamine-loaded

nanoparticles, b blank

nanoparticles, c MDA-MB-231

breast cancer cells exposed to

rhodamine-loaded nanoparticles

and d control cells. Regions

separated by diagonal line on

each plot indicate the gates used

for separating the data

associated with nanoparticles or

cells, respectively

Fig. 5 Arithmetic average of

the fluorescence intensity of

cells exposed to rhodamine

(RHO)-loaded nanoparticles or

free RHO in solution for 2, 4 or

8 h obtained by flow cytometry.

Fluorescence associated with

independent nanoparticles has

been removed
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was significantly higher than that of cells exposed to RHO

in solution for all concentrations and exposure times tested,

in accordance to the microscopy results. No fluorescence

was detected on cells exposed to blank nanoparticles or to

DPBS (control).

Based on the time that RHO-loaded nanoparticles were

exposed to the aqueous medium in these in vitro experi-

ments, the fluorescence observed inside of the cells can be

attributed to RHO that entered the cells while encapsulated

within nanoparticles. From the release profile described in

the last section, within the first 8 h only about 10% of the

agent would have been released.

The higher RHO cellular uptake by cells in the presence

of RHO-loaded nanoparticles compared to RHO in solu-

tion, as determined by both microscopy and flow

cytometry, may be a result of the high payload of RHO in

the nanoparticles. Specifically, based on average particle

size, polymer density and RHO loading, each nanoparticle

could carry in the range of 59,000 RHO molecules. Con-

sequently, delivery of only a few nanoparticles could lead

to high intracellular concentrations. In addition, it is pos-

sible that nanoparticle binding and uptake by the cells was

mediated by interaction of residual albumin on the surface

of the particles and albumin receptors on the cells, thus

further increasing the ability of the particles to delivery

their payload. These receptors are normally involved in

albumin transcytosis across endothelial tissue as have been

recently suggested to be participants in the delivery of

paclitaxel-albumin bound nanoparticles marketed under the

name of Abraxane� [33].

As can be seen in Fig. 5, the fluorescence of cells

exposed to RHO in solution appeared to decrease with

exposure time. The fluorescence intensity of cells exposed

to RHO-loaded nanoparticles increased from 2 to 4 h but

appeared to decrease after 8 h of cell exposure. This

observation could be a result of cellular efflux mechanisms

since RHO molecules have been reported to be substrates

for the P-glycoprotein (P-gP) transmembrane receptor

associated with multidrug resistance [34, 35]. P-gP is

overexpressed in cell lines that are resistant to chemo-

therapeutic agents, but could be expressed in normal levels

by the MDA-MB-231 breast cancer cell line. This cell line

is known to be sensitive to chemotherapeutic agents unless

specifically adapted to grow under constant chemothera-

peutic agent exposure [32, 36, 37].

4 Conclusions

In the present work, a nanoprecipitation technique was

utilized for preparation of PLGA nanoparticles loaded with

the fluorescent agent RHO. These nanoparticles were

designed as models for the study of the interactions of this

type of particles with cancer cells by confocal microscopy

and flow cytometry. Spherical particles with sizes in the

range of 250–350 were prepared with high RHO encap-

sulation efficiency. Release studies revealed that RHO

nanoparticles were optimal for imaging studies because the

agent is released at a very slow rate and in a pH-dependent

manner as a result of its hydrophobicity and favorable

interactions with the polymer. Methods for qualitatively

studying the extent of nanoparticle uptake by the cells were

described. These methods could be potentially used for the

study of the uptake of any type of particle with any time of

cell in vitro and even ex vivo. In vitro cellular studies with

RHO nanoparticles revealed that MDA-MB-231 breast

cancer cells were better able to intake this agent when

presented in the form of a nanoparticle suspension rather

than as a RHO solution as determined by confocal

microscopy and flow cytometry.
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