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bstract

Drug delivery systems based on polymeric nanocarriers have been widely exploited during the last years. However, one of the basic problems
hat is still not totally solved in this kind of systems is the ability of delivering drugs to specific target cells. Coating the nanocarrier with reactive
ntibodies against specific molecules presented in the external membrane of the target cells is a usual recommendation. In this paper, an ideal delivery
ystem has been studied. Nanoparticles made of poly(d,l-lactic acid/glycolic acid) 50/50 (PLGA) polymers have been coated with polyclonal IgG.
n the first part of the paper, some basic characteristics of these IgG–PLGA complexes have been analysed (i.e. size, electrophoretic mobility and
olloidal stability). Then, the immunoreactivity of the immobilized IgG molecules was tested by using an optical device, monitoring the binding
f a standard molecule (C-reactive protein, CRP) to the antibody (antiCRP–IgG) adsorbed on the PLGA particles. This allowed us to estimate the
ercentage of active IgG molecules on the PLGA particles by applying a simple kinetic model to the immunoreactivity results. According to this
odel, the PLGA–IgG particles supply a good immunoresponse even if only less than 5% of the total IgG molecules on the surface were active.

espite the simplicity of the system, the results may be of potential interest for developing more realistic nanocarriers with targeting ability. That is,

t can be inferred that it is possible to obtain a high targeting specificity in IgG-sensitized nanocarriers even working with a low coverage of active
ntibody molecules. The results have been compared with those similarly obtained with polystyrene (PS) particles used as a reference system.
 2007 Elsevier B.V. All rights reserved.

u
s
o
s
t
d
a
i
a
a
d

eywords: PLGA; Colloidal stability; Immunoassay; IgG; Nanocarriers

. Introduction

A major effect in the pharmaceutical field has been caused
y the use of colloidal dispersions of biodegradable polymers as
anoparticle drug carriers. This kind of systems, which emerged
round 30 years ago, appears to be very promising to carry drugs,
roteins or DNA molecules to specific organs within the body
1]. However, since the conception of this idea, a great deal of
nformation about the potential and limitations of nanoparticles
s drug carriers has been gathered. There is a general agree-
ent about what the ideal carrier system must possess, which
ncludes some specific common features, i.e. (i) the size of the
articles must be in the nanometric scale (≤200 nm) in order
o be capable of crossing diverse biological barriers; (ii) the
xternal shell must be hydrophilic enough to evade the retic-

∗ Corresponding author. Tel.: +34 958 240018; fax: +34 958 243214.
E-mail address: jlortega@ugr.es (J.L. Ortega-Vinuesa).
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loendothelial system (RES) and the mononuclear phagocytic
ystem (MPS) and remain in the blood for a considerable amount
f time and (iii) the particles must have reactive groups on the
urface to be converted to stimuli responsive carriers that target
o specific receptor ligands. In the case of carrying hydrophobic
rugs, the use of hydrophobic particles becomes necessary to
ttain an appropriate drug load due the drug–polymer compat-
bility [2]. In these cases, the carrier particles must be made of
hydrophobic core that protects the drug from degradation and
hydrophilic shell (made of PEG, poloxamer or poloxamine

erivatives) that prevents the recognition of the nanocarrier by
he MPS cells. With regard to the targeting properties, the use
f specific antibodies immobilized on the particle surface has
ecome a feasible strategy usually recommended by numerous
cientists.
The present work has been designed to model a simple
rug delivery system with targeting ability. The particles have
een made of poly(d,l-lactic acid/glycolic acid) 50/50 (PLGA)
olymers, which is a material that has been extensively and

mailto:jlortega@ugr.es
dx.doi.org/10.1016/j.colsurfb.2007.06.002
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The electrophoretic mobility measurements were carried out
with a Zeta-Sizer IV (Malvern Instruments). The particles were
diluted in the desired buffered solutions – all of them with ionic
M.J. Santander-Ortega et al. / Colloids an

uccessfully used in colloidal drug carriers [3–15]. In order to
urn the hydrophobic PLGA surface into a hydrophilic one, the
dsorption of a polypropylene oxide (PPO) and polyethylene
xide (PEO) tri-block copolymer (poloxamer) was performed
n a previous work [16], where the colloidal stability of the
LGA–poloxamer complexes was also evaluated. In the present
ork, however, the potential capacity of PLGA nanoparticles

o serve as specific reactive systems is studied. It should be
oted that Kim et al. [17] have already developed PLGA parti-
les with targeting specificity, although in this case specificity
as obtained using a folate conjugate against folate receptors,
hich usually are overexpressed in cancer cells. Nevertheless,

he use of immobilized antibodies in PLGA carriers is a targeting
trategy that has not been sufficiently exploited at the present. In
his paper, polyclonal IgG molecules have been adsorbed onto
he PLGA particles in order to initially study some basic charac-
eristics of these complexes, i.e. the electrophoretic mobility and
olloidal stability. Subsequently, the targeting properties of the
articles against any potential receptor have been analyzed by
eans of immunoprecipitation studies. C-reactive protein (CRP)

as been used as a standard target molecule. Our goal in this
oint has been centred on quantifying the reaction between the
dhered immunoreactive antibody with the target analyte in solu-
ion. It has been possible to estimate how many anti-CRP–IgG

olecules remain active after their adsorption onto the PLGA
urface by modelling the kinetics of CRP–antiCRP–IgG reac-
ions using particle enhanced optical immunoassays. Although
his is a simple system, the results obtained in this work may
e of potential interest for the development of real drug car-
iers for in vivo studies. It should be noted that most of the
esults have been compared with those similarly obtained with
olystyrene (PS) particles; PS–IgG complexes can be considered
s a reference system, since they have extensively been used in
umerous latex enhanced immunoassays during the last decades
18–21].

. Materials and methods

.1. PLGA nanoparticles

The poly(d,l-lactic acid/glycolic acid) 50:50 (PLGA) poly-
er was purchased from Boehringer-Ingelheim, under the

ommercial name of Resomer® RG 503. Its average molecular
eight was 35,000 Da. The PLGA nanoparticles were prepared

n our labs by a modified emulsion-solvent diffusion technique.
irst, 50 mg of PLGA was dissolved in 2 mL of dichloromethane
nd this organic solution was mixed for 30 s with 0.2 mL of
ure water by vortex (2400 min−1, Heidolph). This first vol-
me of water is in pharmaceutical applications used to dissolve
rugs to be incorporated in the particles. Then, the obtained
mulsion was poured under moderate magnetic stirring onto a
arger polar phase (25 mL ethanol), leading to immediate poly-

er precipitation in the form of nanoparticles. This sample was

iluted with 25 mL MilliQ water and the stirring was main-
ained for 10 more minutes. Finally, the organic solvents (both
thanol and dichloromethane) were eliminated under vacuum
t 30 ◦C (Rotavapor Büchi R-114, Flawil). The mean hydrody-
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amic diameter of the PLGA particles was obtained by photon
orrelation spectroscopy using a 4700c System (Malvern Instru-
ents, UK), and it was equal to 210 nm.

.2. PS nanoparticles

The polystyrene (PS) latex particles were synthesized,
leaned and characterized by the Ikerlat S.A. Laboratories
Spain). In order to maintain the same superficial charged groups
s those existing in the PLGA particles, a carboxylic PS latex
as chosen. The size of this PS sample was 260 nm and its
olydispersity index was equal to 1.008.

.3. Other materials

Different proteins have been used in this work: human
-reactive protein (CRP), bovine serum albumin (BSA) and
olyclonal pre-immune immuno-�-globulin (IgG) were pur-
hased from Sigma. Polyclonal antiCRP–IgG was obtained,
urified and kindly donated by Biokit S.A. (Spain). The isoelec-
ric point (iep) of both polyclonal IgG samples was determined
y isoelectric focusing, and it was in the 6.0–7.9 range. All
ther solvents and chemicals used were of the highest grade
ommercially available.

.4. IgG adsorption

The adsorption of IgG molecules onto PLGA and PS par-
icles followed the same procedure, which is described below.

small volume of the stock latex suspensions (containing a
LGA or PS total area equal to 0.2 m2) was added to the protein
olutions buffered at the desired pH. These buffered solutions
resented a constant ionic strength of 0.002 M. Initially, the IgG
oncentration was in the 0–8 mg/m2 range and the final volume
f the samples was 8 mL. Incubation was carried out in a thermo-
tatic bath where samples were gently agitated at 25 ◦C for 12 h.
fter incubation, samples were centrifuged and the supernatant
ltered using a polytetrafluoroethylene filter (Millipore, pore
iameter equal to 100 nm). The protein concentration in solution
as determined, before and after adsorption, by direct UV spec-

rophotometry at λ = 280 nm (
∑

IgG = 1.40 mL mg−1 cm−1), and
hen, the adsorbed amounts were calculated by subtracting the
nal from the initial values.

.5. Electrophoretic mobility
trength values equal to 0.002 M – for 10 min just before measur-
ng. Final particle concentration was equal to 3 × 109 mL−1. The

obility data were taken from the average of six measurements
t the stationary level in a cylindrical cell.
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tein, the higher the hydrophobicity of the substrate, the higher
the protein adsorption. This explanation based on hydrophobic
attraction also justifies the IgG adsorption observed at pH ≥ 8,
where electrostatic interactions between IgG molecules and par-
2 M.J. Santander-Ortega et al. / Colloids

.6. Colloidal stability

The aggregation of the latex particles immersed in different
aline media was measured using a low-angle light scattering
echnique. In these experiments NaCl and CaCl2 were used as
ggregating salts. These experiments were carried out in an appa-
atus working with a He/Ne laser, using a rectangular scattering
ell with a 2 mm path length, and measuring the light scattered
t an angle equal to 10◦. Equal volumes (1 mL) of salt and latex
olutions were mixed and introduced into the cell by an auto-
atic mixing device. The initial particle concentration was set at
× 1010 mL−1, and the intensity (I) of the scattered light during
ggregation was analyzed for 120 s. The linearity in the aggrega-
ion kinetics was relatively good at the beginning, and the initial
lopes (dI/dt) were easily obtained for every experiment. That
llowed us to estimate the stability ratio W (also called Fuchs
actor), which can be calculated from the following expression:

= (dI/dt)r

(dI/dt)s
(1)

here the (dI/dt)r term corresponds to the initial slope of rapid
oagulation kinetics, while (dI/dt)s is the same parameter for a
low coagulation regime. The critical coagulation concentration
ccc) can be easily determined by plotting the logarithm of W
ersus the logarithm of the salt concentration and locating that
oint where log W reduces to zero.

.7. Immunoassays

The optimum experimental conditions for the immunoassays
ere established in ref. [22]. All the assays were carried out in
standard medium, namely, BSA saline buffer (pH 8.0 borate

13 mM), NaCl (150 mM), NaN3 (1 mg/mL) as preservative and
SA in a 1 mg/mL concentration). This buffer approximately

imulates the pH and ionic strength values usually found in
hysiological fluids. The role played by the BSA molecules is
o cover possible PLGA or PS bare patches to avoid particle
ridging produced by an unspecific adsorption of the antigen
CRP) molecules. In addition, the adsorption of these albumin
olecules significantly helps to increase the colloidal stability of

ur IgG–latex complexes at pH 8, avoiding any potential aggre-
ation caused by saline effects in the immunoreaction medium.
mmunoagglutination was detected by turbidimetry working
ith a spectrophotometer (DU 7400, Beckman) at a λ = 570 nm.
ine hundred and fifty microliters of an antiCRP–IgG–latex sus-
ension in BSA saline buffer were quickly mixed with 50 �L of
CRP solution, ranging a final CRP concentration from 0.025

o 10 �g/mL. The initial particle concentration for PLGA and
S was 4.9 × 1010 and 2.3 × 1010 mL−1, respectively. It should
e noted that samples were colloidally stable in the BSA saline
uffer, and thus, only when the antibody–antigen recognition
ccurred, the aggregation of the particles began. The increase
n turbidimetry was then monitored for different times. Sub-

equently, the immunoagglutination kinetics were analyzed by
sing a kinetic model that will be deeply described in the next
ection. The experimental results were fitted to the theoreti-
al model using a commercial computer program (Origin 7.0,

F
(

urfaces B: Biointerfaces 60 (2007) 80–88

icrocal, MA, USA), in which a nonlinear least squares fitting
ethod is applied.

. Results and discussion

Despite PLGA and PS particles share the same superficial
harged group, its hydrophobic/hydrophilic character may not
oincide. It is well known that one of the most important driving
orces that control protein adsorption is the hydrophobic inter-
ction [23]. Therefore, before analysing the IgG adsorption, the
elative hydrophobicity of PLGA and PS surfaces was estimated
y means of contact angle measurements. A water drop was
eposited on a flat surface made of dry and compressed PLGA
or PS) particles. The contact angle was measured by using a
oniometric technique based on the ADSA algorithm described
n ref. [24]. As expected, polystyrene gave a higher contact
ngle (82◦) than PLGA (74◦), which means that the former pos-
ess a higher hydrophobic character than the latter. As will be
hown afterward, this feature will be the main responsible of the
ifferences observed in the protein adsorption experiments.

The maximum amount of adsorbed IgG as a function of the
edium pH was then studied. Fig. 1 shows the obtained results
hen using independently PLGA and PS as adsorbent mate-

ials. Both curves are qualitatively similar, although significant
ifferences appear quantitatively, since adsorption in PS approx-
mately triples that found in the PLGA sample. As mentioned
bove, this could be caused by the different hydrophobic char-
cter shown by the two polymeric surfaces. It should be noted
hat IgG is a “soft” globular protein, for which hydrophobic
nteractions exert a great influence on adsorption [25,26]. It is
uggested that hydrophobic interaction comes from the entropy
ncrease when structured water molecules located in the vicin-
ty of hydrophobic components are released to the bulk after
he protein-surface contact [27]. Therefore, for a given soft pro-
ig. 1. Maximum amounts of polyclonal IgG adsorbed on PS (©) and PLGA
�) particles as a function of pH.
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Fig. 2. Electrophoretic mobility vs. pH for (a) IgG–PLGA and (b) IgG–PS parti-
cles. Bare particles (�); intermediate protein coverage (©): Γ PLGA = 1.9 mg/m2

and Γ PS = 2.1 mg/m2; high protein coverage (�): Γ PLGA = 2.9 mg/m2 and
Γ PS = 6.5 mg/m2. Dashed line: hyphotetical electrophoretic mobility of IgG
molecules.

Fig. 3. Stability factor vs. salt concentration using NaCl (squares) and CaCl2
M.J. Santander-Ortega et al. / Colloids an

icle surface are repulsive. Nevertheless, although hydrophobic
nteractions play an important role in the protein adsorption, it

ust be noted that electrostatic forces also participate, above
ll in low ionic strength media. For example, the maximum in
he IgG adsorbed amount observed around pH 6, which almost
oincides for both systems, is a result of electrostatic effects.
he maximum position is usually obtained near the iep of the
rotein, although it is slightly shifted toward more acid pHs for
egative adsorbent surfaces and toward more basic pHs for posi-
ive ones [28–30]. In fact, this maximum matches the isoelectric
oint of the protein–latex complex, which can be experimentally
btained by electrophoretic mobility measurements. At pH val-
es far from the iep of the protein, the molecules are identically
harged, and thus, they repel each other; in addition, they are
ore distended due to internal electrostatic repulsions, which

ubsequently give higher area per molecule values. Both con-
ributions make the adsorption decrease. Besides, if the sign of
harge of the adsorbent surface and the protein also coincide, the
dsorption will be hindered even more. On the contrary, at pH 6
he sign of charge of particles and IgG differs, and thus, there is
favourable electrostatic attraction between the PLGA (or PS)

urface and the IgG molecules. In addition, as this pH is near
he iep of the protein, the inter- and intra-molecular repulsive
nteractions are still low; this is why the maximum adsorption
s obtained at this pH value in both samples.

The electrophoretic mobility (μe) of the IgG–PLGA and
gG–PS complexes as a function of pH is shown in Fig. 2a and
, respectively. These measurements were carried out with par-
icles having different protein load. A hypothetical mobility for
he IgG molecules has also been depicted (dotted line). Such
gG μe data have been obtained from interpolating the mobility
esults of a cationic and an anionic PS latex totally covered with
olyclonal IgG [28]. The mobility of the bare particles reflects
he weak acid character of the carboxylic groups located on both
LGA and PS surfaces. Protonation at acid pHs produces charge
ancellation which gives low mobility values. This feature is
ore patent in the PLGA particles than in the PS sample. When

articles are covered with IgG, the mobility tends to approach to
hat expected for the pure protein, although such a value is not
ttained. The higher the protein load, the more the approxima-
ion. It is worthy to remark the low μe values obtained for the
omplexes with high IgG coverage. This suggests that, if only
he overlap of electric double layers (but not steric hindrance
ffects) participates in the colloidal stability of the particles, the
tability must be low in the pH 4–9 range.

In another set of experiments, the colloidal stability was eval-
ated at pH 4 (where the complexes presented a positive net
harge), 6 (at which they were practically uncharged) and 8
negatively charged particles) using NaCl and CaCl2 as aggre-
ating agents. Fig. 3 shows a representative experiment where
he stability factor of IgG–PLGA and IgG–PS particles as a
unction of salt concentration is depicted at pH 8. The ccc val-
es of different complexes at different pH values are shown

n Tables 1a and 1b for the PLGA and PS samples, respec-
ively. Let us first discuss the results found in acidic media. At
H 4, IgG–PLGA complexes had a low mobility (see Fig. 2a),
hich would mean a relatively low stability, provided that the

(circles) as aggregating electrolytes. Open symbols and solid symbols represent
IgG–PLGA (2.5 mg/m2) and IgG–PS (5.1 mg/m2) particles, respectively. Solid
lines serve to guide the eye toward the corresponding ccc values. Dashes lines
serve to locate the critical stabilization concentration (csc) in restabilization
phenomena. Measurements were carried out at pH 8.
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Table 1a
Critical coagulation concentrations (ccc) and critical stabilization concentrations
(csc) of different IgG–PLGA complexes given in mM units

pH IgG load (in mg/m2) NaCl ccc/csc CaCl2 ccc/csc

4 0.7 70/– 45/–
4 1.7 90/– 65/–
6 1.9 <5/– <5/235
6 2.9 Aggr. Aggr.
8 0.9 150/– <5/–
8 2.5 90/275 <5/170
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ata were collected using different pH and protein load values, which are
ndicated in the first column.

tability depended exclusively on the electric characteristics (ζ-
otential) of the particles. As expected, the ccc values at pH 4
orrelates with the mobility data at this pH, that is, the stabil-
ty was low (<100 mM), having the IgG–PLGA complex with

ore adsorbed protein (1.7 mg/m2) higher stability than that
omplex with lower protein load (0.7 mg/m2). In addition, the
ggregating power of CaCl2 is stronger than NaCl due to the
ouble valence of calcium. The same reasoning can be applied
o the IgG–PS complexes, where those particles with the high-

st protein load (5.2 mg/m2) had a significant stability, while
hose with an intermediate IgG coverage (3.1 mg/m2) were com-
letely unstable even in absence of salt. This last pattern can be

able 1b
ritical coagulation concentrations (ccc) and critical stabilization concentrations

csc) of different IgG–PS complexes given in mM units

H IgG load (in mg/m2) NaCl ccc/csc CaCl2 ccc/csc

3.1 Aggr. Aggr.
5.2 350/– 225/–
2.1 110/– <5/–
6.5 55/– <5/–
2.1 460/– 18/255
5.1 50/215 <5/195

ata were collected using different pH and protein load values, which are
ndicated in the first column.

r
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ig. 4. (a) Stability factor of bare PLGA particles. NaCl at pH 4 (�) ccc = 85 mM; N
H 8 (♦) ccc = 30 mM. (b) Stability factor of bare PS particles. NaCl at pH 4 (�) ccc
nd CaCl2 at pH 8 (�) ccc = 35 mM.
urfaces B: Biointerfaces 60 (2007) 80–88

xplained if pH 4 would correspond to the iep of this complex,
hich is more than likely taking into account the data shown

n Fig. 2b. It should be noted that the complexes used for the
obility and the stability experiments differ in the protein load

2.1 and 3.1 mg/m2, respectively), and this is why no iep equal
o pH 4 is directly observed in Fig. 2b. Nevertheless, consid-
ring the electrophoretic behaviour of the IgG–PS samples, it
s plausible to expect an iep around pH 4 for the 3.1 mg/m2

omplex. The mobility data also serves to explain the stability
atterns observed at pH 6. This pH corresponds with the iep of
he IgG–PLGA particles, which is translated into an extremely
ow stability. However, the IgG–PS complexes are more stable,
ince its corresponding μe values differ from zero. It is wor-
hy to highlight the important destabilizing effect caused by the
ivalent cation (calcium) when it acts as a counterion, giving ccc
alues lower than 5 mM. Finally, the ccc results obtained at pH 8
lso can be justified according to the electrophoretic behaviour
f the systems. Nevertheless, the most striking result observed at
his basic pH 8 is the restabilization phenomenon found at high
lectrolyte concentrations. This stability cannot be explained by
he ζ-potential values of the particles, since at high salt concen-
rations the electrical double layer is totally compressed. This
estabilization mechanism has a structural origin based on the
ydration forces that appear in hydrophilic surfaces [27]. A well-
nown interpretation of these hydration forces is that a polar
hydrophilic) surface induces an ordering of the solvent which
xponentially decays away from the surface. The hydration of
he surface reduces the free energy of the system. An overlap
f the ordered-solvent layers near the two mutually approach-
ng surfaces creates a structural force. Partial dehydration of the
urface polar groups and the ions located near the interface due
o the mutual approach will lead to an increase in the system
nergy, which results in a repulsive force [31]. The adsorption
f the protein turns the original PLGA or PS hydrophobic sur-

ace into a hydrophilic one, where the hydrophilicity degree
s governed by the protein coverage. This is why restabiliza-
ion does not exist in bare latex particles (see Fig. 4a and b
or PLGA and PS, respectively) or in those complexes with a

aCl at pH 8 (�) ccc = 200 mM; CaCl2 at pH 4 (©) ccc = 20 mM and CaCl2 at
= 550 mM; NaCl at pH 8 (�) ccc = 800 mM; CaCl2 at pH 4 (�) ccc = 15 mM
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Fig. 5. Immunoagglutination kinetics of antiCRP–IgG–PLGA particles for dif-
f
0
a

o
a
t
C
t
t
f
c
m
c
I
o
a
e
c
b
d
t
p
o
o
a
t
s

p
f
r
Q
b
e
b
n

M.J. Santander-Ortega et al. / Colloids an

ow IgG load. It should be noted that hydration forces does not
nly depend on the surface hydrophilicity, but also on the nature
nd concentration of the hydrated counterions that surround
he particles. The critical stabilization concentration (csc) is
efined as the minimum salt concentration at which restabiliza-
ion starts. These csc data are also shown in Tables 1a and 1b. As
ations are more hydrated that anions, hydrations forces are usu-
lly observed in negatively charged systems, where the cations
cts as counter ions. This is why restabilization is observed at
H 8 but not at pH 4. Finally, as calcium is a more hydrated
ation than sodium, the restabilization power of the former is
igher than that of the latter. Different authors have exhaus-
ively studied this kind of hydration forces in colloidal systems;
he interested reader can be found such information elsewhere
32–37].

In order to know if the adsorption process denatures the pro-
ein molecules – which would make the IgG–PLGA complexes
ompletely useless for targeting purposes – the immunoreac-
ivity of the adsorbed antibodies was performed. This kind
f experiments allows us to test possible denaturation or
nfavourable orientation of the molecules on the PLGA sur-
ace. Immunoreaction was then evaluated using CRP as a
odel target molecule and antiCRP–IgG–PLGA (and -PS) as

eactive nanoparticles. In these experiments, the adsorption of
ntiCRP–IgG onto the particles was performed at pH 8. The IgG
dsorbed amounts were 1.0 and 2.1 mg/m2 for the PLGA and
S particles, respectively. It should be noted that immunoas-
ays based on latex technology are usually performed at pH and
onic strength values reproducing the physiological conditions
pH ≈ 7.5 and I ≈ 150–170 mM). Under these conditions our
gG–PLGA (or -PS) particles were colloidally unstable when
hey are totally coated with antiboby (see in Table 1a the ccc
alue at pH 8 when PLGA particles have an IgG load equal
o 2.5 mg/m2, or see Table 1b for the 5.1 mg/m2 complex in
he PS case). A false positive would be obtained if the sys-
em aggregates in absence of the specific antigen. Therefore,
t is necessary to work with stable particles that do not spon-
aneously coagulate at slightly basic pH and at 150 mM ionic
trength media. There are different strategies to improve the sta-
ility of antibody–latex complexes, as reviewed in ref. [21]. One
f the possible solutions is to co-adsorb a stabilizing molecule
a surfactant, a lipid or a protein) together with the antibody.
he immunological reactivity depends on the latter, whereas the
olloidal stability is a function of the former. This is why we
ave used in our experiment PLGA and PS particles partially
oated by IgG (approximately 50% of the surface), instead of
sing nanospheres fully coated by antibody. In this way, there
re PLGA and PS patches (free of IgG) available to adsorb
he stabilizing molecule (BSA in our case). Therefore, the 1.0
nd 2.1 mg/m2 for the IgG loading on PLGA and PS particles,
espectively, allowed us to obtain stable particles (due to the
pontaneous BSA adsorption on the surface patches when par-
icles are immersed in the reactive medium: BSA saline buffer),

ut maintaining a good immunoreactivity. Fig. 5 shows a typi-
al immunoaggregation experiment. It should be noted that our
articles were stable in the pure BSA saline buffer, and thus,
hey did not agglutinate in absence of CRP; therefore, they

[
t
c
(

erent CRP concentrations (in mg/L): 0.025 (�); 0.05 (�); 0.1 (�); 0.15 (�);
.2 (�); 0.25 (�); 0.5 (	); 1.0 ( ); 2.0 (�); 3.0 (©); 4.0 (�); 5.0 (
); 6.0 (♦)
nd 10.0 (�).

nly collapsed due to the bridging effect caused by the CRP
fter the corresponding antiCRP–IgG recognition. According
o Fig. 5, the immunoagglutination was high at intermediate
RP concentrations, but low at high and low CRP concentra-

ions. This feature becomes evident in Fig. 6a and b, where
he absorbance increment versus CRP concentration is plotted
or different time intervals. A typical bell-shape curve (also
alled precipitine curve) is obtained, which depends on the
olar ratio of antigen to antibody [38,39]. For low CRP con-

entrations, few antigen molecules are available to bridge the
gG–latex particles, and thus, small agglutination kinetics are
btained. On the other hand, at high CRP concentrations, the
ctive sites of the antibodies are rapidly saturated with differ-
nt CRP molecules, and thus the bridging process, which only
an take place when the same antigen molecule is recognized
y IgG molecules adsorbed in two different particles, is hin-
ered. A maximum in agglutination efficiency exists between
hese two extreme regimes. It is observed that IgG–PS com-
lexes are more reactive at low CRP concentrations than those
f PLGA. This feature has a simple explanation: the amount
f IgG molecules adsorbed on the PS doubles that of PLGA,
nd thus, the immunosensitivity must be also higher, provided
hat the orientation of the IgG molecules was similar in both
amples.

The immunoassay results can also allow us to estimate the
ercentage of active IgG on the latex particles. This can be per-
ormed by using a simple kinetic model for antigen–antibody
eactions in particle-enhanced immunoassays developed by
uesada et al. [40–42]. The model proposed by these authors can
e applied to immunoagglutination processes detected by neph-
lometry [40,41] or by spectrophotometry [42], although the
asic equations slightly change depending on the optical tech-
ique. The model is based on the La Mer and co-workers idea

43,44], that says that the rate of agglutination must be equal to
he product of the particle collision frequency and a collision effi-
iency factor which actually leads to aggregation of the particles
that is, to antibody–antigen binding). The model proposed by
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ig. 6. Absorbance increment for the (a) IgG–PLGA and (b) IgG–PS systems
s. CRP concentration for different time intervals (in min): 5 (�); 10 (�); 15
�); 25 (�); 30 (�); 35 (�); 40 (	); 45 ( ); 50 ( ); 55 (+) and 60 (×).

uesada et al. required some hypothesis to find a simple relation-
hip between the kinetics constant of aggregation and the initial
oncentration of antigen into the reaction buffer. The model can
e summarized as follows. Note that this is only a resume, and
hus, details must be found elsewhere [40–42]. The model con-
eptually divides the immunoaggregation process into two steps.
n the first one, the antibody–latex particles are in the solution
nd the antigen molecules are added; then, these last molecules
ecome distributed between the solution and the antibody sites
eaching an equilibrium state before latex flocculation. In the
econd step, the formation of bridges between spheres through

ntigen molecules begins. Although this simplistic mechanism
ould be questionable, it can be justified by the fact that pro-
ein (CRP) molecules are much smaller than latex nanospheres,
o the former diffuse much faster than the latter. The master

a
b
C
f

able 2
itting parameters of the kinetics model and percentage of active IgG molecules on P

C/4 (10−28 abs units−1 mL2 molecules−2) n (molecule

LGA 1.1 ± 0.6 21 ± 6
S 1.9 ± 1.7 35 ± 5
or the PLGA–IgG sample. Squares are experimental data, while the solid line
epresents the theoretical fitting that comes from applying the kinetics model.
he “C”, “K” and “n” values used for this fitting are given in Table 2.

quation that relates the immunoagglutination kinetics (that is,
he initial slope of the curves shown in Fig. 5—dAbs/dt) with
he total number of immunologically active IgG molecules per
article (n) is shown below:

dAbs

dt
= C

4

(
N0n+A+ 1

K
−

√
Δ

) (
N0n − A− 1

K
+

√
Δ

)

(2)

here

=
(

N0n + A + 1

K

)2

− 4N0nA (3)

In Eq. (2), N0 is the initial concentration of latex particles, A
he initial concentration of antigen in the solution, K the equi-
ibrium constant describing the interaction of the free antigen
ith the antibody adsorbed onto the latex surface and C is
parameter related to some optical characteristics and other

actors (i.e. the particle diffusion coefficient, the electrostatic
epulsion due to the overlap of the diffuse double layers of anti-
ens and sensitized latex beads, the attractive interaction due to
he London–van der Waals forces, etc.) [42]. Eq. (2) depends
n three fitting parameters: n, K and C. Fig. 7 shows the exper-
mental immunoagglutination results (symbols) of the PLGA
ample fitted by Eq. (2) (solid line). As mentioned in Section 2,
he experimental data were adjusted to Eq. (2) by using the Ori-
in 7.0 programme, which used a nonlinear least squares fitting

lgorithm with three independent variables (n, K and C). The
est fitting for the PLGA system was obtained with the n, K and
values shown in Table 2. The same analysis was performed

or the PS sample, and the corresponding values are also shown

LGA and PS particles

s/particle) K−1 (1012 molecules mL−1) Active IgG (%)

1.05 ± 0.20 3.8 ± 1.4
1.05 ± 0.20 2.0 ± 0.3
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n Table 2. The antigen–antibody equilibrium constant K must
e equal in both cases, as obtained. In addition, the estimated
value is of the same order of magnitude as those found pre-

iously for other polyclonal IgG immunoreactions [40–42,45].
evertheless, the most interesting parameter to discuss is the
umber of active IgG molecules per particle (n). This parame-
er is higher for the PS sample than for the PLGA one, which
grees with the better inmunoresponse shown by the former (see
ig. 6b, specially at low CRP concentrations) when compared to

he latter (Fig. 6a). In addition, taking into account the particle
urface area and the protein coverage, it is possible to calculate
he percentage of active IgG molecules per particle. For exam-
le, a 210 nm diameter spherical PLGA particle possesses an
rea equal to 1.38 × 10−13 m2. Our IgG coverage (1.0 mg/m2)
an be translated into molecules per square meter – by knowing
he antibody molecular weight (150,000 Da) and the Avogadro
umber – which was 4.015 × 1015 molecules/m2. Combining
his last value with the calculated area per particle, one can
etermine the total number of IgG molecules per particle, which
as 555 molecules/particle. According to the theoretical fitting,

he number of active IgG molecules per particle – that is, the
parameter – was 21. This means that only around 4% of the

otal polyclonal IgG molecules are active and properly orientated
utward for the PLGA sample. In the PS case, this results was
ven lower: 2%. Despite the n parameter indicates nPS > nPLGA,
lower value for the active IgG molecules in the PS parti-

les is plausible. There are two factors that would contribute
o reduce the percentage of reactive molecules in the PS par-
icles. (i) On the one hand, the higher hydrophobicity of PS

akes the surface–IgG hydrophobic interactions more intense,
nd thus, deformation of the adsorbed antibodies is favoured
23]; this partial denaturation reduces the native immunoreac-
ivity. (ii) On the other hand, a high adsorption coverage – which
s favoured in the hydrophobic PS surface – also contributes to
iminish the percentage of active molecules. A crowded poly-
lonal IgG layer hinders the union of a voluminous antigen (as
RP, which has a MW = 114,000 Da) to any active IgG, simple
y steric impediments caused by the presence of non-reactive
gG molecules placed at the vicinity of the active one. Never-
heless and despite these low values, the reactivity of both types
f complexes was very good, as shown in Fig. 6a and b. This
eans that it is possible to develop drug delivery systems with

ppropriate targeting properties using few active IgG molecules
er particle. This information could become very useful when
onoclonal active IgG molecules instead of polyclonal ones
ere used; at least, the cost for sensitizing the nanocarriers with

he antibody can be reduced, since few IgG molecules would be
eeded to produce stimuli responsive particles. In addition, the
olloidal stability of the system can be easily improved in this
ituation, since there would be a lot of available surface to be
oated by any stabilizer molecule, which would increase the poor
olloidal stability observed with these particles when they are
otally coated by polyclonal antibodies. It should be noted that

oadsorbing other molecules (surfactants, lipids, proteins) that
ct as stabilizer agents together with the IgG is a general strategy
sed to improve the stability of antibody–latex particles [21]. At
he present, we are using a biocompatible non-ionic surfactant
faces B: Biointerfaces  60 (2007) 80–88 87

a poloxamer (Pluronic® F68) – to enhance the stability of our
gG–latex complexes. These preliminary results obtained with
ternary system (PLGA–IgG–poloxamer) will be presented in
future paper.

. Conclusions

PLGA nanoparticles have been sensitized with IgG molecules
n order to experimentally simulate a simple drug delivery sys-
em with targeting ability. The corresponding electrophoretic

obility and colloidal stability have been subsequently studied.
t has been proved that adsorption of polyclonal IgG produces
reduction of the stability of the particles around physiological
Hs. Nevertheless, this handicap could be overcome if coad-
orption of IgG and any stabilizer molecule was performed.
n addition, the potential targeting ability has been quantified
y measuring the immunoreactivity of the IgG–PLGA com-
lexes. The analysis of the results by using a simple theoretical
odel has allowed us to estimate the percentage of active IgG
olecules per particle. A low value around 4% has been found,
hich is acceptable taking into account that we have worked with
polyclonal sample. The obtained results can be useful to design

uture nanocarriers vectorized with IgG molecules in order to
eliver drugs to specific target cells. At least, according to the
esults shown in this paper, a potential delivery system based on
LGA can be prompted: The use of monoclonal IgG molecules

s advised, as all of them will be immunologically active against
he same target molecule. In this case, low antibody coverage

ay be enough to achieve a PLGA carrier with high targeting
bility. Subsequently, the bare PLGA patches must be coated by
non-ionic surfactant (i.e. Pluronic® F68). In this way, it would
e possible to obtain immunoreactive stable particles that would
lso avoid recognition by the MPS cells.
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16] M.J. Santander-Ortega, A.B. Jódar-Reyes, N. Csaba, D. Bastos-González,

J.L. Ortega-Vinuesa, J. Colloid Interface Sci. 302 (2006) 522.
17] S.H. Kim, J.H. Jeong, K.W. Chun, T.G. Park, Langmuir 21 (2005) 8852.
18] A. Kondo, T. Kawano, F. Itoh, S. Higashitani, J. Immunol. Methods 135

(1990) 111.
19] C.P. Price, D.J. Newman, Principles and Practice of Immunoassay, Stockton

Press, New Cork, 1991.
20] J.L. Ortega-Vinuesa, J.A. Molina-Bolı́var, J.M. Peula, R. Hidalgo-Álvarez,
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