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Abstract 
Fetuin-coated poly(lactic acid) particles of size range 50-200 nm were prepared by an emulsion, microfluidiza- 

tion and solvent evaporation method. The separation of 14C-labelled particles made with ‘251-labelled protein by 
size-exclusion chromatography (SEC) was followed by the measurement, in each collected fraction, of the average 
diameter of the particles by photon correlation spectroscopy, absorbance and concentrations by radioactivity 
counting. In one experiment, this showed that the dependence of the specific turbidity of the particles on their 
diameter correlated well with Mie’s theory. A first approximation of the particle size distribution could also be 
obtained together with the separation capacities of Sepharose CL-2B and Sephacryl SlOOO, in addition to the 
amount of bound protein per unit surface area of the particles. Thus, the simultaneous use of size-exclusion 
chromatography and photon correlation spectroscopy was found to be a powerful tool that needed neither column 
dispersion function analysis nor any column standardization. 

1. Introduction 

Nanoparticles have attracted growing interest 
as site-specific drug-delivery devices. However, 
their use for in vivo administration is restricted 
by the fast uptake by the macrophages of the 
mononuclear phagocytes system [ 11. Biodegrad- 
able and biocompatible poly(lactic acid)-fetuin 
nanoparticles have been designed to avoid this 
uptake. The uptake mechanism is complicated 
and depends greatly on the physico-chemical 
characteristics of the particles such as surface 
properties and size [2]. Hence precise characteri- 
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zation of the particles is required. The particle 
size distribution (PSD) of the nanoparticles must 
be known so as to be sure that there are no 
multiple populations of particles, each with a 
different behaviour. From another point of view, 
in order to assess the role of the coated protein 
layer at the surface of the nanoparticles, the 
amount of fetuin associated with the nanoparti- 
cles must be measured. Further, in addition to 
the precise characteristics of the particles, pre- 
paring such well defined nanoparticles is neces- 
sary in order to test their in vivo fate and to 
understand the uptake mechanism. 

The average size of the studied particles is 
around 100 nm [3]. Various methods have been 
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proposed in order to characterize the size and 
the size distribution of such submicron particles 
populations including photon correlation spec- 
troscopy (PCS), size-exclusion chromatography 
(SEC) and, more recently, field-flow fractiona- 
tion (FFF). Further, the separation of the par- 
ticles as a function of their size could be achieved 
by both SEC and Split-flow thin (SPLIlT)-FFF 
(SFFF) . However, poly( lactic acid) nanoparti- 
cles could be polydisperse in both size and 
density. If the size and the size polydispersity can 
be well described by PCS, no previous analysis 
of the density is necessary. 

FFF appeared to be a versatile tool for sub- 
micron particle analysis. So far, two main sub- 
techniques have been proposed, one based on 
multigravitational field (SFFF) and the other on 
a hydrodynamic separation. The use and applica- 
tions of these techniques have been reviewed 
recently by Giddings [4]. In SFFF, the separation 
of the particles resulted from a balance between 
the size and the density or the mass of the 
particles. These combined effects led to a com- 
plex separation mechanism involving a steric-like 
elution mechanism [5], inertia [6] or lubrification 
forces [7] when high external fields were applied. 

Thus, in order to obtain a separation of the 
nanoparticles as a function of their size, SEC has 
been prefered to SFFF. SEC is based only on a 
size-driven separation and does not involve den- 
sity or other parameters. Further, it is inexpen- 
sive and has been in use for over a decade 
[8,9,10]. With SEC, the separation is not perfect, 
however, because of the axial dispersion of the 
chromatographic system, which gives a broad 
peak for a narrow particle size distribution 
(PSD) [8,10,11]. All chromatographic systems 
used for particle analysis may be considered as 
an operator (CH), defined in Eq. 1, which 
translates the PSD into a chromatogram. A PSD, 
hereafter denoted N, is a normalized function of 
the variable diameter (d,), that gives the propor- 
tion of particles, in number, which have this 
diameter. The percentage of the total number of 
particles whose diameters lie between d, and 
dp + dd, is given by lOON[d,]dd,. Thus, a par- 
ticle suspension is characterized if N and the 
total number of particles (or particle number 
concentration), n, are given. 

A chromatogram is a function C of the elution 
volume, giving either the concentration of par- 
ticles present at a volume u or the optical density 
(OD) induced by those particles. The operator 
CH which corresponds to the mathematical ex- 
pression of the chromatographic system is given 
by the equation 

C[u] = CH(nN)[u] (1) 

The common hypothesis for this operator (which 
is true for not too concentrated samples) is that 
particles do not interfere with each other during 
the process [8]. Therefore, CH is a linear 
operator. This means that the chromatogram 
obtained after the injection of a mixture of two 
suspensions, n,N, and n,N, is 

Of course, this hypothesis is easy to test with 
three successive experiments. 

In order to illustrate the effect of the axial 
dispersion of real systems, let us consider a 
perfectly monodisperse suspension, composed 
with 100% of particles whose diameter is exactly 
d, , called 6(d,), or Dirac distribution. The Dirac 
distribution has been prefered to Poisson or 
Gaussian models because it gives simpler equa- 
tions which are sufficient for the purpose of this 
work. As the chromatographic system is not 
perfect, the chromatogram obtained will not 
show a sharp curve [8,10]; it is transformed by 
the chromatographic system into a chromato- 
gram CH(s(d,))[u], hereafter denoted G[$, u]. 
The maximum of CH(S(d,)) is denoted VJd,], V, 
being the characteristic function of the system 
that gives the mean elution volume of a sample 
whose diameter is $,. As any suspension nN can 
be expressed as [8,11] 

I 
cc 

Mrpl = 
0 

~W,lW,%W, 

then, as CH is also a continuous operator (close- 
ly related suspensions have closely related chro- 
matograms), we have 

CH(nN)[u] = 6 nNd,lW,, 4dd, (4) 
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G is called the dispersion function of the chro- 
matographic system [8,11,12]. 

If the system was perfect, for a given value d, 
teke G[d,, u] would be equal to S(V,[d,])[u]. 

for such a system, CH(nN)[u] = 
nNIVfl[u]], which means that the PSD of the 
suspension could be read directly from the chro- 
matogram, whether the particle diameter at 
volume u is measured or is deduced from prior 
knowledge of V, [lo]. 

For systems that are not perfect, the chro- 
matogram obtained from a detector (usually a 
spectrophotometer) needs further processing to 
retrieve the real PSD. This processing requires 
the knowledge of the chromatographic system 
axial dispersion function G, which can be calcu- 
lated using suspensions with perfectly known 
PSD [8,9,10,12]. Of course, once the function 
has been calculated, any change in the chromato- 
graphic system must be avoided. 

An alternative to this method is to use SEC 
just as a separating tool to obtain in each 
collection fraction a relatively monodisperse sus- 
pension, whose diameter is measured by PCS (a 
method that is much more accurate on monodis- 
perse suspensions). 

This paper shows that the combination of SEC 
and PCS allowed the dependence of the particle 
specific turbidity on their diameter to be ob- 
tained in a one-step experiment. Simultaneously, 
an approximation of the PSD of the suspension 
was obtained, in addition to a measure of the 
amount of protein bound to the nanoparticles. 

2. Experimental 

2.1. Materials 

Methylene chloride (CH,Cl,) was purchased 
from Prolabo. Fetuin, a glycoprotein from foetal 
calf serum, was obtained from Sigma Chimie 
(F2379); it was further purified as described 
[ 13,141 (purification control by electrophoresis) . 
12sI-labelled fetuin was obtained by a classical 
method. Briefly, to 0.5 mCi Na’*‘I (Amersham) 
were added, successively, 20 ~1 of 0.13 it4 
phosphate buffer (pH 7.4) 5 ~1 of 1 mg ml-’ 

protein solution and 10 ~1 of 1 mg ml-’ 
chloramine T solution. Two minutes later, after 
shaking for 20 s, 20 ~1 of 0.6 mg ml-’ metabisul- 
phite solution were added together with 100 ~1 
of the same buffer. Free iodine was separated 
from the protein on a 3-ml G-5 column (Phar- 
macia-LKB) . 

The poly(lactic acid) used was PLA 50 from 
Phusis with M, 47 000. “C-labelled PLA 50 (M, 
18 000) was purchased from DuPont (specific 
activity 7.8 mCi g-l); it contained water-soluble 
fragments which where removed by water- 
methylene chloride partitioning (purification 
control by gel permeation chromatography). 

2.2. Radioactivity counting 

14C Radioactivity counting was performed on 
a Beckman LS6OOOIC counter by mixing 0.5 ml 
of sample with 5 ml of Ready Solv HP (Beck- 
man). I*‘1 radioactivity counting was performed 
on a Berthold LB 2111 y-counter. When both 
‘*? and 14C were counted together and if the “‘1 
activity did not exceed 5% of the 14C one 
activity, it was checked that no interference 
occurred. 

2.3. Preparation of nanoparticles 

Nanoparticles were prepared by solvent 
evaporation of an oil-in-water emulsion [15]. 
First, 1.5 ml of methylene chloride solution 
containing 100 mg of the polymer (a mixture 
consisting of 1% labelled and 99% unlabelled 
PLA 50) was pre-emulsified by stirring (10 000 
rpm for 1 min) in 10 ml of a 10 mg ml-’ fetuin 
aqueous solution with the aid of an Ultra-Turrax 
homogenizer (type T25; Bioblock). Then, the 
pre-emulsion was completed and homogenized 
with a Microfluidizer 110s (Microfluidics). In this 
apparatus, the pre-emulsion is pumped into a 
specially designed chamber in which fluid sheets 
interact at ultra-high velocity and pressure. 
Microchannels within the chamber provide an 
extremely focused interaction zone of turbulence 
causing the release of energy amid cavitation and 
shear forces, causing break-up of the droplets of 
the pre-emulsion. For the preparation of the 
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nanoparticles, the pre-emulsion was introduced 
into the microfluidizer at a pressure of 6 bar. 
Finally, methylene chloride present in the emul- 
sion obtained after microfluidization was evapo- 
rated under vacuum, giving a colloidal suspen- 
sion of nanoparticles which was filtered on a 
1.2~pm filter. 

2.4. Size-exclusion chromatography 

A concentrated particle suspension (110 nm, 1 
ml) was injected on to a Sepharose CL-2B-con- 
taining XK16-100 chromatographic column (100 
cm x 16 mm I.D.) (Pharmacia). Elution was 
performed with 0.13 M phosphate buffer (pH 
7.4) at a flow-rate of 0.1 ml min-‘. Fractions of 2 
ml were collected automatically and analysed 
later. Sephacryl SlOOO gel was also used under 
the same conditions (the Pharmacia FPLC sys- 
tem was used). 

The sample of concentrated particle suspen- 
sion was prepared according to the following 
procedure. Freshly prepared particles were con- 
centrated tenfold by centrifugation: 10 ml of the 
suspension were centrifuged for 30 min at 25 000 
rpm (4°C) in a T865 rotor, OTD Combi Sorvall 
ultracentrifuge. The supematant was discarded 
and 1 ml of 0.13 M phosphate buffer (pH 7.4) 
was added. The particles were resuspended by 
gentle shearing. When accurate determination of 
particle concentration was needed, 14C-labelled 
particles were used. 

2.5. Particle diameter 

The intensity average particle diameter of each 
fraction was measured by PCS. This technique 
measures the time-dependent light-scattering 
fluctuations from particles under Brownian agita- 
tion from which a correlation function is estab- 
lished using an autocorrelator. The characteristic 
translation diffusion coefficient obtained directly 
from this measurement is related to the size of 
the particles according to the Stokes-Einstein 
law [16]. The PCS apparatus used was a 
Brookaven BI 90 particle sizer. Each measure- 
ment took 3 min. 

2.6. Spectrophotometry 

Absorbance measurements (wavelengths from 
200 to 1100 nm) were made on a Perkin-Elmer 
UV-Vis Lambda 2 spectrophotometer with a 
l-cm optical path length quartz cell. 

2.7. Computations 

All calculations were made using Sigma Plot 
3.01 on an IBM-compatible PC. 

3. Results 

The measurement of particle mean diameters 
in each collected fraction was performed after 
separation of the nanoparticle suspension (in- 
tensity average diameter 110 nm) on a Sephacryl 
SlOOO packed column (Fig. 1). To agree with 
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Fig. 1. Separation of IlO-nm intensity average diameter 

10 

PLA-fetuin nanoparticles on Sephacryl SlOOO (XK16-100 
column). The average diameter of the particles in each 
collected fraction is plotted as a function of the elution 
volume. The values correspond approximately (r’ = 0.99) to 
d = 318 exp(-O.O1086u), where u is the volume in ml and d 
the diameter in nm. 
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usual representation of chromatographic data, an obvious. The four-parameter exponential regres- 
exponential regression was calculated, giving sion analysis gave 

In d = ln(318) - 0.01086(u) (r2 = 0.990) (5) 

where d is the intensity average diameter (in nm) 
and u the elution volume (in ml). 

d = 307 exp(-0.01087u) 

+ 156 exp [-0.25 (u - 72)] (r2 = 0.997) 

(6) 

In fact, the separation was nearly linear in the 
range studied, corresponding approximately to a 
1-nm drop mer ml. The total volume of the 
column was cu. 200 ml but the void volume could 
not be determined accurately. It could be esti- 
mated to be 70 ml using 400-nm particles (results 
not shown). 

When the same experiment was performed on 
Sepharose CL-2B gel with the same type of 
nanoparticles of 107~nm intensity average diam- 
eter, a different general shape of the curve was 
obtained (Fig. 2). Expecially when In d was 
represented as a function of the elution volume, 

This complex equation simplified into a linear 
expression around a 90-ml volume. Then the 
slope of this linear part took almost the same 
value as that obtained for the Sephacryl SlOOO 
gel separation and the curves in Figs. 1 and 2 are 
almost superimposable. In fact, a 1-nm drop was 
observed for a l-ml increase in elution volume, 
as for the Sephacryl SlOOO gel. The total volume 
of the column was 200 ml, whereas the total 
volume of the eluent was 176 ml (determined by 
injection of free 1251). The void volume corres- 
ponded to the transition between the two slopes 
at 85 ml [8]. 

the superposition of two distinct slopes was 
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Fig. 2. Separation of 107-nm intensity average diameter 
PLA-fetuin nanoparticles on Sepharose CL-2B (XK16-100 
column). The mean diameter of the particles in each col- 
lected fraction is plotted as a function of the elution volume. 
The values correspond approximately (r* = 0.997) to d = 307 
exp (-0.01087~) + 156 exp [-0.25 (u - 72)]. 

In the two preceding cases, the material loss 
during the process was very low, and more than 
99% of the expected radioactivity was recovered 
[8]. The Sepharose CL-2B gel was chosen 
because in the collected fractions, the PCS 
measurement indicated a much lower polydis- 
persity value. The half-width of the 86-134 ml 
fraction was cu. 5 nm. Owing to the two sepa- 
ration phenomena, this gel also gave a wider 
diameter range. When larger particles were in- 
jected, the mean diameter measured at a given 
elution volume increased slightly (less than 5 nm 
variations), whereas a slight decrease in the 
mean diameter was observed after injection of 
smaller particles. This was in agreement with 
colloid SEC theory [8]. 

In the Sepharose CL-2B experiment (Fig. 3), 
the use of 14C-labelled particles and the on-line 
measurement of the absorbance at 405 nm per- 
mitted the variation of the 405 nm absorbance/ 
polymer concentration ratio to be represented as 
a function of particle diameter. This curve is 
compared in Fig. 4 with the calculated values 
obtained from ref. 17. According to Mie’s theory 
[18], the absorbance of spherical particles in an 
aqueous suspension can be expressed as: 

A = dc (7) 
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Fig. 3. Chromatograph of the separation of 107~nm r4C- 
labelled PLA-fetuin particles by Sepharose CL-2B SEC. 
Absorbance at 405 nm (left-hand axis) (A) and polymer 
concentration (right-hand axis) (0) are plotted versus the 
elution volume. The values of particle diameters are shown in 
Fig. 2. 

where I is the optical path length (usually 1 cm), 
C is the particle mass concentration and E is the 
specific turbidity, which in turn can be expressed 
as 

Particle diimeter (nm) 

Fig. 4. Absorbance/polymer concentration ratio (propor- 
tional to specific turbidity) as a function of particle diameter. 
Experimental data and six theoretical curves calculated from 
ref. 9 with the indicated relative refractive indexes are 
compared. 

E = Q[d/A, m(A)]lh (8) 

where A is the wavelength, d the particle diam- 
eter and m their refractive index, relative to the 
refractive index of water. Q is a complex func- 
tion and the values presented in Fig. 4 were 
computed assuming that the particles showed no 
absorbance at the wavelength studied for the 
indicated values of m. 

The experimental values seemed to produce a 
curve whose shape was similar to the theoretical 
shape for an m value between 1.1 and 1.05. The 
comparison between the experimental results 
and theoretical values was done more precisely. 
In fact, in the diameter range O-400 nm, the 
theoretical curves could nearly be superimposed 
(Fig. 5) by multiplying the ordinates by an 
appropriate K constant which is a function of the 
refractive index of the particles, m. This constant 
K was chosen for the refractive index of the 
particles m = 1.1 curve so as to fit the experimen- 
tal data and all other K values were calculated as 
being the best constant to superimpose the other 

Particle diameter (nm) 

Fig. 5. Superimposition of the six previous theoretical curves 
after the multiplication of each of them by an appropriate 
K(m) constant (m is the refractive index). 
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curves on this new curve. As the ordinates have 
no physical sense after the multiplication by K, 
“arbitrary” units were used in Fig. 5. The 
variation of K with m could be approximated 
with a third-order interpolation (Fig. 6). The 
superimposition of the curves, although not 
perfect, allowed E to be expressed as 

E = K(m)F(dlh)/A (9) 

with only a minor approximation in the 0-400- 
nm diameter range. For example, in Fig. 5, in 
the worst case of 300~nm particles, a 1.5% error 
would be made by deducing the m = 1.05 curve 
from the m = 1.1 curve. Should the m = 1.1 
curve be used to fit the experimental values, an 
even smaller error would be expected. 

In order to fit the experimental data, the 
nearest theoretical curve (m = 1.1 in Fig. 4) was 
used. The best K(m) constant was calculated and 
the value of m was deduced from Fig. 6 (giving 
m = 1.08). The comparison between the calcu- 
lated curve and the experimental data obtained 
with poly(lactic acid)-fetuin nanoparticles is 
shown in Fig. 7. To agree with theory, the 
particles should be given an absolute refractive 

1 1.05 1.1 1.15 1.2 1.25 1.3 1 
Relative refractive index 

5 

Fig. 6. Third-order interpolated curve that gives the relation- To draw the PSD shown in Fig. 8, the particle 
ship between the m and K values. concentration measured in each fraction was 

3 
. 

Fig. 7. Comparison between theoretical values (line) and 
experimental results (0). Adaptation of the m = 1.1 theoret- 
ical curve which gives the best fit with experimental data. The 
K(m) constant used corresponds to a relative refractive index 
m = 1.08. The absolute refractive index of particles should be 
1.08.1.33 = 1.44. 

index: 1.08.1.33 = 1.44, where 1.33 is the refrac- 
tive index of water. 

The same measurements could also be consid- 
ered as a first estimation of the particle size 
distribution of the initial nanoparticle suspension 
(intensity average diameter measured by PCS of 
110 nm). From Fig. 2, the diameter range could 
be estimated in each fraction, whereas the par- 
ticle mass concentration was estimated in the 
same fraction using r4C radioactivity measure- 
ments. As the value of the particle concentration 
by scattering intensity is proportional to the 
absorbance at 405 nm, the value of the particle 
concentration by number could be deduced from 
one of the above concentration values and from 
the particle diameter. For monodisperse particles 
the particle mass concentration M is propor- 
tional to nd3, where d is the particle diameter 
and n the particle concentration by number. 
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Fig. 8. First-approximation PSD deduced from experimental 
results. Particle concentration determined by 14C counting 
was weighted to account for the diameter interval in the 
corresponding fraction (corresponding average diameter in 
nm). The average diameter calculated from those data were 
81 nm by number, 93 nm by mass and 107 nm by scattering 
intensity. 

divided by the width of the range of diameters in 
the fraction, in order to obtain the relative 
proportion for each size. The resulting histogram 
was smoothed for the sake of clarity only. The 
three mean diameters given in Fig. 8 were 
calculated using the equation 

mean diameter = 2 dC(d)/z C(d) 

where C is the concentration by number, by 
mass or by scattering intensity and d is the 
diameter (in nm) [ll]. 

Although it was not the main objective of this 
experiment, the use of ‘251-labelled fetuin al- 
lowed the measurement, in addition, of the 
amount of protein eluted in each fraction with 
the particles. As the free protein is eluted clearly 
after the particles (Fig. 9), it was considered that 
the amount of protein present in the earliest 
fractions corresponded to fetuin firmly bound to 
nanoparticles. If the amount of bound protein 
per unit mass of particles was represented (Fig. 

T0.3 
3 
E. 
g 0.2 
8 
!z c 
p 0.1 
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0 I 
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20 
Elution volume (ml) 

Fig. 9. Chromatograph of the separation of 107-nm 14C- 
labelled PLA-1Z51-labelled fetuin particles by Sepharose CL- 
2B SEC. 0 = Fetuin; 0 = polymer concentration. The values 
of particle diameters are shown in Fig. 2. 

10) as a function of the inverse of the particle 
diameter, and despite important experimental 
errors, a linear dependence between these par- 
ameters could be evidenced. 

4. Discussion 

The main question that arises from these 
results is how accurate they are. In other words, 

ol . ’ . ’ * ’ ’ 
0 01105 0.01 0.015 c 

l/(Diameter (nm)) 

Fig. 10. Amount of bound protein per unit mass of the 
polymer as a function of the inverse diameter. 
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it is questionable if the SEC separation was 
sufficiently efficient to give a reliable particle 
PSD and an invariant curve for the variation of 
the particle diameter as a function of the elution 
volume. 

The first result to be considered is the vari- 
ation of the specific turbidity of the particles as a 
function of the diameter. A clear correlation was 
observed between experimental data and calcu- 
lated values for m = 1.08 (Fig. 7). Only two 
experimental values corresponding to the larger 
particles were very erroneous owing to the very 
low values of both the absorbance and con- 
centration. The relationship obtained between 
specific turbidity and particle diameter has been 
confirmed for relatively monodisperse PLA-al- 
bumin nanoparticles (not shown). No difference 
was noted compared with monodisperse PLA- 
fetuin nanoparticles. This means that the nature 
of the protein did not really matter as the 
absorbance of this protein was negligible at 405 
nm. This relationship can now be used as a 
method to evaluate the nanoparticle concentra- 
tion, with a 0.03 mg ml-’ accuracy for 100~nm 
particles. It could also be used as a measure of 
particle diameter if the concentration is known. 

However, one drawback of this method is the 
need to have no specific absorbance at the 
wavelength used. However, even though the 
method has been standardized for a 405nm 
wavelength, the curve can be used at any other 
wavelength. In fact, E = K(m)F(d/A)lh (Eq. 9) 
and the standardized curve is 

E =f&d) = K(m)F(d/405)/405 

If A has to be changed: 

(II) 

E =f&(405d/h)*405/A (12) 

This means that the value of E at A may be 
obtained for particles whose diameter is d by 
calculating the value of E at 405 nm for particles 
whose diameter is 405dlA and then multiplying 
this value by 405th. As the absorbance (200- 
1100 nm) of each fraction has been measured 
and when this value was large enough, Eq. 12 
was easily confirmed for A (350-1100 nm). For 
A C350 nm the absorbance of the protein was 
found to be no longer negligible (results not 

shown). In the same way, Eq. 12 could be used 
for particles larger than 500 nm for which the 
approximation made that Q[d/A, m(A)] /A = 
K(m)F(dlA)/A was no longer valid at A = 405 nm. 
Hence it is only necessary that 405dlA -C 500 nm. 
Then, the only limitation remains to maintain a 
sufficient signal at high wavelength. 

Another drawback of the proposed method for 
particle concentration determination is much 
more difficult to bypass as it concerns its sen- 
sitivity to the polydispersity of the measured 
sample. For example, in the case of a 1 g 1-r 
mixture of lOO- and 150-nm diameter particles in 
equal proportions, the absorbance at 405 nm is 
A = 0.5[0.32 + (0.32 - 1.5’)] = 0.52 and the in- 
tensity average diameter becomes [lo0 + (150 - 
1.52)]/(1 + 1.52) = 135 nm; E read on the curve 
is then 0.56 1 g-’ cm-‘. This gives a measured 
concentration value of 0.9 g 1-l instead of 1 g 
l-l, i.e., a 10% error. In fact, owing to its great 
sensitivity to polydispersity, this law should not 
be used for polydisperse samples. However, as 
the results obtained correlated well with the 
theory, it was concluded that the particle popula- 
tion in each fraction was not too polydisperse. 
This was further confirmed by photon correlation 
measurements that gave in each fraction a very 
low value for polydispersity. This showed that G 
was probably a skewed function. 

In a second step, it should be highlighted that 
the curves plotted in Figs. 1 and 2 represent only 
an approximation of the universal calibration 
curve d, = V,‘(u) of the two gels used. The 
values of diameters that are plotted as a function 
of u are the PCS intensity average diameters 
measured in the collected fractions. As such, and 
according SEC theory [9], they should depend 
on the nature of the injected suspension. Indeed, 
experimentally, changing the nature of the in- 
jected suspension did change the obtained d,,-u 
relationship, but at most 5-nm variations were 
observed. A universal curve would be obtained 
only by injecting perfectly monodisperse sam- 
ples, each of a well defined diameter. This goal 
could be achieved, for example, by re-injecting 
each collected fraction and re-measuring its PSD. 
However, this was not possible experimentally 
because, under these conditions, too low ab- 
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sorbance values would have been obtained. 
Indeed, if the collected fraction at a given 
volume u was injected again indefinitely, the 
value of the diameter in the volume u fraction 
would converge exactly to V,‘(u). This means 
that what has been done here is the first step of a 
converging process. This means that the average 
diameter measured in each fraction was probably 
approximately equal to the standard value. 
Hence the injection of a single suspension with a 
broad distribution was sufficient to obtain a good 
approximation of the column standard calibra- 
tion graph. Therefore, it is an easy method for 
standardizing SEC. 

A further analysis of Figs. 1 and 2 highlighted 
that in the case of Sepharose CL-2B, the double- 
sloped curve was typical of two phenomena: for 
particles smaller than 125 nm, efficient sepa- 
ration by SEC occurred, whereas two effects are 
responsible for the separation of the large par- 
ticles: the usual SEC separation and hydro- 
dynamic separation [8,9,10]. We cannot exclude 
SEC separation of the large particles because a 
small proportion of large pores exists in the gel 
in any case. Further, the numerical results ob- 
tained showed that Sephacryl SlOOO has only 
slightly larger pores than Sepharose CL-2B, 
which is in agreement with their respective 
standard dextran separation capacities (Phar- 
macia data). 

The next question, which is not totally in- 
dependent of the above considerations, deals 
with the reliability of the PSD determination. Of 
course, to have access to the real PSD, each 
fraction should have been re-injected and its own 
PSD determined again, in a converging process. 
As the measured diameter in a given fraction u 
was close to V,‘(u), it could be concluded that 
the PSD obtained was certainly close to the real 
value. As a confirmation of this, it should be 
mentioned that the intensity average diameter 
calculated from SEC and PCS data (107 nm) was 
equal to the diameter measured before injection 
by PCS (107 nm). As generally supposed [8,10], 
the experimental PSD was found to be close to a 
log-normal distribution. 

Finally, SEC was used to determine the 
amount of protein bound to nanoparticles. How- 

ever, as the amount of ‘*‘I used was low (in 
order not to interfere with other measurements), 
there was a great experimental dispersion, par- 
tially balanced by the large number of ex- 
perimental data. The amount of protein bound 
per unit mass of polymer was found to be 
inversely proportional to the particle diameter. 
This result confirmed previous experiments per- 
formed with human serum albumin-PLA par- 
ticles [3]. This proportionality means that the 
total amount of bound protein was also propor- 
tional to the specific surface area of the particles. 
With fetuin, the slope of the curve gave approxi- 
mately 7 mg of bound protein per square metre 
of particle surface, which was twice the value 
found with albumin after desorption. This ob- 
servation could be explained by the affinity of 
fetuin for itself. It was noteworthy that after 
desorption and washing, approximately half of 
the initially bound fetuin remained associated 
with the polymer. The final values, after wash- 
ing, of the amount of bound protein are then the 
same for fetuin and albumin [3]. The fact that 
this constant proportion of protein remained 
bound on particles is probably the reason why no 
particle aggregation upset the experimentation. 

5. Conclusions ” 

The present results have shown that the 
combination of SEC, PCS and turbidity mea- 
surements may be considered as an alternative to 
the mathematical standardization of SEC for the 
characterization of colloidal suspensions. This 
method was found to be easy to use, fast and 
needed no rigorous column maintenance. How- 
ever, concentrated samples were needed in order 
to obtain a sufficient signal for PCS measure- 
ments. This method has been applied to study 
the light scattering of colloidal particles, which 
was found to correlate well with Mie’s theory. 
The resulting calibration graph could be used to 
determine the concentration of monodisperse 
particle samples with a known diameter. Also, 
an accurate approximation of PSD was obtained. 
Finally, the separation of the particles by SEC, 
followed by PCS and radioactivity counting in 
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each fraction, is proposed for determining the 
amount of ‘251-labelled protein bound to the 
nanoparticles. 
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