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bstract

Poly(d,l-lactide-co-glycolide) nanosupensions as intravenous nanosphere systems were produced by solvent deposition in aqueous Poloxamer
88 solutions. Light scattering techniques were applied to these colloidal systems to characterize particle sizes. Regularly shaped spherical particles
ere received as proved by freeze fracture replica and small-angle X-ray scattering (SAXS). SAXS was performed using intensive synchrotron

adiation. Particle sizes were calculated from the small-angle part of scattering curve that were in good agreement with z-average values received from
hoton correlation spectroscopy (PCS). The flow field-flow fractionation (FlFFF) fractograms in combination with multi-angle light scattering
MALS) allowed an easy detection of maximum particle sizes what is most important for parenteral systems. Furthermore, high quality size
istributions were received due to the separation step prior to size characterization. The calculated average size values exhibited a good correlation
ith z-averages determined by PCS. Only for suspensions of broader size distributions, higher deviations were observed. Comparing particle sizes

ith and without Poloxamer, differences in diameters resulted that were quantified. The additional Poloxamer shell was not able to be removed by an

ntensive washing during FlFFF focusing and separation. Especially FlFFF/MALS proved to be a valuable tool to characterize the pharmaceutical
anosuspensions in detail what is of great importance especially for controlled drug delivery systems.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Biodegradable nanoparticles are able to improve the efficacy
nd to reduce the toxicity of drugs. They are small enough to
e injected intramuscularly and even intravenously. Polyesters
ike lactic and glycolic acid copolymers have been widely stud-

ed for that kind of application, since their degradation products
re known to be harmless and they have already received regu-
atory approval [1]. A quite simple method for producing such
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anoparticles is the solvent deposition method [2]. It is possible
o receive particles of predictable sizes using that method under
elected conditions [3,4].

Stabilizers as poly(vinyl alcohol) or block copolymers of
oly(ethylene oxide) and poly(propylene oxide) (Poloxamers)
re necessary to allow nanosized particle preparations and to pre-
ent aggregation during storage [5,6]. In the case of intravenous
ystems, hydrophilic layers of poly(ethylene oxide) (PEG) have
een reported to influence the particle surface and to protect
hem against uptake in liver and spleen [7,8]. This undesired

ptake is supported by opsonization resulting in phagocyto-
is by macrophages of the reticuloendothelial system [7]. Two
ossibilities for delaying this process by PEG exist: (i) incor-
oration of PEG-containing amphiphiles in the formulation or
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ii) covalent linkage to the particle surface [9]. Covalent attach-
ent creates new substances that have to be approved after a

road toxicology program. In contrast, Poloxamer 188 is a sta-
ilizer that can be simply added to parenteral formulations and
lready reached regulatory approval state. Therefore, we focused
ur studies on Poloxamer 188 stabilized poly(d,l-lactide-co-
lycolide) (PLGA) nanosupensions.

The particle size and size distribution are key parameters for
he performance and safety of nanosuspensions, especially for
ntravenous systems. Furthermore, they are key parameters for
he blood circulation time [10]. Particle size measurements of
anosized materials are not trivial as they appear on the first view.
he existence of several species, size distributions, anisotropic
hapes, different calculation methodologies and uncertainties of
he optical properties make the assessment difficult. It is impor-
ant to understand, that in most cases physical properties – and
ot the particle size – are measured. Several methods (e.g. elec-
ron microscopy, light scattering, small-angle X-ray scattering
SAXS), field-flow fractionation (FFF)) do exist. They access
ifferent properties of the particles. It was therefore the aim of
he current study to compare them with respect to the measured
ize and size distribution, efforts and requirements.

TEM pictures were made to determine the particle shape. In
ddition, we applied several light scattering techniques to these
olloidal systems that allowed a particle size characterization.
hoton correlation spectroscopy (PCS) data were used as ref-
rence. Furthermore, small-angle X-ray scattering (SAXS) and
ow field-flow fractionation (FlFFF) combined with multi-angle

ight scattering (MALS) were applied to selected nanosuspen-
ions.

FlFFF is a powerful tool to separate molecules, nanoparti-
les and small microparticles [11]. By the use of this technique
ne is able to separate a wide field of pharmaceutical sub-
tances as polysaccharides, proteins, viruses, bacteria and other
anoparticles [12,13]. Despite the great potential of FlFFF in
harmaceutics, only few papers have been published on phar-
aceutical nanosphere systems, e.g. [14]. The FlFFF separation

ehaviour depends on the diffusion properties of the particles.
he respective hydrodynamic size can be calculated from elu-

ion time using FlFFF theory [15]. However, the retention of the
ample can also be influenced by adhesion and charge phenom-
na, leading to falsified values from FFF theory [16]. Thus, it is
ore advantageously to couple FlFFF to MALS. Herewith it is

ossible to determine absolute molar masses of molecules and
o achieve the radius of gyration (Rg) for particles of appropriate
ize [17].

To determine the size of nanoparticles, photon correlation
pectroscopy (PCS) is widely used [18]. Assuming spherical
articles, hydrodynamic size values can be calculated. It is a
elatively fast technique with moderate equipment demand.

Small-angle X-ray scattering is a good choice for a more
etailed structure characterization. Compared to visible light
ased methods, much smaller structures can be resolved due to

he short wavelengths of the X-rays. The principles of SAXS
re well described [19]. By evaluating the intensity of diffuse
cattering at small angles, that method gives information about
article sizes, shapes and surface structures from one to a few

w
S
a
G

d Biomedical Analysis 47 (2008) 95–102

housand nanometres and can be applied on various nanoparticle
ystems [20]. But just a few articles can be found in the field
f characterization of nanoparticles consisting of biodegradable
olymers, e.g. [21]. Nanoparticles in medicine are in most cases
oor scatterers, as already reported [22]. Therefore, in order to
btain useful data with good statistics an X-ray beam of high
ntensity with good collimation and a small detectable angle
s required (e.g. the small-angle beamline BW4 at Deutsches
lektronen-Synchrotron, DESY).

TEM of freeze fracture replica is a microscopic technique
hat achieves sufficient resolution within the desired size range
o determine the particle shape. This is necessary to allow cal-
ulation of geometric sizes from gyration radii.

. Materials and methods

.1. Nanoparticle production

The aqueous suspensions of PLGA nanospheres consisted
f 0.25%, 0.5% or 1% (w/v) of Purasorb PDLG (briefly Pura
DLG) or Resomer RG 502, 503, 502H, 503H or 504H (briefly
es 50X). The Resomer Polyesters were kindly donated from
oehringer-Ingelheim Pharma GmbH (Ingelheim, Germany)
nd Purasorb polymers were a kind gift from PURAC Germany
Bingen, Germany). Their respective molar masses are given in
able 1. The particles were produced using the solvent deposi-

ion method [2] with a few variations. According to Chacon et
l. [4], the polymer was dissolved in acetone and injected auto-
atically in the double amount of water containing 0–4% (w/v)
oloxamer 188 (BASF Ludwigshafen, Germany). This proce-
ure was continued by the evaporation of acetone and a part
f water under reduced pressure to the desired volume (40 ◦C,
00 mbar decreasing slowly to 30 mbar). All suspensions were
roduced three times at least and measured twice or three times at
east (details are given for each measurement technique). Polox-
mer 188 was added to some nanosuspensions post-production,
s described in the following text.

.2. Transmission electron microscopy of freeze fracture
eplica

The TEM samples were cryofixed with a propane jet freezer
JFD 60, BAL-TEC, Liechtenstein) and freeze fractured at
110 ◦C using a BAF 060 freeze fracture apparatus (BAL-
EC, Liechtenstein). After freeze etching for 1 min, the surfaces
ere shadowed with platinum (2 nm, shadowing angle 45◦) and

ubsequently with carbon (22 nm, shadowing angle 90◦). The
eplica were floated in sodium chloride (4% Cl) for 30 min,
insed in distilled water for 5 min and washed in 30% acetone
or 30 min. After final washing in distilled water, the replica
ere mounted on formvar coated copper grids and observed

ith a transmission electron microscope (EM 900, Carl Zeiss
MT, Oberkochen) operating at 80 kV. Pictures were taken with
Variospeed SSCCD camera SM-1k-120 (TRS, Moorenweis,
ermany).
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Table 1
Weight (Mw) and number (Mn) average molar masses of poly(d,l-lactide-co-glycolides)

PLGA type Res 502 Res 502H Res 503 Res 503H Res 504H Pura PDLG

Mw (kDa) 18.6 14.6 40.6 37.0 52.5 43.5
M .3
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n (kDa) 11.4 7.9 25

he values were determined by GPC using polystyrene standards. The values f
ere measured by the authors.

.3. PCS measurements

The RH were measured at 25 ◦C by PCS. They are only
escribed as hydrodynamic radii or diameters (z-averages)
ithin the following text. A HPPS 5002 from Malvern Instru-
ents Limited (Worcestershire, UK) was used. Assuming a

pherical system, the Stokes–Einstein relationship was applied,
here kB represents the Boltzmann constant and T the temper-

ture [23]:

= kB · T

6π · η · RH

he measurements were performed three times at least, each
ime with at least 14 single correlation curves. The given
rror bars display the corresponding standard deviations. The
ynamic viscosity η of Poloxamer 188 solutions was determined
sing Ubbelohde-viscosimeters (Schott, type K1c and 0a) with
heir respective instrument constants k:

= k · (toutlet − F ) · ρ

herefore, concentrations of 0.12, 0.30, 0.50, 0.60, 0.75, 1.00,
.00, 3.00, 4.00 and 10.00 g/100 ml were used. The measure-
ents were performed three times. The outlet time results toutlet
ere corrected by a few seconds F via Hagenbach to consider the

mount of potential energy that is needed to accelerate the liquid.
he required density ρ was determined using a Mohr-Westphal
eighing machine (Johannes Hammer, Germany).

.4. SAXS measurements

Scattering curves from BW4 beam line at DORIS (HASY-
AB at DESY, Hamburg, Germany) were collected with a
avelength of 0.15 nm at sample-detector distances of 13 and
m at a temperature of 27 ◦C. Example suspensions were

elected for measurement. The intensities of corresponding sin-
le measurements were accumulated before performing further
alculations. The relationship between the scattering angle 2θ

nd the scattering vector q is given by the relationship for elastic
cattering [24] where λ is the wave length:

= 4π

λ
sin θ

he X-ray scattering from isolated particles at sufficiently small

-values is described by the Guinier approximation [25] where
0 is the intensity of X-ray beam at zero scattering angle:

(q) = I0 · e−1/3R2
g·q2

c
r
a
c

22.5 32.4 20.5

Resomer polymers were provided by the supplier, the values for Pura PDLG

he gyration radius Rg is related to the particle diameter dgeom
f a sphere as follows [25]:

geom = 2 ·
√

5

3
· Rg

alues of Rg were calculated from Kratky-Porod plots of ln(I(q))
gainst q2 in the range of scattering vectors q from 0.029 to
.053 nm−1. This range of q determines the homogeneous region
f the scattering curve.

.5. Asymmetrical FlFFF/MALS measurements

The suspensions were separated by asymmetrical FlFFF
Eclipse F and channel from Wyatt Technology Europe, Ger-
any) with a spacer height of 350 �m and a regenerated

ellulose membrane (Microdyn Nadir GmbH, Wiesbaden, Ger-
any) of 10 kDa cut off using bidistilled water with 1 g/l sodium

odecyl sulphate as a background solvent. A 2% Poloxamer
olution was used as background for the Poloxamer contain-
ng nanosuspensions. After flow equilibration, 100 �l of each
ample were injected for 2 min during focusing with 0.2 ml/min
njection flow and subsequently focused without injection for
min. Then the solutions were separated using a three step
ross flow rate gradient. The cross flow started from 1 ml/min,
ecreased to 0.3 ml/min within 8 min and to 0.1 ml/min within
0 min. Then the cross flow was kept constant for 10 min.
he detector flow rate was 1 ml/min during all the separation

ime. The system was connected to a Dawn EOS MALS detec-
or (Wyatt Technology Europe). The Astra software 4.90 was
pplied using the sphere model [17]. The geometrical sizes were
alculated from weight averaged Rg by the formula given above.
ll measurements were performed at least twice. The given error
ars display the corresponding standard deviations.

. Results and discussion

.1. TEM
A first view on the produced nanoparticles was presented by

he TEM pictures given in Fig. 1. Independent of Poloxamer
ddition the particles were sphere-like and regularly shaped.
he diameters of both exemplarily shown particles were about
00 nm, but they were not necessarily representative because,
.g. a high number of characterized particles would be neces-
ary and fracture can occur not only in the particle centre. A
mall shell seemed to be visible around the sphere in Poloxamer

ontaining media. But this could not be proved. However, the
ecognition of the particle shape allowed the use of formulae
ssuming a spherical system in all light and X-ray scattering
alculations.
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result, no minima in the middle q range were detectable in Fig. 3
that allowed an easy size evaluation. This situation is common
for many pharmaceutical systems, in contrast to ideal sphere
systems described in the literature [24].
ig. 1. Freeze fracture replica of 0.5% (w/v) Resomer RG 503 nanoparticles in
% (w/v) (A) or 2% (w/v) (B) Poloxamer 188 solutions.

.2. Viscosity and PCS

In contrast to the other used techniques, PCS provided rel-
tively short measuring and evaluation times. Therefore, the
ollowing pre-tests concerning the influence of Poloxamer addi-
ion were performed using PCS. For this technique the basis of
orrect hydrodynamic size determination was to reveal dynamic
iscosity values of aqueous solutions used for nanoparticle pro-
uction. The corresponding formula of a polynomial of second
egree was calculated to relate Poloxamer 188 concentrations
Pol from 0% up to 10% (w/v) to solution viscosity ηPol:

Pol = ηwater + (0.193 ± 0.004 mPas) · cPol

+(0.0128 ± 0.0004 mPas) · c2
Pol with R2 = 0.999

he calculated values were used for all further PCS experiments.
t can be seen that the effect was strong because without the cor-
ection, e.g. for nanoparticles in 2% (w/v) Poloxamer solutions
izes would have been overestimated by a factor of 1.5. Unfor-
unately, the corresponding viscosity values are rarely given for
CS results in literature, making a comparison to other values
ifficult. Similar Poloxamer concentrations were used, e.g. by
3,4,26].

First, measurements were performed to test the influence of
oloxamer addition using the correct solution viscosities. The
iscosity-corrected PCS results of suspensions of one PLGA
ype are shown in Fig. 2. Low polydispersity index values (PDI)
etween approximately 0.05 and 0.1 were found for all systems
hat indicate a narrow size distribution. In comparison, other par-
nteral nanosystems as commercial fat emulsions result in PCS
DI values of approximately 0.1 up to 0.25 [18]. Hydrodynamic
verage diameters between approximately 120 and 140 nm were
eceived which makes an intravenous injection of the parti-
les feasible. If Poloxamer was added to water already before
roduction, the hydrodynamic diameters remained in the same
ize range between 120 and 140 nm with increasing stabilizer
mount. Thus, Poloxamer had no strong influence on the parti-
le formation and the obtained particle size distributions under
he examined conditions, regardless whether interfacial turbu-

ence or ouzo effects appeared during production [27,28]. But
he literature is not completely uniform in this matter. Stabi-
izer addition might also be possible post-production [9]. Hence,
anosuspensions were produced by Poloxamer addition after the

F
i
s

ig. 2. Hydrodynamic diameters of 0.5% (w/v) Resomer RG 503 nanospheres
ontaining different amounts of Poloxamer 188, added before (initial) or after
roduction (later), corresponding PDI in hatched columns.

anoparticles had been formed. The PCS results are also given
n Fig. 2. Only small deviations in particle size were received
etween both production processes. For all further experiments
he initial use of Poloxamer was applied because Purasorb PLDG
equired stabilizer addition before production.

.3. SAXS vs. PCS

A further characterization of selected nanoparticles was per-
ormed by SAXS measurements. Two SAXS scattering curves
re shown as examples in Fig. 3 where scattering intensity is
lotted against the scattering vector. The polydispersity of the
anospheres was relatively low, as can be seen from correspond-
ng PCS data in Figs. 4 and 5. Values were in the range from
pproximately 0.07 to 0.14, indicating mostly narrow size dis-
ributions of the samples. However, the distributions were broad
nough to cause a smoothing of the scattering curves. As a
ig. 3. SAXS scattering curves of 1.0% (w/v) Resomer RG 502 nanoparticles
n water without (solid line) or including 2% (w/v) Poloxamer 188 (dotted line),
lopes (m) of ideal structure values taken from [32].
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ig. 4. Hydrodynamic (PCS) and geometric (SAXS) diameters of 1.0% (w/v)
anosuspensions of different PLGA types without Poloxamer 188, correspond-
ng PDI in hatched columns (Pura PDLG demanded Poloxamer addition).

However, structure information could be obtained from the
cattering curves by analyzing their behaviour at larger q-
alues. The curves of all examined systems were parallel at
> 0.05 nm−1. This vector range was used to achieve informa-

ion about the particle shape. The curves followed approximately
−4 which is predicted for ideal spheres [25].

The scattering curves showed different behaviour at low q
alues (=very small scattering angles). These smallest scattering
ngles achieved in the SAXS measurements contained informa-
ion about the largest detectable structures. In the case of the
xamined nanoparticles diameters about 120 nm were expected.
hus, the particle diameters were evaluated from these scattering
urves at low q values using the Guinier approximation. Fig. 4
hows the particle diameters for nanosphere suspensions with-

ut Poloxamer, comparing PCS and SAXS results. The same
ize relationship was achieved by both methods. That means the
eceived values were in good agreement although the measuring
rinciples were completely different, showing the capability of

ig. 5. Hydrodynamic (PCS) and geometric (SAXS) diameters of 1.0% (w/v)
anosuspensions of different PLGA types in 2% (w/v) Poloxamer 188, corre-
ponding PDI in hatched columns.
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les in 0.25% (w/v) Poloxamer 188: peaks represent scattering intensities at
0◦ and dots corresponding geometric radii, dotted horizontal lines display
orresponding z-average radii from PCS.

AXS to detect PLGA nanoparticle sizes. All the suspensions
ere produced under the same conditions. Consequently the

esulting differences in particle size were caused by the respec-
ive polymer type. One varying parameter was the molecular
eight. The corresponding values of all PLGA types are given in
able 1. Furthermore, the polymers differed in their end groups.
he “H” at the end of the Resomer descriptions denoted the more
ydrophilic substances with an unblocked –COOH end group.

The results for suspensions including 2% (w/v) Poloxamer
88 are shown in Fig. 5. A similar relationship in comparison
o the hydrodynamic sizes received from SAXS was observed.
ompared to SAXS, the PCS values had a slight tendency to
igher values what can be explained by a water sorption layer
nfluencing the particle diffusion but not influencing the radius
f gyration. Comparing the values with those from nanosuspen-
ions shown in Fig. 4, the particle sizes were slightly higher
hen Poloxamer was present. For the measured suspension of,

.g. Resomer RG 503, the diameter differences were calculated
o be 7.5 nm for PCS and 8.0 nm for SAXS. Because only one
uspension of each system was measured, these values were
ot sufficient to give statistically reliable information about a
oloxamer layer thickness.

.4. FlFFF/MALS vs. PCS
Several PLGA nanosuspensions were characterized success-
ully and in a reproducible manner by FlFFF/MALS. Their
ractograms are given in Fig. 6. Depending on the polymer type,
eaks with different elution time and width were received. The
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2% (w/v) and without Poloxamer 188. Sample fractograms
ig. 7. Hydrodynamic (PCS) and geometric (FlFFF/MALS) diameters, corre-
ponding PDI in hatched columns (suspensions from Fig. 6).

ncreasing size values with elution time indicated that smaller
articles eluted first what is in accordance with the FlFFF the-
ry [15]. Conspicuous were the differing elution profiles of
esomer 502/503 and 502H/503H. The latter had main peaks

hat reached their maxima already at elution times of approx-
mately 13 or 15 min with a wide tail extending up to above
0 min. In contrast, Resomer 502/503 showed broad peaks with
axima at approximately 22 and 25 min with irregularly increas-

ng sides, indicating a not completely monomodal distribution.
urthermore, a wide range of particle sizes up to a radius of
lmost 200 nm could be detected in all fractograms. Taking
nto account the detected maximum values, nanosuspensions
ad to be handled more carefully regarding a possible intra-
enous application. In contrast, the calculated average geometric
iameters are displayed in comparison to the results from PCS
n Fig. 7. The average values support the possibility of an
ntravenous injection of the nanoparticles. Furthermore, both

ethods detected sizes of the same order. The larger size differ-
nces of 502H and especially 503H could be attributed to their
roader size distributions. This was indicated by their higher

DI values between 0.1 and 0.3 in contrast to values below
.1 for the other suspensions. The width of the distributions
esulted in different average values obtained by both methods
ue to the different measurement principles and the weighting

ig. 8. Differential intensity distributions of z-average diameter from PCS (sus-
ensions from Fig. 6).

f
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ig. 9. Differential mass fraction vs. geometric radius derived from
lFFF/MALS (suspensions from Fig. 6).

n weight average (FFF/MALS) or scattering intensity (PCS),
espectively.

The corresponding z-average radii are given as thin horizontal
ines in Fig. 6. That allowed an evaluation of the FFF/MALS size
egion that was mainly detected by PCS. This was useful because
ight scattering batch methods as PCS are known to be limited
o detect particles of different sizes in a mixture [23]. As it can
e seen for the characterized suspensions, the z-averages were
ffected mainly by the FFF/MALS peak regions due to their high
cattering intensity.

Particle size distributions could be derived from both tech-
iques. A differential graph from PCS data is given in Fig. 8.
road peaks appeared in the diameter range from approximately
0 nm up to above 400 nm. In contrast, in Fig. 9 the size distri-
utions from FFF/MALS data are given. Compared to PCS, size
istributions of higher quality were received. Most particles cor-
esponded to a single size resulting in much sharper peaks. This
an be explained by the FlFFF separation step prior to size detec-
ion. Furthermore, nanoparticles of 502 and 503 appeared to
ave slightly bimodal distributions indicated by small additional
eaks at lower radii compared to those of the corresponding main
eak.

To get comparable values of the above SAXS and PCS mea-
urements, Resomer RG 503 nanoparticles were produced with
rom FlFFF measurements in respective background solvents
re given in Fig. 10. In spite of the same used polymer type the
ame particle size fractions eluted much faster for nanosuspen-

ig. 10. FlFFF/MALS example fractograms of 0.5% (w/v) Res 503 nanosus-
ensions produced in 0% or 2% (w/v) Poloxamer 188 solution.
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Fig. 11. Comparison of hydrodynamic (PCS) and geometric (FlFFF/MALS)
PLGA nanoparticle sizes. The values were taken from nanosuspensions given
in Fig. 10 (Res 503(2)) or 0.5% (w/v) Res 503 suspensions in 0.25% (w/v)
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oloxamer 188 (Res 503(3)) or from Fig. 7 (all other PLGA suspensions). All
alues were basis for linear fitting.

ions with Poloxamer. An explanation for this distance effect
an be given either by a particle shell or a channel mem-
rane covering of the Poloxamer. According to FlFFF theory
f normal mode elution, due to the cross flow the particles
ere transported into the direction of the membrane during

eparation. The bigger the particles, the more they were influ-
nced by the cross flow and the less they were able to diffuse
ack into the centre of the channel. As a result, smaller parti-
les eluted faster during separation. However, Poloxamer might
over the channel or particle surface and prevent the particles
o get closer to the membrane. Thus, the particles are pushed
nto a faster laminar flow, causing a faster elution through the
hannel. The average hydrodynamic diameters were found to be
4.5 ± 1.9 nm for the suspensions without and 104.2 ± 1.6 nm
or the suspensions with poloxamer, resulting in a significant dif-
erence for a probability error α = 2.5%. The average geometric
iameters from FFF/MALS were found to be 112.5 ± 2.7 nm
or the suspensions without and 123.5 ± 0.9 nm for the sus-
ensions with poloxamer, resulting in a significant difference
α = 2.5%). Thus, the differences in diameter caused by Polox-
mer were 11.0 ± 2.9 nm for FFF/MALS and 9.8 ± 2.5 nm for
CS. These values were in a similar range as the one reported
or SAXS compared to PCS (see Section 3.3). In addition
he results of both techniques differed significantly (α = 2.5%),
f poloxamer was used or not. Furthermore, the poloxamer
ontaining nanosuspensions were separated in aqueous back-
round without Poloxamer. A value of 120.2 ± 0.9 nm resulted
hat differed significantly (α = 2.5%) from the particles with-
ut Poloxamer in 7.7 ± 2.9 nm. Thus, at least a part of the
oloxamer layer was resistant to the intensive washing effect

hat appeared during the FlFFF focusing and separation steps.
n comparison, for nanocapsule systems a radius difference
f 17 ± 6 nm was reported for Poloxamer 188 [29]. This dis-
repancy can be explained by the different core materials, the
ifferent Poloxamer concentrations and different principles of
etection methods.
In Fig. 11, all the PLGA nanosuspension size values are
resent to illustrate the agreement of size characterization in
oth methods. A linear fit of the geometric diameters from

t
l

ig. 12. Bland–Altman plot of same data and legends given in Fig. 11. PLGA
alues were basis for mean and standard deviation (S.D.) calculation, limits of
greement were 95%. Nanosphere latex data were taken from Ref. [12].

lFFF/MALLS dFFF/MALS and z-average diameters from PCS
PCS led to the following equation:

FFF/MALS = (1.03 ± 0.02) · dPCS with R2 = 0.835

he low R2 can be explained by broader size distributions in sev-
ral suspensions, leading to different values by both methods.
or example, the points from Resomer RG 503H had corre-
ponding PCS PDI values from 0.12 to 0.16 and do not seem
o follow the linear relationship. In contrast, the PDI values of
esomer RG 502 ranged from 0.06 to 0.08, indicating a more
arrow size distribution. Thus, their distance from a linear fitting
urve was smaller. In comparison, values of monomodal sphere
eference systems were given by us recently [12]. They displayed
he excellent agreement of values from both methods for ideal

onodisperse systems. As an alternative, in Fig. 12 the PLGA
phere values are displayed as a Bland–Altman plot. This plot
s more advantageous to display values of different techniques
or comparison and allows an easy investigation of relationship
etween discrepancies and the true value [30,31]. The ordinate
ean value is 6.1 nm, what is slightly above the line of equal-

ty with an ordinate value of 0 nm. Thus, both measurements
ave results of a similar magnitude but FFF/MALS apparently
rovided slightly higher values. A similar effect was already
ndicated for latex spheres in contrast to producer reference val-
es [12]. The S.D. value was 16.1 nm, resulting in mean ± 1.96
.D. lines of ±31.6 nm in Fig. 12. When comparing the discrep-
ncies at low and high average diameters, no difference shift
ould be recognized in the examined range.

Finally, it shall be mentioned that for all the light scattering
echniques size values were calculated assuming homogeneous
ore systems. These findings cannot easily be extrapolated to
on-ideal structures as, e.g. core shell systems. Then differ-
nt sizes should be expected between average values from
lFFF/MALS, SAXS and PCS due to the small contrast dif-
erence from water but the high dimension of the outside layer.

. Conclusion
In conclusion, PLGA nanosuspensions were produced using
he solvent deposition method under selected conditions. Regu-
arly shaped spherical particles were received what was proved
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y TEM pictures and SAXS scattering curves. This informa-
ion was necessary to calculate correct size values when using
ight scattering techniques. Dynamic viscosities were deter-

ined depending on the concentration of Poloxamer 188 that
as used as a stabilizer. The received values enabled an exact

alculation of hydrodynamic sizes received from PCS. Due to
he moderate equipment demands and relatively short measur-
ng time, PCS was chosen as a reference method for comparison
ith the other scattering techniques.
SAXS was performed at very low scattering angles using

ntensive synchrotron radiation. In spite of the high primary
eam intensities, acquisition times exceeding 40 min had to
e applied to the samples. On the other hand, due to short
avelength of the X-rays beam very small structures could be

esolved. From small-angle data the particle sizes could be calcu-
ated. The results were in good agreement with z-average values
btained from PCS. Furthermore, the nanospheres were proven
o be of spherical shape.

FlFFF/MALS separation was performed within more than
0 min using commercially available equipment. The received
ractograms allowed an easy detection of maximum particle
izes what is the most important parameter for intravenous sys-
ems. Furthermore, this combination of apparatus provided size
istributions of very high quality due to the separation step
rior to size characterization. The calculated average size val-
es exhibited a good correlation with z-averages determined by
CS. Only for suspensions of broader size distributions, higher
eviations were observed with both techniques. The compar-
son of particle sizes with 2% (w/v) and without Poloxamer
howed differences in diameters. The estimated discrepancies
ere 11.0 ± 2.9 nm for FFF/MALS and 9.8 ± 2.5 nm for PCS.
hese values were in a similar range as the ones obtained

rom SAXS. This corresponding additional shell could not be
emoved by intensive washing during FFF separation.

Thus, especially FlFFF/MALS has proved to be a valuable
ool to characterize pharmaceutical nanosuspensions in detail
hat is of great importance especially for controlled drug deliv-

ry systems. Due to the pre-separation step it can be used
s a good extension of PCS measurements. In spite of these
dvantages, up to now only a very limited number of literature
esources are dealing with this combination of techniques within
his field of research.
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