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Abstract

Nanoparticles represent promising carriers for controlled drug delivery. This work focuses on the size and molecular mass characterization

of polyalkylcyanoacrylate nanoparticles formed by anionic emulsion polymerization of butylcyanoacrylate in the presence of poloxamer 188

as a stabilizer. Three different methods were used to determine the size and size distribution of the particle populations: scanning electron

microscopy (SEM), dynamic light scattering (DLS), and analytical ultracentrifugation (ANUC). SEM on freeze-dried and Au-shadowed

samples showed a relatively narrow distribution of virtually spherical particles with a mean diameter of 167 nm. DLS yielded a monomodal

distribution with hydrodynamic diameters around 199 nm (in the absence of additional stabilizer) or 184 nm (in the presence of 1%

poloxamer 188). The size distribution determined by ANUC using sedimentation velocity analysis was somewhat more complex, the size of

the most abundant particles being around 184 nm. Molar particle mass distributions centered around 2.3 £ 109 g/mol. The advantages and

disadvantages of the three sizing techniques are discussed.
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1. Introduction

The objective in developing drug delivery systems is to

achieve high drug concentrations in diseased tissue and low

concentrations in healthy tissue and the rest of the body.

Nanoparticles offer a possibility to achieve this goal.

Enhancement of therapeutic efficacy and reduction of

toxic side effects have been demonstrated for a variety of

drugs bound to such particles [1,2].

Over the past few years many studies have focussed on

the use of poly(butyl cyanoacrylate) (PBCA) nanoparticles

as carriers for a number of different drugs (e.g. doxorubicin,

cyclosporin A, MRZ 2/596, a novel NMDA-receptor-

antagonist) [3–6]. Their physicochemical characterization

has been the objective of a large number of investigations

[7–10]. However, the structure of the nanoparticles formed

by the agglomeration of the polymer chains is not yet fully

described.

For intravenous administration of nanoparticles a mean

particle diameter ,200 nm and a narrow size distribution is

desirable to avoid the risk of embolism and to enable sterile

filtration (0.22 mm). A knowledge of particle size, therefore,

is an essential requirement. The present study compares

three different methods to determine the mean size and the

size distribution of particles formed by PBCA: scanning

electron microscopy (SEM), dynamic light scattering (DLS)

[also called photon correlation spectroscopy (PCS)] and

analytical ultracentrifugation (ANUC).

While SEM allows an analysis of the morphological

appearance of the particles, DLS and ANUC enable

a description of the size distribution of the particles and an

estimation of the molar particle mass, in particular with

spherical particles. This paper also discusses the advantages

and disadvantages of the three techniques.
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2. Materials and methods

2.1. Materials

n-Butyl-2-cyanoacrylate (Sicometw 6000) was obtained

from Sichel-Werke (Hannover, Germany), poloxamer 188

(Pluronic F-68) was from Sigma (Steinheim, Germany). All

other chemicals were purchased from Merck (Darmstadt,

Germany).

2.2. Preparation of nanoparticles

Particles were prepared by anionic emulsion polymeriz-

ation [11] of 1% (w/v) butylcyanoacrylate in 0.01 N HCl

under constant stirring with a magnetic stirrer at 500 rpm; 1%

(w/v) poloxamer 188 was used as a stabilizer. Polymeriz-

ation was assumed to be complete after 4 h [10]. After that

time the nanoparticle suspension was neutralized with 0.1 N

NaOH. The suspension was filtered through a sintered glass

filter with a pore size of 90–150 mm (Schott, Mainz,

Germany). The final nanoparticle content was assessed by

gravimetry: Free poloxamer 188 was removed by pelleting

the particles by centrifugation at 16,000 £ g for 40 min and

discarding the supernatant. The pellet was resuspended in

distilled water. An aliquot (100 ml) of the dispersion was

dried at 100 8C for 2 h and the residual was weighed using a

supermicro balance (Sartorius, Göttingen, Germany).

The particles were stored at 4 8C and used without

further purification. The size of the nanoparticles in

suspension was stable for up to 8 months [12]. The same

batch was used for the parallel experiments with the three

techniques. The reproducibility of the preparation was

determined by comparing the diameter and polydispersity

(PD) of six independent batches by DLS.

2.3. Determination of density and viscosity of the solvents

Solvent density r was measured in a PAAR DMA 48

densitometer (Anton Paar GmbH, Graz, Austria). Solvent

viscosity h was determined with a Cannon-Fenske capillary

viscosimeter (VWR International GmbH, Darmstadt,

Germany). The measurements were carried out at 20 8C.

The results obtained with the two 0.9% (w/w) NaCl

solutions used, containing either 0.05 or 1.0% (w/v)

poloxamer 188, were r ¼ 1.0044 and 1.0047 g/ml, and

h ¼ 1.00 and 1.27 mPa/s, respectively.

2.4. Scanning electron microscopy (SEM)

The nanoparticle suspension was diluted with distilled

water (1:4) and applied to a metallic sample plate. The

sample was freeze-dried, metallized with gold and investi-

gated with a field emission EM, Hitachi S-45000 SEM, at

15 kV and a working distance of 15 mm. The diameter of

the nanoparticles was measured using the software Paint

Shop Pro 5 (Jasc Software, Eden Prarie, USA).

2.5. Particle size measurement by dynamic light scattering

(DLS)

The particle size was measured using a Malvern

Zetasizer 3000HSA (Malvern, Worcs., UK) equipped with

a 10-mW He–Ne laser (633 nm) and operating at an angle

of 908 and a temperature of 20 8C. The samples of PBCA

nanoparticles were diluted 1:20 with a 0.9% (w/w) solution

of NaCl in distilled water to eliminate the primary charge

effect. A sample volume of 2 ml was used in 10-mm-

diameter cuvettes (Sarstedt, Germany). To determine the

influence of the poloxamer 188 concentration on the

measured particle size, in some experiments poloxamer

188 was added to the diluted samples to obtain a final

concentration of 1% (w/v).

The mean hydrodynamic diameter of the particles, dh,

was computed from the intensity of the scattered light using

the Malvern software package by multiple mode analysis,

based on the theory of Brownian motion and the Stokes–

Einstein equation:

D ¼
kT

3phdh

ð1Þ

where D is the diffusion coefficient (the primary parameter

obtained from DLS measurements), k the Boltzmann

constant, T the temperature, and h the solvent viscosity.

Good fits to the data were obtained assuming monomodal

size distributions.

2.6. Particle size measurement by analytical

ultracentrifugation (ANUC)

Analogous to sample preparation for measurements of

dynamic light scattering, the sample was diluted 1:20 with a

0.9% (w/w) NaCl solution in distilled water, with or without

addition of 1% (w/v) poloxamer 188. Optical turbidity was

between 0.3 and 0.5 at 420 nm in a cuvette with an optical

path length of 1 cm.

The sedimentation velocity experiments were carried out

as described earlier [13], using a Beckman Optima XL-A

ultracentrifuge (Munich, Germany), an An-50Ti rotor, and

double-sector charcoal-filled Epon centerpieces of 12-mm

optical path length. The rotor speed was 3000 or 4000 rpm

and the rotor temperature 20 8C. Apparent absorbance

(turbidity) versus radius data A(r,t) were collected at 420

nm, using a radial step size of 0.01 nm. The data were

modeled as a distribution of non-diffusing particles using

the l 2 sg*(s) variant of the program sedfit [14,15]. If

advantageous, the sedimentation coefficients s20 were

transformed to standard conditions and given as s20,w [16].

2.7. Partial specific volume of nanoparticles

The partial specific volume (reciprocal density) of the

nanoparticles, �v, is an important parameter in their

characterization and is also required for the calculation of
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the particle mass. �v was determined from sedimentation

velocity experiments of the nanoparticles in H2O/D2O

mixtures with different densities, by plotting the sedimen-

tation coefficient sm in the maximum of the sedimentation

coefficient distribution as a function of the density r of the

medium and extrapolating the dependence sm(r) to sm ¼ 0

(‘buoyant density method’, [17,18]). �v is the reciprocal of

the corresponding solvent density.

2.8. Calculation of the diameter and the molar mass

of the particles

For solid spherical particles, g*(s) curves obtained by the

l 2 sg*(s) method can be converted into (relative) concen-

tration-versus-diameter curves applying Eqs. (2)–(4):

s ¼
M 1 2 �vr
� �

Naf
ð2Þ

M ¼
1

6
pd3 1

�v
ð3Þ

f ¼ 3phd ð4Þ

where M is the molar particle mass, Na, Avogadro’s number,

f, frictional coefficient of the particles, and d the particle

diameter. Apparent diameters will be larger for less compact

particles.

Particle masses can be obtained by an additional

transformation applying Eq. (3). For the maximum of the

g*(s) distribution, the corresponding molar mass can be

determined without the ‘solid sphere’ assumption, by

combining s20 and the average diffusion coefficient D20, as

obtained from DLS, via the Svedberg Eq. (5):

s ¼
MD 1 2 �vr

� �

RT
ð5Þ

This calculation is, however, based on the assumption

that the D-value used is a fair approximation for the

Svedberg constant of the particles in the peak of g*(s).

3. Results

3.1. Morphology and size distribution of the particles

by SEM

The nanoparticle suspensions were investigated by SEM

without further purification. A typical micrograph is shown

in Fig. 1. As shown in the figure, the most prominent

property of the particles is their almost perfect spherical

shape. The size distribution, determined from 156 particles,

is given in Fig. 2. As compared to those of other

nanoparticles intended for drug delivery (see, e.g. [13,19])

it is relatively narrow, .90% of the particle diameters being

in the range 145–190 nm. The mean diameter (number

average) is 167 nm and virtually identical to the value for

the maximum of the distribution. The standard deviation of

the mean is ^16 nm. It should be noted that the measured

particle diameters may be affected by shrinking during

sample preparation.

3.2. Particle size distribution from DLS

DLS measurements require a larger number of particles

(several orders of magnitude greater) compared to SEM,

and thus provide much better statistics. They primarily

yield diffusion coefficient distributions which, however,

can be transformed into distributions of hydrodynamic

diameters dh [20]. For spherical particles, as under study

here, dh will be identical or somewhat higher than the

values determined from SEM. However, with hetero-

geneous populations the weighting procedure will be

different, so that differences between the results of the

two methods will be inevitable.

Using the same particle batch as in Section 3.1, DLS

measurements performed both without or with supple-

mentary addition of poloxamer 188 yielded the size

distributions shown in Fig. 3. Without further addition of

stabilizer [i.e. at a poloxamer 188 concentration of 0.05%

(w/v)], a mean intensity weighted diameter of 199 nm was

found (PD 0.022). At a stabilizer concentration of 1% (w/v)

Fig. 1. Morphology of the PBCA nanoparticles (originally in H2O),

determined by SEM. (A) Densely packed particles; (B) and (C) isolated

particles at higher magnification. Bar: 200 nm (A), 100 nm (B) and (C).

Fig. 2. Distribution of particle diameters derived from Fig. 1a.
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the mean diameter was 184 nm (PD 0.034). The difference

between the two values may be due to the presence of small

amounts of aggregates in the former sample. In view of the

difficulties involved, the agreement with the SEM results is

good or at least satisfactory.

To ensure the reproducibility of the preparation method

the average particle diameter, measured by DLS, and the

yield of six independent PBCA nanoparticle batches was

also compared. The mean particle diameter was (215 ^ 17)

nm and the yield (49 ^ 6)%. Thus, reproducibility and yield

of the preparation process appears to be good.

3.3. Determination of the size distribution of the particles

by sedimentation velocity analysis

In contrast to protein nanoparticles intended for drug

delivery that were studied recently [13,19,21], the sedi-

mentation of the produced PBCA nanoparticles in water is

slow enough to obtain sufficient data points for the

sedimentation velocity analysis. Typical sedimentation

velocity data on the latter particles, together with the curves

fitted by the l 2 sg*(s) method [14], are shown in Fig. 4.

According to Fig. 4a, the fits are of reasonable quality, thus

confirming the ‘ideal and non-diffusing’ model [14]. The

distributions of the normalized values for the sedimentation

coefficient, g*(s20,w), for samples in 0.05% and 1% (w/v)

surfactant, are given in Fig. 4b. The two curves are virtually

identical to each other. Their shape clearly indicates that the

particle size distribution is somewhat more complex than

suggested by the DLS measurements: besides a mean peak

sedimenting with s20,w-values around 2800 S there are at

least two more slowly sedimenting components (with s20,w-

values around 1000 and 2000 S); there is also some more

rapidly sedimenting material. Nevertheless the distributions

are much less heterogeneous then found recently, by the

same method, with other types of nanoparticles intended for

drug delivery [13,19,21].

The conversions described below, from s20,w-distri-

butions to distributions of diameter and molar mass, require

knowledge of the partial specific volume of the particles, �v.

This was determined by the ‘buoyant density method’ with

D2O as a ‘densifier’ [18,22,23], plotting s20 of the peak of

g*(s) versus solvent density r instead of Meff from

sedimentation equilibrium runs [17,18] (Fig. 5). It is

obvious from the figure that particle density is virtually

unaffected by the presence of 1% detergent, which suggests

that little detergent binding to the particle takes place. The

resulting �v-value is 0.871 ml/g in both cases.

Taking into account (i) the finding from SEM that the

particles are spherical and (ii) the �v-value of the particles

determined above the g*(s)-curves of Fig. 4b can be

converted into (relative) concentration-versus-diameter

curves. The transformation is shown in Fig. 6 for both

curves in Fig. 4b. The amplitudes of the curves do not

represent true relative particle concentrations but are

distorted by differences in light scattering for smaller and

larger particles, respectively. However, as shown recently

this effect is small for particles with narrow size

distributions [13]. The d-values corresponding to the

maxima of the curves, 185 and 183 nm, respectively, can

thus safely be compared to the values derived from SEM,

167 nm and from DLS, 184 and 199 nm. It is apparent that

the agreement is satisfactory.

Fig. 3. Distribution of the (hydrodynamic) diameter dh of the PBCA

nanoparticles, in 0.05% (X) or 1 % (W) poloxamer 188, as measured by

DLS.

Fig. 4. Sedimentation velocity analysis of PBCA nanoparticles: (a) Experimental absorbance-versus-radius data, A(r,t), for a sample containing 0.05% (w/v)

poloxamer 188 (þ ), and curve fitted to them by direct boundary modeling (—). (b) Sedimentation coefficient distribution g*(s20,w) of the sample of Fig. 4a

(——) and of another one containing 1% poloxamer 188 (– –-). Particle concentration: approx. 0.25 mg/ml. Rotor speed: 4000 rpm.
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3.4. Estimation of the molar mass of the particles

In principle, the c(d)-curves of Fig. 6 can be transformed

into concentration-versus-mass curves; however, the weight-

ing procedure involved will render that part of the curve

corresponding to the larger masses rather unreliable. We

have therefore restricted ourselves to determining the molar

particle mass corresponding to the maximum of g*(s).

From Eqs. (2) to (4) we obtained M ¼ 2.4 £ 109 and

2.2 £ 109 g/mol in 0.05 and 1% poloxamer 188, respectively;

the corresponding M-value derived via Eq. (5) from the

s-value and the average diffusion coefficient D obtained by

DLS were 2.5 £ 109 and 2.2 £ 109 g/mol, respectively. The

agreement between the determined M-values is very good.

4. Discussion

As stated in the Introduction, the size and size

distribution of nanoparticles to be used as drug delivery

systems are important parameters. In this paper we have

compared two techniques frequently used for determining

particle size, electron microscopy (EM) and DLS, and a

third one which is well-known but used less frequently,

ANUC, to characterize PBCA nanoparticles.

Of the three techniques, EM, used here in the form of

SEM, yields the most direct information on size, size

distribution, and shape of the particles. This method gives

detailed shape and morphological information that is unique

among the three techniques and is highly useful for the

evaluation of the data obtained by the other two techniques.

One serious disadvantage is the risk of changes in particle

properties during drying and contrasting of the sample. In

the present study, which used freeze-drying and subsequent

Au-shadowing as the preparation method, shrinking of the

particles during drying seems to be the most serious risk.

The particle diameters determined thus have to be

considered as the lower limits of particle size. When

employed for the determination of the size distributions of

heterogeneous samples, the low number of particles that can

be sized and the resulting poor statistics of the method

represents another serious disadvantage.

The main advantages of DLS are the short time required

to perform the measurements and the relatively low cost of

the apparatus. DLS, therefore, has become the preferred

method for nanoparticle sizing. It can be very powerful if

used carefully. However, the method has several pitfalls, in

particular with respect to the influence of dust particles or

small amounts of large aggregates in addition to a main

component of distinctly smaller size ([20], see also the

findings and discussion in [23]). The outcome of the

measurements is a distribution of diffusion coefficients D,

which then normally is transformed into a distribution of

hydrodynamic diameters dh, i.e. diameters of those spheres

which yield the same D-values. This information is of

particular value in the case of spherical particles, where dh

will be identical or somewhat larger than the ‘real’ particle

diameter. This is exactly the situation in the present study.

In many chemical companies, sedimentation velocity

analysis in the analytical ultracentrifuge has since long been

a standard technique for studying size and size distributions

of colloidal particles, frequently using non-commercial

apparatus [24]. Due to the availability of new software, in

particular the l 2 s g*(s) method [14,25], analogous

analyses can now easily be performed using commercial

equipment. In addition, precise measurements of particle

density (or its reciprocal, �v) can be obtained at low

particle concentrations (see above). Since the movement

of particles in a centrifuge shows a stronger size dependence

than the diffusion coefficient measured by DLS, the

resolution obtained by ANUC is significantly higher and

less model-dependent than in DLS [14,25]. The primary

result are g*(s) curves. They then can be converted into

concentration-versus-diameter curves for ‘equivalent’ solid

spheres which show the same s-value as the particles

studied. As in the case of DLS, these data are of special

Fig. 5. Determination of �v, for PBCA nanoparticle samples containing

0.05% (A) or 1% (W) poloxamer 188, in H2O/D2O mixtures (plus 150 mM

NaCl): sedimentation coefficient sm at the maximum of the g*(s)

distribution versus solvent density r. Particle concentration: approx. 0.25

mg/ml.

Fig. 6. Particle diameter distribution calculated from the data of Fig. 4b,

using a ‘solid sphere’ model, of samples containing 0.05 % (——) or 1%

(– –) poloxamer 188.
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interest for spherical particles, where the d-values calcu-

lated represent the minimum value the real particle could

possess. (In contrast to DLS, the conversion requires

knowledge of �v. On the other hand, this knowledge is

obligatory anyhow for calculations of molar particle mass.)

The necessary information on particle shape again can be

obtained by electron microscopy, so that combining the two

techniques (as done, e.g. in [13,19,23]) seems to be highly

advantageous. In addition, for isolated fractions with narrow

size distributions combining the s-value from analytical

ultracentrifugation with the D-value from DLS will yield

precise molar particle masses via Eq. (5), independent of

particle shape.

With respect to the properties of the PBCA nanoparticles,

our study obviously has profited from all three techniques.

SEM has shown that the particles are virtually perfect

spheres, with a minimum mean diameter of approximately

167 nm and a narrow size distribution. DLS has shown that

the mean hydrodynamic particle diameter, as judged from

two slightly different samples, is between 184 and 199 nm

and that different particle preparations are rather similar in

size. ANUC has confirmed the narrowness of the size

distribution. It has, however, shown that the size distribution

is not symmetrical and that a small percentage of the

particles has diameters outside the range indicated by SEM.

The mean particle diameter according to the ‘solid sphere’

model was found to be 184 nm. Considering the meaning of

the respective diameter values, the agreement between the

methods is very good. This in turn suggests that the particles

in fact are well-described by the solid sphere model. The

ANUC measurements have further yielded the partial

specific volume of the particles as 0.871 ml/g and the

molar particle mass as around 2.3 £ 109 g/mol. The data

also demonstrate that the PBCA nanoparticles fulfil the

requirements for a useful drug delivery system, with respect

to size and size distribution (see Introduction).
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Haase, J.A. van den Broek, C. Tziatzios, D. Schubert, Character-

ization of serum albumin nanoparticles by sedimentation velocity

analysis and electron microscopy, Progr. Colloid Polym. Sci. 119

(2002) 31–36.

[14] P. Schuck, P. Rossmanith, Determination of the sedimentation

coefficient distribution by least-squares boundary modeling, Biopo-

lymers 54 (2000) 328–341.

[15] P. Schuck, M.A. Perugini, N.G. Gonzales, G.J. Howlett, D. Schubert,

Size-distribution analysis of proteins by analytical ultracentrifugation:

strategies and application to model systems, Biophys. J. 82 (2002)

1096–1111.

[16] H.K. Schachman, Ultracentrifugation in Biochemistry, Academic

Press, New York, 1959.

[17] C. Tziatzios, H. Durchschlag, B. Sell, J.A. van den Broek, W.
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