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Chemical and ecotoxicological
assessment of poly(amidoamine)
dendrimers in the aquatic
environment
I.J. Suarez, R. Rosal, A. Rodriguez, A. Ucles, A.R. Fernandez-Alba,

M.D. Hernando, E. Garcı́a-Calvo

Poly(amidoamine) (PAMAM) dendrimers are attracting great interest as a consequence of their unique properties as carriers of

active molecules in aqueous media, as we expect their presence in the environment to be widespread in the future.

In this article, we focus on the analytical methods to characterize and to determine these polymeric materials in waters and on

their ecotoxicity for aquatic organisms. We review physical characterization techniques (e.g., light scattering, electron micro-

scopy, atomic force microscopy) and analytical techniques, mainly based on liquid chromatography, so as to consider their main

capabilities, advantages and drawbacks. We assessed the toxicity of certain PAMAM dendrimers for the green alga Pseudo-

kirchneriella subcapitata by determining the EC50 and correlating it with the f-potential.

ª 2011 Elsevier Ltd. All rights reserved.

Keywords: Aqueous environment; Atomic force microscopy; Dendrimer; Ecotoxicity; EC50; Electron microscopy; Light scattering; Liquid

chromatography; Poly(amidoamine); f-potential
I.J. Suarez, R. Rosal, A. Rodriguez

Department of Chemical Engineering, University of Alcalá,
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1. Introduction

Dendrimers are a new class of polymeric
materials, generally described as macro-
molecules and characterized by an exten-
sively branched 3D structure providing a
high degree of surface functionality and
versatility. The unique properties associ-
ated with dendrimers (e.g., uniform size,
high degree of branching, water solubility,
multivalency, defined molecular weight
and available internal cavities) make them
attractive for biological and drug-delivery
applications.

Dendrimers are perfectly branched
building block polymers that emerge
radially from a central core [1]. The
poly(amidoamine) (PAMAM) dendrimers
have diameters of 1.5–13.5 nm, so they
can be viewed by direct techniques {e.g.,
electron microscopy [2–6], atomic force
microscopy (AFM) [3,7,8]} or indirect
techniques {e.g., light scattering [9–12]}.

Structurally, the dendrimer comprises
three fundamentals parts:
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(1) the core;
(2) the dendrons; and,
(3) the terminal groups.

The core must have reactive centres to which the
dendrons (branches) are attached. Fig. 1 shows the cores
more commonly used. The dendron has terminal groups
that become the new centre of support. Each completed
dendron layer around the core is called a generation, the
first layer being generation zero. Generation n is usually
denoted as Gn, where G is generation, and n is the
number of layers. Dendrimers obtained in an interme-
diate step, before completing layer n + 1, are denoted
Gn.5. The extension .5 is refers to intermediate syntheses
(or half generation) [13]. The assembly of dendrons is
usually carried out in two steps, using a Michael addition
synthesis [14]. The first report of these kinds of mole-
cules was made by Vögtle et al. [15], who described a
series of synthetic cascade molecules (see references in
Vögle�s book [1].

In the case in this work, when dendrons are amide-
amine structures, the dendrimer is PAMAM. Tomalia
reported the first work and took out the first patent on
PAMAM dendrimers, with both ammoniac and ethyl-
endiamine cores, some of the most used in research
[13,16,17]. Fig. 2 represents the synthesis and diver-
gence of PAMAM, as reported by Tomalia [13], and
shows an example of third-generation PAMAM. These
PAMAM dendrimers generally have –NH2, –OH, –COOH,
–COOCH3 terminal groups located on the external layer,
and, in all cases, they have tertiary nitrogens in the
inner structure, positioned on the branching points [18].
In general, with respect to PAMAM dendrimers, when
the name of the terminal group is not specified, the
intention is that the PAMAM referred too has –NH2 as
the terminal group. As a consequence, these dendrimers
have two pKa corresponding to the terminal group and
the tertiary amine {i.e. 9.52 and 6.30, respectively, in
the case of PAMAM [19–21]}. At neutral pH, most of the
primary amines are protonated, and, at pH < 4, all of the
tertiary amines are also protonated, as reported by van
Duijvenbode et al. [22]. Similar results with PAMAM
dendrimers were also reported by Diallo et al. [23,24].

The branched structures of dendrimers have been
studied from a fractal point of view [25–27]. Farin found
that PAMAM dendrimers have a fractal dimension of
2.4, similar to enzymes, and suggested that these
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Figure 1. Examples of several
materials can act as biomolecular mimics with impor-
tant physiological interactions [26].

PAMAM dendrimers can be used as:
(1) additives in the pharmaceutical and cosmetic indus-

tries;
(2) drug carriers (molecular vector) [28–30];
(3) analytical sensors [31–33] because one of the main

reasons for the interest in PAMAM dendrimers is
their capability in trapping specific molecules thus
faciliting their water solubility [13,16];

(4) a chelating agent of metals for remediation of
wastewater [23,24]; and,

(5) a carrier of Pt metal in hydrogenation catalysts
[34].

PAMAM dendrimers of high generations (above gen-
eration 4) have structures that exhibit densely packed
near-spherical topologies with many nm-sized cavities
[35] (e.g., which can act as organic molecule reservoirs
or nanoscale templates to produce metal nanoparticles
(NPs) [36–39].

Because we expect PAMAM dendrimers to have
widespread future use in human consumption, and then
be waste after release to environment, our main objec-
tive in this work is to review and to show results on the
characterization and the analysis of PAMAM dendrimers
in aqueous media and their effect on ecotoxicity.
2. Characterization in the aquatic environment

In aqueous media, PAMAM dendrimers with functional
groups (-NH2, -OH, -COOH) are very soluble [20,23].
Table 1 shows the amounts of water bound inside
PAMAM at different pH levels and generations: in some
cases the molar ratio of water:dendrimers is between
138 (generation 4, high pH) and 1731 (generation 6,
low pH), as reported by Maiti et al. [20].

For the same generation of PAMAM dendrimer, the
bound water increases when the pH decreases due to an
increased protonation level in which the tertiary amines
are protonated together to the primary amine on the
shell, facilitating penetration of water inside the particle.
Also, at a higher generation, the amount of water in-
creases due to the increase in sites that can be bound.

When a non-polar solvent (e.g., acetonitrile) is
used instead, the PAMAM dendrimer aggregates
N
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types of PAMAM core.
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Figure 2. (Top) Divergent synthesis of G0.0 PAMAM, according to Tomalia et al. [13]. (Bottom) G3 PAMAM.
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Table 1. Average amount of water inside dendrimer at various pH
levels for different generations of PAMAM dendrimers [20]

Generation pH > 12 pH � 7 pH < 4

4 138 201 325
5 378 524 757
6 890 1344 1731

Trends in Analytical Chemistry, Vol. 30, No. 3, 2011 Trends
[12,20,40,41]. For this, it is important to note that the
dendrimer–solvent interaction depends on the natures of
the functional groups located on the periphery of the
dendrimers and the solvent used. Hyydrogen-bond
interactions are therefore frequently found in hydrophilic
Figure 3. (a) High-resolution transmission electron microscopy (HRTEM) o
erence is 100 nm. (b) HRTEM of adduct PAMAM-NH2(G4)-SDS at pH 7; the
1000 nm. Inset reveals with X-ray diffraction that particles have no order. Th
dendrimers. By tuning these properties, we can obtain
aggregation phenomena or dendrimer solubilization.

The number of terminal functional groups increases
exponentially with the number of the generation. This
also depends both on the core and the dendrons. In the
case of PAMAM with an ethylene-diamine core,
the number of functional groups on the periphery of
the particle increases in geometric progression to the
number of the generation [42]. If the terminals groups
are –NH2 or –OH, the pH should substantially affect the
surface-charge density of the particles. The level of
protonation is calculated [Equation (1)] using the Hen-
derson-Hasselbach equation [24,43,44]:
f G4 PAMAM; the sizes are of the order of 5 nm in diameter. Bar ref-
sizes are of the order of 200 nm in diameter (cf. Fig. 6). Bar reference is
e arrows show examples of PAMAM particles present on each sample.
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a

1� a
¼ pKa� pH ð1Þ

where a is the level of protonation. At neutral pH, an a
value of 0.99 has been reported. This means that almost
all the groups, whether –NH2 or –OH, are protonated (i.e.
these particles maintain a positive charge in aqueous
solution, and ternary nitrogen has a values of 0.17–0.41;
and, at a pH below 3, all nitrogens (primary and tertiary)
are 100% protonated [23]. This magnitude would have a
remarkable influence on electrokinetic properties (e.g.,
electrokinetic mobility, and zeta potential), and then on
stability in the dispersion. The aggregation of PAMAM
can be influenced by the interaction from these posi-
tively-charged particles with anionic surfactants, which
are negatively charged {e.g., sodium dodecyl sulfate
(SDS) [45]} that can be present in the aquatic environ-
ment. In this, it will form an adduct with the dendrimer,
whose external layer will be the alkyl side (hydrophobic)
of this surfactant. In this region, aggregation will take
place due to the van der Waals interactions.
3. Characterization by instrumental techniques

The instrumental methods most frequently used are:
(1) nuclear magnetic resonance (NMR) [46,47];
(2) X-ray crystal structure analysis on the hybrid den-

drimer with metallic oxide [4];
(3) small-angle neutron scattering (SANS) [48];
(4) light scattering [12,49,50];
(5) scanning probe microscopy [51–54];
(6) transmission electron microscopy (TEM) [2];
(7) chromatography with its variants – liquid chroma-

tography (LC), preparative LC, gel permeation chro-
matography [55], and gel electrophoresis [56]; and,

(8) mass spectrometry (MS).
Some of these techniques can help us to understand

the interaction between dendrimers and solvents or
electrolytes. With TEM especially, it is possible to image
dendrimers. This is a valuable method for studying the
size and the stability of PAMAM dendrimers [2]. Due to
the lower atomic number of the atoms that constitute
the dendrimer scaffold, the contrast is weaker; the den-
drimers are stained, adding atoms rich in electrons. In
the case of PAMAM, it is stained with an aqueous
solution of sodium phosphotungstate as a contrast agent
[2]. However, there are other contrast agents (e.g.,
uranyl acetate and osmium tetroxide) [57].

We performed assays with high-resolution TEM
(HRTEM) for the adduct PAMAM-NH3

+ with anionic
surfactant sodium docecyl sulfate (SDS) and with the
original PAMAM G4 at neutral pH. Fig. 3 shows the
results, and we can see how a larger particle is formed
due to supramolecular assembly [45]. In the inset of
Fig. 3b, X-ray probe diffraction reveals a disordered or
glassy structure on this assembly, which agrees with the
496 http://www.elsevier.com/locate/trac
glass-transition temperature of 282 K for the PAMAM
G4 dendrimer [58].

In contrast to TEM, in which the image is bidimensional
(2D), AFM gives us 3D information about the particle.
AFM involves scanning a tip probe on the surface, using a
servo-mechanical device that detects the force field gen-
erated between the tip and the sample, as well as the
change in distance between the tip and the surface. In this
way, it is possible to draw the 3D features of the object with
atomic resolution. The principles of AFM have been de-
scribed [59,60]. The information obtained with PAMAM
reveals the importance of the substrate on which the
particle is supported. These interactions can be:
(1) electrostatic, in the case of mica substrate, which is

negatively-charged and interacts with the posi-
tively-charged PAMAM dendrimer [61]; or,

(2) covalent, as is the case with Au, forming an Au-N
bond [62].

These interactions, producing the flattening of the
PAMAM dendrimers [63], lead to underestimation of the
height and to overestimation of the diameter of such
dendrimers. Compared to other substrates, PAMAM
experiences lower interaction energy, producing less
flattening with respect to mica [64].

We have used light scattering, electron microscopy,
chromatographic and MS techniques for supporting and
comparing the data obtained by other authors.

4. Characterization by light-scattering techniques

Light scattering is a result of the interaction (generally
elastic) between the electromagnetic wave and matter.
This interaction causes a deviation in the path of the
radiation coming from the light source. The sources of
electromagnetic waves are generally He-Ne or Ar lasers,
X-ray radiation, electrons or neutrons. Although the
scattering mechanism is different in each case, the basic
element that unites and is ultimately so important in the
study of soft matter is the concept of interference and its
relation to the structure of the soft-matter medium [65].
Electron scattering refers to electron microscopy (scan-
ning or transmission mode) yielding a topographic im-
age that reveals the inner structure of the particles
[66,67].

The scattering is detected outside the sample as a
function of the scattering angle. In general, the ampli-
tude of the scattered wave at a given time depends on
the interference between waves scattered by the differ-
ent scattering centres in the scattering medium. An
important quantity in scattering experiment is the
scattering vector ~q, defined as ~q ¼ ~kl� ~kf , where ~kl is
the propagation vector, and ~kf the scattered vector. The
magnitude of ~q is given by:

q ¼ 4p
k

sin
h
2

� �
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where k is the wavelength of the incident beam, assuming
it is similar to wavelength of the scattered beam (elastic
interaction), and h is the angle between ~kl and ~kf . In
terms of particles, it may be interpreted,, when q is mul-
tiplied by h/2p (Planck�s constant divided by 2p), as the
momentum transfered to the system by the photons [65].
In a dispersion, in which there is a collection of particles of
several, or similar, sizes, the incoming beam hits them. As
particles undergo Brownian motion, the scattered signal
experiences both constructive and destructive interfer-
ence, and this is recorded by an array of photomultipliers
that are analyzed over time and the data are then com-
pared using correlation functions. At the start times, the
signal are similar, and the normalized correlation func-
tion is near to 1. This function becomes decorrelated at
later times, decreasing exponentially to reach a constant
value. This decrease is correlated with the translational
diffusion coefficient of the particles. The scattered radia-
tion gives us information about the shape and the struc-
ture of the material. This information can be obtained by
tuning the scattering vector ~q (changing the scattering
angle, or wavelength of incident beam). This modulation
can be made while recording the intensity of scattering,
with either the angle of dispersion, or measuring the
function of correlation at different angles. The first case is
known as ‘‘static light scattering’’, and the second known
as ‘‘dynamic light scattering’’ (DLS).
Molecular M
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Figure 4. Radius, a, of PAMAM dendrimers at several generation numbers,
dendrimers collapsed to bulk density. The 1/3 power law suggests uniform s
1.23 g/cm3, based on the value reported for PAMAM [69].
We are interested in the DLS technique [68], because
it is possible to calculate the size of the particle. The
quantity calculated is the translational diffusion coeffi-
cient, D, and, assuming a spherical geometry, by using
the Stoke-Einstein relation, Equation (2), we can calcu-
late the radius of particles:

D ¼ kT

6pga
ð2Þ

where a is the radius of the particle, g is the solvent
viscosity, T is absolute temperature and k is the Boltzman
constant.

In mathematical terms, the intensity of scattering, as a
function of the magnitude of scattering vector (q), gives
information on the arrangement and the spacing of the
polymer segment. In Fig. 4, Bauer shows the existence of
voids in the PAMAM-dendrimer structure [69]. The solid
line represents the evolution of size with molecular
weight when considering a completely collapsed struc-
ture; the voids are present due to the real size being
greater than that of this collapsed structure. In Fig. 5,
Prosa et al. show, by using small-angle X-ray scattering
(SAXS), the dependence of q on the generation of the
PAMAM dendrimer, and give us the evolution of the
structure when the shape goes from star to sphere [70].

The drawback of using this technique on a PAMAM
dendrimer is that it has a refractive index similar to the
ass / g mol -1
105 106

slope = 1/3

 =  1.23 g cm-3

G6

G7

G8

G9

G10

G3–G10, calculated by SAXS. The straight line is the limit of PAMAM
pherical shape. The theoretical radius, a, of spheres with a density of
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Figure 5. SAXS curves for PAMAM mass fraction 1% dendrimer/methanol solutions of generation G3 (top) through G10 (bottom). The progression of
secondary features and limiting power-law behavior suggest an evolving intramolecular organization (Reprinted with permission from
[70]).
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dispersant media (water). For this reason, the intensity of
scattering is very low, making it difficult to obtain a
consistent size measurement at an angle of scattering
above 100� [68]. This problem was overcome by Orberg
et al. [50] using angles of scattering below 100� and
with a high concentration of PAMAM particles (of the
order of 18 mg/mL). They reported size measurements of
G4 PAMAM dendrimers in aqueous media. These were
carried out using equipment with a variable angle using
diame
1 10

In
te

ns
ity

 (%
)

0

5

10

15

20

Figure 6. Size-distribution graph obtained for the G4 PAMAM dendrimer at
same solution were performed. The average size was 154.1 nm (±1.1 nm)

498 http://www.elsevier.com/locate/trac
a goniometer with an Nd:YAG solid-state laser-diode
light source of wavlength 532 nm. These measurements
closely agreed with the size stated by the manufacturer
(i.e. 4.5 nm diameter at a scattering angle of 90�).

As PAMAM can be present in different wastewater
environments, we used an aqueous solution of an
amphipathic molecule as a model for soaps. We chose
SDS as an agent that aggregates, followed by an increase
of the particle size, and modifies its refractive index. This
ter (nm)
100 1000

0.2 mM at neutral pH with SDS at 5 mM. Three measurements of the
.
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increase in size can be monitored using DLS and TEM. We
employed the method described by Wang et al. for pre-
paring the dendrimer solutions with SDS [45]. In Fig. 6,
we show the size distribution of the PAMAM-NH2-SDS
adduct. Comparing this with Fig. 3b, in which the same
dispersion was used for imaging by TEM, we found that
the particles matched in size using both techniques.

Regarding the effect of pH on the structure, Liu et al. [48]
resolved the controversy between theoretical and experi-
mental results, using simulations of molecular dynamics.
Their conclusion is that there were small changes in the
size but that there was an internal restructuring caused by
a pH-induced conformational change from a ‘‘dense core’’
(high pH) to a ‘‘dense shell’’ (low pH). They suggested how
PAMAM dendrimers might be used as drug-delivery
vehicles, as encapsulation and release of guest molecules
could be controlled using pH as the trigger.

5. Chromatographic techniques

Several coupled detectors [e.g., UV, refractive index,
multiangle laser light scattering (MALLS) and MS] have
been used to evaluate generations of PAMAM dendri-
mers [55,71,72].

MALLS detectors comprise a detector array pre-fixed at
several angles that simultaneously measure the scat-
tered-signal intensity at each of the angles to give
information about molecular mass and particle size [73].

LC columns have been used to separate and to char-
acterize PAMAM dendrimers [55]. In many cases, these
chromatographic methods have also been appropiate for
separating PAMAM dendrimers when the surface-amine
groups were substituted for other groups (e.g., hydroxyl,
acetyl or carboxyl), and where structural differences
between generations of dendrimers were present [74].

Size-exclusion chromatography (SEC) [or gel-perme-
ation chromatography (GPC)] columns have also been
used to separate different generations of PAMAM den-
drimers based on molecular weight [55]. SEC with a
MALLS detector is the most reliable method to determine
average molar mass of dendrimers, because no calibra-
tion standards are needed, and this is the ideal technique
for the characterization of different generations because
there are many structural differences between genera-
tions of PAMAM dendrimers.

In addition, SEC can be used for detecting generational
impurities (e.g., dimers, oligomers and supramolecular
aggregates) that can appear in the synthesis of dendrimers.
SEC columns have also provided good separation efficiency
and good sensitivity [limit of detection (LOD), 2 mg/mL].
Some disadvantages include possible interactions of the
solute with the solid phase or the limited size-separation
range of the columns, which may not cover the size range
of both primary NPs and their aggregates [75].

LC and GPC techniques have been applied to characterize
poly(propylenimine) (POPAM) dendrimers of different
generations [75]. These have been analyzed by SEC with
gel-filtration columns to determine molecular weights. The
mobile phase used was an acidic buffer solution. LC mea-
surements were then made with an acidic solution as the
eluent in a gradient-mode analysis and a C-18 reversed-
phase column. The retention time for hybrid dendrimers
(G2:G4, G3:G4, and G4:G4) was 35 min, 36 min and
37 min, respectively, indicating poor separation between
the different generations of dendrimers. However, Cason
et al. [74] proposed the use of LC to separate various den-
drimers. They evaluated G4 and G5 PAMAM dendrimers
with a C18 column. The mobile phase was water [acidified
with trifluoroacetic acid (TFA)] and acetonitrile [also
acidified with TFA] in gradient mode. The retention time of
the G4 and G5 PAMAM dendrimers was 6.90 min and
7.1 min, respectively, indicating similar problems in the
separation of dendrimers. Results showed enhancement in
retention time as a function of PAMAM generation, due to
the geometrically-increased surface density of the termi-
nal-amine groups and TFA-ion pairs. Also observed was
the presence of a peak at 7.41 min, generated by the
impurities associated with using TFA [69].

In another way, Shi et al.[76] employed G1–G5
PAMAM dendrimers, the surfaces of which were con-
verted to acetyl groups (Gn-Ac). SEC columns were used
to separate different generations of dendrimers with an
acidic buffer solution as the mobile phase. Also, a C5
RP-HPLC column was used to separate dendrimers. This
comprised water (acidified with TFA) and acetonitrile
(acidified with TFA) in gradient mode. The retention times
for the dendrimers were 15.09 min (G1-Ac), 17.95 min
(G2-Ac), 19.80 min (G3-Ac), 21.32 min (G4-Ac) and
22.66 min (G5-Ac). These results showed little separation
between the different generations of dendrimers.

Islam also used ethylenediamine-core G5 PAMAM
dendrimers and a C5 silica-based LC column. The mobile
phase for elution of PAMAM dendrimer comprised water
and acetonitrile (both acidified with TFA) in a gradient
mode. The retention time was 14 min for the G5-NH2

dendrimer. Besides the main peak, two smaller peaks
could also be identified and attributed to the structural
defects present during synthesis of the dendrimer [77].

We have performed chromatographic analysis of
G0–G3 dendrimer samples (PAMAM-dendrimer kit) with
ethylenediamine cores in methanol solution. All dendri-
mer samples were then dried and redissolved in the HPLC
mobile phase, which comprised water with 0.1% formic
acid. We performed LC separations with two coupled LC
columns, an SEC column of 250 mm · 4.6 mm and 4-lm
particle size and a reversed-phase C5 column of 250 mm ·
4.6 mm and 5-lm particle size. The mobile phase for
elution of PAMAM dendrimer derivatives of different
generations was an isocratic mode comprising water with
0.1% formic acid. All the samples were dissolved in the
aqueous mobile phase (water containing 0.1% formic
acid) at 1 mg/mL concentration. The detection of eluted
http://www.elsevier.com/locate/trac 499
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Figure 7. HPLC chromatograms of amine-terminated PAMAM dendrimers of different generations injected separately. Isocratic mode comprised
water with 0.1% formic acid. Injection: 20 lL.
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samples was performed at 210 nm and the injection
volume was 20 lL. Fig. 7 shows the results, with the
chromatograms of G0 through to G3 amine-terminated
dendrimers (G0–G3). In the chomatogram, we can see
how the retention time increases with decreasing dendri-
mer generation. The retention times for the PAMAM
dendrimers were 9.05 min (G0), 8.38 min (G1), 7.80 min
(G2) and 7.39 min (G3). As we can see, the advantage of
using two coupled LC columns is that, within a single
analysis, we were able to separate the different generations
of PAMAM dendrimers successfully. We also calculated
the LOD of the G0 PAMAM dendrimer to be 100 mg/L.

Other analytical techniques [e.g., MS with laser
desorption and electrospray ionization (ESI)] have been
used to evaluate PAMAM dendrimers. The advantage of
MS methods [e.g., matrix-assisted laser desorption/ioni-
zation (MALDI)] is that they can be used for the struc-
tural characterization of various fractions isolated with
the help of a previous chromatographic purification.

In contrast to Subbi et al. [71], we used an LC-time-of-
flight (TOF)-MS system to evaluate PAMAM dendrimers.
The main advantage of this method was its high sensi-
tivity and selectivity. We focused on the fragmentation
process itself and on the fragments that were formed in
the course of ESI in positive-ion mode.

LC separations were performed with two coupled LC
columns, an SEC column of 250 mm · 4.6 mm and 4 lm
500 http://www.elsevier.com/locate/trac
particle size and a C5 column of 250 mm · 4.6 mm and
5 lm particle size. Some 20 lL of sample extract was
injected in each run. The mobile phase for elution of
PAMAM-dendrimer derivatives of different generations
was an isocratic mode comprising water with 0.1% formic
acid. All the samples were dissolved in the aqueous mobile
phase (water containing 0.1% formic acid) at a concen-
tration of 1 mg/mL.

Our fragmentation analysis mainly concentrated on
G0, which, because of its mass (517 Da), was in the most
convenient mass region for detailed MS analysis. Fig. 8
shows the TOF mass spectra of the G0 PAMAM dendri-
mer. An abundant protonated G0-NH2 molecule was
observed as an intense peak at m/z 517.3915 in the
mass spectra, together with the sodium adducts detected
at m/z 539.3780, respectively. We can also see a signal
at m/z 403.3129, which might be associated with the
loss of an amidoamine group in the G0 PAMAM den-
drimer molecule.

We calculated the LOD of the G0 PAMAM in water to
be 10 mg/L.

Other non-chromatographic methods (e.g., MALDI-
TOF-MS) have been used [78], because of their advan-
tages (e.g., high molecular-weight range, sensitivity, and
mass accuracy). However, the main disadvantage is the
search for an optimal matrix and a proper sample-
preparation method for a given analyte.



Figure 8. (a) Total ion chromatogram of a G0 PAMAM sample. (b) Extracted ion chromatogram for the exact mass of G0 PAMAM. (c) Mass
spectrum of the extracted peak.
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6. Field-flow fractionation (FFF)

Field-flow fractionation (FFF) is a promising technique
for the size separation of NPs (e.g., dendrimers) in com-
plex natural samples [72].
The advantages of FFF include minimal exposure of the
dendrimers to surfaces during separation because there is
no stationary phase, particularly compared to SEC, and
the ability to adjust the system to different particle-size
ranges by changing the perpendicular field [71]. An
http://www.elsevier.com/locate/trac 501



Table 2. Retention times for different generations of PAMAM den-
drimers using AsFlFF technique at pH 10.2 and 3.1 [72]

Generation Retention time
(min) (pH = 10.2)

Retention time
(min) (pH = 3.1)

4 4.66 1.45
5 6.14 2.04
6 8.26 2.92
7 10.18 4.25
8 13.36 5.76
9 17.87 8.14

Trends Trends in Analytical Chemistry, Vol. 30, No. 3, 2011
important issue in FFF is obtaining clean separations of
different-sized components [78]. FFF can also be coupled
to a range of sensitive, multi-element techniques (e.g.,
Table 3. Techniques frequently used to evaluate PAMAM dendrimers

Technique PAMAM dendrimer Column

LC-UV G1–G6 C5, C18
LC-MS (TOF) G0–G3 SEC coupled C5

FFF-RI G4–G9 —
MALDI-TOF-MS G2–G10 —

ID, Identification; LOD, limit of detection.

Table 4. Summary of ecotoxicity data reported for PAMAM dendrimers

PAMAM generation and core Surface groups

G4 ethylenediamine core NH2 Danio reri
Danio reri
Danio reri

G2 ethylenediamine core NH2 Vibrio fisc
G5 ethylenediamine core NH2 Vibrio fisc
G4 ethylenediamine core NH2 Vibrio fisc

Vibrio fisc
Vibrio fisc
Daphnia m
Daphnia m
Thamnoce

G5 ethylenediamine core NH2 Vibrio fisc
Vibrio fisc
Vibrio fisc
Daphnia m
Daphnia m
Thamnoce

G6 ethylenediamine core NH2 Vibrio fisc
Vibrio fisc
Vibrio fisc
Daphnia m
Daphnia m
Thamnoce

G2 1,4-diaminobutane core NH2 Chlamydo
G4 1,4-diaminobutane core NH2 Chlamydo
G5 1,4-diaminobutane core NH2 Chlamydo

*95% confidence intervals when available.
**Continuous exposure post fertilization.

502 http://www.elsevier.com/locate/trac
MALLS) and inductively coupled plasma (ICP)-MS [79].
The limitations of FFF techniques are:
(1) membrane or accumulation wall interactions;
(2) continuous reequilibration in the channel and the

need for preconcentration;
(3) additional concentration of the sample during equil-

ibration and an increased possibility of aggregation
in the channel; and,

(4) sensitivity.
Asymmetrical flow FFF (AsFlFFF) was tested by Lee

et al. [72] as an alternative to the chromatographic
techniques for the separation of G4.0–G9.0 PAMAM
dendrimers. To minimize interactions with the mem-
brane, careful optimization of experimental conditions
(e.g., flow rate and pH) may be required. AsFlFFF could
ID LOD Ref.

k = 210 nm 100 mg/L [55,76,77,80]
[M+H]+

[M�115]+
10 mg/L [81]

— [72]
[M+H]+ — [71,82,83]

Test models EC50-IC50 (lM)* Ref.

o embryos (24 h)**

o embryos (72 h)**

o embryos (120 h)**

1.0 (0.9–1.2)
0.6 (0.5–0.6)
0.4 (0.3–0.4)

[85]

heri (30 min) 194 (66–321) [86]
heri (30 min) 27 (14–40) [86]
heri (5 min)
heri (15 min)
heri (30 min)
agna (24 h)
agna (48 h)

phalus platyurus (24 h)

16.30
6.17
3.11
1.13
0.68
2.90

[87]

heri (5 min)
heri (15 min)
heri (30 min)
agna (24 h)
agna (48 h)

phalus platyurus (24 h)

15.18
5.08
1.64
0.72
0.27
1.81

[87]

heri (5 min)
heri (15 min)
heri (30 min)
agna (24 h)
agna (48 h)

phalus platyurus (24 h)

4.80
1.64
0.83
0.32
0.13
1.11

[87]

monas reinhardtii (72 h) 0.590 (0.548–0.630) [88]
monas reinhardtii (72 h) 0.208 (0.180–0.237) [88]
monas reinhardtii (72 h) 0.167 (0.158–0.171) [88]



Trends in Analytical Chemistry, Vol. 30, No. 3, 2011 Trends
be used at acidic, neutral, and even at basic pH for
separation and characterization of PAMAM dendrimers.
Table 2 shows the retention times obtained for the
G4.0–G9.0 PAMAM dendrimers at pH 3.1 and 10.2. It is
noticeable that the retention times of the dendrimers
increase as the pH and the generation number increase,
due to the increase in the hydrodynamic size caused
by aggregation of PAMAM particles. The separation
between different generations is better when PAMAM
particles are neutral (basic pH). Smaller peaks eluting
before and after the main peak were found, suggesting
small impurities formed during the synthesis of PAMAM
dendrimers. AsFlFFF may be coupled with other on-line
characterization techniques (e.g., MALLS or a differential
viscometer) for more detailed physical characterization
of each size fraction separated by AsFlFFF. Table 3 shows
different analytical methods used to evaluate PAMAM
dendrimers [55,71,72,76,77,80–83].

7. Ecotoxicity

Dendrimers belong to a class of macromolecular thera-
peutics that includes other particulate drug-delivery
systems (e.g., polymeric micelles and liposomes). Even if
biomedical dendrimers are still at the early stage of their
development, the clinical experience with more classical
polymer-derived therapeutics can be used as a guide for
dendritic nanomedicine [84]. As indicated before, there
are clear data showing that dendrimers can display
cytotoxicity, but very limited information is available on
their effect on non-target organisms, and, to date, only a
few studies have been performed to assess the ecotoxicity
of dendrimers as engineered NPs (Table 4).

So far, the most complete study on aquatic organisms
was performed by Naha et al. using three polyamido-
amine dendrimers (G4–G6) [87]. They demonstrated a
significant toxicity that increased with increasing den-
drimer generation with median effect values in the range
0.13 lM (7.4 mg/L, Daphnia magna, 48 h, G6) to
16.30 lM (231.5 mg/L, Vibrio fischeri, 5 min, G4). They
also found that the measured EC50 values correlated
linearly with the observed change in f-potential when
dendrimers were put in the corresponding assay media
[87]. The authors interpreted this result as indicative of
the degree of interaction of dendrimers with the medium
components that may shield surface charges.

The absence of PAMAM toxicity to V. fischeri was also
reported by Mortimer et al., who obtained 30 min EC50

values of 194 lM (631 mg/L, G2) and 27 lM (775 mg/L,
G5) [86], which are in relative agreement with those ob-
tained by Naha et al. [87]. In contrast with these findings,
V. fischeri was quite sensitive to other carbon-based
NPs. Naha et al. reported 5 min EC50 of 40.5 mg/L and
25.7 mg/L for N-isopropylacrylamide-co-N-tert-butyl-
acrylamide (NIPAM/BAM) in 65:35 and 50:50 copoly-
mers, respectively [89].
Petit et al. investigated the toxicity of G2, G4 and G5
PAMAM dendrimers on the green alga Chlamydomonas
reinhardtii [88]. Using cell viability measured from esterase
activity as the endpoint, they found that the toxicity ex-
pressed in molar concentration increased with dendrimer
generation number (0.590 lM, 1.94 mg/L for G2,
0.208 lM, 2.97 mg/L for G4 and 0.167 lM, 4.82 mg/L
for G5). This result was similar to that observed by Naha
et al. with increasing PAMAM generation [87]. Petit et al.
also obtained a stimulatory effect of G2 and G4 on the
photosynthetic activity and total chlorophyll content of
the green alga, probably because of activation of the
photosynthetic electron transport of Photosystem II [88].

Toxicity towards a higher trophic level organism was
studied only by Heiden et al., who used zebrafish
embryos to assess the developmental toxicity of G3.5 and
G4 PAMAM dendrimers, as well as dendrimers biocon-
jugated with selective ligands (RGD) [85]. They found
that G4 dendrimers were toxic towards the growth and
the development of the zebrafish embryos, but G3.5
dendrimers, with carboxylic-acid terminal functional
groups, did not exhibit toxicity at concentrations as high
as 200 lM (average molecular weight 12,931). PAMAM
dendrimers with RGD reduced their cytotoxicity with
respect to unmodified G4.

Mukherjee et al. showed that the adsorption of pro-
teins on the dendrimer surface resulted in a dramatic
change in zeta potential [90]. The connection between
toxicity and the physicochemical properties of NPs is still
poorly understood and requires further work.

Other aspects are also pending [e.g., internalization, or
not, of NPs by cells, and differentiation between true
toxic effects and artifacts (e.g., nutrient depletion)]. A
great deal of research needs to be conducted to elucidate
the underlying mechanism of toxic response, including
nanogenotoxicity. Moreover, other dendrimers, apart
from PAMAM, must also be tested for ecosystem expo-
sure in tandem with the expected market increase of
these nanomaterials.

In this work, the toxicity of G4 and G1 PAMAM
dendrimers having an ethylenediamime core was as-
sessed by inhibiting the growth of Pseudokirchneriella
subcapitata. G4 and G1 PAMAM were manufactured by
Dendritech and purchased from Sigma-Aldrich. G4-NH2,
and G1-NH2, with 64 and 8 surface amino groups, have
average molecular weights of 14,214.17 and 1429.85,
respectively, and G4-OH contains 64 surface-hydroxyl
groups and its molecular weight is 14,277.19.

Zeta potential was measured via electrophoretic light
scattering combined with phase-analysis light scattering
in the same instrument, equipped with a Malvern
autotitrator MPT-2. The measurements were conducted
at 25�C using 10 mM in KCl as the dispersing medium
and at a concentration of 2 lM (G4) and 20 lM (G1).

The green alga, P. subcapitata, was tested using algal-
growth inhibition OECD TG 201 (open system) in
http://www.elsevier.com/locate/trac 503
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96-well microplates culturing the algae in a total volume
of 210 lL. Algae beads and culture media were
purchased from Microbiotest Inc. Microplates were
maintained at 22�C in a growing chamber with con-
trolled light intensity (�100 lE/m2/s) and humidity
levels, without any evaporation of the culture media and
with periodic agitation and aeration. The growth of P.
subcapitata was monitored over 72 h by determining the
increase of chlorophyll concentration measured by
fluorescence (excitation at 444 nm – emission at
680 nm) using a Fluoroskan Ascent Microplate Fluo-
rometer. At least three replicates of each toxic concen-
tration or blank were assayed with ZnSO4 as the
standard for reproducibility control. Dose-effect rela-
tionship parameters and their respective confidence
intervals were determined using a linear interpolation
method that did not assume any particular dose-effect
model (USEPA, 2002) [91].

Table 5 lists the results for the growth inhibition of
P. subcapitata. The toxicity was particularly high for
G4-NH2 with EC50 about one quarter of the median
effect value compared with that of the lower generation,
G1-NH2. Fig 9 shows full dose-response relationships.
This result agrees with the finding of Naha et al. [87],
who reported that the toxicity towards different test
organisms increased with increasing dendrimer genera-
Table 5. Dose-effect relationship parameters of PAMAM dendrimers for the
are the doses required to inhibit growth 50% and 10%, respectively

Dendrimer EC50

mg/L (nM) CI 95%

G4-NH2 1.41 (99) 1.33–1.51 (96–106)
G4-OH >40 (>2800) –
G1-NH2 5.86 (4100) 5.44–6.25 (3800–4370)
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Figure 9. Dose–response for the growth inhibition of Pseudokirchneriella
G1-NH2 (d) and G4-OH (h).
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tion, most probably as a consequence of a larger surface
area for interaction with living organisms.

f-potential values, also listed in Table 4, show rela-
tively high positive values for G4-NH2. This positive
charge is relevant because algal-cell membranes possess
large negatively-charged domains, which should favour
particle-cell interaction. The toxicity of the negatively-
charged, hydroxyl-terminated G4 dendrimer was much
lower, with EC50 > 40 (growth inhibition at 40 mg/L,
52 ± 6 %). We also used EC10 as a surrogate for the no
observed effect concentration (NOEC), which showed a
clear effect at very low concentrations (i.e. at the hun-
dreds of ppb level for both G4 dendrimers) [92].

At present, environmental risk assessment of nano-
materials is seriously hampered as there is insufficient
information, or lack of the essential pieces of information,
for the development of the key steps of risk assessment:
(1) hazard identification;
(2) hazard characterization;
(3) exposure assessment; and,
(4) risk characterization.

The features of nanomaterials set new challenges and
research needs in developing a suitable risk-assessment
framework. In this context, the characterization of test
nanomaterials is critical for appropriate hazard and
exposure evaluation. It is crucial to ascertain the fate
growth inhibition of Pseudokirchneriella subcapitata. EC50 and EC10

EC10 f-potential (mV)

mg/L CI 95%

0.21 (15) 0.18–0.25 (13–18) +26.1 ± 1.6
0.43 (30) 0.24–1.88 (17–132) �1.23 ± 0.40
1.10 (770) 0.67–1.85 (470–1290) �0.89 ± 0.23

30 40 50
tion (mg/L)

subcapitata after 72 h exposed to PAMAM dendrimers G4-NH2 (n),
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of nanomaterials considering, among other related
parameters, degradation processes and generation of
transformation products. In exposure assessment,
advances are rare and depend on new developments in
analytical methods to detect environmental concentra-
tions. To a great extent, the estimation of environ-
mental concentrations is blocked by the lack of
knowledge about the rates of release of nanomaterials
to the environment and theories that can help us pre-
dict concentrations from release rates.
8. Conclusions

PAMAM dendrimers have great potential for use as
carriers of organic molecules in aqueous media, so their
characterization and evaluation are of great interest.

Size characterization of PAMAM dendrimers can be
performed, preferably by light-scattering techniques
(e.g., DLS), but there are difficulties as a consequence of
the low intensity of scattering when their concentration
is not very high. TEM can also be used to verify the size,
the aggregation and the crystalline states of the PAMAM
particles. Other techniques (e.g., AFM) are also inter-
esting.

Identification and quantification of PAMAM in envi-
ronmental waters can be performed by reversed-phase
chromatographic techniques coupled to UV or MS
detectors. A C5 packaging material is a good column
choice, and combination of SEC with C5 columns is more
effective. LODs can be as low as 10 mg/L in the case of
MS detectors with ESI, but a serious limitation can be the
high molecular weights of PAMAM of generations
greater than 1 (above 2000 uma).

Other techniques (e.g., FFF) can also be efficient,
avoiding transformation processes as a consequence of
exposure to the column surface.

Few studies have been performed to assess the eco-
toxicity of PAMAM dendrimers. In general, their toxicity
increases as the generation increases, but the use of
different target organisms and endpoints, as well as the
interaction of NPs with other medium components may
lead to different conclusions.
Acknowledgements
The authors wish to acknowledge the Spanish Ministry
of Science and Innovation for their economic support. A.
Uclés acknowledges the research fellowship from the
Spanish Ministry of Science and Innovation associated
with the NANOAQUAL project (Ref. CTM2008-04239).
References
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