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ABSTRACT: Dendrimers are hyperbranched macromolecules
with applications in host−guest chemistry, self-assembly,
nanocatalysis, and nanomedicine. We show that dendrimer-
based globular nanoparticles are formed by using dendrimer
oligomerization to isothermally induce liquid−liquid phase
separation (LLPS). We first determined that LLPS of aqueous
mixtures of the fourth-generation amino-functionalized poly-
(amido amine) dendrimer is observed by lowering temperature
in the presence of sodium sulfate. In relation to LLPS, we
experimentally characterized the effect of salt and dendrimer
concentrations on the LLPS temperature and salt-dendrimer
isothermal partitioning. Our results were theoretically examined using a two-parameter thermodynamic model. We then showed
that the addition of a small amount of glutaraldehyde, which leads to the formation of soluble dendrimer oligomers by chemical
cross-linking, increases the LLPS temperature. This implies that a dendrimer aqueous mixture, which is initially homogeneous at
room temperature and exhibits LLPS only at relatively low temperatures, can exhibit LLPS at room temperature due to
dendrimer oligomerization. The high dendrimer concentration inside the nanodroplets, produced from LLPS, accelerates
dendrimer cross-linking, thereby yielding stable globular nanoparticles. These nanomaterials retain the host−guest properties of
the initial dendrimers, indicating potential applications as nanocatalysts, extracting agents and drug carriers. Our work provides
the basis for a new approach for obtaining dendrimer-based nanoassemblies by employing low-generation dendrimers as building
blocks.

1. INTRODUCTION

Dendrimers are hyperbranched globular macromolecules that
consist of a multifunctional central core to which branching
units are sequentially added, resulting in a tree-like structure.1−4

The number of branching points, when going radially from the
core toward the surface, defines the dendrimer generation (G).
Dendrimers possess a large number of terminal groups on their
outer shell. These surface groups can be readily modified into a
high number and variety of functional groups, which can be
used to tune the solubility of these macromolecules in a given
solvent. The dendrimer’s treelike structure gives rise to the
formation of internal cavities, responsible for host−guest
interactions.5,6 These molecular properties are very important
for applications of dendrimers in catalysis, nanotechnology and
medicinal chemistry.7−10

High-G dendrimers have the advantage of potentially hosting
a relatively high number of guest molecules per macromolecule.
However, since the surface density of terminal groups also
increases with generation, dendrimers with G ≥ 7 are more
difficult to synthesize11 due to steric hindrance. This also
promotes a pronounced backfolding of terminal groups, which
causes an increase in conformational rigidity and a decrease of
cavity volume per dendrimer mass.4,12 Hence, the loading
capacity of guest molecules per dendrimer mass is appreciably
reduced.6,13 These limitations favor the employment of low-G

dendrimers (4 ≤ G ≤ 6) for host−guest applications.
Furthermore, the relatively higher flexibility of low-G
dendrimers can lead to significant conformational changes
due to external stimuli.14,15 This aspect is advantageous for
applications such as environment-sensitive host−guest binding
and chemical sensing. Thus, it is important to identify
approaches that would circumvent the need of synthesizing
high-G dendrimers and will lead to the preparation of
dendrimer materials that retain the high-load capacity of
high-G dendrimers and the advantages of low-G dendrimers.
One approach is the preparation of nanoassemblies of low-G
dendrimers, which may be denoted as megamers.16 This
approach was previously employed to prepare core−shell
tecto(dendrimers),16−18 where one dendrimer (core) is
covalently attached to several relatively smaller dendrimers
through their surface functional groups. In this paper, we
examine a distinct approach for the preparation of dendrimer
nanoassemblies. Specifically, we investigate the use of liquid−
liquid phase separation (LLPS)19,20 as a means to induce the
self-assembly of low-G dendrimers.
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The LLPS of mixtures containing globular macromolecules
has been employed for the formation of cross-linked micro-
spheres. In related experiments, a precipitating agent is typically
added to the macromolecular solution to induce the formation
of macromolecule-rich spherical droplets, a process usually
denoted as coacervation or condensation. A chemical cross-
linker is then added to the resulting suspension in order to
irreversibly produce microspheres. However, this approach
yields, in general, relatively large particles, with radii of the
order of 10 μm.21−23

For proteins, it has been shown that another approach to
obtain protein coacervates is based on oligomerization-induced
LLPS.24 Specifically, we consider a protein aqueous solution
that is thermodynamically stable at a working temperature (e.g.,
20 °C) but undergoes LLPS at a lower temperature (e.g., 0 °C).
A small amount of glutaraldehyde, a bifunctional agent that
mainly reacts with primary amino groups on the protein
surface,25 is then added to the protein solution at the working
temperature in order to produce protein soluble oligomers.
This isothermal oligomerization process reduces solution
mixing entropy thereby raising the LLPS temperature. When
the LLPS temperature exceeds the operational temperature,
protein condensation into spherical droplets isothermally
occurs. The high protein concentration inside the droplets
enhances protein cross-linking making the condensation
process effectively irreversible.24

Interestingly, related kinetic experiments revealed that the
radius of the cross-linked protein droplets becomes smaller
when the rate of protein oligomerization is increased.24 This
finding can be explained using classical nucleation theory.26

Specifically, a higher oligomerization rate corresponds to a
faster increase in LLPS temperature and allows to nucleate
protein condensation after a higher LLPS temperature is
achieved. This corresponds to a higher supersaturation and,
consequently, to a smaller radius of the emerging condensed
phase. Based on this mechanism, macromolecules that possess a
large number of surface groups prone to cross-linking are
predicted to undergo relatively high oligomerization rates.
Thus, dendrimers become an ideal candidate for investigating
oligomerization-induced LLPS, leading to the formation of
particles with radii that are significantly smaller than those
typically obtained through traditional coacervation-based
methods.
It has been recently shown that LLPS of aqueous solutions of

the hydroxyl-functionalized poly(amido amine) dendrimer of
fourth generation (G4 PAMAM-OH) can be induced in the
presence of strong salting-out agents such as sodium sulfate.27

However, no LLPS study is reported on the corresponding
amino-functionalized dendrimer (G4 PAMAM-NH2), an ideal
candidate for glutaraldehyde cross-linking.25 Thus, in this
paper, we first show that LLPS can be induced for the G4
PAMAM-NH2 dendrimer in the presence of aqueous sodium
sulfate and then that oligomerization-induced dendrimer
condensation yields dendrimer globular nanoparticles.

2. EXPERIMENTAL SECTION
2.1. Materials. Amino-functionalized poly(amido amine) den-

drimers of fourth generation were purchased from Dendritech, Inc.
(Midland) in a methanol solution. Methanol was removed by drying
dendrimer samples in a vacuum oven at 50 °C. The dried samples
were then dissolved into water and the drying procedure is repeated to
remove residual amounts of methanol. Deionized water was passed
through a four-stage Millipore filter system to provide high-purity

water for all the experiments. Dendrimer-water stock solutions were
then prepared by weight. The dendrimer molecular weight used to
calculate molar concentrations was 14.3 kg·mol−1. Sodium sulfate was
purchased from J.T. Baker (Phillipsburg, NJ). A salt-water stock
solution of 1 L was prepared and its composition (18.31% w/w) was
determined from density measurements on properly diluted solutions
using a digital density meter (Mettler/Paar, DMA40), thermostated at
25.00 ± 0.01 °C. Density values were converted into the
corresponding concentrations using the known28 relation between
density and salt composition. Copper sulfate and N,N-dimethylindoa-
niline dye (phenol blue) were purchased from Sigma-Aldrich (St.
Louis, MO). Sodium chloride, glutaraldehyde (25% w/w aqueous
solution), toluene, triethanolamine, and silicone oil were purchased
from Fisher Scientific (Hampton, NH).

2.2. Measurements of LLPS Temperature. The LLPS temper-
ature, Tph, was determined by measuring the turbidity of ternary
dendrimer-salt-water samples as a function of temperature (cloud-
point method). Methods and related instrumentation are described in
ref 27. A ternary homogeneous small sample (≈100 μL) with a given
composition was prepared by mixing known amounts of water,
dendrimer and salt stock solutions. The known weight fractions of
dendrimer and salt in the ternary mixture were then converted into
dendrimer volume fraction, ϕD, and salt molar concentration, CS, after
estimating the sample density using the known volumetric properties
of binary sodium sulfate-water solutions and the dendrimer specific
volume of 0.817 g cm−3 (see Supporting Information: S1).29 All
samples for turbidity measurements were allowed to equilibrate for 2
days at a temperature at which they were homogeneous.

2.3. Measurements of Salt-Dendrimer Partitioning at 25 °C.
Salt-dendrimer partitioning measurements were performed as
described in ref 27 and references therein. The composition of the
two coexisting phases, (ϕD

(I), CS
(I)) and (ϕD

(II), CS
(II)), was characterized

using a spectrophotometric assay based on copper binding (for
dendrimer) and a potentiometric assay (for salt).

2.4. Dendrimer Cross-Linking Experiments. Glutaraldehyde−
water stock solutions (0.1−5% w/w) were prepared by weight. For a
given cross-linking experiment, an initial solution of ≈100 μL was first
prepared by mixing known amounts of water, dendrimer and salt stock
solutions at room temperature. A small aliquot of glutaraldehyde stock
solution was then added to the dendrimer-salt-water solutions under
stirring conditions. LLPS temperatures were determined as described
in section 2.2.

2.5. Dynamic Light Scattering. Measurements of dynamic light
scattering (DLS) were performed at 25.0 ± 0.1 °C. After
glutaraldehyde was added, all dendrimer aqueous samples were
promptly filtered through a 0.45 μm filter (Anotop 10, Whatman) and
placed in a test tube. The experiments were performed on a light
scattering apparatus built using the following main components: He−
Ne laser (35 mW, 632.8 nm, Coherent Radiation), manual goniometer
and thermostat (Photocor Instruments), multitau correlator, APD
detector, and software (PD4042, Precision Detectors). All measure-
ments were performed at a scattering angle of 90°. The scattering
vector Q = (4πn/λ)sin(θ/2) was calculated using n = 1.33 and λ =
632.8 nm. The scattered-intensity correlation functions were analyzed
using a regularization algorithm (Precision Deconvolve 32, Precision
Detectors). The application of regularization to the experimental
correlation function is described in ref 24 and references therein. For
monomodal distributions, the observed light-scattering peak is
associated with dendrimer oligomers. The corresponding apparent
hydrodynamic radius was calculated using the Stokes−Einstein
equation: Rh = kBT/(6πη⟨D⟩z),

30 where kB is the Boltzmann constant,
T is the absolute temperature, η is the viscosity of the corresponding
salt-water solution, and ⟨D⟩z is the z-average diffusion coefficient. For
bimodal distributions, the two light-scattering peaks are associated
with dendrimer oligomers (fast diffusion mode) and dendrimer
nanoparticles (slow diffusion mode), respectively. The corresponding
hydrodynamic radii were calculated from the z-average diffusion
coefficient associated with the fast and slow diffusion modes,
respectively.
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2.6. Scanning Electron Microscopy. Samples containing cross-
linked dendrimers were first characterized by DLS and then by field-
emission scanning electron microscopy (SEM). Prior to SEM
characterization, samples were diluted and dialyzed against water to
remove salt ions. Specifically, a given sample (≈100 μL) was first
diluted into 1 mL of water and then dialyzed against water using an
ultrafiltration centrifugal device (AmiconUltra, 30 kDa membrane
cutoff, Millipore). The final retentate volume was set to ≈100 μL. A
small aliquot (≈10 μL) of the retentate was directly placed on the
specimen stub and left to dry overnight under vacuum. After drying, a
sample were coated with a 10 nm layer of 60/40 gold/palladium by
low-vacuum sputter coating and analyzed with a JSM-7800F field-
emission scanning electron microscope (JEOL).
2.7. Phenol Blue Binding Experiments. An aqueous stock

solutions of phenol blue (11 μM) was prepared by mixing a known
weight of this dye with water in a 1 L volumetric flask. A dendrimer-
water stock solution (1.9% w/w, 1.3 mM, 1 mL) was also prepared by
weight and mixed with an equal volume of phenol blue stock solution
so that the dendrimer molar concentration was 0.65 mM. The molar
ratio of dye to dendrimer in the resulting mixture of 2 mL was ≈0.01.
This mixture was stirred at room temperature in the dark during the
incubation time of 48 h. The absorbance spectrum of the mixture was
recorded (DU800, Beckman Coulter) before and after the incubation
time. The binding of blue phenol to dendrimer is verified by the
occurrence of the wavelength shift of the maximum absorbance from
635 to 545 nm.31 Control measurements, directly performed on the
phenol blue stock solution before and after the incubation time (also
stored in the dark), show no detectable change in the absorption
spectrum. After the sample incubation time, toluene (2 mL) was added
to the dendrimer-dye aqueous solution. The biphasic sample was
thoroughly shaken for 10 min. The sample was then allowed to achieve
macroscopic phase separation first by gravity and then by
centrifugation (10 min at 2500 rpm, Allegra 25 R centrifuge, Beckman
Coulter) until a clear interface is observed between the organic (top)
and the aqueous (bottom) phases. Aliquots from both organic and
aqueous phases were transferred into different vials and the visible
spectrum of each phase was recorded. No phenol blue could be
detected in the organic phase by spectrophotometry. In a control
experiment, a 2 mL solution of phenol blue, which was prepared by
mixing 1 mL of the stock solution with water, was added to an equal
volumetric amount of toluene. After the equilibration procedure, the
dye transferred to the organic phase and no phenol blue could be
detected in the aqueous phase by spectrophotometry. The dye-loaded
dendrimer aqueous solution was then cross-linked using glutaralde-
hyde in the presence of sodium sulfate. Specifically, a 1 mL aliquot of
the dye-loaded dendrimer solution was first concentrated by
evaporation in a vacuum oven at room temperature and then mixed
with a sodium sulfate stock solution and water so that the final sample
volume remained of 1 mL. A small amount (60 μL) of aqueous stock
solution of glutaraldehyde (5% w/w) was then steadily added to
ensure that dendrimer cross-linking and aggregation occurred. The
equilibration procedure in the presence of 1 mL of toluene was
repeated. After the equilibration procedure, no phenol blue could be
detected in the organic phase by spectrophotometry.

3. RESULTS AND DISCUSSION

This section is divided in the following way. First, our
experimental results on the LLPS of dendrimer-salt-water
mixtures will be reported together with a theoretical analysis of
this phase transition based on a two-parameter thermodynamic
model. Second, our experimental results describing the effect of
dendrimer cross-linking on LLPS, dendrimer oligomerization
and the formation of globular dendrimer nanoparticles will be
shown. Finally, it is verified that these cross-linked dendrimer
materials retain the guest-encapsulation properties of individual
dendrimers.
3.1. LLPS of Dendrimer−Salt−Water Mixtures. We

explored the effect of salting-out salts on the phase behavior of

aqueous solutions of G4 PAMAM-NH2. While no phase
separation is observed in the presence of sodium chloride, we
find that LLPS can be induced by lowering temperature in the
presence of sodium sulfate, a stronger salting-out agent
according to the Hofmeister series.32,33

In presenting our experimental results, the composition of
the investigated ternary dendrimer-salt-water system will be
described by the dendrimer volume fraction, ϕD, and salt molar
concentration, CS. A given LLPS boundary is described by the
LLPS temperature, Tph, as a function of CS and ϕD. At constant
temperature, the isothermal phase boundary (CS, ϕD) is
denoted as binodal.27 We have experimentally characterized
Tph as a function of CS at several values of ϕD. Our results are
shown in Figure 1A. In all cases, Tph significantly increases with

salt concentration. Specifically, an increment of ≈0.05 mol·
dm−3 in salt concentration produces a corresponding increment
of ≈20 °C in the LLPS temperature.
In Figure 1B, we plot our experimental binodal ϕD(CS) at Tph

= 25 °C. This curve, which was obtained by fitting our Tph(CS)
data in Figure 1A at any given ϕD to a linear equation, shows
that an increment of ≈0.1 mol·dm−3 in salt concentration

Figure 1. (A) LLPS temperature, Tph, as a function of salt
concentration, CS, at constant dendrimer volume fraction, ϕD. The
numbers associated with each curve identify the corresponding value
of ϕD. The solid lines are linear fits through the experimental data. (B)
Binodal data, ϕD as a function of CS, for the dendrimer−salt−water
system at 25 °C (circles). The solid curve is the theoretical binodal
obtained from the thermodynamic model discussed at the end of this
section (see eqs 1−4) with ε/RT = 25 (ε = 62 kJ·mol−1) and q =
0.415. The three solid lines are calculated representative tie-lines. The
cross represents the location of the critical point. The dashed line
crossing the critical point describes the experimental slope at the
critical point. (C) Binodal data, ϕD as a function of CS, for the
dendrimer−salt−water system at four representative temperatures (5
°C, squares; 15 °C, diamonds; 25 °C, circles; 35 °C, triangles).
Moving from left to right, the four solid curves are theoretical binodal
curves calculated by setting q = 0.4375 (5 °C), 0.4250 (15 °C), 0.4150
(25 °C), and 0.4050 (35 °C), respectively. The four crosses represent
the location of the critical points.
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reduces the equilibrium dendrimer volume fraction by ≈0.03
within the experimental salt concentration range.
At a fixed temperature, LLPS yields the formation of two

coexisting liquid phases with compositions (CS
(I), ϕD

(I)) and
(CS

(II), ϕD
(II)) for phases I and II, respectively. We have

experimentally characterized these compositions at 25 °C.
Our results are reported in Table 1 together with the

corresponding partition coefficients defined as ΔCS/ΔϕD ≡
(CS

(II) − CS
(I))/(ϕD

(II) − ϕD
(I)). The negative values of ΔCS/ΔϕD

reflect the salting-out mechanism: i.e., the preferential
hydration33,34 of both solute components leads to salt-rich
(I) and dendrimer-rich (II) coexisting phases. Note that the
reported ϕD

(II) values, which are higher than 0.3, correspond to
an average dendrimer−dendrimer distance lower than 4 nm,
consistent with the formation of a dendrimer condensed phase
in which dendrimer particles with a radius of ≈2 nm (see
section 3.3) are essentially in contact with each other. In other
words, the dendrimer concentration in phase II is comparable
with that of crystals and aggregates of colloidal particles.35 On
the other hand, dendrimer concentration in the salt-rich phase
is significantly lower (ϕD

(I) ≤ 0.01). These results describe LLPS
effectiveness in removing dendrimers from their initial medium.
Our values in Table 1 can be also used to estimate the critical

dendrimer volume fraction, ϕD
(c). This was obtained by the

linear extrapolation of (ϕD
(I) + ϕD

(II))/2 to |ϕD
(II) + ϕD

(I)|1/β → 0,
with β = 0.325 (Ising exponent) and β = 0.5 (mean-field
exponent) (see Supporting Information: S2).36 From the
corresponding plots, we found that ϕD

(c) = 0.12 ± 0.03. By
fitting the binodal data in Figure 1B to a linear equation, the
salt critical concentration of CS

(c) = (0.9 ± 0.1) mol·dm−3 is
obtained. We have also extracted the corresponding slope,
(∂CS/∂ϕD)T = −(3.45 ± 0.16) mol·dm−3. This slope also
represents the limiting partition coefficient at the critical point
and is comparable with the values of ΔCS/ΔϕD in Table 1,
which range between −3.2 and −2.4 mol·dm−3.
To theoretically describe the observed LLPS boundary, we

consider the thermodynamic model introduced in ref 27 and
applicable to ternary aqueous solutions of hydrophilic globular
particles in the presence of salt at high concentration. This
model, which was employed to explain the main features of salt-
induced LLPS of aqueous mixtures of G4 PAMAM-OH, is
based on the evaluation of an expression for the dendrimer
osmotic pressure, Π(ϕD, CS, T), in a ternary dendrimer−salt−
water mixture with composition (ϕD, CS) in equilibrium dialysis
with a binary salt-water reservoir with salt concentration CS* =
CS/α, where α(ϕD) is the volume fraction of the bulk domain
in the ternary system.37,38 The bulk domain is a binary salt-
water solution with the same composition of the reservoir.
Note that the volume fraction, 1 − α, describes the volume
occupied by the dendrimer particles and their adjacent salt-
depleted water layer (local domain). Dendrimer particles are
assumed to adopt a compact globular state in the presence of

strong salting-out agents due to the reduced solvent quality.
Furthermore, the effects of dendrimer charge are neglected due
to the relatively high salt ionic strength (higher than 1.5 M; see
Figure 1A,B). This second assumption is expected to be more
accurate for PAMAM-OH than for PAMAM-NH2 due to the
acid−base properties of the primary amino terminals at our
experimental pH values, ranging from 8 (low ϕD) to 9 (high
ϕD). Indeed, titration studies show that the degree of
protonation of G4 PAMAM-NH2 is 30−40% within our
experimental pH range. This corresponds to a dendrimer
positive charge of 20−25 from the total number of primary
amino terminals of 64.39

The dendrimer osmotic pressure, Π, is the difference of a first
contribution describing the dendrimer osmotic pressure in the
absence of salt, ΠD, and a second contribution directly
proportional to salt osmotic pressure, ΠS. The corresponding
equation of state is given by27

α ϕ α= − − + ′p p p(1 )D D S (1)

with

ϕ ϕ ϕ= + +⎜ ⎟
⎛
⎝

⎞
⎠p b

e
RT

1D D D D (2)

α ϕ η η η η= − − − − + +A B C D(1 )exp[ ln(1 )]D D D
2

D
3

D
(3)

γ ν φ= * *p C C/S D S S W (4)

where we have introduced the unitless normalized pressures p
≡ ΠVD/RT, pD ≡ ΠDVD/RT, and pS ≡ ΠSVD/RT with VD, R,
and T being dendrimer molar volume, ideal-gas constant, and
absolute temperature, respectively. The expression of the
reduced chemical potential, μ, is extracted from the integration
of the Gibbs−Duhem condition: (∂μ/∂ϕD)T,pS = (∂p/∂ϕD)T,pS/
ϕD. In eq 2, we have used b = (4−2ϕD)/(1 − ϕD)

3 based on
the Carnahan-Staling equation of state40 and e = (ε/8)(b +
b′ϕD)ϕD, where b′ ≡ db/dϕD and ε is an energy parameter that
is positive for hydrophilic macromolecules (e.g., dendrimers
with polar surface groups). This expression of ε is based on the
assumption that the range of water-mediated endothermic
dendrimer-dendrimer interactions is infinitely short.27,41 In eq
3, we have used the Mansoori-Carnahan−Starling-Leland
expression of α,42,43 with ηD ≡ ϕD/(1 − ϕD), A ≡ 3q + 6q2

− q3, B ≡ 3q2 + 4q3, C ≡ 2q3 and D ≡ 3q2 − 2q3, where q is a
positive parameter representing the ratio of the thickness of the
salt-depleted water layer to the radius of the dendrimer particle.
Note that q characterizes the magnitude of the dendrimer-salt
salting-out interactions. In eq 4, γD ≡ VD/VW = 645 is the
dendrimer-to-water volume ratio, νS = 3 is the number of ions
in sodium sulfate, φ(CS*,T) is the known44 osmotic coefficient
of the binary salt-water system and CW* the corresponding water
concentration (see Supporting Information: S3).
At given values of T, ε and q, the theoretical binodal is

calculated by numerically determining the pairs of values (ϕD
(I),

ϕD
(II)) that satisfy the equilibrium conditions: p(ϕD

(I)) = p(ϕD
(II))

and μ(ϕD
(I)) = μ(ϕD

(II)) for a set of corresponding values of pS.
The linked pairs of salt concentrations, (CS

(I), CS
(II)), are

obtained by first extracting CS* from eq 4 and then applying
CS
(I) = CS*α(ϕD

(I)) and CS
(II) = CS*α(ϕD

(II)). The compositions of
the two coexisting phases, (CS

(I), ϕD
(I)) and (CS

(II), ϕD
(II)), are

connected by tie lines. The critical point is calculated by the

Table 1. Salt/Dendrimer Partitioning at 25 °C

CS
(I)

(mol dm−3) ϕD
(I)

CS
(II)

(mol dm−3) ϕD
(II)

ΔCS/ΔϕD
(mol dm−3) qa

1.23 0.006 0.37 0.34 −2.4 0.29
1.41 0.004 0.39 0.35 −2.7 0.29
1.31 0.010 0.40 0.34 −2.5 0.27
1.61 0.004 0.38 0.38 −3.2 0.31

aSee eqs 1−4 and related description for the defintion of q.
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linear extrapolation of (ϕD
(II) + ϕD

(I))/2 and pS to |ϕD
(II) − ϕD

(I)|2 →
0, consistent with the mean-field nature of the model.
In Figure 1B, we include the binodal calculated using the

values of q = 0.415 and ε/RT = 25 (ε = 62 kJ·mol−1). These
values were chosen to match both the location of the
experimental binodal in the phase diagram and the
experimental slope (∂CS/∂ϕD)T (see Supporting Information:
S2). The calculated value of ϕD

(c) = 0.111 is consistent with our
partition results within the experimental error. The positive
value of ε, which corresponds to endothermic dendrimer-
dendrimer interactions, is in qualitatively agreement with the
exothermic heat-of-dilution results obtained by isothermal
titration calorimetry (see details in Supporting Information:
S4).27

In Figure 1C, we plot four experimental binodals extracted at
the representative temperatures of Tph = 5, 15, 25, and 35 °C,
respectively. As temperature increases, the binodal shifts toward
higher salt concentration. In this figure, we have also included
theoretical binodal curves extracted from the thermodynamic
model. To reproduce the experimental trend, the value of q was
decreased as temperature increases while the value of ε was
kept constant (see Supporting Information: S2). Thus, the
observed thermal behavior of LLPS is explained by an increase
of salting-out strength of salt as temperature is lowered.
3.2. Effect of Dendrimer Oligomerization on LLPS

Temperature. In the previous section, we have shown that
LLPS of a dendrimer aqueous system can be induced in the
presence of sodium sulfate. In this section, we examine the
effect of dendrimer self-association on this LLPS. The LLPS
domain in the phase diagram of solutions of globular particles is
expected to expand in the presence of particle self-associative
processes. This has been theoretically examined for suspensions
of chains of hard spheres.45,46 For example, in the presence of
chain−chain attractive interactions, the phase separation
temperature increases with the number of linked hard spheres
at constant particle volume fraction. This effect has been
experimentally demonstrated for aqueous solutions of globular
proteins undergoing reversible47 and irreversible24,48 self-
association. Finally, recent experimental and theoretical studies
showed that multivalent metal ions can also induce LLPS in
aqueous solutions of globular proteins. In this case, a
multivalent metal ion (yttrium) binds to protein acidic residues,
thereby acting as a bridge between neighboring proteins.49−51

To bring about dendrimer self-association, small amounts of
glutaraldehyde were added to dendrimer-salt-water mixtures.
This bifunctional cross-linker binds to the terminal amino
groups of our dendrimer thereby producing dendrimer soluble
oligomers, with the oligomer size increasing with cross-linker
concentration (see section 3.4). To verify that the cross-linking
reaction reaches completion, light-scattering intensity, which is
expected to increase with the average degree of oligomerization,
was monitored as a function of time. Our light-scattering
experiments show that no change in sample light-scattering
intensity is observed after 10 min within the experimental error.
To characterize the effect of dendrimer self-association on

LLPS, we have measured the LLPS temperature, Tph, as a
function of cross-linker concentration, CCL. LLPS measure-
ments performed at 10 and 120 min show no further change in
Tph after 10 min within the experimental error. In Figure 2, we
show our results for a ternary mixture (ϕD = 0.048,CS = 1.0
mol·dm−3) that exhibits LLPS at Tph = −12.0 °C in the absence
of cross-linker. Specifically, we plot Tph as a function of the
molar ratio, CCL/CD, with CD = 4.1 × 10−3 mol·dm−3 being the

dendrimer molar concentration. As we can see in this figure,
Tph shows a weak dependence on CCL/CD at low cross-linker
concentrations and then sharply increases approaching room
temperature after CCL/CD reaches a value of ≈1.5. This
behavior can be related to glutaraldehyde oligomerization in
solution.25 Since the concentration of glutaraldehyde oligomers
increases with CCL, our results are consistent with a reaction
mechanism in which the presence of glutaraldehyde oligomers
is necessary for dendrimer cross-linking. The same behavior
was observed in the case of protein cross-linking.24

Finally, we remark that the existence of LLPS for the
monomeric dendrimer represents a necessary prerequisite for
the observation of LLPS in the presence of cross-linker. Indeed,
experiments in which sodium chloride replaces sodium sulfate
at the same ionic strength (CS = 3.0 mol·dm−3 for NaCl) show
that samples remain clear at temperatures as low as −15 °C and
CCL/CD as high as CCL/CD = 3.

3.3. Formation of Dendrimer Globular Nanoparticles.
Our results in section 3.2 indicate that LLPS of dendrimer
aqueous solutions may be isothermally induced at room
temperature by inducing dendrimer oligomerization in the
presence of a small amount of cross-linker. This oligomeriza-
tion-induced LLPS should manifest itself as the formation of
globular condensates.
To experimentally examine this mechanism, dendrimer

oligomerization and condensation were investigated by DLS
at 25 °C. Specifically, we have characterized light-scattering
particle-size distributions as a function of CCL/CD at the
dendrimer concentration of CD = 0.75 × 10−3 mol·dm−3 (ϕD =
0.0087) and sodium sulfate concentration of CS = 0.37 mol·
dm−3. The dendrimer concentration was chosen to be relatively
low in order to justify the use of the Stokes−Einstein
equation21 for the determination of the particle hydrodynamic
radius, Rh. At the chosen sodium sulfate concentration,
equilibrium DLS distributions could be successfully measured
for CCL/CD ratios as high as 14. At higher values of CCL/CD,
dendrimer cross-linking results in dendrimer macroscopic
precipitation. In Figure 3, we show DLS distributions obtained
at four representative CCL/CD ratios. At low CCL/CD, DLS
distributions are monomodal with the average Rh increasing
with CCL/CD starting from the radius of Rh = 2.0 nm for the
dendrimer monomer (see Figure 3A,B). This behavior
characterizes the increase of dendrimer oligomer size with
cross-linker concentration. At CCL/CD = 10, the DLS
distribution becomes bimodal (see Figure 3C). Specifically, a
population of large dendrimer nanoparticles with Rh ≈ 70 nm
separates from the population of dendrimer oligomers with Rh

Figure 2. LLPS temperature as a function of cross-linker-to-dendrimer
molar ratio, CCL/CD. Experiments were performed at the constant
dendrimer volume fraction of ϕD = 0.048 (molar concentration of CD
= 4.1 × 10−3 mol·dm−3) and sodium sulfate molar concentration of CS
= 1.0 mol·dm−3. The dashed curve is a guide to the eye.
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≈ 3 nm. As the CCL/CD ratio further increases, the DLS peak
associated with dendrimer nanoparticles becomes dominant
(see Figure 3D). The dendrimer nanoparticles represent the
formation of a new condensed phase with the value CCL/CD =
10 characterizing the corresponding phase boundary.
The dilution of the samples containing dendrimer nano-

particles and their dialysis against water (to remove salt)
established that the formation of these nanoparticles is an
irreversible process. This can be understood by realizing that
dendrimer−dendrimer cross-linking within these globular
condensates is enhanced due to the high dendrimer
concentration. SEM images taken after water evaporation
show the formation of globular nanoparticles with an average
radius of about 100 nm. This is illustrated in Figure 4.
For comparison, DLS experiments were also performed on

dendrimer aqueous solutions in the presence of sodium
chloride at the same salt ionic strength of sodium sulfate.
The obtained particle-size distributions at four representative
CCL/CD ratios ranging from 0 to 19 are shown in Figure 5. All
DLS distributions in the presence of NaCl are monomodal with
Rh smoothly increasing with CCL/CD as expected from
dendrimer oligomerization. Corresponding SEM images show
no formation of globular nanoparticles. At higher values of

CCL/CD, dendrimer cross-linking results in dendrimer macro-
scopic precipitation. These results are consistent with NaCl not
being able to induce LLPS of dendrimer aqueous solutions.

3.4. Guest Binding Properties. Since polyamidoamine
dendrimers can bind small organic molecules, it is important to
verify that the investigated dendrimer condensation process
does not disrupt dendrimer host−guest properties. This was
examined by evaluating the partitioning of a model guest
molecule between an aqueous phase containing the host
dendrimers and a nonpolar organic phase toward which the
guest molecule and the host system exhibit high and poor
affinity, respectively. In our case, we chose phenol blue as the
guest molecule, a dye that has a relatively high affinity toward
toluene compared to water and that is known to bind to
PAMAM-NH2 (in molar excess).31 Our results are illustrated in
Figure 6. We found that phenol blue quantitatively transfers
from the bottom aqueous to the top organic phase in the
absence of dendrimer (see Figure 6A). If dendrimers are
introduced in the aqueous phase, phenol blue is not detected in
the organic phase by spectrophotometry (see Figure 6B). If the
guest-loaded dendrimers are cross-linked in the presence of
sodium sulfate to achieve dendrimer condensation, blue phenol
remains in the aqueous phase (see Figure 6C). This experiment

Figure 3. Normalized light-scattering intensity, iS, as a function of hydrodynamic radius, Rh, at the constant dendrimer volume fraction of ϕD =
0.0085 (CD = 0.73 × 10−3 mol·dm−3), sodium sulfate concentration of CS = 0.37 mol·dm−3, and four representative cross-linker-to-dendrimer molar
ratios, CCL/CD (A−D). The numbers associated with each peak represent the value of Rh/nm calculated from the corresponding z-average diffusion
coefficient. Measurements were performed at 25 °C.

Figure 4. Scanning electron micrographs showing dendrimer nanospheres with a radius of about 100 nm. The horizontal bar represents 1 μm (A)
and 100 nm (B).
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shows that dendrimer host−guest properties are retained after
dendrimer condensation. Thus, dendrimer nanoparticles can
encapsulate guest molecules.

4. SUMMARY AND CONCLUSIONS

We have first showed that LLPS of G4 PAMAM-NH2 aqueous
solutions can be induced in the presence of strong salting-out
agents such as Na2SO4, while no LLPS is observed in the
presence of NaCl, a milder salting-out agents. We have then
showed that the coupling of LLPS with dendrimer oligomeriza-

tion induces the irreversible formation of dendrimer globular
nanoparticles with radius of ≈100 nm. Related experiments in
which NaCl replaces Na2SO4 establish the key role of LLPS in
the observed nanocondesation. This investigation provides the
basis for the development of novel dendrimer globular
nanoparticles using low generation dendrimers as the building
blocks. The approach discussed in this paper can be also
extended to systems containing two distinct macromolecules
such as dendrimers and proteins. The resulting protein-
dendrimer nanomaterials may find applications in catalysis
and drug delivery.

Figure 5. Normalized light-scattering intensity, iS, as a function of hydrodynamic radius, Rh, at the constant dendrimer volume fraction of ϕD =
0.0085 (CD = 0.73 × 10−3 mol·dm−3), sodium chloride concentration of CS = 1.0 mol·dm−3, and four representative cross-linker-to-dendrimer molar
ratios, CCL/CD (A−D). The numbers associated with each peak represent the value of Rh/nm calculated from the corresponding z-average diffusion
coefficient. Measurements were performed at 25 °C.

Figure 6. Partition equilibrium of phenol blue between an organic phase (toluene, top) and an aqueous phase (bottom) at room temperature.
Phenol blue is initially in the aqueous phase with concentration of 0.5 × 10−6 mol·dm−3. Phenol blue transfers to the organic phase when the
aqueous phase is pure water (A), while it does not transfer to the organic phase when the aqueous phase contains dendrimers (B) with ϕD = 0.008
(CD = 0.7 × 10−3 mol·dm−3), or their cross-linked nanomaterial (C).
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