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Abstract: Dendrimers have been expected as excellent nanodevices for brain medication. 

An amine-terminated polyamidoamine dendrimer (PD), an unmodified plain type of PD, has the 

obvious disadvantage of cytotoxicity, but still serves as an attractive molecule because it easily 

adheres to the cell surface, facilitating easy cellular uptake. Single-photon emission computed 

tomographic imaging of a mouse following intravenous injection of a radiolabeled PD failed 

to reveal any signal in the intracranial region. Furthermore, examination of the permeability 

of PD particles across the blood–brain barrier (BBB) in vitro using a commercially available 

kit revealed poor permeability of the nanoparticles, which was suppressed by an inhibitor of 

caveolae-mediated endocytosis, but not by an inhibitor of macropinocytosis. Physicochemical 

analysis of the PD revealed that cationic PDs are likely to aggregate promptly upon mixing with 

body fluids and that this prompt aggregation is probably driven by non-Derjaguin–Landau–

Verwey–Overbeek attractive forces originating from the surrounding divalent ions. Atomic 

force microscopy observation of a freshly cleaved mica plate soaked in dendrimer suspension 

(culture media) confirmed prompt aggregation. Our study revealed poor transfer of intravenously 

administered cationic PDs into the intracranial nervous tissue, and the results of our analysis 

suggested that this was largely attributable to the reduced BBB permeability arising from the 

propensity of the particles to promptly aggregate upon mixing with body fluids.

Keywords: PAMAM dendrimer, nanomaterial, aggregation, blood–brain barrier

Introduction
Artificial nanomaterials have been considered to hold high promise as components of 

multipurpose medical devices, particularly in brain medication.1 Attempts have been 

made in the field of nanomedicine to design nanomaterials as carriers of various drugs, 

including anticancer, antimicrobial, and scavenging drugs, as carriers of DNA/RNA 

for the therapy of several congenital hereditary diseases, and as an image enhancer 

for several types of bioimaging. In general, in relation to nanodevice-implemented 

delivery of biomaterials, a number of technical difficulties need to be overcome, such 

as how the materials can escape the clearance systems of the living body, how they can 

be guided to the target organs, how they can be internalized and utilized in the target 

cells, and how adverse effects associated with their use can be avoided.2 The second 

of the above items, namely, targeting, is a special problem when the target organ is 

the brain because of the existence of the blood–brain barrier (BBB).3

Dendrimers are nanoparticles with unique features: they are usually spherical in 

shape, show wide variances of size and surface radicals, and contain an inner pocket.4 

They are built of a series of branches from core element and are utilized as binders 
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or containers of several other materials.5 Dendrimers have 

so far been considered for various medical applications, in 

particular, as carriers of microRNAs in gene therapy,6 as 

components of macromolecular micelles in drug delivery 

system,7 and as magnetic resonance imaging contrast agents 

in the gadolinium-bound form.8 Polyamidoamine (PAMAM) 

dendrimers are the prototype of dendrimer particles and were 

the first dendrimer molecules synthesized by Tomalia et al 

in 1985.9 The original type of PAMAM dendrimer has an 

overall surface of amine terminates, and the amines confer a 

large binding capacity for various molecules. Owing to the 

cationic surface, amine-terminated PAMAM dendrimer par-

ticles tend to be easily adsorbed on to cell membranes and are 

consequently internalized promptly by the cells and trapped 

within endosomal vesicles, finally succumbing to lysosomal 

digestion.10 However, PAMAM dendrimer particles have 

many tertiary amines within the particles, and these amines act 

as buffers against invasion by protons outside the lysosomes, 

aiding in their lysosomal escape, which process is called 

“proton sponge effect”.11,12 For all the merits of PAMAM 

dendrimer particles as nanocarriers to target cells, they have 

the disadvantage of exerting explicit cytotoxicity.13,14 Several 

modifications of the surfaces of PAMAM dendrimer particles 

have been attempted to achieve a lower cytotoxicity of these 

dendrimers, in exchange for a lower cellular uptake, and 

conjugation with polyethyleneglycol is currently considered 

as the most effective modification in this direction.15

Permeation across the BBB is a critical process for the 

translocation of nanoparticles into the brain tissue. PAMAM 

dendrimer particles are considered to face no counteracting 

antibodies, receptors, or transporter molecules on the cell 

surface, and the first process in their transport across the BBB 

is adhesion to the surface of the endothelial cells comprising 

the BBB. As unmodified plain PAMAM dendrimer particles 

may be advantageous in relation to BBB permeation owing 

to their cationic surface, they could serve as an attractive 

nanodevice for brain medication, provided their cytotoxicity 

could be suppressed locally in the cytosol region, where other 

studies have indicated that dendrimers exert their cytotoxicity 

by attacking mitochondria.16,17

This study was focused on the amine-terminated cationic 

PAMAM dendrimer. In this study, we examined the distri-

bution of intravenously administered dendrimer particles 

to the brain in mice by in vivo single-photon emission 

computed tomographic (SPECT) imaging, and conducted 

physicochemical analyses and other experiments in vitro 

for clarifying factors that regulate the translocation of these 

particles to the brain. Our findings revealed poor transport 

of the intravenously administered dendrimer particles into 

the intracranial nervous tissue, largely attributable to the 

propensity of the cationic PAMAM dendrimer particles to 

form aggregates upon mixing with body fluids.

Materials and methods
Fluorescence labeling of the dendrimer
The amine-terminated PAMAM dendrimer (1,4-diaminobutane 

core, generation 4) was purchased from Sigma-Aldrich Co. 

(St Louis, MO, USA). Alexa Fluor 488 or 546 of the suc-

cinimidyl ester type was purchased from Molecular Probes 

Inc. (Eugene, OR, USA).

Labeling was started by mixing the dendrimer (2 mg) with 

Alexa Fluor (0.2 mg) in 0.5 mL of 0.1 M sodium bicarbonate 

solution (pH 8.3). The mixture was kept in mild stirring at 

room temperature (RT) for 4 hours and then dialyzed against 

1 L of pure water three times for removing the free molecules 

of Alexa Fluor. The dialysate was kept frozen (-30°C) 

until the days of the experiments. The labeling efficiencies 

were calculated approximately as 1.5 mole Alexa Fluor 

488 per mole dendrimer and 0.7 mole Alexa Fluor 546 per 

mole dendrimer.

Radiolabeling of the dendrimer
N-succinimidyl 3-(123I) iodobenzoate (123I-SIB) was prepared 

according to the method described by Vaidyanathan and 

Zalutsky.18 N-succinimidyl 3-(tri-n-butylstannyl) benzoate 

(STB), synthesized preliminarily from 3-bromobenzoic acid, 

n-butyllithium, and tri-n-butyl tin chloride, was dissolved in 

5% acetic acid/95% methanol and then mixed with a solu-

tion of (123I) ammonium chloride (10 mCi). After stirring for 

30 minutes at RT in the presence of N-chlorosuccinimide, 

the mixture was acidified to pH 2–3 and subjected to 

high-performance liquid chromatography with COSMOSIL 

5C
18

-AR-II (Nacalai tesque, Kyoto, Japan) and to solid-

phase extraction with Sep-Pak C
18

 (Waters, MA, USA) for 

the purpose of purifying 123I-SIB. The 123I-SIB solution and 

the suspension of PAMAM dendrimer (5 mg, 50 μL) were 

mixed at pH 9, and after 1 hour, the mixture was neutral-

ized, concentrated, and finally diluted with normal saline. 

The isolated yield of radiolabeled PAMAM dendrimer was 

21% (2.1 mCi). The radiochemical purity, determined by 

radio-thin-layer chromatography (TLC) (MeOH:water =1:1), 

was .95%.

SPECT imaging
A 4-week-old male ddY mouse weighing 23 g was pur-

chased from Japan SLC (Shizuoka, Japan). The study was 
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conducted in conformity with the guidelines for the use and 

care of laboratory animals established by the Science Council 

of Japan and approved by the Kyoto University Animal 

Care Committee. SPECT/computed tomography (CT) was 

performed using the Triumph LabPET12/SPECT4/CT (Tri-

Foil Imaging Inc., Chatsworth, CA, USA). The mouse was 

given an intravenous injection of the radiolabeled dendrimer 

suspension (500 μCi, 50–70 μL), and at 1, 3, and 7 hours after 

the injection, the mouse was anesthetized with 2% isoflurane 

and placed on the scanner bed. Tomographic spiral SPECT 

scans were acquired for 20 minute using a 4-head detector 

camera, followed by plain CT image acquisition for anatomic 

reference (spatial resolution, 50 μm; 60 kV; 310 μA). In the 

SPECT studies, all projection data were acquired through 

single-pinhole collimators (1.0 mm diameter, 9.0 mm focal 

length) using a 20% energy window centered on 159 keV for 
123I, a 35-mm radius of rotation (ROR), a 360° circular orbit, 

and a 60 s/32 angles projection. The SPECT images and CT 

images were reconstructed by the three-dimensional (3D) 

ordered-subsets expectation maximization algorithm (five 

iteration and eight subsets) and the modified 3D cone-beam 

Feldkamp algorithm, respectively. The acquired data sets of 

SPECT and CT were processed with the FEI Amira software 

(version 5.1) (FEI, Hillsboro, OR, USA).

BBB permeability test
The BBB permeability of the dendrimer particles was evalu-

ated by a commercially available in vitro test kit (RBT-24H, 

PharmaCo-Cell Co. Ltd., Nagasaki, Japan). Before the assays, 

the transendothelial electrical resistance (TEER) of the BBB 

was measured with a TEER measurements system (Millicell-

ERS, Millipore Inc., Billerica, MA, USA) and the value was 

confirmed to be .150 Ω⋅cm2. After exchanging the culture 

medium for an assay (phosphate buffered saline with calcium 

and magnesium (PBS(+)), 0.01 M (4-[2-hydroxyethyl]- 

1-piperazineethanesulfonic acid, 4.5 mg/mL d-glucose), the 

Alexa 488-labeled dendrimer particles were added to the 

apical aspect of the BBB layer. After 30-minute incubation 

with mild shaking, the fluorescence intensities of the assay 

buffer on the basolateral aspect of the BBB were measured. 

The permeability coefficient (P
app

 [cm/s]) was calculated 

using the following equation:

	

P
C

t
b

app

1
=

∆

∆
V

A C
a

[ ]
[ ]

	

(1)

where V and A denote the medium volume in the basolateral 

aspect (cm3) and the surface area of the membrane (cm2), 

respectively, and ∆ [C]
b
 and [C]

a
 denote the differential con-

centration of the particles in the basolateral aspect (mL−1) and 

the initial concentration of the particles in the apical aspect 

(mL−1), respectively.

In the tests for examining the effects of addition of 

various drugs (cell uptake inhibitors) to the assay buffer, the 

experiment was preceded by incubation of the assay buffer 

with the subject drug alone for 30 minutes.

Measurement of dynamic light scattering
At first, the viscosities of the sample suspensions were 

measured with a viscometer (SV-1A, A&D Co. Ltd, Tokyo, 

Japan). Measurement of the dynamic light scattering (DLS) 

was carried out with a particle size analyzer (ELSZ-2, 

Otsuka Electronics Co. Ltd., Osaka, Japan). A light beam 

of a semiconductor laser (λ=660 nm) was directed at the 

suspensions, and the intensity of light scatter at an angle of 

165° was monitored. The autocorrelation of the time series 

was calculated, and by fitting the data to an exponential 

curve using the Levenberg–Marquardt algorithm, the dilution 

coefficient of the particles was estimated for calculating the 

particle size by the Stokes–Einstein equation. The measure-

ment was repeated 70 times and finally a histogram of the 

particle size distribution was constructed.

Fluorescence correlation spectroscopy
Fluorescence correlation spectroscopy (FCS) was conducted 

with a confocal laser-scan inverted microscope (FV1200, 

Olympus, Tokyo, Japan). A glass cylinder (inner diameter: 

4 mm; height: 8 mm) attached to a glass-bottom culture dish 

(diameter: 35 mm) was filled with a suspension (50 μL) of 

the fluorescence-labeled dendrimer. A fixed laser beam was 

applied to the sample through a water-immersion 40× objec-

tive lens (UAPON40XW340, Olympus) and the fluorescent 

light was detected with a high-sensitive photodetector 

(GaAsP PMT, Olympus), which counted photons at inter-

vals of 10 μs for 40 s. The autocorrelation was calculated 

from the time series data and the result was fitted, using the 

Levenberg–Marquardt algorithm, to the curve using the fol-

lowing equation:
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where a and b are parameters for triplet blinking (proportion 

of fraction entering the triplet state and triplet state relaxation 
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time, respectively), N and D are particle parameters (average 

number in confocal volume and diffusion coefficient), and 

w
0
 and w

z
 are optical parameters (radial and axial radii of 

the confocal volume). The values of w
0
 and w

z
 in the above 

equation were estimated by preliminary measurement in a 

single suspension of Alexa 546 molecules.

Calculation of the critical coagulation 
concentration
If dendrimer nanoparticles in liquid phase are assumed to 

interact with each other simply by two physical forces, that 

is the electrostatic repulsive force and the van der Waals 

attractive force, the dynamics of dispersion or aggregation 

of the particles can be formularized based on the Derjaguin–

Landau–Verwey–Overbeek (DLVO) theory. According to 

this, the critical coagulation concentration (CCC) (mM) 

of the electrolytes in nanoparticle suspension, namely, the 

minimum concentration of electrolytes for inducing prompt 

aggregation of the suspended particles, can be calculated 

using the following equation:

	

CCC
k

e N A z

e z

kT
r

A

=
ψ73728

2 4

2 5
0

3 5

0
6 2 6

4 0 0
π ε ε( )
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







	
(3)

where k, ε
0
, e

0
, and N

A
 are physical constants (Boltzmann 

constant, dielectric constant, elementary electric charge, and 

Avogadro constant), and T, ε
r
, and z are parameters of the 

dispersion medium (liquid temperature, relative dielectric 

constant, and charge value of the electrolyte ions), and ψ
0
 

and A are particle parameters (surface electric potential and 

Hamaker constant). The zeta potential (mV) of dendrimer 

was measured with DelsaMax PRO (Beckman Coulter Inc., 

Brea, CA, USA), and the value was substituted for ψ
0
.

Atomic force microscopy
All images were acquired using the SPM-9700 (Shimadzu, 

Kyoto, Japan) in the clean room regulated at 22.5°C±2°C. 

Original dendrimer suspension (100 mg/mL) in methanol was 

diluted with three-fold volume of culture media, Dulbecco’s 

Modified Eagle’s Medium (DMEM), and soon 1 µL of the 

mixture was dropped onto a freshly cleaved 10-mm square 

mica plate fixed on a petri dish in the SPM stage. Immedi-

ately the dish was filled with 400 µL of DMEM, and several 

minutes later, atomic force microscopy (AFM) observation 

was performed in liquid using a 125 µm n-doped silicon canti-

lever (BL-AC40TS-C2, Olympus, Tokyo, Japan) with typical 

spring constants of 0.1 N/m and typical resonance frequency 

of 25 kHz (in water). Scanning the mica plate in DMEM 

only was performed beforehand to confirm the absence of 

any adsorbed materials, and selected fields of the mica in 

dendrimer suspension were scanned at rates of 2.0 Hz.

Results
SPECT imaging
Figure 1 shows the results of the SPECT imaging conducted 

after intravenous injection into a mouse of 123I-labeled 

PAMAM dendrimer particles. At 1, 3, and 7 hours after 

the injection, radioactive signals were detected in the liver, 

spleen, and kidney, but not in the intracranial region. The 

high degree of distribution in the kidney, liver, and spleen 

indicated the remarkable removal of the particles from the 

blood circulation by renal glomerular filtration and trapping 

by the reticuloendothelial system (RES).

BBB permeability test
We estimated the BBB permeability of the dendrimer par-

ticles by applying a suspension of Alexa 488-labeled den-

drimer particles (1 μg/mL) to the BBB kit, and the P
app

 of the 

dendrimer particles was calculated as 8.0×10−6 cm/s. Next, 

we added three kinds of cell uptake inhibitors to the assay 

solution: chlorpromazine (10 μg/mL), an inhibitor of clathrin-

mediated endocytosis; genistein (200 μM), an inhibitor of 

caveolae-mediated endocytosis; and 5-(N-ethyl-N-isopropyl) 

amiloride (EIPA) (50 μM), an inhibitor of macropinocytosis. 

The results revealed significant suppression of the dendrimer 

permeation by genistein, but not by chlorpromazine or EIPA 

(Figure 2), suggesting that a small number of dendrimer 

particles undergo transcytosis through the cells comprising 

the BBB via caveolae-mediated endocytosis.

Determination of the particle size 
distribution by the DLS
DLS measurements were conducted in samples of dendrimer 

particles suspended in various buffer solutions (100 mg/mL). 

The particles suspended in PBS (−) maintained their dispersed 

condition (diameter 4–5 nm) semi-permanently (Figure 3A). 

In contrast, the particles suspended in PBS (+), or in various 

cell culture media, such as DMEM, showed marked aggrega-

tion (Figure 3B). For particles suspended in human serum 

albumin (HSA, 50 mg/mL)/PBS (−) or PBS (+), the peak 

4–5 nm size distribution diminished or disappeared, but to 

which portion the size distribution of the dendrimers shifted 

was not clear (Figure 3C and D).

Under stepwise addition of sodium chloride to a 

dendrimer suspension in H
2
O, aggregation was entirely 

suppressed, even when the [Na+] reached 380 mM. However, 

under stepwise addition of calcium chloride to a dendrimer 

suspension in H
2
O, prompt aggregation occurred even when 
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the [Ca2+] reached just 1.0 mM, that is, almost equivalent to 

the concentration in PBS (+) (data not shown).

Determination of the particle size by FCS
As DLS measurement could not clarify the effect of HSA in 

the dendrimer suspension (Figure 3C and D), we performed 

FCS using Alexa 546-labeled dendrimer particles. Figure 4A 

shows the autocorrelation curve for a simple suspension of 

dendrimer particles and the particle diameter was estimated 

to be ~4 nm. Figure 4B shows the correlation curve for a 

dendrimer suspension in HSA/PBS (−) and the particle 

diameter was estimated to be ~10 nm. Furthermore, the ratio 

of the average fluorescence intensity of the suspension to 

the estimated value of N in equation 2, which represents the 

average fluorescence intensity of the fluorescent particles in 

a confocal volume, was almost the same for the dendrimer 

particles suspended in water as that for the dendrimer 

particles suspended in HSA/PBS (−). These results suggest 

that each particle in the HSA/PBS (−) suspension represented 

a complex of a single HSA molecule and a single dendrimer 

Figure 1 SPECT/CT images of a mouse at 1, 3, and 7 hours after intravenous injection of 123I-labeled cationic PAMAM dendrimers.
Notes: (A) Coronal-view images after fusion of SPECT images with maximum intensity projection and CT images with surface rendering. (B) Transverse plane images along 
the cranial central portion.
Abbreviations: C, colon; CT, computed tomography; I, iodine; K, kidney; L, liver; PAMAM, polyamidoamine; S, spleen; SPECT, single-photon emission computed 
tomography; T, thyroid; X, injected portion.

Figure 2 Results of the blood–brain barrier permeation test using Alexa 488-labeled 
cationic PAMAM dendrimer particles under pretreatment with various cellular 
uptake inhibitors.
Note: Significantly different (P,0.05) from the control data as determined by 
Dunnett’s test.
Abbreviations: EIPA, 5-(N-ethyl-N-isopropyl) amiloride; PAMAM, polyamidoamine.
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molecule. FCS analysis of a suspension of the dendrimer par-

ticles in HSA/PBS (+) showed a large size of the fluorescent 

particles within the laser spot (Figure 4C).

Calculation of the CCC in the dendrimer 
aggregates
According to Equation 3, the Hamaker constant of a 

dendrimer can be derived as follows: 

	

A
k

e N z CCC

e z

kT
r

A

=
73728

2 4

2 5
0

3 5

0
6 6

4 0 0
π ε ε ψ( )

exp( ) ( )
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







	

(4)

We determined the ψ
0
 value of the dendrimer as 21.5 mV by 

measuring the zeta potential. The value of T (temperature) was 

set within the range of 293–310 K, and under this condition, 

the ε
r
 (relative dielectric constant) was estimated as 78.0–74.4. 

When the value of CCC in z=1 was set at 380 mM, the value of 

the Hamaker constant of the dendrimer was roughly estimated 

to be 4.0–4.2×10−21 J using Equation 4. Next, when the value of 

A was set at 4.0–4.2×10−21, the value of CCC in z=2 was found 

to be ~80 mM, using Equation 3. As the CCC in z=1 might 

be .380 mM as suggested by the above-mentioned results of 

measurement of the DLS, the value of A of the dendrimer might 

be ,4.0×10−21 J, and the CCC in z=2 might be .80 mM. This 

estimation did not match with the results of measurement of 

the DLS, which indicated strong aggregation of the dendrimer 

particles in the presence of even 1.0 mM of Ca2+.

AFM imaging of the dendrimer aggregates
To investigate existing forms of dendrimer particles in a cul-

ture medium, an AFM observation was performed in liquid. 

Figure 3 Histograms of particle size distribution determined by dynamic light scattering.
Notes: Cationic PAMAM dendrimers were suspended in the following solutions: (A) PBS (-); (B) PBS (+); (C) PBS (-) with HSA (50 g/mL); (D) PBS (+) with HSA (50 g/mL). 
The dispersed primary particles of the dendrimer were distributed around a diameter of 4 nm.
Abbreviations: HSA, human serum albumin; PAMAM, polyamidoamine; PBS(-), phosphate buffered saline without calcium/magnesium; PBS(+), phosphate buffered saline 
with calcium/magnesium.
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Immediately after putting a drop of the dendrimer suspension 

in DMEM onto a freshly cleaved mica plate, the plate was 

scanned with dynamic mode in DMEM. Several spheroidal 

particles with diameter of 20–60 nm were detected (Figure 5), 

and they were considered as the dendrimer nanoparticles that 

had aggregated, floated, and finally adhered to the mica plate 

electrostatically. The result provided evidence that prompt 

aggregation of the dendrimer particles occurs in the liquid 

equivalent to body fluids.

Discussion
In this study, SPECT imaging of a mouse failed to reveal 

any radioactive signal in the intracranial region at 1, 3, or 

7 hours after intravenous injection of the cationic PAMAM 

dendrimer particles. Signals were focused on the liver, spleen, 

and kidney, consistent with the findings of previous studies. 

Malik et al reported that at 1 hour after intravenous injec-

tion, 30%–90% of cationic 125I-labeled PAMAM dendrimer 

particles (G3, G4) were distributed in the liver.19 Nigavekar 

et al reported that after intravenous injection of partially 

acetylated cationic 3H PAMAM dendrimer particles (G5), 

the highest uptakes were observed in the lungs, kidney, 

and liver, and the least uptake was observed in the brain.20 

Zhang et al reported the results of planar Y-camera imaging 

of 125I-labeled PAMAM dendrimer particles (G4), which 

demonstrated predominant accumulation in the liver, kidney, 

and spleen, but very limited detection in the brain.21 Our 

results lent support to the notion that after intravenous injec-

tion, cationic dendrimer particles are scarcely distributed in 

the cerebral region. Specific distribution of dendrimer par-

ticles in the kidney, liver, and spleen indicated their process 

of removal from the blood circulation via renal glomerular 

filtration and trapping by the RES. This process involves a 

simple leak through capillaries, which have pores or clefts, 

the so-called fenestrated or sinusoidal capillaries, and is an 

inevitable fate for a large amount of circulating particles. 

Only particulate that can escape this process of elimination 

and can flow into continuous capillaries in general tissues, 

including the brain, can attain transference to the interstitial 

regions by transcytosis through endothelial cells.

Cationic dendrimer particles can easily attach themselves 

to cell membranes with a negative charge and be promptly 

internalized via the process of cellular pinocytosis. In vitro 

studies carried out by us and others have demonstrated that 

cationic PAMAM dendrimer particles are rapidly captured 

by cultured cells and trapped within endosomal vesicles.10,13 

As PAMAM dendrimers are considered to have no coun-

teracting antibodies, receptors, or transporter molecules on 

the cell surface, the main mechanism for BBB permeation 

of these particles would be adhesion-induced cellular pino-

cytosis and succeeding exocytosis, the so-called process 

of adhesive transcytosis.22,23 In this study, we measured 

the in vitro BBB permeability of dendrimer nanoparticles, 

which revealed a permeability coefficient of 8.0×10−6 cm/s; 

this value was considered to indicate poor BBB permeation 

τ 

τ

Figure 4 Autocorrelation curves determined by fluorescence correlation spectros­
copy.
Notes: Alexa 546-labeled cationic PAMAM dendrimers were suspended in the 
following solutions: (A) H2O; (B) PBS (-) with HSA (50 mg/mL); (C) PBS (+) with 
HSA (50 mg/mL). The three curves obtained were superimposed after adjustment 
for the autocorrelation values at t =10 μs.
Abbreviations: HSA, human serum albumin; PAMAM, polyamidoamine; PBS(-), 
phosphate buffered saline without calcium/magnesium; PBS(+), phosphate buffered 
saline with calcium/magnesium.

Figure 5 AFM image of the aggregate of PAMAM dendrimer nanoparticles on the 
mica plate in DMEM.
Note: AFM observation was performed at scan rate of 2.0 Hz in a dynamic mode 
with drive frequency of 20 kHz.
Abbreviations: AFM, atomic force microscopy; DMEM, Dulbecco’s Modified 
Eagle’s Medium; PAMAM, polyamidoamine.
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in comparison with that reported by previous studies.24–26 

In another experiment, we performed the same test with 

dendrimer nanoparticles suspended in human serum instead 

of in the assay buffer and obtained very similar results (data 

not shown). These results suggest that low BBB perme-

ability in vivo of cationic PAMAM dendrimer particles is 

unexpected because of prompt cellular internalization of 

the dendrimer particles in cultured cells as we observed. 

These discrepant findings may be attributable, as we argue 

later, to the material properties of cationic dendrimers, their 

propensity for easy aggregation.

Measurement of the DLS in our study demonstrated that 

when the dendrimer particles were suspended in a solution 

of electrolytes having a similar composition to that of body 

fluids, they aggregated promptly to form the aggregates of 

submicron- or larger sizes. AFM images of a freshly cleaved 

mica plate soaked in a dendrimer suspension (DMEM) con-

firmed prompt aggregation. In the DLS experiments using 

dispersion media containing various concentrations of elec-

trolytes, we observed that prompt aggregation occurred in 

the presence of Ca2+ even at low concentration, but not in the 

presence of Na+ even at high concentrations. The results of our 

physicochemical analysis revealed that such prompt aggrega-

tion of dendrimers cannot be explained by the DLVO theory, 

which is established as a highly effective theory for explaining 

the dispersive modality of colloids and nanoparticles.27

Our data indicated that the potential for the aggregation 

of dendrimers was not associated with the concentrations of 

univalent cations in the dispersal medium, but was related to 

the concentration of divalent cations. This possible effect of 

divalent cations cannot be explained by the DLVO theory and 

is, thus, probably attributable to the so-called “non-DLVO 

force”. Although calcium can induce aggregation of some 

nanomaterials, such as liposomes,28 there has been no previ-

ous report demonstrating a similar phenomenon for the case 

of dendrimers, and unfortunately, we could not characterize 

the force in further detail in this study.

General body fluids contain components other than 

electrolytes that can influence the dispersive state of intra-

venously administered agents. Albumin is one of the major 

components of body fluids and is supposed to be adsorbed 

onto various bioactive materials as a carrier or a stabilizer 

of other protein molecules. Several basic studies have sug-

gested that albumin molecules can be adsorbed onto the 

surfaces of nanomaterials, preventing their aggregation.29 In 

the case of dendrimers, previous studies have demonstrated 

that a few molecules of dendrimers and one molecule of 

albumin form an assembly, which is sustained for a long 

period of time.30,31 These reports partially lend support to 

the results of our initial FCS, which indicated that cationic 

dendrimers and HSA formed 1:1 assemblies in PBS (−). Our 

further FCS analysis, however, revealed that mixing of HSA 

in PBS (+) led to the formation of dendrimer aggregates of 

submicron- or larger sizes. After these examinations, we 

concluded that cationic PAMAM dendrimers in the plasma 

tend to show marked aggregation despite the coexistent 

albumin molecules.

On the basis of the above results, the possibility arises, 

in relation to the results of the BBB permeation test, that the 

marked aggregation of the dendrimer particles occurring in 

the medium in the apical aspect of the BBB layer influences 

the degree of translocation to the basolateral aspect. The cel-

lular uptake of particulate materials occurs by endocytosis 

in the case of nano-sized particles and by macropinocytosis 

in the case of larger particles.23 In our test, judging from 

the observed effects of the cellular uptake inhibitors, the 

dendrimer particles permeating across the endothelial cells 

comprising the BBB must have been transferred by the 

process of endocytosis–exocytosis, not by that of macro-

pinocytosis–exocytosis. In general, the mechanism of cell 

internalization of the aggregates shifts, as the aggregation 

proceeds, from endocytosis to micropinocytosis, with the 

latter being scarcely linked to exocytosis, and the former 

being commonly linked to exocytosis. Therefore, it is sup-

posed that the factors promoting aggregation suppress the 

BBB permeation of the formed aggregates.32

Conclusion
Our findings suggest that amine-terminated cationic PAMAM 

dendrimer particles aggregate promptly upon mixing with 

body fluids, form submicron-sized to larger aggregates. 

Large-sized particles may be trapped and engulfed by cells 

via macropinocytosis rather than by endocytosis, making 

transcytosis across the endothelial cells comprising the 

BBB difficult. Furthermore, the rather low rate of transport 

of intravenously administered dendrimer particles into the 

intracranial nervous tissue appears to be due mainly to their 

propensity to prompt aggregation. For the utilization of cat-

ionic PAMAM dendrimer particles as effective nanodevices 

for drug delivery into brain tissue, we must find to reduce the 

propensity of the dendrimer particles for aggregation upon 

mixing with body fluids.
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