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Abstract

Dendrimers are synthetic polymers with well-defined structures and drug-loading capacity and are useful as nanocarriers for
drug delivery systems. Polyamidoamine (PAMAM) dendrimers modified with phenylalanine (Phe) showed pH- and
temperature-sensitive properties, the sensitivities of which were controlled by the terminal groups. Anionic-terminal Phe-
modified dendrimers showed upper critical solution temperature (UCST)-type thermosensitive properties at acidic pH. Some
of them showed both lower critical solution temperature (LCST)- and UCST-type thermosensitive behaviors, which were
switched by pH. Anionic-terminal dendrimers, including Phe-modified dendrimers, accumulated in the lymph nodes after
intradermal injection at the foot pads. Carboxy-terminal hydrophobic dendrimers modified with cyclohexanedicarboxylic
acid (CHex) and Phe, such as PAMAM-CHex-Phe, were associated with lymph node-resident immune cells, including T
cells. Because of the stimuli sensitivity, the association of PAMAM-CHex-Phe with T cells was enhanced at pH 6.5. These
dendrimers were applied to the delivery of model drugs and nucleic acids into T cells. Because T cells in lymph nodes are
important for cancer immunotherapy, anionic-terminal Phe-modified dendrimers with the ability to deliver bioactive

molecules into T cells are useful for applications in cancer immunotherapy.

Introduction

Nanomedicine is a medical application of nanotechnology
that includes drug delivery systems and diagnosis. There are
many nanomaterials for biomedical applications, including
liposomes, micelles, polymers, and metal nanoparticles
[1-5]. Because the size and surface properties of nano-
particles significantly influence their biodistribution,
researchers have designed and prepared various types of
nanoparticles [3—5]. Polymers are often used in nanomedi-
cine because their composition, chain length, and archi-
tecture can be adjusted to tune nanoparticle properties [3-5].
Synthetic polymers generally exhibit polydisperse molecular
weights and irregular conformations, which distinguish
them from naturally occurring proteins. Dendrimers with
tree-like structures, first reported by Tomalia et al. in
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1985, are a class of synthetic polymers characterized by
highly branched and well-defined structures with uniform
molecular weights because they are produced through a
stepwise organic synthesis process [5-9]. Each reaction
cycle is related to generation (G), with the molecular weight
and number of terminal groups controlled accordingly. The
number of terminal groups generally doubles with each
generation, and their molecular weight increases in a step-
wise manner. Dendrimer properties can be tuned by altering
their inner core structure, building blocks, and/or terminal
groups. Their monodispersed molecular weights and defined
chemical structures contribute to high chemical and biolo-
gical reproducibility [5-9]. Polyamidoamine (PAMAM)
dendrimers have been widely studied and are commercially
available. The dendrimer is synthesized by repeated
reaction cycles using methyl acrylate and ethylenediamine,
initiated from a core diamine compound. The diameters of
the dendrimers range from 2.2 to 13.5nm, depending on
the generation. The sizes of insulin, cytochrome ¢, and
hemoglobin are approximately 3.0, 4.5, and 5.5nm,
corresponding roughly to G3, G4, and G5 dendrimers,
respectively [7, 8]. In addition to PAMAM, various other
types of dendrimers have been synthesized, including
poly(propylene imine) (PPI), polyester, and poly L-lysine
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dendrimers. Clinical studies using poly L-lysine dendrimers
as drug carriers are currently being conducted by Starpharma
(Australia) [9-11]. Dendri-graft polylysines, which are
alternatives to poly-L-lysine dendrimers, are also commer-
cially available [12]. Dendrimers possess numerous terminal
functional groups and an internal space suitable for the
conjugation and encapsulation of bioactive and functional
molecules, respectively [8—13]. In some cases, dendrimer
modification extends beyond simple conjugation. Attached
moieties can exhibit clustering effects because of their high
terminal densities. For example, the binding affinities of
sugar- and peptide-modified dendrimers are significantly
greater than those of the corresponding original molecules
because of the clustering effect [11]. Peptides linked to the
surface of the dendrimers can also induce higher-order
structures [11, 13]. Therefore, dendrimers are potent func-
tional nanomaterials in the biomedical field. Numerous
review articles have been published on the biomedical
applications of dendric polymers [6, 8—15]. Recently, we
showed that dendrimers conjugating phenylalanine (Phe), a
hydrophobic amino acid, at their termini exhibit unique
stimuli sensitivity and the ability to be delivered into lymph
nodes and immune cells, including T cells. This review
focuses on their stimuli-responsive properties and applica-
tions in delivery systems for lymph node-resident immune
cells.

Synthesis and stimuli-responsive properties
of anionic-terminal phenylalanine-modified
dendrimers

Temperature-responsive polymers are smart materials that
are classified into lower critical solution temperature
(LCST) types, which become turbid upon heating, and
upper critical solution temperature (UCST) types, which
dissolve upon heating. Poly(N-isopropylacrylamide)
(poly(NIPAM)) is a representative example of an LCST-
type thermoresponsive polymer, and polymers with zwit-
terionic structures exhibit UCST-type thermoresponsiveness
[16]. Temperature-responsive dendrimers have been studied
using thermoresponsive polymers and hydrophobic com-
pounds [14, 15]. The N-isopropyl amide group, a side chain
of poly(NIPAM), was introduced into the dendrimer ter-
mini, enabling the creation of temperature-responsive den-
drimers. Although the dehydration of water molecules
bound to poly(NIPAM) chains is known to drive the
response in temperature-responsive polymers, no significant
endothermic dehydration was observed near the phase
transition temperature in N-isopropyl amide-terminal den-
drimers [15]. The phase transition temperature of the
temperature-responsive dendrimer was changed by varying
the compound attached to its terminal end. Because
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Fig. 1 pH- and temperature-responsive Phe-modified dendrimers with
different terminal groups

dendrimers can encapsulate certain materials, the phase
transition temperature is also affected by the materials
encapsulated in the dendrimer [14, 15]. Thermoresponsive
dendrimers were also synthesized by attaching elastin- and
collagen-like peptides, as these peptides change their con-
formation upon heating [13, 15]. Natural compounds are
better suited than synthetic compounds for designing
nanoparticles for biomedical applications.

Phenylalanine (Phe) is an essential amino acid with a
phenyl group on its side chain. Phe can enter cells via
L-type amino acid transporter 1 (LAT1) and, the aggregates
interact directly with the cell membrane [17, 18]. Amino-
terminal Phe-modified PAMAM dendrimers have been
produced for gene delivery and have shown efficient
transfection activity [19]. Notably, the sensitivity of Phe-
modified PAMAM dendrimers to changes in both pH and
temperature depends on the structure of the terminal group
[20-22] (Fig. 1). Amino-terminal Phe-modified PAMAM
dendrimers exhibit LCST-type temperature responsiveness
under neutral pH conditions (Fig. 2) [20]. In contrast,
carboxy-terminal Phe-modified PAMAM dendrimers exhi-
bit UCST-type temperature responsiveness under acidic
conditions [21, 22]. In these studies, carboxy-terminal Phe-
modified PAMAM dendrimers were produced by reaction
with acid anhydrides such as succinic anhydride (Suc) and
Phe. Two types of dendrimers were synthesized by varying
the reaction order. The PAMAM dendrimer that reacted
with Suc and Phe in the order, PAMAM-Suc-Phe, exhibited
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Fig. 2 Thermosensitivity of amino-terminal Phe-modified dendrimers
at different pH values. Reprinted (adapted) with permission from [20].
Copyright 2006 American Chemical Society

UCST-type temperature responsiveness at pH 5 [21]. In
contrast, the PAMAM dendrimer that reacted with Phe and
Suc in the order, PAMAM-Phe-Suc, exhibited UCST-type
temperature responsiveness at pH 5.5, and the temperature
responsiveness converted to LCST-type at pH 4 (Fig. 3)
[22]. The temperature responsiveness of the UCST-type has
been reported to arise from electrostatic interactions owing
to the zwitterionic structures within the polymer chains or
the hydrogen bonding of the carboxy groups [16, 23].
Carboxy-terminal PAMAM dendrimers are zwitterionic
polymers with anions at their termini and cations at their
internal branches. The ionic states of these groups change at
different pH values, as does the temperature responsiveness.
When PAMAM-Phe-Suc was quaternized, the temperature
responsiveness disappeared under all the tested pH condi-
tions [22], suggesting that the tertiary amino group in the
dendrimer is crucial for temperature and pH responsiveness.
The C-potentials of PAMAM-Phe-Suc and PAMAM-Suc-
Phe were measured at different pH values. Both exhibited
negative {-potentials at basic pH, which increased as the pH
decreased. PAMAM-Phe-Suc became nearly neutral at pH
5, under which it showed UCST-type temperature respon-
siveness. PAMAM-Phe-Suc exhibited slightly negative and
positive {-potentials at pH 5.5 and 4 [22], under which it
showed UCST- and LCST-type temperature responsive-
ness, respectively (Fig. 3). Because the ternary amines in
the dendrimer are protonated at pH 5-5.5, zwitterionic
structures are formed to induce UCST-type temperature
responsiveness. Most of the terminal carboxylic acids and
ternary amines in the dendrimer were protonated at pH 4,
resulting in a positively charged surface. The pKa of the
dendrimer was measured at different temperatures. Because
the pKa at 50 °C was lower than that at 20 °C, the fraction
of deprotonated carboxylic acid was increased by heating at
pH 4 [22]. This deprotonation led to a neutral surface
charge, making the dendrimer more hydrophobic and thus
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Fig. 3 Thermosensitivity of A PAMAM-Suc-Phe, B PAMAM-Phe-
Suc and C PAMAM-Phe-SO;Na at different pH values [22]. The lines
at pH 6 and 3.5 overlap in Panel B, and those at pH 7 and 4 overlap in
Panel C

inducing the LCST-type temperature responsiveness. The
structures of acid anhydrides and the number of bound Phe
molecules could also influence temperature and pH sensi-
tivity [21, 24, 25]. Cyclohexanedicarboxylic anhydride
(CHex) was used instead of Suc. PAMAM-CHex-Phe and
PAMAM-Phe-CHex were synthesized and showed UCST-
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type temperature-sensitive properties at pH 6.5 and 7,
respectively [21, 24]. Because the increased hydrophobicity
increases the pKa of the carboxylic acid in the dendrimers,
the zwitterionic structure possibly forms at high pH. A
sulfonate-terminal Phe-modified dendrimer (PAMAM-Phe-
SO;Na) was synthesized by converting a terminal carboxy
group into a sulfonate group. This dendrimer also exhibited
UCST- and LCST-type temperature responsiveness at pH
6.5 and pH 5, respectively. Compared with PAMAM-Phe-
Suc, PAMAM-Phe-SO;3;Na exhibited more sensitive phase
transition behavior (Fig. 3) [22]. This may be because
PAMAM-Phe-SO3;Na forms a more stable zwitterionic
structure at adjacent sites. The number of bound Phe
molecules also influences temperature and pH sensitivity
[24]. Thus, stimuli sensitivity can be tuned by the dendrimer
structure.

Some anionic-terminal Phe-modified dendrimers have
been used to separate organic molecules from aqueous
solutions, the separation efficiency of which depends on
temperature and pH [21, 22]. These dendrimers have also
been used as nanocontainers of gold nanoparticles (AuNPs).
AuNPs have unique optical properties because of their
surface plasmon resonance. A colorimetric sensor respon-
sive to the dual stimuli of pH and temperature was designed
and prepared by loading AuNPs onto PAMAM-Phe-Suc.
The solution color changed when the pH was less than 5
and when the temperature increased above 50 °C simulta-
neously. In contrast, no spectral changes were observed
upon heating at pH 5.5. The color change was irreversible,
making it useful as a colorimetric sensor for recording
thermal history under acidic pH conditions [26]. AuNPs are
also useful catalysts. The stimuli-responsive dendrimers
loaded with AuNPs showed peroxidase-like activity, which
was affected by the solution pH and temperature. The dis-
persion stability of the AuNPs and the surface area of the
AuNPs are important for catalytic activity. Because the
AuNPs loaded into the dendrimers were stably dispersed
without binding to any ligands, the enzymatic activity was
relatively stable. Thus, AuNP-loaded dendrimers are useful
as nanozymes [27].

Applications for delivery into lymph node-
resident immune cells

Lymph nodes are the storehouses of many types of immune
cells, such as T cells, B cells, dendritic cells, and macro-
phages, which are involved in various immune responses.
Lymph nodes are important in cancer diagnosis and therapy
because metastatic cancer cells often migrate to the lymph
nodes surrounding the primary tumor tissue [28]. Immune
cells in the lymph nodes near tumors play a crucial role in
cancer immunotherapy. Although immunotherapy can
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induce long-term antitumor activity, the low response rate is
a major problem [29]. The efficacy of cancer immunother-
apy can be enhanced by establishing a delivery system that
targets immune cells in the lymph nodes. Dendrimers with
small particle sizes of less than 70 kDa are advantageous for
delivery to lymph node-resident immune cells, as large
nanoparticles cannot diffuse through densely packed B- and
T-cell zones in the lymph nodes [30]. To develop suitable
dendrimers, we first optimized the dendrimer structure for
lymph node delivery by adjusting the particle size and
surface charge. PAMAM dendrimers G2, G4, G6, and GS,
bearing cationic-amino, anionic-carboxy, or nonionic-acetyl
groups at their termini, were synthesized, and some che-
lating compounds were conjugated. After radiolabeling with
"1 jons, the dendrimers were intradermally injected into
foot pads, and their biodistribution was examined (Fig. 4).
All the G2 dendrimers migrated to the kidneys, regardless
of the terminal functional group. The biodistribution of the
dendrimers of G4 and higher generations differed depend-
ing on the terminal group. The amino-terminal dendrimers
largely remained at the injection site. The acetyl-terminal
G8 and G6 dendrimers were observed in the blood. The
carboxyl-terminal dendrimers accumulated in the lymph
nodes, liver and spleen. These results indicated that anionic
carboxy-terminal dendrimers of G4 and higher generations
are useful for delivery to lymph nodes and for lymph node
imaging [31].

Next, different dendrimers with anionic termini, such as
carboxylate, sulfonate, and phosphate, were synthesized,
and their biodistributions were compared after intradermal
injection into foot pads [32]. Carboxy-terminal dendrimers
produced by the reaction of succinic anhydrate, PAMAM-
Suc, have already been studied. Another carboxy-terminal
dendrimer, PAMAM-CHex-Phe, was synthesized by react-
ing hydrophobic CHex and Phe [33]. All anionic-terminal
dendrimers accumulated in the lymph nodes; however, their
interactions with immune cells in the lymph nodes differed
depending on the terminal structure. Phosphate-terminal
dendrimers were internalized by B cells, dendritic cells, and
macrophages, whereas sulfonate-terminal dendrimers were
rarely internalized by immune cells [32]. The association of
carboxy-terminal dendrimers with lymph node-resident
immune cells differed; PAMAM-CHex-Phe was asso-
ciated with immune cells, including CD3-positive T cells,
but PAMAM-Suc was not (Fig. 5) [33]. These results
suggest that controlling the anionic-terminal groups of
dendrimers can alter their cell-association properties in
lymph nodes.

In cancer immunotherapy, killer T cells, which are edu-
cated in the lymph nodes near the tumor, migrate to the
tumor and attack cancer cells [28, 29]. Therefore, a delivery
system for the T cells present in lymph nodes near the tumor
is needed. However, unlike delivery to phagocytic cells
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Fig. 4 Biodistribution of various dendrimers after intradermal injection. Reprinted from [31], Copyright (2015), with permission from Elsevier

such as macrophages and dendritic cells, delivery to T cells
is challenging. To date, antibodies targeting cell surface-
localized receptors have been used in cancer immunother-
apy [29]. As PAMAM-CHex-Phe is associated with T cells
in lymph nodes, cellular uptake into T cells was examined
in detail at various temperatures. PAMAM-CHex-Phe
interacted with T cells at 37 °C, whereas essentially no
uptake was observed at 4 °C (Fig. 6A). A dendrimer labeled
with a fluorescent dye was observed near the cell nuclei
using confocal microscopy, indicating that the dendrimer
was internalized into T cells [34]. Like PAMAM-CHex-
Phe, PAMAM-Phe-CHex also exhibited T-cell

internalization properties (Fig. 6B) [34]. As described in the
previous section, PAMAM-CHex-Phe and PAMAM-Phe-
Chex exhibit stimuli-responsive properties [21, 24]. The
interaction of these dendrimers with T cells was sig-
nificantly enhanced at pH 6.5 (Fig. 6), which is the pH
observed in the tumor microenvironment (TME), suggest-
ing their usefulness for delivery into T cells in the TME.
Dendrimers with leucine (Leu) substituted for Phe were also
synthesized, and their interactions with T cells were
examined. No effective uptake of the anionic-terminal Leu-
modified dendrimers by T cells was observed, suggesting
that Phe is crucial for uptake by T cells [34]. Phe forms
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aggregates at high concentrations and is internalized by
cells in patients with phenylketonuria [18]. Clustering of
Phe at the dendrimer periphery may be important for its
internalization into T cells. Therefore, carboxy-terminal
Phe-modified dendrimers are useful for delivery into T cells
in lymph nodes. Since the number of bound Phe molecules,
the linker structure between Phe and the dendrimer, and the
core dendrimer structure in anionic-terminal Phe-modified
dendrimers also affect their association with T cells
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[35-37], optimization of the dendrimer structure is neces-
sary for efficient delivery to T cells.

Carboxy-terminal Phe-modified dendrimers were applied
to deliver model drug molecules. Paclitaxel (PTX) is a
typical hydrophobic anticancer drug with immune-
modulating effects [38] and hence was loaded into
carboxy-terminal Phe-modified dendrimers. The loading
capacity is also affected by the dendrimer structure, such as
the number of bound Phe molecules and the linker and core
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structures [36, 37]. CHex and Phe-conjugated dendri-graft
polylysine of G3 was found to be the most useful for the
delivery of PTX into T cells in our study [37]. PAMAM-
CHex-Phe has also been used for gene delivery into T cells.
First, binary complexes were prepared using plasmid DNA
and Lipofectamine, a cationic lipid-based transfection
agent. The surfaces of the binary complexes were then
coated with PAMAM-CHex-Phe to enhance T-cell uptake.
The transfection activity of the ternary complexes contain-
ing PAMAM-CHex-Phe was greater than those of the bin-
ary and ternary complexes containing PAMAM-Suc,
suggesting a positive effect of PAMAM-CHex-Phe [39].

Although anionic-terminal Phe-modified dendrimers
efficiently internalized T cells, their selective delivery into
T cells is currently problematic. T cells are classified into
various subsets, such as killer T cells (CD3 4+ CDS8 + ) and
helper T cells (CD3 + CD4 + ), with different functions.
Our dendrimers were internalized by both types of T cells in
addition to various types of immune cells in lymph nodes
[34]. The addition of ligands to dendrimers is a possible
solution to achieve dendrimer cell selectivity. Chimeric
antigen receptor (CAR)-T-cell therapy is a type of cell-
based cancer immunotherapy in which CARs are geneti-
cally engineered to be expressed on the surface of a
patient’s T cells. The transfection of CAR genes into T cells
is indispensable for CAR-T-cell therapy. Because T cells
are selectively collected before transfection, cell selectivity
is not necessary [40]. Thus, the dendrimers that we devel-
oped would be used for CAR-T-cell production.

Conclusions

This review summarizes the stimuli-sensitive properties of
anionic-terminal Phe-modified dendrimers and their bio-
medical applications. Anionic-terminal Phe-modified den-
drimers exhibit UCST-type thermosensitivity under weakly
acidic conditions, the sensitivity of which is altered by the
dendrimer structure. PAMAM-Phe-Suc and PAMAM-Phe-
SOs;Na exhibit pH-switchable LCST/UCST thermo-
sensitivity. Anionic-terminal dendrimers are valuable for
delivery to lymph nodes through intradermal administration
at food pads due to their small size. Cellular interactions
after migration from the injection site to the lymph nodes
differ depending on the dendrimer terminal structure. The
hydrophobic PAMAM-CHex-Phe interacts with immune
cells, including T cells, whereas hydrophilic PAMAM-Suc
does not. The clustering effect of Phe on the dendrimer
surface may be important for cell association. T cells play
central roles in various immunoreactions. Thus, anionic-
terminal Phe-modified dendrimers show promise for deliv-
ery into T cells for immunotherapy.
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