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Preface to ”Dendrimers”

Dendrimers constitute well-defined hyperbranched and monodispersed macromolecules, the 
overall composition of which can be articulated through variations of the core, backbone and surface. 
Through detailed and elegant studies, these intriguing macromolecules are now firmly recognized as 
a class of polymers. Polyamidoamine dendrimers, which have been widely investigated especially 
for biomedical applications, were developed by Dr. Donald A Tomalia soon after the first report of 
dendrimers appeared in 1978. Through synthetic elaboration and detailed evaluation of the potential 
in areas including nanomedicine, the dendrimer field has seen explosive growth in the past 40 years. 
The trend is expected to continue, with increased efforts in the commercialization of nanotechnology 
in medicine.

Celebrating the outstanding contributions to the dendrimer space by Dr. Donald A Tomalia 
on his 80th birthday in 2018, this monograph is specially designed to guide the reader through 
detailed reviews written by experts in the field, on different aspects of dendrimers and dendritic 
architectures, to recent research on several aspects of these macromolecules. Chapter 1 is a brief 
overview by Dr. Tomalia of his thoughts on the current state of affairs in this area. Chapters 2–5 
are review articles on dendrimers and related architectures to provide an understanding of their 
structure and properties. Chapter 6 describes simple and versatile synthetic methodologies for 
dendrimers with bactericidal effects. Chapters 7 and 8 explore self-assembled systems from 

dendrimers, and Chapters 9–18 describe biomedical applications of dendrimers.

This book is an essential read for all scientists just beginning their careers in nanoscience, as 
well as firmly established ones. It captures the essence of dendrimers, and provides an impetus to 
continue to explore these intriguing macromolecules.

Ashok Kakkar  
Special Issue Editor
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Editorial

A Serendipitous Journey Leading to My Love of
Dendritic Patterns and Chemistry

Donald A. Tomalia 1,2,3

1 Department of Chemistry, University of Pennsylvania, Philadelphia, PA 19104, USA
2 Department of Physics, Virginia Commonwealth University, Richmond, VA 23284, USA
3 National Dendrimer & Nanotechnology Center, NanoSynthons LLC, 1200 N. Fancher Avenue, Mt. Pleasant,

MI 48858, USA; donald.tomalia@gmail.com; Tel.: +1-989-317-3737

Academic Editor: Derek J. McPhee
Received: 30 March 2018; Accepted: 2 April 2018; Published: 4 April 2018

As the oldest of four Midwestern boys who were offsprings of an accountant and a housewife,
each with less than a formal high school degree, we were blessed to have such parents. They provided
invaluable nurturing, guidance, and wisdom. Their parental nurturing was no surprise; it was a
standard legacy taught by my grandparents as immigrants from Czechoslovakia in the early 1900s.
However, their extraordinary wisdom and guidance could not be so easily rationalized, especially
based on their meager academic pedigrees.

More specifically, my father regularly shared with me his deep interest as well as the importance
of understanding natural patterns (i.e., periodicities); whether it was dealing with the weather,
best fishing dates, or seashell morphologies. That unarguably influenced my keen interest in
trees, dendritic patterns, and architectures which indeed emerged later in my chemistry adventure.
He frequently told me that a clear understanding of fundamental patterns always rewarded the
beholder with a leveraged comprehension of some hidden order within any area of chaos. That lesson
became abundantly clear to me later as I pondered the power of Mendeleev’s Periodic Tables,
the possibility of similar periodic order in well-defined nanoscale structures, the purpose of tree
branching, and the pervasive presence of dendritic patterns throughout nature.

In the case of my mother, it was the more personal understanding of her oldest son’s personality
that truly remained with me, even eight decades later. This is readily summed up in the following
advice she shared with me at a very early age: “Son, your robust curiosity leads you into many
fascinating areas; however, my biggest worry is that you will become hopelessly bored and
disappointed when you feel you have all the answers.” In paraphrased form, she frequently reminded
me that my true lifetime challenge for happiness and fulfillment would be: “To pick a career that
presented an endless list of questions/mysteries that could never be totally answered and with goals
that I may never completely attain”.

In my youth, I never quite appreciated her wisdom. However, my nearly six decades in chemistry
have truly delivered on that challenge. I have yet to exhaust my long list of chemical mysteries and
questions to be answered, which has left me too busy to be bored. For many individuals, such a career
would actually be a curse; however, for me, it has turned out to be an amazing blessing.

Needless to say, I must add to this blessing my very supportive family, a long list of unselfish
mentors (i.e., Prof. H. Blecker, University of Michigan; Prof. H. Heine, Bucknell University;
Prof. H. Hart, Michigan State University; Prof. N.J. Turro, Columbia University; Prof. W.A. Goddard,
Cal. Tech., plus countless others), as well as many loyal friends and invaluable colleagues, all of whom
have enriched my life.

Molecules 2018, 23, 824; doi:10.3390/molecules23040824 www.mdpi.com/journal/molecules1
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Now you may begin to understand, even after eight decades, how this serendipitous journey has
truly led to my relentless love of chemistry, and is still going strong.

© 2018 by the author. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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Which Dendrimer to Attain the Desired Properties?
Focus on Phosphorhydrazone Dendrimers †

Anne-Marie Caminade 1,2,* and Jean-Pierre Majoral 1,2

1 CNRS, LCC (Laboratoire de Chimie de Coordination), 205 route de Narbonne, BP 44099,
F-31077 Toulouse CEDEX 4, France; jean-pierre.majoral@lcc-toulouse.fr

2 LCC-CNRS, Université de Toulouse, CNRS, F-31077 Toulouse CEDEX 4, France
* Correspondence: anne-marie.caminade@lcc-toulouse.fr; Tel.: +33-561-333-100
† Dedicated to Prof. Donald Tomalia on the occasion of his 80th birthday.

Received: 12 February 2018; Accepted: 7 March 2018; Published: 9 March 2018

Abstract: Among the six Critical Nanoscale Design Parameters (CNDPs) proposed by Prof. Donald
A. Tomalia, this review illustrates the influence of the sixth one, which concerns the elemental
composition, on the properties of dendrimers. After a large introduction that summarizes different
types of dendrimers that have been compared with PolyAMidoAMine (PAMAM) dendrimers, this
review will focus on the properties of positively and negatively charged phosphorhydrazone (PPH)
dendrimers, especially in the field of biology, compared with other types of dendrimers, in particular
PAMAM dendrimers, as well as polypropyleneimine (PPI), carbosilane, and p-Lysine dendrimers.

Keywords: dendrimers; chemical composition; biological properties; phosphorhydrazone

1. Introduction

Prof. Donald A. Tomalia created the word “dendrimer” from two Greek words δέντρo (dendro),
which translates to “tree”, and μέρoσ (meros), which translates to “part,” and synthesized the famous
PAMAM (PolyAMidoAMine) dendrimers [1–3]. In addition to this pioneering work, he has recently
proposed a new concept for unifying and defining nanoscience, which he has called “CNDPs,” which
stands for Critical Nanoscale Design Parameters [4,5]. This concept can be applied to both hard
(metal-based) nanoparticles and to soft (organic) nanoparticles. It is particularly well adapted to
the definition and properties of dendrimers, which are soft nano-objects, synthesized step by step
to finely tune their properties [6,7]. Six parameters have been defined in the CNDP concept; they
concern the (i) size; (ii) shape; (iii) surface chemistry; (iv) flexibility/rigidity; (v) architecture; and
(vi) elemental composition of nano-objects. In this review, we will particularly emphasize the sixth
parameter, concerning the elemental composition of dendrimers, with particular attention on the
differences this criterion induces on properties, despite identical terminal functions.

A non-exhaustive search in the literature reveals that comparison experiments have been carried
out in most cases with PAMAM dendrimers compared to other types of dendrimers, such as PPI
(polypropyleneimine) [8–10], triazine [11,12], aliphatic ester [13,14], and carbosilane [15,16] dendrimers.
The structure of the third generation of these dendrimers is shown in Figure 1. We will consider only
publications in which comparative experiments have been done under conditions that are exactly
the same and have been reported in an experimental publication, and not publications in which the
comparison has been done with references to literature. Comparisons between PAMAM and PPI have
been the most widely studied and in different areas. Differences in the fluorescence of the dye phenol
blue encapsulated within the dendrimers demonstrated as expected that the interior of PPI dendrimers
is slightly less polar than that of PAMAM dendrimers, both having amino terminal functions [17].
The comparison has also been carried out for catalysis. Different generations of both families of
dendrimers have been used for the synthesis of gold nanoparticles (about 2 nm diameter in all cases)

Molecules 2018, 23, 622; doi:10.3390/molecules23030622 www.mdpi.com/journal/molecules3



Molecules 2018, 23, 622

by a wet chemical NaBH4 method. The nanoparticles were then used for catalyzing the reduction
of 4-nitrophenol. For Generations 2 and 3, it was shown that the rate constant with nanoparticles
entrapped inside PAMAM dendrimers is higher than with PPI dendrimers, but no marked difference
was observed for higher generations [18]. Generations 1–5 of PAMAM and PPI (called DAB in this
study) dendrimers have been functionalized by promesogenic units derived from salicylaldimine.
All these dendrimers exhibit liquid crystalline properties. The only differences between both series
are a higher thermal stability and a wider mesophase temperature range in the PAMAM series, as a
consequence of an increased rigidity, due to hydrogen bonds between the amido groups [19].

 

Figure 1. Chemical structure of different types of third-generation dendrimers.

However, the largest number of comparisons between PAMAM and PPI dendrimers concerns
their biological properties. Their toxicity has been tested toward the B16F10 cancerous cell line and
in vivo in mice bearing this tumor. It has been shown that both families of dendrimers behaved
essentially similarly, depending on the type of their terminal functions, and not on their internal
structure [20]. Other toxicity assays have been carried out with Chinese hamster ovary and human
ovarian carcinoma (SKOV3) cells. It has been shown that the two Generation 4 dendrimers with amino
terminal functions are very harmful toward both types of cells [21]. MRI (magnetic resonance imaging)
contrast agents based on gadolinium complexes have been grafted on the surface of Generation 4
PAMAM and PPI dendrimers, and these compounds were injected to mice. It was shown that the PPI
dendrimer (DAB), compared with the PAMAM dendrimer, accumulated more significantly in the liver
than in the blood [22]. Hyperpolarized xenon, generally protected in a cage of type cryptophane-A,
is another MRI agent. These cages were entrapped most efficiently inside PAMAM dendrimers than
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inside PPI dendrimers (11 cages versus 4 for the fifth generations) [23]. Different types of molecules
of biological interest have been entrapped also inside both families of dendrimers. This comprises
the encapsulation of Vitamins C, B-3, and B-6 [24], phenylbutazone (an anti-inflammatory agent) for
which PAMAM dendrimers have a higher loading ability than PPI dendrimers [25], and bortezomib
(a proteasome inhibitor), which was by far more efficiently solubilized in water by PPI dendrimers
than by PAMAM dendrimers [26].

A few other types of dendrimers have been compared to PAMAM dendrimers. For instance, the
catalytic efficiency of carbosilane dendrimers bearing SCS-pincer palladium complexes as terminal
functions has been compared to that of PAMAM dendrimers bearing the same type of terminal
functions. The PAMAM dendrimers were found to be superior, by showing a higher reaction rate and
a higher linear/branched ratio, in the cross coupling reaction between vinyl epoxide and styrylboronic
acid. In the auto-tandem catalysis of cynnamyl chloride, hexamethylditin, and 4-nitrobenzaldehyde,
only small differences were observed in the efficiency of both families of dendrimers [27]. The effect
of PAMAM dendrimers and of triazine dendrimers of comparable size and number of terminal
functions, both families being capped with primary amines, was tested toward platelet aggregation,
in human platelet-rich plasma. It was shown that triazine dendrimers provoked platelet aggregation
less aggressively than PAMAM dendrimers did [28]. The cytotoxicity of a series of aliphatic
polyester dendrimers and PAMAM dendrimers, both having alcohol terminal functions, was evaluated
toward human cervical cancer (HeLa), acute monocytic leukemia cells (THP.1), and primary human
monocyte-derived macrophages. The aliphatic polyester dendrimers were found to be less toxic than
the PAMAM dendrimers, and more easily cleavable [29].

To conclude this introductory overview, it seems that the internal structure is of relative
importance for the properties of dendrimers. However, in this review, in which phosphorhydrazone
dendrimers are compared with other types of dendrimers (including PAMAM and carbosilane
dendrimers), we will show that the internal structure of dendrimers may be of crucial importance,
in particular when considering the biological properties.

2. Phosphorhydrazone Dendrimers Compared to Other Types of Dendrimers

Two different families of phosphorus-containing dendrimers have been compared with other
types of dendrimers: those having positive charges (ammoniums) as terminal functions, and those
having negative charges (phosphonates) as terminal functions. They will be presented in this order.
In all cases, the comparison is focused on the biological properties [30,31], as these dendrimers are
soluble in water [32].

2.1. Positively Charged Phosphorus Dendrimers

Several generations of phosphorhydrazone (PPH) dendrimers having tertiary amines as terminal
functions, subsequently protonated (the third generation is shown in Figure 2), have been compared
essentially with PAMAM dendrimers, and occasionally with carbosilane dendrimers, having primary
amines/ammoniums as terminal functions. These positively charged phosphorus dendrimers have
been shown to be efficient transfection agents [33], and they display a high anti-prion activity in vivo,
against the scrapie form of several strains of prions [34].

In the following sections, we will compare positively charged PPH dendrimers with other types
of cationic dendrimers, concerning their interference with clinical chemistry tests, their efficiency as
carriers, and their efficiency against neurodegenerative diseases.

5
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Figure 2. Water-soluble third-generation phosphorus dendrimer with 48 tertiary ammonium
terminal functions.

2.1.1. Comparative Interference with Clinical Chemistry Tests

Classical clinical chemistry tests (analysis of blood biochemical parameters) are widely used
for assessing the toxicity of compounds. However, it is important to determine if the presence
of nanoparticles in general and of dendrimers in particular can interfere or not with these
tests. The tests were carried out with positively charged dendrimers of type phosphorhydrazone
(Generation 4, 96 tertiary ammonium groups), PAMAM (Generation 4, 64 primary ammonium groups),
and carbosilane (Generation 3, 24 quaternary ammonium groups) in standardized human serum,
in the absence of cells. It was shown that these dendrimers interfere with the clinical chemistry tests,
inducing changes in enzymes activity, and interactions with the test reagents (but not with a protein).
These changes can be wrongly interpreted as the appearance of dysfunctions of the liver or buds,
so this type of preliminary evaluation is necessary before any animal tests [35].

6
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2.1.2. Comparative Efficiency as Carriers

As already indicated, the transport and delivery properties of positively charged
phosphorhydrazone dendrimers have been discovered very early, with the transport of the luciferase
plasmid through the membrane of mammalian cells and its delivery inside the nucleus [33]. Changing
the nature of the ammonium terminal functions did not improve the transfection efficiency [36].
Positively charged PAMAM and PPH dendrimers, both of Generation 4, were tentatively used to
carry the plasmid, inducing an increased GDNF expression (the Glial cell line-Derived Neurotrophic
Factor) into Schwann cells, isolated from sciatic nerves. The phosphorhydrazone dendrimers were
found to be less effective than the PAMAM dendrimers for the transfection of these Schwann cells,
but both were by far less effective than HIV-based lentiviruses. The transgenic Schwann cells were
then used to regenerate transected peripheral nerves in rats [37]. PAMAM, PPH, and carbosilane
dendrimers were used to complex different anticancer siRNA (small interfering RNA). Then, heparin
was added to determine if the siRNA could be released from the dendrimer and if its structure
was maintained. These dendrimers are effective for protecting siRNAs from RNase A activity, but
treatment with heparin induced the release of siRNA only from the complexes obtained with PAMAM
or carbosilane dendrimers, whereas the complexes formed with the phosphorhydrazone dendrimers
were not destroyed by heparin [38]. These experiments were carried out in the perspective of the
gene therapy of cancers, so these complexes were transfected in HeLa and HL-60 cancerous cell
lines. The most effective carriers of siRNA among the three types of dendrimers tested were the PPH
dendrimers [39].

2.1.3. Comparative Efficiency against Neurodegenerative Diseases

The very first example in this field, using phosphorhydrazone dendrimers, concerned their
interaction with the scrapie form of prions (PrPSc), which is responsible for several types of spongiform
encephalopathies, such as Creutzfeldt–Jakob disease and mad cow disease. The Generation 4 of
positively charged phosphorhydrazone dendrimers was able to eliminate the PrPSc from infected cells,
and was even found efficient in vivo, for mice infected with brain cells from terminally ill mice [34].
A sequel of this work concerned the interaction of dendrimers with the PrP 106–126 peptide, which
is suspected to be involved in the formation of amyloid fibrils in these encephalopathies, as well as
the Aβ 1–28 peptide for Alzheimer’s disease. The interaction of three types of positively charged
dendrimers (phosphorhydrazone Generation 4, PAMAM Generations 5 and 6, and PPI Generation 3)
with both types of peptides was assessed, using EPR analyzes with a spin probe. It was shown that
the interactions of the dendrimers with PrP 106–126 are weaker than with Aβ 1–28. The PAMAM
dendrimers seem to be better peptide-aggregation scavengers than the other dendrimers [40].

The interaction of the same three families of dendrimers with heparin, which is involved in the
process of fibril formation in the prion diseases, was also measured. All these dendrimers interact
with heparin, mainly by electrostatic interactions. These interactions are indirectly responsible for the
inhibition or enhancement of fibril formation, depending on the concentration. At high concentrations,
the dendrimers directly impede fibril formation, whereas at low concentrations, they sequester the
heparin, preventing it from inducing fibril formation. The dye Thioflavin T-3516 (ThT), which is
generally used for detecting amyloid structures, as it fluoresces only in their presence, was used for
detecting the interaction of the phosphorhydrazone dendrimers with heparin. Although ThT did
not fluoresce in the presence of the dendrimers alone, or heparin alone, a fluorescence was detected
for the complex between heparin and the phosphorhydrazone dendrimers. Only these phosphorus
dendrimers behaved this way, as no fluorescence was detected for the complexes formed with PAMAM
or PPI dendrimers [41].

Rotenone is a pesticide, which is also a damaging agent, increasing the amount of reactive oxygen
species (ROS) in neurons, α-synuclein aggregation, and the activation of microglia, and which is
associated with an increased risk of Parkinson’s disease. In view of the above-mentioned properties of
dendrimers on brain diseases, in particular for preventing aggregation and the formation of fibrils,

7
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it seemed important to investigate if positively charged dendrimers can prevent the damages caused by
rotenone on mouse mHippoE-18 cells in vitro. The dendrimers tested here were PAMAM dendrimers,
PPH dendrimers, and small viologen-phosphorus dendrimers [42,43]. These dendrimers increased
cell viability, decreased ROS production, and preserved the mitochondrial function [44].

2.2. Negatively Charged Phosphorus Dendrimers

Negatively charged dendrimers are classically obtained by grafting carboxylic acids as
terminal functions, from which sodium salts are easily obtained. This was done in particular
with phosphorhydrazone dendrimers [45,46]. However, the negatively charged phosphorus
dendrimer possessing the most important biological properties up to now has not carboxylates
but azabisphosphonate salts as terminal functions. The structure of the first generation is shown in
Figure 3, called “ABP,” which stands for AzaBisPhosphonate. In a first experiment, it was shown that
this dendrimer is able to induce in vitro the activation of human monocytes, which are a pivotal cell
population of innate immunity in the blood [47]. It was shown later that this activation of monocytes
occurs through an anti-inflammatory pathway [48]. Among a series of PPH dendrimers having
different types of negatively charged terminal functions and of different generations (0 to 2), it was
shown that the first generation shown in Figure 3 was the most active [49]. Tailoring the number of
terminal functions from 2 to 30 for first-generation PPH dendrimers, by playing with the reactivity
of the cyclotriphosphazene, demonstrated that compounds decorated with 8–12 azabisphosphonate
terminal functions are the most efficient [50].

Figure 3. First-generation phosphorhydrazone dendrimer with azabisphosphonate terminal
functions (ABP).

In a second experiment, it was shown that the same dendrimer ABP is able to multiply by several
hundreds the number of natural killer (NK) cells, which are pivotal for innate immunity, implicated in
the early immune response against infections and playing a crucial role in anticancer immunity. As the
proliferation of NK cells was extremely tedious to achieve before our work, it was important to verify
if the NK cells obtained thanks to this dendrimer were fully functional. Their ability to kill the same
cancer cell lines with the same efficiency as uncultured NK cells was succesfully assessed with respect
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to 15 cell lines (leukemia and carcinoma). Importantly, no agressiveness of the NK cells generated with
this dendrimer toward lymphocytes coming from the same blood donor was observed, demonstrating
the safety of this compound [49]. It was shown later on that a multistep cross-talk between monocytes
and NK cells is necessary before the proliferation of NK cells [51].

In a third experiment, the anti-inflammatory properties of this dendrimer ABP were tested
in vivo against chronic inflammatory diseases such as multiple sclerosis (MS) in mice. MS is a
chronic inflammatory disease of the central nervous system, thought to be due to an inflammatory
attack by autoreactive T cells, which amplify an inflammatory cascade, inducing myelin sheath,
resulting in impaired nerve conduction. In a mouse model of MS, in which an experimental
autoimmune encephalomyelitis (EAE) has been induced, the dendrimer ABP prevents the development
of EAE, and inhibits the progression of established disease. One important mechanism of action of
the dendrimer ABP in this case is that it skews the cytokine production by splenocytes from an
inflammatory pattern to an anti-inflammatory one [52].

In continuing the study of the structure/activity relationship, the same terminal functions were
grafted to the surface of a series of dendrimers. These functions were first grafted to the surface of a
first-generation PPI dendrimer, and both dendrimers were tested against another chronic inflammatory
disease, rheumatoid arthritis (RA). RA is an autoimmune inflammatory disease, which is characterized
by inflammation of the synovial membrane, cartilage degradation, and bone erosion, leading to major
handicaps. The ABP dendrimer was found to be very efficient in mice suffering from an RA-like
inflammatory disease, whereas the PPI dendrimer had no activity. The dendrimers were given weekly,
either intravenously or orally. For mice treated with the dendrimer ABP, normal synovial membranes,
reduced levels of inflammatory cytokines, and the absence of both cartilage destruction and bone
erosion were observed. Dendrimer ABP increases the level of anti-inflammatory cytokines and has
anti-osteoclastic properties. On the contrary, for mice that received the PPI dendrimer decorated with
the same azabisphosphonate terminal functions, no difference was observed compared to untreated
mice [53].

This work displayed for the first time a drastic difference between the biological activity of two
dendrimers having the same terminal functions, but a different internal structure. This idea was
then developed to test a larger number of dendrimer families. As the activation of monocytes is the
first step for all biological properties of the dendrimer ABP, this was considered as the suitable test
to determine the properties of these dendrimers (Figure 4). Dendrimers of type thiophosphate and
carbosilane were functionalized with exactly the same function as with ABP. Dendrimers with amine
terminal functions (PPI, PAMAM, and p-Lysine) were functionalized by peptide couplings, affording
a linker different from the one used for ABP. Thus, the same linker was used also on the surface of
a first-generation phosphorhydrazone dendrimer. The dendrimers containing heteroatoms (P or Si)
in their structure, even those having a structure very different from that of ABP (thiophosphate and
carbosilane), are efficient for the activation of monocytes, even if ABP is still the most efficient. On the
contrary, all the “organic” dendrimers (PPI, PAMAM, and p-Lysine) have absolutely no efficiency for
the activation of monocytes. In order to try to understand this surprising result, all-atom molecular
dynamics simulations were carried out for all of these families of dendrimers. It was shown that
all of the compounds that are active have all of their terminal functions gathered in a single side of
the dendrimers, which look like cauliflowers and afford a localized high density of functions. On
the contrary, the dendrimers that are non-active have a rather spherical structure, and the terminal
functions are distributed all over the surface, affording a low local density of functions. This study
was the largest given the number of different families that were assayed in identical conditions [54].
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Figure 4. Efficiency of the activation of monocytes, depending on the internal structure of the
dendrimers (0: no activation; ++: good activation; +++: the highest activation).

3. Conclusions

In view of all these results, how can our initial question of which dendrimer attains the most
desirable properties be answered? Concerning positively charged dendrimers, in particular their
transfection efficiency when using plasmids, the PAMAM dendrimers are generally more efficient
than the phosphorhydrazone dendrimers. However, when considering the delivery of siRNA,
the phosphorhydrazone dendrimers seem more efficient than the PAMAM dendrimers. For other
properties, in particular concerning brain diseases, PAMAM, PPI, and PPH dendrimers have almost
the same properties, with either PAMAM or PPH being slightly better depending on the precise type
of experiment. The situation is very different concerning negatively charged dendrimers. Indeed, with
strictly identical terminal functions, the dendrimers containing heteroatoms (P or Si) in their structure
have anti-inflammatory properties, whereas the “organic” dendrimers do not. Table 1 summarizes the
types of dendrimers and their types and numbers of terminal functions, which have been compared to
PPH dendrimers.

Table 1. Types of dendrimers, with the nature and number of their terminal functions, used for
comparison in different biological experiments. The most efficient compound for each experiment is
highlighted in red.

PPH PAMAM PPI PCSi P-Lys Experiment Ref.

-NEt2H)96 -NH3)64 -NMe3)24 Clinical tests [35]

-NEt2H)96 -NH3)64 Transfection [37]

-NEt2H)48/
-NEt2H)96

-NH3)32/
-NH3)64

-NMe3)8 Protection SiRNA 1 [38]

-NEt2H)48/
-NEt2H)96

-NH3)32/
-NH3)64

-NMe3)8 Carrier of Si RNA [39]

-NEt2H)96
-NH3)64/
-NH3)128

-NH3)16 Peptide aggregation scavenger [40]

-NEt2H)96
-NH3)64/
-NH3)128

-NH3)16 Interaction with heparin [41]

-NEt2H)48/
-NEt2H)96

-NH3)32/
-NH3)64

Decrease ROS 2 levels [44]

(PO3HNa)2]12 (PO3HNa)2]8 Against RA 3 [53]

(PO3HNa)2]12
4 (PO3HNa)2]8 (PO3HNa)2]8 (PO3HNa)2]8 (PO3HNa)2]8 Activation of monocytes [54]

1 Small interfering RNA. 2 Reactive Oxygen Species. 3 Rheumatoid Arthritis. 4 Same efficiency with PPH
(PO3HNa)2]8 [50].
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Thus, the real conclusion of this review is that the sixth parameter of the CNDPs, concerning
the elemental composition of nano-compounds, especially dendrimers, has to be taken into account
when dealing with properties, especially biological properties. Definitively, the internal structure of
dendrimers is not an “innocent” scaffold.
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Abstract: Hyperbranched macromolecules (HMs, also called hyperbranched polymers) are highly
branched three-dimensional (3D) structures in which all bonds converge to a focal point or core,
and which have a multiplicity of reactive chain-ends. This review summarizes major types of synthetic
strategies exploited to produce HMs, including the step-growth polycondensation, the self-condensing
vinyl polymerization and ring opening polymerization. Compared to linear analogues, the globular
and dendritic architectures of HMs endow new characteristics, such as abundant functional groups,
intramolecular cavities, low viscosity, and high solubility. After discussing the general concepts, synthesis,
and properties, various applications of HMs are also covered. HMs continue being materials for topical
interest, and thus this review offers both concise summary for those new to the topic and for those with
more experience in the field of HMs.

Keywords: hyperbranched macromolecules; polymerization; photoelectric materials; stabilizers;
bio-applications; carbon nanomaterial

1. Introduction

Dendritic macromolecules have unique architectures quite unlike their linear, branched,
and crosslinked analogues. Dendritic macromolecules are classified as dendrons, dendrimers,
or hyperbranched macromolecules (HMs, also called hyperbranched polymers), all of which are
composed of successive branching units. Dendritic macromolecules have attracted considerable
attention during recent decades, because of their unusual properties, such as low viscosity,
high solubility, and high functionality (Table 1). These properties stem from their globular and
spherical molecular architectures.

A dendrimer consists of two types of structural units: uniform terminal units on the globular surface
and dendritic units inside. Thus, dendrimers have well-defined molecular weights with unique symmetric
structures. The main drawback for practical applications of dendrimers is the tedious stepwise synthesis
required, along with time-consuming purification at each step. Consequently, more efficient methods for
production of dendritic macromolecules should involve less tedious synthesis procedures. This is possible
by forming hyperbranched macromolecules (HMs). While dendrimers have well defined structure and
molecular weight, HMs consist of a mixture of linear and branched units inside with multifunctional
groups on their periphery. They still possess a highly branched architecture with a three-dimensional
globular shape. The structural difference between dendrimers and HMs is ascribed to the difference in their
formation mechanism; thus, it can be further related to their different synthetic approaches used for them.
In the case of HMs, their termini are located on the periphery, which is similar to dendrimers. However,
the structure of the former is irregular, because linear and branched units are randomly distributed within
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the macromolecular framework (or polymer backbone). In brief, HMs have more irregular structures with
polydispersity of molecular weight than do dendrimers, which have perfect structures with monodispersity
of molecular weight [1–6]. Nevertheless, HMs have demonstrated several characteristics similar to those
of dendrimers, including multifunctionality on their periphery, low solution (melt) viscosity, and better
solubility [4]. This section focuses on the synthesis, properties, and the applications of HMs developed
during the last decades.

Table 1. Comparison of hyperbranched macromolecules with linear polymers and dendrimers.
Reproduced from [7] with permission from the Royal Society of Chemistry.

Linear Hyperbranched Dendrimer

Structure

 

Topology 1D, linear 3D, irregular 3D, regular
Synthesis One-step, facile One-step, relatively facile Multi-step, laborious

Purification Precipitation Precipitation or classification Chromatography
Scaling-up Already, easy Already, easy Difficult

MW 1 Discrepant Discrepant Identical
PDI 2 >1.1 >1.1 1.0 (<1.05)
DB 3 0 0.4–0.6 1.0

Entanglement Strong Weak Very weak or none
Viscosity High Low Very low
Solubility Low High High

Functional group At two ends At linear and terminal units On periphery
(terminal units)

Reactivity Low High High
Strength High Low Very low

1 Molecular weight; 2 Polydispersity index; 3 Degree of branching.

2. Synthesis of HMs

There are three main approaches to the synthesis of HMs: (i) step-growth polycondensation of
ABx (x ≥ 2) or A2 + B3 monomers, (ii) self-condensing vinyl polymerization, and (iii) ring-opening
polymerization [8].

2.1. Step-Growth Polycondensation

This strategy involves the polymerization of ABx (x ≥ 2) monomers via one-step
polycondensation [9–15]. The primary advantage of this approach is that normal step-growth
polymerization characteristics are obeyed. However, the main drawbacks include gelation,
which often occurs during the polymerization. A monomer with functionality of three or more can
form HMs and can fast reach gel point forming a cross-linked network structure even at low fractional
conversion. The conversion, at which a tree-like topology turns into a network structure, is known
as a gel point. The step-polymerization can be simply quenched the reaction prior to reach the gel
point. Still, the purification is required to exclude minor cross-linked structures, and thus to afford
pure desired HMs.

Another drawback is that the ABx monomers employed have to be synthesized prior to
polymerization and this is a distinct disadvantage for commercial applications. However, the step-growth
polycondensation process offers diverse synthesis of HMs using a variety of available monomers,
which provides the potential for preparation of a wide spectrum of functionalities.
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AB2-type monomers are often used as building blocks, due probably to their easy synthesis
(Scheme 1), while the other ABx (x ≥ 3) monomers have been reported for use in the preparation of
hyperbranched polyesters [15,16] and polysiloxanes [17]. For example, 5-acetoxyisophthalic acid was used
as the AB2 monomer in melt polymerization to prepare hyperbranched aromatic polyesters that were
insoluble in organic solvents. This was due to intermolecular dehydration, which occurred between the
carboxylic acid groups during melt polymerization. However, hydrolysis of the crude product produced
a soluble hyperbranched polyester with a large number of carboxylic acid groups [18]. Aromatic-aliphatic
hyperbranched polyethers were also prepared by forming benzyl ether linkages in the presence of K2CO3

and crown ether (18-crown-6) in acetone [19].

 

Scheme 1. Synthesis of HMs via step-growth polycondensation. Reproduced from [9–11] with
permission from the American Chemical Society.

2.2. Self-Condensing Vinyl Polymerization

Self-condensing vinyl polymerization was defined by Fréchet et al. [20]. This process involves the
use of monomers that feature one vinyl group and one initiating moiety (AB* monomers) to generate
HMs (Scheme 2). The activated species can be a radical, cation, or even a carbanion.

 

Scheme 2. Synthesis of HMs via self-condensing vinyl polymerization. Reproduced from [21] with
permission from the Springer Nature.

After the initiating moiety is activated, it is reacted with a vinyl group to form a covalent
bond and a new active site on the α-carbon atom of the double bond. The number of activation
sites increases in proportion with the propagation reaction in self-condensing vinyl polymerization,
whereas two functional groups are always consumed during polymerization. Therefore, in this process,
living/controlled polymerization systems are preferred in order to avoid crosslinking reactions
(i.e., gelation) caused by dimerization or chain-transfer reactions.
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2.3. Ring-Opening Polymerization

The third approach is called ring-opening polymerization (Scheme 3). Although the monomer
itself does not contain branching points, these are generated through the propagation reaction,
similar to that in the self-condensing vinyl polymerization (Scheme 2). Therefore, the monomer
can be considered a latent ABx monomer. Polymerization is driven by addition of a proper initiator to
the corresponding monomer. As an example, anionic ring-opening polymerization of glycidol was
used to prepare hyperbranched aliphatic polyether that contained one epoxide and one hydroxy group,
representing a latent AB2 monomer [22].

 
Scheme 3. Synthesis of HMs via ring-opening polymerization. Reproduced from [21] with permission
from the Springer Nature.

2.4. Alternative Routes for HMs

In addition to the three main routes discussed to prepare HMs, there are a few notable variants
that merit discussion. As a consequence of the infrequent commercial availability of AB2 monomers,
other researchers have begun to focus on polycondensation of A2 and B3 monomers (the A2 + B3

route). Generally, the success of this approach is dependent upon many factors, including the ratio
of functionalities, solvent and reagent purity, and the reaction time and temperature (conversion).
This type of approach is obviously difficult to control and the resultant HMs often have high molecular
masses upon gelation [23–25].

Other approaches led to polymers with topologies similar to that of comb or star shaped polymer
architectures. The issue of polymerization control has proven to be paramount. In the case of the
‘graft onto’ approach, although steric and dilution effects limit the size of the polymers, they possess
a high degree of branching. In the case of the ‘graft from’ approach, a high degree of control over the
polymer architecture were obtained. A ‘graft onto’ polymerization was reported in 1991 [26]. Using
the polyoxazoline approach, comb-burst poly(ethylenimine)-poly 2-ethyl-2-oxazoline copolymers,
and poly(ethylenimine) homopolymers were produced. In contrast, the ‘graft from’ approach
described, was used to form branched copolymers utilizing ‘living’ free radical polymerization in
1997 [27]. This approach was utilized to afford a wide variety of complex architectures in relatively
few steps from commercially available monomers.

3. Properties of HMs

The physical properties of HMs are of key importance for their implementation in industrial
applications. The viscosity of HMs, in both solution and molten states, has been found to be
considerably lower than for their linear analogues [8,28]. Low-viscosity is one of the most interesting
features of HMs, along with very good solubility in various solvents.
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3.1. Solubility

The high solubility of HMs induced by a branched backbone is one important way that they
differ from the linear polymers. Kim and Webster reported that hyperbranched polyphenylenes [11]
had much better solubility in various solvents than did linear polyphenylenes. The solubility and
solution behavior of HMs differ from those of linear ones. It is well known that the solution viscosity
of dendritic macromolecules is lower than that of conventional linear polymers [18,29,30]. Such low
viscosity indicates that dendritic macromolecules are less entangled due to their unique spherical
shape. The relationship between intrinsic viscosity and molecular weight (MW) is shown in Figure 1.
Dendrimers display a bell-shaped relationship, resulting from their well-defined globular structures.
On the other hand, the intrinsic viscosity of HMs increases with MW, and the slopes of their plots
are much lower than those of linear polymers. Moreover, the size exclusion chromatography (SEC)
measurements indicated that the retention volume for HMs tended to be greater than that of linear
polymers, when compared with the same MWs. The results suggested more compact conformation of
HMs than of linear polymers in a solution.

 

Figure 1. Relationship between log MW and log [η] for linear, dendrimer, and hyperbranched molecules.
Reproduced from [31] with permission from the Royal Society of Chemistry.

3.2. Thermal Properties

HMs are mostly amorphous materials, though some exceptional examples have been reported.
For example, HMs have been modified to induce liquid crystallinity [32,33] or crystallinity [34].
The lower glass transition temperature (Tg) of HMs than of linear polymers is another important
feature. The glass transition behavior is related to the relatively large segmental motions within the
polymeric frameworks, and the role of the end groups can be disregarded above a certain MW of
a linear polymer. However, in the case of HMs, the segmental motions are strongly affected by the
branching points, which induce large free volume, as well as the presence of abundant end groups.
Therefore, the glass transition for HMs is strongly affected by the translational movement of the
entire molecule instead of segmental movements [11,35]. Moreover, the chemical nature of HMs has
a decisive effect on Tg. For example, an aliphatic polyester generally has a much lower Tg value than
an aromatic polyester having the same MW [35].

3.3. Mechanical Properties

Mechanical properties (e.g., initial modulus, tensile strength, compressive modulus) reflect the
highly branched, compact structures of these relatively new polymer architectures [36,37]. The less
or non-entangled state of HMs imposes rather poor mechanical integrity, sometimes resulting in
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brittleness. These features of HMs have limited their use in thermoplastics, in which mechanical
strength is of importance. However, HMs can be used as additives for modification of viscosity to
enhance the processability of thermoplastics.

4. Structure of HMs

4.1. Degree of Branching (DB)

A perfectly branched dendrimer is composed of two types of structural units: terminal units
on the globular surface and dendritic units inside. On the other hand, HMs possess three types of
structural units as illustrated in Figure 2: dendritic unit (D = fully incorporated with ABx monomer),
terminal units (T = two unreacted B groups), and linear units (L = one unreacted B group). The linear
segments are generally described as defects. Fréchet et al. [38] defined the term ‘degree of branching’
(DB) as:

DB = (D + T)/(D + L + T) (1)

where D, T, and L are the number of dendritic, terminal, and linear units, respectively. DB is one of
the important characteristics that indicate the branching structure of HMs. Frey and colleagues [39]
reported a modified definition of DB based on the growth directions as:

DB = 2D/(2D + L) = (D + T − N)/(D + L + T − N) (2)

where N is the number of molecules. The two Equations give almost the same DBs for HMs with high
MWs. This is because the N in Frey’s equation is negligible in such cases.

 
Figure 2. Different segment types in HMs.

The DB of HMs can be measured via direct and indirect methods. The direct methods include NMR
measurements and degradation of the polymer units. The model compounds need to be characterized
by 13C-nuclear magnetic resonance (NMR). On the basis of 13C-NMR spectra, different peaks from the
different branching units of HMs can be assigned. DB can also be calculated from integrals of the
corresponding peaks [38]. In addition, an indirect method based on degradation of the hyperbranched
backbone was introduced by Kambouris and Hawker [40]. The chain ends are chemically modified and
then the hyperbranched skeleton is fully degraded by hydrolysis. The degradation products are identified
using capillary chromatography. To use this technique successfully, there are two prerequisites. First,
the chain ends must remain intact during the degradation, and second, conversion to elementary subunits
must be complete [40].
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DB can be altered or tuned to some extent [41–46] via four major methods: (i) copolymerization of
AB2 and AB monomers with different feed ratios [13]; (ii) changing the polymerization conditions such
as temperature, the ratio of monomer to catalyst and solvent [47–50], and the monomer pressure [51,52];
(iii) host-guest inclusion of AB2 or a multifunctional monomer [53]; and (iv) combinations of these
three. Moreover, five methods have been tried to increase DB: (i) increasing the reactivity of the
B′ group (residual functional group on the linear unit) [54], (ii) addition of core molecules [55],
(iii) polycondensation of dendrons [56], (iv) post-modification of the formed HMs to convert the linear
units to dendritic ones [57], and (v) using a special catalyst [58].

4.2. Molecular Weight

Molecular weight (MW) and the polydispersity index (PDI) are significant parameters for
determining the characteristics of HMs. Based on statistical and kinetic methods for HMs prepared
by the polycondensation of ABx (x ≥ 2) monomers, DP and PDI depend on conversion of the
monomers [59,60]. Obviously, PDI increases with increasing conversion. Nevertheless, in some
experiments, PDI could be narrowed by utilizing specific techniques, including: (i) slow addition
of monomers [61–65], (ii) copolymerization with core molecules [55,63–67], and (iii) separation by
dialysis or precipitation [68].

5. Potential Applications of HMs

Generally, in comparison with linear analogues, HMs display many peculiar features, such as large
number of reactive end-groups, few chain entanglements, and little or no crystallization (amorphous).
The new properties allow them to provide new features such as large free volume, tailor-made
properties, enhanced solubility, and low viscosity. To tune their properties, it gives rise to diverse HMs
with desirable functional groups (e.g., –COOH, –OH, –NH2, O=C–NH2, etc.) and topologies such as
segmented or sequential units. Benefiting from tunable nature and correspondingly new properties,
the produced HMs have been widely applied in various new fields, including photoelectronics,
nanotechnology, biomedicine, composites, coatings, adhesives, and modifiers (Figure 3).

 

Figure 3. Relationship between the structure and properties of HMs and their major applications.
Reproduced from [7] with permission from the Royal Society of Chemistry.

5.1. Photoelectric Materials

When compared with linear polymers, conjugated HMs (CHMs) have better solubility and
processability. Moreover, their highly branched and globular frameworks can prevent aggregation and
reduce interunit reactions. Driven by the requirement for unusual properties, much effort has been
devoted to the design and synthesis of CHMs.
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With donor-π-acceptor chromophores, non-linear optical (NLO) materials play a significant role
in latent electro-optic applications [69]. For high performance NLO materials, one of the daunting
problems is how to eliminate intermolecular dipole-dipole interactions. Such defects can be efficiently
restrained by building chromophores in the main-chain [70,71], side-chain [72,73], and periphery [74]
of HMs.

To prevent undesired dipole-dipole interactions, direct polycondensation through an A2 + B4

route using Suzuki coupling reaction has been applied for the synthesis of soluble HMs (two
hyperbranched NLO polymers HP1 and HP2) with isolated chromophores [70]. HP1 and HP2
from A4 + B2 (boronic ester) monomers, containing nitro-based chromophore and sulfonyl-based
chromophore, were also prepared via click reaction. According to second harmonic generation
measurements, the d33 coefficients were 40.0 and 73.6 pm V−1 with Φ values of 0.11 and 0.13. Peripheral
chromophore-modified HMs can also reduce the dipole-dipole interactions. Although the content of
such a chromophore is lower (~20–23 wt %) than that of their linear polymers, the d33 coefficients are
similar (up to 65 pm V−1). The result can be attributed to their unique molecular architectures [75].

Among the diverse CHMs, polyfluorines (PFs) are very important candidates for blue light
emitting diodes (LEDs) due to their desirable luminous intensity [76–83]. To reduce detrimental
green emission and/or inherent ketonic defects, the incorporation of triazole, truxene, oxadiazole,
or carbazole building units into hyperbranched polyfluorines (HPFs) has been used to improve their
electron transport capabilities. A series of novel HPFs were prepared using Suzuki cross-coupling [78].
The resultant products were soluble in common organic solvents (i.e., CHCl3, CH2Cl2, and toluene) and
displayed good thermal stability. Either in film or in chloroform solution, they exhibited absorption
maxima at 349–378 nm (Figure 4). For an LED using HPF as the emitting layer, the blue emission was
up to 212 cd m−2 at about 19 V.

Figure 4. Photoluminescence and absorption spectra of HPFs in CHCl3. Reproduced from [78] with
permission from the American Chemical Society.

5.2. Stabilizers for Nanocrystals

Nanocrystals (NCs or nanoparticles) include insulator, semiconductor, and metal crystals that
show unique size-dependent physical or chemical properties [84,85]. Spontaneous aggregation of NC
particles leads to degradation of performance. Therefore, to minimize the problem, HMs are often
used as stabilizers in the preparation of NCs due to their special characteristics, such as their specific
three-dimensional structure, good solubility, and lots of intramolecular hollow space (free-volume).
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The influence of the HM structure on the synthesis of NCs is mainly shown in the following three
aspects: (i) their unique 3D structure can provide sufficient hindrance, and thus can efficiently suppress
the aggregation tendency of NCs, (ii) the presence of many cavities in the HM templates confines
the free diffusion of NC precursors, and hence are useful for controlling the size of NC particles,
and (iii) the terminal groups of HMs provide enough functional flexibility to facilitate the synthesis
and dimensional control of NC particles.

Three methods have been reported for the synthesis of NCs: (i) HMs first (HMs use as stabilizers
to directly prepare NCs); (ii) ligand exchange (NCs-coated surfactants or linear polymers as ligands
are exchanged into an appropriate HMs); and (iii) NCs first (the grafting or in-situ growth of HMs
occurs on the surface of NCs) (Figure 5).

 

Figure 5. HMs as stabilizer for nanocrystals (NCs): (A) HMs first, (B) ligand exchange, and (C) NCs
first. Reproduced from [7] with permission from the Royal Society of Chemistry.

To date, six major kinds of HMs have been employed to prepare NCs. As shown in Figure 6,
the acronyms of these HMs are hyperbranched polyamidoamines (HPAMAM) [86,87], hyperbranched
poly(ethylene imine) (HPEI) [88–90], hyperbranched polyglycerol (HPG) [91–93], hyperbranched
polyester (HPE) [94,95], hyperbranched poly(acryl amide) (HPAM) [96–98] and hyperbranched
poly(ether polyols) (HPEO) [99]. Using these HMs as stabilizers, various semiconducting and
metallic-conducting NCs have been prepared for diverse applications.

Most quantum dots (QDs) are synthesized using the ‘HMs first’ approach [88–90,100–104].
Hydroxyl-ended HPG (Mn > 20000 g mol−1) was directly used as the stabilizer to prepare QDs
that included ZnS, Ag2S, PbS, CuS, and CdS [92]. Due to the role of HPG, various QDs displayed good
solubility in water and DMF, and also showed low toxicity with good biocompatibility. Excluding
unmodified HPGs, thioether-functionalized HPGs could be employed to prepare CdS and CdSe
QDs [93]. Interestingly, the sizes of the resultant QDs depended on the molecular weights of the
modified HPGs. In addition, the ligand-exchange strategy showed its superiority with regard to the
size control of the NCs, because NC particles can be pre-formed. HPEI exchanged with hydrophobic
surfactants of CdSe@ZnS QDs, can form very stable colloids in chloroform [105]. Compared with the
aforementioned approaches, surface chemical grafting onto QDs is a more reliable way to stabilize
NCs. Coating QDs with a protective shell can effectively avoid fluorescence quenching or the release
of toxic metal ions [106–109].
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Figure 6. Schematic structures of classic HMs (and their acronyms) used as stabilizers to prepare NCs.

Incidentally, multifarious factors, such as DB, the reaction temperature, and the concentration of
metal ions, contribute to the particle size of NCs [110–112]. Other than monometallic (Au, Ag, Pt, Pd,
and Ru) NCs, bimetallic (Au/Pt, Au/Pd, and Au/Ru) NCs [98] and smart HM-stabilized NCs [113]
(thermo- or pH-responsive ones) have also easily been achieved using a similar strategy.

5.3. Bio-Applications

Similar to the amphiphilic linear block copolymers, amphiphilic HMs can be self-assembled into
various supramolecular structures in solution or through interfacial self-assembly. Supramolecular
structures have potential applications in biomedical areas, because of their biocompatibility and adjustable
molecular architectures. Hyperbranched polyethers, polyesters, polyphosphates, and polysaccharides
could be candidates for biomedical uses in areas including cytomimetic chemistry, drug delivery, gene
transfection, antimicrobial material, and bio-imaging fields [114–116].

Compared with small molecular liposomes, the HM vesicles (HMVs) formed, display lower
membrane fluidity and higher stability. HMVs can induce multivalent interactions among vesicles,
like a biomembrane does. Moreover, the size of HMVs is very close to that of a cell, allowing direct
observation through optical or fluorescent microscopy. Zhou and Yan revealed that membrane fusions
were initiated even by small perturbations or by changing the osmotic pressure [117,118].

Apart from cytomimetic chemistry, supramolecular aggregates formed by HM self-assembly have
been utilized to load drugs. Compared with naked drugs, HM-drug complexes can improve solubility
and prolong service time. At the same time, they can easily penetrate cell membranes and selectively
accumulate, as well as be retained, at tumor sites [119].
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Cationic HMs (e.g., hyperbranched polyethylenimine, HPEI) mixed with electronegative DNA
can form HM-DNA polyplexes for gene transfection. Compared with viral vectors, HMs displayed
various advantages such as higher safety, weaker immune responses, more facile synthesis, and easier
operation [120–126].

HMs have also been widely used as antibacterial/antifouling materials. Due to their good
biocompatibility and chemical stability, HPGs are promising antifouling materials that can be employed
to prevent the attachment of proteins [127].

In the bio-imaging field, HM-probe-conjugates with good water solubility and available functional
groups are good solutions to problems associated with low quantum yield and poor specificity.
Zhu and Yan grafted fluorescein isothiocyanate on peripheral hyperbranched polysulfonamine (HPSA)
through the reaction of isothiocyanate and a primary amino group [128,129]. With low cytotoxicity
and good serum compatibility, the HPSA-probe conjugate can be used for bio-imaging or for tracking
cells [125].

Star-like HMs (HCP-N-PEG and HCP-O-PEG) have an hyperbranched conjugated polymer
(HCP) core and linear polyethylene glycol (PEG) arms. They showed superior fluorescein response
sensitivity compared to that of small fluorophores, and could be used as drug carriers for tumor
therapy (Figure 7) [130].

 

Figure 7. (a) Synthesis of HCP-N-PEG and HCP-O-PEG conjugated copolymers; (b) Self-assembly of
conjugated copolymers and their endocytosis in tumor cells. Reproduced from [130] with permission
from the American Chemical Society.
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5.4. Carbon Nanomaterial/HM Nanocomposites

Because of their highly branched architecture, HMs have less intermolecular entanglement,
which leads to good solubility, low viscosity, and unusual rheological properties. Their unique 3-D
architecture offers enough steric hindrance to avoid aggregation of the nanoparticles. Therefore,
HPs are good dispersants and surface modifiers for carbon nanomaterials, such as carbon nanotubes
(CNTs) and graphene (or graphene nanoplatelets).

When dendritic sulfonated hyperbranched poly-(ether-ketone) (SHPEK) was grafted onto
the surfaces of multiwall carbon nanotubes (MWCNT or MWNT), the resultant nanocomposites
(e.g., SHPEK-g-MWCNT) were easily dispersible in water (zeta potential of −57.8 mV; see Figure 8).
SHPEK-g-MWCNT film showed sheet resistance as low as 63 Ω/sq and high electrocatalytic activity for
the oxygen reduction reaction (ORR), without heteroatom doping onto the MWCNT framework [131].

 

Figure 8. (a) Schematic demonstrations for SHPEK-g-MWCNT. (b) Zeta-potential curve of SHPEK-
g-MWCNT (Inset: a photograph of the solution with hand-held laser shining). (c) Cyclic voltammograms
in nitrogen- and oxygen-saturated 0.1 M aqueous KOH solution for SHPEK-g-MWCNT. (d) RDE
voltammograms in oxygen-saturated 0.1 M aq. KOH solution with a scan rate of 0.01 V/s at different
rotation rates. Reproduced from [131] with permission from the American Chemical Society.

Carbon nanomaterial/HM nanocomposites exhibited enhanced performance due to their favorable
synergetic effects [132,133]. HMs exhibit low intrinsic viscosity, thus endowing the nanocomposites with
good processability. There are two major methods for preparing nanocomposites or hybrids: (i) direct
mixing of HMs with carbon nanomaterials and (ii) in situ polymerization of HMs in the presence of carbon
nanomaterials. If HMs and carbon nanomaterials are linked by covalent bonds, the phase separation issue
at the interface can be efficiently eliminated and the overall performance is greatly enhanced.

In the case of HPPS-g-MWCNT prepared from grafting of hyperbranched poly(phenyl sulfide)
(HPPS) onto the surface of MWCNT, the dispersibility and melt-processability of the nanocomposite
were significantly enhanced. Thus, the nanocomposite specimens could be easily compression-molded.
Without chemical doping, the surface conductivities of as-prepared HPPS-g-MWNT film were in the
semi-metallic transport region (3.56 S cm−1) [134].

Graphene has attracted increasing attention and been subjected to rapid development because of
its unique atom-thick 2-D structure and excellent properties. It has a wide range of promising potential
applications [135,136]. Exfoliation of graphite to produce graphene could be achieved very simply
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by a wedge effect using HMs. In situ ‘direct’ grafting of HMs to the edges of pristine graphite could
exfoliate graphitic layers to form graphene (Figure 9). Due to the 3-D molecular architectures of HMs,
the solubility of HM grafted graphene is profoundly improved compared with grafting of its linear
analogue. This result is because HM provides numerous polar peripheral groups that not only act as
macromolecular wedges, but also exhibit chemical affinity for solvents [137].

 

Figure 9. (a) ‘Direct’ Friedel-Crafts acylation reaction between graphite and HPEK in PPA/P2O5

medium. TEM images: (b) HPEK-g-graphite; (c) ‘Edge-on’ view (Inset: a selected area electron
diffraction (SAED) pattern obtained from the basal area). Reproduced from [137] with permission from
the Royal Society of Chemistry.

Graphene oxide (GO) possesses many available functional groups (e.g., hydroxyl and epoxide
groups) on its basal area and along edges [138], which allow further chemical modification.
Furthermore, these functional groups endow GO sheets with strong hydrophilicity, which makes GO
fully dispersible in water or polar solvents (such as DMF and NMP) [139]. Through a liquid crystal
self-templating methodology, next-generation continuous nacre-mimics with extreme strength and
toughness have been achieved [140,141]. Hierarchically assembled fibers exhibited the highest tensile
strength (652 MPa) and excellent ductility, with a toughness of 18 MJ m−3. The outstanding mechanical
performance of GO-HPG fibers is ascribed to their hierarchically assembled structure and uniform
alignment of GO sheets (Figure 10).
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Figure 10. (a) Image of a 30 m long GO-HPG gel fiber (scale bar = 10 mm). (b,c) SEM images
of a cross-section of a GO-HPG gel fiber ((b,c), scale bars of 250 nm and 3.0 mm, respectively);
(d) Wet-spinning assembly of complex LCs into nacre-mimetic fibers with hierarchical structures;
(e) Typical stress-strain curves: (1) GO only; (2) GO-HPG; (3) GO-HPG-GA; (f) The strain rate is 10%
per minute. Reproduced from [140] with permission from Nature.

6. Conclusions and Outlook

The major developments of synthetic strategies, the relationship between structures and properties,
and many of the applications for HMs have been summarized in this paper. It is noteworthy that the
development of applications for HMs is still in its infancy and further research is required to maximize
their full potential. Moreover, because this is still an area of emerging research, some problems need to be
solved, many knowledge gaps should be filled, and key limitations should be overcome. These include
such as DB control, introduction of hetero-atoms, synthesis of HMs with 2D structure, development of
sequence-controlled HMs, and biocompatibility.
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Abstract: Dentromers (from dentro, δεντ�o: tree in Greek), and meros (με�oσ, in greek: part)
are introduced as a family of dendrimers constructed according to successive divergent 1 → 3
branching. The smaller dentromers have 27 terminal branches. With alcohol termini they were
originally named arborols by Newkome, who pioneered 1 → 3 constructions of dendrimers and
dendrons. Giant dentromers have been constructed and decorated in particular with ferrocene and
other redox active groups. The synthesis, specific properties, and applications are examined in
this mini review article dedicated to Don Tomalia, with an emphasis on dense peripheral packing
favoring the functions of encapsulation, redox sensing, and micellar template for catalysis in water
and aqueous solvents.

Keywords: dendrimer; dendron; dentromer; sensor; catalysis; redox; ferrocene; template; micelle

1. Introduction

Besides the seminal articles on dendrimers by Tomalia [1], Newkome [2], and Denkewalter [3] in the
early 1980s, the beauty and enormous potential of dendrimers were revealed to the scientific community by
the superb prospective review article published by Don Tomalia in Angewandte Chemie in the late 1980s [4].
Tomalia was the one who astutely coined the term dendrimer [4]. He also produced by far the most popular
family of dendrimers, the polyamidoamine dendrimers known to all chemists as PAMAM dendrimers [4,5],
with great potential in biomedical applications [6–9]. These dendrimers, like most of the other dendrimer
families, were synthesized according to a double-branching construction called 1 → 2 branching, whereby
each group is branched to two other groups, and so on, i.e., doubling the number of peripheral groups from
one generation to the next [10–38].

In the present mini-review, we wish to highlight another dendrimer family, synthesized upon
triple branching, therefore leading to a much larger number of tethers than double branching for the
same generation number. We call this family “dentromers” from dentro (δευτ�o, in Greek: tree) and meros
(με�oσ, in Greek: part, etymologically “made of several parts,” like in polymers). The triple-branching
dendrimer construction [39] is much less frequent than the double-branching one [40–43]. It was
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pioneered by Newkome in his seminal article on unimolecular micelles called arborols in 1985 [2].
The topology of triple branching is found with linkers such as a trisubstituted carbon connected
to a substrate, a 1,3,5-trisubstituted arene, or gallic acid with the 3,4,5 arene hydroxy substituents
and derivatives.

The first method of triple branching was extensively used by Newkome to synthesize useful
dendrons [44]. For instance, derivatives of tris(hydroxymethyl)methane were shown to react cleanly
with acrylonitrile to yield a tris-nitrile or with chloroacetic acid in methanol to yield tris(esters) [45,46],
and nitromethane was also a starting point reacting with acrylic esters to yield tris(ester) derivatives [46,47].
Another strategy consisted of the connection of a pre-synthesized trifunctional dendron, was achieved
by Newkome’s group upon the reaction of a bromo-terminated dendrimer core with a dendron bearing
a focal point terminated by an ethynyl group [46,48]. Interestingly, this pre-prepared dendron grafting
strategy was even applied to PAMAM dendrimers to form molecular micelles [49] and to perform calixarene
core functionalization [50]. Miller and Neenan initiated an arene-cored triple-branching construction with
1,3,5-triiodobenzene when they reported their seminal convergent dendrimer construction in 1990 [11]
(as Hawker and Fréchet [10]), but the convergent strategy further involved arene desymmetrization with
only double branching. Finally, another family of useful dendrons is Percec dendrons derived from gallic
acid, leading to the assembly of a variety of soft materials with various shapes [51].

2. Organoiron Arene Activation

Our dentromer construction and other branched molecule constructions were initiated by powerful
temporary organoiron activation of mono- or polymethyl arenes. The principles of activation of simple
and commercial arenes for branching out are detailed as follows. The η5-cyclopentadienyl (Cp) iron group
is indeed an excellent, simple, cheap, and non-toxic (contrary to metal carbonyls) arene activator in both
the 18-electron cationic sandwich complexes [CpFeII(η6-arene)] [PF6] [52,53] and in the 19-electron neutral
isostructural analogues [CpFeI(η6-arene)] [54–56]. These cationic complexes are easily synthesized on a large
scale by reactions of the arenes with ferrocene [57]. In 1979, a series of six iterated sequences consisting of
deprotonation/nucleophilic substitution reactions allowed us to transform the hexamethylbenzene ligand in
the cationic complex [CpFeII(η6-C6Me6)] [PF6], 1, into hexaethylbenzene in the complex [CpFeII(η6-C6Et6)]
[PF6], 2. The reactions were conducted under ambient conditions either stepwise [54] or as a one-pot
reaction [58]. This was the beginning of an iteration strategy to synthesize arene-centered star molecules,
including functional ones according to a 1 → 1 directionality [59]. Upon reaction of complex 1 with t-BuOK
and allyl bromide, it was possible to selectively synthesize from complex 1 the hexabutenyl benzene
complex [CpFeII(η6-C6(CH2CH2CH=CH2)6)] [PF6], 3 (see the arene ligand structure of 3 in scheme 1) in
one day or, much more slowly, the dodecaallyl dendritic molecule [CpFeII{η6-C6[CH(CH2CH=CH2)2]6}]
[PF6], 4 upon reaction in three weeks. This later reaction corresponds to a 1 → 2 directionality [60].
This double branching with allyl groups was much more easily obtained by utilizing the same reaction
starting from the 1,2,4,5-tetramethylbenzene (durene) complex [CpFeII(η6-1,2,4,5-C6H2Me4)] [PF6], 5 [60]
or from the other 18-electron complex [CpCoIII(η5-C5Me5)] [PF6], 6 [61], providing the dendrimer cores
[CpFeII(η6-1,2,4,5-C6H2{CH(CH2CH=CH2)2}4)][PF6], 7 (see the arene ligand structure of 7 in scheme 1) and
[CpCoIII(η5-C5{CH(CH2CH=CH2)2}5)] [PF6], 8 respectively. This reactivity trend shows that the branching
facilities in the polymethylbenzene complexes [CpFeII(η6-C6HnMe6-n)] [PF6] at a given methyl arene
substituent strongly depends on the number of methyl group neighbors of this methyl group (Scheme 1).
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Scheme 1. Various directionalities quantitatively obtained upon perallylation of cationic
polymethylbenzene iron sandwich complexes upon reaction with KOH and allylbromide in THF under
ambient conditions followed by visible-light photodecomplexation. Complex 1 = [CpFeII(η6-C6Me6)]
[PF6]; in the scheme, FE = (η5-C5H5FeII)+ with the PF6

− counter anion.

This rule was establishing from the beginning with methyl iodide and was completed with the
mesitylene ligand of the complex [CpFeII(η6-1,3,5-C6H3Me3)] [PF6], 9 in which the methyl substituents
have no neighbors [58]. In this latter case, no steric inhibition prevents the one-pot replacement of
the three H atoms of each methyl groups by 3 methyl or allyl groups upon a series of nine iterative
deprotonation/methylation or allylation sequences. In this case, the reactions correspond to 1 → 3
directionality. The bursting one-pot nona-allylation of the mesitylene complex is especially interesting
because it is virtually quantitative and quickly provides a nonafunctional dendritic (dentromeric) core
9 [62]. In addition, the arene ligand is readily displaced by mesitylene upon visible photolysis to
regenerate the starting complex 9. Altogether, after photochemical decomplexation using visible
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light, the star core 10, the dendrimer core 11 and the dentromeric core 12 are readily accessible upon
temporary complexation of the precursor haxamethylbenzene, durene, and mesitylene, respectively.

Another challenge was the extension of these multiple iteration sequences to the synthesis of
a dendron. This was achieved starting from the p-chlorotoluene complex [CpFeII(η6-p-C6H4Me(Cl))]
[PF6], 13. The large-scale reaction of this complex 13 with K2CO3 in ethanol at 50 ◦C provided the
4-ethoxytoluene complex [CpFeII(η6-p-C6H4Me(OEt))] [PF6] that reacted with t-BuOK + allyl bromide to
directly yield, in a one-pot reaction, the iron-free dendron p-HOC6H4C(CH2CH=CH2)3, A, in 40% yield [63],
as shown in the bottom of Scheme 2. In this eight-step one-pot reaction, t-BuOK plays three roles:
base to deprotonate the benzylic methyl groups (three times), nucleophilic cleavage of the O-C bond
(assisted by CpFe+ activation) and finally electron-transfer reagent to transfer an electron to the iron
sandwich cation, yielding the highly unstable 19-electron species [64]. Subsequent ferrocenylation upon
hydrosilylation with FcSi(H)Me2 (Fc, ferrocenyl = η5-C5H5Feη5-C5H4) readily afforded a triferrocenyl
dendron p-HOC6H4C(CH2CH2-CH2Si(Me)2Fc)3 that was convenient (with a phenol group at the focal
point) for ferrocenyl-terminated dentromer constructions [65].

Scheme 2. Construction of giant dentromers starting from ferrocene.

3. Dentromer Construction

A remarkable advantage of dentromers over dendrimers of the same generation is the larger number of
terminal groups produced. For instance, starting from a nonabranched core (0th generation, see Scheme 2),
dentromers reach a theoretical number of 729 terminal in only four generations, whereas 1 → 2 branching
from the same core reaches only 48 terminal groups in four generations (see Figure 1 for the 3rd generation
243-allyl dentromer).

39



Molecules 2018, 23, 966

Figure 1. Planar representation of the 243-allyl dentromer (Scheme 2, 3rd generation).

This nonaallylated core 12 was easily functionalized in many ways. For instance its hydroboration
followed by oxidation by H2O2 yields a nano-ol and hydrosilylation inter alia with HSiMe2(CH2SiCl)
leads to an air-robust nona-chloromethyl-terminated dendritic core in which nucleophilic substitution
by NaI, NaN3, or sodium phenolate yields nona-iodo, nona-azido, and nonaaryloxy-terminated
dendrimers, respectively, that are suitable for further Williamson or “click” reactions. At this point the
introduction of additional 1 → 3 directional dendrons by appropriate coupling with the core provided
clean divergent construction of dentromers whereby the terminal branch number is multiplied by 3
from a generation to the next one. For instance, the reaction of the nona-chloromethyl-terminated
dendritic core with the phenoltriallylmethyl dendron A in the presence of sodium iodide by Williamson
reaction leads to the next generation of polyallyl dendrimer with 27 allyl groups [66]. Iterative dendron
branching up to the 9th generation led to a dentromer with a theoretical number of 177,147 branches,
although the divergent construction inherently results in defects that are more numerous as the
generation number increases. Nevertheless, the 1H, 13C, and 29Si NMR spectra, HRTEM and AFM in
particular, allowed us to progressively follow the dentromer construction, indicating that in generation
9 the actual branch number is on the order of 105 [66].

Another powerful method consisted of applying copper-catalyzed azide alkyne cycloaddition (CuAAC),
i.e., “click” chemistry [67–69]. For instance, a reaction of the nona-azido core with the phenol dendron
functionalized at the focal point with a propargyl group provides suitable 1,2,3-triazole-linked dentromers [70].

Thus the trifunctional dendrons may be used either to proceed from one generation to the next or
to decorate dentromers in the same time as multiplying their number of terminal branches. Examples
have been provided with dendrons that are trifunctionalized with various organometallics such as
redox-active ones [71–74] or water-solubilizing ones [75]. In this later series, the Percec dendron [42,43],
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initially based on gallic acid, is particularly useful because the terminal hydroxyl groups are easily
alkylated with triethylene glycol (TEG) bromide for water solubility.

4. The Applications of Dentromers

Starting from the nano-allylated core obtained by CpFe-induced nona-allylation of mesitylene,
only one generation is needed to reach a 27-functional dentromer that is used as a sensor, template,
and micelle, in particular for catalysis applications [76].

Construction of ferrocenyl-terminated dendrimers (Figure 2) was achieved until the 7th generation
containing a theoretical number of 19,683 ferrocenyl groups. Actually electrochemical and spectroscopic
monitoring led to an estimation of approximately 15,000 terminal groups. AFM showed the steady increase
of the height of the dentromer layer upon increasing generation numbers. The images of the 5th and 6th
generations showed regularly distributed spots [72].

Figure 2. Planar representation of a 81-ferrocenyl dentromer (2nd generation).

Cyclic voltammograms consisted of a single wave from the 0th to the 7th generation without
significant irreversibility or slow electron transfer, indicating faster rotation of the dentromer and/or
electron hopping from redox site to redox site. Oxidation of the 5th generation ferrocene dentromer led
to a reversible size increase of nearly 50% by AFM of the dentromer upon oxidation, meaning that these
nanosystems breathe like molecular machines upon redox cycling. The apparent equivalence of all the
peripheral redox sites in cyclic voltammetry has a very important consequence for redox recognition
and sensing.

Indeed, redox sensing is a useful property of dentromers terminated by redox-active groups such
as ferrocene [77], biferrocene [74], CpFe(η6-arene) [77], [(η5-C5Me5)Fe(dppe)] [78], cobalticinium [79],
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or Fe4Cp4(CO)4 clusters [80]. Besides the ion pairing and supramolecular hydrogen bonding
properties, the parameter that boosts the redox recognition of substrates is the dendritic effect involving
encapsulation of substrates inside the dendrimer periphery. This crucial dendritic effect is optimized
in dentromers because they ensure a denser packing of terminal groups with 1 → 3 branching than in
looser 1 → 2 branching. This phenomenon appears particularly marked in amidoferrocenes [81,82]
and click ferrocenyl dendrimers, which sense both oxo-anions such as ATP2- (a DNA fragment) [83]
and transition-metal cations [70,74]. The combined use of gold nanoparticles (NPs) and dendrons
organized with 1 → 3 connectivity such as nanosilylferrocene dendrons with a thiol terminal group
allows us to construct large ferrocenyl dentromers in which the weak interaction between the silicon
atom bonded to ferrocene and the anionic phosphate group of ATP2- also provides a good means of
ATP2- redox sensing (Figure 3).

Figure 3. Redox ATP2- sensing using a large gold NP-cored silylferrocenyl-terminated dentromer.
The cyclovoltammetry wave of the silylferrocenyl groups interacting with ATP2- is significantly shifted,
allowing titration. Modified electrodes with this dentromer allow repetitive titrations.

Another area in which dentromers have an additional advantage compared with dendrimers
is that of support and template in catalysis. PAMAM dendrimers have already been shown to be
efficient templates for catalysis of olefin hydrogenation and cross carbon–carbon coupling reactions by
dendrimer-encapsulated NPs [84,85]. “Click” dentromers are advantageous alternatives, however.

The first catalytic applications of “click” dentromer-encapsulated NPs were conducted for olefin
hydrogenation and the Suzuki–Miyaura reaction [70]. These dentromers are terminated by triazolylferrocenes,
and cyclic-voltammetry-monitored titration indicated that they coordinate, for instance, with one triazole
group per PdII. Reduction of PdII to Pd0 atoms led to Pd NP formation. The sizes of these NPs, determined
by transmission electron microscopy, showed that for the 27- and 81-dentromers they contained a number
of atoms corresponding to the same number of previously coordinated PdII cations. These numbers are
36 atoms (27 + 9) for the 27-dentromer and 117 atoms (81 + 27 + 9) for the 81-dentromers. The theoretical sizes
were 1.0 and 1.6 nm for the 27- and 81-dentromers respectively, and the observed sizes were 1.1 ± 0.2 nm
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and 1.6 ± 0.3 nm, respectively, showing that the agglomerated atoms were retained inside the dentromers in
dentromer-encapsulated NPs. This information was useful to understand the catalytic reaction mechanisms.
Whereas, for hydrogenation, the observed TOFs were as expected, the NP size was smaller, as already
known for polymer-stabilized NPs [86]; in Suzuki–Miyaura reactions, the TOF was hardly dependent on
the dendrimer generation, reaching values of 5 × 105. This observation led to the suggestion that a leaching
mechanism was in operation. In this mechanism catalysis is probably ensured by the leaching of single
atoms or small clusters containing a few atoms subsequent to aryl halide oxidative addition onto the NP
surface. These active atoms are supposedly more easily caught by the mother NP as the NP catalyst is
higher, which would explain the “homeopathic” catalysis [70,87]. This behavior is related to that observed
by de Vries’ group for a Heck reaction conducted at 150 ◦C [88], but, interestingly, the Suzuki–Miyaura
reactions analyzed here, unlike the Heck reactions, were carried out under ambient conditions.

The small water-soluble dentromer containing nine Percec-type dendrons with a propargyl group
at the focal point connected to the nonaazido dendritic core by CuAAC click reaction (Scheme 3)
turned out to be remarkably productive and recyclable in several types of catalysis conducted in water
or aqueous solvents, including olefin metathesis catalyzed by commercial Ru-benzylidene catalysts,
the click reaction catalyzed by CuI-tren catalyst, and several NP-catalyzed reactions [89]. Reactions
were compared using either this 27-dentromer or the higher-generation 81-dentromer terminated by the
same Percec dendron, and they did not result in significant dendritic effects, i.e., the TOFs did not
improve upon using the 81-dentromer template compared to the lower-generation dentromer.

Scheme 3. Synthesis of the standard water-soluble dentromer terminated by Percec-type dendrons
serving as micellar template for a variety of reactions catalyzed by transition-metal complexes or NPs
in water or aqueous solvents.

For instance, the use of the 27-dentromer allows us to decrease the amount of CuSO4 catalyst to
ppm amounts followed by reduction to CuI by Na ascorbate and to apply this catalyst to the synthesis of
triazole molecules of biomedical interest. In other examples, the same 27-dentromer served as a template
to catalyze the CuAAC or carbon–carbon coupling reactions using ppms of Cu or Pd NP catalyst,
respectively [90]. The presence of intra-dentromer ligands was essential in dendrimer-encapsulation
NP catalysis, as demonstrated by the sizes of Au NPs obtained in 81- dentromers with or without
inter-dentromer triazole ligands.

With intra-dentromer triazoles, the size of Au NPs formed by the addition of HAuCl4 followed by
reduction using NaBH4 was approximately as expected from the number of triazole groups showing
intra-dentromer formation, whereas without triazole groups the Au NP size obtained was much larger,
indicating AuNP formation outside the dendrimer [73] Using HRTEM and HAAD STEM, it was
possible to precisely locate Au NP [91] and Ag NPs [92] in nanosnakes or at the inner periphery of
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dentromers. As illustrated in Figure 1, NPs can accommodate dendrons upon binding to the core,
which can also provide very efficient catalysts [93].

Finally, the zeroth (Scheme 3) and first-generation dentromers (Figure 4) terminated by water-
solubilizing TEG-Percec dendrons are among the best supports for catalyzing hydrogen production
from ammonia-borane hydrolysis under ambient conditions, showing the potential of new applications
of dentromers in the field of energy [94].

Figure 4. Planar representation of a 81-TEG dentromer (1rst generation).

Dentromers have so far scarcely been applied to the biomedical field unlike the other
dendrimers [6–9,32–38,95]. Nevertheless, gold nanoparticle-centered silylferrocenyl-terminated
dentromers have been shown to electrochemically recognize the ATP anion, a DNA fragment [81].
In this case, dentromers present a significant advantage over other dendrimers, because a close
dendrimer–substrate interaction is favored by triple branching, as shown by a positive dendritic
effect (i.e., the fact that the increase in the generation number results in better recognition [77],
unlike in catalysis [94]). Dentromers have also been shown to encapsulate various substrates [96–100],
including vitamin C and other vitamins [96,97], dopamine, and acetylcholine [98,99]. It has not
been demonstrated that gold-nanoparticle-cored dentromers would necessary present an advantage
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over other dendrimers in drug delivery, however. For instance, water-soluble TEG-terminated gold
nanoparticles were shown by 600 MHz 1H NMR in D2O to encapsulate nine molecules of docetaxel
(Figure 5). This taxane, known in its classic formulation as taxoter, is one of the most powerful and
efficient anti-cancer drugs; thus, this nanodevice was designed for in vitro drug delivery [101,102].

Figure 5. Molecular structure of the strong anti-cancer drug docetaxel.

5. Concluding Remarks

The original organoiron chemistry of arene activation and multiple functionalization was used
in the late 1970s to propose a set of reactions leading to stars and dendritic cores. The principle of
iterations has since then been the key to dendritic, dendronic, and dentromeric constructions. Around
the turn of the century, new dendrons and giant dentromers, a family of dendrimers with 1 → 3
branching, were constructed based on these principles. Specific applications include the fast synthesis
of dentromers with a large number of peripheral groups, such as ferrocene and other organometallics,
leading, for instance, to molecular batteries and redox sensors. This redox behavior parallels that
of the polyelectronic reduction of fullerenes [103,104], but with an electrostatic effect that is almost
nil in dendrimers and dentromers terminated with redox groups. The fast access to small dentromers
terminated with Percec-type dendrons also allowed many applications as micellar templates for
catalysis in water or aqueous solvents. The shortcomings of dentromers are not apparent, although
biomedical applications remain rare (vide supra); such applications might be of great interest [95].

In conclusion, the ideas and works presented in this mini-review could be developed in part
thanks to the concept of dendrimers developed by Tomalia in his seminal 1990 review.
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Abstract: This review highlights the utilization of dendron-polymer conjugates as building
blocks for the fabrication of nanosized drug delivery vehicles. The examples given provide
an overview of the evolution of these delivery platforms, from simple micellar containers to
smart stimuli- responsive drug delivery systems through their design at the macromolecular level.
Variations in chemical composition and connectivity of the dendritic and polymeric segments provide
a variety of self-assembled micellar nanostructures that embody desirable attributes of viable drug
delivery systems.
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1. Introduction

1.1. Nanosized Polymeric Materials as Drug Delivery Vehicles

Recent decades have witnessed an increasing trend in the application of polymeric nanomaterials
for cancer therapy [1–3]. Widespread employment of polymer-based nanomaterials such as micellar
aggregates and polymeric nanoparticles (NPs) in various application areas such as smart drug delivery
systems, disease diagnosis and medical nanodevices has drawn attention to their vast potential [4–6].
A volume of studies in the area of polymer-based drug delivery systems has established that in most
cases combining a drug to such a nanosized construct increases the efficacy of the drug. Moreover,
when the drug is simply encapsulated or covalently attached as a prodrug, this happens without
changing the molecular structure and the reaction of the target cells with the drug [7]. During the
distribution phase, these nanoscale particles protect the drug from plasma components such as enzymes
and thus preserve its stability. Since many drug molecules are quite hydrophobic, their association with
hydrophilic nanocarriers increase their solubility and thus minimizes the need for additional solubilizing
excipients, which can cause undesirable side effects [8,9]. Due to increased size of the carrier compared
to the drug molecule, the plasma elimination half-life, tumor accumulation and renal clearance rate
of the drug can be enhanced. Consequently, the therapeutic index of various chemotherapy agents
which are currently in the clinic can be improved, in particular, by reducing their overall toxicity or
by enhancing their efficacy [10]. Additionally, incorporation of specific targeting moieties to these
nanosized aggregates facilitates delivery of the cargoes such as drugs, nucleic acids, imaging agents
to specific cells or particular organelles [11–13]. Employing NPs to generate novel vaccines in order
to improve their immunogenic response is another important area, with distinguished examples such
as nicotine nanovaccines prepared from lipid-polymeric hybrid NPs displaying great potential for
overcoming nicotine addiction through an innovative immunotherapeutic approach [14–17].
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Although the overall picture appears quite simplistic, there are several challenges in using micellar
constructs as delivery platforms [18]. When NPs are introduced or enter into biological milieus like
blood stream, interstitial fluid or extracellular matrix (ECM), the coronas of particles come in close
contact with biomacromolecules and adsorb them as in the case of opsonization in plasma [19].
The resulting coating around NP periphery might alter the final efficiency of drug delivery system
(DDS) by changing its size, stability and surface charge [20]. As a result, numerous biological variables
determining the final efficacy of the DDS such as biodistribution, toxicity, tumor extravasation and
cellular internalization profiles of NPs can be distinctively different then conjectured.

Nanotherapeutic agents with an average size in the range of 10 to 200 nm can escape filtration
through the kidneys, with a renal clearance cut off value around 5 nm. As a result, these NPs can stay in
the blood stream circulating for prolonged periods of time. In this extra time frame, NPs have increased
probability to extravasate to the tumor tissue leading to improved drug accumulation profiles [21].
The ultimate toxicity and efficacy of the delivered cargo is notably changed where the biological fate of
drugs integrated to DDSs displays distinguished variances regarding pharmacokinetic (PK) properties
and biodistribution of parent drugs.

Nanotherapeutics can enhance a drug’s efficacy profile during three phases; initially by interaction
with the reticuloendothelial system (RES) agents while in systemic circulation; secondly during
extravasation from the blood vessel towards tumor environment and finally upon uptake by target
cells and release of the delivered agents. RES is a system composed of macrophages widespread in
multiple organs and sites, such as lymph nodes, adipose tissue, and bone marrow, but the most essential
ones are those located in the spleen and liver, since they have the greatest potential to alter the clearance
profiles of NPs. The NP-corona complex formed after introduction to serum may induce recognition by
macrophages and removal of these particles via phagocytic routes, as macrophages can detect the NPs
coated by these serum proteins [22,23]. Thus, any aspect affecting the opsonization state of the NPs
regulates the extent of interaction of the NPs with the RES components, which is the key element for
gaining the preferred circulatory time and clearance rates. Surface modification of nanostructures using
poly(ethylene glycol) (PEG) segments has been evaluated as an approach to address this barrier [23,24].
The PEGylation level at particle corona, the size, the composition, the surface charge and the shape
of NPs are some of the features determining RES interactions. Such criterions which determine the
interaction of the nanosized DDS with the biological environment and thus effecting the ultimate fate
of these carriers must be kept in mind while designing a nanoparticle based carrier.

1.2. Dendritic Architecture-Based Drug Delivery Vehicles

The concept of three-dimensional branched polymers like dendrimers, possessing an alternative
macromolecular structure compared to linear polymers was first proposed by Flory in the early
1950s [25]. However, the initial examples of this class of cascade polymeric structure was iteratively
synthesized first by Vögtle and coworkers in 1978 [26], shortly followed by synthesis of lysine
dendrimers in the work of Denkewalter and coworkers in 1979 [27]. Thereafter, the poly(amidoamine)
dendrimers (PAMAM) were introduced through the work of Tomalia and Dewald, patented and
published at 1983 and 1985, respectively [28,29]. Additionally, Newkome and coworkers in 1985
reported the monocascade sphere (arborol) type dendrimers with expendable interior cavities and
modifiable surface groups indicating their potential use as micellar delivery agents [30].

Initially termed as cascade molecules or star polymers, dendrimers or dendrons are polymers
with well-defined structures due to their step-by-step preparation composed of ABn type monomers
(n usually 2 or 3) rather than the standard AB monomers which result in linear polymers. They are
synthesized in an iterative manner, thereby allowing an excellent unimolecular molecular weight
distribution as well as providing control over desired core and/or peripheral functionalization [31–33].
In addition, their branched structure offer several modifiable peripheral groups and bulky internal
capacities that allow host-guest chemistry [34]. Unimolecular micelles made from dendritic domains
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show improved properties as low polydispersity and does not have dissociation problems due to
critical micelle concentration as observed for their linear polymeric counterpart [35].

Newkome and co-workers highlighted the concept of unimolecular micelles as a stable delivery
system with a hydrophobic core and hydrophilic surface [30,36]. The capacity of dendrimers to
act as carriers for therapeutic cargo is enhanced by their elevated internal void volumes and it is
further affected by the nature of the backbone which leads to solubilization or complex formation
with its cargo through multiple intermolecular forces, such as hydrogen bonding, π-π stacking,
ion-dipole interactions, or by electrostatic interactions between its surface groups and the delivered
molecules [37,38]. So far, several studies have also shown that direct conjugation strategy of drugs
to the dendrimer surface is feasible for increasing drug loading capacities on these type of delivery
systems [39].

One of the most widely investigated dendrimer family is the PAMAM dendrimer one,
which can have either amine groups or carboxylic esters as termini, depending on the growth
step. Hydroxyl terminal groups can also be introduced at their periphery. The presence of
reactive surface functional groups enables conjugation of drugs or targeting moieties. In addition,
improved encapsulation efficiency of hydrophobic cargos is possible due to noncovalent interactions
with the internal tertiary amines or through altering the core of dendrimers by incorporating
hydrophobic linkers. However, the poor biodegradability profile and limited biocompatibility of
PAMAM dendrimers is a major factor restraining their employment for broader biological applications.
Poly (propyleneimine) (PPI)-based dendrimers are another important dendrimer family group
containing amine groups at the periphery which can be altered to more biocompatible terminal
groups at the dendrimer surface [40,41].

Fréchet and coworkers proposed an ether-based dendritic backbone with similar molecular
structure to PEG, which provides biocompatibility to resulting dendrimers [42]. Other types
of dendrimers as benzyl ether and melamine-based were also used in combination with PEG
modifications to generate soluble delivery systems [43]. Another class of dendritic materials that
has received a lot of attention over the past decade are the polyester dendrimers based on
2,2-bis(hydroxymethyl)propionic acid (bis-MPA) [44]. The polyester-based dendrimers composed of
bis-MPA monomer units and their conjugates with PEG provide not only biocompatibility and water
solubility but also biodegradability to the DDS [45]. Following the introduction of biodegradable
polyester-based dendrimers, numerous monomeric building blocks such as glycerol, succinic acid,
phenylalanine and lactic acid have been utilized in dendrimer backbones to achieve the generation of
bio-dendrimers eligible for tissue engineering [46].

In contrast to the PAMAM dendrimers with peripheral amines leading to dose-, generation- and
exposure time-dependent toxicity, dendrimers with polyester backbones display outstanding
biocompatibility [47]. For this reason, it has been demonstrated that dendron-polymer conjugates
containing these dendritic elements are favorable choices for many biomedical applications in recent
years, including the production of novel nanotherapeutic platforms [48,49]. Furthermore, the degree
of hydrophobicity can be modulated by changing the generation or peripheral functionalization of
these dendrimers. In a seminal study, the importance of this particular dendritic structure in drug
delivery was highlighted by Fréchet and Szoka [50]. The flexibility and ease of functionalization of
polyester dendrons were validated by introducing doxorubicin (DOX) drug to their surface through
acid labile hydrazone linkers. These dendrons were conjugated to a 3-arm-PEG-star core forming a
high molecular weight 3-arm PEG−dendron hybrid (>20 kDa) for DOX delivery. As expected the rate
of drug release was affected by pH of the environment, where acidic pH resulted in DOX release into
the surrounding media while the conjugate retained its stability at neutral pH. The dendritic conjugate
displayed effective cellular toxicity towards all cell lines. Importantly, in vivo experiments revealed
improved plasma half-life and organ biodistribution profiles in comparison to free DOX treatments.
Although, not a nanoparticulate formulation, this early example of dendron-polymer based DDS
suggested the advantages of combining dendritic and polymeric building blocks.
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Understandably, the size of individual dendrimers limits the amount of drug that can be
encapsulated or conjugated. Dendrimers employed as unimolecular micelles generally display
hydrodynamic sizes of only a few nanometers [51]. Since plasma clearance can be regulated by
increasing the size of DDS, where using constructs with high hydrodynamic volumes enables escaping
from renal clearance. Thus, the approach to improve blood circulation time depends on increasing the
size of the dendrimer. However, to increase size of dendritic delivery system by increasing generation
is difficult since production of high generation dendrimers is rather time-consuming and it is possible
to diverge from the well-defined structure at higher generations. As a solution to this problem,
dendritic polymer conjugates with amphiphilic character were designed to provide larger containers
like self-assembled NPs or micelles [32]. Through combination of dendritic structures with polymers,
a variety of amphiphilic conjugates can be prepared (Scheme 1). Self-assembly of these polymeric
conjugates in aqueous environment to nanosized aggregates provides an efficient tool to fabricate drug
delivery platforms. The interior and exterior domains of these micellar aggregates can be loaded with
variety of therapeutic agents and conjugated with targeting units to achieve specific delivery to the
tumor site. The subsequent sections will highlight examples from literature to provide the reader with
a glimpse of how dendron-polymer conjugate based polymeric materials with different architectures
have been harnessed to engineer effective carriers for delivery of therapeutic agents.

Scheme 1. Illustration of various dendron-polymer conjugates assembling to form nano-sized drug
delivery vehicles.

2. Nano-Sized Aggregates from Polymer-Dendron Diblock Conjugates

Formation of micellar structures from the assembly of amphiphilic dendron polymer conjugates
was reported by Fréchet and coworkers in 1992 [52]. Diblock and triblock copolymers were synthesized
using a linear PEG-based hydrophilic segment and poly(aryl ether) dendron based hydrophobic
segment. Mono and bifunctional PEGs were end-capped with dendrons containing a benzylic
bromide unit at their focal point. Micelle formation from these constructs was probed using 1H-NMR
in various deuterated solvents, where the two blocks possessed different solubility. Since then
several dendron-polymer conjugates have been designed to serve as efficient delivery platforms.
Subsequent paragraphs illustrates with a few examples to provide an overview of current state of
these systems.
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2.1. Nanoparticles Obtained with Hydrophilic Dendron and Hydrophobic Polymer Based Conjugates

In a very recent example, Wei and coworkers reported a micellar DDS system encapsulating
5-fluorouracil (5-FU) and DOX generated using an amphiphilic–dendron diblock conjugate from
a generation 3.5 PAMAM dendron conjugated to a linear poly(D,L-lactide) (PDLL) block [53].
In this amphiphilic system, the dendritic moiety was hydrophilic, while the polymer segment
was hydrophobic. The resulting drug loaded dendritic micelles (5-FU/Dox-DNM) displayed
hydrodynamic size around 70 nm and drug loading capacity of 32% and 16% by weight for 5-FU and
DOX respectively. Showing pH dependent drug release profiles as expected due to their PDLL
segment, micelles were stable in cell media. MDA-MB-231 cells treated with 5-FU/Dox-DNM
exhibited improved apoptotic potential compared to free drugs or single drug DNMs. Additionally,
the cell populations were observed at late apoptotic quadrants indicating the synergetic potential of
5-FU/Dox-DNM formulation. When tested in MDA-MB-231 tumor xenograft models, 5-FU/Dox-DNM
was able to almost inhibit tumor growth with minimal bodyweight change over the course of 14 days,
even though organ accumulation of 5-FU/Dox-DNM were notable in liver, spleen and lung.

Hong and coworkers generated a micellar system based on dendron-polymer conjugates of
hydrophilic PEG decorated G3 polyester dendrons conjugated to linear poly-ε-caprolactone (PCL)
polymers acting as the hydrophobic block [54]. Critical micelle concentrations (CMC) of these
conjugates were tuned by employing different sizes for PCL block and varying the PEG chains
decorating the G3 dendrons periphery. When compared to linear micelle forming counterparts with
similar hydrophilic–lipophilic balance, micelles from dendritic conjugates possessed 1–2 orders of
magnitude lower CMC values. They further explored this DDS by fixing the PCL and PEG size to
3.5 kDa and 2 kDa respectively. To explore the effect of peripheral functional groups in terms of cellular
interactions amine, carboxyl and acetyl terminated PEG segments were added to the study in addition
to the former constructs with methoxy terminated PEGs [55]. The general characteristic were similar
in terms of CMC or size, ranging between 20 to 60 nm, except that the zeta potentials of micelles with
amino terminated PEGs was 23 mV, which were significantly higher in contrast to others. However,
none of the constructs displayed notable difference in cell uptake of rhodamine by KB cells. The low
level of internalization especially for micelles with amino terminated PEGs in contrast to the positive
control PAMAM were explained as sequestration of the charges by PEG backbone, thereby inhibiting
non-specific cell interactions. So decorating dendrons with PEG polymers and thereby achieving very
high PEG density on micelle coronas might minimize cellular internalization regardless to surface
charge of NPs. Later the authors used this DDS for topical delivery of endoxifen against breast cancer
to minimize its toxic effect during oral administration [56]. Among the employed dendron-polymer
conjugates, best drug loading was obtained from carboxy-terminated PEGs. Similarly carboxyl
terminated vehicles displayed that these micelles enhanced endoxifen delivery through hairless mice
skin samples 9 times better compared to ethanol controls, whereas liposomal endoxifen formulation
achieved only 2.6 enhancement.

A later report by the same group highlighted the importance of the disposition and the density of
targeting groups on the micellar surface in affecting their interaction with cells (Scheme 2). A targeting
group, folic acid (FA), was introduced to the abovementioned system and the effect of FA ligand
density, cluster formation and length of PEG polymers were evaluated in terms of selectivity of cellular
interactions [57]. Covalent conjugation of synthetic PEG to DDS platforms provide not only improved
solubility, stability and plasma residence, but also immunogenicity of the nanostructure is reduced
significantly [58]. When covered with PEG, nanoparticles are able to escape serum components and
reach their destination fairly uninterrupted [59,60]. However, it was observed that the presence
of high density PEG layer might hinder association with cells furthermore impair the potential of
conjugated ligand by shielding them from their targeted receptors as well [61]. To overcome the
“PEG dilemma” PCL-G3-PEG PEGylated dendron-based copolymer (PDC) conjugates with different
PEG sizes, namely 0.6 kDa, 1 kDa, and 2 kDa and FA content were synthesized [57]. One type of
each PDC and FA conjugated PDCs (PDC-FA) were then mixed at various weight ratios (0%, 5%, 10%,
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25%) to obtain a family of micelles. Folate receptor overexpressing KB cells (KBFR) were treated with
different rhodamine labeled micelles containing same PDC-FA weight ratio but different PEG size.
The cell interactions were minimal when PEG size of PDC and PDC-FA was same, however when
0.6 kDa PEG conjugated PDC were combined with 2 kDa PEG conjugated PDC-FA the resulting DMs
showed 25-fold enhanced cellular associated fluorescent values compared to non-targeted counterparts.

 

Scheme 2. Nanoparticle formation from dendron-polymer diblocks and the effect of targeting group
configuration in internalization. Adapted with permission from [57]. Copyright (2016) American
Chemical Society.

Another study that explored the effect of FA clusters on cell uptake utilizing a construct with
polybenzyl-L-aspartate (PBLA) as hydrophobic block combined to a G4 polyester dendron with 0.6 kDa
PEG chains on the periphery was reported by Hammond and coworkers [62]. They also generated a
family of labeled mixed micelles with similar amount of FA ligands by combining dendritic conjugates
functionalized with 0% to 100% folate groups (0%FA to 100%FA) with FA free dendritic conjugates at
different weight ratios. When KBFR cells were treated with these micelles, the cell uptake increased
initially by increasing cluster ratio to 20%. However, when the cluster density was further increased
and weight ratio of FA containing dendritic conjugates were decreased in the final mixed micelle,
cell association of these NPs decreased gradually. Three of these mixed micelles were injected to mice
xenografts with two separate tumors at each flank namely the FA positive KBFR and FA negative A375
tumors. All targeted micelles showed improved accumulation in KBFR tumors relative to non-targeted
controls, whereas no significant difference was reported with A375 tumors. Also, the normalized
tumor fluorescence value was observed highest for mixed micelles with lowest cluster density.

2.2. Nanoparticles Obtained with Hydrophobic Dendron and Hydrophilic Polymer Based Conjugates

A different strategy that is widely followed for dendron-polymer conjugates utilizes installation of
the hydrophobic dendrons at the core of the micellar structures, so that the linear hydrophilic polymer
forms a moderately dense corona at the NP surface [63–65]. Linear-dendritic block copolymers utilizing
PEG as hydrophilic block and either substituted polylysine or polyester dendrons as hydrophobic
component were synthesized by Fréchet and coworkers, where the hydrophobic groups were
attached to dendron peripheries via acid-labile cyclic acetal linkages [66]. These dendritic conjugates
self-assembled to micelles in aqueous environment and were sensitive to pH. Micelle dissociation
occurred through hydrolysis of acetals under acidic conditions, which is encountered in tumor
environment or endosomal compartments (Scheme 3). Exhibiting fairly low CMC values in comparison
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to micelles formed from linear block copolymer, these micelles were stable at neutral pH. The dendritic
biodegradable core was efficient for encapsulating various hydrophobic drugs; hence these polyester
dendron based micellar systems embodied several desirable qualities of DDS platforms.

 

Scheme 3. Micellar disassembly triggered by pH change. Reprinted with permission from [66].
Copyright (2004) American Chemical Society.

A study by Ambade and coworkers employed linear-dendritic conjugates prepared from
2 kDa PEG conjugated G2 bis-MPA dendrons decorated with alkyl chains for improved core
hydrophobicity [67]. Interestingly, two stimuli responsive elements were introduced to the system,
a photo-cleavable o-nitrobenzyl unit and an acid-labile acetal group between dendron and PEG block so
that shell shedding via internal or external stimuli can be achieved to control and tune the drug delivery
at the location of interest. The UV-responsive behavior of construct were demonstrated through light
scattering experiments, where after 30 min UV irradiation a shift in hydrodynamic size from 90 to
30 nm was observed. Incubation of these NPs in acidic buffer for 7 days resulted in minor increase in
degradation at pH 5.0 showing slower cleavage potential of acetal linkages relative to o-nitrobenzyl
groups. The cellular uptake of DOX was also studied and a 30 min UV irradiation led to an increase of
DOX incorporation by 40%. Another light responsive system was reported by Dong and coworkers
who reported fabrication of micelles from linear-dendritic diblock constructs composed of generation
3 PAMAM dendron decorated with hydrophobic dye diazonaphthoquinone (DNQ) and linear PEG [68].
Exposure of micelles to UV or near infra-red (NIR) irradiation disrupted the micelles to release the
encapsulated drug, doxorubicin, through transformation of the hydrophobic DNQ fragment to a
hydrophilic 3-indenecarboxylic acid unit via the Wolff rearrangement. The NIR-triggered cytotoxicity
of the drug loaded micelles was also demonstrated through in vitro studies with HeLa cells.

Malkoch and coworkers developed a micellar DDS using similar amphiphilic linear-dendritic
polymeric conjugates utilizing rhodamine bound 10 kDa PEG tail conjugated to a G4 polyester
dendron decorated with 16 cholesterol groups. Cholesterol, a naturally occurring highly hydrophobic
bulky lipid was chosen to improve the drug loading capacity as well as micelle core stability [69].
The linear-dendritic conjugates formed micellar aggregates (NC20) with hydrodynamic size of 172 nm
and DOX loading content of 18.8 ± 1.3 by weight. Decrease of mitochondrial function indicating
the loss of cell viability was explored in drug resistant resi-MCF-7 cell line. DOX-NC20 micelles
showed significant reduction in mitochondrial function in comparison to DOX only controls.
An additional decrease was also achieved by co-delivery of triptolide (TPL) drug with DOX in
TPL-DOX-NC20 micelles.

Dendrons other than those based on bis-MPA have also been employed as a biodegradable
block. In a recent study Wei and coworkers used a linear-dendritic conjugate that was
synthesized by combining methoxy-terminated PEG (mPEG) and glycolic acid oligomer-based,
4-benzyloxy-4-oxobutanate terminated G3 polyester dendrons [70]. DOX encapsulated micelles were
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prepared with drug content of 21.2% and size around 150 nm. These micelles displayed pH dependent
DOX release profiles due to their acid sensitive polyester backbones. DOX release increased to 39%
when incubated at pH 5.0 buffer, as compared to 20% release upon incubation at pH 7.4 for 96 h.

In a very elegant approach, an enzyme cleavable linear dendritic polymer conjugate system was
reported by Amir and coworkers [71]. Different size PEG blocks (2, 5 or 10 kDa) were conjugated to a
generation 2 dendron which was decorated with four phenyl acetamide molecules at the periphery
acting as ligands to penicillin G amidase (PGA) enzyme (Scheme 4). The hydrodynamic size of
assembled micellar NPs were determined before and after PGA incubation where dissociation of
2 and 5 kDa PEG micelles was completed after 8 h, whereas it took only 4 h for 10 kDa PEG micelles.
Moreover the dissociation rates by fluorescence assays indicated faster enzyme triggered disassembly
for micelles with longer PEG chain at the corona explained by a hypothesized equilibrium between
“monomeric” and micellar polymeric states. In a subsequent study, the authors reported a micellar
system with lower CMC and enhanced stability towards enzymatic degradation by introducing a
thiol group on the dendritic fraction. The reversible dimerization of the thiol group to form disulfides
imparts the added stability to these self-assembled nanostructures [72].

Scheme 4. Micellar disassembly and drug release via PGA enzyme cleavage. Reprinted with
permission from [71]. Copyright (2014) American Chemical Society.

Lam, Luo and coworkers employed PEG (5 kDa) conjugated to a third generation of dendritic
polylysine block which was further modified with cholic acid, to generate an amphiphilic PEG5k-CA8
telodendrimer [73]. This linear-dendritic block copolymer achieved high paclitaxel (PTX) encapsulation
capacity up to 35% by weight and displayed stability over six months through addition of cholic acid
that is a natural surfactant. Biodistribution studies in female athymic nude mice with SKOV3-luc
cells subcutaneous xenografts indicated an almost 2.5 fold increase at 12 h in accumulation of
DiD (1,1′-dioctadecyl-3,3,3′,3′-tetramethylindodicarbocyanine 4-chlorobenzene-sulfonate) dye loaded
DiD-PTX-NPs in tumor environment in comparison to free dye treatment and this difference was
maintained at 72 h. DiD fluorescence levels at multiple tissues were evaluated ex vivo highlighting
again improved tumor accumulation but also with notable lung and liver accumulation as well.
However, PTX-PEG5k-CA8 NPs displayed improved therapeutic activity in both subcutaneous and
orthotopic ovarian cancer models compared to Taxol® as well Abraxane® with evident decrease in
tumor volume or increase in median survival days.
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In an interesting study, Shen and coworkers demonstrated nanorod formation of linear dendritic
conjugates composed of a 2 kDa mPEG segment attached to generation 2–3 polylysine dendrons
bearing camptothecin (CPT) drugs on their periphery attached through disulfide linkers (Scheme 5) [74].
Depending on dendron, CPT incorporation as high as 38.9% was possible. CMC values also showed
generation dependence and they were as low as 0.025 mg/mL for micelles prepared from G3 dendron
containing conjugates (PEG45-OctaCPT). DOX was also loaded to micelle to evaluate internalization
by MCF7/ADR cell and a dendron generation dependent fluorescence signal increase was noted for
PEG45-xCPT/DOX micelles. Biodistribution and pharmacokinetic (PK) properties of NPs were also
tested. PEG45-TetraCPT nanorods with G2 dendrons showed highest plasma clearance half-life of
5.82 h and all micelles showed spleen accumulation after 24 h. The ex vivo imaging of dissected
tumors indicated poor tumor accumulation for micron-sized PEG45-OctaCPT rods, whereas highest
accumulation was reported for PEG45-TetraCPT with medium lengths (<500 nm).

Scheme 5. Illustration of internalization of DOX loaded sized PEG45-OctaCPT nanorods.
Reprinted with permission from [74]. Copyright (2013) Elsevier.

Pasut and coworkers reported β-glutamic acid dendrons to introduce multiple bone targeting
groups. A linear dendritic construct was prepared by conjugating a 5 kDa PEG polymer with an
amino-bisphosphonate alendronate (ALN) modified generation 2 β-glutamic acid dendron, where PTX
was attached to the other end of PEG through an ester group [75]. The ALN groups were utilized
both to target the micellar assemblies of PTX-PEG-ALN conjugate to bone through high affinity of
ALN towards bone-mineral hydroxyapatite (HA), as well as to exert apoptotic and anti-angiogenic
effect towards bone metastases (Scheme 6) [75]. On Matrigel environment both the non-targeted
PTX-PEG and targeted PTX-PEG-ALN micelles were able to inhibit tube formation of HUVECs up
to 50%. Similar reduction in microvessel density for both micellar formulations were reported from
immunohistochemical analysis of 4T1 tumors in tibia. However, an enhanced apoptotic effect was
reported of PTX-PEG-ALN micelles by the significant increase in counts of apoptotic circulating
endothelial cells detected in blood indicating the selective targeting of these NPs against metastatic
cells. Targeted micelles also displayed improved accumulation after 8 h of injections in MDA-MB-231
mammary tumors in mice tibia, and longest plasma elimination half-lives, resulting in 50% tumor
growth inhibition compared to saline controls [76].
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Scheme 6. Illustration of bone tumor targeted micellar constructs from PTX-PEG-ALN. Adapted with
permission from [75]. Copyright (2011) American Chemical Society.

While a majority of studies reported to date have utilized PEG-based polymers as the hydrophilic
segment, a few studies have also focused on utilization of other hydrophilic polymers. Recently, Bi and
coworkers reported thermoresponsive micellar aggregates prepared from diblock constructs composed
of poly(benzyl ether) dendrons and linear poly(N-vinylcaprolactam) [77]. Dendritic poly(benzyl
ether) blocks containing a benzyl chloride group at their focal point were used as initiators
for atom transfer radical polymerization of N-vinylcaprolactam. The self-assembled structures
in aqueous media varied from irregular spherical micelles, vesicles to rod-like large compound
vesicles depending on the generation of the dendritic component. These amphiphilic copolymers
could undergo thermally-induced phase transition in aqueous media. These copolymers were
found to be nontoxic toward mouse L929 fibroblast cells, thus suggesting their biocompatible
nature. As an alternative to PEG as a hydrophilic component, Hoogenboom and coworkers
reported the synthesis of dendron-polymer diblock conjugates obtained through conjugation of
hydrophilic poly(2-ethyl-2-oxazoline) polymer to acetal protected hydrophobic polyester dendrons [78].
Degradation of micelles at acidic pH was confirmed through light scattering experiments.

2.3. Nanoparticles Obtained with Hydrophilic Dendron and Hydrophilic Polymer Based Conjugates

Gene therapy is another area for employment of dendrimers since they can provide well-defined,
compact structures decorated with multiple terminal groups where surface functionalization with
relevant moieties can be achieved easily [79]. As an alternative to viral vector systems which suffer
from problems such as high toxicity and immunogenicity [80], cationic polymers especially dendrimers
and dendritic conjugates can from stable complexes with nucleic acids such as plasmid DNA or siRNA
via multivalent electrostatic interactions. The electrostatic complex formation eliminates the need
for amphiphilic copolymers [81]. Since nucleic acids carry negative charge that challenges cellular
internalization, and also can be cleared from blood stream rapidly by serum nucleases [80], it is crucial
to combine them into dendriplexes to achieve safe and efficient transfection to targeted cells [82,83].
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An example of polymer-dendron diblock conjugates for genetic material reported by Hammond,
Langer and coworkers focused on generation of a PAMAM-PEG dendritic copolymer family for
targeted delivery of plasmid DNA (pDNA). Different generations of PAMAM dendron were screened
and it was observed that polyplex formation was favored by increasing generation due to higher charge
density [84]. Furthermore, by addition of mannose or galactose targeting groups through the PEG
segment increased transfection efficiency. Improved transfection of HepG2 hepatocytes via galactose
targeted PAMAM polyplexes compared to commercially available PEI counterparts was observed.

These constructs are very versatile since it is possible to modify the dendron periphery as well
as the linear polymeric part to add desirable properties to these DDS. Yu and coworkers reported a
mouse endothelial growth factor (mEGF) targeted dendron-polymer conjugate for delivery of pDNA
(Scheme 7) [85]. Generation 3.5 PAMAM dendrons were modified with different oligoamines to
improve their transfection efficiency, where best results were provided by the pentaethylenehexamine
(PEHA) substituent. The PAMAM-PEHA conjugates were further modified with EGF-PEG block to
benefit from the anti-biofouling effect of PEG and active targeting of EGF receptor overexpressing
tumor cells. The final EGF ligand conjugated polyplexes, bearing luciferase pDNA in their core
were able to selectively improve gene delivery by 10-fold on EGFR overexpressing HuH-7 cells in
comparison to their non-targeted counterparts.

 

Scheme 7. Delivery of pDNA using a non-amphiphilic dendron-polymer conjugate. Reprinted with
permission from [85]. Copyright (2011) American Chemical Society.

It must be noted that while oligonucleotide based materials have been used as a cargo,
dendrimeric constructs composed of oligonucleotides have been synthesized. For example, Tomalia and
coworkers used complementary DNA strands at focal points of dendrons to assemble dendrimers
through self-assembly [86]. Likewise, other dendrimer structures that are purely composed using
oligonucleotides have been synthesized by various groups [87,88].

3. Nano-Sized Aggregates from Polymer-Dendron Triblock Conjugates

As mentioned earlier, formation of micellar structures from diblock and triblock copolymers
was reported by Fréchet and coworkers in 1992 [52]. A more detailed study of amphiphilic
dendron-polymer-dendron triblock conjugates assembly was later reported by Gitsov and
coworkers [89]. The construct was composed of linear PEG chain flanked by hydrophobic dendritic
poly(benzyl ester)s and was synthesized using a divergent growth strategy. It was observed that
while the conjugates with second generation dendrons with hydrophobic groups at their exterior
self-assembled in water at low concentrations (10−6 mol/L), their counterparts where the peripheral
groups were removed to expose hydroxyl groups were soluble under similar conditions. The authors
postulated the potential of these self-assembled aggregates for possible applications in drug delivery.
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This study was followed by a report by Nguyen and Hammond who reported the assembly of
a ABA-type dendron-polymer-dendron conjugate composed of PAMAM dendrons as hydrophilic
components and poly(propylene oxide) as the hydrophobic middle block [90]. Notably, such constructs
provide structures where the dendritic wedges are on the outside of the nanostructure as opposed to
being buried inside as in abovementioned example (Scheme 8). PAMAM dendrons were divergently
synthesized from an amine group containing telechelic poly(propylene oxide) polymer. Assembly in
water resulted in formation of nanoparticles in the size range of 9–18 nm. To demonstrate its utility as a
viable drug delivery system, a hydrophobic drug, triclosan, was encapsulated with loading efficiencies
of 79–86% w/w.

 

Scheme 8. Self-assembly of ABA-type dendron-polymer-dendron conjugate with hydrophilic dendrons
and hydrophobic middle segment. Reprinted with permission from [90]. Copyright (2006) American
Chemical Society.

Sanyal and coworkers used an ABA type dendron-polymer-dendron conjugate with 10 kDa
middle PEG segment connecting two identical polyester dendrons with generation 1–3. The dendron
surfaces were further modified with combretastatin-A4 anti-angiogenic drug (Scheme 9) [91]. Size and
CMC values of prepared Comb-Gx-PEG and Gx-PEG micelles displayed dendron generation and drug
content related trends. Even though combretastatin-A4 release occurred faster at acidic pH as expected,
it took approximately 4 days to achieve high cumulative release results even at acidic environment,
which indicates their potential as a slow drug releasing system. The Comb-G3-PEG micelles were
further exhibited dose dependent anti-angiogenic effect in tube formation assay on HUVECs.

Scheme 9. Illustration of combretastatin-A4 conjugation to ABA type dendron-polymer-dendron
conjugates and micelle formation.
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Nanostructured delivery agents can also be fabricated using a combination of diblock and triblock
dendron-polymer conjugates. In a recent study, Sanyal and coworkers reported a modular micellar
system for delivery of docetaxel. An AB type diblock dendron polymer conjugate was used to
introduce targeting RGD (arginine-glycine-aspartic acid) peptides onto NP surface (Scheme 10) [92].
The peptide targeting group containing diblock copolymer was composed of a linear PEG polymer
appended with an acetal protected hydrophobic polyester dendron at one end and the cyclic RGD
peptide targeting unit at the other end. Either an ABA type triblock conjugate composed of two
acetal protected G4 polyester dendrons with a 6 kDa PEG middle segment or an AB type copolymer
composed of a G4 polyester dendron conjugated to a 2 kDa mPEG polymer was mixed with the
diblock polymer-dendron conjugate modified with the RGD peptide. Both AB and ABA PEG-based
micelles possessed similar CMC values and drug loading contents with hydrodynamic sizes in the
range of 170–230 nm. While both AB and ABA micelles were stable even after more than 1000-fold
dilutions beyond their CMCs, only the AB micelles could retain their size in the presence of 10%
FBS, whereas aggregate formation was observed for the ABA system. The cell internalization studies
indicated that AB micelles showed higher association with MDA-MB-231 cells relative to the ABA
ones, while presence of RGD increased cellular internalization in both cases.

 

Scheme 10. Illustration of drug loaded, RGD targeted micellar NPs via “Mix-and-Match” approach
employing AB and ABA type dendron−polymer constructs. Reprinted with permission from [92].
Copyright (2017) American Chemical Society.

Although a majority of studies to date have focused on the delivery of anti-cancer drugs,
these dendritic conjugates can also be utilized as delivery platforms for drugs against different
diseases such as malaria. To overcome the high drug resistance of malaria parasites, provide improved
cellular delivery of antimalarial drugs and achieve sustained drug release micellar assemblies were
prepared using different Janus-like dendrons or ABA type dendritic-linear-dendritic conjugates [93].
Enhanced cellular association and decreased IC50 values for primaquine and chloroquine were reported
for assemblies formed using dendritic-linear-dendritic conjugates. Additionally, improved plasma
circulation times and survival times were noted relative to free drugs in malaria infected mice.

4. Nano-Sized Aggregates from Star Type Architectures

The star shaped structure of a dendrimer allows them to act as drug carriers though two
different modes. These structures can either encapsulate drug molecules in their internal voids
through non-covalent interactions, or the drug can be covalently conjugated onto their periphery.
Dendrimers like PAMAM and PEI have been utilized to encapsulate drug molecules through
stabilizing electrostatic or hydrogen bonding interactions [94,95]. Another example includes,
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biodegradable dendrimers based on glycerol and succinic anhydride reported by Grinstaff and
coworkers which could encapsulate various camptothecin derivatives, with exhibited superior in vitro
performance than free drugs [96]. Attachment of drugs through non-covalent and covalent modes have
both pros and cons and such comparisons have been recently reported in terms of drug release profiles,
systemic toxicity and anti-tumor efficacy [97,98]. The limitation in drug loading, as well as facile release
from dendrimers due to their small size promoted modification of dendrimer peripheries with polymer
chains. Several drug delivery vehicles based on PAMAM dendrimers modified with PEG chains and
other hydrophilic polymers have been reported to date [99–101]. Additionally, attachment of PEG
also reduces the toxicity of PAMAM dendrimers containing amine groups at the periphery [102,103].
Furthermore, improving their in vivo performance such as prolonged circulation time and increased
accumulation at tumor site is also possible, e.g., upon modification with PEG chains bearing targeting
groups such as folic acid [104]. It must be noted though that such dendrimer-polymer constructs
generally act as unimolecular micellar containers. Since the focus of this review is self-assembled
nanostructures based on conjugates of dendron/dendrimer with polymers, such unimicellar constructs
are not included here. Micellar constructs from star shaped amphiphilic constructs with dendrimers as
core unit are rare. Fang and coworkers reported star shaped polymers composed of a G2 PAMAM core,
from which a hydrophobic poly(ε-caprolactone) was grafted from using ring-opening polymerization,
followed by conjugation to linear PEG chains as outer blocks [105]. These 16-arm PAMAM cored star
polymers produced a mixture of unimolecular micelles and micellar aggregates as determined using
dynamic light scattering experiments. Anti-cancer drug indomethacin, doxorubicin and etoposide
loaded micelles were prepared using either dialysis or oil/water emulsion method. The authors
reported a subsequent study where they used a 32-arm PAMAM dendrimer as a core to synthesize
PAMAM-PCL-PEG and PAMAM-PLA-PEG star polymers containing the PCL and poly(L-lactide)
(PLA) based middle blocks, respectively. These polymers also yielded a mixture of unimolecular
micelles and micellar aggregates in aqueous environment, which could be loaded with an anti-cancer
drug, etoposide, with higher loading in the PCL-containing construct. Interestingly, the 32-arm
PAMAM-PCL-PEG constructs exhibited lower drug loading for etoposide than the 16-arm counterpart,
which authors suggest could be a result of higher PCL chain density in the star polymers obtained
with the higher generation dendrimer [106].

Another interesting architecture that has been recently reported is not strictly a star like linear
polymer-dendrimer construct but a dendron appended dendrimer. This example cleverly illustrates
that it is possible to utilize two types of dendritic fragments in the same delivery platform to benefit
from characteristics of both types. Wang and coworkers developed a methotrexate (MTX) encapsulating
PAMAM and oligoethylene glycols dendron (PGD) based co-dendrimer through conjugation of
oligoethylene glycols (OEG) dendrons onto a G4 PAMAM dendrimer surface (Scheme 11) [107].
The PAMAM core in the dendronized dendrimer PGD provides as a reservoir for MTX. Moreover,
the OEG dendrons act as solubilization agents, as well as they can diminish the cytotoxic potential of
PAMAM dendrimers. The MTX release displayed dependence on the thermosensitive characteristics
i.e., temperature dependence of solubility of the OEG dendrons. Also depending of concentrations,
the PGD particles displayed a hydrodynamic size of 8 nm for unimeric form and around 110 nm
for aggregates. They also reported that the number of conjugated OEG dendrons or decoration
degree affect the drug loading capacity and the interaction of PGD NPs with cells. Among the
various co-dendrimers, best results were obtained for those with decoration number 16 and 32 [108].
The authors further optimized the drug loading content up to 85.2% via employing an anti-solvent
precipitation method augmented by ultra-sonication [109]. The MTX/PGD NPs displayed improved
cytotoxic profiles both in MCF-7 and 4T1 cells in comparison to MTX only. Similarly, internalization of
cy5.5 loaded PGD NPs showed significant cell uptake. In vivo tumor inhibition studies using
BALB/c mice 4T1 breast tumor xenografts showed significant tumor growth limitation even at
2 mg/kg MTX/PGD NPs. On the other hand, the control samples displayed 23-fold volume increase
whereas tumor volume increase with 8 mg/kg MTX/PGD NPs treated mice was 9.6-fold in 10 days.

64



Molecules 2018, 23, 1570

For evaluating biodistribution of NPs ex vivo fluorescent imaging studies indicated significant increase
in tumor accumulation of NPs however similar increase in NP accumulation was also observed with
organs of RES as liver, spleen, and kidneys.

Scheme 11. Structure of unimeric PGD and MTX encapsulating MTX/PGD nanoparticles.
Reprinted with permission from [109]. Copyright (2016) Springer Nature.

5. Nano-Sized Aggregates from Miscellaneous Dendron-Polymer Architectures

Dendronized polymers are another emerging class of macromolecular architecture that have been
frequently utilized in recent years to obtain nanomaterials for drug delivery. These constructs comprise
of dendrons conjugated as side chain residues along the backbone of a polymer. In a simple approach,
amphiphilic constructs are obtained when hydrophilic synthetic or natural polymers are appended
with dendrons that are either inherently hydrophobic or become so upon attachment of hydrophobic
drug molecules.

In a recent example, Gu and coworkers generated dendronized polymers composed of heparin
backbone decorated with G2 lysine-based dendrons bearing DOX molecules (Scheme 12) [110].
A Huisgen type ‘click’ reaction between an azide-containing heparin and lysine-based dendrons
bearing an alkyne at their focal points catalyzed by a Cu(I) catalyst yielded the dendronized
polymers. Interestingly, even prior to the attachment of drug, the parent dendron-heparin conjugates
self-assembled into NPs with hydrodynamic size of 250 nm, presumably due to hydrogen bonding
interactions between the charged amine groups on the dendrons with the sulfo and carboxyl groups on
the biopolymer. Upon conjugation of the drug, the size of NPs decreased to 90 nm, which was attributed
to introduction of additional interactions such as pi-pi stacking etc. from the drug. As expected,
drug release in a pH responsive manner was observed, since acid-sensitive hydrazone linkages
were used for conjugating DOX to dendrons periphery. High levels of anti-angiogenic and anti-tumor
activity for the drug loaded NPs compared to free drug was demonstrated through in vivo experiments.
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The same group reported another dendronized copolymer composed of a 20 kDa dextran
decorated with fluorinated G2 lysine dendrons as side chains conjugated to polymer backbone via
acid-labile hydrazone linkers [111]. Dextran was chosen for providing improved biodistribution for
bioconjugates, and trifluoromethyl groups were introduced on the dendrons in order to increase
hydrophobicity of the construct to enable efficient encapsulation of hydrophobic drug molecules.
The drug loading content of DOX was 20.4 ± 3.1 for this system and the drug was released in a pH
sensitive manner.

Scheme 12. Illustration of self-assembly of DOX conjugated dendronized heparin NPs. Reprinted with
permission from [110]. Copyright (2013) Elsevier.

In an alternative assembly strategy, Gu et al. used a G3 lysine dendron functionalized with
DOX via hydrazone linkages appended with two mPEG tails at the dendron focal group [112].
The dendron-PEG conjugates with 14% drug content assemble into NPs with hydrodynamic size of
~220 nm and possess a neutral surface charge. In contrast to the negligible drug release at physiological
conditions, incubation at pH 5.0 led to an initial burst release and more sustained type release profile
reaching up to 80% in 54 h. Antitumor activity of DOX NPs was studied through treatment of mice
with 4T1 breast tumors every four days for 13 days. Significant inhibition of tumor growth, as well
as almost no decrease in body weight of treated mice were reported for DOX NPs relative to saline
control and free DOX treatments.

In a subsequent study, the authors further modified this NP system by using a G2 lysine dendron
and thickening their PEG corona by using four 2 kDa PEG tails [113]. Additionally, instead of acid
labile hydrazone linkers for dendron functionalization, an enzyme responsive GFLG peptide based
linker was employed (Scheme 13). This allows triggering of drug release after cellular internalization
since the GFLG peptide sequence is cleaved by the enzyme cathepsin B, a lysosomal cysteine protease
that is upregulated in various tumors [114]. DOX-conjugated GFLG responsive NPs with 9.6% drug
loading content were shown to release their cargo strictly in the presence of sequence specific proteases.
The NPs displayed significant tumor growth inhibition relative to free DOX and saline controls.
Moreover, the anti-angiogenic and especially anti-apoptotic effect of these drug loaded NPs was
confirmed via immune-histochemical staining assays.
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A conceptually different type of dendronized polymers was reported by Guan and
coworkers [115]. They employed polymeric constructs containing peptide-based dendrons as siRNA
delivery agents. In an interesting approach, they generated a linear peptide backbone consisting of
dicysteine and L-lysine units thereby introducing an oxidation responsive disulfide linkage along the
polymeric back bone. Thereafter, the backbone was further modified with G1 or G2 poly(L-lysine)
dendrons with peripheral modifications with different hydrophobic or hydrophilic amino acids,
thereby creating a combinatorial library of dendronized peptide polymers for siRNA delivery to NIH
3T3 cells.

Scheme 13. Illustration of self-assembly of PEGylated GFLG-DOX conjugated lysine dendrons.
Reprinted with permission from [113]. Copyright (2014) Elsevier.

The siRNA complexation with various dendronized polymers resulted in spherical NPs with
diameters below 100 nm, which disintegrated upon treatment with glutathione (GSH) and released
the siRNA. The in vitro transfection efficiency of NIH 3T3 cells with an anti-GFP siRNA demonstrated
that polyplexes formed with the G2 construct containing 75 mol% histidine and 25 mol% tryptophan
residue at dendron periphery at 80 primary amine/siRNA phosphate (N/P) ratio were able to provide
improved GFP down regulation especially at lower serum conditions in comparison the lipofectamine.
The effect of different amino acids at dendron periphery on the complex formation and transfection
efficiency was evaluated.
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Dendritic polyglycerol (dOG) unit appended polymers are appealing building blocks with
polyether internal cavities, biocompatibility similar to PEG and multiple hydroxyl groups enabling
surface functionalization. Haag and coworkers conjugated polyglycerol dendrons modified with
paclitaxel (PTX) through acetal linkages to hyaluronic acid (HA) to prepare HA-dOG-PTX-PM
micelles. The HA shell serves as a protective natural polysaccharide layer, as well as enables active
targeting of CD44 positive cancer cells (Scheme 14) [116]. The micellar assemblies dissociated
under acidic environment, as suggested from DLS analysis, and triggered the release of PTX.
Internalization of DOX loaded HA-dOG-PTX-PM by CD44 positive MCF7 cells were higher than
free DOX, and a notable decrease in DOX internalization was observed by addition of excess
HA as a competitor. Similar improvements in PK and biodistribution of micellar PTX was also
reported; for instance, plasma elimination half-lives of micellar PTX and Taxol was 4.32 and 0.23 h,
respectively. The therapeutic effect of micellar constructs were studied on nude mice bearing MCF-7
tumor xenografts. Excellent tumor progression inhibition with no eminent body weight loss was
noted, thus highlighting the therapeutic potential of this PTX delivery system against CD44 positive
breast tumors.

 

Scheme 14. Micellar constructs based on polyglycerol-hyaluronic acid conjugate. Reprinted with
permission from [116]. Copyright (2016) Elsevier.
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The dendritic polyglycerol unit has also been used as side chain appendages in dendronized
polymers. A hydrophobic polymer bearing glycerol dendrons as side chains self-assemble to
generate micellar NPs (Scheme 15). Haag and coworkers used click chemistry to conjugate
dendritic polyglycerols dendrons modified with octadecyl chains to an enzymatically synthesized
condensation polymer from azido-glycerol and PEG600 diethyl ester [117]. Obtained NPs displayed
low hydrodynamic sizes ranging between 14–20 nm, with polydispersity index (PDI) values between
0.427–0.603. Their potential as drug delivery agents were evaluated by pyrene encapsulation
experiments. In a following study, similar constructs with PEG1000 diethyl ester and an additional
hyperbranched polyglycerol dendron was used and a set of self-assembling dendronized polymers
were prepared [118]. QGP-1 cells were treated with Nile red encapsulated dendronized polymers
displayed enhanced dye incorporation than free Nile red or Nile red loaded linear polymer-dendron
diblock conjugate counterparts. Furthermore these micellar NPs demonstrated minimal cytotoxicity at
concentrations as high as 500 μg/mL after 72 h. A system using fluorinated version of the hydrocarbon
chain was later used as a curcumin delivery system [119].

Scheme 15. Synthesis of dendronized polymers and their self-assembly into NPs. Reprinted with
permission from [117]. Copyright (2013) WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

A recent study from Imae and Chung and coworkers demonstrated that apart from using
homopolymers components, diblock polymers where one of the block is dendronized can be used
as building blocks for NPs effective for drug delivery. A linear polyelectrolyte block conjugated to a
hydrophobic block with pendant dendrons assembled into micelles [120]. DOX loading capacities as
high as 95% was reported. Interestingly, these micelles showed improved cytotoxicity with lower IC50

of 0.12 μM against 4T1 cells, compared to free DOX. Usually, in general, the free DOX is observed to
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possess more cytotoxicity in in vitro studies. Drug loaded micelles demonstrated 1.5 fold improved
tumor growth inhibition relative to free DOX in BALB/c mice bearing 4T1 mammary tumors [121].

The brief survey of the abovementioned diverse polymeric structures that can be obtained through
combination and dendrons and polymers, and are different than the classic AB and ABA type block
copolymer systems, illustrate that variations in macromolecular architecture can yield novel NP based
delivery vehicles.

6. Conclusions

A diverse collection of nanosized aggregates can be obtained from macromolecular architectures
derived from dendron-polymer conjugate based on simple combinations of dendritic and polymeric
building blocks. Since their inception more than two decades ago, advances in synthetic polymer
and dendrimer chemistry have witnessed the evolution of these dendron-polymer conjugate based
nanosized aggregates as simple containers for therapeutic agents to smart drug delivery systems.
The abovementioned examples provide a glimpse of how clever design of the discrete dendron-polymer
conjugate yields through self-assembly a ‘more than the sum’ aggregate that brings novel attributes
which qualifies these nanoparticles as viable drug delivery platforms. The confluence of organic
chemistry and polymer science is enabling the design of dynamic constructs that are responsive to
intrinsic and external cues to yield stimuli-responsive systems. Incorporation of bioactive motifs onto
these nano-objects which would allow more specificity for triggered release will further advance these
systems. To date, while the efficiency of most systems have been evaluated in vitro, a few examples
in recent years have demonstrated through in vivo studies the promise that these self-assembled
nanosized aggregates hold for shaping the future of nanotherapeutics. One of the challenges in the
area of nanoparticle technology relates to large scale synthesis of the particles with homogenous
properties such as size and polydispersity. For developing practical applications, it is important that
delivery vehicles can be prepared in large amounts within certain specifications for preclinical and
clinical test phases. To address such issues, may be new technologies such as continuous manufacturing
techniques such as use of microfluidic flow systems can provide access to large amounts of homogenous
nanoparticles. For a chemist, the flexibility in the chemical design of both dendritic and polymeric
components, as well as the final dendron-polymer conjugates offers plenty of room for creativity to
tailor effective drug delivery platforms.
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Abstract: We report a versatile divergent methodology to construct dendrimers from a tetrafunctional
core, utilizing the robust copper(I) catalyzed alkyne-azide cycloaddition (CuAAC, “click”) reaction
for both dendrimer synthesis and post-synthesis functionalization. Dendrimers of generations 1–3
with 8–32 protected or free OH and acetylene surface groups, were synthesized using building blocks
that included acetylene- or azide-terminated molecules with carboxylic acid or diol end groups,
respectively. The acetylene surface groups were subsequently used to covalently link cationic amino
groups. A preliminary evaluation indicated that the generation one dendrimer with terminal NH3

+

groups was the most effective bactericide, and it was more potent than several previously studied
dendrimers. Our results suggest that size, functional end groups and hydrophilicity are important
parameters to consider in designing efficient antimicrobial dendrimers.

Keywords: dendrimers; hyperbranched macromolecules; synthesis; click chemistry; bactericide

1. Introduction

Dendrimers are well-defined hyperbranched macromolecules in which structural regularity arises
from the controlled layer-by-layer build-up, with each additional layer leading to an exponential
increase in the number of surface groups [1–7]. The overall structure and properties of dendrimers
get contributions from their core, backbone, and the surface groups at the periphery [8]. The number
of reactive ends at the core molecule influences the density of end units at each generation that
primarily interact with the outside environment [9]. For example, a third generation dendrimer with a
tetrafunctional core has 32 surface groups, while a corresponding dendrimer with a trifunctional core
has 24. Flexibility of both the core and backbone also has a significant effect on the conformation of the
structure [10,11]. A rigid backbone of the dendrimer leads to an open structure, while more flexible
core and backbones correspond to more compact, globular dendrimers, as the arms can fold back on
themselves [12,13]. The synthetic versatility and our ability to tailor their surfaces are some of the
features, which make these monodisperse macromolecules attractive for a wide variety of applications.

One of the topical areas of interest in which dendrimers are becoming increasingly important is
their ability to act as bactericides [14]. Multivalent surfaces of these hyperbranched macromolecules
offer opportunities to tailor the efficacy of antimicrobial agents using a single scaffold [15–19].

Molecules 2017, 22, 868; doi:10.3390/molecules22060868 www.mdpi.com/journal/molecules77
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Cationic amino groups are well known to exert bactericidal effect by disrupting the integrity of bacterial
cell membranes, eventually leading to cell lysis and death [18,20]. It has been shown that amine- and
ammonium-terminated carbosilane dendrimers act as bactericides against Gram-positive and -negative
bacteria, with almost two orders of magnitude less minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC), than their monofunctional counterparts. However, these
dendrimers can only be solubilized in water when a small amount of DMSO (1%) is added [21].
In another study, polyamidoamine (PAMAM) dendrimers were functionalized with nitric oxide (NO)
releasing quaternary ammonium groups, which showed enhanced bactericidal activity and anti-biofilm
formation properties as compared to non-NO releasing counterparts [22,23]. Hyaluronic acid/PAMAM
multilayered dendrimers have also been used as antibacterial materials [24]. These studies suggest
that by carefully designing dendrimers, one could achieve high efficacy through tailoring of desired
functions [25].

We have developed a versatile synthetic methodology to dendrimers utilizing highly efficient
alkyne-azide “click” chemistry [26–28], which leads to surface terminated OH or acetylene groups.
The synthesis of dendrimers required the design of multifunctional building blocks including the one
bearing a diol at one end and an azide at the other. The azide can be clicked to the peripheral alkynes
of the growing dendrimer, regenerating the original alcohol functionality. The sequence can then be
repeated to construct subsequent generations in a divergent manner. These dendrimers provide a facile
method to introduce a variety of desired peripheral moieties, and we demonstrate the simplicity of this
approach by functionalizing the surfaces of these dendrimers with cationic amino groups. We have
evaluated the potential of these water-soluble cationic dendrimers for bactericidal activity, and we
demonstrate that a balance of size, the terminal end groups and hydrophilicity plays an important
role in their efficacy. Dendrimers functionalized with cationic amino groups were found to be highly
potent antimicrobial agents, and the generation 1 dendrimer with surface NH3

+ groups was the most
efficient bactericide among such macromolecules.

2. Results and Discussion

2.1. Synthesis

The synthesis of dendrimers was carried out using a careful design of building blocks with
compatible functionalities. Since we intended to employ click chemistry both in the synthesis and
functionalization of our dendrimers, we selected two building units, one with an acetylene moiety
and another with an azide. The azide functionalized 2,2-bis(hydroxymethyl)propanoic acid (bis-MPA,
Scheme 1) was prepared from bis-MPA (1) and bromoethanol (3). The diol terminal of the bis-MPA unit
was first protected with an acetonide group, to yield 2, which could be purified easily by neutralizing
with p-toluenesulfonic acid, followed by filtration.
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Bromoethanol (3) was reacted with sodium azide to yield 4, which was then coupled with 2 using
N,N′-dicyclohexylcarbodiimide (DCC)/4-dimethylaminopyridine (DMAP), to yield 5, a bifunctional
molecule with a protected diol at one end and an azide at the other. It was deprotected to yield 6,
with azide and diol terminals. Propargyl bromide was coupled to the pentaerythritol core, yielding the
tetra-acetylene terminated G0 dendrimer 7 (Scheme 2). The azide functionalized bis-MPA 6 was then
clicked to G0 using CuAAC reaction to yield G1 dendrimer 8 with eight terminal hydroxide groups.
It can also be prepared by first reacting core 7 with protected version of the azide functionalized
bis-MPA 5 using CuAAC reaction to give 9, followed by deprotection. This method gave better yields
than the first route.
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Several attempts to covalently link propargyl bromide to G1 dendrimer 8 using a similar procedure
to that used to prepare G0 7 failed. Since the important component was that the structure has acetylene
termini, we considered a variation on this structure. An esterification with 4-pentynoic acid was
carried out to prepare G1 (compound 10 with eight terminal acetylene groups). Compound 5 was then
clicked onto the dendrimer to yield protected G2 dendrimer (p-G2, 11), with sixteen terminal protected
hydroxides, which was purified by dialysis. The deprotection using bismuth trichloride was employed
to give the desired hydroxide terminated G2 dendrimer. A simple filtration to remove the remaining
salts was the only purification necessary to yield G2 (12, Scheme 3). Another esterification with
4-pentynoic acid was then carried out to generate 13, with sixteen terminal acetylenes. The purification
of 13 was quite simple, employing only washing and filtration steps. A click reaction was then used to
attach an additional layer of 5 onto 13, generating pG3 14, with protected hydroxide groups, which was
purified by precipitation. The compound was then deprotected to yield G3 (15, Scheme 4) with thirty
two terminal hydroxyls, which were used to introduce terminal acetylene groups through esterification
(16, Scheme 4).

 

O

O
ON N

N

O OO O

O
O NN

N

OO

O

O

N
NN

O

O

O

O

O

N
NN

O

O

O

O

O

O

N
NN

O

O

O
O

N N
N

O

O

O

O
O NN

N

OO OO

O
ON N

N

O O

O

O

N
N N

O

O

O

O

O

N
N N

O

O

O

O

O

O

N
N N

O

O

O
O

NN
N

O

O

O

O

O

O

O

O

O O
O

O

O

O

O

O

OO

DCM, pyridine

O

OON N
N

O OO O

O O NN
N

OO

O

O

N
NN

O

O

O

O

O

N
NN

O

O

O

O

O

O

N
NN

O

O

O
O

NN
N

O

O

O

O O NN
N

OO OO

O
ON N

N

O O

O

O

N
N N

O

O

O

O

O

N
NN

O

O

O

O

O

O

N
NN

O

O

O
O

NN
N

O

O

O

O

O

O

O

O

O O
O

O

O

O

O

O

OO

O O
NN

N

OO

O
O

NNN

O
O

O
O

N
NN

O

O O

O

N
NN

O

O

O

O

N
NN

O

O

O
O

N
NN O

O

O
O

NN
N

O

O

OO

N N
N

O
O

OO
N N

N

O O

O
O

NNN

O
O

O
O

N
N N

O

OO

O

N
N N

O

O
O

O

N
N N

O

O

O
O

N
NNO

O

O
O

N
NNO

O

O
O

NN
N

O

O

EDC, DMAP

CuSO4
 Na ascorbate

THF, H2O

O

OH

(5)

63%

O

OON N
N

O OO O

O O NN
N

OHHO

O

O

N
NN

OH

OH

O

O

O

N
NN

O

O

O

O

O

O

N
NN

OH

OH

O
O

NN
N

OH

OH

O

O O NN
N

OO OO

O
ON N

N

HO OH

O

O

N
N N

HO

HO

O

O

O

N
N N

O

O

O

O

O

O

N
N N

HO

HO

O
O

NN
N

HO

HO

BiCl3

12 (89%)
11

13 (63%)

14 (30%)

Scheme 3. Synthesis of G2-G3 dendrimers.

Dendrimers with positively charged amine groups on the surface were synthesized from
the acetylene terminated dendrimers, by reacting them with protected amino-azides. The latter
were synthesized from the commercially available amino alcohol. The amine was first protected
with a t-butoxycarbonyl (BOC) group to yield 17 (Scheme 5), which was purified by washing in
sequence with a basic followed by an acidic solution, brine and finally water. The alcohol group
of 17 was then converted to a mesylate upon reaction with methane sulfonyl chloride to yield 18,
which was subsequently azidified to afford 19. The amino-azide with a longer arm was prepared
from commercially available amino-bromide by reacting it with sodium azide to yield 20, which was
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purified by a basic work-up, followed by extraction (Scheme 5). The amine moiety of 20 was then
protected with tBOC to yield 21.
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The protected amine-azides 19 and 21 were clicked on to the acetylene terminated dendrimers
7, 10 and 13, and the surface amine groups on the resulting dendrimers were deprotected using
trifluoroacetic acid (TFA), to yield the desired cationic amino terminated dendrimers (Figure 1:
G0-NH3

+ 22, G1-NH3
+ 23, and G2-NH3

+ 24). We used amine 21 that was one carbon longer for
G1-2 dendrimers to reduce any steric hinderance on the surface for the larger dendrimers.

2.2. Bactericidal Activity of Dendrimers

We explored the bactericidal efficacy of the cationic amine terminated dendrimers, and one of the
hydroxide terminated water soluble dendrimer ((G1-OH), Figure 1) for comparision purposes, as it
is known that hydroxide terminated molecules may also show bactericidal effect [20]. Bactericidal
efficacy was assessed using two parameters: minimum inhibitory concentration (MIC), and minimum
bactericidal concentration (MBC). MIC is the lowest concentration of the antimicrobial (in this study,
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the dendrimer) that inhibits the growth of a microorganism after overnight incubation. It gives a
measure of the inhibition of the growth of bacteria as a function of concentration. MBC is the lowest
concentration of the dendrimer that will prevent the growth of bacteria, and MBC is always larger
than MIC. Aqueous solutions of dendrimers with a range of different concentrations were prepared,
and then added to aliquots of bacteria solution. Escherichia coli (E. coli) with standard Gram-negative
ATCC 11229TM strain were chosen for bactericidal activity experiments in this study, as these are the
most widely studied microorganisms, and have a much faster growth rate which simplifies the time
scale of the experiments. The initial optical density (OD) of the solutions was measured, and they
were subsequently incubated overnight. After 18–24 h had elapsed, the OD was measured again.
The relative absorbance of solutions as a function of bactericide concentration for G2-NH3

+ is shown
in Figure 2. The minimum inhibitory concentration (MIC) was determined as the lowest concentration
point where the curve drops sharply to zero.

O

O
O

O
NH3

N N
N

N
NN

NN
N

N
N N

H3N

H3N

NH3

O

OHF F

F

O
O

F
F

F

O

O FF

F

O
O

F
F

F

O

O
ON N

N

O OO O

NN
N

N
NN

O

O

O

N
NN

O

O

O

O

N
NN

NN
N

O

O
O NN

N

OO OO

N N
N

N
N N

O

O

O

N
N N

O

O

O

O

N
N N

NN
N

NH3

NH3

NH3

H3N

H3N

H3N

NH3

NH3

O

OF F

F

O

OF F

F

O

OF F

F

O

OF F

F

O

OF F

F

O

OF F

F

O

OF F

FO

OF F

F 23, G1-NH3
+22, G0-NH3

+

O

O
O

N N
N

O OO O

O
O NN

N

OO

O

O

N
NN

O

O

O

O

O

N
NN

O

O

O

O

O

O

N
NN

O

O

O
O

N N
N

O

O

O

O
O

NN
N

OO OO

O
ON N

N

O O

O

O

N
N N

O

O

O

O

O

N
N N

O

O

O

O

O

O

N
N N

O

O

O
O

NN
N

O

O

O

O

O

O

O

O

O O
O

O

O

O

O

O

OO

NN
N

NN
N

N
NN N

NN

N
NN

N
N

N

N
N

N

N N
N

N N
N

N N
N

N
N NN

N N

N
N N

N
N

N

N
N

N

N
N
N

NH3

NH3

NH3

NH3

NH3

H3N
H3N

H3N

H3N

H3N

H3N

H3N

NH3

NH3

NH3

NH3

O

OF F

F

O

OF F

F

O

OF F

F

O

OF F

F

O

OF F

F

O

OF F

F

O

OF F

F

OO

FF F

OO

FF F

OO

FF F

O

O
FF

F

O

O
FF

F

O

O
FF

F

O O

F FF

O O

F FF

O O

F FF
24, G2-NH3

+

Figure 1. Dendrimers with positively charged surface groups.
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Figure 2. Relative absorbance versus dendrimer concentration curve for the determination of MIC
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+.

The bactericidal efficacies of four different dendrimers, three of them functionalized with cationic
amino groups (G0-NH3

+, G1-NH3
+ & G2-NH3

+), and the fourth with hydroxide surface groups
(G1-OH) are shown in Table 1. The most efficient bactericide was the generation one cationic amine
terminated dendrimer, G1-NH3

+ (MIC = 0.9 mg/L, 8 NH3
+ groups, Table 1), and the least effective

was the smallest structure, G0-NH3
+ (MIC = 32–64 mg/L, 4 NH3

+ groups, Table 1). Dendrimer G1-OH
was found to have no bactericidal action at any of the concentrations tested (MIC > 64 mg/L, 8 OH
groups, Table 1), which clearly suggests the importance of cationic surface groups for bactericidal
activity. Since G1-NH3

+ was more effective in its bactericidal activity than both the lower (G0-NH3
+

4 NH3
+ groups, MIC = 32–64 mg/L,) and higher (G2-NH3

+ 16 NH3
+ groups, MIC = 1–16 mg/L)

generation dendrimers with the same backbone and type of end groups, it indicated that G1-NH3
+

provides the best balance between the number of bactericidal end groups and biopermeability.
These results may also suggest that the generation 2 dendrimer is past the tipping point where
the gain in bactericidal activity obtained from additional charged end groups, is outweighed by the
loss of biopermeability. The MBC for G1-NH3

+ (4–8 mg/L, 8 NH3
+ groups, Table 1) followed the

expected pattern of MBC > MIC for a given structure.

Table 1. MIC and MBC values of dendrimers for E. coli (ATCC 11229TM strain).

Structure
Type of End

Groups
No. of End

Groups
MW

(g/mol)
MIC

(mg/L)
MIC
(μM)

MBC
(mg/L)

MBC
(μM)

G1-OH -OH 8 1101.1 >64 >58 >64 >58
G0-NH3

+ -NH3
+ TFA− 4 1088.5 32–64 29–59 >64 >59

G1-NH3
+ -NH3

+ TFA− 8 3454.9 0.9 ± 0.1 0.26 ± 0.03 4–8 1.1–2.3
G2-NH3

+ -NH3
+ TFA− 16 8075.0 1–16 0.12–2 - -

To better evaluate the bactericidal efficacy of our dendrimers, a comparison with dendrimers
for which bactericidal activity has been reported earlier was carried out, and the data is presented
in Table 2. The data corresponds only to dendrimers that function by the membrane disruptive
mechanism (as opposed to anti-adhesive), where an MIC was measured [14]. Our best performing
dendrimer, G1-NH3

+ (8 NH3
+ groups), is a more effective bactericide than any of the dendrimers (4–32

end groups) presented in Table 2. Comparable both in size and number of charged end groups to
the generation 2 carbosilane dendrimer (MIC = 64 mg/L, 8 NMe3

+ groups, Table 2) [21], G1-NH3
+

(MIC = 0.9 mg/L, 8 NH3
+ groups, Table 1) is more effective by almost two orders of magnitude.
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Equally comparable in size and number of charged end groups are the generation one carbosilane
dendrimers (MIC = 4 mg/L, 4 NR3

+ groups), and G0-NH3
+ (MIC = 32–64 mg/L, 4 NR3

+ groups,
Table 1). Interestingly, however, the trend is reversed in this case, with the generation one carbosilane
dendrimer showed about an order of magnitude more bactericidal effect than G0-NH3

+. Since both
sets of structures present the same number of charged amino groups, approximately the same
molecular weight, and were tested against the same bacteria, the only major difference between
the two dendrimer backbones seems to be in their hydrophilicity. It is known that structures which
present more hydrophobic units can permeate the bacterial structure more easily to arrive at their site
of action [14]. These results may suggest that for dendrimers with hydrophilic backbones, such as
the ones presented here, the peak bactericidal efficiency is reached at a higher generation than for
dendrimers with hydrophobic backbones, such as carbosilane.

Table 2. Comparative MIC values for dendrimers.

Generation &
Backbone

No. End
Groups

Type of End
Groups

MW
(g/mol)

MIC
(mg/L)

MIC
(μM)

Type of Bacteria

G3 PAMAM 31 -NH2 6859 6.3 0.92 Pseudomonas
aeruginosa (PA)

G5 PAMAM 110 -NH2 26 373 12.5 0.47 PA

G1 Carbosilane 4 -N(Me)3
+ I− 1470.4 4 2.7 Escherichia coli (E coli)

G2 Carbosilane 8 -N(Me)3
+ I− 3493.8 64 18.3 E coli

The bactericidal efficacy of the neutral amine terminated generation three PAMAM dendrimer
(MIC = 6.3 mg/L, 31 NH2 groups Table 2) and generation five (12.5 mg/L, 110 NH2 groups), both fall
into the wide range determined for our G2-NH3

+ (MIC = 1–16 mg/L, 16 NH3
+ groups, Table 1)

dendrimer. The molecular mass of G2-NH3
+ is comparable to that of the generation three PAMAM

dendrimer. It is difficult to draw definite conclusions about these results due to the fact that the
structures have different backbones, number of end groups, type of end groups, and were tested
against different bacteria. Interestingly, the neutral structures that were previously tested (generations
three and five PAMAM dendrimers) both performed better than the only neutral structure tested in
this study, G1-OH (MIC > 64 mg/L, 8 OH groups, Table 1).

Our results, as well as those for the dendrimers previously evaluated [29,30], indicate that higher
generation number may not be a necessary and important factor for bactericidal action. Although a
detailed evaluation is necessary in order to determine structure-property relationships, it should
be noted that the largest structure, the generation 5 PAMAM dendrimer with 110 peripheral amino
groups, is the least effective bactericide. This suggests that a balance between the size of the dendrimer
and the number of end groups is a key factor.

3. Materials and Methods

3.1. Generaal Information

The reagents and solvents were purchased from Sigma-Aldrich (St. Louis, MO, USA) and
Fisher Scientific (Hampton, NH, USA), and used as received. NMR spectral acquisitions were
carried out on Mercury instruments (Varian, Palo Alto, CA, USA) and operated using VNMRJ 2.2D
(Chempack 5) and VNMRJ 2.3A (Chempack 5) software using a 5 mm Smart Probe. The chemical
shifts in ppm are reported relative to tetramethylsilane (TMS) as an internal standard for 1H,
and 13C. Mass spectra analyses (HRMS, ESI) were performed and analysed on an Exactive Plus
Orbitrap-API (Thermo Scientific, Waltham, MA, USA) high resolution mass spectrometer and on
MALDI Autoflex III-TOF (Bruker, Billerica, MA, USA). Procedures for the MIC and MBC determination
were followed as described in [31]. The Compounds 2,2,5-trimethyl-1,3-dioxane-5-carboxylic acid

84



Molecules 2017, 22, 868

(2) [32], azidoethanol [33], and propargylated pentaerythritol [34], were prepared by adopting and
modifying the procedures reported earlier.

3.2. Building Blocks

2,2,5-Trimethyl-1,3-dioxane-5-carboxylic acid (2): p-Toluenesulfonic acid (0.5975 g, 0.003141 mol) was
added to a stirred solution of 2,2-bis(hydroxymethyl)propanoic acid (1, 8.4265 g, 0.06282 mol) in
acetone (34 mL) in a 250 mL round bottom flask, under nitrogen. 2,2-Dimethoxypropane (9.8141 g,
0.09423 mol) and magnesium sulfate (0.7562 g, 0.006282 mol) were then added, and the reaction
mixture was left to stir for 48 h. A solution of ammonia in dioxane (6.27 mL, 0.5 M) was added to
neutralize the acid. The crude mixture was filtered, and the solvent evaporated to yield the product as a
white powder (9.30 g, 0.0534 mol, 85% yield). 1H-NMR (400 MHz, CDCl3): δ = 1.20 (s, 3H, -CO-C-CH3),
1.40 (s, 3H, -O-C-CH3), 1.43 (s, 3H, -O-C-CH3), 3.67 (t, 2H, -O-CH2-C-CO-), 4.18 (d, 2H, -O-CH2-C-CO-)
ppm. 13C{1H}-NMR (300 MHz, CDCl3): δ = 18.42 (-CO-C-CH3), 22.03 (-O-C-CH3), 25.07 (-O-C-CH3),
41.71 (-CO-C-), 65.81 (-O-CH2-C-), 98.28 (-O-C-(CH3)2), 180.15 (-CO-) ppm.

Azidoethanol (4): A mixture of bromoethanol (3, 2.3742 g, 0.01900 mol) and sodium azide (2.4700 g,
0.03800 mol) in water (4 mL) was left stirring overnight at 70 ◦C. The reaction mixture was then
extracted with DCM, the organic layer was isolated and dried with magnesium sulfate. The solvent was
then evaporated to yield the product as yellow oil (1.36 g, 0.01561 mol, 82% yield). 1H-NMR (400 MHz,
CDCl3): δ = 3.46 (t, 2H, N3-CH2-CH2-), 3.79 (q, 2H, N3-CH2-CH2-) ppm. 13C{1H}-NMR (300 MHz,
CDCl3): δ = 53.6 (N3-CH2-CH2-), 61.6 (N3-CH2-CH2-) ppm.

2-Azidoethyl 2,2,5-trimethyl-1,3-dioxane-5-carboxylate (5): A solution of azidoethanol (4, 0.74 g,
0.008498 mol), 2,2,5-trimethyl-1,3-dioxane-5-carboxylic acid (2, 2.2204 g, 0.01275 mol) and DMAP
(0.5191 g, 0.004249 mol) in anhydrous DCM (10 mL) was stirred for 5 min under nitrogen.
DCC (2.1041 g, 0.01020 mol) was then added to the reaction mixture, and stirred under nitrogen,
at room temperature, overnight. The precipitate was filtered off, and the solvent was evaporated to
yield a residue that was purified by column chromatography (1:7 ethyl acetate–hexanes) to yield the
product as a white solid (1.25 g, 0.005139 mol, 60% yield). 1H-NMR (400 MHz, CDCl3): δ = 1.21 (s, 3H,
-CO-C-CH3), 1.39 (s, 3H, -O-C-CH3), 1.44 (s, 3H, -O-C-CH3), 3.49 (t, 2H, N3-CH2-CH2-), 3.68 (d, 2H,
-O-CH2-C-CO-), 4.21 (d, 2H, -O-CH2-C-CO-), 4.33 (t, 2H, N3-CH2-CH2-) ppm. 13C{1H}-NMR (300 MHz,
CDCl3): δ = 18.5 (-CO-C-CH3), 22.3 (-O-C-CH3), 24.9 (-O-C-CH3), 42.0 (-C-CH3), 49.8 (N3-CH2-CH2-),
63.6 (N3-CH2-CH2-), 65.9 (-O-CH2-C-), 98.1 (-C-CH3), 174.0 (-CO-) ppm.

2-Azidoethyl 3-hydroxy-2-(hydroxymethyl)-2-methylpropanoate (6): A spoonful of Dowex cationic resin
was added to a solution of 5 (0.301 g, 0.001728 mol) in methanol (6 mL). The mixture was left stirring
overnight at room temperature. The supernatant was decanted off and the resin was rinsed several
times with methanol. The supernatant was then combined with rinsing and the solvent was evaporated
to yield the product as colorless oil (0.238 g, 0.001171 mol, 95% yield). 1H-NMR (400 MHz, CDCl3):
δ = 1.09 (s, 3H, -CO-C-CH3), 2.47 (s, 2H, -OH), 3.41 (m, 2H, N3-CH2-CH2-), 3.50 (dd, 2H, -C-CH2-OH),
3.80 (dd, 2H, -C-CH2-OH), 4.28 (t, 2H, N3-CH2-CH2-) ppm. 13C{1H}-NMR (300 MHz, CDCl3): δ = 17.0
(CH3-C-), 49.3 (CH3-C), 49.8 (N3-CH2-CH2-), 63.5 (N3-CH2-CH2-), 68.2 (CH2-OH), 175.5 (-CO-) ppm.

Generation 0 (7): Anhydrous DMF (25 mL) was added by syringe to a round bottom flask containing
pentaerythritol (2 g, 0.01469 mol) and KOH (12.5 g, 0.2228 mol), with stirring, under nitrogen.
The mixture was stirred for 5 min, under nitrogen, at 0 ◦C. A solution of propargyl bromide (20 g,
0.1681 mol) in toluene (80%) was then added dropwise to the reaction mixture over 30 min. The reaction
was heated at 40 ◦C overnight, under nitrogen. Water (100 mL) was added to the mixture, which was
then extracted with diethyl ether (3 × 50 mL). The organic layers were isolated, combined, and washed
with water (3 × 50 mL) and brine (3 × 50 mL). The organic layer was isolated and dried with
sodium sulfate. The solvent was removed to yield an orange oil which was purified by column
chromatography (2:8 ethyl acetate–hexanes) to give the product as an orange-brown solid (1.7468 g,
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0.006058 mol, 84% yield). 1H-NMR (400 MHz, CDCl3): δ = 2.40 (t, 4H, CH-C-CH2-), 3.53 (s, 8H,
-C-CH2-O-), 4.12 (d, 8H, CH-C-CH2-) ppm. 13C{1H}-NMR (300 MHz, CDCl3): δ = 44.7 (-C-CH2-O-),
58.7 (CH-C-CH2), 69.0 (-C-CH2-O-), 74.0 (CH-C-CH2), 80.0 (CH-C-CH2) ppm. ESI-MS: m/z = 311.1
[M + Na+].

Protected Generation 1 (pG1, 9): A solution of CuSO4·5H2O (0.0191 g, 0.00007669 mol) in water
(0.5 mL) was added to a round bottom flask containing a stirred solution of 7 (0.0768 g, 0.0002663 mol)
and (5) (0.2683 g, 0.001103 mol) in tetrahydrofuran (THF) (0.5 mL). Sodium ascorbate (0.0317 g,
0.0001598 mol) was added, and the mixture was allowed to react overnight. The product was
purified by column chromatography (100% methanol) to yield a yellow oil (0.2778 g, 0.0002202 mol,
83% yield). 1H-NMR (400 MHz, CD3OD): δ = 1.00 (s, 3H, -CO-C-CH3), 1.22 (s, 3H, -O-C-(CH3)2),
1.39 (s, 3H, -O-C-(CH3)2), 3.44 (s, 2H, -C-CH2-O-CH2), 3.63 (dd, 2H, -CO-C-CH2-O-), 4.07 (dd,
2H, -CO-C-CH2-O-), 4.51 (s, 2H, -O-CH2-C-N-), 4.54 (t, 2H, -N-CH2-CH2-O-), 4.72 (s, 2H,
-N-CH2-CH2-O-), 8.04 (s, 1H, -C-CH-N-) ppm. 13C{1H}-NMR (300 MHz, CD3OD): δ = 17.19 (-C-CH3),
20.52 (-O-C-(CH3)2), 24.93 (-O-C-(CH3)2), 41.78 (-C-C-CH3), 45.11 (-C-CH2-O-), 48.90 (-N-CH2-CH2-O-),
62.63 (-N-CH2-CH2-O-), 64.06 (-CH2-O-CH2-C-N-), 65.47 (-C-CH2-O-C-), 68.65 (-C-CH2-O-CH2-C-N-),
97.97 (-O-C-(CH3)2), 124.07 (-C-CH-N-), 145.00 (-C-N-), 173.80 (-C-O-CH2-) ppm. MALDI-MS:
m/z = 1267.3 [M + Li+].

Generation 1 (G1, 8). A solution of CuSO4·5H2O (0.0191 g, 0.00007669 mol) in water (0.5 mL) was
added to a round bottom flask containing a stirred solution of 7 (0.0768 g, 0.0002663 mol) and 6

(0.2597 g, 0.001278 mol) in THF (0.5 mL). Sodium ascorbate (0.0317 g, 0.0001598 mol) was then added
and the mixture was allowed to react overnight. The product was purified by column chromatography
(100% methanol) to yield an orange oil (0.1479 g, 0.0001343 mol, 50% yield).

G1 (8) from pG1 (9): Dowex Cationic Resin (6.72 g) was added to a solution of pG1 (9, 9.69 g,
0.0077 mol) in methanol (485 mL). The mixture was then left stirring overnight. The resin was
then filtered off and the solvent evaporated to yield 8 as a viscous orange oil (6.68 g, 0.0061 mol,
79% yield). 1H-NMR (400 MHz, CD3OD): δ = 1.08 (s, 3H, -CO-C-CH3), 3.45 (s, 2H, -C-CH2-O-),
3.61 (q, 4H, -C-CH2-OH), 4.51 (t, 4H, -O-CH2-C-N-), 4.52 (s, 2H, -N-CH2-CH2-O-), 4.70 (t, 2H,
-N-CH2-CH2-O-), 8.04 (s, 1H, -C-CH-N-) ppm. 13C{1H}-NMR (300 MHz, CD3OD): δ = 17.40
(-C-CH3), 46.53 (C-CH2-O-), 50.42 (-C-CH3), 51.78 (-N-CH2-CH2-O-), 63.86 (-N-CH2-CH2-O-),
65.40 (-O-CH2-C-N-), 65.85 (-C-CH2-OH-), 70.09 (C-CH2-O-), 125.77 (-C-CH-N-), 146.35 (-O-CH2-C-N-),
176.06 (-C-CO-O-) ppm. MALDI-MS: m/z = 1107.6 [M + Li+].

G1-ester-acetylne (10). DMAP (2.97 g, 0.0243 mol) was added to a stirred mixture of G1 (8, 6.68 g,
0.0061 mol) in anhydrous DCM (267 mL) in a 500 mL round bottom flask under nitrogen. DCC (15.02 g,
0.0728 mol), pyridine (133 mL) and 4-pentynoic acid (7.14 g, 0.0728 mol) were added, and the reaction
mixture was then left stirring, under nitrogen, overnight. The crude mixture was filtered and the
solvent evaporated. The product was purified by column chromatography (ethyl acetate) to yield the
product as a yellow oil (7.39 g, 0.0042 mol, 70% yield). 1H-NMR (400 MHz, CD3OD): δ = 1.19 (s, 3H,
-C-CH3), 2.26 (t, 2H, -C-CH), 2.46–2.53 (m, 8H, -O-C-CH2-CH2-C-), 3.45 (s, 2H, -C-CH2-O-CH2-),
4.22 (q, 4H, -C-(CH2-O-C-)2), 4.54 (s, 2H, -C-CH2-O-CH2-C), 4.55 (t, 2H, -CH-N-CH2-CH2-),
4.73 (t, 2H, -C-CH-N-CH2-), 8.01 (s, 1H, -N-CH-) ppm. 13C{1H}-NMR (300 MHz, CD3OD): δ = 15.10
(-CH2-C-CH), 18.20 (-C-CH3), 34.31 (-CH2-CH2-C-CH), 46.57 (-C-CH2-O-CH2-C-N-), 47.70 (-C-CH3),
50.22 (-N-CH2-CH2-O-), 64.51 (-N-CH2-CH2-O-), 65.59 (-C-CH2-O-CH2-C-N-), 66.61 (-C-CH2-O-C-),
70.19 (-C-CH2-O-CH2-C-N-), 70.55 (-C-CH), 83.54 (-C-CH), 125.49 (-C-CH-N-), 146.51 (-C-CH-N-),
172.84 (-O-C-CH2-), 173.72 (O-C-C-) ppm. MALDI-MS: m/z = 1747.5 [M + Li+].

Protected Generation 2 (pG2, 11). A solution of CuSO4·5H2O (0.1463 g, 0.000586 mol) in water
(10 mL) was added to a round bottom flask containing a stirred solution of 10 (1.70 g, 0.0009766 mol)
and 5 (2.2807 g, 0.009375 mol) in THF (10 mL). Sodium ascorbate (0.2322 g, 0.001172 mol) was
added and the mixture was allowed to react overnight. The product mixture was evaporated,
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dissolved in a minimum of methanol and run through a silica plug to remove the copper salts.
The product was then purified by dialysis (MWCO = 1000 Da, methanol) to yield a brown solid
(2.05 g, 0.000556 mol, 57% yield). 1H-NMR (400 MHz, CD3OD): δ = 1.02 (s, 6H, CH3-C-O-CH2-C-CH3),
1.10 (s, 3H, C-C-O-CH2-C-CH3), 1.28 (s, 6H, CH3-C-O-CH2-C-CH3), 1.39 (s, 6H, CH3-C-O-CH2-C-CH3),
2.68 (t, 4H, -O-C-CH2-CH2-), 2.94 (t, 4H, t, 4H, -O-C-CH2-CH2-), 3.43 (s, 2H, -C-CH2-O-CH2-C-N-),
3.64 (dd, 4H, -C-CH2-O-C-CH3), 4.07 (dd, 4H, -C-CH2-O-C-CH3), 4.10 (s, 4H, -C-CH2-O-C-CH2),
4.50 (m, 8H, -N-CH2-CH2-O-C-C-CH2-O-C-CH3, -O-CH2-C-CH-N-CH2-CH2-), 4.68 (m, 6H,
-N-CH2-CH2-O-C-C-CH2-O-C-CH3, -O-CH2-C-CH-N-CH2-CH2-), 7.85 (s, 1H, -O-CH2-C-CH-N-),
8.02 (s, 2H, -C-CH2-CH2-C-CH-N-) ppm. 13C{1H}-NMR (300 MHz, CD3OD): δ = 18.10, 18.68, 21.85,
26.49, 34.24, 43.24, 46.57, 47.67, 50.03, 50.17, 50.27, 64.15, 64.48, 65.59, 66.51, 67.04, 70.22, 99.44, 124.20,
125.51, 146.45, 147.69, 173.37, 173.68, 175.31 ppm. MALDI-MS: m/z = 3710.1[M + Na+].

Generation 2 (G2, 12): BiCl3 (0.0009 g, 0.00000285 mol) and a drop of water were added to a
stirred solution of pG2 (11, 0.025 g, 0.00000678 mol) in acetonitrile (1.1 mL). The reaction mixture
was left stirring for 60 h at 45 ◦C. The product mixture was evaporated, dissolved in methanol,
and filtered to remove the bismuth salts. The solvent was evaporated to yield a brown oil
(0.020 g, 0.00000604 mol, 89% yield). 1H-NMR (400 MHz, CD3OD): δ = 1.10 (s, 9H, -C-CH3),
2.69 (t, 4H, -C-CH2-CH2-C-N-), 2.95 (t, 4H, -C-CH2-CH2-C-N-), 3.43 (s, 2H, -C-CH2-O-CH2-C-N-),
3.60 (q, 8H, -C-CH2-OH), 4.10 (s, 4H, -C-CH2-O-C-), 4.48 (m, 8H, -N-CH2-CH2-O-C-C-CH2-OH,
-O-CH2-C-CH-N-CH2-CH2-O-), 4.66 (m, 4H, -N-CH2-CH2-O-C-C-CH2-OH), 4.71 (s, 2H,
-O-CH2-C-CH-N-CH2-CH2-O-, -O-CH2-C-CH-N-CH2-CH2-O-), 7.86 (s, 2H, -CH2-CH2-C-CH-N-),
8.03 (s, 1H, -O-CH2-C-CH-N-) ppm. 13C{1H}-NMR (300 MHz, CD3OD): δ = ppm 17.41, 18.08, 34.18,
46.53, 47.65, 49.99, 50.17, 50.34, 51.79, 63.91, 64.45, 65.51, 65.86, 66.51, 70.13, 124.35, 125.61, 146.37,
147.58, 173.47, 173.70, 176.08. MALDI-MS: m/z = 3388.5[M + K+].

G2-ester-acetylene (13). DMAP (0.1586 g, 0.001298 mol) was added to a stirred mixture of 12 (0.2732 g,
0.00008113 mol) in anhydrous DCM (6.6 mL), under nitrogen. 1-ethyl-(3-dimethylaminopropyl)-
carbodiimide hydrochloride (EDC) (0.3732 g, 0.001947 mol), pyridine (3.3 mL) and 4-pentynoic acid
(0.1911 g, 0.001947 mol) were added to the flask. The reaction mixture was left stirring, under nitrogen,
overnight. The crude product mixture was then washed with methanol, dissolved in chloroform and
filtered to yield the product as brown oil (0.27 g, 0.0000581 mol, 63% yield). 1H-NMR (400 MHz, CDCl3):
δ = 1.12 (s, 3H, -N-C-CH2-CH2-C-O-CH2-C-CH3), 1.20 (s, 6H, -CH-C-CH2-CH2-C-O-CH2-C-CH3),
1.98 (s, 4H, -C-CH), 2.50 (m, 16H, -C-CH2-CH2-C-CH), 2.70 (t, 4H, -O-C-CH2-CH2-C-N-), 2.97 (t, 4H,
-O-C-CH2-CH2-C-N-), 3.42 (s, 2H, -C-CH2-O-CH2-), 4.10 (m, 4H, -C-CH2-O-C-CH2-CH2-C-N-),
4.21 (m, 8H, -C-CH2-O-C-CH2-CH2-C-CH), 4.51 (m, 8H, -CH2-CH2-C-N-N-N-CH2-CH2-O-,
-C-CH2-O-CH2-C-CH-N-CH2-CH2-), 4.59 (m, 4H, -C-CH2-O-CH2-C-CH-N-CH2-CH2-), 4.65 (m, 2H,
-C-CH2-O-CH2-C-CH-N-CH2-CH2-), 7.48 (s, 2H, -O-C-CH2-CH2-C-CH-N-), 7.78 (s, 1H,
-CH2-O-CH2-C-CH-N-) ppm. 13C{1H}-NMR (300 MHz, CDCl3): δ = ppm 14.26, 17.58, 17.68,
20.76, 33.11, 33.15, 43.19, 45.17, 46.27, 46.29, 48.67, 63.10, 64.75, 65.10, 65.25, 69.02, 69.34, 77.20, 82.26,
121.87, 123.31, 145.29, 146.22, 171.09, 171.98, 172.09, 172.14. MALDI-MS: m/z = 4669.1 [M + Na+].

pG3 (14). A solution of CuSO4·5H2O (0.0081 g, 0.000586 mol) in water (2 mL) was added to a round
bottom flask containing a stirred solution of 13 (0.1262 g, 0.00002715 mol) and 5 (0.1268 g, 0.0005212 mol)
in THF (2 mL). Sodium ascorbate (0.0129 g, 0.00006515 mol) was added and the mixture was allowed
to react overnight. The product mixture was evaporated, dissolved in a minimum of methanol and
run through a silica plug to remove the copper salts. The product was precipitated out of chloroform
with hexanes, and dried to yield a yellow oil (0.067 g, 0.00000785 mol, 30% yield). 1H-NMR (400 MHz,
CDCl3): δ = 1.04 (s, 12H, CH3-C-O-CH2-C-CH3), 1.11 (s, 3H, C-C-O-CH2-C-CH3), 1.12 (s, 6H,
C-C-O-CH2-C-CH3), 1.33 (s, 12H, CH3-C-O-CH2-C-CH3), 1.41 (s, 12H, CH3-C-O-CH2-C-CH3),
2.69 (t, 12H, -O-C-CH2-CH2-), 2.97 (t, 12H, -O-C-CH2-CH2-), 3.40 (s, 2H, C-CH2-O-CH2-),
3.62 (dd, 8H, -C-CH2-O-C-CH3), 4.10 (s, 12H, -C-CH2-O-C-CH2), 4.12 (dd, 8H, -C-CH2-O-C-CH3),
4.40–4.75 (m, 30H, -CH2-CH2-C-N-N-N-CH2-CH2-O-, -C-CH2-O-CH2-C-CH-N-CH2-CH2-,
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-N-CH2-CH2-O-C-C-CH2-O-C-CH3), 7.56 (s, 2H, -CH-N-CH2-CH2-O-C-C-CH2-O-C-CH2-), 7.61 (s, 4H,
-CH-N-CH2-CH2-O-C-C-CH2-O-C-CH3), 7.88 (s, 1H, -CH2-O-CH2-C-CH-N-) ppm. 13C{1H}-NMR
(300 MHz, CDCl3): δ = ppm 17.48, 18.12, 20.71, 20.86, 26.22, 33.05, 41.98, 46.19, 48.68, 48.99, 62.82, 62.94,
65.04, 65.85, 68.41, 77.20, 98.05, 122.22, 146.71, 171.86, 171.98, 172.05, 173.70. MALDI-MS: m/z = 8580.6
[M + K+].

G3 (15). Dowex Cationic Resin (0.0629 g) was added to a solution of pG3 (14, 0.1531 g, 0.0000179 mol)
in methanol (8.5 mL). The mixture was left stirring for three days at 45 ◦C. The resin was then
filtered off and the solvent evaporated to yield the product as a yellow oil (0.0983 g, 0.0000124 mol,
71% yield). 1H-NMR (400 MHz, CD3OD): δ = 1.09 (s, 21H, -C-CH3), 2.69 (m, 12H, -O-C-CH2-CH2-C-N-),
2.95 (m, 12H, -O-C-CH2-CH2-C-N-), 3.43 (s, 2H, -C-CH2-O-CH2-C-), 3.60 (q, 16H, -C-CH2-OH),
4.10 (m, 12H, -C-CH2-O-C-), 4.48 (m, 16H, -C-CH2-O- CH2-C-N-, -N-CH2-CH2-O-), 4.66 (m, 14H,
-N-CH2-CH2-O-), 7.82–8.07 (m, 7H, -C-CH-N-) ppm. 13C{1H}-NMR (300 MHz, DMSO-d6): δ = ppm
16.65, 16.85, 16.89, 20.38, 32.69, 45.77, 45.80, 48.05, 48.34, 48.53, 50.24, 51.25, 62.24, 62.94, 63.06,
63.68, 63.84, 64.82, 122.31, 122.44, 123.98, 144.08, 145.22, 145.26, 171.50, 171.83, 174.20. MALDI-MS:
m/z = 7894.2 [M + H+].

G3-ester-acetylene (16). DMAP (0.0266 g, 0.0002181 mol) was added to a stirred mixture of
G3 (0.0713 g, 0.000006814 mol) in anhydrous DCM (3.3 mL), under nitrogen. EDC (0.0627 g,
0.0003271 mol), pyridine (1.7 mL) and 4-pentynoic acid (0.0796 g, 0.0003271 mol) were added and
the reaction mixture was left stirring, under nitrogen, overnight. The crude product mixture was
dissolved in DCM and filtered to remove the salts. The product was then precipitated out of DCM
with hexanes. Ether and hexanes washes were then performed to obtain a light brown oil (38%
yield). 1H-NMR (400 MHz, CDCl3): δ = 1.07–1.24 (m, 32H, -CH3), 1.99 (s, 8H, -CH), 2.43–2.55
(m, 32H, -CO-CH2-CH2-C-CH), 2.71 (m, 12H, -CO-CH2-CH2-C-N-), 2.96 (m, 12H, -CO-CH2-CH2-C-N-),
3.42 (s, 2H, -C-CH2-O-CH2-C-N-), 4.11 (s, 12H, CH3-C-CH2-O-CO-CH2-CH2-C-N-), 4.17–4.26 (m, 16H,
CH3-C-CH2-O-CO-CH2-CH2-C-CH), 4.49–4.66 (m, 30H, -N-CH2-CH2-O-, -C-CH2-O-CH2-C-N-),
7.48–7.80 (m, 7H, -C-CH-N-) ppm. 13C{1H}-NMR (300 MHz, CDCl3): δ = ppm 14.29,
17.29, 17.62, 17.72, 20.9, 29.69, 33.14, 43.60, 45.22, 46.33, 48.68, 48.98, 62.95, 63.14,
64.82 (-C-CH2-O-CH2-C-N-N-N-CH2-CH2-), 64.97, 65.14, 65.28, 65.80, 69.39, 77.21, 82.30, 121.91,
121.98, 122.38, 146.18, 146.25, 146.29, 171.12, 172.01, 172.05 172.13, 172.15, 172.18. MALDI-MS:
m/z = 10,000–11,000 (theoretical mass = 10,456).

Amine functionalization: tert-butyl (2-hydroxyethyl)carbamate (17). Di-tert-butyl dicarbonate (BOC2O)
(7.86 g, 0.036 mol) was added slowly in a portionwise fashion to a stirred solution of ethanolamine
(2.0 g, 0.033 mol) in DCM and triethylamine (5 mL), at 0 ◦C. The mixture was allowed to react overnight,
at room temperature. The crude mixture was washed with an aqueous potassium carbonate solution,
followed by an aqueous hydrochloric acid solution, brine, and finally water. The organic phase was
isolated, dried with magnesium sulfate, and the solvent evaporated to yield the product as a colourless
oil (3.70 g, 0.023 mol, 70% yield). 1H-NMR (400 MHz, CDCl3): δ = 1.47 (s, 9H, -C-(CH3)3), 3.26 (s, 2H,
-CH2-NH-), 3.67 (s, 2H, -CH2-OH), 5.04 (s, 1H, -NH-) ppm. 13C{1H}-NMR (300 MHz, CDCl3): δ = 28.6
(s, -C-(CH3)3), 43.4 (s, -CH2-NH-), 62.8 (s, -CH2-OH), 79.9 (C-(CH3)3), 157.1 (-NH-CO-O-) ppm.

2-((tert-Butoxycarbonyl)amino)ethyl methanesulfonate (18). Methanesulfonyl chloride (9.42 g, 0.0822 mol)
was added very slowly in a dropwise fashion to a stirred solution of (17) (12.8713 g, 0.0798 mol) in
anhydrous DCM (500 mL) and triethylamine (20 mL) at 0 ◦C, under nitrogen. The reaction was left
stirring, under nitrogen at room temperature overnight. The crude mixture was then washed with
water (2 × 250 mL) and brine (2 × 250 mL). The organic layer was isolated, dried with magnesium
sulfate and the solvent evaporated to yield the product as a yellow oil (17.95 g, 0.075 mol, 94% yield).
1H-NMR (400 MHz, CDCl3): δ = 1.44 (s, 9H, -C-(CH3)3), 3.03 (s, 3H, -S-CH3), 3.46 (m, 2H, -CH2-NH-),
4.28 (m, 2H, -CH2-O-), 4.92 (s, 1H, -NH-) ppm. 13C{1H}-NMR (300 MHz, CDCl3): δ = 28.6 ( -C-(CH3)3),
37.6 (-CH2-NH-), 40.2 (-S-CH3), 69.1 (-CH2-O-), 80.2 (-C-(CH3)3) 158 (-NH-CO-O-) ppm.
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tert-Butyl (2-azidoethyl)carbamate (19): Sodium azide (27.30 g, 0.4199 mol) was added to a stirred solution
of (18) (19.98 g, 0.0835 mol) in DMF (100 mL) and water (100 mL), under nitrogen. The reaction was left
stirring, at 80 ◦C overnight, under nitrogen. The crude product mixture was extracted with ethyl acetate
(3 × 100 mL), the organic layers were isolated and combined and washed with water (3 × 100 mL)
and brine (2 × 100 mL). The organic layer was isolated, dried with magnesium sulfate and the solvent
evaporated to yield the product as a yellow oil (9.93 g, 0.0533 mol, 64% yield). 1H-NMR (400 MHz,
CDCl3): δ = 1.44 (s, 9H, -C-(CH3)3), 3.28 (m, 2H, -CH2-NH-), 3.40 (m, 2H, N3-CH2-), 4.82 (s, 1H,
-NH-) ppm. 13C{1H}-NMR (300 MHz, CDCl3): δ = 28.3 (-C-(CH3)3), 40.0 (-CH2-NH-), 51.2 (-CH2-N3),
79.8 (-C-(CH3)3), 155.70 (-NH-CO-O-) ppm.

3-Azidopropylamine (20). A solution of sodium azide (3.39 g, 0.05215 mol) in water (11 mL) was
added to a stirred solution of 3-bromopropylamine hydrobromide (3.42 g, 0.01566 mol) in water (8 mL).
The reaction was refluxed overnight, and 2/3 of the solvent was then evaporated and the crude mixture
was placed in an ice bath. Potassium hydroxide (4.2 g, 0.0749 mol) and ether (50 mL) were added,
the aqueous phase was isolated and washed with ether (3 × 35 mL). The organic phases were isolated,
combined and dried with magnesium sulfate to yield the product as a yellow oil (1.38 g, 0.0138 mol,
88% yield). 1H-NMR (400 MHz, CDCl3): δ = 1.42 (s, 2H, -NH2), 1.72 (q, 2H, -CH2-CH2-CH2-), 2.79 (t, 2H,
NH2-CH2-CH2-CH2-N3), 3.36 (t, 2H, NH2-CH2-CH2-CH2-N3) ppm. 13C{1H}-NMR (300 MHz, CDCl3):
δ = 30.54 (-CH2-CH2-CH2-), 36.13 (N3-CH2-CH2-CH2-NH2), 51.12 (N3-CH2-CH2-CH2-NH2) ppm.

tert-Butyl (3-azidopropyl)carbamate (21). A solution of BOC2O (1.0899 g, 0.004994 mol) in methanol
(6 mL) was added dropwise to a solution of (20) (0.500 g, 0.004994 mol) in triethylamine (3.48 mL) and
methanol (20 mL). The reaction was left stirring, overnight at room temperature. The product mixture
was filtered, and the solvent evaporated. The mixture was purified by column chromatography
(chloroform) to yield the product as a yellow oil (0.5457 g, 0.00273 mol, 55% yield). 1H-NMR (400 MHz,
CDCl3): δ = 1.41(s, 9H, -C-(CH3)3), 1.74 (q, 2H, -CH2-CH2-CH2-), 3.17 (t, 2H, -CH2-CH2-CH2-N3),
3.33 (t, 2H, -CH2-CH2-CH2-N3), 4.75 (s, 1H, -NH-) ppm. 13C{1H}-NMR (300 MHz, CDCl3): δ = 28.39
(C-(CH3)3), 29.87 (-CH2-CH2-CH2-), 48.13 (N3-CH2-CH2-CH2-NH-), 53.93 (N3-CH2-CH2-CH2-NH-),
79.74 (-C-(CH3)3), 155.47 (-NH-COO-) ppm.

G0-NHBOC. A solution of CuSO4·5H2O (0.0754 g, 0.000302 mol) in water (2.5 mL) was added
to a round bottom flask containing a stirred solution of 7 (0.300 g, 0.00104 mol) and 19

(0.8528 g, 0.00458 mol) in THF (2.5 mL). Sodium ascorbate (0.1236 g, 0.000624 mol) was added
and the mixture was allowed to react overnight. The product mixture was evaporated and
purified by column chromatography (acetone) to yield an orange solid (0.9041 g, 0.000875 mol,
97% yield). 1H-NMR (400 MHz, CDCl3): δ = 1.36 (s, 9H, -C-(CH3)3), 3.41 (s, 2H, -C-CH2-O-),
3.55 (q, 2H, -N-CH2-CH2-NH-), 4.43 (t, 2H, -N-CH2-CH2-NH-), 4.47 (s, 2H, -C-CH2-O-CH2-),
5.62 (t, 1H, -NH-), 7.56 (s, 1H,-C-CH-N- ) ppm. 13C{1H}-NMR (300 MHz, CDCl3): δ = 28.66
(-C-(CH3)3), 40.29 (-CH-N-CH2-CH2-), 46.47 (-C-CH2-O-CH2-C-N-), 48.52 (-CH-N-CH2-CH2-),
65.44 (-C-CH2-O-CH2-C-N-), 70.25 (-C-CH2-O-CH2-C-N-), 80.21 (-C-(CH3)3), 126.40 (-CH-),
147.20 (-C-CH-), 154.93 (-CO-) ppm. ESI-MS: m/z = 1056.5 [M + Na+].

G1-NHBOC. A solution of CuSO4·5H2O (0.0081 g, 0.00003232 mol) in water (2 mL) was
added to a round bottom flask containing a stirred solution of 10 (0.0987 g, 0.0000567 mol)
and 20 (0.1655 g, 0.0006804 mol) in THF (2 mL). Sodium ascorbate (0.0135 g, 0.00006804
mol) was added and the mixture was allowed to react overnight. The product mixture
was evaporated and purified by column chromatography (acetone) to yield a sticky yellow
solid (0.095 g, 0.0000284 mol, 50% yield). 1H-NMR (400 MHz, CD3OD): δ = 1.09 (s, 3H,
-C-C-CH3), 1.42 (s, 18H, -C-(CH3)3), 2.03 (m, 4H, -N-CH2-CH2-CH2-NH-), 2.68 (t, 4H,
-O-C-CH2-CH2-C-N-), 2.94 (t, 4H, -O-C-CH2-CH2-C-N-), 3.05 (t, 4H, -N-CH2-CH2-CH2-NH-),
3.42 (s, 2H, -C-CH2-O-), 4.09 (q, 4H, CH3-C-CH2-O-), 4.38 (t, 4H, -N-CH2-CH2-CH2-NH-),
4.51 (m, 4H, -CH2-O-CH2-C-CH-N-CH2-), 4.71 (t, 2H, -N-CH2-CH2-O-), 6.69 (t, 2H, -NH-),
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7.77 (s, 2H, -CH-N-CH2-CH2-CH2-), 8.03 (s, 1H, -CH2-O-CH2-C-CH-N-) ppm. 13C{1H}-NMR (300 MHz,
CDCl3): δ = 18.08 (CH3-C-CH2-), 21.84 (-CH2-CH2-C-N-), 28.87 (-C-(CH3)3), 31.67 (-CH2-CH2-NH-),
34.22 (-CH2-CH2-C-N-), 38.52 (-CH2-NH-), 46.55 (-C-CH2-O-CH2-C-N), 47.67 (-CH2-C-CH3),
49.90 (-N-CH2-CH2-O-), 50.16 (-N-CH2-CH2-CH2-NH-), 64.45 (-N-CH2-CH2-O-), 65.58 (-C-CH2-O-CH2-C-N),
66.48 (-CH2-C-CH3), 70.18 (-C-CH2-O-CH2-C-N), 80.12 (-C-(CH3)3), 123.73 (-C-CH-N-CH2-CH2-CH2-),
125.52 (-C-CH2-O-CH2-C-CH-N-), 146.45 (-C-CH2-O-CH2-C-CH-N-), 147.43 (-C-CH-N-CH2-CH2-CH2-),
158.45 (-CO-O-C-(CH3)3), 173.43 (-O-CO-CH2-), 173.67 (-O-CO-C-) ppm. MALDI-MS: m/z = 3365.1
[M + Na+].

G2-NHBOC. A solution of CuSO4·5H2O (0.0059 g, 0.00002349 mol) in water (1 mL) was added
to a round bottom flask containing a stirred solution of 13 (0.091 g, 0.00001958 mol) and 20

(0.0941 g, 0.0004698 mol) in THF (1 mL). Sodium ascorbate (0.0093 g, 0.00004698 mol) was
added and the mixture was allowed to react overnight. The product mixture was evaporated
and filtered in DCM to remove the salts. The product was precipitated out of DCM using
ether, isolated and dried to yield a viscous yellow oil (0.0429 g, 0.000005463 mol, 28% yield).
1H-NMR (400 MHz, CDCl3): δ = 1.11 (s, 9H, -O-C-C-CH3), 1.41 (s, 36H, -C-(CH3)3), 2.04 (q, 8H,
-N-CH2-CH2-CH2-NH-), 2.69 (t, 12H, -O-C-CH2-CH2-C-N-), 2.97 (t, 12H, -O-C-CH2-CH2-C-N-),
3.10 (m, 8H, -N-CH2-CH2-CH2-NH-), 3.46 (s, 2H, -C-CH2-O-CH2-), 4.10 (m, 12H, CH3-C-CH2-O-C-),
4.36 (t, 8H, -N-CH2-CH2-CH2-NH-), 4.48 (m, 8H, -CH2-CH2-C-N-N-N-CH2-CH2-O-), 4.58 (t, 4H,
-CH2-O-CH2-C-N-N-N-CH2-CH2-O-), 4.65 (s, 2H, -C-CH2-O-CH2-), 5.14 (s, 4H, -NH-), 7.47 (s, 4H,
-CH-N-CH2-CH2-CH2-NH-), 7.54 (s, 2H, -C-CH2-CH2-C-CH-N-CH2-CH2-O-), 7.83 (s, 1H,
-O-CH2-C-CH-N-) ppm. 13C{1H} NMR (300 MHz, CDCl3): δ = 17.58 (-CH2-C-CH3),
20.76 (-CO-CH2-CH2-C-CH-N-CH2-CH2-O-), 20.81 (-CH2-C-CH-N-CH2-CH2-CH2-), 28.36 (-C-(CH3)3),
30.62 (-N-CH2-CH2-CH2-), 33.17 (-CO-CH2-CH2-C-CH-N-CH2-CH2-O-), 33.28 (-CH2-CH2-C-CH-
N-CH2-CH2-CH2-), 37.36 (-N-CH2-CH2-CH2-), 45.18 (-C-CH2-O-CH2-C-N-), 46.26 (-C-CH2-O-CH2-
C-CH-N-CH2-CH2-), 46.30 (-CO-CH2-CH2-C-CH-N-CH2-CH2-O-), 47.47 (-N-CH2-CH2-CH2-),
48.68 (-C-CH2-O-CO-CH2-CH2-C-CH-N-CH2-CH2-CH2-), 48.75 (-C-CH2-O-CO-CH2-CH2-C-CH-N-
CH2-CH2-O-), 63.05 (-CO-CH2-CH2-C-CH-N-CH2-CH2-O-), 63.11 (-C-CH2-O-CH2-C-CH-N-CH2-CH2-),
64.75 (-C-CH2-O-CH2-C-N-), 65.14 (-C-CH2-O-CO-CH2-CH2-C-CH-N-CH2-CH2-CH2-), 69.05 (-C-CH2-
O-CH2-C-N-), 70.50 (-C-CH2-O-CO-CH2-CH2-C-CH-N-CH2-CH2-O-), 79.32 (-C-(CH3)3),
121.67 (-C-CH-N-CH2-CH2-CH2-), 122.10 (-CO-CH2-CH2-C-CH-N-CH2-CH2-O-), 123.50 (-C-CH2-
O-CH2-C-CH-N-), 146.01 (-CO-CH2-CH2-C-CH-N-CH2-CH2-O-), 146.15 (-C-CH-N-CH2-CH2-CH2-),
149.93 (-C-CH2-O-CH2-C-CH-N-), 156.12 (-CO-O-C-(CH3)3), 171.96 (-CO-CH2-CH2-C-CH-N-CH2-
CH2-O-), 172.01 (-CO-CH2-CH2-C-CH-N-CH2-CH2-CH2-), 172.12 (-CO-CH2-CH2-C-CH-N-CH2-CH2-
O-CO-), 172.15 (-C-CH2-O-CH2-C-CH-N-CH2-CH2-O-CO-) ppm. MALDI-MS: m/z = 7881.9 [M + Na+].

G0-NH3
+ (22). TFA (5 mL) was added dropwise to a solution of G0-NHBOC (0.9041 g, 0.000875 mol)

in DCM (5 mL). The reaction was left stirring for 5 min, the solvent was evaporated and
the product was dissolved in methanol. The methanol was evaporated, bringing the remaining
TFA with it. This methanol addition and evaporation cycle was then repeated several times
to ensure that all remaining TFA had been evaporated. The product was obtained as a sticky
orange solid (0.800 g, 0.000735 mol, 84% yield). 1H-NMR (400 MHz, CD3OD): δ = 1.80 (s, 3H,
-NH3), 3.47 (s, 2H, -C-CH2-O-), 3.59 (t, 2H, -N-CH2-CH2-NH3), 4.53 (s, 2H, -C-CH2-O-CH2-),
4.76 (t, 2H, -N-CH2-CH2-NH3), 8.06 (s, 1H, -C-CH-N-) ppm. 13C{1H}-NMR (300 MHz,
CD3OD): δ = 40.30 (-CH-N-CH2-CH2-), 46.48 (-C-CH2-O-CH2-C-N-), 48.54 (-CH-N-CH2-CH2-),
65.46 (-C-CH2-O-CH2-C-N-), 70.27 (-C-CH2-O-CH2-C-N-), 119.20 (-CF3), 126.40 (-CH-), 147.22 (-C-CH-),
162.95 (-CO-) ppm. ESI-MS: m/z = 633.3 [M − 4TFA + H+].

G1-NH3
+ (23). TFA (0.5 mL) was added dropwise to a solution of G1-NHBOC (0.05 g, 0.000015 mol)

in DCM (0.5 mL). The reaction was left stirring for 5 min, the solvent was evaporated and the
product was dissolved in methanol. The methanol was then evaporated, bringing the remaining TFA
with it. This methanol addition and evaporation cycle was then repeated several times to ensure
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that all remaining TFA had been evaporated. The product was obtained as a sticky yellow solid
(0.041 g, 0.000012 mol, 80% yield). 1H-NMR (400 MHz, CD3OD): δ = 1.10 (s, 3H, -C-CH3), 2.27 (q, 4H,
-N-CH2-CH2-CH2-NH3), 2.69 (t, 4H, -O-C-CH2-CH2-C-N-), 2.95 (t, 4H, -O-C-CH2-CH2-C-N-),
3.00 (t, 4H, -N-CH2-CH2-CH2-NH3), 3.42 (s, 2H, -C-CH2-O-CH2-), 4.08 (s, 4H, CH3-C-CH2-O-),
4.51 (t, 8H, -CH2-O-CH2-C-), 4.71 (t, 2H,-N-CH2-CH2-O-C-, -N-CH2-CH2-CH2-NH3), 7.80 (s, 2H,
-CH-N-CH2-CH2-CH2-), 8.04 (s, 1H,-CH2-O-CH2-C-CH-N-) ppm. 13C{1H}-NMR (300 MHz, CD3OD):
δ = 18.03 (CH3-C-CH2-), 21.74 (-CH2-CH2-C-N-), 29.18 (-CH2-CH2-NH3), 34.14 (-CH2-CH2-C-N-),
38.17 (-CH2-NH3), 46.55 (-C-CH2-O-CH2-C-N-), 47.63 (-CH2-C-CH3), 49.90 (-N-CH2-CH2-O-),
50.20 (-N-CH2-CH2-CH2-NH3-), 64.44 (-N-CH2-CH2-O-), 65.48 (-C-CH2-O-CH2-C-N-),
66.41 (-CH2-C-CH3), 70.15 (-C-CH2-O-CH2-C-N), 119.08 (-C-F3), 123.91 (-C-CH-N-CH2-CH2-CH2-),
125.64 (-C-CH2-O-CH2-C-CH-N-), 146.39 (-C-CH2-O-CH2-C-CH-N-), 147.69 (-C-CH-N-CH2-CH2-CH2-),
162.57 (-CO-O-C-F3), 173.46 (-O-CO-CH2-), 173.69 (-O-CO-C-) ppm. MALDI-MS: m/z = 2563.6
[M − 8TFA + Na+].

G2-NH3
+ (24). TFA (1 mL) was added dropwise to a solution of G2-NHBOC (0.0429 g, 0.000005463 mol)

in DCM (1 mL). The reaction was left stirring for 5 min, the solvent was evaporated and the
product was dissolved in methanol. The methanol was then evaporated, bringing the remaining
TFA with it. This methanol addition and evaporation cycle was repeated several times to
ensure that all remaining TFA had been evaporated. The product was obtained as a sticky
yellow solid (0.034 g, 0.00000421 mol, 77% yield). 1H-NMR (400 MHz, CD3OD): δ = 1.10
(s, 9H, -O-C-C-CH3), 2.27 (q, 8H, -N-CH2-CH2-CH2-NH3), 2.68 (t, 12H, -O-C-CH2-CH2-C-N-),
2.97 (t, 12H, -O-C-CH2-CH2-C-N-), 3.01 (m, 8H, -N-CH2-CH2-CH2-NH3), 3.41 (s, 2H,
-C-CH2-O-CH2-), 4.08 (m, 12H, CH3-C-CH2-O-C-), 4.50 (m, 8H, -CH2-CH2-C-N-N-N-CH2-CH2-O-,
-N-CH2-CH2-CH2-NH3), 4.66 (t, 4H, -CH2-O-CH2-C-N-N-N-CH2-CH2-O-), 4.70 (s, 2H,
-C-CH2-O-CH2-), 4.88 (s, 12H, -NH3), 7.82 (s, 4H, -CH-N-CH2-CH2-CH2-NH-), 7.86 (s, 2H,
-C-CH2-CH2-C-CH-N-CH2-CH2-O-), 8.07 (s, 1H, -O-CH2-C-CH-N-)ppm. 13C{1H}-NMR
(300 MHz, CD3OD): δ = 16.55 (-CH2-CH2-CH2-N-N-N-C-CH2-CH2-CO-O-CH2-C-CH3),
16.63 (O-CH2-CH2-N-N-N-C-CH2-CH2-CO-O-CH2-C-CH3), 20.30 (-CH2-C-CH-N-CH2-CH2-CH2-),
20.35 (-CO-CH2-CH2-C-CH-N-CH2-CH2-O-), 27.71 (-N-CH2-CH2-CH2-), 32.70 (-CO-CH2-CH2-C-N-),
36.72 (-N-CH2-CH2-CH2-), 45.05 (-C-CH2-O-CH2-C-N-), 46.17 (-CO-CH2-CH2-C-CH-N-CH2-CH2-O-),
46.19 (-C-CH2-O-CH2-C-CH-N-CH2-CH2-), 46.85 (-N-CH2-CH2-CH2-), 48.73 (CH3-C-CH2-O-CO-),
62.97 (-N-CH2-CH2-O-), 64.05 (-C-CH2-O-CH2-C-N-), 64.97 (-C-CH2-O-CO-CH2-CH2-C-CH-N-CH2-
CH2-CH2-), 65.05 (-C-CH2-O-CO-CH2-CH2-C-CH-N-CH2-CH2-O-), 68.75 (-C-CH2-O-CH2-C-N-),
118.50 (-CF3), 122.48 (-C-CH-N-), 146.08 (-C-CH-N-), 161.39 (-CO-O-CF3), 171.98 (-CO-O-CH2-
C-CH3), 172.24 (-CO-CH2-CH2-C-CH-N-CH2-CH2-O-CO-), 172.29 (-C-CH2-O-CH2-C-CH-N-CH2-CH2-
O-CO-) ppm.

3.3. Determination of MIC

Aqueous solutions with dendrimer concentrations ranging from 0.025–64 mg/L were prepared.
Initial testing was performed with these solutions, with subsequent tests carried out with a more
narrow range around the initially determined MIC, in order to increase accuracy. Mueller Hinton
Broth (MHB) (85 mL) was inoculated with one colony of Escherichia coli (E. coli) ATCC11229 and
incubated with shaking (150 rpm) at 37 ◦C, for 18–24 h. Fresh MHB (85 mL) was then inoculated with
overnight culture (300 μL) and incubated for 2 h, with shaking (150 rpm), at 37 ◦C. The OD of the
culture was then measured at 625 nm. The bacterial solution was subsequently diluted in water until
its OD lay in the range of 0.08–0.13, and then 100-fold in 15% MHB/85% H2O. This diluted solution
of bacteria (3 mL) was then added in a 1:1 ratio to the prepared dendrimer solutions, in duplicate.
The initial OD at 625 nm of each dendrimer treated bacteria sample was then measured. Subsequently,
the samples were incubated with shaking (150 rpm) at 37 ◦C, for 18–24 h, when the OD was again
measured. Bacterial controls ensured that each sample contained 5 × 105 colony forming units (CFU).
Experiments were repeated to ensure reproducibility. The OD values of the bacterial solutions taken
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18–24 h after dendrimer addition relative to the initial OD were plotted as a function of dendrimer
concentration. The MIC was evaluated as the concentration where the relative OD drops sharply
to zero.

3.4. Determination of MBC

The same dendrimer treated bacterial samples used to evaluate the MIC were also employed to
determine the MBC. After their OD had been measured at 625 nm, 18–24 h after exposure, the samples
were plated on agar. The MBC was determined as the lowest concentration showing no bacterial
growth after incubation for 18–24 h at 37 ◦C.

4. Conclusions

We have developed a synthetic methodology to hydroxide and acetylene terminated dendrimers
that can be easily functionalized with a variety of surface groups including cationic amine moieties for
application as bactericides. The introduction of tetravalent core molecule in the design of dendrimers
reduces the number of generations required to obtain the appropriate number of functional groups at
their periphery. It also reduces the number of steps required in their synthesis, and it may facilitate
their large scale preparation. Availability of terminal acetylene groups allows covalent linking of
any desired functional group using “click” chemistry. We have demonstrated the introduction of
cationic end groups, and have evaluated the potential of these dendrimers as bactericides. However,
the scope of functionalization is not limited, and these dendrimers offer an advantageous platform to
design nanocarriers for varied applications in a diverse range of areas. Our studies suggest that while
designing antimicrobial dendrimers, the dendrimer generation, the functional groups at the periphery
and their permeability (and thus hydrophilicty) plays an important role in enhancing their efficacy.
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Abstract: Mono-molecular films formed by physical adsorption and dendrimer self-assembly were
prepared on various substrate surfaces. It was demonstrated that a uniform dendrimer-based
monolayer on the subnanometer scale can be easily constructed via simple dip coating. Furthermore,
it was shown that an epitaxially grown monolayer film reflecting the crystal structure of the substrate
(highly ordered pyrolytic graphite (HOPG)) can also be formed by aligning specific conditions.

Keywords: dendrimers; epitaxial growth; self-assembling monolayers; surface modification

1. Introduction

Self-assembled monolayers (SAMs) comprise a fundamental bottom-up nanotechnology
technique widely used for applications such as interface control and solid surface functionalization.
The most commonly used method for such bottom-up fabrication consists in SAM films utilizing
thiol chemisorption on the Au substrate surface [1]. Despite being an extremely simple method that
does not require any special equipment, it is robust and causes few defects (pinhole or line defect)
under appropriate conditions [2,3]. However, there are limitations with these techniques in terms
of the substrates and depositing materials. Therefore, generic SAM forming technology that can be
used in all situations is in high demand. Here we present a new strategy of preparing such SAMs
utilizing dendrimers.

2. Results and Discussion

Although dendrimers are a class of macromolecules, they have a single molecular weight and
a single structure [4–6]. Their compact structures allow for the formation of various higher order
self-assembling structure owing to the weak and omnidirectional intermolecular interactions [7,8].
The material used in this study is phenylazomethine dendrimers with a zinc porphyrin core (1) [9–11].
Furthermore, this dendrimer has a capability for the precise accumulation for various metal ions [12]
and organic molecules [13,14] in the interior. Therefore, it is a suitable molecule with many potential
post-functionalization such as templated cluster synthesis [15–19], molecular shape recognition [11],
anisotropic charge transfer [10,20–22], and further extension of the structural dimensions [23,24].
The dendrimer 1 (Figure 1) was synthesized according to a literature method [9] and deposited on
the atomically flat surfaces of substrates including mica, HOPG (highly ordered pyrolytic graphite),
and Au(111). We employed a dip-coating method to fabricate the dendrimer adlayer on these surfaces
via immersion of 1 into a dilute solution (1 μmol L−1) in benzene for 1 min under ambient conditions.

Molecules 2018, 23, 485; doi:10.3390/molecules23020485 www.mdpi.com/journal/molecules95
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Figure 1. Structure of phenylazomethine dendrimer with a zinc porphyrin core (1). (a) Side view;
(b) top view.

Non-contact AFM (atomic-force microscopy) observations were carried out on the resulting
surfaces modified with 1, and topographic images are shown in Figure 2. Results of the mica substrates
showed a highly coated flat surface modified with 1, of which roughness was less than 0.1 nm, which is
a level comparable to or higher than those previously reported [25,26]. Although a few pinholes were
observed, the surface coverage factor was 98.8%, which can increase to 99.5% if toluene, instead of
benzene, is used as the solvent. When the non-dehydrated grade of the solvent was used, the number
and area of the pinholes increased. This means that pinholes are due to trace amounts of water in the
solvents. The coverage of the SAMs was unexpectedly high. Even though SAMs via alkane thiols
are well-established, many defects (holes) generally form on gold surfaces via immersion at room
temperature [2,3]. In contrast, with this dendrimer, SAMs can be produced with low defects, even at
room temperature. For the control experiment, a fourth-generation benzylether dendrimer (2) with
the same zinc porphyrin core [27] and a similar molecular weight and hydrophobicity was employed.
However, as opposed to monolayer films such as phenylazomethine dendrimers under the same
conditions, many aggregates with a height of about 10 nm were observed (Figure S1).

These deposits are regarded as a monolayer of 1 because the maximum height of each step at the
pinholes was ca. 1 nm. Because the step height of the surface layer observed at the place intentionally
scratched in the contact mode was the same height of the pinhole, the pinhole was considered to have
penetrated the substrate surface. The height of about 1 nm observed was shorter than the shorter axis
of the dendrimer molecule and appeared to be inconsistent. However, as previously reported, it is not
appropriate to approximate a dendrimer as a rigid sphere. It is natural to consider that the shrinking
structure observed was a result of the repulsive force from the cantilever. When the concentration
was reduced to 1/10, the depth remained at 1 nm, but the surface coverage drastically decreased
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(Figure S2). This means that a depth of 1 nm corresponds to one molecule of the dendrimer, which
cannot be divided. On the other hand, when a dendrimer solution concentration one or two orders
higher (10 or 100 μmol L−1) was used for the coating, the depth of the adlayer was increased to 2 or
4 nm, respectively (Figure S2). It is worth noting that the thickness of a smooth deposited layer at the
molecular level can be freely changed at the level of 1 nm simply by changing the concentration of the
solution. A similar SAM was also observed on highly oriented pyrolytic graphite (HOPG). XPS results
indicating the presence of zinc atoms (Figure S3) on a modified surface of HOPG also proved the
existence of 1. In addition, cyclic voltammograms of the SAM-modified HOPG electrode (Figure S4)
demonstrated that this assumption was valid. Total faradaic charge (0.62 μC) observed as one-electron
oxidation of the zinc porphyrin core at 0.3 V vs. Ag/AgCl was equivalent to the calculated value
(0.61 μC). The theoretical value was calculated on the assumption that a hexagonal close-packing
monolayer of the dendrimer with a spacing of 4.4 nm formed on the electrode, the diameter of which
was 9 mm. This spacing is based on a doubling of the hydrodynamic radii of the dendrimer.

Figure 2. AFM (atomic-force microscopy) topographic images of the self-assembled monolayer (SAM)
of 1 on mica. The fabrication was carried out through a dip-coating in a benzene (a) or toluene (b)
solution of 1 (1 μmol L−1). Lower images are the cross section along the dashed lines shown in the
topographic images.

More interestingly, unique surface textures, as shown in Figure 3a, were occasionally found when
the HOPG was used as the substrate for the benzene solution. The topography includes two different
altitudes of terrace. The lower altitude sections that look like a valley were surrounded by a very flat
1 nm depth adlayer corresponding to the dendrimer monolayer. According to a higher magnification
image (Figure S5), the lower layer is considered to be the surface of the HOPG because it is flat at
the atomic level, whereas the higher layer is considered to be a layer of dendrimers since it shows
slight irregularities.

Valleys in the monolayer lead to three specific directions. Angles between each direction were
all 120◦ (or 60◦), suggesting that the texture includes the regularity of C3 symmetry. Symmetric
dendrimers including phenylazomethine dendrimers, like the carbon atoms in HOPG, are known
to form a hexagonal close-packing (hcp) crystal on a flat surface. Based on this idea, we speculated
that the surface monolayer formed through an epitaxial growth along the crystal structure of HOPG.
However, it is not clear whether this mesophase structure was observed as an incompletion of the
crystal growth or the thermodynamically stable structure.

To explain the origin of the geometric pattern, we examined different conditions of the fabrication.
First, the immersion time was varied from 30 s to 10 min. However, no dependence on time was
observed in the formation of the SAM of the dendrimer. Similarly, no variation was found when
the concentration was reduced to 0.5 μmol L−1, indicating that the formation of the SAM reached
an equilibrium condition. Therefore, we determined that the valleys originated from factors that
prevented the adsorption of 1.
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Figure 3. AFM topographic images of the SAM of 1 on highly oriented pyrolytic graphite (HOPG).
The fabrication was carried out through dip-coating in a benzene solution of 1 (1 μmol L−1) in the
absence (a) and presence of naphtalene (b–d). The concentration of naphtalene was 50 μmol L−1 (b),
100 μmol L−1 (c) and 200 μmol L−1 (d).

Benzene molecules weakly adsorb to monocrystalline surfaces [28], including those of HOPG [29].
If solvent adsorption is a primary factor, this surface pattern should only appear with certain solvents
such as benzene. For the control experiment, the same modification procedure was tested using toluene
as the solvent. Because no characteristic pattern was found except for the flat dendrimer monolayer
(Figure S6), the idea that the benzene molecule plays an important role in pattern formation was
supported. This idea was further supported by additional experiments employing the other adsorbate.
In particular, the naphthalene molecule was found to be a good candidate for the co-adsorbate.
As shown in Figure 3b–d, the SAM prepared in the presence of naphtalene (100 μmol L−1) clearly
showed the geometric pattern, and the texture was controllable by the concentration of naphtalene.
When the concentration of naphtalene was increased to 200 μmol L−1, a significant decrease in the
coverage ratio was shown, which was confirmed by lowering the bright area that the dendrimer SAM
covered. In this case, discrete line-shaped islands (bright area) of the SAM 1 nm high were formed
on the HOPG surface (dark area). A much lower concentration (50 μmol L−1) of naphtalene resulted
in a higher coverage ratio, but the coverage was still lower than that formed without naphthalene.
In this case, a periodic SAM that included many valleys formed. In any case, the islands or clacks
were aligned in three specific directions, suggesting the epitaxial growth along the HOPG structure.
In contrast to the case where naphthalene was used as a co-adsorbing molecule, no characteristic
pattern was observed in any of the other extended π electron-based compounds. In these cases, only a
simple monomolecular film was formed. This result suggests that the balance of adsorption energy of
the dendrimer and the co-adsorption molecule to the substrate is important for the pattern formation.

3. Materials and Methods

The fourth-generation poly-phenylazomethine dendrimer (1) [9] and the poly-benzylether
dendrimer (2) [27], both bearing a zinc porphyrin core, were synthesized according to a previously
reported method. Other chemicals and solvents were purchased from Kantoh Kagaku Co. Ltd. (Tokyo,
Japan). Natural mica substrates were purchased from Nilaco Co. (Tokyo, Japan), and the surfaces were

98



Molecules 2018, 23, 485

cleaved just before use. Other substrates including HOPG (NT-MDT) and Au(111) on mica (Phasis)
were purchased as commercial products.

The surfaces of mica and HOPG were cleaved just before processing. The dip-coating of
dendrimers on a substrate was carried out by simply dipping the substrate into each dendrimer
solution (solvent and concentration are shown in the main text) for 1 min. After the substrate was
lifted out of the solution, excess solution was removed, and the sample substrates were dried under
vacuum for 12 h at room temperature. The resulting surfaces were observed by non-contact atomic
force microscopy (AFM) with a scanning probe microscope (SPI3800N, SII) using a standard silicon
cantilever with Al coating (SI-DF-40P2, SII). Fast Fourier transform (FFT) processing was carried out
using built-in software.

Electrochemical measurements were performed using a multipurpose electrochemical workstation
(ALS-750b, CH Instruments, Austin, TX, USA). A vassal-plane carbon disk electrode (3.0 mm diameter
purchased from BAS Inc., Tokyo, Japan.) was used as the working electrode. The electrode surface was
polished with diamond and alumina paste and then rinsed in methanol with ultrasonication prior to
use. Similar to the mica or HOPG substrates, the electrode surface was modified with the dendrimer 1.
An Ag/AgCl electrode in 3 mol L−1 NaClaq and a platinum coil were used as the quasi-reference and
counter electrodes, respectively. Cyclic voltammetry (CV) and RDV measurements were conducted in
an aqueous KPF6 solution (0.1 mol L−1), which was thoroughly bubbled with O2 or N2 gas prior to
the measurements.

XPS were obtained using a spectrometer (JEOL, JPS-9000MC) with Mg Kα radiation. For the XPS
measurement, gold powder was deposited on a glassy carbon substrate (Tokai Carbon Co., Ltd., Tokyo,
Japan) as an internal standard with the cluster sample, and the Au 4f 7/2 (84.0 eV) peak was used to
offset the electron binding energy.

4. Conclusions

In summary, we have successfully prepared a dendrimer-based SAM on various substrates.
The formation of a highly oriented texture pattern can be implemented through a simple dip-coating
method. Employment of the co-adsorbate such as naphthalene, probably due to the epitaxy,
can control this texture pattern. Although an example of epitaxial adsorption has been reported
with respect to small organic molecules [30], this is the first epitaxy of a dendrimer to the best of
our knowledge. The present results suggest that islands of the co-adsorbate molecule play a role
as a guide for the patterning. Although the adsorption of benzene or naphtalene molecules to the
HOPG surface is relatively weak, phase segregation between the packing structure of the dendrimer
and the co-adsorbate should be considered an important factor for mesophase patterning. Similar to
self-assembling phenomena reported elsewhere [31], a moderate balance between the intermolecular
and interfacial adsorption energy might be essential for the production of a higher-order architecture.

Supplementary Materials: Supplementary materials are available online.
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Abstract: The G-3 poly(ethylene imine) ligand L2 shows a multifaceted coordination ability, being
able to bind metal cations, anions and ion-pairs. The equilibrium constants for the formation of metal
(Cu2+, Zn2+), anion (SO4

2−) and ion-pair (Cu2+/SO4
2−) complexes were determined in 0.1 M Me4NCl

aqueous solution at 298.1 ± 0.1 K by means of potentiometric titrations. Thanks to its dendrimeric
nature, L2 can form highly nucleated metal complexes, such as Cu5L210+ and Zn4L28+, in successive
and well-defined complexation steps. Protonated forms of L2 give rise to relatively weak anion
complexes with SO4

2−, but the addition of Cu2+ significantly enhances the binding ability of the
ligand toward this anion below pH 9. In more alkaline solutions, an opposite trend is observed.
The coordination properties of L2 are discussed with the support of modelling calculations. According
to results, L2 is a promising molecule for the preparation of solid supported materials for the recovery
of cations and anions from aqueous media and/or for applications in heterogeneous catalysis.

Keywords: copper; zinc; dendrimers; poly(ethylene imine); polynuclear complexes; anion complexes;
ion-pair complexes

1. Introduction

In recent papers, we showed that the G-2 poly(ethylene imine) dendrimer L1 (Figure 1) and its
variously protonated forms are able to assemble stable cation, anion and ion-pair complexes in aqueous
solution [1–4]. Such ability appears to be a propagation and an enhancement of the properties of the
parent ligand tris(2-aminoethyl)amine (tren), which is historically known to bind metal complexes
and, more recently, has also been accredited as a rather efficient anion receptor [5]. Indeed, regarding
the coordination of metal ions, while tren forms stable mononuclear complexes, L1 can bind two
metal ions such as Ni2+, Zn2+ and Cd2+ and up to three Cu2+ and Hg2+ ions [1,4]. L1 and its metal
complexes are also able to bind inorganic anions [2] as well as the anionic forms of AMP, ADP and
ATP nucleotides acting as catalysts that enhance significantly ATP dephosphorylation in aqueous
solution [3]. Construction of a third generation of ethylamino branches around L1 gave rise to the
G-3 poly(ethylene imine) dendrimer L2 (Figure 1) that is also able to bind anions, such as PO4

3−,
P2O7

4− and P3O10
5−, and AMP, ADP and ATP nucleotides. In particular, L2 showed an unprecedented

behaviour toward ATP, the dendrimer being able to enhance or inhibit dephosphorylation of the
nucleotide depending on the solution pH [6].

Molecules 2017, 22, 816; doi:10.3390/molecules22050816 www.mdpi.com/journal/molecules102



Molecules 2017, 22, 816

N

NH2

N

NNH2N

H2N NH2

H2N NH2
N

H2N
NH2

NH2

N

NH2
N

NH2
NNNNH2N

H2N N N NH2

NH2 NH2

NH2

H2N
N

L1

L2

(a) (b)

(c)
(d)

Figure 1. G-2 (L1) and G-3 (L2) poly(ethylene imine) dendrimers.

Despite the discovery of such properties towards nucleotide and phosphate type anions, the
ability of L2 to bind metal cations, inorganic anions and ion-pairs remains unexplored. Actually, L2 is
a very interesting ligand for the formation of metal complexes, in particular of polynuclear assemblies,
since it contains a large number (22) of nitrogen donor atoms in its molecular structure, and accordingly,
it should be able to form complexes of greater nuclearity than the smaller homologous L1. It is worth
of note that there is a great deal of interest toward polynuclear metal complexes, especially for their
catalytic properties and/or for their use in the generation of metal nanoparticle-based catalysts [7–10].

This has aroused our interest in performing a detailed analysis of the complexation equilibria
involving L2, metal cations and anions in aqueous solution. As previously noted [1], to study
similar complexation systems is an arduous task, due to the many equilibria involving the stepwise
coordination of several metal ions involving several protonation states for each complexation step.
Attempts to perform the speciation of complex systems and determining the equilibrium constants
for complexation equilibria with other poly(ethylene imine) dendrimers were made by considering
the repeating triamine units of the dendrimer as identical independent ligand molecules, under the
implicit assumption that these repeating units were uniformly distributed in solution, in contrast to
their actual localization within the same dendrimer molecule [11]. These studies were performed
under conditions approaching the ligand coordinative saturation, the metal-to-triamine unit ratios
being closed to 1:1 and extending it, at most, up to 1:4.

Despite such an approximation, the results of these studies can be functional for the purposes for
which they are developed, although they furnish an incomplete picture of the complexation systems.
In particular, this approach leads to the identification of a limited number of complex species relative
to the many that these dendrimers can form. For instance, dendrimers containing large numbers
of amino groups are expected to bind metal ions even when they are extensively protonated. Some
of the missing species could have interesting properties, like the ability of highly protonated Zn(II)
complexes with L1 to promote the binding and the dephosphorylation of ATP [3].

In this paper, we report the results of a detailed analysis of the complexation systems formed
by L2 with Zn2+ and Cu2+ that led to the identification of 35 and 42 complex species for Zn2+ and
Cu2+, respectively, the ligand achieving the stepwise coordination of 4 Zn2+ or 5 Cu2+ ions. Once these
complexation systems were clearly defined, we analysed the ability of L2 to interact with SO4

2− both
in the absence and in the presence of Cu2+.

2. Results and Discussion

2.1. Formation of Metal Complexes

Speciation of L2/Cu2+ and L2/Zn2+ complex systems and determination of the relevant
stability constants were performed by means of pH-metric (potentiometric) titrations (0.1 M Me4NCl,
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298.1 ± 0.1 K) and analysis of the associated data by means of the computer program HYPERQUAD [12]
which furnished the stability constants collected in Tables 1 and 2 for Cu2+ and Zn2+, respectively.
Distribution diagrams of the complexes formed are reported in Figures S1 and S2.

As shown by these tables, the G-3 dendrimer L2 is able to bind in successive steps from one to
five Cu2+ cations and from one to four Zn2+ ions. According to the presence of many (22) nitrogen
donor atoms in the ligand, all complexes but Cu5L210+ are able to bind protons, and the number
of protonated species they form decreases with increasing complex nuclearity. It was previously
reported that protonation of the primary amine groups of L2 is associated with protonation constants
logK ≥ 8.3 [6]. Considering this value as the limiting value for protonation of primary amine groups
also in L2 complexes, we can deduce from the equilibrium data in Table 1 that, in CuL22+, there are
nine primary amine groups, out of 12, that are not involved in metal coordination. By similar reasoning,
and taking into account the experimental errors on the determined equilibrium constants, the number
of uncoordinated primary nitrogens can be reasonably estimated as six in Cu2L24+, five in Cu3L26+,
three in Cu4L28+, and none in Cu5L210+. The equilibrium constants for the successive binding of the
first and the second Cu2+ ions are very high (logK = 23.66 and 22.9, Table 1) and consistent with the
stability of hexacoordinated Cu2+ complexes of polyamines [13,14]. Accordingly, the first two Cu2+

ions binding L2 should be coordinated by three primary and three secondary amine groups near the
surface of the G-3 dendrimer. The third coordination stage causes a greater involvement of the inner
dendrimer region, since only one primary amine group is involved in the equilibrium Cu2L24+ + Cu2+

= Cu3L26+. This appears to be a poorly favourable coordination step as shown by the surprisingly low
value of the corresponding equilibrium constant (logK = 10.0, Table 1).

Table 1. Stability constants of Cu2+ complexes with L2. 0.1 M Me4NCl, 298.1 ± 0.1 K. Values in
parentheses are standard deviation on the last significant figure.

Equilibria logK Equilibria logK

Cu2+ + L2 = CuL22+ 23.66 (5) Cu2H7L211+ + H+ = Cu2H8L212+ 7.46 (8)
CuL22+ + 2H+ = CuH2L24+ 22.88 (7) Cu2H8L212+ + H+ = Cu2H9L213+ 6.25 (8)

CuH2L24+ + H+ = CuH3L25+ 9.93 (5) Cu2H9L213+ + H+ = Cu2H10L214+ 4.98 (7)
CuH3L25+ + H+ = CuH4L26+ 10.07 (5) Cu2H10L214+ + H+ = Cu2H11L215+ 4.07 (7)
CuH4L26+ + H+ = CuH5L27+ 9.42 (3)
CuH5L27+ + H+ = CuH6L28+ 9.21 (7) 3Cu2+ + L2 = Cu3L26+ 56.55 (7)
CuH6L28+ + H+ = CuH7L29+ 9.09 (7) Cu2L24+ + Cu2+ = Cu3L26+ 10.0 (1)
CuH7L29+ + H+ = CuH8L210+ 8.63 (5) Cu3L26+ + 2H+ = Cu3H2L28+ 22.72 (6)
CuH8L210+ + H+ = CuH9L211+ 8.50 (4) Cu3H2L28+ + H+ = Cu3H3L29+ 10.31 (7)
CuH9L211+ + H+ = CuH10L212+ 8.13 (4) Cu3H3L29+ + H+ = Cu3H4L210+ 8.87 (8)
CuH10L212+ + H+ = CuH11L213+ 7.49 (4) Cu3H4L210+ + H+ = Cu3H5L211+ 8.50 (8)
CuH11L213+ + H+ = CuH12L214+ 5.87 (4) Cu3H5L211+ + H+ = Cu3H6L212+ 7.39 (7)
CuH12L214+ + H+ = CuH13L215+ 5.18 (4) Cu3H6L212+ + H+ = Cu3H7L213+ 6.82 (8)
CuH13L215+ + H+ = CuH14L216+ 3.94 (5) Cu3H7L213+ + H+ = Cu3H8L214+ 5.81 (8)
CuH14L216+ + H+ = CuH15L217+ 2.59 (5)
CuH15L217+ + H+ = CuH16L218+ 2.89 (6) 4Cu2+ + L2 = Cu4L28+ 72.6 (1)

Cu3L26+ + Cu2+ = Cu4L28+ 16.0 (1)
2Cu2+ + L2 = Cu2L24+ 46.53 (7) Cu4L28+ + 2H+ = Cu4H2L28+ 22.5 (1)

CuL22+ + Cu2+ = Cu2L24+ 22.9 (1) Cu4H2L210+ + H+ = Cu4H3L211+ 8.54 (1)
Cu2L24+ + H+ = Cu2HL25+ 11.51 (6) Cu4H3L211+ + H+ = Cu4H4L212+ 7.3 (1)

Cu2HL25+ + H+ = Cu2H2L26+ 10.20 (7) Cu4H4L212+ + H+ = Cu4H5L213+ 6.9 (1)
Cu2H2L26+ + H+ = Cu2H3L27+ 9.24 (7) Cu4H5L213+ + H+ = Cu4H6L214+ 3.9 (1)
Cu2H3L27+ + H+ = Cu2H4L28+ 9.61 (6)
Cu2H4L28+ + H+ = Cu2H5L29+ 8.31 (7) 5Cu2+ + L2 = Cu5L210+ 82.0 (2)
Cu2H5L29+ + H+ = Cu2H6L210+ 8.22 (7) Cu4L28+ + Cu2+ = Cu5L210+ 9.4 (3)
Cu2H6L210+ + H+ = Cu2H7L211+ 8.18 (7) Cu5L210+ + 2OH− = [Cu5L2(OH)2]8+ 8.5 (2)

Such a drop of the metal ion binding constant is, most likely, determined by an important
structural rearrangement that the very stable Cu2L24+ complex must bear to accommodate the
third Cu2+ ion. Conversely, Cu3L26+ displays a greater binding ability toward Cu2+ than Cu2L24+

(Cu3L6+ + Cu2+ = Cu4L8+, logK = 16.0, Table 1), that is, the coordination of the third Cu2+ ion is
not very favourable but generates the structural conditions for a favourable continuation of the
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stepwise binding process. Two of the 5 free primary amine groups of Cu3L26+ become coordinated
in Cu4L28+, while no primary amine group appears to be available for protonation in Cu5L210+. The
formation of the latter from the tetranuclear complex is accompanied by a small equilibrium constant
(Cu4L8+ + Cu2+ = Cu5L10+, logK = 9.4, Table 1) in agreement with the high electrostatic repulsion
exerting between the five metal ions and the reduced number of donor atoms remaining available for
coordination in Cu4L28+. As a matter of fact, the ligand is not able to fulfil the coordination sphere of
all five metal ions in Cu5L210+ and facile dissociation of coordinated water molecules generates the
hydroxo complex [Cu5L2(OH)2]8+.

In contrast to Cu2+, in the case of Zn2+ complexation, the equilibrium constants for the successive
binding of metal ions to form ZnL22+, Zn2L24+, Zn3L26+ and Zn4L28+ (logK = 17.8, 13.2, 11.0, 10.7,
Table 2) display a more regular trend. The loss of stability from the mono- to the binuclear complex
(logK = 17.8, 13.2, Table 2) is greater than for the corresponding equilibria with Cu2+. Nevertheless,
also the stability constants for the formation of ZnL22+ and Zn2L24+ are consistent with the stability
of hexacoordinated Zn2+ complexes with polyamines [15,16]. According to the criterium based on
complex protonation constants, the number of uncoordinated primary amine group should be 9 in
ZnL22+ and 6 in Zn2L24+, in agreement with a coordination sphere constituted by three primary and
three tertiary nitrogen atoms for both metal ions. Binding of the third Zn2+ ion takes place with further
decrease of stability (Zn2L24+ + Zn2+ = Zn3L26+, logK = 11.0, Table 2). At this stage, another three
primary amine groups become involved in metal binding, suggesting a similar hexacoordination for
all three metal ions in Zn3L26+. An insignificant decrease of binding constant is instead observed at the
fourth coordination step (Zn3L26+ + Zn2+ = Zn4L28+, logK = 10.7, Table 2) even though an important
reorganization of the trinuclear complex must occur to accommodate the fourth Zn2+ ion. According
to protonation data in Table 2, two primary nitrogen atoms should remain uncoordinated in Zn4L28+.

Table 2. Stability constants of Zn2+ complexes with L2. 0.10 M Me4NCl, 298.1 ± 0.1 K. Values in
parentheses are standard deviation on the last significant figure.

Equilibria logK Equilibria logK

Zn2+ + L2 = ZnL22+ 17.18 (5) Zn2H6L210+ + H+ = Zn2H7L211+ 8.13 (8)
ZnL22+ + 2H+ = ZnH2L24+ 22.50 (8) Zn2H7L211+ + H+ = Zn2H8L212+ 7.36 (7)

ZnH2L24+ + H+ = ZnH3L25+ 10.04 (5) Zn2H8L212+ + H+ = Zn2H9L213+ 6.47 (5)
ZnH3L25+ + H+ = ZnH4L26+ 9.59 (6)
ZnH4L26+ + H+ = ZnH5L27+ 10.01 (7) 3Zn2+ + L2 = Zn3L26+ 41.36 (5)
ZnH5L27+ + 2H+ = ZnH7L29+ 18.14 (7) Zn2L24+ + Zn2+ = Zn3L26+ 11.0 (1)
ZnH7L29+ + H+ = ZnH8L210+ 8.25 (6) Zn3L26+ + 2H+ = Zn3H2L28+ 22.52 (6)
ZnH8L210+ + H+ = ZnH9L211+ 8.64 (7) Zn3H2L28+ + H+ = Zn3H3L29+ 9.34 (8)
ZnH9L211+ + H+ = ZnH10L212+ 7.97 (6) Zn3H3L29+ + H+ = Zn3H4L210+ 8.12 (8)
ZnH10L212+ + H+ = ZnH11L213+ 6.92 (5) Zn3H4L210+ + H+ = Zn3H5L211+ 8.00 (8)
ZnH11L213+ + H+ = ZnH12L214+ 5.75 (4) Zn3H5L211+ + H+ = Zn3H6L212+ 6.94 (6)
ZnH12L214+ + H+ = ZnH13L215+ 5.38 (5) Zn3H6L212+ + H+ = Zn3H7L213+ 6.26 (6)

2Zn2+ + L2 = Zn2L24+ 30.35 (7) 4Zn2+ + L2 = Zn4L28+ 52.08 (8)
ZnL22+ + Zn2+ = Zn2L24+ 13.2 (1) Zn3L26+ + Zn2+ = Zn4L28+ 10.7 (1)
Zn2L24+ + H+ = Zn2HL25+ 11.27 (8) Zn4L28+ + H+ = Zn4HL29+ 9.48 (8)

Zn2HL25+ + H+ = Zn2H2L26+ 11.44 (8) Zn4HL29+ + H+ = Zn4H2L210+ 8.90 (8)
Zn2H2L26+ + H+ = Zn2H3L27+ 9.53 (8) Zn4H2L210+ + H+ = Zn4H3L211+ 8.24 (8)
Zn2H3L27+ + H+ = Zn2H4L28+ 9.54 (8) Zn4H3L211+ + H+ = Zn4H4L212+ 7.35 (9)
Zn2H4L28+ + H+ = Zn2H5L29+ 8.80 (9) Zn4L28+ + OH− = [Zn4L2(OH)]7+ 2.2 (1)
Zn2H5L29+ + H+ = Zn2H6L210+ 8.60 (8)

To get insight into the structural properties of these Zn2+ polynuclear complexes, we performed
molecular modelling calculations on Zn2L24+, Zn3L26+ and Zn4L28+ in a simulated implicit water
environment. The lower energy structures obtained for these complexes are shown in Figure 2.
According to these structures, in Zn2L24+ (Figure 2a) and Zn3L26+ (Figure 2b) each metal ion is
coordinated, in a distorted octahedral environment, to six nitrogen atoms pertaining to one arm
of the ligand originating from the central tertiary amine group. In agreement with the deductions
drawn above from the equilibrium constants, the number of primary nitrogen atoms remaining not
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coordinated is six in Zn2L24+ (Figure 2a) and three in Zn3L26+ (Figure 2b). Indeed, the addition of the
fourth Zn2+ ion causes a major rearrangement of the trinuclear complex. The ligand displays a great
ability to minimize the electrostatic repulsion between metal cations bringing them at long distance
from each other (Figure 2c). Only one of the Zn2+ ions retains the octahedral coordination environment
seen in the trinuclear complex, while the other three metal cations are: one pentacoordinated by
ligand nitrogen atoms, one pentacoordinated by four ligand donors and a water molecule, one
tetracoordinated by two ligand donors and two water molecules. The last coordination environment
requires some cautionary considerations. In this complex unit, the ligand forms an 8-membered
chelate ring including a not coordinated nitrogen atom. A similar arrangement is unlikely to occur
in a real solution, since chelate rings of such size are poorly stable. In the simulated implicit water
environment of our calculations, however, an overestimation of electrostatic repulsions could have
forced the Zn2+ ion to stay as far as possible from the other three cations, instead of involving the third
nitrogen atom in the formation of two stable 5-membered chelate rings, which is the situation that
we expect to occur in water. Nevertheless, the calculated structure of Zn4L28+ (Figure 2c) seems very
representative of the overall organization of this complex, as shown by the fact that it implicates the
presence of two not coordinated primary nitrogen atoms in agreement with the results deduced above
from equilibrium data.

Figure 2. Minimum energy conformations calculated for (a) Zn2L24+; (b) Zn3L26+ and (c) Zn4L28+.

2.2. Formation of Anion and Ion-Pair Complexes

The detailed analysis of metal complexation equilibria with L2 makes it possible to further
investigate such equilibrium systems. For instance, it is possible to analyse the ability of L2 complexes
to interact with other species in the environment. We have already seen that protonated forms of L2
can bind PO4

3−, P2O7
4−, P3O10

5−, and nucleotides (AMP, ADP, ATP) anions in solution [6], and we
have already seen that the G-2 dendrimer L1 is able to form both anion and ion-pair complexes [2,3].
We have now studied the equilibria involving L2 and SO4

2− both in the absence and in the presence of
Cu2+ ions by means of pH-metric (potentiometric) titrations (0.1 M Me4NCl, 298.1 ± 0.1 K). Indeed,
the potentiometric data, treated with the computer program HYPERQUAD [12], revealed that many
protonated forms of L2 are able to bind both the SO4

2− anion alone and the Cu2+/SO4
2− ion-pair. The

equilibrium constants for the formation of SO4
2− complexes are reported in Table 3 (see Figure S3
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for a distribution diagram). This table includes the overall constants (β values) for the binding of
SO4

2− along with the constants for the equilibria of anion binding by protonated ligand species
(HnL2n+ + SO4

2− = [HnL2(SO4)](n−2)+) that could be calculated from the former by using the ligand
protonation constants [6]. It is to be noted that the constants for the latter equilibria could not be
calculated for complexes [HnL2(SO4)](n−2)+ with n < 11 (Table 3), since it was not possible to resolve as
single proton binding processes the protonation equilibria involving HnL2n+ species with n < 11 [6].
Nonetheless, the stability constants that are available for the binding of SO4

2− to the protonated ligand
forms show some peculiarities of this ligand. The stability of anion complexes of polyammonium
ligands is generally determined by electrostatic attraction and hydrogen bonding [17–21]. Conversely,
the ability of L2 to bind SO4

2− appears to be unaffected by its positive charge, that is, by its protonation
state. Actually, the equilibrium constants for the anion binding vary in a very reduced range and
their values are very small, on consideration of the high positive ligand charge and in comparison
with SO4

2− complexes of other polyammonium ligands [22]. A similar behaviour was also observed
for phosphate and phosphate-like anion complexes with L2, although, in several cases, the stability
of these complexes was significantly higher, probably due to the greater hydrogen bond ability of
phosphate-like anions [6]. Also the trend of stability is particular: the stability constants decrease from
H11L211+ (logK = 3.10) to H13L213+ (logK = 2.46), then steadily increase up to the formation of the
complex with H18L218+ (logK = 3.32).

Table 3. Stability constants of the anion complexes formed by L2 with SO4
2−. 0.1 M Me4NCl,

298.1 ± 0.1 K. Values in parentheses are standard deviation on the last significant figure.

Equilibria logK Equilibria logK

L2 + 3H+ + SO4
2− = [H3L2(SO4)]+ 38.09 (5) H11L211+ + SO4

2− = [H11L2(SO4)]9+ 3.10 (7)
L2 + 5H+ + SO4

2− = [H5L2(SO4)]3+ 57.88 (5) H12L212+ + SO4
2− = [H12L2(SO4)]10+ 2.81 (7)

L2 + 7H+ + SO4
2− = [H7L2(SO4)]5+ 76.63 (5) H13L213+ + SO4

2− = [H13L2(SO4)]11+ 2.46 (7)
L2 + 9H+ + SO4

2− = [H9L2(SO4)]7+ 94.62 (5) H15L215+ + SO4
2− = [H15L2(SO4)]13+ 2.59 (7)

L2 + 11H+ + SO4
2− = [H11L2(SO4)]9+ 111.54 (5) H16L216+ + SO4

2− = [H16L2(SO4)]14+ 2.76 (7)
L2 + 12H+ + SO4

2− = [H12L2(SO4)]10+ 119.58 (5) H17L217+ + SO4
2− = [H17L2(SO4)]15+ 2.91 (7)

L2 + 13H+ + SO4
2− = [H13L2(SO4)]11+ 127.24 (5) H18L218+ + SO4

2− = [H18L2(SO4)]16+ 3.32 (7)
L2 + 15H+ + SO4

2− = [H15L2(SO4)]13+ 139.90 (5)
L2 + 16H+ + SO4

2− = [H16L2(SO4)]14+ 145.53 (5)
L2 + 17H+ + SO4

2− = [H17L2(SO4)]15+ 149.44 (5)
L2 + 18H+ + SO4

2− = [H18L2(SO4)]16+ 152.12 (5)

To get information about the possibility that such behaviour originates form the structural
characteristics of the anion complexes, we performed a molecular modelling calculation on the
[H6L2(SO4)]4+, [H12L2(SO4)]10+ and [H15L2(SO4)]13+ species, assuming that the localization of H+ ions
in the protonated ligand forms is as previously established by 1H-NMR spectroscopy [6], that is, the
first 12 H+ ions bind the 12 primary N(a) atoms (Figure 1), while in H15L215+ the three additional
protons involve the three tertiary N(c) nitrogen atoms. In [H6L2(SO4)]4+, protonation was assumed
to occur on primary amine groups located as far apart as possible from each other. The minimum
energy structures calculated for these complexes, reported in Figure 3, show that the ligand molecule
becomes increasingly expanded while becoming increasingly protonated, as a consequence of the
increasing electrostatic repulsion exerting between the ammonium groups. In the minimum energy
structures of [H6L2(SO4)]4+ (Figure 3a) and [H12L2(SO4)]10+ (Figure 3b), the SO4

2− anion forms four
salt-bridges (charge reinforced hydrogen bonds) with four ammonium groups of the ligand, while in
[H15L2(SO4)]13+ (Figure 3c) such interactions drop to three and become longer. Most likely, the two
opposite trends developing with increasing ligand protonation, namely (i) the favourable contribution
due to the increasing ligand charge; (ii) the unfavourable contribution determined by ligand expansion,
are responsible for the particular trend of complex stability showing a minimum for SO4

2− binding by
H13L213+ (logK = 2.46, Table 3).
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Figure 3. Minimum energy conformations calculated for (a) [H6L2(SO4)]4+; (b) [H12L2(SO4)]10+ and
(c) [H15L2(SO4)]13+. Distances are in Å.

As anticipated above, L2 can bind SO4
2− and Cu2+, simultaneously, forming ion-pair complexes.

The equilibrium constants determined for such complexes are presented in Table 4 in the form of
equilibrium constants for SO4

2− binding the by Cu2+ complexes of L2 (see Figure S4 for a distribution
diagram). The analysis of the L2/Cu2+/SO4

2− system was limited to the formation of ion-pair
complexes containing a single metal ion (see the experimental section). Nevertheless, even under
the appropriate conditions, the [Cu2L2(SO4)]2+ complex was also found (Table 4), evidencing that
more complex ion-pair species including more than one Cu2+ ion can be formed in solution. However,
the analysis of such systems, requiring consideration of more than 92 equilibria, did not produced
univocal results. This is the reason why we limited our study to ion-pair complexes with a single
metal ion.

As can be seen from Table 4, the ability of the protonated Cu2+ complexes to bind SO4
2− increases

almost steadily with the positive charge of the metal complex, that is with its protonation state, the
unique exception being represented by [CuH10L2(SO4)]10+, whose formation constant appears to be a
little bit smaller than that of [CuH9L2(SO4)]9+. An assessment of the ability of the ligand to bind the
anion in the absence or in the presence of Cu2+ ions can be performed by direct comparison of the
equilibrium constants in Tables 3 and 4, limited to species with H11L211+ to H18L218+ ligand forms.
Such comparison shows that the presence of Cu2+ enhances the ability of these ligand species to bind
SO4

2−, the increment growing with increasing ligand protonation. For instance, if we consider SO4
2−

binding by species with equal positive charge, such as H18L218+ and CuH16L218+, we observed an
increase in stability from logK = 3.32 (H18L218+ + SO4

2− = [H18L2(SO4)]16+) to logK = 5.20 (CuH16L218+

+ SO4
2− = [CuH16L2(SO4)]16+), corresponding to a free energy increment of 11 kJ/mol. For ligand

species in lower protonation state than H11L211+, a similar comparison cannot be performed due to
the already mentioned impossibility of expressing in the form HnL2n+ + SO4

2− = [HnL2(SO4)](n−2)+

the formation constants of [HnL2(SO4)](n−2)+ complexes with n < 11. To overcome this problem, we
can make use of the so called conditional (effective) stability constants that can be calculated for
each system, as a function of pH, in the form Keff = Σ[AHiL]/(Σ[HjL] × [A]), for anion complexes
(A = SO4

2−), and Keff = Σ[CuAHkL]/(Σ[CuHlL] × [A]), for ion-pair complexes, where i, j, k and l are
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the number of acidic protons on the ligand in the different species [23]. As can be seen from Figure 4,
which shows the variation with pH of the effective stability constants calculated for SO4

2− and ion-pair
complexes, the presence of Cu2+ promotes the binding of SO4

2− below pH 9, while in the range
9 < pH < 10.5 there is a preference for the metal-free ligand. This behaviour suggests the involvement
of the metal ion in the binding of SO4

2− in the ion-pair complexes of higher protonation state. At high
pH values, the ligand is poorly protonated and thus it is able to fulfil the coordination sphere of Cu2+,
preventing metal coordination to SO4

2−. The ligand wraps around the metal ion leaving less space for
SO4

2−. Upon protonation of the Cu2+ complex, the ligand becomes less involved in the coordination to
the metal and the increasing positive charge of the complex expands its structure, thus making space
for the anion to get in contact with Cu2+ and form an increasing number of salt-bridges with ligand
ammonium groups. At the break point of these trends (pH 9), the main ion-pair species in solution
is [CuH7L2(SO4)]7+ (Figure S4). Below pH 6.5, the separation between the two curves in Figure 4,
becomes about 2 logarithm units, which corresponds to the 11 kJ/mol free energy increment observed
above for the binding of SO4

2− to CuH16L218+ relative to H18L218+. The formation of contact ion-pair
complexes was previously reported for the G-2 dendrimer L1, and is corroborated for L2 by the fact
that the binuclear Cu2L24+ complex binds SO4

2− (Table 4) in the absence of ligand ammonium groups
(ligand protonation).

Table 4. Stability constants of the ion-pair complexes formed by L2 with Cu2+ and SO4
2−. 0.1 M

Me4NCl, 298.1 ± 0.1 K. Values in parentheses are standard deviation on the last significant figure.

Equilibria logK

CuH3L25+ + SO4
2− = [CuH3L2(SO4)]3+ 3.10 (8)

CuH5L27+ + SO4
2− = [CuH5L2(SO4)]5+ 3.33 (5)

CuH7L29+ + SO4
2− = [CuH7L2(SO4)]7+ 3.51 (5)

CuH9L211+ + SO4
2− = [CuH9L2(SO4)]9+ 3.62 (5)

CuH10L212+ + SO4
2− = [CuH10L2(SO4)]10+ 3.44 (5)

CuH11L213+ + SO4
2− = [CuH11L2(SO4)]11+ 3.69 (5)

CuH12L214+ + SO4
2− = [CuH12L2(SO4)]12+ 3.96 (5)

CuH13L215+ + SO4
2− = [CuH13L2(SO4)]13+ 4.31 (5)

CuH14L216+ + SO4
2− = [CuH14L2(SO4)]14+ 4.64 (5)

CuH16L218+ + SO4
2− = [CuH16L2(SO4)]16+ 5.20 (5)

[CuH16L2(SO4)]16+ + H+ = [CuH17L2(SO4)]17+ 2.78 (5)
Cu2L24+ + SO4

2− = [Cu2L2(SO4)]2+ 4.01 (5)

Figure 4. Logarithms of the conditional stability constants of anion (SO4
2−) and ion-pair (Cu2+/SO4

2−)
complexes with L2.
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3. Materials and Methods

3.1. General Information

All starting materials were high purity compounds purchased from commercial sources and used
as supplied. Ligand L2 was synthetized according to a previously described procedure [24].

3.2. Potentiometric Measurements

Potentiometric (pH-metric) titrations, employed to determine equilibrium constants, were
performed in 0.1 M Me4NCl aqueous solution at 298.1 ± 0.1 K by using an automated system and
a procedure already described [25]. The combined Metrohm 6.0262.100 electrode (Metrohm AG,
Herisau, Switzerland) was calibrated as a hydrogen-ion concentration probe by titration of previously
standardized amounts of HCl with CO2-free NMe4OH solutions and determining the equivalent
point by Gran’s method [26], which gives the standard potential, E◦, and the ionic product of water
(pKw = 13.83 (1) in 0.1 M Me4NCl at 298.1 ± 0.1 K). The computer program HYPERQUAD [12] was
used to calculate complex stability constants. All experiments were performed in the pH range 2.5–11.0
with 1 × 10−3 M ligand concentration. Six titrations in the case of Cu2+ complexation, and five in
the case of Zn2+, were performed with metal concentration varying in the ranges 0.5[L] ≤ [Cu2+] ≤
4.5[L] and 0.5[L] ≤ [Zn2+] ≤ 3.5[L]. Metal to ligand molar ratios greater than 5 for Cu2+ and 4 for
Zn2+ were also tested: precipitation of metal hydroxide was observed in alkaline solution, while the
analysis of the acidic branches of the titrations confirmed the maximum nuclearity of 5 for Cu2+ and 4
for Zn2+. Three titrations were performed for anion binding with SO4

2− concentration in the range
2[L] ≤ [SO4

2−] ≤ 5[L]. Three titrations were performed for ion-pair binding with [Cu2+] = 0.8[L]
and SO4

2− concentration 2[L] ≤ [SO4
2−] ≤ 5[L]. The different titration curves, obtained for metal,

anion and ion-pair complexation experiments, respectively, were treated as separated curves without
significant variations in the values of the common stability constants. Finally, the sets of data were
merged together and treated simultaneously to give the final stability constants. Different equilibrium
models for the complex systems were generated by eliminating and introducing different species. Only
those models for which the HYPERQUAD program furnished a variance of residuals σ2 ≤ 9 were
accepted. This condition was unambiguously met by a single model. Ligand protonation constants
were taken from the literature [6].

3.3. Molecular Modelling

Molecular modelling investigations on [H6L2(SO4)]4+, [H12L2(SO4)]10+ and [H15L2(SO4)]13+

complexes were performed by means of the empirical force field method AMBER3 as implemented
in the Hyperchem 7.51 package [27], using an implicit simulation of aqueous environment (ε = 4 r)
and atomic charged evaluated at the semiempirical level of theory (PM3) [28,29]. Potential energy
surface of all the systems were explored by means of simulated annealing (T = 600 K, equilibration
time = 10 ps, run time = 10 ps and cooling time = 10 ps, time step = 1.0 fs). For each studied system,
80 conformations were sampled.

As for the Zn(II) complexes, the trinuclear Zn3L26+ species was firstly analysed. Starting
coordinates were built from the crystal structure of the Ni2+ complex of L1 [1], containing Ni2+

ions hexacoordinated in distorted octahedral environments to six out of the seven nitrogen atoms
constituting a portion of L1 that is identical to the three branches of L2 growing from the central N(c)
atom (Figure 1). The nitrogen atom remaining uncoordinated is a primary one. This structural motif
was chosen taking into account that, according to the equilibrium data discussed before, all three metal
ions of Zn3L26+ should be hexacoordinated and three primary amine groups of the complex should
not be involved in metal coordination. This crystallographic structural unit was firstly modified by
replacing Ni2+ with Zn2+ and completing each coordination environment with water molecules.

The starting coordinates for the binuclear Zn2L24+ complex were obtained by deleting one zinc ion
in the QM minimized structure of Zn3L26+. The tetranuclear Zn4L28+ complex was instead obtained
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from the QM minimized binuclear complex by adding to its metal-free branch two QM minimized
pentacoordinated Zn2+ complexes, one in square pyramidal and one in bipyramidal geometry, taken
from the crystallographic structure of the trinuclear Cu2+ complex of L1 [1] and successively modified
by replacing Cu2+ with Zn2+.

The starting coordinates for each polynuclear complexes were firstly optimized by using the
OPLS2005 forcefield implemented in the Impact software [30], with completely frozen metals and
coordination environments. Then, each MM minimized structure was fully optimized at the DFT/M06
level of theory [31,32] by using the 6–31 g(tm) basis set [33–37] and the implicit simulation for
the aqueous environment [38]. The nature of stationary points as true minima was checked by
frequency calculations.

4. Conclusions

The ability of L2 to form stable highly nucleated complexes over a large pH range, as a
consequence of its dendrimeric nature and of the many amine groups in its structure, make this
compound a promising candidate for the preparation of solid supported materials to be used in the
recovery of metal ions from aqueous media. This could find applications in both decontamination
of waste waters and in the extraction of precious metals. Indeed, it was recently reported that
activated carbon functionalized with randomly structured poly(ethylene imine) dendrimers are
efficient scavenger of Pd2+ cations [39]. Moreover, L2 is also a promising candidate for catalytic
purposes. The use of molecules with well-defined molecular structures, such as L2, has the advantage
that with such molecules it is possible to perform a confident speciation of the complexes they form in
solution, thus getting a fundamental instrument for the tailoring of appropriate receptors for substrates
binding and activation. This is of special interest when the supported complex is used for catalytic
purposes. Considering the ability of L2 to form complexes with many metal centres that may promote
the binding of further species from the medium, we are particularly interested in developing carbon
materials (activated carbons, carbon nanotubes, graphene) functionalized with L2 and testing them for
catalytic applications in reaction for the formation of carbon-carbon bonds, such as the Sonogashira
cross coupling.

Supplementary Materials: The following are available online: Figure S1: Distribution diagrams of the Cu2+

complexes of L2, Figure S2: Distribution diagrams of the Zn2+ complexes of L2, Figure S3: Distribution diagrams
of the anion complexes formed by L2 with SO4

2−, Figure S4: Distribution diagrams of the ion-pair complexes
formed by L2 with Cu2+ and SO4

2− complexes of L2.
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Abstract: Here and for the first time, we show that the organometallic compound
[Ru(η5-C5H5)(PPh3)2Cl] (RuCp) has potential to be used as a metallodrug in anticancer therapy,
and further present a new approach for the cellular delivery of the [Ru(η5-C5H5)(PPh3)2]+ fragment
via coordination on the periphery of low-generation poly(alkylidenimine) dendrimers through
nitrile terminal groups. Importantly, both the RuCp and the dendrimers functionalized with
[Ru(η5-C5H5)(PPh3)2]+ fragments present remarkable toxicity towards a wide set of cancer cells
(Caco-2, MCF-7, CAL-72, and A2780 cells), including cisplatin-resistant human ovarian carcinoma
cell lines (A2780cisR cells). Also, RuCp and the prepared metallodendrimers are active against human
mesenchymal stem cells (hMSCs), which are often found in the tumor microenvironment where they
seem to play a role in tumor progression and drug resistance.
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1. Introduction

Despite their complexity and diversity, oncologic diseases are mainly characterized by the
abnormal growth of cells which can gain the potential to invade tissues and disseminate (metastasize)
to distant locations in the body [1,2]. According to the U.S. National Cancer Institute, and despite
encouraging indicators [3], the number of deaths caused by cancer is expected to increase to 22 million
in the next two decades [4], which justifies the current pursuit of new treatments.

The discovery of cis-diamminedichloroplatinum (II) (commonly abbreviated as DDP, cisplatin
or cisPt) anticancer properties by Rosenberg et al. [5] in 1965, as well as its approval by Food
and Drug Administration (FDA) to clinical use in 1978, has triggered the investigation of metal
complexes as anticancer chemotherapeutic agents [6,7]. Cisplatin and its second and third-generation
platinum drug analogues, cis-diammine(1,1-cyclobutanedicarboxylato)platinum(II) (carboplatin) and
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[(1R,2R)-cyclohexane-1,2-diamine](ethanedioato-O,O′)platinum(II) (oxaliplatin), respectively, are
the only metal complexes currently used in chemotherapeutic regimes of patients with cancer,
being employed alone or in combination with other drugs [8–15]. However, the administration
of these platinum-based drugs has been limited due to their substantial adverse side effects
(e.g., neurotoxicity) [16–20], incapacity to prevent cancer relapse [20,21], and development of intrinsic
or acquired resistance by several types of cancer [16,22–26]. For these reasons, efforts have been made
to develop non-platinum metallodrugs with the same objective [6–11,13,14,16,23,27–29].

Among several metallodrugs that have been explored as anticancer agents, ruthenium compounds
have emerged in recent years as promising candidates [27–31]. Some relevant characteristics of
ruthenium compounds that have sparked the attention for their application include: (i) the diversity of
oxidation states accessible in physiological medium, namely Ru(II), Ru(III) and Ru(IV) [30]; (ii) the
slow ligand-exchange kinetics, which can be adjusted by the variation of the nature of the ligands
coordinated to the metal [32,33], and (iii) the reduced systemic toxicity. This last property has been
associated with the ability of ruthenium to mimic iron in binding several biological molecules, like
transferrin and albumin. Thereafter, because cancer cells possess a high number of transferrin receptors
on their surface, theoretically, a high level of ruthenium complexes will be delivered preferentially
to these cells by transferrin [30,34,35]. Furthermore, it is believed that the inert Ru(III) complexes
can be activated to the corresponding cytotoxic forms of Ru(II) in the tumors that possess a reducing
environment and, consequently, present a higher selectivity to cancer cells [36].

Many families of ruthenium complexes have been studied against several different types of
cancer [28,37,38]. Specifically, the Ru(III) complexes have shown promising results in clinical trials
against solid tumors. For example, the imidazolium trans-[tetrachlorido(1H-imidazole)(S-dimethyl
sulfoxide)ruthenate(III)] (NAMI-A, an acronym for New Anti-tumour Metastasis Inhibitor A) has
concluded the clinical phase I [39] and entered, in combination with gemcitabine (2′,2′-difluoro
deoxycytidine), in phase I/II [40]. However, this study is currently suspended due to the toxicity
profile and the unclear efficiency of the combination of these drugs [31,40,41]. Other promising Ru(III)
compounds are the indazolium trans-[tetrachloridobis(1H-indazole)ruthenate(III)] (KP1019 or FFC14A)
and its analogue sodium trans-[tetrachloridobis(1H-indazole)ruthenate(III)] (NKP-1339 or IT-139).
Both compounds have completed the clinical phase I [42–44] but, since NKP-1339 presents higher
solubility in water than KP1019, the clinical trials have proceeded only with the former, which is
water-soluble [44–46]. Also, the incorporation of ruthenium complexes to form multinuclear and
supramolecular structures has also been successfully tested on several platforms such as polymers
(e.g., polymeric micelles [47]), lipid-based systems [48–51], and polymer-peptide conjugates [52] with
the aim of improving the chemotherapeutic action of these potential drugs.

Among the organoruthenium(II) compounds, the half-sandwich organometallic ruthenium
compounds with η6-arene [53] or η5-cyclopentadienyl [54–56] exhibited attracting pharmacological
properties to be applied in cancer therapy. In these cases, the aromatic ligand present in the structure
of the half sandwich compounds allows the stability and protection of the metal Ru(II) [57,58].

Dendrimers constitute a class of synthetic polymeric macromolecules that possess a hyperbranched
structure at the nanosize scale, low polydispersity, and a multifunctional surface [59]. These nanoparticles
may be good drug carriers due to the possibility of encapsulating drugs in their interior and/or covalently
link them at their surface terminal groups [59–62]. Besides the potential for carrying multiple drugs
and high drug loads, the dendritic multivalency provides increasing interaction with receptors of the
therapeutic target [60]. Also, the nanoscale size of the dendrimers allows their selective accumulation in
the tumors by the “enhanced permeability and retention” (EPR) effect [61,63].

The incorporation of metal complexes in dendritic scaffolds, thus originating metallodendrimers, can
increase the activity and selectivity of drugs based on transition metals [64]. Indeed, metallodendrimers can
combine the anticancer potential of metal complexes with the features of the dendrimers as nanocarriers,
and were described as having promising cytotoxicity against different cancer cell lines [65–79].
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In the present work, we started by preparing and characterizing low-generation ruthenium(II)
metallodendrimers based on poly(alkylidenimine) dendritic scaffolds peripherally functionalized
with the nitrile group and the fragment [Ru(η5-C5H5)(PPh3)2]+. Then, the cytotoxicity of the
organometallic compound [Ru(η5-C5H5)(PPh3)2Cl] (abbreviated by RuCp), the core dendrimers, and the
prepared tetrakis-ruthenium dendrimers were tested against five human cancer cell lines: a colorectal
adenocarcinoma cell line (Caco-2), an osteosarcoma cell line (CAL-72), a breast adenocarcinoma cell line
(MCF-7), and two ovarian carcinoma cell lines (A2780 and A2780cisR, the last one resistant to cisplatin), and
in healthy human mesenchymal stem cells (hMSCs). In fact, hMSCs are more and more being proposed
as a promising target for anticancer drug delivery since many pieces of evidence are arising pointing
out their role in tumor development [80–82]. hMSCs are known to be recruited into tumors where their
action is often described in the literature as pro-tumor, or tumor-supporting, including suppression of
the immune response, promotion of angiogenesis, inhibition of apoptosis, stimulation of epithelial to
mesenchymal transition and tumor metastasis. Results not only showed that the organometallic moiety
[Ru(η5-C5H5)(PPh3)2]+ has an important anticancer activity by itself, but also that its coordination on
the periphery of the dendrimers can be used as a successful drug delivery strategy. Furthermore, the
present experiments also revealed that both RuCp and the developed dendrimers functionalized
with [Ru(η5-C5H5)(PPh3)2]+ fragments presented remarkable toxicity towards cancer cells resistant to
cisplatin which is considered a standard in anticancer therapy.

2. Results and Discussion

2.1. Synthesis and Characterization of [Ru(η5-C5H5)(PPh3)2]+ Functionalized Poly(alkylidenimine) Dendrimers

Two low generation poly(alkylidenimine) dendrimer cores having nitrile groups at their
periphery and distinct in size and flexibility (Scheme 1, dendrimers 1 and 2) were used to prepare
two different [Ru(η5-C5H5)(PPh3)2]+ functionalized poly(alkylidenimine) dendrimers (Scheme 1,
metallodendrimers 3 and 4). The synthesis followed a methodology previously developed by our
group [83]. However, because the use of thallium compounds may result in unwanted cytotoxicity,
thus hampering the results, in the current work, the prepared compounds were synthesized using a
slight modification of the original procedure. AgCF3SO3 was used as chloride abstractor instead of
TlPF6. As such, the reaction of a methanolic solution of [Ru(η5-C5H5)(PPh3)2Cl] and AgCF3SO3 with
the nitrile functionalized poly(alkylidenimine) dendrimers 1 or 2, at room temperature, afforded the
metallodendrimers 3 or 4, respectively (Scheme 1). These metallodendrimers were isolated as green
powders and were characterized by NMR (1H, 31P, and 19F) and infrared (FTIR) spectroscopy, mass
spectrometry (MS) and elemental analysis (EA).

 

Scheme 1. Synthesis of the tetrakis-ruthenium dendrimers 3 and 4.
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As is evident in the 1H-NMR spectra of both tetranuclear metallodendrimers 3 and 4 (Figures 1
and 2, respectively), the presence of only one singlet at 4.48 and 4.44 ppm, respectively, that can be
assigned to the protons of the cyclopentadienyl ligand, indicates that the four ruthenium fragments
were equivalently coordinated with each dendritic core.

 

Figure 1. 1H-NMR spectrum of [{(η5-C5H5)(PPh3)2Ru}4(1)][CF3SO3]4 (3), in CDCl3.

 

Figure 2. 1H-NMR spectrum of [{(η5-C5H5)(PPh3)2Ru}4(2)][CF3SO3]4 (4), in CDCl3.

The formation of these compounds was also sustained by the 31P-NMR studies (Supplementary
Material, Figures S1 and S5) that display a singlet at 41.89 and 41.60 ppm, coming from the resonance of
the phosphorus atoms of phosphine ligands, in the spectrum of metallodendrimer 3 and 4, respectively.
The metallodendrimers 3 and 4 presented moderate stability in organic solvents, which was even
lower in halogenated solvents, being impossible to obtain 13C-NMR spectra for these compounds.
The 19F-NMR spectra of metallodendrimers 3 and 4 (Supplementary Material, Figures S2 and S6)
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revealed, respectively, a singlet at −81.78 and at −81.95 ppm that was attributed to the fluorine atoms
of the [CF3SO3]− counterions.

The FTIR analysis for both metallodendrimers (3 and 4) show, outside the fingerprint zone, similar
spectra (Supplementary Material, Figures S3 and S7). The presence of a single nitrile peak shifted
to higher wavelengths relative to the position in the free ligand is a clear sign of the formation of
the desired compound. Furthermore, the absence of the free v(CN) in the FTIR spectra supports the
complete coordination of all nitrile groups present in the dendritic termini. In terms of values, the
nitrile stretching band in compound 3 arises at 2271 cm−1 while in compound 4 it arises at 2269 cm−1.
The vibration bands of the [CF3SO3]− counter ion appear in the FTIR spectra around 1274 cm−1 and
700 cm−1 for metallodendrimer 3, and ca. 1286 and 697 cm−1 for metallodendrimer 4.

The analysis of the mass spectrum of metallodendrimer 3 (Supplementary Material, Figure S4)
shows that the standard fragmentation is consistent with the loss of two counter ions, m/z = 1694.5096
[M-2CF3SO3]2+, and three counter ions, m/z = 1081.0131 [M-3CF3SO3]3+, revealing the presence of the
desired metallodendrimer. Similar conclusions can be taken from the mass spectrum of metallodendrimer
4 (Supplementary Material, Figure S8) that exhibited the expected isotopic distribution for [M-2CF3SO3]2+

(m/z = 1810.9692), and [M-3CF3SO3]3+ (m/z = 1157.9568).
Finally, the results of the elemental analysis confirmed the integrity of the structure of the prepared

metallodendrimers 3 and 4 since the calculated theoretical values showed good agreement with those
obtained experimentally (data shown in the Section 3).

2.2. Biological Activity Assays

The 3-(4,5-dimethylthiazol-2yl)2,5-diphenyltetrazolium bromide (MTT) assay was used to explore
the in vitro cytotoxic potential of the metallodendrimers 3 and 4. This assay is based on the principle
that only cells that are alive are metabolically active, that is, can reduce MTT. For this purpose
and in order to cover a broad spectra of cancer types, the response of five human tumor cell lines
were investigated, namely a colorectal adenocarcinoma cell line (Caco-2), an osteosarcoma cell line
(CAL-72), a breast adenocarcinoma cell line (MCF-7) and two ovarian carcinoma cell lines (A2780 and
A2780cisR). The cytotoxic effect of the prepared compounds was also evaluated in primary human
mesenchymal stem cells (hMSCs). For comparison, the cytotoxicity profile of dendrimers 1 and 2,
[Ru(η5-C5H5)(PPh3)2Cl] (abbreviated as RuCp), and PPh3 were also investigated using the same cell
types. Since we also wanted to compare the anticancer potential of metallodendrimers 3 and 4 with that
of cisplatin (abbreviated as cisPt), the cytotoxic effect of cisPt was evaluated in A2780 (a cancer cell line
sensitive to cisPt) and A2780cisR (a cancer cell line resistant to cisPt) cells. In all these assays, the used
concentration range for the tested compounds was 0.05 to 50 μM. For RuCp and metallodendrimers 3

and 4, the concentrations ≥25 μM are only indicative due to solubility issues. The metabolic activity as
a function of compound concentration are shown for all compounds in the Supplementary Material
(Figures S10 and S11). Figure 3 highlights the data for A2780 and A2780cisR cells, as well as for hMSCs.

From Figure S11, it is clear that dendrimer 1 and dendrimer 2 present low cytotoxicity in the
range of concentrations studied for all the cancer cell lines. When their concentration is increased, the
cellular metabolic activity values remain quite constant. On the contrary, RuCp and metallodendrimers
3 and 4 showed high cytotoxicity which, as expected, generally increased with increasing compound
concentration and was cell type-dependent (Figure 3 and Figure S10).
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Figure 3. Effect of increasing concentrations of RuCp, metallodendrimers 3 and 4, and cisPt on the
cellular metabolic activity (an indirect measure of cell viability) of (a) A2780 and (b) A2780cisR tumor
cell lines, and on (c) hMSCs. The dashed line corresponds to 50% of cellular metabolic activity compared
to the control. Values are presented as a mean ± standard deviation.
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The concentration required to obtain 50% of cell growth inhibition in vitro (IC50 value) was
determined for these compounds, and as well as for cisPt (when applicable). These results are
summarized in Table 1.

Table 1. IC50 values (in μM) of RuCp, metallodendrimers 3 and 4, and cisPt observed for Caco-2, CAL 72,
MCF-7, A2780 and A2780cisR cancer cells, as well as for hMSCs, after 72 h of exposition to the compounds.

Cell Type
(IC50 Values in μM)1

Compound Caco-2 CAL-72 MCF-7 A2780 A2780cisR hMSCs

RuCp 14.7 2.4 4.4 0.3 2.3 <0.05

Metallodendrimer 3 3.4 0.6 2.5 0.1 0.3 <0.05

Metallodendrimer 4 3.2 1.4 3.0 0.2 0.3 <0.05

cisPt 8.9 [84] - 2 7.6 [85] 1.1 >50 <0.05
1 The IC50 values were determined by linear interpolation between the two nearest neighbour experimental points.
The standard deviation was always less than 10% of the IC50 value. 2 Not reported in the literature.

Among all cancer cell types studied, the Caco-2 cells were the less sensitive, showing IC50 values
of 14.7, 3.4 and 3.2 μM for RuCp, metallodendrimer 3 and 4, respectively. The most sensitive cancer
cells were the A2780 cells with IC50 values of 0.3, 0.1 and 0.2 μM for RuCp, metallodendrimer 3

and 4, respectively. The hMSCs that are non-cancer cells were highly sensitive to all ruthenium
compounds, and to cisPt also, presenting IC50 values lower than the lowest concentration tested
(0.05 μM). Interestingly, although these cells seem to be very sensitive to low concentrations of the
metallodrugs, an increase in drug concentration above 0.05 μM does not always imply a concomitant
decrease in cell viability. This was especially evident for metallodendrimer 4 and cisPt. Likely, either
the cellular internalization of these compounds is limited to low concentration values (of the order of
magnitude of 0.05 μM) or these cells have internal mechanisms capable of excreting them. Although the
role of hMSCs in tumor development is still not well understood and may even involve opposing
effects [86–88], most of the literature in this subject indicate that they are attracted to cancer sites where
they have an overall positive action in tumor progression and metastasis. In some cases, hMSCs even
counter-act against anticancer chemotherapeutics [89]. Thus, it is very important to assess the effect of
anticancer drugs in these cells. Our results show that RuCp, metallodendrimer 3 and 4 are not only
cytotoxic for cancer cell lines, but also for hMSCs, which should contribute to their overall efficiency in
anticancer therapeutics.

A significant problem in cancer therapy is the occurrence of drug resistance that requires a
continuous search for new therapeutics. All three ruthenium compounds under study presented an
anticancer activity towards A2780 cells about one order of magnitude lower than cisPt (IC50 = 1.1 μM)
that is a drug already under use in the clinic scenario. Importantly, they were also remarkably active
against A2780cisR cells—the anticancer activity was more than 22 and 166 times higher than cisPt,
respectively, for RuCp and both metallodendrimers. For the Caco-2 and MCF-7 cancer cell lines, the
anticancer behaviour of the prepared metallodendrimers 3 and 4 was ca. 3 times better than cisPt.
Thus, RuCp, metallodendrimers 3 and 4 could be good candidates for the therapy of cisPt resistant
tumors. As far as we know and despite being a compound widely used in organometallic chemistry as
a starting material for different applications, including metallodrugs [55–57,59], the anticancer activity
of RuCp was never reported in the literature and particularly referred as an active compound against
tumors resistant to cisPt.

The IC50 values of RuCp were always higher than those of metallodendrimers that possess four
coordinated [Ru(η5-C5H5)(PPh3)2]+ organometallic fragments. Possibly, for the metallodendrimers,
the mechanism of drug cytotoxicity involves the release (de-coordination) of ruthenium containing
fragments from the organic cores. Therefore, the organic dendrimer core serves as a vehicle
for the cellular delivery of several [Ru(η5-C5H5)(PPh3)2]+ “toxic” fragments. Furthermore, we
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previously showed by 31P NMR spectroscopy that these metallodendrimers could suffer a degradation
process at 37 ◦C [90]. Since the organic cores and PPh3 did not show relevant toxicity by
themselves (Supplementary Material, Figure S11), [Ru(η5-C5H5)(PPh3)2]+ should certainly be among
the metallodendrimer degradation products. Also, the de-coordination of PPh3 was not supported by
NMR studies.

An additional observation of the present work was that the difference in the structure of the
core (dendrimer 2 is more extensive and flexible than dendrimer 1) had no especial impact over the
cytotoxic behavior of the metallodendrimers which were both strongly cytotoxic.

Despite the usual differences between reported experimental conditions, the metallodendrimers 3

and 4 present IC50 values lower than other metallodendrimers reported in the literature, including high
generation metallodendrimers (see some examples in Appendix A, Figure A1). For instance, by comparison
with the fourth-generation of the chelating N,O-ruthenium(II)-arene-PTA metallodendrimers [72], our
compounds were found to be 3.7 to 20 times more active against A2780 and A2780cisR cells. Interesting is
also to compare, our IC50 values for metallodendrimers 3 and 4 with non-dendrimeric systems containing
ruthenium complexes. For example, our simple metallodendrimers 3 and 4, with four coordinated
[Ru(η5-C5H5)(PPh3)2]+ organometallic fragments, when compared with cyclic peptide–polymer
self-assembling nanotubes conjugated to ruthenium(II)-arene complex [Ru(η6-p-cymene)Cl2(pta)]
(RAPTA-C, a very active drug against metastases in vivo), were about 74 times more active against
A2780 and A2780cisR cells [52]. They were also 65 times more cytotoxic than NAMI-A block copolymer
micelles against the A2780 cancer cell line [47]. Even with the necessary reservations, the in vitro results
obtained for metallodendrimers 3 and 4, with the [Ru(η5-C5H5)(PPh3)2]+ organometallic fragment,
compared with the published metallodendrimers or other multinuclear and supramolecular structures
involving ruthenium-complexes, seem to be very promising and worthy of further study.

3. Materials and Methods

3.1. General Remarks

Unless otherwise noted, chemicals were used as received. The solvents diethyl ether (VWR),
and dichloromethane (HPLC grade, Fisher Scientific, Hampton, NH, USA,) were distilled from
sodium/benzophenone ketyl and calcium hydride (ACROS/Thermo Fisher Scientific, Waltham, MA
USA), respectively, under a nitrogen atmosphere before use. Absolute methanol (Sigma-Aldrich, St.
Louis, MO, USA) and benzene (PanReac, Barcelona, Spain) were degassed before use by bubbling
with nitrogen. Dimethylsulfoxide (DMSO) for biological assays and AgCF3SO3 were purchased from
VWR (Radnor, PA, USA) and ACROS, respectively. Deuterated solvents (CDCl3, DMSO-D6, D2O)
were purchased from EURISO-TOP (Saint-Aubin, France).

All reactions and manipulations involved in the preparation of the dendrimers
[N≡C(CH2)2]2N(CH2)6N[(CH2)2C≡N]2 (1) and [N≡C(CH2)2O(CH2)3]2N(CH2)6N[(CH2)3O(CH2)2C≡N]2

(2), and the metallodendrimers 3 and 4 were executed under a dry nitrogen atmosphere by applying
standard Schlenk-tube techniques. The starting materials [Ru(η5-C5H5)(PPh3)2Cl] [91] and the
dendrimers 1 and 2 were prepared by following published methods [83].

3.2. Physical Measurements

1H (400 MHz), 13C{1H} (100 MHz), 31P{1H} (161 MHz) and 19F{1H} (376 MHz) NMR spectra were
recorded on an Avance II+ 400 spectrometer (Bruker, Wissembourg, France) at 299 K (probe temperature).
The chemical shifts are reported in parts per million (δ, ppm) and referenced to residual solvent peaks for
1H (CDCl3: δ = 7.26 ppm). The 31P- and 19F-NMR were referenced to the external aqueous solution of 85%
H3PO4 and KF at 0.5 M, respectively in CDCl3 (or in a mixture of DMSO-D6/D2O for PPh3 spectra—see
Supplementary Material, Figure S9). The IR spectra were measured on an Avatar 360 FTIR (Nicolet, Thermo
Scientific, Waltham, MA, USA) in KBr pellets; only significant bands are mentioned in the text. The mass
spectra (ESI-TOF) were recorded with a Micromass LCT mass spectrometer (Waters, Milford, MA, USA).
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Elemental analyses (C, H, N) were performed in a VariolEL instrument from Elementar Analysensysteme
(Langenselbold, Germany). In the processing of the elemental analysis results of compound 3 and 4, the
theoretical values were calculated taking into account the addition of dichloromethane molecules since
their presence is observed in the 1H-NMR spectra of both compounds. This situation arises from the
inclusion of solvent molecules and/or inorganic salts in the dendritic structures during the isolation of the
compound by precipitation.

3.3. Synthesis

3.3.1. Synthesis of [{(η5-C5H5)(PPh3)2Ru}4(1)][CF3SO3]4 (3)

The compound was prepared by reaction of [Ru(η5-C5H5)(PPh3)2Cl] (0.32 g, 0.44 mmol)
with compound 1 (0.04 g, 0.11 mmol) and AgCF3SO3 (0.15 g, 0.58 mmol) in methanol (59 mL).
The yellow-green suspension was stirred for 76 h at room temperature and protected from light.
After the reaction, the resulting brown suspension was filtered, and the solid was extracted with
dichloromethane. Then, the addition of diethyl ether to the resulting solution afford the precipitation
of the desired compound. The solvent was removed, and the product was washed several times
with diethyl ether and dried in under vacuum, resulting in a pale green powder. Yield: 0.14 g (35%).
1H-NMR (CDCl3): δ = 7.40–6.90 (m, 24H + 48H+ 48H, PPh3), 4.48 (s, 20 H, C5H5), 2.66 (br., 8H), 2.45 (br.,
8H), 2.24 (br., 4H), 1.18 (br, 8H) ppm. 31P-NMR (CDCl3): δ = 41.89 (s, PPh3) ppm. 19F-NMR (CDCl3):
δ = −81.78 ppm. FTIR (KBr): υ̃ = 2271 (νCN) and 1274 (νCF3SO3) cm−1. TOF-MS(ESI+): m/z = 1694.5096
[M-2CF3SO3]2+, 1081.0131[M-3CF3SO3]3+. EA(%): C186H168F12N6O12P8Ru4S4

.1.3CH2Cl2 (3715.98):
calcd. C 59.23, H 4.53, N 2.21; found C 59.21, H 4.54, N 2.20.

3.3.2. Synthesis of [{(η5-C5H5)(PPh3)2Ru}4(2)][CF3SO3]4 (4)

Compound 4 was prepared by reaction of [Ru(η5-C5H5)(PPh3)2Cl] (0.46 g, 0.63 mmol), compound
2 (0.07 g, 0.13 mmol) and AgCF3SO3 (0.17 g, 0.66 mmol) in methanol (42 mL). The resulting brown
suspension was stirred for 66 h at room temperature under protection from light. The reaction
mixture was filtered and dried under vacuum. Then, the yellow-brown solid was extracted with
dichloromethane, dried and washed with diethyl ether and benzene. The dark green product was
dissolved in dichloromethane, and the resulting solution was filtered and then concentrated under
reduced pressure. The addition of diethyl ether to the previous solution originated the formation of
dark green oil. This oil was isolated by removing the solvent and then washed with diethyl ether giving a
bright green powder. Yield: 0.13 g (25%). 1H-NMR (CDCl3): δ = 7.50–7.00 (m, 24H + 48H + 48H, PPh3),
4.44 (s, 20H, C5H5), 3.31 (br., 8H + 8H), 3.10 (br., 8H), 2.98 (br., 4H), 2.90 (br, 8H), 1.85 (br., 8H), 1.30 (br., 4H)
ppm. 31P-NMR (CDCl3): δ = 41.60 (s, PPh3) ppm. 19F-NMR (CDCl3): δ= −81.95 ppm. FTIR (KBr): υ̃ = 2269
(νCN), 1286 and 697 (νCF3SO3) cm−1. TOF-MS(ESI+): m/z = 1810.9692 [M-2CF3SO3]2+ and 1157.9568
[M-3CF3SO3]3+. ES(%): C198H192F12N6O16P8Ru4S4

.3CH2Cl2 (4174.8): calcd. C 57.83, H 4.78, N 2.01; found
C 57.79, H 4.79, N 2.04.

3.4. Cytotoxicity Studies

3.4.1. Cell Culture

The human cell lines Caco-2, CAL-72, and MCF-7 were purchased from German Collection of
Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany), whereas A2780 and A2780cisR
human cell lines were obtained from European Collection of Cell Cultures (ECACC, Salisbury, UK).
The hMSCs were obtained from patient trabecular bone samples collected during surgical interventions
performed after traumatic events (the only bone that would have been discarded was used). For this,
the approval of the Ethics Committee of Dr. Nélio Mendonça Hospital (Funchal, Madeira main
hospital) was obtained.
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Caco-2 cells were grown in MEM medium supplemented with 20% (v/v) fetal bovine serum
(FBS), 1% (v/v) nonessential amino acids (NEAA, from 100× ready-to-use stock solution) and 1% (v/v)
antibiotic-antimycotic (AA, from 100× solution). CAL-72 cells were grown in DMEM medium enriched
with 10% (v/v) FBS, 1% (v/v) insulin-transferrin-sodium selenite (ITS, from 100× solution), 2 mM
L-glutamine and 1% antibiotic-antimycotic (AA, from 100× solution). MCF-7 cells were grown in RPMI
1640 medium supplemented with 20% (v/v) FBS, 1% (v/v) nonessential amino acids (NEAA, from
100× solution), 1 mM sodium pyruvate, 3.3 μg/mL human insulin and 1% (v/v) antibiotic-antimycotic
(AA, from 100× solution). A2780 and A2780cisR were grown in RPMI 1640 medium supplemented
with 10% (v/v) FBS, 2 mM L-glutamine and 1% (v/v) antibiotic-antimycotic (AA, from 100× solution).
The hMSCs were grown in α-MEM medium supplemented with 10% (v/v) FBS and 1% (v/v)
antibiotic-antimycotic (AA, from 100× solution). All cells were maintained at 37 ◦C in an incubator
under a humidified atmosphere containing 5% CO2.

3.4.2. Cell Viability Evaluation

The cell viability was indirectly determined by the MTT assay, which measures the mitochondrial
dehydrogenase activity as an indication of cell survival.

Cells were counted using a hemocytometer and were seeded in 96-well plates by the addition
of 100 μL of cell solution per well at the following cellular densities: 2 × 103 (Caco-2 and CAL-72),
4.2 × 103 (MCF-7), 5 × 103 (A2780 and A2780cisR) and 4.8 × 103 (hMSCs). The tested compounds
were prepared in a stock solution of DMSO and serially diluted, in the same solvent, to different
concentrations. Then, the resulting solutions were diluted in complete culture medium to the desired
concentrations with a final DMSO concentration of 0.5% (v/v).

After 24 h of preincubation of the cells plates at 37 ◦C and 5% CO2, the medium was aspirated,
and 100 μL/well of complete medium containing the compound under test was added to the cells.
Control experiments were done with cells cultured in complete culture medium with 0.5% (v/v) of
DMSO. All tested conditions were accomplished in replicates of eight. All these culture plates were
incubated for 72 h at 37 ◦C and 5% CO2. After this period, the culture medium was aspirated and
100 μL of culture medium solution with 10% (v/v) of MTT solution (5 mg/mL) was added to each
well. Then, after 3 to 4 h of incubation of the plates with MTT, the culture medium was aspirated,
and DMSO was added to dissolve the formed purple formazan crystals. The absorbance reading was
performed at 550 nm in a microplate reader (Victor3 1420, Perkin Elmer, Waltham, MA, USA) and the
cell viability was determined. The concentration that inhibited 50% of the cellular metabolic activity
(IC50) was calculated by linear interpolation between the two experimental points closer to the point
correspondent to 50% of the cellular metabolic activity shown by the control.

4. Conclusions

In summary, low-generation ruthenium (II) metallodendrimers based on two nitrile
poly(alkylidenimine) dendritic scaffolds (differing in size and flexibility) and containing
at the periphery the organometallic fragment [Ru(η5-C5H5)(PPh3)2]+ were synthesized and
characterized. The core dendrimers 1 and 2 presented low cytotoxicity on all the cancer cell lines
studied. Opposite behavior was observed for the prepared metallodendrimers and compound
[Ru(η5-C5H5)(PPh3)2Cl] that revealed, a high anticancer activity towards different cancer cell lines
(Caco-2, CAL-72, and MCF-7) and a high inhibitory effect on the viability of hMSCs in vitro (cells that
are believed to be implicated in tumor progression). The latter compounds also presented high activity
against cell lines resistant to cisPt (A2780cisR), with its anticancer activity being 22 and 166 times more
higher than cisPt, respectively, for RuCp and both metallodendrimers, tackling an important and real
problem in the context of anticancer therapy. Also, the IC50 values of the prepared dendrimers are
lower than other metallodendrimers reported in the literature, and 3.7 to 20 times more active against
A2780 and A2780cisR cells.
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With this work and to the best of our knowledge for the first time, we present evidences of
the potential of an old organometallic complex, the [Ru(η5-C5H5)(PPh3)2Cl], as an anticancer drug,
but also that the toxic fragment [Ru(η5-C5H5)(PPh3)2]+ could be delivered into cells using nitrile
poly(alkylidenimine) dendritic scaffolds. We hypothesize that the delivery of these “new” drugs
directly in the tumor site (local delivery) or, in the alternative, their association with nanomaterials for
targeted and controlled delivery into tumors [92,93], would be the right strategy for their use in cancer
therapy. Indeed, the high toxicity of these compounds towards different cancer cells and hMSCs can
potentially be exploited but like happens with other anticancer drugs, undesired off-target effects must
be avoided. Currently, we are focused on the design of nanocarriers dendrimers based on the targeted
delivery of RuCp, as well as on the study of the possible mechanisms underlying their anticancer
activity and pharmacokinetic behavior.

Supplementary Materials: The following are available online. Characterization data and Cytotoxicity assays of
synthesized and studied compounds.
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Appendix A

Figure A1. IC50 values (in μM) of some metallodendrimers reported in the literature. (a) [68]; (b) [71];
(c) [67]; (d) [69]; (e) [72]; (f) [77]; (g) [78] and (h) [79].
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6. Trudu, F.; Amato, F.; Vaňhara, P.; Pivetta, T.; Peña-Méndez, E.M.; Havel, J. Coordination Compounds in
Cancer: Past, Present and Perspectives. J. Appl. Biomed. 2015, 13, 79–103. [CrossRef]

7. Monneret, C. Platinum Anticancer Drugs. From Serendipity to Rational Design. Ann. Pharm. Françaises 2011,
69, 286–295. [CrossRef] [PubMed]

8. Besse, B.; Adjei, A.; Baas, P.; Meldgaard, P.; Nicolson, M.; Paz-Ares, L.; Reck, M.; Smit, E.F.; Syrigos, K.;
Stahel, R.; et al. 2nd ESMO Consensus Conference on Lung Cancer: Non-Small-Cell Lung Cancer
First-Line/second and Further Lines of Treatment in Advanced Disease. Ann. Oncol. 2014, 25, 1475–1484.
[CrossRef] [PubMed]

9. Gahart, B.L.; Nazareno, A.R. 2015 Intravenous Medications: A Handbook for Nurses and Health Professionals;
Intravenous Medications, 31st ed.; Elsevier Health Sciences: St. Louis Missouri, USA, 2014.

10. Partridge, A.H.; Rumble, R.B.; Carey, L.A.; Come, S.E.; Davidson, N.E.; Di Leo, A.; Gralow, J.;
Hortobagyi, G.N.; Moy, B.; Yee, D.; et al. Chemotherapy and Targeted Therapy for Women With Human
Epidermal Growth Factor Receptor 2—Negative (or Unknown) Advanced Breast Cancer: American Society
of Clinical Oncology Clinical Practice Guideline. J. Clin. Oncol. 2014, 32, 3307–3329. [CrossRef] [PubMed]

11. Hanna, N.H.; Einhorn, L.H. Testicular Cancer—Discoveries and Updates. N. Engl. J. Med. 2014, 371,
2005–2016. [CrossRef] [PubMed]

12. Ghosn, M.; Kourie, H.R.; El Rassy, E.; Chebib, R.; El Karak, F.; Hanna, C.; Nasr, D. Optimum Chemotherapy
for the Management of Advanced Biliary Tract Cancer. World J. Gastroenterol. 2015, 21, 4121–4125. [CrossRef]
[PubMed]

13. Pignata, S.; Scambia, G.; Katsaros, D.; Gallo, C.; Pujade-Lauraine, E.; De Placido, S.; Bologna, A.; Weber, B.;
Raspagliesi, F.; Panici, P.B.; et al. Carboplatin plus Paclitaxel Once a Week versus Every 3 Weeks in
Patients with Advanced Ovarian Cancer (MITO-7): A Randomised, Multicentre, Open-Label, Phase 3 Trial.
Lancet Oncol. 2014, 15, 396–405. [CrossRef]

14. Liao, B.-C.; Shao, Y.-Y.; Chen, H.-M.; Shau, W.-Y.; Lin, Z.-Z.; Kuo, R.N.; Lai, C.-L.; Chen, K.-H.; Cheng, A.-L.;
Yang, J.C.-H.; et al. Comparative Effectiveness of First-Line Platinum-Based Chemotherapy Regimens for
Advanced Lung Squamous Cell Carcinoma. Clin. Lung Cancer 2015, 16, 137–143. [CrossRef] [PubMed]

15. Smith, J.J.; Garcia-Aguilar, J. Advances and Challenges in Treatment of Locally Advanced Rectal Cancer.
J. Clin. Oncol. 2015, 33, 1797–1808. [CrossRef] [PubMed]

16. Rabik, C.A.; Dolan, M.E. Molecular Mechanisms of Resistance and Toxicity Associated with Platinating
Agents. Cancer Treat. Rev. 2007, 33, 9–23. [CrossRef] [PubMed]

17. Langer, T.; am Zehnhoff-Dinnesen, A.; Radtke, S.; Meitert, J.; Zolk, O. Understanding Platinum-Induced
Ototoxicity. Trends Pharmacol. Sci. 2013, 34, 458–469. [CrossRef] [PubMed]

18. Avan, A.; Postma, T.J.; Ceresa, C.; Avan, A.; Cavaletti, G.; Giovannetti, E.; Peters, G.J.
Platinum-Induced Neurotoxicity and Preventive Strategies: Past, Present, and Future. Oncologist 2015,
20, 411–432. [CrossRef] [PubMed]
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Abstract: Polyamidoamine (PAMAM) dendrimers are multifunctional nanoparticles with tunable
physicochemical features, making them promising candidates for targeted drug delivery in the
central nervous system (CNS). Systemically administered dendrimers have been shown to localize in
activated glial cells, which mediate neuroinflammation in the CNS. These dendrimers delivered drugs
specifically to activated microglia, producing significant neurological improvements in multiple brain
injury models, including in a neonatal rabbit model of cerebral palsy. To gain further insight into the
mechanism of dendrimer cell uptake, we utilized an in vitro model of primary glial cells isolated from
newborn rabbits to assess the differences in hydroxyl-terminated generation 4 PAMAM dendrimer
(D4-OH) uptake by activated and non-activated glial cells. We used fluorescently-labelled D4-OH
(D-Cy5) as a tool for investigating the mechanism of dendrimer uptake. D4-OH PAMAM dendrimer
uptake was determined by fluorescence quantification using confocal microscopy and flow cytometry.
Our results indicate that although microglial cells in the mixed cell population demonstrate early
uptake of dendrimers in this in vitro system, activated microglia take up more dendrimer compared to
resting microglia. Astrocytes showed delayed and limited uptake. We also illustrated the differences
in mechanism of uptake between resting and activated microglia using different pathway inhibitors.
Both resting and activated microglia primarily employed endocytotic pathways, which are enhanced
in activated microglial cells. Additionally, we demonstrated that hydroxyl terminated dendrimers
are taken up by primary microglia using other mechanisms including pinocytosis, caveolae, and
aquaporin channels for dendrimer uptake.

Keywords: PAMAM hydroxyl dendrimers; activated microglia; mixed primary glial cultures;
intracellular trafficking; enhanced cellular uptake; neuroinflammation
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1. Introduction

Dendrimers are unique nanodevices with great potential as drug delivery vehicles and
diagnostic tools [1,2]. Their tree-like architecture offers many advantageous characteristics such
as monodispersity, biocompatibility, multivalency, and customizable chemical properties [3,4].
In particular, polyamidoamine (PAMAM) dendrimers have been successfully used as drug, gene,
and peptide delivery vehicles, as well as contrast agents [5–7].

Delivery of drugs across central nervous system (CNS) barriers such as the blood-brain barrier
(BBB) and the blood-retinal barrier (BRB), to specifically target cells in the brain, is a major challenge
for nanoparticles [8–13]. Huang et al. illustrated the ability of modified PAMAM dendrimers to cross
the intact BBB [14]. Our group has reported that PAMAM dendrimers, particularly generation 4
hydroxyl-terminated dendrimers (D4-OH), upon systemic administration can cross the BBB/BRB and
selectively target and co-localize in activated microglia/macrophages in the brain and retina [11,15–18]
without the need for targeting moieties. Furthermore, systemic dendrimer-drug therapies have shown
significantly enhanced efficacy in attenuating neuroinflammation than free drugs in multiple small
and large animal models [11,17–20]. This enhanced cellular uptake and efficacy can be attributed to
(1) the size and surface functionality of D4-OH, (2) the ability of D4-OH to cross impaired CNS barriers,
and (3) the combined effects of increased phagocytic activity of activated microglia/macrophages and
the intrinsic targeting ability of dendrimers.

We have previously shown that the intracellular uptake and trafficking of dendrimers with
different surface charges follow different cellular pathways [21]. Generation 4 PAMAM dendrimers
(neutral, anionic, and cationic) majorly employ non-specific, clathrein-independent fluid phase
endocytosis. However, it is known that different cells employ different endocytosis mechanisms,
which may be further modified in the presence of an inflammatory stimulus. Additionally, in vitro
studies have reported that dendrimer-drug treatment resulted in enhanced anti-inflammatory activity
in LPS-activated microglial cells, compared to free drugs [22–25]. This can be attributed to increased
cellular uptake of dendrimer-drug conjugates in activated microglial cells compared to free drugs
that may typically utilize a receptor-mediated process. In multiple preclinical brain injury models,
there was a significant increase in the activated microglia and astrocyte uptake of D4-OH PAMAM
compared to healthy controls [26,27]. However, the mechanisms by which this uptake occurs and
the differences between ‘activated’ and ‘quiescent’ glial cells remain unexplored. Although it has
been reported that the intracellular internalization of PAMAM dendrimers occurs via endocytosis,
further investigation to determine the mechanisms of increased uptake by activated glial cells is
necessary [28,29]. Recent studies have shown that besides the three key factors (surface charge,
molecular weight, and generation), PAMAM dendrimer internalization may also be dependent on the
targeted cell type [20,30].

In this study, we hypothesized that glial cells utilize more than one route of cell entry for uptake
of hydroxyl-terminated PAMAM dendrimers and that the uptake mechanisms may vary depending on
the activation status of the cell. We also hypothesized that cell internalization is time-dependent and
varies between the different types of glial cells. We labelled D4-OH dendrimers with near IR fluorescent
dye cyanine 5 (Cy5) and studied their uptake by primary glial cells using quantitative and qualitative
measures. Various pharmacological inhibitors for different cell entry pathways were adopted to clarify
the mode of glial cell internalization of the dendrimer. Understanding the mechanism of glial cell
uptake will provide information necessary to further optimize dendrimer-based drug delivery vehicles
for targeting specific glial cells in the presence of disease pathologies.

2. Materials and Methods

DMEM low glucose media (Corning Cellgro, Manassas, VA, USA); HI-FBS, Penicillin/
Streptomycin (antibiotics) and DAPI (Invitrogen, Carlsbad, CA, USA); glass-bottom culture dishes
(MatTek, Ashland, MA, USA), poly-L-lysine hydrobromide, genestine, sucrose, acetazolamide,
and amilioride (Sigma-Aldrich, St. Louis, MO, USA); anti-Glial Fibrillary Acidic Protein Fluor
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488 (GFAP) (eBioscience, San Diego, CA, USA); and Tomato Lectin (Vectorlabs, Burlingame, CA,
USA) were purchased. The synthesis of Cy5-labelled D4-OH dendrimers has been established and
reported previously [17]. Lipopolyscaaharides from E. coli 0127:B8 (lot#081M4071V) was purchased
from Sigma-Aldrich.

2.1. Primary Glial Cell Culture and Cell Treatment

All procedures used in this study were approved by the Johns Hopkins University Animal Care
and Use Committee and followed according to approved animal protocols. The cerebral cortices from
PND2 New Zealand white rabbits were excised, meninges were removed carefully, and cortices were
suspended in 5 mL of 0.05% trypsin for 15 min. The trypsin reaction was neutralized using Dulbecco’s
Modified Eagle’s Medium (DMEM) low glucose medium (Corning Cellgro, Manassas, VA, USA)
supplemented with 20% heat inactivated fetal bovine serum (HI-FBS) (Invitrogen Corp., Carlsbad, CA,
USA) and 2% antibiotics (penicillin/streptomycin) (Invitrogen Corp., Carlsbad, CA, USA). The cortices
were minced and triturated into small pieces to separate the cells using sterile cell culture pipettes.
The cell suspension was filtered through a 0.2 μm sterile cell strainer (BD Biosciences, San Jose, CA,
USA) to remove debris and fibrous layers. The filtered cell suspension was centrifuged at 1000 rpm
for 5 min at 4 ◦C, and the pellet was resuspended in DMEM medium containing 4.5 g/L glucose
and 1.4 mM L-glutamine (Corning Cellgro, Manassas, VA, USA) with 10% FBS and 1% antibiotics.
The cells were plated into glass-bottom culture dishes or 12-well plates coated with poly-L-lysine
hydrobromide (Sigma Aldrich, St Louis, MO, USA) and incubated at 37 ◦C and 5% CO2 atmosphere.
Medium was changed every two days, and cells were allowed to reach 90% confluence (day 9–13).
Subsequently, planned wells and dishes were treated with LPS in culture medium at 100 ng/mL
for glial cell activation. Following overnight incubation with LPS, cells were treated with D-Cy5 at
20 μg/mL with or without cell uptake inhibitors to evaluate the mode of cellular entry.

To study the mechanism of primary glial cell uptake, cells were initially pretreated with inhibitors
to block specific cell uptake pathways, followed by D-Cy5 treatment. The inhibitors used were
(1) genistein at a concentration of 100 nM to block caveolae-mediated endocytosis, (2) sucrose at 450
nM to impede fluid phase endocytosis, (3) amiloride at 10 μM to prevent macropinocytosis, and (4)
acetazolamide at 100 nM to obstruct aquaporin channels. The inhibitors were dissolved in DMEM
medium and incubated with primary glial cells for one hour prior to treatment with D-Cy5.

2.2. Cell Cytotoxicity Assay

The effects of the inhibitor treatment on cell viability were evaluated by MTT assay (Invitrogen,
Grand Island, NY, USA). Metabolically active cells reduce the yellow tetrazolium MTT in part by the
action of dehydrogenase enzymes, to generate reducing equivalents such as NADH and NADPH.
The resulting intracellular purple formazan is solubilized and quantified by spectrophotometry to
determine the fraction of viable cells. Briefly, primary glial cells were seeded at 104 cells/well in
96 well-plates incubated for 24 h and then treated with the cell inhibitors and LPS, followed by
D4-OH dendrimer treatment. The MTT assay was done as previously described by our group and
as per manufacturer instructions [22]. Absorbance was read at 540 nm using a micro-plate reader
(SynergyMix, BioTek, Winooski, VT, USA) and percent viability compared to untreated controls
was calculated.

2.3. Cell Imaging

Cells in glass-bottom culture dishes were used at day 8–12 of primary glial cell culture. After
treatments, cells were washed with dPBS twice and fixed using 4% paraformaldehyde for 15 min.
Tomato Lectin (1:500) (Victorlabs, Burlingame, CA, USA) was co-incubated with anti-GFAP (1:500)
(eBioseceince, San Diego, CA, USA) overnight at 4 ◦C to stain microglia and astrocytes, respectively.
The cells were washed twice with dPBS for 5 min, stained with 4′,6-diamidino-2-phenylindole (DAPI)
(1:1000) (Invitrogen, Grand Island, NY, USA) for 15 min, and imaged under an LSM 710 confocal
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microscope (Carl Zeiss, Hertfordshire, UK) for identification of the dendrimers in microglia and
astrocytes. A 633 nm laser was used to image dendrimer (D-Cy5) localization, while Tomato lectin and
GFAP imaged by 594 and 488 lasers, respectively. The laser intensity levels were kept identical and
constant for all the images for appropriate comparison. Images were acquired at 20× magnification
and were processed using Zen software (Carl Zeiss) at identical settings. For semi-quantitative analysis,
cell signals intensities were analyzed utilizing ImageJ software (NIH, Bethesda, MD, USA).

2.4. Flow Cytometry

At various time points (30 min through 24 h), dendrimer-treated cells along with untreated
controls were isolated using 0.05% Trypsin. Cells were spun down to pellet out at 1500 rpm in an
Eppendorf benchtop centrifuge for 5 min and washed once with FACS buffer (1× PBS with 10% FBS).
Each condition contained 1 × 105 cells, which were stained for 30 min on ice with mouse anti-rabbit
Fluorescein Lycopersicon Esculentum (Tomato) Lectin antibody (1:500, Victorlabs, Burlingame, CA, USA)
in 100 μL of FACS buffer to label microglia. For labeling astrocytes, Anti-Glial Fibrillary Acidic Protein
Fluor 488 (GFAP) (1:500, eBioscience, San Diego, CA, USA) was used at similar conditions. Unstained
glial cells were used to obtain gating data according to their light scattering characteristics. After
incubation, both non-labeled and labeled Lectin and GFAP cells were washed once by adding 1000 μL
of FACS buffer and centrifuged at 1500 rpm for 5 min before re-suspending in 250 μL of FACS buffer.
The total cell population to FL-3 channel (Cy3, Lectin) to find out the microglial population and to
assess the percentage of microglia taking up dendrimer was evaluated by gating the lectin +ve cells
and analyzing the D-Cy5 fluorescence in the FL-4 channel. A total of 30,000 events was collected for
each condition using a BD Accuri C6 Flow Cytometer (BD Biosciences, San Diego, CA, USA). Analysis
of fluorescence was performed using CFlow software.

2.5. Statistical Analysis

Data were analyzed using analysis of variance (ANOVA) followed by student’s t-test using Prism
Graphpad. A p value less than or equal to 0.05 was considered statically significant. The graphs were
constructed using KelidaGraph version 4.1.1 (Synergy, PA, USA). The values are represented as means
± standard error of mean (SEM).

3. Results

3.1. Selective Uptake of Dendrimers by Microglia in Primary Mixed Glial Cultures

We used mixed glial cultures derived from neonatal rabbit cortices to investigate the cellular
uptake kinetics of the D4-OH. Before beginning the dendrimer uptake experiments, we analyzed
the purity of glial cultures using flow cytometry and cell counts using confocal microscopy images.
We used GFAP for labelling astrocytes and tomato lectin for labelling microglia/macrophages. Flow
cytometry analysis revealed that ~60–70% of the cells in the mixed glial culture were astrocytes (GFAP
+ve both in flow and imaging), ~20–25% were microglia/macrophages (lectin +ve both in flow and
imaging), and ~8–10% were found to be other cell types (+ve DAPI and –ve GFAP and lectin). The
numbers were similar upon cell counting from confocal microscopy images (Figure 1A–C). The other
cells may be oligodendrocytes and fibroblasts, since we expect neuronal cells will not survive in our
culture conditions, as they require neuronal specific growth supplements and medium.

We used varying D-Cy5 concentrations (1, 5, 10, 20, 40, and 100 μg/mL) to investigate dendrimer
uptake. We found out that a concentration of 20 μg/mL of D-Cy5 was optimal, as increasing
the concentration beyond that caused high fluorescence signals and difficulty in evaluating the
time-dependent uptake. Dendrimer (D-Cy5) was selectively taken up by microglia/macrophages both
in resting (no-LPS) and activated (LPS) conditions (Figure 2). As time increased, the population of
microglia/macrophages internalizing dendrimers increased from ~15% to ~80% within 3 h (Figures 2,
3 and 4A). Dendrimer uptake by microglia/macrophages peaked at 6 h after incubation with ~95% of
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the population positive for D-Cy5 signal both in flow cytometry (Figure 4A) and confocal microscopy
(Figure 5). The dendrimers were retained in microglia/macrophages up to 24 h post-dendrimer
incubation. In contrast, no dendrimers were found co-localized or internalized by any GFAP-positive
astrocytes or other cell populations in mixed glial culture until 6 h post-dendrimer incubation. We
found that ~8.5% of the total astrocyte population internalized dendrimers after 24 h of dendrimer
(D-Cy5) incubation (Figure 4C).

Figure 1. Characterization of mixed glial cell culture from neonatal rabbit brains. (A) Confocal
microscopy image of mixed glial culture showing microglia/macrophages (Green stained with lectin,
white arrows), astrocytes (Orange, stained with GFAP, white arrow heads) and the cell nuclei stained
with DAPI (Blue). (B) Evaluation of different cell population using cell counting from confocal
microscopy images. (C) Evaluation of percentages of different cell populations present in the mixed
primary glial culture using flow cytometry. Scale bar 100 μm.

Figure 2. Preferential and selective cellular uptake of G4-OH dendrimers (D-Cy5) activated

microglia/macrophages. Cy5-labeled D4-OH PAMAM dendrimers (D-Cy5) were used to evaluate
the selective uptake of dendrimers by microglial cells. Microglial cells stained with lectin (Green),
Astrocytes were stained using GFAP (Orange), and nuclei were stained using DAPI (Blue). The
activated microglial cells (LPS) group demonstrated a higher number of microglial +VE for dendrimers
(D-Cy5, white arrows) compared to resting microglia (No LPS). Interestingly, the signal intensity of
D-Cy5 is higher in activated microglial cells compared to the D-Cy5 intensity in resting microglial cells,
suggesting higher amount of dendrimer uptake. The signal intensities for all channels are kept constant
for all conditions. DAPI/Lectin channel is used to better demonstrate the microglia/macrophage
population in mixed glia culture taken-up dendrimers, as shown in Cy5 channel. Scale bar 100 μm.
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Figure 3. Flow cytometry analysis of time-dependent differential uptake of dendrimer (D-Cy5)

by lectin stained microglia/macrophages population in mixed glial culture. (A,B) Histograms of
lectin +Ve cells (Microglia/macrophages) showing minimal D-Cy5 uptake (Red) at 30 min in both
resting and activated conditions compared to controls (Black). Shift in histograms of lectin +Ve cells
(Microglia/macrophages) show increased dendrimer uptake at 3 h. A larger percentage of the activated
microglia/macrophage population (~85%) shows D-Cy5 uptake, whereas only ~60% of cells show
D-Cy5 uptake in the group without LPS treatment.

3.2. Differential Uptake of Dendrimers by Microglial Cells

To determine if there are any differences in the rate and amount of dendrimer uptake between
resting and activated microglial cells, we treated the cells with LPS (100 ng/mL) for 6 h to ‘activate’
the microglia/macrophages to a pro-inflammatory phenotype (to ‘mimic’ neuroinflammation in vivo).
At 30 min post-dendrimer treatment, both the ‘resting’ and LPS-activated microglia/macrophages
population showed similar dendrimer uptake (~15% and ~12% of cells, respectively) (Figures 4A and
5). We also used the mean fluorescence intensity (MFI) to measure the amount of fluorescence
in the cells. The MFI is proportional to amount of dendrimer (D-Cy5) in the cells (Figure 4B).
At thirty minutes post-dendrimer incubation, the MFI was also similar for both activated and resting
microglia/macrophages. One-hour post-dendrimer incubation, a greater percentage of the activated
microglia/macrophages population (~38%) demonstrated dendrimer uptake, compared to non-LPS
treated cells (~28%) (F(4,30) = 292.2, p < 0.01, n = 4) (Figure 4A).

Figure 4. Evaluation of differential dendrimer (D-Cy5) uptake by resting and activated microglial

cells in mixed glial culture. (A) Flow cytometry analysis of time-dependent differential uptake
of dendrimers by resting (non-LPS treated) and activated (LPS treated) microglia/macrophage
populations. (B) Mean intensity fluorescence (MIF) measurements of FL4 channel showing differential
amount of dendrimer uptake or intracellular D-Cy5 in resting and activated microglial cells.
(C) Delayed and limited dendrimer uptake by astrocyte population (~8.5%) 24 h post dendrimer
treatment. All the values are represented as mean ± SEM, n = 4, * p < 0.01, student t-test.
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Figure 5. Time-dependent (30 min–3 h) and differential dendrimer uptake between resting and

activated microglial cells in mixed glial cultures from neonatal rabbit brain. The mixed glial cultures
were activated using LPS (100 ng/mL) and treated with 20 μg/mL of D-Cy5. At different time
points (0.5, 1, 3, 6, and 24 h) post-D-Cy5 treatment, the cells were fixed and stained with lectin
for microglia (Green), GFAP for astrocytes (Orange), and DAPI for nucleus (Blue). (A) Resting
(no-LPS) microglia/macrophages show less dendrimer uptake compared to (B) activated (LPS)
microglia/macrophages at all time points (white arrows). Scale bar 100 μm.

MFI measurements also confirmed higher amounts of intracellular dendrimer uptake (~1.8-fold
increase) compared to non-LPS treated cells (Figure 4B). Interestingly, more than 80% of the
LPS-activated microglia/macrophage population demonstrated dendrimer uptake at 3 h after
dendrimer treatment (Figure 4A). In contrast, ‘resting’ microglial cells demonstrated dendrimer uptake
in only ~58% of the total microglial cell population (F(4,30) = 9.22, p < 0.01, n = 4) (Figures 4A and 5).
At 24 h, the proportion of microglia/macrophages population demonstrating dendrimer uptake was
almost equivalent in both activated and ‘resting’ cells (Figures 4A and 6). MFI measurements suggest
that LPS-treated microglia have increased intracellular fluorescence (in other terms, greater intracellular
dendrimer amount) at 1, 3, and 6 h post D-Cy5 treatment compared to non-LPS treated cells (F(4,30)
= 2.11, p < 0.01, n = 4) (Figure 4B). Qualitative measurements of the intracellular fluorescence from
the confocal images demonstrate that there is ~2-fold increase in magnitude of D-Cy5 uptake in LPS
activated microglial cells (Figures 5 and 6).
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Figure 6. Time-dependent (6 and 24 h) and differential dendrimer uptake between resting and

activated microglial cells in mixed glial cultures from neonatal rabbit brain. (A) Resting (no-LPS)
microglia show time-dependent increase in dendrimer uptake (white arrows). (B) Activated (LPS)
microglial cells show higher uptake of D-Cy5 (white arrows) compared to resting microglial cells,
and this phenomenon is consistent as the time increases. (C) Mean signal intensity measurements of
intracellular dendrimers (D-Cy5) form confocal images, suggesting relatively higher magnitude of
dendrimer (D-Cy5) uptake in activated microglial cells (n = 4). Scale bar 100 μm.

Astrocytes showed a delayed and limited uptake at 24 h, which was observed both in LPS and
non-LPS treated groups. We did not observe dendrimer uptake in GFAP-positive cells (astrocytes),
irrespective of LPS treatment until 6 h post-dendrimer incubation. At 24 h, ~8% of the total astrocyte
population exhibited dendrimer uptake in both LPS and non-LPS treated cells (Figure 4C).

3.3. Effect of Inhibitors on Dendrimer Uptake in Primary Mixed Glial Cells

We next investigated the mechanisms underlying the entry of dendrimers into microglia based
on the microglial activation state. Previously, our group investigated the cell uptake mechanism of
PAMAM dendrimers with different surface groups (Neutral -OH, Cationic -NH2, and anionic -COOH)
by human lung adenocarcinoma epithelial cells (A549) cells [21]. Neutral dendrimers’ cell entry was
shown to be primarily facilitated by non-caveolae, non-clathrein fluid phase endocytosis. In this
current study, we investigated the uptake mechanism by the microglial population in rabbit brain
primary mixed glial cells to see the effect of activation on dendrimer uptake. We treated the cells with
various inhibitors to block the cell entry pathways. Cell viability above 85% was considered to be
acceptable (Supplementary Figure S1). None of the treatments decreased primary mixed glial cell
viability beyond 85%. Since the size of dendrimers ranges from 4–10 nm (G3-G10), we hypothesized
that dendrimers were taken up by the cells via endocytosis and pinocytosis. We used sucrose (450
nM) to inhibit fluid phase endocytosis. Sucrose treatment lowered dendrimer uptake in both resting
(~40% lower) and, to a higher extent, in activated microglia (~60% lower) (F(6,42) = 2.66, p < 0.01, n = 4)
(Figure 7). The magnitude of decrease in percent of microglia was greater upon sucrose treatment in
the activated cells (~2.5-fold decrease vs ~1.6-fold decrease in resting cells (F(6,42) = 2.35, p < 0.01,
n = 4) compared to the no treatment group (No LPS and LPS only). MFI measurements also show
that the amount of dendrimer taken up by the cells was significantly decreased (~3-fold decrease in
activated cells vs ~2-fold decrease in resting cells) compared to the resting microglial cells (p < 0.01)
(Figure 7).
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Figure 7. Evaluation of dendrimer uptake using flow cytometry after treatment with various cell

entry pathway inhibitors. The mixed glial cultures were activated with LPS, various cell entry
pathways were blocked using inhibitors, and the D-Cy5 uptake changes were evaluated using flow
cytometry. D-Cy5 uptake was significantly reduced after blocking different endocytosis pathways
(fluid phase and Caveolae-mediated endocytosis), suggesting that the cell entry of dendrimer majorly
happens via endocytosis. In the case of LPS-activated cell population, D-Cy5 uptake was significantly
inhibited when pinocytosis, aquaporin, and mannose pathways were blocked, suggesting that
dendrimers may employ multiple pathways for cell entry in activated microglia. All the values
are represented as mean ± SEM, n = 4, $ t-test, p <0 .01, and # t-test p < 0.001. * Two-way ANOVA,
p < 0.001 (no-LPS or LPS treated (Resting or Activated) no inhibitors (no treatment) (vs.) no-LPS or
LPS-treated (resting or activated) with inhibitors).

Upon blocking caveolae-mediated endocytosis using genistein, the percentage of microglia
with D-Cy5 was decreased by ~17% in the ’resting’ cells. In activated microglia, inhibiting
caveolae-mediated endocytosis resulted in a decrease of the microglia population containing D-Cy5
by ~25% (Figure 7). Blocking pinocytosis, and aquaporin pathways did not significantly decrease
the dendrimer uptake by ‘resting’ microglia, but there was a significant decrease in percent of
activated microglia expressing dendrimer signal by ~15% (Amiloride, pinocytosis) (p < 0.05) and ~18%
(Acetazolamide, aquaporins) (p < 0.05) compared to the no-treatment group, respectively (Figure 7).
This suggests that activated microglia may be able to employ the above-mentioned pathways other
than endocytosis for dendrimer uptake.

4. Discussions

Dendrimer-enabled drug delivery to activated glial cells is opening new opportunities for
therapies in CNS disorders [4]. Understanding the mode by which dendrimers get internalized by glial
cells will help in designing appropriate dendrimer-based drug delivery nanodevices and optimizing
their use for multiple CNS applications, particularly in diseases in which neuroinflammation plays a
role. Many studies have shown that cationic (amine terminated) PAMAM dendrimers demonstrate
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cell toxicity and platelet aggregation, and partial masking of the surface amine groups reduces
the neurotoxicity [31,32]. In contrast, neutral dendrimers show low cell toxic profile, which does
not induce compliment activation nor platelet aggregation [33]. In this study, we used neutral,
hydroxyl-terminated, generation 4 PAMAM dendrimers, which showed low cytotoxicity on primary
glial cells, which was supported by earlier findings on different cell lines [16,34,35]. Along with
D4-OH dendrimers, all of the cell entry pathway inhibitors had no effect on cell viability. These
findings were similar to multiple in vitro and in vivo studies [36–38]. Glial cells are crucial for
maintaining the homeostatic balance of the CNS and exhibit a surveillance function [39]. Among
microglia/macrophages and astrocytes, microglial/macrophages cells are the ones accountable for
recognition of invaders and immunological stimulators [40–42]. This may explain the more rapid and
greater uptake of D4-OH by microglia rather than by astrocytes and other glial cell species in the mixed
glial cell cultures. The earliest D4-OH PAMAM dendrimers primary glial cell internalization at 30 min
was comparable to data previously reported previously by our group in immortalized BV2 mouse
microglial cells [16,29]. Similar to our previous studies, we find that by 3 h most of the microglial cells
have taken up the dendrimer [16,21,27]. It has been previously reported that dendrimer uptake is
an active process, as decrease in temperature resulted in decrease in dendrimer uptake by ~90% [21].
These studies used cell lines, and in these the initial uptake is more rapid. However, the mechanisms of
uptake are similar to those published by our group for A549 lung epithelial cells in which fluid phase
endocytosis played a major role in the uptake of the neutral, hydroxyl terminated dendrimer [21].

In this work, we further illustrated differences in the cellular uptake kinetics of dendrimers
between resting and activated primary microglial cells. LPS-activated microglia/macrophages showed
higher dendrimer uptake compared to non-LPS-treated cells. This can be attributed to increased
endocytosis in activated microglia/macrophages [43,44]. LPS treatment activates the toll-like receptors
(TLR) pathway, which has been reported previously to increase endocytosis in microglial cells [45–47],
and which can contribute to a higher dendrimer uptake. Astrocytes, irrespective of their activation
state, exhibited limited and delayed dendrimer uptake in primary mixed glial culture. We have
previously studied the cellular uptake pattern of D4-OH dendrimers in vivo at 24 h after subarachnoid
injections [26]. The results are in good agreement with our current study demonstrating delayed and
relatively lower uptake in astrocytes [48]. Mechanisms of cell uptake in the astrocytes are not studied
here and will be explored in the future. It is possible that other mechanisms including exosomal or
microsomal transport may occur between microglia and astrocytes that transport the dendrimer to
astrocytes [49].

Endocytosis is an active cell transport mechanism that cells primarily adopt to internalize
extracellular materials through the plasma membrane [50,51]. In the current scenario, our results
indicate that fluid phase endocytosis constitutes the main pathway for internalization for D4-OH
PAMAM dendrimers in microglial cells. Several studies have been reported that activation
of microglia via various stimulants such as LPS, IL-4, and INF-γ will enhance various cell
uptake mechanisms such as fluid phase micropinocytosis, caveolae-mediated endocytosis, and
phagocytosis [44,52–54]. Therefore, other independent endocytosis mechanisms such as caveolae,
clathrein-mediated endocytosis, and macropinocytosis, which can also play a significant role in
cellular internalization, should be taken into account [55,56]. Glucose treatment resulted in significant
inhibition of dendrimer uptake in both resting and activated microglia/macrophages. These data
are similar to our previous studies in a lung epithelial cell line (A549) in which non-specific fluid
phase endocytosis (hypertonic sucrose inhibition) had a major role to play in cell uptake of the
neutral, hydroxyl-terminated D4 PAMAM dendrimer. On the other hand, it is important to note that
exposing the cells to hypertonic conditions may result in non-selective inhibition of other cell uptake
pathways, particularly in activated cells. Blocking caveolae-mediated endocytosis using genistein also
impeded dendrimer uptake in activated microglia. This can be attributed to an increase in endocytosis
activity in activated microglial cells; therefore, blocking endocytosis pathways resulted in decreased
dendrimer uptake. The aforementioned pathways have been well documented as modes of cellular
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entry for hydroxyl-terminated dendrimers in different cell lines [21,28,36,51]. Some of the most integral
membrane proteins, which bring extracellular water and small solutes to the internal compartments of
cells, are the aquaporin channels [57]. Blocking aquaporin channels using acetazolamide resulted in
reduced dendrimer uptake in LPS-activated microglial cells. It has to be taken into account that LPS
is known to downregulate certain types of aquaporin channels [58]. On the other hand, we cannot
exclude other receptor pathway such as mannose receptors, toll-like receptors (TLR), macrophage
scavenger receptors (MSR-1), or other complement receptors that are also reported to be upregulated in
activated microglia/macrophages [59]. Additional studies investigating transport in specific knockout
animals will help to fully characterize potential receptor candidates on the microglia/macrophage
surface. Our results suggest that microglia/macrophages in their activated state may use more than
one pathway that potentially contributes to dendrimer targeting and its cellular internalization. Since
microglia/macrophages are implicated in multiple CNS neuroinflammatory diseases such as multiple
sclerosis, cerebral palsy, Alzheimer disease, Parkinson’s disease, and amyotrophic lateral sclerosis
(ALS), appropriate design and manipulation of studied dendrimer nanodevices may be harnessed as
potential treatment options for diverse CNS diseases.

5. Conclusions

Our study demonstrates early uptake of D4-OH dendrimers exclusively by primary
microglia/macrophages in mixed glial cultures, compared to astrocytes. Activated microglia showed
faster and increased dendrimer uptake when compared to resting microglia, although the overall
extent of uptake at 24 h was similar between resting and activated microglia. At 24 h, astrocytes
displayed restricted uptake at a similar rate in both the resting and activated cells. Both resting
and activated microglial/macrophage cells primarily employ fluid phase endocytosis for dendrimer
uptake. Activated microglial cells appear to employ more than one mechanism to take up the
hydroxyl-terminated generation 4 dendrimer. This can be attributed to increased overall endocytotic
processes in the pro-inflammatory microglia/macrophages. Cellular dendrimer uptake can also
happen via aquaporin channels, but further studies and other modes of activation are necessary
to clarify the role of aquaporin channels and other receptor pathways such as mannose in D4-OH
PAMAM dendrimer uptake by primary glial cells. These findings may give us important insights for
improving the selective targeting characteristics of dendrimers and delivering therapeutic agents to
microglia for attenuating neuroinflammation in a wide range of CNS diseases.
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Abstract: Dendrimeric Antigens (DeAns) consist of dendrimers decorated with multiple units of
drug antigenic determinants. These conjugates have been shown to be a powerful tool for diagnosing
penicillin allergy using in vitro immunoassays, in which they are recognized by specific IgE from
allergic patients. Here we propose a new diagnostic approach using DeAns in cellular tests, in which
recognition occurs through IgE bound to the basophil surface. Both IgE molecular recognition
and subsequent cell activation may be influenced by the tridimensional architecture and size of
the immunogens. Structural features of benzylpenicilloyl-DeAn and amoxicilloyl-DeAn (G2 and
G4 PAMAM) were studied by diffusion Nuclear Magnetic Resonance (NMR) experiments and are
discussed in relation to molecular dynamics simulation (MDS) observations. IgE recognition was
clinically evaluated using the basophil activation test (BAT) for allergic patients and tolerant subjects.
Diffusion NMR experiments, MDS and cellular studies provide evidence that the size of the DeAn,
its antigen composition and tridimensional distribution play key roles in IgE-antigen recognition
at the effector cell surface. These results indicate that the fourth generation DeAns induce a higher
level of basophil activation in allergic patients. This approach can be considered as a potential
complementary diagnostic method for evaluating penicillin allergy.

Keywords: PAMAM; dendrimeric antigens; penicillin; drug allergy; basophil activation tests

1. Introduction

Dendrimers are highly branched and regular macromolecules with well-defined structures
that attract considerable interest due to their potential applications in many fields of science.
The three-dimensional architecture of dendrimeric systems confers them various intrinsic features
such as structural homogeneity, integrity, controlled composition and high-density multidentate
homogeneous terminal groups, ready for conjugation. These characteristics, added to their stability
and versatility, mean that dendrimers have been used for many applications, such as sensing,
catalysis, molecular electronics and photonics [1]. Moreover, dendrimer and dendron nanostructures
represent ideal scaffolds for numerous bioapplications and hold great promise for the future of
nanomedicine [2,3]. One important application is related to the study of allergic drug reactions.
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Allergic drug reactions are one of the most important health problems nowadays. Betalactam (BL)
allergy is self-reported by approximately 10% of adverse drug reaction sufferers. A high proportion of
these cases are mediated by immunoglobulin E (IgE), leading to a range of symptoms, from simple
skin involvement to anaphylactic shock [4,5]. However, a variety of factors make the study of these
reactions difficult, such as a lack of knowledge of the actual drug derivatives involved, changes to
the pattern of hapten recognition over time in selected populations, the possibility of cross-reactivity
between related chemical structures and a general increase in adverse patient responses due to
environmental and genetic factors [6–8].

In addition, BL allergy has a complex diagnosis which is still not correctly addressed. Many BLs
with different chemical structures exist and each patient has a unique IgE response. An individual can
be allergic to one BL only, or cross-reactive, being allergic to BLs with the same or similar side chains,
or to multiple, potentially structurally diverse BLs from different families [9–11]. A complete diagnostic
procedure includes a detailed clinical history, which can be unreliable, followed by in vivo tests,
including skin tests, which can have low sensitivity, and drug provocation testing, which poses some
patient-risk, especially for severe reactions [12].

In vitro testing represents a more rational alternative, as it can potentially identify the
drug responsible, allowing the physician to find a safe alternative and reducing the need to perform
drug provocation testing. However, it is necessary to confirm the sensitivity, specificity and negative
and positive predictive values for these in vitro tests in order to enable their implementation in clinical
practice. The most common in vitro tests are based on the detection of specific IgE, either in serum
(immunoassays) or bound to receptors on the surface of effector cells (basophil activation tests) [13].

BLs are haptens that need to be bound covalently to a carrier protein to induce an immune response.
This hapten-carrier conjugate is used in immunoassays to quantify drug specific IgE (sIgE) in serum.
The immunoassay is the most widely used in vitro test for the diagnosis of drug allergy. However,
it has certain disadvantages, such as low sensitivity and the limited availability of commercial kits for
a small range of BLs. Among non-commercial ones, Radio Allergo Sorbent Test (RAST) is the most
commonly employed in research laboratories.

The nature of the carrier molecule is important for the development of an in vitro test for the
detection of drug sIgE antibodies, as the conjugate it forms can influence IgE recognition. Poly-L-Lysine
is the most widely used carrier molecule for the RAST, due to its accessibility, multivalency and
ease of chemical functionalization for different haptens [14,15]. However, its inherent polydispersity
complicates its precise chemical characterization and affects the reproducibility of the formed conjugate.
To avoid these handicaps and to produce dense and reproducible hapten-carrier conjugates we
proposed the use of PAMAM dendrimers [16] as carrier molecules. Their potential for emulating the
carrier protein in hapten-carrier conjugates for IgE recognition in BL allergy has been confirmed using
dendrimeric antigens (DeAns). DeAns were synthetized by incorporating benzylpenicilloyl (BPO,
the antigenic determinant of benzylpenicillin) or amoxicilloyl (AXO; the equivalent of amoxicillin)
groups in the dendrimer periphery. Bi-epitope DeAns have also been designed, including both BPO and
AXO on the same macromolecule, which enabled the detection of sIgE from selective and cross-reactive
patients [17]. The coupling of DeAns to different solid supports (cellulose disks, zeolites and silica
particles) have allowed the determination of sIgE to penicillins by RAST, and this has been shown to
have potential for diagnosis [18–23].

Although the nanotechnological advances achieved in immunoassay design are very
promising [24,25], RAST assays have certain limitations, such as dependencies on a radioactive isotope,
specific facilities and trained personnel. Thus, other techniques avoiding radioactivity are preferred
by many research groups. Consequently, the basophil activation test (BAT), another in vitro
diagnostic technique, has received increasing attention for the diagnosis of drug allergy [12,13].

Like other functional assays, BAT tries to mimic in vivo IgE-mediated cell activation and
mediator release. This test is useful for evaluating IgE-mediated reactions for a variety of injectable
drugs since there is no need to use drug-carrier conjugates. BAT is also valuable for the identification of
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the drug responsible for a reaction. However, its sensitivity depends on the drug involved, with values
of around 55% reported for BLs [26–28].

BAT is based on the determination of activation markers expressed on basophil surface after the
interaction of the drug with sIgE [13]. However, the lack of knowledge of activation mechanisms has
hampered a wider clinical application. BLs are not capable of activating basophils by themselves.
They require conjugation to a carrier molecule, generally present in the blood, that is big enough to
allow cross-linking of two sIgE bound to the basophil surface. However, no information about the size
and compositions of these conjugates is available. The use of well-defined hapten-carrier conjugates
would be a valuable tool for the investigation of the mechanism through which the activation occurs.

In this paper, we analyze BAT results in a group of patients with immediate allergic reactions to
BLs using various DeAns as immunogens. We compare the results to those obtained using the free drug
or hapten. We further analyze these results taking into account the structural features of the DeAns,
using diffusion Nuclear Magnetic Resonance (NMR) and molecular dynamics simulation (MDS).

2. Results

In the penicillin allergy scenario, the formation of the antigenic determinant structures (or
epitopes) is based on the nucleophilic attack by the amino groups of lysine residues in proteins
on the electrophilic β-lactam ring. The antigenic determinants of benzylpenicillin and amoxicillin,
BPO and AXO, respectively, have been previously characterized [17,21]. Their excellent stability enables
their use for both clinical diagnostic purposes and in research. These antigenic determinants have been
used to decorate dendrimers, generating BPO-DeAn and AXO-DeAn, respectively. Those conjugates
were used to evaluate basophil activation in vitro in blood samples from confirmed allergic patients.

2.1. Synthesis and Characterization of DeAn

PAMAM dendrimers of different generations (G2 and G4) were peripherally functionalized
with either BPO or AXO units, generating four DeAns, namely BPO-DeAn-G2, BPO-DeAn-G4,
AXO-DeAn-G2 and AXO-DeAn-G4 (Figure 1a). All conjugates were fully characterized to confirm
complete functionalization by means of 1H and 13C NMR [17,21].

The MDS study provided information on the size and shape of the DeAn conjugates.
Both DeAn-G2 conjugates were found to be similar in size, as quantified by the radius of gyration (Rg),
Table 1. The DeAn-G4 conjugates were also found to be similar sizes to each other. The shape of the
macromolecules is indicated by the asphericities values (δ). Values can range between 1 (for a linear
arrangement of atoms) and 0 (for shapes with high 3D similarity). The observed values (Table 1) imply
that higher generation conjugates have more globular structures.

The conjugates were examined by diffusion NMR to estimate their size in aqueous solution.
Diffusion coefficients (D) were determined with DOSY (difussion-ordered spectrocopy) eperiments
and used to estimate size in Å by calculating the hydrodynamic radius (RH) using the Stokes-Einstein
equation (Table 1) [29,30]. As expected, the larger DeAn-G4 conjugates diffused more slowly,
resulting in higher RH values than the smaller DeAn-G2 conjugates.

The values calculated by MDS are in broad agreement with those obtained from the
DOSY experiments, showing values of ~14 Å for DeAn-G2 and ~20–22 Å for DeAn-G4.

Table 1. Radius of gyration Rg, aspect ratios (Iz/Ix and Iz/Iy), asphericities (δ) [calculated by MDS] [17,21],
diffusion coefficients (D) and hydrodynamic radius (RH) [determined by NMR experiments] of DeAns.

Dendrimer
MDS NMR Experiments

Rg (Å) Iz/Ix Iz/Iy δ D (m2s−1) RH (Å)

BPO-DeAn-G2 14.20 2.40 2.40 0.054 1.38 × 10−10 14.50
BPO-DeAn-G4 21.90 1.25 1.17 0.005 1.00 × 10−10 20.04
AXO-DeAn-G2 13.65 1.74 1.20 0.024 1.40 × 10−10 14.32
AXO-DeAn-G4 22.03 1.61 1.07 0.019 1.00 × 10−10 20.04
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Figure 1. Immunogen structures and BAT results: (a) Chemical structure of the series of immunogens
evaluated: the free drugs, BP and AX; DeAn-G2 decorated with BPO (BPO-DeAn-G2) or AXO
(AXO-DeAn-G2) and DeAn-G4 decorated with BPO (BPO-DeAn-G4) or AXO (AXO-DeAn-G4);
(b) Evaluation of BAT performed with different immunogens related to BP and AX: individual BAT
results expressed as SI of each structure for patients and controls. BAT represents the mean of five
determinations plus the mean + SEM (Standard Error of the Mean).

2.2. Clinical Evaluation

In order to study the potential of the different DeAns to be used as antigen in the BAT for
the diagnosis of benzylpenicillin and amoxicillin allergy, we evaluated basophil activation through
specific IgE recognition at the cell surface. This was achieved using BAT with blood samples from
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three amoxicillin-allergic patients and two individuals tolerant to this drug (Table 2), according to
conventional diagnostic protocols applied in clinical practice (European Network of Drug Allergy,
ENDA) [31].

Table 2. Classification and clinical characteristics of controls and patients diagnosed with an immediate
allergic reaction to AX included in the study.

Subject Sex
Age

(Years) Reaction
Responsible

Drug Int R-S
Skin Test RAST

BP-OL MD AX +to Other Drug BPO-PLL AXO-PLL

Contr 1 F 43 Urticaria/AE Cefaclor 5 − − − Cefaclor − −
Contr 2 F 48 Anaphylaxis Cefur 3 − − − Cefur − −

Pat 1 M 28 Anaphylaxis AX 5 − − + nd − −
Pat 2 M 30 Anaphylaxis AX 5 nd nd nd nd + +
Pat 3 F 18 Anaphylaxis BP 6 + - + nd + +

Abbreviations. Contr: Control; Pat: Patient; F: female; M: male; AE: Angioedema; AX: Amoxicillin;
BP: Benzylpenicillin; Cefur: Cefuroxime; Int R-S: Time interval between reaction and in vitro study (months);
BP-OL: benzylpenicilloyl-octa-L-lysine; MD: benzylpenicillin minor determinant; (−): negative; (+): positive;
nd: not determined; RAST: Radioallergosorbent test; BPO-PLL: benzylpenicilloyl-poly-L-lysine; AXO-PLL:
amoxicilloyl-poly-L-lysine.

BAT results (Figure 1b) were considered positive when the stimulation index (SI) was greater than
two to at least one of the concentrations used. SI was calculated as the ratio between the percentage
of activated basophils with the different immunogens (free drugs and DeAns), compared to the
percentage activated with the negative control. Results for patient 1, who is allergic to AX but not BP,
showed positive BAT results to the free drug (AX), as well as to the DeAn cojugates decorated with
AXO units. Negative values were obtained with BP and both BP-derived DeAn conjugates. Results for
patient 2, who is a cross-responder to BP and AX, showed a positive SI to only one free drug, BP, and all
the DeAns. Similarly, data obtained for patient 3, a cross-responder to BP and AX, showed positivity
to only one of the free drugs, in this case AX, and all the DeAn conjugates. In all cases, higher values
of SI were obtained for DeAn-G4 than DeAn-G2.

When analyzing the data for tolerant individuals (i.e., control subjects allergic to neither AX
nor BP), a positive BAT result is observed in control 2 for the free molecule of AX, yielding a false
positive result. However, it is important to note that negative test results were obtained using
DeAns for both control individuals, even though they are allergic to other BLs (cephalosporins).
Similarly, patient 1 only showed a positive BAT for the AX-derived molecules with no activation of
any BP-derived conjugates. In terms of the chemical structure, additional amino and hydroxyl groups
on the benzyl side chain of AX compared to the side chain of BP may explain the differential activation
through IgE recognition at basophil surfaces. These preliminary results indicate a high specificity of
the BAT when using DeAns as immunogens. The high specificity of sIgE recognition for BPO-DeAn
and AXO-DeAn has already been demonstrated in immunoassays [17], however this is the first time
they have been evaluated in cellular assays.

We evaluated whether the inclusion of these DeAns can improve the potential of BAT for
diagnosing penicillin allergic patients. Employing the current available approach using the free
drug alone, of the three patients allergic to AX (patients 1, 2 and 3) basophil activation occurred in two
of them (patients 1 and 3), and of the two patients allergic to BP (patients 2 and 3) only patient 2 showed
positive results. These ratios increase to three of three of patients using AXO-DeAn and two of two
using BPO-DeAn, respectively. Thus, all patients were correctly diagnosed as allergic, demonstrating
that the inclusion of DeAns improves test sensitivity. Moreover, sensitivity was also better than that
obtained by RAST, which could only diagnose two of the three patients correctly (Table 2).

3. Discussion

The diagnosis of penicillin allergy is complex and there is a large and unmet need from health-care
professionals for better in vitro methods. The sensitivity of the tests can be influenced by the structure
of the immunogen and is related to the underlying mechanisms involved in the allergic process.
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Activation of effector cells, mast cells and basophils, requires antigens of a certain size [32] and may be
negatively affected by the separation between the antigenic determinants [32,33]. In the case of drugs,
they are thought to act as haptens, as they are considered too small to induce allergy by themselves.
To reach the adequate size to induce reactions, penicillins must bind proteins covalently, forming
conjugates [34–36]. The simultaneous recognition of a penicillin-protein conjugate by at least two sIgE
molecules bound to adjacent FcεRI at the cellular surface is known as cross-linking. This induces
degranulation of the effector cells, leading to the release of inflammatory mediators responsible for the
reaction [35].

In the BAT scenario, the free drugs (AX or BP) are assumed to bind proteins present in blood
covalently through β-lactam reactivity, forming a big enough conjugate to achieve cross-linking.
This approach attempts to emulate in vivo conditions, however it lacks information about the chemical
composition of the conjugate inducing the activation. By using DeAns, one has more control over
conjugate size, multivalence and the structure of peripheral antigenic determinants, allowing more
reproducible assays. The use of the appropriate DeAn structure ensure the optimal interaction between
the drug moieties and sIgE on the basophil surface, inducing more potent basophil degranulation and
improving BAT sensitivity.

These relationships between cell activation and immunogen structure have been recently explored
in in vitro studies performed in animal models using 2,4-dinitrophenyl (DNP) as a model hapten.
It was found that the number of epitopes and the distance between them in synthetic nanostructures
have different effects on mast cell degranulation [32,37–39]. One of these studies, using dendrimers
decorated with DNP epitopes, showed that larger DNP16-dendrimers (64 Å) trigger mast cell
degranulation by cross-linking IgE-receptor complexes, whereas smaller DNP-dendrimers are
inhibitory [39]. Other studies have analyzed these relationships in BLs using monovalent haptens,
which could be recognized by IgE but unable to bind two adjacent antibodies simultaneously.
These structures were shown to inhibit the development of an allergic reaction [31,40,41], for both
in vitro and in vivo tests in BP allergic patients, however this finding has not been further explored in
a clinical setting. Most of our current knowledge regarding the activation of nanostructures in effector
cell degranulation is based on studies performed with model ligands and animal mast cells. To the
best of our knowledge, no studies employing this strategy have been used with real haptens or in
human samples.

These studies have provided much needed information about the requirements necessary to
activate effector cells, which cannot be deduced using the free drug alone. In fact, little is known
about the nature of the adduct that activates basophils in the assay. In this context, the size of the
actual carrier protein, the number of reactive sites, and the proximity between them are considered
key factors that influence the cross-linking process, and their evaluation would be very complex.
The use of well-defined nanostructures with consistent sizes and epitope density will provide a
valuable tool to study the structural parameters required for these cell processes. We evaluated the
ability of these nanostructures to stimulate basophils and we found that DeAns were able to induce
activation in a selective and specific way. Interestingly, basophils from allergic patients follow similar
patterns regarding generation: DeAn-G4 produces higher SI than DeAn-G2; this could be due to
the size, valence or proximity between epitopes in the immunogen: compared to DeAn-G2, DeAn-G4
have a higher size (~20 Å vs. ~14 Å), an increased density of epitopes (64 vs. 16) and a higher
proximity between them, favoring the IgE cross-linking on cell surface, and enhancing activation.
This preliminary data suggests that using a size of approximately 20 Å as well as a higher density
of epitopes may better resemble the IgE molecular recognition that occurs with penicillin-protein
conjugates formed in vivo.
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4. Materials and Methods

4.1. Molecular Dynamic Simulation (MDS)

Dendrimer Building. AXO-DeAn-G2 was produced using the previously described procedure [17].
Simulation Details. Full atomistic simulation was performed in water as explicit solvent at

neutral pH. We used the AMBER 12 MD software package for all calculations [42]. To preserve
overall charge neutrality and represent more realistic conditions, an appropriate number of Na+ and
Cl− counterions were added and the molecules hydrated, using the TIP3P water model [43], in a
truncated octahedral cell. The dimensions of the cell were chosen to provide a minimum 10 Å solvation
shell around the dendrimer structure.

Solvated structures were minimized as described previously [44], using six cycles of conjugated
gradient minimization. During the initial cycle, dendrimers were kept in their starting conformation
using a harmonic constraint with a force constant of 500 kcal/mol-Å2. This was followed by
another five periods of minimization while decreasing the harmonic restraint force constant from
20 kcal/mol-Å2 to zero in steps of 5 kcal/mol-Å2. To allow a slow relaxation of the assembled
dendrimer-solvent system, the minimized structure was heated slowly from 0 to 300 K with three steps
of 40 ps of MD, the first of them under conditions of constant volume-constant temperature (NVT) and
the rest under constant pressure-constant temperature (NPT) conditions. Initially, we applied a weak
20 kcal/mol-Å2 harmonic constraint to the solute starting structure and slowly decreased it to zero in
5 kcal/mol-Å2 steps. At this point the dendrimer relaxation was determined from the autocorrelation
function of the squared radius-of-gyration.

Finally, we carried out 2 ns of unconstrained MD simulation in NPT ensemble to equilibrate the
system at 300 K. To solve the motion equation we used the Verlet leapfrog algorithm [44], with an
integration step of 2 fs. Bond lengths involving bonds to hydrogen atoms were constrained using the
SHAKE algorithm [45], using a geometrical tolerance of 5 × 10−4 Å.

Finally, starting from the configurations generated by the above procedure, production runs of
20 ns trajectories were performed under an NPT ensemble. Temperature regulation was achieved using
the Berendsen weak coupling method (1 ps time constant for heat bath coupling and 0.5 ps for pressure
relaxation time) [46]. The particle-mesh Ewald (PME) algorithm was employed to treat long-range
electrostatic interactions [47], with a real space cut off of 9 Å. The same cutoff was used for van der
Waals interactions. For the structural analyses (Rg, dendrimer shape, etc.), the last 1 ns equilibrated
trajectory was used. Amber modules ptraj and cpptraj were used to accomplish these analyses.
VMD software was used for the calculation of molecular surfaces [48].

4.2. DOSY Nuclear Magnetic Resonance (NMR) Experiments

The samples were prepared in deuterium oxide at a concentration of.0.5 mM (within the infinite
dilution range for similar samples at 0.1–2.1 mM) [30]. The experiments have been performed on a
The Bruker AscendTM 400 MHz spectrometer, equipped with a 5 mm BBFOPLUS probe with 2H “lock”
channel and z gradient. The spectrometer is also equipped with a control temperature unit prepared
to work at temperatures ranging from 0 ◦C to +50 ◦C. Gradient strength was calibrated by measuring
the diffusion rate of pure water of residual protons in D2O. All experiments were conducted at 300 K.
The samples were allowed to equilibrate for no fewer than 15 min.

To determine the diffusion rates, a 2D sequence using double stimulated echo for convection
compensation and LED using bipolar gradient pulses for diffusion was used.

The diffusion coefficients determined were used to calculate the hydrodynamic radius via the
Stokes-Einstein equation: RH = KBT/6πηD, were KB is the Boltzmann constant, T is the temperature
and η is the viscosity of the solution (1.0963 cP for D2O viscosity) [30].
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4.3. Patients

Subjects, 2 tolerant and 3 with an immediate allergic reaction to penicillins, were included
in the study. Diagnosis was confirmed following the European Academy of Allergy and Clinical
Immunology (EAACI)/European Network for Drug Allergy (ENDA) guidelines [49]. Patients were
classified into two groups: cross-reactors when they recognized AX as well as major and minor
determinants of BP by skin testing, RAST or drug provocation test; and selective reactors when
positive to AX, although negative to determinants of BP.

The study was conducted according to the Declaration of Helsinki principles and was approved
by the Provincial Ethics Committee of Malaga. All subjects included in the study were informed orally
and signed the corresponding informed consent.

4.4. Basophil Activation Tests

Basotest (Orpegen Pharma, Heidelberg, Germany) was used following the manufacturer’s
recommendations and previous procedures [26]. Briefly, 100 μL of heparinized whole blood was
incubated with stimulation buffer for 10 min at 37 ◦C in a water bath. After this, 100 μL of
the washing solution was added to the negative control tube and fMLP (chemotactic peptide
N-Formyl-Met-Leu-Phe) to the positive control tube. Samples were incubated with two immunogen
concentrations: BP at 2 and 0.5 mg/mL; AX at 1.2 and 0.25 mg/mL and DeAns at 1 and 0.1 mg/mL
(chosen on the basis of previous dose–response curves and cytotoxicity studies). The samples were
incubated for 20 min at 37 ◦C in a water bath. The degranulation was stopped by incubating the
samples on ice for 5 min and then 20 μL of staining reagent containing two monoclonal antibodies,
anti-IgE PE and antigp53 FITC (gp53 is a glycoprotein expressed on activated basophils), was added
to each tube and incubated for 20 min in an ice bath covered to prevent exposure to light. The cells
were analyzed in a flow cytometer by acquiring at least 1000 basophils per sample. Results were
considered as positive when the SI, calculated as the ratio between the percentage of degranulated
basophils with the different haptens and the negative control, was greater than two to at least one of
the dilutions mentioned above. When the percentage of spontaneously activated basophils was less
than 2.5%, the percentage of basophils activated after contact with the antigen should be equal to or
greater than 5%. The BAT selection strategy of representative samples for a patient and a control is
shown in Figure 2.

Figure 2. Cytometry dot plots showing: (a) basophils selection strategy; (b) a representative example
(patient 3 and control 2) of results for all the immunogens tested, including native drug and DeAns.
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5. Conclusions

The study of the structural requirements of conjugates for basophil activation can define the
suitable molecules needed to perform BAT with increased sensitivity. Structural properties of DeAn
have shown to be appropriate for intra-molecular cross-linking of sIgE bound to FcεRI on basophils.
This preliminary study has allowed, for the first time, the performance of BAT with molecules other
than the free drug, which enhances the response by way of a better control of the method in terms
of reproducibility regarding the immunogen size and density of epitopes. Nothing similar designed
at the nanoscale focused on basophils has been undertaken, and potential application to diagnosis
are foreseeing, in terms of sensitivity of the test.

Author Contributions: E.P.-I., M.I.M. and Y.V. conceived and designed the experiments; N.M., A.M.-S. and A.T.
performed the chemical synthesis and analysis of the compounds; F.N. performed molecular dynamic simulation
studies; C.M. and T.D.F. performed cellular tests and analyzed BAT data; M.J.T. evaluated and selected patients
and controls; Y.V., M.I.M. and T.D.F. analyzed all the data and wrote the paper with input from E.P.-I.

Acknowledgments: We thank James R. Perkins for his help with the final English language version of
this manuscript. The present study has been supported by State Secretariat for Research, Development and
Innovation of the Ministry of Economy and Competitiveness (grants cofunded by European Regional Development
Fund (ERDF)): MINECO CTQ2016-75870P; by Institute of Health “Carlos III” (ISCIII) of MINECO (grants
cofunded by ERDF): PI12/02529, PI15/01206, CP15/00103, PI17/01237, RETICs RIRAAF RD12/0013/0001
and 0003 and RETIC ARADYAL RD16/0006/0001 and 0012; by Andalusian Regional Ministry of Economy and
Knowledge (grants cofunded by ERDF): CTS-06603; by Andalusian Regional Ministry Health (grants: PI-0699-2011,
PI-0179-2014, PI-0241-2016 and PI-0250-2016), and “Premio UNICAJA a la innovación en biomedicina y salud”.
NM holds a FPU grant of MECD (FPU15/00641). TDF hold a “Ramon y Cajal” research contract from MINECO
(RYC-2013-13138). AT has received funding from the European Union’s H2020 research and innovation programme
under the Marie Skłodowska-Curie grant agreement No 713721. CM holds a ‘Nicolas Monardes’ research contract
by Andalusian Regional Ministry Health: C-0044-2012 SAS 2013. MIM holds a “Miguel Servet I” (CP15/00103)
contract by ISCIII of MINECO (grants cofunded by European Social Fund (ESF)). Partially supported by Open
Access Funds from “Universidad de Málaga”.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Astruc, D.; Boisselier, E.; Ornelas, C. Dendrimers Designed for Functions: From Physical, Photophysical,
and Supramolecular Properties to Applications in Sensing, Catalysis, Molecular Electronics, Photonics,
and Nanomedicine. Chem. Rev. 2010, 110, 1857–1959. [CrossRef] [PubMed]

2. Mintzer, M.A.; Grinstaff, M.W.; Paetsch, I.; Hunold, P.; Mahler, M.; Shamsi, K.; Nagel, E.; Price, C.F.; Clark, L.J.;
Paull, J.R.A.; et al. Biomedical applications of dendrimers: a tutorial. Chem. Soc. Rev. 2011, 40, 173–190.
[CrossRef] [PubMed]

3. Mignani, S.; Rodrigues, J.; Tomas, H.; Zablocka, M.; Shi, X.; Caminade, A.-M.; Majoral, J.-P. Dendrimers in
combination with natural products and analogues as anti-cancer agents. Chem. Soc. Rev. 2018, 47, 514–532.
[CrossRef] [PubMed]

4. Uetrecht, J. Idiosyncratic Drug Reactions: Past, Present, and Future. Chem. Res. Toxicol. 2008, 21, 84–92.
[CrossRef] [PubMed]

5. Uetrecht, J. Immune-Mediated Adverse Drug Reactions. Chem. Res. Toxicol. 2009, 22, 24–34. [CrossRef]
[PubMed]

6. Ebo, D.G.; Leysen, J.; Mayorga, C.; Rozieres, A.; Knol, E.F.; Terreehorst, I. The in vitro diagnosis of drug
allergy: status and perspectives. Allergy 2011, 66, 1275–1286. [CrossRef] [PubMed]

7. Moggs, J.G.; Terranova, R.; Kammüller, M.E.; Chibout, S.-D.; Chapman, V.; Dearman, R.J.; Kimber, I.
Regulation of Allergic Responses to Chemicals and Drugs: Possible Roles of Epigenetic Mechanisms.
Toxicol. Sci. 2012, 130, 60–69. [CrossRef] [PubMed]

8. Akdis, C.A. Allergy and hypersensitivity: Mechanisms of allergic disease. Curr. Opin. Immunol. 2006,
18, 718–726. [CrossRef] [PubMed]

9. Antunez, C.; Martin, E.; Cornejo-Garcia, J.; Blanca-Lopez, N.; R-Pena, R.; Mayorga, C.; Torres, M.; Blanca, M.
Immediate Hypersensitivity Reactions to Penicillins and Other Betalactams. Curr. Pharm. Des. 2006,
12, 3327–3333. [CrossRef] [PubMed]

153



Molecules 2018, 23, 997

10. Ariza, A.; Barrionuevo, E.; Mayorga, C.; Montañez, M.I.; Perez-Inestrosa, E.; Ruiz-Sánchez, A.;
Rodríguez-Guéant, R.M.; Fernández, T.D.; Guéant, J.L.; Torres, M.J.; et al. IgE to penicillins with different
specificities can be identified by a multiepitope macromolecule: Bihaptenic penicillin structures and
IgE specificities. J. Immunol. Methods 2014, 406, 43–50. [CrossRef] [PubMed]

11. Montañez, M.I.; Ariza, A.; Mayorga, C.; Fernandez, T.D.; Torres, M.J. Cross-Reactivity in Betalactam Allergy:
Alternative Treatments. Curr. Treat. Opt. Allergy 2015, 2, 141–154. [CrossRef]

12. Fernandez, T.D.; Mayorga, C.; Salas, M.; Barrionuevo, E.; Posadas, T.; Ariza, A.; Laguna, J.J.; Moreno, E.;
Torres, M.J.; Doña, I.; et al. Evolution of diagnostic approaches in betalactam hypersensitivity. Expert Rev.
Clin. Pharmacol. 2017, 10, 671–683. [CrossRef] [PubMed]

13. Doña, I.; Torres, M.J.; Montañez, M.I.; Fernández, T.D. In vitro diagnostic testing for antibiotic allergy.
Allergy Asthma Immunol. Res. 2017, 9, 288–298. [CrossRef] [PubMed]

14. Blanca, M.; Mayorga, C.; Perez, E.; Suau, R.; Juarez, C.; Vega, J.M.; Carmona, M.J.; Perez-Estrada, M.; Garcia, J.
Determination of IgE antibodies to the benzyl penicilloyl determinant. A comparison between poly-l-lysine
and human serum albumin as carriers. J. Immunol. Methods 1992, 153, 99–105. [CrossRef]

15. Torres, M.J.; Mayorga, C.; Pamies, R.; Juarez, C.; Blanca, M.; Romano, A. Immunologic response to
different determinants of benzylpenicillin, amoxicillin, and ampicillin. Comparison between urticaria
and anaphylactic shock. Allergy 1999, 54, 936–943. [CrossRef] [PubMed]

16. Fréchet, J.M.J.; Tomalia, D.A. Dendrimers and Other Dendritic Polymers; Wiley: Hoboken, NJ, USA, 2001;
ISBN 9780470845820.

17. Montañez, M.I.; Najera, F.; Mayorga, C.; Ruiz-Sanchez, A.J.; Vida, Y.; Collado, D.; Blanca, M.; Torres, M.J.;
Perez-Inestrosa, E. Recognition of multiepitope dendrimeric antigens by human immunoglobulin E.
Nanomed. Nanotechnol. Biol. Med. 2015, 11, 579–588. [CrossRef] [PubMed]

18. Sánchez-Sancho, F.; Pérez-Inestrosa, E.; Suau, R.; Mayorga, C.; Torres, M.J.A.; Blanca, M. Dendrimers
as Carrier Protein Mimetics for IgE Antibody Recognition. Synthesis and Characterization of Densely
Penicilloylated Dendrimers. Bioconjug. Chem. 2002, 13, 647–653. [CrossRef] [PubMed]

19. Montañez, M.I.; Perez-Inestrosa, E.; Suau, R.; Mayorga, C.; Torres, M.J.; Blanca, M. Dendrimerized Cellulose
as a Scaffold for Artificial Antigens with Applications in Drug Allergy Diagnosis. Biomacromolecules 2008,
9, 1461–1466. [CrossRef] [PubMed]

20. Montañez, M.I.; Mayorga, C.; Torres, M.J.; Blanca, M.; Perez-Inestrosa, E. Methodologies to anchor
dendrimeric nanoconjugates to solid phase: toward an efficient in vitro detection of allergy to β-lactam
antibiotics. Nanomed. Nanotechnol. Biol. Med. 2011, 7, 682–685. [CrossRef] [PubMed]

21. Montañez, M.I.; Najera, F.; Perez-Inestrosa, E. NMR Studies and Molecular Dynamic Simulation of Synthetic
Dendritic Antigens. Polymers 2011, 3, 1533–1553. [CrossRef]

22. Ruiz-Sanchez, A.J.; Montanez, M.I.; Mayorga, C.; Torres, M.J.; Kehr, N.S.; Vida, Y.; Collado, D.; Najera, F.;
De Cola, L.; Perez-Inestrosa, E. Dendrimer-modified solid supports: nanostructured materials with potential
drug allergy diagnostic applications. Curr. Med. Chem. 2012, 19, 4942–4954. [CrossRef] [PubMed]

23. Vida, Y.; Montañez, M.I.; Collado, D.; Najera, F.; Ariza, A.; Blanca, M.; Torres, M.J.; Mayorga, C.;
Perez-Inestrosa, E. Dendrimeric antigen–silica particle composites: an innovative approach for IgE
quantification. J. Mater. Chem. B 2013, 1, 3044–3050. [CrossRef]

24. Montañez, M.I.; Ruiz-Sanchez, A.J.; Perez-Inestrosa, E. A perspective of nanotechnology in hypersensitivity
reactions including drug allergy. Curr. Opin. Allergy Clin. Immunol. 2010, 10, 297–302. [CrossRef] [PubMed]

25. Mayorga, C.; Perez-Inestrosa, E.; Molina, N.; Montañez, M.I. Development of nanostructures in the diagnosis
of drug hypersensitivity reactions. Curr. Opin. Allergy Clin. Immunol. 2016, 16, 300–307. [CrossRef] [PubMed]

26. Torres, M.J.; Padial, A.; Mayorga, C.; Fernández, T.; Sanchez-Sabate, E.; Cornejo-Garcia, J.A.; Antúnez, C.;
Blanca, M. The diagnostic interpretation of basophil activation test in immediate allergic reactions to
betalactams. Clin. Exp. Allergy 2004, 34, 1768–1775. [CrossRef] [PubMed]

27. De Weck, A.L.; Sanz, M.L.; Gamboa, P.M.; Aberer, W.; Sturm, G.; Bilo, M.B.; Montroni, M.; Blanca, M.;
Torres, M.J.; Mayorga, L.; et al. Diagnosis of Immediate-Type ß-Lactam Allergy In Vitro by Flow-Cytometric
Basophil Activation Test and Sulfidoleukotriene Production: A Multicenter Study. J. Investig. Allergol.
Clin. Immunol. 2009, 19, 91.

154



Molecules 2018, 23, 997

28. Torres, M.J.; Ariza, A.; Mayorga, C.; Doña, I.; Blanca-Lopez, N.; Rondon, C.; Blanca, M. Clavulanic acid
can be the component in amoxicillin-clavulanic acid responsible for immediate hypersensitivity reactions.
J. Allergy Clin. Immunol. 2010, 125, 502–505.e2. [CrossRef] [PubMed]

29. Van Dongen, M.A.; Orr, B.G.; Banaszak Holl, M.M. Diffusion NMR Study of Generation-Five PAMAM
Dendrimer Materials. J. Phys. Chem. B 2014, 118, 7195–7202. [CrossRef] [PubMed]

30. Jiménez, V.A.; Gavín, J.A.; Alderete, J.B. Scaling trend in diffusion coefficients of low generation G0–G3
PAMAM dendrimers in aqueous solution at high and neutral pH. Struct. Chem. 2012, 23, 123–128. [CrossRef]

31. De Weck, A.L.; Jeunet, F.; Schulz, K.H.; Louis, P.; Girard, J.P.; Grilliat, J.P.; Moneret-Vautrin, D.; Storck, H.;
Wuthrich, B.; Spengler, H.; et al. Clinical trial of Ro 6-0787, a monovalent specific hapten inhibitor of
penicillin allergy. Z. Immunitatsforsch. Exp. Klin. Immunol. 1975, 150, 138–160. [PubMed]

32. Paar, J.M.; Harris, N.T.; Holowka, D.; Baird, B. Bivalent ligands with rigid double-stranded DNA spacers
reveal structural constraints on signaling by Fc epsilon RI. J. Immunol. 2002, 169, 856–864. [CrossRef]
[PubMed]

33. Posner, R.G.; Subramanian, K.; Goldstein, B.; Thomas, J.; Feder, T.; Holowka, D.; Baird, B. Simultaneous
cross-linking by two nontriggering bivalent ligands causes synergistic signaling of IgE Fc epsilon RI
complexes. J. Immunol. 1995, 155, 3601–3609. [PubMed]

34. Ariza, A.; Mayorga, C.; Salas, M.; Doña, I.; Martín-Serrano, Á.; Pérez-Inestrosa, E.; Pérez-Sala, D.;
Guzmán, A.E.; Montañez, M.I.; Torres, M.J. The influence of the carrier molecule on amoxicillin recognition
by specific IgE in patients with immediate hypersensitivity reactions to betalactams. Sci. Rep. 2016, 6, 35113.
[CrossRef] [PubMed]

35. Ariza, A.; Mayorga, C.; Fernández, T.D.; Barbero, N.; Martín-Serrano, A.; Pérez-Sala, D.; Sánchez-Gómez, F.J.;
Blanca, M.; Torres, M.J.; Montanez, M.I. Hypersensitivity Reactions to β-Lactams: Relevance of
Hapten-Protein Conjugates. J. Investig. Allergol. Clin. Immunol. 2015, 25, 12–25. [PubMed]

36. Ariza, A.; Collado, D.; Vida, Y.; Montañez, M.I.; Pérez-Inestrosa, E.; Blanca, M.; Torres, M.J.; Cañada, F.J.;
Pérez-Sala, D. Study of protein haptenation by amoxicillin through the use of a biotinylated antibiotic.
PLoS ONE 2014, 9, e90891. [CrossRef] [PubMed]

37. Gieras, A.; Linhart, B.; Roux, K.H.; Dutta, M.; Khodoun, M.; Zafred, D.; Cabauatan, C.R.; Lupinek, C.;
Weber, M.; Focke-Tejkl, M.; et al. IgE epitope proximity determines immune complex shape and effector cell
activation capacity. J. Allergy Clin. Immunol. 2016, 137, 1557–1565. [CrossRef] [PubMed]

38. Sil, D.; Lee, J.B.; Luo, D.; Holowka, D.; Baird, B. Trivalent Ligands with Rigid DNA Spacers Reveal Structural
Requirements For IgE Receptor Signaling in RBL Mast Cells. ACS Chem. Biol. 2007, 2, 674–684. [CrossRef]
[PubMed]

39. Baird, E.J.; Holowka, D.; Geoffrey, W.; Coates, A.; Baird, B. Highly Effective Poly(Ethylene Glycol)
Architectures for Specific Inhibition of Immune Receptor Activation. Biochemistry 2003, 42, 12739–12748.
[CrossRef] [PubMed]

40. Levine, B.B. N(alpha-D-penicilloyl) amines as univalent hapten inhibitors of antibodydependent allergic
reactions to penicillin. J. Med. Pharm. Chem. 1962, 91, 1025–1034. [CrossRef] [PubMed]

41. De Weck, A.L.; Girard, J.P. Specific Inhibition of Allergic Reactions to Penicillin in Man by a Monovalent
Hapten. Int. Arch. Allergy Immunol. 1972, 42, 798–815. [CrossRef]

42. Case, D.A.; Darden, T.A.; Cheatham, T.E., III; Simmerling, C.L.; Wang, J.; Duke, R.E.; Luo, R.; Walker, R.C.;
Zhang, W.; Merz, K.M.; et al. AMBER 12; University of California: San Francisco, CA, USA, 2012.

43. Jorgensen, W.L.; Chandrasekhar, J.; Madura, J.D.; Impey, R.W.; Klein, M.L. Comparison of simple potential
functions for simulating liquid water. J. Chem. Phys. 1983, 79, 926–935. [CrossRef]

44. Maingi, V.; Jain, V.; Bharatam, P.V.; Maiti, P.K. Dendrimer building toolkit: Model building and
characterization of various dendrimer architectures. J. Comput. Chem. 2012, 33, 1997–2011. [CrossRef]
[PubMed]

45. Ryckaert, J.-P.; Ciccotti, G.; Berendsen, H.J. Numerical integration of the cartesian equations of motion of a
system with constraints: molecular dynamics of n-alkanes. J. Comput. Phys. 1977, 23, 327–341. [CrossRef]

46. Berendsen, H.J.C.; Postma, J.P.M.; van Gunsteren, W.F.; DiNola, A.; Haak, J.R. Molecular dynamics with
coupling to an external bath. J. Chem. Phys. 1984, 81, 3684–3690. [CrossRef]

47. Darden, T.; York, D.; Pedersen, L. Particle mesh Ewald: An N log(N) method for Ewald sums in large
systems. J. Chem. Phys. 1993, 98, 10089–10092. [CrossRef]

155



Molecules 2018, 23, 997

48. Humphrey, W.; Dalke, A.; Schulten, K. VMD: Visual molecular dynamics. J. Mol. Graph. 1996, 14, 33–38.
[CrossRef]

49. Torres, M.J.; Blanca, M.; Fernandez, J.; Romano, A.; Weck, A.; Aberer, W.; Brockow, K.; Pichler, W.J.; Demoly, P.
Diagnosis of immediate allergic reactions to beta-lactam antibiotics. Allergy 2003, 58, 961–972. [CrossRef]
[PubMed]

Sample Availability: Samples of the compounds not are available from the authors.

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

156



molecules

Article

Fluorescent Dendritic Micro-Hydrogels: Synthesis,
Analysis and Use in Single-Cell Detection

Lisa Christadore 1, Mark W. Grinstaff 1,2,* and Scott E. Schaus 1,*

1 Department of Chemistry, Boston University, Boston, MA 02215, USA; lmchristadore1@gmail.com
2 Departments of Biomedical Engineering and Medicine, Boston University, Boston, MA 02215, USA
* Correspondence: mgrin@bu.edu (M.W.G.); seschaus@bu.edu (S.E.S.);

Tel.: +1-617-358-3429 (M.W.G.); +1-617-353-2489 (S.E.S.)

Academic Editor: Ashok Kakkar
Received: 21 March 2018; Accepted: 11 April 2018; Published: 18 April 2018

Abstract: Hydrogels are of keen interest for a wide range of medical and biotechnological
applications including as 3D substrate structures for the detection of proteins, nucleic acids, and cells.
Hydrogel parameters such as polymer wt % and crosslink density are typically altered for a specific
application; now, fluorescence can be incorporated into such criteria by specific macromonomer
selection. Intrinsic fluorescence was observed at λmax 445 nm from hydrogels polymerized from lysine
and aldehyde- terminated poly(ethylene glycol) macromonomers upon excitation with visible light.
The hydrogel’s photochemical properties are consistent with formation of a nitrone functionality.
Printed hydrogels of 150 μm were used to detect individual cell adherence via a decreased in
fluorescence. The use of such intrinsically fluorescent hydrogels as a platform for cell sorting and
detection expands the current repertoire of tools available.

Keywords: dendrimer; hydrogel; screening; crosslinking; fluorescence

1. Introduction

Dendrimers are well-defined macromolecules with unique properties that are advantageous for a
wide range of applications [1–4], with particular utility in medical and biotechnological systems [5–10].
For example, dendrimer-based delivery vehicles for anticancer drugs provide new approaches to
tune cellular uptake and pharmacokinetics [11–20]. Multifunctionalized dendritic macromonomers
are of interest for the formation of crosslinked hydrogels to repair bone [21] and soft tissues [22–28],
to engineer cartilage tissue scaffolds [29,30], to deliver drugs [31,32], and to prepare microarrays
for screening protein and nucleic acid interactions [33]. The latter study led us to the discovery of
intrinsic fluorescence emitted by hydrogels prepared from PEG-(CHO)2 and PEG-(Lys)2, PEG-(Lys2)2,
or [G1]-Lys-NH2 macromonomers. The macromonomers rapidly polymerized on aldehyde-coated
slides to yield Schiff-base crosslinked hydrogels. When the hydrogel microarrays were analyzed with
a fluorescent scanner, distinct fluorescence was observed that persisted over multiple days and washes
with aqueous buffer. Herein, we describe the visible fluorescence, propose the origin of its emission,
and develop a hydrogel label-free single-cell assay.

Previous studies described fluorescence from amine-containing poly(amido amine) and
poly(propylene imine) dendrimers in solution with emission maximums between 440 and 450 nm upon
excitation at ≈380 nm [34–38]. Several groups reported that dendrimer fluorescence intensified with
prolonged exposure to oxygen. Furthermore, emission intensities increased linearly with dendrimer
concentrations and were unaffected by terminal group composition. These results suggested that the
fluorescence was directly related to the dendrimers’ common tertiary amine and/or amide backbones.
Recent studies by Qian et al. suggest that the imine bond in the imidic acid group present within the
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PAMAM structure is responsible for emission [39,40]. In our studies, we propose that aerobic oxidation
of the imine may be responsible for the fluorescence observed from the Schiff-base crosslinked hydrogels.

2. Results and Discussion

We employed steady-state spectrofluorimetry and confocal fluorescence microscopy to analyze
hydrogel fluorescence (Figure 1, top). Figure 1 middle depicts the excitation and emission fluorescence
profiles of the Schiff-base crosslinked hydrogel. The excitation maximum was observed at 380 nm,
and emission occurred over a broad range with a maximum at 445 nm. These results indicated a
unique fluorescent structure existed within the hydrogel network that exhibited a relatively large
Stokes shift (65 nm) and a wide emission bandwidth (FWHM = 89 nm). Fluorescence is not
observed with amide-crosslinked hydrogels prepared from the reaction between Lys-terminated
and PEG-(NHS)2 macromonomers.

Figure 1. (top) PEG-(CHO)2 and PEG-(Lys)2 were mixed in situ and dispensed onto
aldehyde-coated slides to form 150 μm hydrogel chambers using an OmniGrid accent microarrayer.
Fluorescence emission was observed between 550–590 nm on a GenePix 4000B microarray scanner.
(middle) Fluorescence spectra of the Schiff-base linked hydrogel, 14 wt % 2:1 PEG-(CHO)2:PEG-(Lys)2,
polymerized in HEPES buffer pH 7.4 for 24 h (green), and (Z)-N-benzyl-α-phenylnitrone, 1, in ethanol
at 2.8 wt % immediately following solvation (purple) (bottom). Proposed air oxidation scheme of the
hydrogel imine linkages to nitrones (top), and synthesis scheme of 1 (bottom).
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We next addressed the possible chemical structure and mechanism responsible for the unique
fluorescence properties of the hydrogel. Specifically, the imine functionality and the photochemical
properties of its oxidation products were investigated. Previous studies have demonstrated nitrone
formation by aerobic oxidation of secondary amines and imines. Such syntheses have utilized oxygen
and hydrogen peroxide as primary oxidants, typically in conjunction with transition metal [41–45] and
flavin-derived [46,47] catalysts. Thus, we proposed that air oxidation of the imine to the nitrone may
be responsible for the observed hydrogel fluorescence (Figure 1, top).

Accordingly, a model nitrone compound, (Z)-N-benzyl-α-phenylnitrone 1, was synthesized [48]
to compare fluorescent properties (Figure 1, bottom). The excitation spectrum of 1 in ethanol showed a
maximum at 380 nm, similar to the Schiff-base crosslinked hydrogel. Emission maxima were observed
at 415 and 435 nm (Figure 1, middle). The dual emission peaks of the nitrone were attributed to
photochemical isomerization of the Z isomer to the oxaziradine intermediate via an excited singlet state.

The double emission peaks observed for 1 upon steady-state excitation are likely due
to the nitrone’s rearrangement to an oxaziradine intermediate via the lowest singlet excited
state. Various isomerization mechanisms and activation energy barriers have been published for
aryl-substituted nitrones under photolysis conditions [49–56]. For example, photochemical-induced
rearrangement of N,α-diphenyl-α-cyanonitrone to its corresponding oxaziradine occurred from the
lowest singlet excited state when irradiated with 313 nm light. Oxaziradine formation was indicated
by the decrease in nitrone absorbance at 322 nm and the emergence of a new band at 223 nm.
Infrared spectra at 77 ◦K showed the disappearance of characteristic C=N and N→O nitrone stretching
and the presence of oxaziradine ring vibrations [55]. Another group reported the photorearrangement
of chiral aryl-substituted nitrones to optically active oxaziradines when excited at wavelengths
greater than 300 nm [49]. Furthermore, photolysis studies of N,α-diphenylnitrone indicated a 20 nm
hypsochromic absorbance band shift that was attributed to the singlet transition of the nitrone to its
oxaziradine intermediate [52].

In the last decade, cell sorting and microfluidic technologies have enabled advancements on many
fronts including the study of individual cells and the diagnosis of disease states [57–67]. Given both
the favorable characteristics of hydrogels as artificial extracellular matrix scaffolds and the intrinsic
fluorescence observed with these specific hydrogels, we evaluated this system to detect single cells via
the abatement or loss of hydrogel fluorescence signal upon individual cell binding.

Specifically, printed hydrogel microarrays were treated with a bovine serum albumin (BSA)
solution and excited by a 405 nm laser diode using a confocal microscope. The emission was monitored
from 450 to 500 nm as transmitted through a beam splitter, and 3D photon surface plots of the hydrogel
chambers were obtained (as shown in Figure 2a). Next, human A549 small cell lung carcinoma cells
were incubated with the hydrogel microarrays and washed to remove unbound cells. As can be seen in
the photon surface plots, the adhered cells significantly obstructed fluorescence throughout the entire
hydrogel network with a hydrogel:cell signal-to-noise ratio of 3.4:1 (Figure 2b–d).
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Figure 2. Scanning confocal microscopy images of BSA-treated hydrogels, 22 wt % 2:1
PEG-(CHO)2:PEG-(Lys)2. Emission was collected at 460 nm, subtracted from slide background, and
normalized to 8-bits/pixel. (a) 3D surface plot of a hydrogel chamber in the absence of cell adhesion,
(b) 2D depiction of cells masking hydrogel emission fluorescence, (c) 3D surface plot of the hydrogel
shown in b, and (d) 3D cross-section of the hydrogel shown in b.

3. Materials and Methods

3.1. General Information

1H-NMR was recorded on a Varian INOVA at 400 MHz at ambient temperature. Chemical shifts
are reported in parts per million as follows: chemical shift, multiplicity (s = singlet, d = doublet,
t = triplet, q = quartet, m = multiplet, br = broad) and integration. Infrared spectra were recorded on a
Nicolet Nexus 670 FT-IR ESP spectrophotometer. Analytical thin layer chromatography was performed
using EMD 0.25 mm silica gel 60-F plates. Reverse phase chromatography was performed on a
C8-bonded silica extraction column (United Chemical Technologies, Horsham, PA, USA). Sub-micro
fluorimeter quartz cells were supplied by Starna Cells, Inc. (Atascadero, CA, USA). All solvents were
purchased from Pharmco-AAPER or Fisher Scientific as highest purity grade or dispensed dry from
a solvent purification system (CH2Cl2). Other synthetic reagents were obtained from commercial
sources and used without further purification unless indicated. Benzaldehyde was distilled prior to
use. NanoPure™ water (Barnstead International, Dubuque, IA, USA) was used for all microarray
and cell processing procedures. 384-well plates were purchased from Genetix (Boston, MA, USA)
and SuperAldehyde slides were purchased from TeleChem International (Sunnyvale, CA, USA).
Cell culture and seeding materials were supplied by Fisher Scientific (Hampton, NH, USA) and
Invitrogen (Carlsbad, CA, USA). Hydrogel microarrays were produced using an OmniGrid Accent™
Microarrayer (GeneMachines, San Carlos, CA, USA). Scanner fluorescence images were obtained
on a GenePix 4000B microarray scanner and data analysis was done using GenePix 3.0 software
(Axon Instruments, Union City, CA, USA). Fluorescence spectra were taken on a QuantaMaster™
Luminescence spectrofluorimeter and data was analyzed using FeliX32™ software (Photon Technology
International, Birmingham, NJ, USA) and Microsoft Office® Excel. Confocal fluorescence imaging
of hydrogels was performed with an Olympus Fluoview™ 1000 scanning laser confocal microscope,
controlled by Olympus FV10-ASW v1.61 software (Center Valley, PA, USA). Fluorescence emission
data were acquired as the integrated photon intensity within a defined hydrogel region. Images were
processed and analyzed with ImageJ [68].

160



Molecules 2018, 23, 936

3.2. Hydrogel Array Materials & Methods

Preparation of 2-iodoxybenzoic acid (IBX): Oxone (133.80 g, 0.218 mol) was added to a 1-L round
bottom flask and suspended in 520 mL of distilled water. 2-iodobenzoic acid (30 g, 0.121 mol) was
added in one portion and the reaction mixture heated to 70 ◦C and stirred for 3 h. The reaction was
cooled to room temperature and then to 0 ◦C for 90 min to further precipitate the product. The resulting
white solid was collected by filtration, washed with water (5 × 50 mL) and acetone (4 × 50 mL), and
dried under vacuum to afford the pure product (27 g, 80% yield). The spectral data were in agreement
with reported values [69].

Preparation of poly(ethylene glycol) dialdehdye (PEG-(CHO)2) macromonomer (Figure 3):
Poly(ethylene glycol) Mn = 3400 g/mol (3 g, 0.882 mmol) was dissolved in toluene (10 mL),
concentrated under reduced pressure to a viscous residue, and dried under vacuum (2×). The residue
was dissolved in a minimum of ethyl acetate (approx. 20 mL) and IBX (1.24 g, 4.4 mmol) was added
in one portion. The reaction mixture was heated to 80 ◦C and stirred for 20 h. IBX was filtered over
Celite and the filtrate was concentrated under reduced pressure to a thin residue. An additional
filtration in ethyl acetate removed any remaining IBX. The product was concentrated under pressure
and precipitated in cool ether for 2 h to afford crude PEG-(CHO)2 (0.8 g, 27% yield). The crude product
was purified by reversed phase chromatography using a C8-bonded silica endcapped column (elution
with 10–90% acetonitrile in water), and the product was lyophilized to afford pure PEG-(CHO)2.
1H-NMR (400 MHz, CDCl3): 3.62–3.72 (m, 340, CH2 of PEG); 4.14 (m, 2, CH2CHO); 9.71 (s, 1, CHO).

Figure 3. Synthesis scheme of the poly(ethylene glycol) dialdehdye (PEG-(CHO)2) macromonomer.

Preparation of bis(2-amido-lysine)-poly(ethylene glycol) (PEG-(Lys)2) macromonomer:
According to literature procedure [70].

Printing of hydrogel microarrays: The hydrogel solution (22 wt % 2:1 PEG-(CHO)2:PEG-(Lys)2

in HEPES buffer pH 7.4) was printed on aldehyde-coated glass slides, polymerized for 24 h at
room temperature and blocked with a 1% w/v BSA solution in water as previously reported [33].
Fluorescence measurements were performed as described below. Attempts to observe the nitrone in
the gel by IR were unsuccessful.

A549 cell seeding conditions: Cells were cultured at 37 ◦C in a 5% CO2 atmosphere in Dulbecco’s
modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum and 10 μg/mL penicillin.
Immediately prior to incubation with hydrogel microarrays, cells were detached from polystyrene
culture flasks, centrifuged at 1000× g for 5 min, and re-suspended in the appropriate volume of
phosphate buffered saline (PBS) to yield ~3 × 104 cells/mL. The cell solution was slowly pipetted
directly on top of the hydrogels in a 100 × 20 mm polystyrene culture dish and incubated for 20 min at
37 ◦C. Microarrays were then washed with PBS (10 mL) to remove unbound cells and tapped dry.

3.3. Fluorescence Image Analysis

GenePix 4000B microarray fluorescence scans: Following microarray printing, the
macromonomers were allowed to polymerize for 24 h at room temperature. The crosslinked hydrogel
chambers were excited with the microarray scanner and emission intensities were calculated as the
mean intensity of the spot normalized to the background.

Steady-state fluorescence spectra: The hydrogel solution (14 wt % 2:1 PEG-(CHO)2:PEG(Lys)2)
was contained in a 10 mm pathlength quartz cuvette under atmospheric conditions 24 h prior to
fluorescence measurements. The samples were excited by a pulsed xenon lamp at a wavelength of
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380 nm, and emission was monitored from 300–600 nm as the number of photon counts per second.
Excitation and emission were controlled by a quarter-meter class, Czerny–Turner type monochromator
with a standard 1200 line/mm ruled grating. Spectra data was corrected for solvent background, and
counts per second were normalized to an arbitrary scale of 0–100.

Confocal fluorescence imaging: The hydrogel microarrays were printed and blocked with BSA
solution as described above. For cell seeding hydrogel experiments, the microarray slides were further
incubated with a solution of A549 human lung carcinoma cells for 20 min at 37 ◦C, washed with PBS,
and tapped dry. Both blank and cell-seeded hydrogel arrays were imaged on a confocal scanning
electron microscope with a 20× water-immersion objective lens. A 407 nm diode laser was used
for excitation of the intrinsic hydrogel fluorescence, and detection was carried out between 450 and
500 nm at 20 μs/pixel resolution. Confocal emission spectra were generated using sequential emission
imaging of the hydrogel at 5 nm bandpass between 440 and 600 nm. Maximum hydrogel emission,
with minimal background interference, occurred at 460 nm.

Data were analyzed as the integrated pixel intensity (at 460 nm emission) within the area of a
manually outlined hydrogel chamber, human cell, or background region. Fluorescence 2D images
and 3D surface plots corresponding to the emission intensity of an outlined hydrogel chamber
subtracted from slide background were constructed in ImageJ (Figure 2 in paper). Images were
formatted to 8-bits per pixel (grayscale LUT) and contrast was enhanced. Signal-to-noise ratios were
determined as the mean pixel intensity within a hydrogel area or cell area divided by the corresponding
standard deviation.

3.4. Nitrone Model

Preparation of N-benzylhydroxylamine [71]. A flame dried flask was charged with a stir bar
and benzaldehyde oxime (1.00 g, 8.26 mmol) dissolved in methanol (9.03 mL, 0.223 mol) was added.
Sodium cyanoborohydride (0.363 g, 5.78 mmol) was added and the pH was brought down to pH 4 with
the addition of aqueous concentrated HCl. The reaction was stirred for 3 h. Solvent was concentrated
under reduced pressure and crude product was diluted with 6 M potassium hydroxide and washed
with brine. The organic layer was extracted with chloroform (3×) and dried over MgSO4. The product
was concentrated and 1H-NMR spectroscopy showed sufficient purity to be used in the next reaction.

Preparation of (Z)-N-benzyl-α-phenylnitrone (1; Figure 4): According to the procedure of
Chang, et al. [48], a flame dried 5 mL round bottom flask was charged with a stir bar and
flushed with nitrogen. To this flask was added anhydrous sodium sulfate (0.160 g, 1.125 mmol),
N-benzylhydroxylamine (0.092 g, 0.75 mmol), benzaldehyde (0.111 g, 1.05 mmol), and dichloromethane
(2.5 mL). The reaction was stirred under nitrogen at room temperature for 7 h. Sodium sulfate was
filtered and the filtrate was concentrated under reduced pressure to give a light brown oil that solidified
upon standing. The crude product was washed once with cold petroleum ether and recrystallized
from hexane (2×) to afford 0.13 g (82% yield) of the Z isomer. The spectral data was in agreement with
reported values [72].

Figure 4. Chemical structure of nitrone, 1.

Photochemical properties: Steady-state fluorescence spectra were taken of 1 (2.8 wt %, 0.13M)
immediately following dissolution in either ethanol or dichloromethane. Fluorescence intensity was
weaker and dual peak emission less pronounced in EtOH as compared to CH2Cl2 as result of the
increased solvation of 1 due to H-bonding interactions. However, excitation and emission maxima
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were consistent between both solvents, and EtOH solvent fluorescence data was used for hydrogel
fluorescence comparisons. The nitrone solution was contained in a 10 mm pathlength quartz cuvette
and fluorescence measurements were taken under the same conditions as described for the hydrogel.
Spectra data was corrected for background, and counts per second were normalized to an arbitrary
scale of 0–100.

4. Conclusions

In summary, fluorescence emission is observed from the hydrogels with a λmax at 445 nm.
The photochemical properties of these hydrogels are consistent with emission from a nitrone
functionality formed via oxidation of the imine crosslinkages within the hydrogel. A new cell
microarray assay is described, whereby the reduction or obstruction of fluorescence is monitored upon
individual cell adherence to the hydrogel chamber. Typically, hydrogel parameters such as polymer wt
% and crosslink density are altered for a specific application; now, fluorescence can be incorporated into
such criteria by specific macromonomer selection. Continued experimentation with multifunctional
dendritic macromolecules will lead to new polymer structures, crosslinked networks, and properties
broadening the investigation of these unique macromolecules for basic and clinical applications.
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Abstract: Tissue adhesives based on polyamidoamine (PAMAM) dendrimer, grafted with
UV-sensitive aryldiazirine (PAMAM-g-diazirine) are promising new candidates for light active
adhesion on soft tissues. Diazirine carbene precursors form interfacial and intermolecular covalent
crosslinks with tissues after UV light activation that requires no premixing or inclusion of free radical
initiators. However, primary amines on the PAMAM dendrimer surface present a potential risk
due to their cytotoxic and immunological effects. PAMAM-g-diazirine formulations with cationic
pendant amines converted into neutral amide groups were evaluated. In vitro toxicity is reduced
by an order of magnitude upon amine capping while retaining bioadhesive properties. The in vivo
immunological response to PAMAM-g-diazirine formulations was found to be optimal in comparison
to standard poly(lactic-co-glycolic acid) (PLGA) thin films.

Keywords: PAMAM; dendrimers; bioadhesive; diazirine

1. Introduction

Adhesive hydrogels generated by crosslinking of polymers are designed to disperse mechanical
stress and allow fluid transport through tissue interfaces [1]. Such formulations are considered to be
useful to replace the suturing of delicate tissues and to avoid tissue piercing. This feature is particularly
important for vascular anastomosis (Figure 1) where adhesive formulations should allow strong tissue
fixation in order to replace traditional suturing fixation methods [2–5].

Although developed for more than half a century, non-invasive tissue fixation strategies still rely
on cyanoacrylate [6] and the fibrin glue formulations [7]. Cyanoacrylate, also known as ‘super glue’, is
able to generate reliable adhesion strength towards the surface of tissue after an in-situ crosslinking
process in the presence of moisture [8]. However, the heat generated during the polymerization can
burn the tissue [9] and the toxic degradation products limit the applications of cyanoacrylates to
topical tissue fixations [6]. Fibrin glue is a protein-based adhesive that sets the adhesion strength
through physical crosslinks with tissue interfaces of ~0.5 N/cm2. The in-situ crosslinking processes and
swelling behavior of fibrin glue were found to be challenging for the hydrated tissue environment [7].
Tissue adhesives need to be able to bond both natural materials and synthetic films for applications
involving implantable biosensors and drug depots [10–20]. Formation of covalent bonds between thin
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film or hydrogel adhesive formulations and soft tissue substrates is a promising strategy to achieve
a reliable adhesion strength [3,15,16,19]. This can be achieved by diazirine-functionalized polymer
formulations that crosslink under low energy UV light or voltage as previously published by our
group [21–24]. Diazirines can be covalently attached on a PAMAM backbone through the reaction
with pendant amine (–NH2) groups in a highly controlled manner. PAMAM-g-diazirine formulations
resulted in tunable shear moduli of 1–100 kPa and maximum shear adhesion strength of 27 kPa
when attached on wet, ex-vivo arteries, which is a promising in comparison to fibrin adhesives [25].
In vitro 3T3 fibroblasts cell culture test showed no leaching of potentially toxic components from the
crosslinked adhesive. It should be noted that significant cytotoxicity was caused by the uncrosslinked
parts of macromolecules and their inherent –NH2 groups from the PAMAM dendrimer [21,22,24].
Positively charged amines are known to disrupt cell membranes [16]. In order to avoid direct contact
of PAMAM with cells we have mediated the cytotoxic influence of –NH2 groups by chemical capping.
This is achieved by reacting free –NH2 groups of PAMAM with acetyl chloride, which produces a
neutral dendrimer free of cationic charge (Figure 2).

Figure 1. Proposed strategy for blood vessel fixation: UV crosslinked adhesive hydrogel is spread on
the surface of bio-degradable film coil, wrapped around the balloon stent. Adhesives layer is in direct
contact with blood vessel once the coil is expanded by balloon inflation. UV light is transferred through
the stent and crosslinks the adhesive layer with the help of a light diffuser.

Figure 2. Synthesis pathway for PAMAM-g-diazirine and PAMAM-g-diazirine-block: the first step is
conjugation of aromatic diazirine onto G1–G5 PAMAM macromolecules; the second step is the reaction
between free –NH2 groups and acetyl chloride resulting in a reduced number of free –NH2 groups that
can cause cytotoxicity.
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The number of functional groups doubles during the divergent synthesis of PAMAM with
each generation and the diameter of the molecule extends by only 1 nm [26]. Surface functional
groups of PAMAM dendrimers exponentially increases with the next generation, likely correlating
with toxicity. The work presented herein is based on the following hypotheses: (i) tissue adhesion
is caused by UV-activated crosslinking of diazirine end-groups and the adhesion strength is
dependent on diazirine concentration and not dendrimer size; (ii) the presence of protective amide
groups (Figure 2) will not interfere with carbene crosslinking; and (iii) capping of –NH2 groups
(PAMAM-g-diazirine-blk) decreases both in vitro toxicity, and in vivo immunological response.
The conjugation of acetyl chloride onto pendant –NH2 groups of PAMAM reduces or removes
the cationic charge, mediating cationic cytotoxicity without significantly lowering intermolecular
crosslinking. PAMAM dendrimers (G1 to G5) were conjugated with diazirine (PAMAM-g-diazirine)
and acetyl chloride (PAMAM-g-diazirine-blk) in order to examine new formulations both in vitro and
in vivo [22,27]. Prior to biocompatibility tests, the conjugated dendrimer structures were characterized
with size exclusion chromatography (SEC), nuclear magnetic resonance (1H-NMR) spectroscopy and
amino-group quantitation. Dynamic mechanical properties of dendrimer adhesive formulations were
monitored by photorheometry in real time in order to determine the dose dependent moduli.

2. Results and Discussion

Diazirine was conjugated on G1–G5 PAMAM via nucleophilic substitution reactions as
demonstrated in Figure 2 and the formulations were analyzed for their molecular weight (SEC;
Figure 3). Neat PAMAM macromolecules (G1–G5) were used as controls (Figure 3a). The solid
lines in Figure 3a present the refractive index signals and are shifted from right to left indicating
the increase of molecular weight with increasing dendrimer generation (G1 to G5). Dashed lines
in Figure 3b represent the corresponding UV absorption at 350 nm caused by the conjugated
diazirine. The UV absorption correlated with the increase of diazirine conjugation percentage (Table S1,
see Supplementary Section). Similar to our previous work, diazirine conjugation onto PAMAM
macromoloecules is obtained with a high degree of control over the percentage of conjugation (Figure
S1). G1–G5 PAMAM-g-diazirine conjugates with capped amines (Figure 2) were also analysed by
SEC and compared to PAMAM-g-diazirine as presented in Figure 3b. As expected, the acetyl chloride
blocking caused the increase of molecular weight of the conjugates as the peak value of refractive
index signal of G5 PAMAM-g-diazirine-blk (blue) occurred earlier than that of G5 PAMAM-g-diazirine
(Figure 3b).

Figure 3. SEC-MALS-UV analysis of conjugated PAMAM dendrimers: (a) chromatographs of G1–G5
PAMAM-g-diazirine (solid lines stand for the normalized refractive index, and the corresponding
dashed lines were the UV absorption caused by the conjugated diazirine on each conjugates injected);
(b) chromatographs of G5 PAMAM-g-diazirine and its ‘blocked’ conjugate with acetyl chloride.

The percentage of residual non-reactive –NH2 groups was calculated based on the increase of the
molecular weight evaluated from the elution volume (Table S1; Supplementary Section). In order to
confirm the concentration of free amines, all formulations were quantified for free amines with the
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TNBS assay. TNBS reacts with –NH2 groups in aqueous solution forming a complex with a maximum
UV absorbance at 420 nm. The residual amine was examined by comparing the UV absorption
at 420 nm of each conjugate (Figure 4). Note that only 6% of –NH2 groups were detected for G5
PAMAM-g-diazirine-blk. Diazirine conjugation percentages were also calculated from TNBS results.
For example, the residual free –NH2 percentage was 75% for G5 PAMAM-g-diazirine, indicating
that 25% of the –NH2 groups were replaced by aromatic diazirines during the conjugation reaction
(Table S1).

Figure 4. Primary amine concentration from PAMAM adhesive formulations analyzed with TNBS
assay: (a) UV absorption curves of TNBS for the G5 PAMAM and its conjugates (pure G5 PAMAM
was tested as positive control and negative control was 0.1 M NaHCO3 buffer; (b) Percentage of
residual –NH2.

The mechanical properties of PAMAM-g-diaziridene conjugates were monitored in real time
with photorheometry as presented in Figure 5a. Dendrimer adhesive solution was placed in between
the light transparent base and the rheometer probe and UV light was introduced by a waveguide
(Figure 5a).

The irradiation intensity on the sample was adjusted to a constant value of 20 ± 2 mW cm−2 in
all experiments. The curves in Figure 5b demonstrate the relationship between the storage moduli
and irradiation (UV activation) time for G1–G5 PAMAM-g-diazirine. Stepwise shaped curves were
detected for all the conjugates as well as the G5 PAMAM-g-diazirine-blk after several 1 min “ON/OFF”
intervals of UV activation. The crosslinking process started immediately when UV light was ‘ON’
leading to a rapid increase of the storage modulus (G’) and the loss modulus (G”). The crosslinking
reaction stops immediately when UV was switched “OFF” thus resulting in flat line of G’ vs. time
(Figure 5b). This behavior is a result of instant, non-specific covalent insertion of carbenes without
chain propagation during the crosslinking process [28]. Tunable and highly controllable mechanical
properties are evident from our dendrimer adhesives, thus reducing the risks of substrate-adhesive
modulus mismatch, potentially reducing the chances of adhesive failure under dynamic strains [29,30].

The relationships between G”/G’ (tan delta) under continuous UV stimulation time for G1–G5
PAMAM-g-diazirine and G5 PAMAM-g-diazirine-blk are plotted in Figure 5c. All these ratios
were greater than 1 before UV exposure, indicating the adhesives were viscous liquids. The liquid
consistency enabled adhesives to wet and fill irregular surfaces of soft tissue before the sol/gel
transition (when G”/G’ > 1). G”/G’ values for G1 and G2 PAMAM-g-diazirine (G2, 30% diazirine
conjugation percentage, G1, 62.5% diazirine conjugation percentage) never fell below 1, indicating
incomplete crosslinking. Lower order PAMAM generations reduce the surface functional group
concentration and dendrimer to dendrimer interpenetration entanglement as well. Thus, the
intermolecular crosslinking caused by carbene was insufficient for the formation of an elastic
3D network when the generation was lower than G3. The cohesive failures of G4 and G5
PAMAM-g-diazirine showed porous structures resulted from the formation of nitrogen indicating the
consumption of diazirine.
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Figure 5. Photo-rheometry of PAMAM-g-diazirine adhesives: (a) schematic illustration of rheometry
measurements with UV activation; (b) dynamic change of storage modulus (G’) and loss modulus
(G”) with UV activation (diazirine conjugation percentages were 20% for G2–G5 and 37.5% for G1;
concentration for all conjugates was 50 wt % in PBS); (c) ratio between G’ and G” under continuous UV
activation (inset: sol/gel transition time); (d) maximum G’ obtained for each conjugate.

The time taken by sol/gel transition increased from 43 s to 211 s when the generation of
PAMAM-g-diazirine dropped from G5 to G3 (Figure 5c inset). Note that there was a five-fold drop
of the sol/gel transition time from 43 s to 203 s when the dendrimer generation increased from G4
to G5. The modulus of G4 PAMAM-g-diazirine reached maximum of 10 kPa, about 20× lower than
G5. In terms of biomimetic mechanical integrity G1–G4 PAMAM-g-diazirine are recommended for
subcutaneous adipose tissue G’ ≈ 10 kPa [31] or other soft tissues with matching moduli. In terms
of control over adhesion strength, G5 PAMAM-g-diazirine could be crosslinked on demand to meet
requirements of treated tissues by simple reduction of UV energy used for crosslinking.

According to previous research, the branches of PAMAM above G5 were densely packed, thus
forming spherical shapes in solution [32]. The morphology of PAMAM from G1 to G4 is planer and
elliptical [33] and therefore the branch interpenetration intensity for G5 is higher than those of G4 and
G3. As a consequence, we detected a different mechanical profile for G4 and G5 PAMAM-g-diazirine,
which may be explained by the close packed geometry. Figure 5d demonstrates how after 5 min
of UV activation G’ reached 225 kPa for G5 which were almost 20 times higher than that of G4
PAMAM-g-diazirine. Diazo functional group, also produced upon diazirine activation) is highly
reactive towards nucleophiles such as –NH2 groups on the surface of PAMAM-g-diazirine and this
allows specific crosslinking versus non-specific carbene insertion where the solvent competes with
intermolecular bonding. Removal of amines and thus diazo-specific crosslinking may explain the
decreased storage modulus (G’) of blocked PAMAM-g-diazirine presented in Figure 5d. The moduli
change upon acetyl chloride blocking of G5 PAMAM-g-diazirine resulted in 225 kPa versus 151 kPa
for amine capped. This value is still comparable to moduli of the soft tissues such as blood vessels
(Table S2, supplementary section).

As the primary evaluation method for adhesion performance of adhesives for soft tissues
(Figure 1) [8] a lap shear test was performed ex-vivo with the endothelial surface of swine aorta
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procured from a local abattoir [34]. Conjugates with different formulations were prepared in
PBS solution and sandwiched between PLGA film and fresh swine aorta. UV irradiation (5 min,
6 joules 365 nm) was applied for each group to ensure complete activation of conjugated diazirine.
The stress/strain curves were recorded and plotted in Figure 6. The fracture occurred in the bulk of the
adhesive indicating cohesive failure (Figure 6 inset) which is consistent with our previously reported
results [21,22]. The adhesive strength decreased in the order of: G5 = 25.3 kPa, G4 = 7.4 kPa, and
G3 = 3.4 kPa and this decrease in strength is consistent with the rheology data (Figure 5). The adhesive
strength of G5 PAMAM-g-diazirine-blk was 17.1 kPa which is around 30% lower in comparison
to the unblocked dendrimer formulation. It should be noted that the adhesion strength for G5
PAMMA-g-diazirine-blk is still significant higher than that of fibrin glue (5 kPa) [35]. Apart from
relatively high adhesion strength, blocked dendrimer adhesive formulation is expected to significantly
reduce cytotoxicity in vitro and in vivo.

Figure 6. Ex-vivo lap shear adhesion test for PAMAM-g-diazirine bioadhesive formulations (inset: the
‘sandwich’ PLGA-adhesive-tissue structure and demonstration of cohesive failure.

The potential cytotoxicity of adhesive formulations was evaluated as the half maximal effective
concentration (EC50) of each formulation towards 3T3 fibroblasts cells. The cells were cultured with
adhesive dendrimer solution and cell viability was evaluated with an Alamar Blue assay by comparing
the cell reductivity with the negative control. Figure 7a,b show the cell viability when cultured with
PAMAM-g-diazirine from G1 to G5 (the diazirine conjugation percentage was 30% for G2 to G5 and
37.5% for G1). EC50 values for each generation were fitted and plotted in Figure 7c. EC50 increased
significantly from 2.4 μg/mL (G5) to 7.3 μg/mL (G1), indicating the decrease of cytotoxicity from
reduced cell exposure to –NH2 groups. Fibroblast viability rate was enhanced significantly for blocked
PAMAM-g-dizairine formulations thus confirming the necessity of –NH2 capping (Figure 2). The EC50

values for G1–G5 PAMAM-g-diazirine-blk are almost 15 times higher than the corresponding values
of the PAMAM-g-diazirine.

PAMAM-g-diazirine conjugates were investigated in vivo in a subcutaneous implant animal
model as displayed in Figure S2. Representative histology results are presented in Figure 8 and
they show that all the implants (PLGA control, Figure 8a; and crosslinked adhesive formulations,
Figure 8b,c) were surrounded by mononuclear cells (macrophages, lymphocytes and plasma
cells), polymorphonuclear cells (mainly neutrophils), giant cells, fibrosis and neovascularization.
The immunological response was more pronounced towards PAMAM-g-diazirine crosslinked
formulations compared to PLGA control (Figure 8d).
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Figure 7. 3T3 fibroblasts cytotoxicity of PAMAM-g-diazirine (G2–G5) 20% conjugates and 37.5%
conjugate of PAMAM G1, with DMEM as negative control: (a) cell viability in contact with
G1–G5 PAMAM-g-diazirine; (b) cell viability comparison between neat G5 and blocked G5
PAMAM-g-diazirine; (c) EC50 values for PAMAM, PAMAM-g-diazirine and PAMAM-g-diazirine-blk.

Higher number of polymorph nuclear cells, lymphocytes, plasma cells and macrophages were
detected along with intense fibrosis and neovascularization that was found on the interface with
bioadhesive formulations (Figure 8b,c). As anticipated, mild immunological response was detected for
blocked PAMAM-g-diazirine in comparison to neat formulation. This result is consistent with in vitro
cytotoxicity of the same formulation (Figure 7) and is most likely a consequence of the cationic charge
of pendant –NH2 on the interface between PAMAM-g-diazirine adhesive and the subcutaneous tissue.

Dendrimer toxicity is generally reported as hemolytic toxicity, cytotoxicity and hematological
toxicity [36] Positively charged surface groups of PAMAM are known to destabilize negatively charged
cell membranes causing lysis [37] Processes like adsorptive endocytosis and paracellular transport
are the major cause for PAMAM dendrimers to cross cell membranes with the aid of primary amine
groups [38]. As a result, the degree of cytotoxicity is determined by the concentration of –NH2 groups
and therefore dendrimer-induced cytotoxicity increases with generation number.

Reduced cytotoxicity of amine-blocked PAMAM-g-diazirine (Figure 7) is a result of reduced
exposure of fibroblast cells to a toxic effect of inherent primary amines from dendrimer structure.
Moreover, the degrees of neovascularisation and fibrosis for PAMAM-g-diazirine-blk were even lower
than the control, indicating lower degree of tissue reaction towards PAMAM-g-diazirine-blk than that
of PLGA. However, the degree of infiltration of giant cells was reduced to none for PAMAM-g-diazirine
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possibly due to the germicidal ability of –NH2 groups [35,39]. These results indicate that the tissue
adhesive warrants further investigation towards vascular patches, drug depots, and hydrogel biosensor
implants [17,18,40–46].

Figure 8. Histology results after 7 days of subcutaneous implantation in vivo by H&E staining
methods: (a) PLGA control; (b) PAMAM-g-diazirine (15% diazirine conjugation, 75% wt % in PBS);
(c) PAMAM-g-diazirine-blk (15% diazirine conjugation, 75% wt % in PBS); (d) immunological response
evaluation: 0: No abnormalities detected (NAD); G1: minimal; G2: mild; G3: moderate; G4: marked;
G5: severe.

3. Materials and Methods

Poly (amidoamine) (PAMAM, from 1st generation, G1 to 5th generation, G) were purchased
from Dendritech, Midland, MI, USA and Chenyuan, Weihai, China. 3-(4-(Bromomethyl)
phenyl)-3-(trifluoromethyl)-diazirine (aromatic-diazirine) was purchased from TCI, Tokyo, Japan.
Methyl alcohol (MeOH), acetyl chloride and glacial acetic acid (AcOH) and THF were from TEDIA,
Singapore. Poly-DL-lactide-co-glycolide (PLGA 53/47) from Sigma (Singapore) was used as received.
Phosphate buffer saline (PBS; Gibco, Singapore) was employed in all experiments. Glass slides
(25.4 × 76.2 mm, 1–1.2 mm thick) were purchased from CLP, Tianjin, China. 3T3 fibroblasts cells
were from ATCC, Singapore. Dulbecco’s modified Eagle medium (DMEM) and fetal bovine serum
(FBS) were both purchased from Gibco, Singapore. 24 well plates were from Thermo Fisher Scientific,
Shanghai, China. Alamar Blue was from Thermo Fisher Scientific Inc., Boston, MA, USA.

G1–G5 PAMAM MeOH solution (5 mL, 5 wt %) was prepared and aromatic diazirine was added
to produce conjugation percentages ranged up to 30% for G2 to G5. The nucleophilic substitution
reaction took 36 h under room temperature in dark. G1–G5 PAMAM-g-diazirine was dried under
vacuum, as pale yellow viscous liquid. Conjugates were stored in dark under 4 ◦C. Solution was
kept stirred in ice bath for 1 h. Acetyl chloride was dropped into the MeOH solution in ice bath
dropwise. The temperature was monitored which was kept below 10 ◦C. Molar ratio between –NH2

from PAMAM-g-diazirine and acetyl chloride was controlled as 1:5. The ‘blocked’ conjugates were
precipitated out by addition of 30 mL THF after 24 h stirring in dark under room temperature.

Aromatic diazirine was prepared in MeOH with a concentration gradient (0.2, 0.4, 0.5, 0.8 and
1 mM). UV extinction coefficient of aromatic diazirine was the slope of the linear fitting curve of
absorption at 350 nm against concentration. SEC-MALS-UV is connected in a line. AcOH aqueous
solution (1% w/v, 166.7 mmol) with 0.2% (w/v) NaN3 (30.8 mM) was prepared as the mobile phase.
PAMAM as the control and PAMAM-g-diazirine samples were dissolved in 1 mL of mobile phase
with a concentration of 2 mg/mL. All the samples were filtered by 0.22 μm filter and sealed in 1 mL
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HPLC glass vials. RI, LS and UV absorption (350 nm) were obtained and processed by Wyatt ASTRA
V. The dn/dc value of PAMAM was 0.185 [47]. The UV extinction coefficient of Br-diazirine in aqueous
medium was measured as 1009.5 mL cm−1 g−1 at 350 nm which was used to calculate the experimental
conjugation percentage. TNBS assay was performed according to the protocols provided by Thermo
Fisher Scientific, but other methods may be applicable [48].

G1–G5 PAMAM, aromatic diazirine, and all PAMAM-g-diazirine were analyzed by NMR (Bruker
Avance, Midland, ON, Canada) at 400 mHz with DMSO-d6 as the solvent. H1 and C13 DEPT 135
HMQC HMBC NMR spectra were collected and analyzed. The peak assignment, 2D spectrum analysis
and peak integration (1H-NMR) were performed with SpinWorks 4.2 (Spin.works, Lisbon, Portugal).

G1–G5 PAMAM-g-diazirine and G1–G5 PAMAM-g-diazirine-blk with different generations
and conjugation percentages were prepared in PBS (pH was balanced to 7.2), and there were three
concentrations for each formulation (25, 50 and 75 wt %). Samples were pipetted onto the light
transparent rheology testing base (P-PTD120/GL, Anton Paar, Singapore). The UV light was generated
and transferred by a S1000-1B-3188 UV initiator (OmniCure, Plano, TX, USA) with 365 nm UV filter
(019-01036) to the bottom of the base for activation of PAMAM-g-diazirine. The intensity of the UV
light on the surface of the base was maintained at 21.3 mW/cm2. Dynamic mechanical analysis was
assessed in real-time at 1% amplitude and 1 Hz with 8 mm diameter parallel stainless steel probe
under 25 ◦C and the gap between probe and base was set as 100 μm. For continue activation, UV light
source was turned “OFF” for 2 min in the beginning for the baseline collection. It was turned “ON”
after that for 10 min. G’ and G” of the sample were recorded during the activation. For the “ON/OFF”
intervals activation, UV light was turned “OFF” for 2 min in the beginning for the baseline collection.
Then, it was turned “ON” for 1 min and turned “OFF” for 1 min. This cycle was repeated 5 times for
each sample.

Shear adhesive performance measurements of PAMAM-g-diazirine were based on ASTM standard
F2255-05 [34]. Fresh swine aorta from a local abattoir was cut into 40 × 20 mm slides. The fat on the
opposite side of the aorta was removed, and the thickness of the slide was around 1 mm. The tissue
with endothelial (intima) side was glued onto a glass slide using cyanoacrylate adhesive. PLGA thin
films were prepared based on a previous publication [15] and cut into 40 × 20 mm squares, and
these slides were glued onto glass slides with the help of cyanoacrylate. G1–G5 PAMAM-g-diazirine
PBS solution (0.3 mL) with conjugation percentages and concentration were pipetted in between the
PLGA film and swine aorta surface. This glass-tissue-adhesive-PLGA-glass system was sandwiched
by two paper binder clips with an average force of 1.37 ± 0.25 N/cm2. This ‘sandwich’ structure was
activated by UV light (365 nm) immediately, and the UV intensity at the surface of this structure was
kept constant at 21.3 mW/cm2. Exact overlap area of the gel between PLGA and tissue surface was
calculated by analyzing the digital photograph with the help of Adobe Photoshop CS2 (company,
San Jose, CA, USA). Series Force Measurement System (Chatillon Force Measurement, Largo, FL, USA)
was used for adhesive strength test with the controlled linear speed of 3 mm/min with 10 N loading
cell (n = 5).

Cells were cultured in DMEM containing 10% PBS at 37 ◦C with 5% CO2. Cells were suspended
via trypsinization and then counted and seeded on to 24 well plates. Cell number was controlled as
10,000 in each well of the plates (n = 4 for each sample). Cells attached to the bottom of the plates
after 24 h incubation, and the medium was refreshed before the addition of PAMAM-g-diazirine.
The concentrations of each formulation were as follows: 200, 1, 0.1, 0.01 and 0.001 μg/mL. G1–G5
PAMAM-g-diazirine, G1–G5 PAMAM-g-diazirine-blk conjugates were examined and the unmodified
G1–G5 PAMAM were the positive controls. The viability of the cell in each well was quantitative
measured via Alamar Blue assay, and the fluorescence strength of samples was measured by a
microplate reader with 560EX nm/590EM nm filter settings (Infinite M200, TECAN, Männedorf,
Switzerland). Values were considered to be significantly different if the P value was less than 0.05.

G5 PAMAM-g-diazirine (theoretical conjugation percentage is 15%) and the corresponding G5
PAMAM-g-diazirine-blk were implanted subcutaneously into Wistar female rats (300 ± 50 g, 10-weeks
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old, InVivos Pte Ltd., Singapore). Mice were sedated with inhalation of isoflurane (2%) and the
analgesic was administered by intraperitoneal (IP) injection (tramadol, 3 mg/kg). Experiments and
the protocols were approved by Nanyang Technological University Animal Care and Use Committee
(IACUC; Protocol: ARF-SBS/NIE-A0301). Hair of the mice was removed. The surgical area was
sterilized using povidone iodine solution, and then washed by 70% ethanol. Four wounds with
1.5 cm length and 0.5 cm depth were cut on the dorsum of each rat exposing the muscle tissue.
The two conjugates mentioned in the beginning of this section was prepared in PBS solution (50 wt %)
and then applied onto PLGA patches (diameter = 6 mm; thickness = 0.1 mm). These patches were
implanted directly on exposed muscle tissue, and the adhesive conjugates were sandwiched in between
the patch and the tissue. PLGA patches without adhesives were implanted as the negative control.
The adhesives were stimulated by UV light, generated and transferred by a S1000-1B-3188 UV initiator
(OmniCure) with 365 nm UV filter (019-01036) at 20% power from approximately 1 cm distance
(~100 mW/cm2 for 1 min: 6 J/cm2). Then, the skin cuts were sealed by MaxonTM 3–0 sutures (the
surgical procedures were demonstrated by Figure S2). Mice were kept monitored, and the body weight
was recorded for one week. The two rates were sacrificed on the 7th day. The dermal suture implants,
the internal implant material and the dissected samples of skin with epidermal were fixed in formalin.
Entire implant site for each sample was sectioned perpendicular to the skin surface and parallel to
plane of incision. Tissue was then processed by a Sakura VIP Tissue Processor (Lab X, Midland, ON,
Canada) with increasing concentration of ethanol, xylene and finally paraffin. The processed tissue was
embedded into paraffin block which was then sectioned into 5 μm thick slides by rotary microtome.
Slides obtained were dried and stored in incubator (60 ◦C/15 min) before the H&E staining by an
Autostainer XL (Lab X, Midland, ON, Canada). The reaction between implant material and deep dermal
tissue was evaluated by a boad-certified pathologist with the help of Ariol software/Slidepath Tissue
IA software (Leica Microsystems, Buffalo Grove, IL, USA). The collagen extraction was confirmed by
analysis of the sections stained by Masson trichrome histochemical.

4. Conclusions

We have produced bioadhesive formulations based on PAMAM dendrimers conjugated with
diazirine that act as the UV-activated carbene precursor for polymer crosslinking. In order to maintain
adhesion strength and to reduce the cytotoxicity of our formulations, capping of the pendant amines
was established. The conversion of amines to amides resulted in a lowering of the adhesion strength of
our formulation, the overall properties of the blocked conjugates still have considerable advantages.
In vitro compatibility of amine-capped formulation with fibroblast cells was significantly improved by
reducing the concentration of cationic amine groups. Our results demonstrated higher cytotoxicity for
the higher generation of dendrimers as a consequence of higher amine concentration, consistent with
other investigations. G5 dendrimer displayed rapid rise in storage modulus and had the highest shear
modulus observed among the formulations tested. Blocked PAMAM-g-diazirine showed improved
in vitro fibroblast compatibility and reduced immunological response in vivo while maintaining
excellent tissue adhesion strength (ex vivo) of 17 kPa, several times higher than that of commercially
available fibrin glue.

Supplementary Materials: The following are available online, Figure S1: 1H-NMR spectra of PAMAM and
G1–G5 PAMAM-g-diazirine, Figure S2: the surgical procedures for in vivo histological analysis, Table S1:
Structure characterization information for G1–G5 PAMAM-g-diazirine and G1–G5 PAMAM-g-diazirine-blk
conjugates, Table S2: Rheological performance and adhesion strength of all the G5 PAMAM-g-diazirine and
PAMAM-g-diazirine-blk conjugates.
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Abstract: Dendrimers have come a long way in the last 25 years since their inception. Originally
created as a wonder molecule of chemistry, dendrimer is now in the fourth class of polymers.
Dr. Donald Tomalia first published his seminal work on Poly(amidoamine) (PAMAM) dendrimers in
1985. Application of dendrimers as a drug delivery system started in late 1990s. Dendrimers
for drug delivery are employed using two approaches: (i) formulation and (ii) nanoconstruct.
In the formulation approach, drugs are physically entrapped in a dendrimer using non-covalent
interactions, whereas drugs are covalently coupled on dendrimers in the nanoconstruct approach.
We have demonstrated the utility of PAMAM dendrimers for enhancing solubility, stability and
oral bioavailability of various drugs. Drug entrapment and drug release from dendrimers can be
controlled by modifying dendrimer surfaces and generations. PAMAM dendrimers are also shown to
increase transdermal permeation and specific drug targeting. Dendrimer platforms can be engineered
to attach targeting ligands and imaging molecules to create a nanodevice. Dendrimer nanotechnology,
due to its multifunctional ability, has the potential to create next generation nanodevices.

Keywords: dendrimer; PAMAM; Tomalia; solubility; stability; transdermal; multifunctional; targeting

1. Introduction

I work in exploring dendrimers as a drug delivery system and mainly use it for entrapment of
drugs by non-covalent interactions. This article is a tribute to Dr. Donald Tomalia through my research
journey with dendrimers for drug delivery.

While doing my Masters in Pharmacy (M. Pharm), my supervisor asked me to read about
dendrimers for my research thesis. I was provided a research paper to read. That was the first time that
I saw the dendrimer structure and a picture of a guy with a beard. From that time onwards, dendrimer
and Don became synonymous to me.

I also selected dendrimers as my research area for my PhD. My fascination with dendrimers
grew as new concepts entered my mind about using Poly(amidoamine) dendrimers (PAMAM) for
drug delivery. While working on the dendrimer–indomethacin complex, I ‘discovered’ an inherent
anti-inflammatory property of a few PAMAM dendrimers in 2001 (Patent: WO2003080121A1) [1]. I also
published the first paper on using PAMAM dendrimers as a transdermal permeation enhancer [2].
Every time I found something interesting on dendrimers, I wanted to share that with Dr. Tomalia.

One of my senior colleagues advised me to send my anti-inflammatory dendrimer work to the
International Dendrimer Symposium (IDS-3) in Berlin. Surprisingly, it was selected for a poster
presentation. Somehow, as a student, I could arrange funds to travel from India to attend IDS-3 in
Berlin. I had never met Don in person and was eagerly waiting for him to come and see my poster,
but it did not happen until the end of the day. Then, Dr. Anil Patri visited my poster and brought
Don to see my anti-inflammatory dendrimer poster. Don came with a beer mug in his hand. He was
very impressed with my findings and, in the next fifteen minutes, he gave me an offer to work with
him. I am not sure if it was my research or the beer! About a year later, I ended up joining Dendritic
Nanotechnologies in Mount Pleasant, MI, USA.
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I am a pharmacist by training and Don exposed me to the vast world of dendrimers and the
chemistry behind it. Moreover, it was wonderful to know about the philosophy and history of
dendrimers such as the idea that a three-dimensional structured polymer was inspired by a tree and its
branches. As a drug delivery scientist, it is imperative to understand the architecture of dendrimers.

2. Discussion

2.1. Dendrimer-Drug Delivery Strategy

PAMAM dendrimers were first reported by Tomalia in 1985 [3,4]. PAMAM dendrimers are one of
the most used dendrimers for drug delivery systems [5–7]. The dendrimer architecture has three main
sites for drug entrapment by using various mechanisms: (i) void spaces (by molecular entrapment);
(ii) branching points (by hydrogen bonding); and (iii) outside surface groups by (charge–charge
interactions) (Figure 1).

Figure 1. Schematic presentation of a G4 dendrimer containing four generations. Reproduced with
permission [8].

Entrapment of a drug depends on the structures of both the dendrimer and the drug. Hence, it is
important to understand the chemistry behind the dendrimer architecture. Designing or selecting an
appropriate dendrimer is the main step for drug entrapment. As of now, we have no tools to predict
the entrapment potential of a dendrimer for any drug. Hence, screening with different dendrimers is
suggested to find the right combinations. PAMAM dendrimers are commercially available with amine,
hydroxyl, carboxylate and pyrrolidinone surfaces along with corresponding generations. Here is a
suggested strategy to find the appropriate dendrimer for a drug molecule (Scheme 1).
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Scheme 1. Strategy to select dendrimers for drug entrapment.

2.2. Multifunctional Delivery System

A dendrimer can perform various jobs ranging from solubility enhancement to drug targeting.
We envisaged that dendrimers would have the potential to be used as multifunctional excipients.
My current research focus is to explore dendrimers for multifunctional capability by enhancing
solubility, dissolution, gastrointestinal tract (GIT) permeability, bioavailability, stability, multiple
drug entrapment, controlled delivery, and efficacy of drugs in a single formulation. Various
interrelated approaches are investigated simultaneously to establish dendrimers as a multifunctional
delivery system. Here is the classification of various categories and sub-categories to define the role
of dendrimer:

• Pre-formulation: solubility, stability, storage and transport,
• Formulation: dissolution, stability, enzymatic and hydrolytic degradation, permeability and

multiple drug entrapment,
• Advanced formulation: bioavailability, targeting, toxicity, transdermal, novel drug delivery.

a. Solubility enhancers: Some of the newly developed and even launched drugs are rejected by
the pharmaceutical industry and/or exhibit sub-optimal performance because of low water solubility
and hence low bioavailability. We have published one of the earlier works on aqueous solubility
enhancement propensity of dendrimers [2,9,10].

PAMAM dendrimers are water-soluble molecules and their ability to entrap hydrophobic
molecules makes them good solubility enhancers [11]. Hydrophobic molecules can be entrapped in
dendrimers using mechanisms discussed before (Scheme 1). Indomethacin (Figure 2) is a weakly acidic
drug and it was entrapped in different dendrimers. It showed the best solubility enhancement with
G4-NH2 and low performance with G4-COOH dendrimer. The carboxylate groups of indomethacin
were associated with surface amine groups on G4-NH2 dendrimers through charge–charge interactions,
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which is not feasible with G4-COOH dendrimers. Nonetheless, some entrapment with G4-COOH
dendrimers was observed due to the molecular encapsulation.

Figure 2. Structure of indomethacin.

Drug entrapment was also size dependent and increased with the increase in dendrimer
generations (Figure 3). As charge–charge interactions represent one of the main mechanisms in
drug entrapment, pH plays a vital role. We have shown that drug entrapment occurs best in a pH,
where both dendrimer and drug are fully ionized [10]. It means that selecting an appropriate pH for
entrapment is very crucial.

Figure 3. Effect of dendrimer surface and generation on entrapment potential (I/D) of dendrimers.
Reproduced with permission [8].

Once dendrimer entraps/solubilizes a hydrophobic molecule, this dendrimer-drug complex can
also be used to enhance drug dissolution, stability and bioavailability.

b. Stability: Dendrimers provide stability to the guest molecules in vitro and in vivo. Resveratrol
is a hydrophobic molecule with stability issues. The entrapment of resveratrol in dendrimer enhanced
its water solubility and stability (Figure 4) [12].

Figure 4. Percentage of intact resveratrol remaining in the formulations after Day 1.
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c. Dissolution: Dendrimer-drug complexes showed very high and fast drug dissolution compared
to the hydrophobic drug alone (Figure 5) [12].

Figure 5. Dissolution profile of dendrimer–resveratrol formulations.

d. Drug Release: Release of drugs from dendrimers can be controlled by various means.

(i) Chemical modification of dendrimer: Indomethacin showed slow release with G4-NH2
dendrimer while fast release was observed with G4-COOH [13]. The slow release with G4-NH2
dendrimer can be attributed to the strong interactions of drugs with dendrimers.

(ii) Physical loading: Rate of drug release from dendrimers can also be modified by adjusting
dendrimer-to-drug molar ratio. We have shown that, by changing cisplatin loading in PAMAM
dendrimers, drug release can be controlled [14]. Cisplatin release from dendrimers showed
fast release with higher cisplatin/dendrimer molar ratio formulation, whereas lowering the
cisplatin/dendrimer molar ratio would provide slower release of cisplatin.

e. Oral Bioavailability: Entrapment of drugs in dendrimers helps to enhance solubility, stability and
dissolution. These properties eventually help to enhance oral bioavailability of the drug. Simvastatin
(SMV) was entrapped in PAMAM dendrimers to prepare a dendrimer–simvastatin (SMV) complex [15].
Dendrimer–SMV formulations showed better oral bioavailability than pure SMV suspension following
oral administration [16]. Peak plasma SMV concentration increased from 2.3 μg/mL with pure SMV
to 3.8 μg/mL with dendrimer formulations. The mean SMV residence time was 3–5 times better for
the dendrimer–SMV formulation.

f. Multiple drug delivery systems: PAMAM dendrimers were evaluated to explore the potential
of PAMAM dendrimers for multiple drug delivery. We have entrapped two anti-hypertensive drugs
Ramipril (RAPL) and hydrochlorothiazide (HCTZ [17]). The results showed that the solubility of RAPL
and HCTZ was dependent on dendrimer concentrations and pH of dendrimer solution. Formulations
of dendrimer-drug complex and dendrimer-drug combinations (RAPL+HCTZ) displayed faster
dissolution in simulated gastric fluid at pH 1.2 and United States Pharmacopeia (USP) dissolution
medium at pH 7.0. We have demonstrated dendrimer’s capability for combination therapy with
predictable dissolution profile by formulating RAPL and HCTZ for the treatment of hypertension.

2.3. Dendrimer-Mediated Transdermal Delivery

The transdermal delivery of indomethacin formulations with different dendrimers was studied
and transdermal permeation potential was evaluated (Figure 6) [2]. The effect of concentrations of
dendrimers was observed and it showed a linear increase in flux with an increasing concentration
of each of the dendrimers. Transdermal permeation results showed contrasting behavior compared
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to the solubility studies, where Higuchi’s AN solubility profile was noted [10]. The steady-state flux
of the dendrimer-drug formulations showed 2–4.5 times enhancement factor compared to the pure
drug formulation. Entrapment of resveratrol in dendrimer increases its solubility and stability and
the dendrimer–resveratrol complex showed significantly higher (2.5 times) transdermal permeation
compared to resveratrol alone.

Figure 6. Transdermal delivery of dendrimer formulations (G4-NH2, G4-OH, G4.5-COOH dendrimers,
indomethacin). Reproduced with permission [2].

2.4. Engineered Dendrimers

Dendrimer platform can be engineered to develop various applications. We have developed
thiolated dendrimers for enhanced mucoadhesion [18,19]. The thiol groups on the polymers form
covalent bonds with the cysteine domains of the mucin to achieve mucoadhesion. Dendrimers were
decorated with the thiol groups using its polyvalent architecture (Figure 7). Thiolated dendrimers
were loaded with acyclovir and the dendrimer-drug complexes have shown encouraging results for
drug loading, bio adhesion, and controlled release profile.

Figure 7. Schematic representation of muco-adhesiveness of thiolated dendrimers. (I) disulfide bond
formation with glycoproteins of mucus membrane; (II) inter cross linking of thiolated dendrimers to
form polymeric network. Reproduced with permission [19].
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2.5. Hybrid Dendrimers

1. Dendrimer-nanoparticle nano-assembly: Dendrimers can be assembled with other delivery
systems to create a novel nanostructure assembly. We have prepared a self-assembled nanostructure
assembly by controlled electrostatic gelation of anionic albumin with 4.0 G PAMAM dendrimers [20].
Dendrimers were mainly utilized for loading of paclitaxel, and albumin nanoparticles were used to
anchor folate as a targeting ligand (Figure 8). This dendrimer–nanoparticle assembly provides a novel
way of targeting drugs to the cancer cells compared to paclitaxel and albumin nanoparticles.

Figure 8. PAMAM dendrimer-Albumin nanoparticle nano-assembly for delivery of paclitaxel.
Reproduced with permission [20].

2. Dendrimer-Dendrimer nano-assembly: We have demonstrated that PAMAM dendrimers with
different surfaces can be assembled together to create hybrid dendrimers [18]. Each dendrimer portrays
a characteristic release profile for a drug. For example, dendrimers with amine surface groups showed
slow release and dendrimers with carboxylate surface depict fast release of indomethacin. Hence,
two or more dendrimers can be combined to work in tandem in a formulation, thereby achieving a
therapeutically desired release profile.

3. Conclusions

We have demonstrated that PAMAM dendrimers can enhance aqueous solubility, stability,
dissolution, drug release, targeting and pharmacokinetics of various drugs. The future of drug delivery
would be fabricating ‘nano-robots’ capable of doing multiple jobs inside the body. These ‘nano-robots’
can either be biodegradable or leave the body through excretion routes. Designing a sophisticated
drug delivery platform needs an interdisciplinary approach involving chemistry, engineering and
pharmacy disciplines. Dendrimer nanotechnology due to its multifunctional ability has the potential
to create next generation drug delivery platforms. The future of dendrimers would be to exploit their
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multifunctional capabilities and engineerable platforms. The idea that sprouted through the ‘tree
branches’ has now taken ‘root’ in drug delivery.
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Abstract: Hyperbranched polyglycerol (hPG) has been used as a multivalent scaffold to develop
a series of nanocarriers capable of high-affinity encapsulation of copper (Cu). A rationally selected
set of Cu-complexing motifs has been conjugated to hPG hydroxyl groups to render the constructs
potentially usable as exogenous sources of Cu for addressing different pathological conditions
associated with Cu-deficiency. We have utilized a newly discovered route to attach Cu-binding
domains exclusively within a hPG core by selective differentiation between the primary and secondary
hydroxyl groups of the polyol. These hPG-derivatives were found to form a stable complex with Cu
ions depending on the type of immobilized ligands and corresponding degree of functionalization.
In addition, these Cu-bearing nano-complexes demonstrated moderately cationic surface charge
resulting in adjustable protein-binding characteristics and low cellular toxicity profile. We envision
that these Cu-loaded hPG nanocarriers can be used as a stable platform to transport the metal ion
across the systemic circulation to supply bioavailable quantity of Cu in disease-afflicted tissues.

Keywords: hyperbranched polyglycerol; nanocarrier; ion transport; Cu-deficiency disorders

1. Introduction

Recapitulation of homeostatic level of electrolytes or trace element concentration is one of the
mainstays of clinical management for a number of pathological conditions, including but not limited to
blood disorders, renal failure, acute poisoning, cancer and skeletal system-related diseases. In biological
systems, Cu ions are cofactors of several metalloenzymes and are essential for central nervous system
(CNS) development [1–4]. For example, alterations in Cu balance have been linked, but not causally
associated, to changes in senile plaque deposition in Alzheimer’s disease (AD) [5]. Currently in clinical
trials, exogenous supply of Cu is mediated by soluble oral administration of soluble metal salts or
metal complexes in disease conditions where Cu supplementation is required. For example, potential
beneficial effects of oral intake of Cu (II)-orotate-dihydrate (8 mg Cu daily) were investigated in AD
patients. Although results demonstrated that oral Cu intake has neither a detrimental nor a promoting
effect on the progression of AD, Cu treatment stabilized plasma and CSF levels in AD patients and
antagonized the unbalanced Cu levels likely by activating the homeostatic system [6,7]. Studies
with the antibiotic clioquinol (CQ), an 8-OH quinoline with a moderate affinity for Cu2+ and Zn2+,
the lipophilic chelator (DP109), isatin-Schiff base Cu (II)-complexes and metal bis(thiosemicarbazonato)
complexes also confirmed that promoting Cu uptake is a reasonable treatment strategy [8–11] in
Cu deficiency-related disorders. To offset the obvious pharmacokinetic challenges involved with
these monovalent, small molecular Cu complexing agents pertaining to systemic toxicity due to
complex instability, bioavailability, circulation lifetime and dosing frequency, we have reported a library
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of macromolecular, multivalent, Cu-encapsulating nanocarrier platforms based on hyperbranched
polyglycerol (hPG) [12–14]. Due to the presence of multiple chemically accessible hydroxyl groups
and very stable ether backbone, as well as high compatibility, we found hPG as an ideal candidate
to design Cu complexing systems for therapeutic use. Previously, we showed that the presence of
multivalent Cu-complexing ligands on a hPG platform not only increased the affinity and stability of
the ligands towards the metal ion, but also suppressed the risk of non-specific toxicity due to premature
leaching of the metal ion from the complex. In addition, the synthesized hPG-derived Cu-nanocarriers
showed permeation through human brain microvascular endothelial cell (HBMEC) model, which was
established to investigate the engagement of these nanocarriers through the blood brain barrier (BBB).
It was shown that, hPG-based nanocarriers crossed the BBB model two times more effectively than
14C-sucrose and sodium fluorescein (NaFl) and up to 60× better than Evans Blue labeled albumin
(EBA), when the the permeability × surface area product (PSe) of the nanocarrier and reference
substances were compared [13]. As a polyether, hPG contains a large number of C-O bonds and
hydroxyl groups, which makes the molecule highly hydrophilic. In addition, these polyether-based
multi-functional scaffolds exhibited condensed three-dimensional structure with a hydrodynamic
diameter typically within the range of 3–5 nm, high Cu-loading capacity, intracellular transport
and inertness to ubiquitous biological components such as protein and phospholipid membranes.
In this study, we elaborate the potential routes to generate hPG-scaffolds, which either complex Cu
within a specific molecular domain, or, are decorated with ligands that can either impart superior
biocompatibility and putative receptor engagement. The designed architectures were tested for
formation of the metal-complex and thermodynamics of the complex stabilization. In addition,
we have also investigated electrostatic and surface properties of these dendritic nano-constructs,
and evaluated their cellular toxicity and uptake behavior in mammalian cell lines.

2. Results

Compared to linear polymers of analogous molecular weight, spatially globular architecture of
hPGs gives rise to a number of interesting properties such as reduced viscosities and enhanced water
solubility, both of which can be readily modulated by post-synthetic functionalization of peripheral
hydroxyl functional group through classical alcohol-group chemistry [15–21]. Another salient feature
that makes hPGs unique from its linear analogues is the fact that these macromolecules exhibit
a distinct, convertible ‘interior’ supramolecular space [22], sterically shielded from the topological
‘exterior’ of the scaffold (Scheme 1) [23].

 

1a 
1b 

Scheme 1. Representative illustration of interior and exterior of hPG (1a) scaffold has been indicated
by the blue and brown shaded spheres respectively. In structure (1b), the interior hydroxyl groups
have been converted to amines.
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We set out to modify the hPG core structure by orthogonally including/attaching: (a) a Cu
encapsulating domain at a specific location within the molecule that can potentially complex Cu ion
with substantial stability; and (b) a molecular species that can putatively suppress cytotoxicity and
mediate cellular entry. Cu complexing nanocarriers designed in this study are presented in Table 1.
We optimized the synthetic design of these hPG-derived metal ion nanocarriers and investigated their
capacity to interact with Cu-ion in physiological settings.

Table 1. Library of hPG-based Cu-complexing nanocarriers. * Compound 3f indicates TMEDA bearing
hPG systems at full functionalization level. Synthesis and characterization of compound 3f (at full
functionalization level) has been reported earlier [13]. Different partial functionalization of hPG,
wherever used in this study, has been specified accordingly.

Compoundno. Compound Code Structure

3a PG10-DMA R1 = R2 = -CH3

3b PG10-DEA R1 = R2 = -CH2-CH3

3c PG10-DPA R1 = R2 = -CH2-CH2-CH3

3d PG10-DIPA R1 = R2 = -CH(CH3)2

3e PG10-DBA R1 = R2 = -CH2-CH2-CH2-CH3

3f * PG10-(TMEDA)x

X = Degree of functionalization, for 3f, X = 1.0

8 PGm-cNH2

8a m = 10 kDa

8b m = 5 kDa

10 PG10-cTMEDA

11 PG10-NF135
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Table 1. Cont.

Compoundno. Compound Code Structure

12 PG10-KR455

14 PG10-Mlt

15 PG10-GLNC

16 PG10-His

2.1. Dialkylamine Modified hPG Synthesized through Nucleophilic Substitution Reaction

As a first approach, a reactive hPG was functionalized with different dialkyl amines (Scheme 2)
to obtain a core-shell architecture where the tertiary nitrogen atom bearing alkyl chains acts as the
Cu ion complexing modality within the molecule. Water-solubility of these architectures is critically
governed by the degree of functionalization of the PG core. Synthetically, these systems were accessible
in a straightforward two-step reaction protocol where both terminal (T) and linear (L) hydroxyl
group of hPG can be converted to alkyl amine functionality (Scheme 2). Through the formation
of an O-mesylpolyglycerol [15], compounds 3a–3e can be obtained with quantitative conversion at
elevated temperature.

 

Scheme 2. Synthesis of dialkylamine functionalized PG. R1 and R2 can be similar or different.
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The critical consideration in this reaction is the high volatility of dialkylamines and the
requirement of relatively high temperature (over 100 ◦C) to carry out the reaction. We have synthesized
a series of dialkylamine-substituted hPG following this reaction protocol with satisfactory yield as
presented in Table 2.

Table 2. Designing dialkylamine terminated PG. Range of amine groups and yields. Compound 3f has
not been included, as chemical data of the molecule has been published earlier [13].

Compound R1 = R2 Yield (%)

3a CH3- 60
3b CH3CH2- 86
3c CH3CH2CH2- 76
3d (CH3)2-CH- 56
3e CH3CH2CH2CH2- 68

Figure 1 shows the 1H-NMR spectrum of 3b. The broadened signals of the protons of CH3 at
1.31 ppm and CH2 group from 2.32–2.81 ppm indicate the immobilization of dialkylamine moiety onto
the PG scaffold. The degree of functionalization can be estimated from relative integration intensities
of the signals from CH3 group and that from PG scaffold (3.5–4.0 ppm). In the case of compounds 3c

to 3e, the degree of functionalization could be easily determined by considering the terminal methyl
proton as a reference for calculation. A full synthesis, chemical and biochemical characterization of
compound 3f has been published earlier [13]. Hence, limited experimental data has been presented
for this compound for comparison purpose, while, synthetic, UV-spectroscopic, calorimetric and cell
cytotoxicity experiment has been conducted and presented for other Cu-nanocarrier candidates.

Figure 1. 1H-NMR of diethylamine functionalized PG (3b) at quantitative functionalization level.

This is noteworthy that since the signals due to the protons belonging to the alkyl chain of
dialkylamines, which are located next to nitrogen atom, overlap with PG signal, therefore the area
corresponding to two protons should be subtracted from the PG signal integration to avoid the
underestimation of the actual degree of functionalization. The absence of a signal at 3.12 ppm indicates
the complete removal of the mesyl group from the PG backbone. Similar 1H-NMR patterns were
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observed with other secondary dialkylamines attached to PG. 13C-NMR and IR spectra were also
found to be confirmatory for the proposed product structures.

2.2. Selective Chemical Differentiation of Primary and Secondary Hydroxyl Groups of hPG: Cu-Binding
Domains at hPG Core

In contrast to dendrimers, hyperbranched polymers showed no distinguishable interior and
periphery. Hyperbranched PGs, however, possesses two types of hydroxyl functional groups
(generated from linear and terminal glycerol units), which can be chemically differentiated [24].
Although the linear units are randomly dispersed throughout the structure, they are predominantly
present in the proximity of the focal or “core” unit of the macromolecule, when the polymers are
prepared by slow monomer addition technique [25]. By following an earlier procedure developed by
Haag et al. [22], a chemical differentiation strategy has been undertaken to synthesize core-aminated
PG where the “focal-close” linear hydroxyl groups were selectively converted to amines keeping the
terminal hydroxyl groups intact. These structural variants of PG were envisioned to encapsulate
Cu ion through the nitrogen atoms present in the core, thereby shielding the encapsulation zone.
With such structures, it was also possible to retain the required water solubility and biocompatibility
profile of the complexes, which are mostly contributed through the “focal-distant” terminal hydroxyl
groups. These hyperbranched scaffolds could be envisioned as the molecular chaperons observed
in biological systems where the guest molecule is shielded from external environment. The outer
hydroxyl group can further be functionalized with targeting moieties or biocompatible PEG shells.
In the first step to construct this type of architecture, the terminal 1,2-diols of PG were regioselectively
converted to polyacetal 4. The complete conversion of 1,2-diols in PG was observed (according to
13C- and 1H-NMR) leaving approximately 40% of the hydroxyl groups unaffected [22]. The synthetic
scheme of core-functionalized polyglycerolamine is presented in Scheme 3.

Scheme 3. Synthesis of core-functionalized polyglycerolamine 8.
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The conversion of 5 from 4 could be monitored by means of IR, by tracking the appearance of
azide signal (at 2100 cm−1) in polyglycerol azide, 6 [15]. Deprotection of acetals was carried out in the
following step with acidic Dowex-400 resin, where the selective acid-catalyzed cleavage of the acetal
groups proceeded with quantitative conversion yielding 7. Core functionalized polyglycerolazide
7 synthesized in this way, where the azide groups are located only at the core of the hyperbranched
molecule could also be envisioned as an useful substrate for metal assisted 1,3-Huisgen type “click”
chemistry approach. Staudinger reduction of core-functionalized polyglycerolazide carried out in
the presence of triphenylphosphine and water, yielded core-functionalized polyglycerolamine (8),
as confirmed by complete elimination of azide signal in IR spectra. Usually Staudinger reaction is
carried out in THF in the presence of small amount of water (5%). However, this is to note that, careful
consideration is needed to maintain the ratio of THF to water during the course of the reaction, so that
premature precipitation of compound 7 can be optimally minimized.

2.3. Amide Coupling for the Synthesis of hPG-Bispicolylamide Derivatives

Cu2+ complexation of a bispicolylamide entity is a widely studied phenomena in designing linker
molecules for solid phase peptide synthesis [26]. In peptide chemistry, this type of complexation leads
to a weakening of the N-C-amide bond, which can subsequently be cleaved under very mild condition
by methanolysis [27–29]. In nature, metalloproteases use the same mechanism for hydrolytic cleavage
of the peptide bond. Due to high affinity complexation capacity of bispicolylamide derivatives towards
Cu, we hypothesized that, bispicolylamide derivatives bound to PG by a stable amide linkage will
encapsulate Cu2+ ion in aqueous environment with substantial stability. Therefore two carboxylic acid
terminated bispicolylamide derivatives, namely NF 135 and KR 455 (a kind gift from AG Bannawarth,
Universität Freiburg, Freiburg, Germany) were coupled to core-aminated PG through an amide
bond formation to synthesize compounds 11 and 12, respectively. These derivatives were coupled
to core-aminated PG, (8, PG10-cNH2) by EDCI/DMAP mediated coupling protocol. An overnight
dialysis in methanol yielded pure compounds 11 and 12 in quantitative yield. 1H-NMR conclusively
proved the immobilization of the derivatives on to PG scaffold where the broadened signals of protons
from the BOC group and those from aromatic pyridine moiety resonate around 1.39 ppm and from 7.0
to 8.57 ppm respectively. Degree of functionalization was limited to approximately 20% in both cases
compared to all hydroxyl groups of PG to ensure water-solubility of the products.

2.4. Reductive Amination Pathway towards the Synthesis of Mono-and Oligosaccharide Modified hPG-Amine

The coupling of mono- and oligosaccharide units to the outer shell of dendritic or hyperbranched
architectures has been successful and the resulting amphiphilic macromolecules have been explored
as carrier systems for drugs [30–32] and DNA [33,34]. These systems, in addition to the increase in
biocompatibility, can utilize the molecular recognition potential of mono- and oligosaccharide units for
enhanced and selective cell uptake [35–40]. PPI dendrimers with a densely organized oligosaccharide
shell was proved to be a promising anti-prion agent and extensive studies on oligosaccharide shell
coupling to PEI based hyperbranched polymers has been reported [41]. Previously it has been
documented that the Cu2+ complexes of the polypeptide-shelled PPI dendrimers possess nearly the
same stability constants as the Cu2+ complexes of the unmodified PPI ones [42]. The study suggested
that the polypeptide chains do not alter the Cu2+ complexation ability of the dendritic PPI skeleton
significantly. Thus, it can be assumed that the dendritic PPI skeleton is the driving force for the
complexation of Cu2+ and it is independent of the attached peripheral chains as surface groups. In our
study, it is therefore presumed that attachment of oligosaccharide shells onto polyglycerolamine will
not adversely alter polyglycerolamine’s inherent Cu2+ complexation ability. To this end, maltose and
N-acetylglucosamine have been coupled to polyglycerolamine to utilize the purported recognition
potential of carbohydrate motif at glucose transferring receptor (GLUT) present in the BBB. Reductive
amination was adopted to immobilize the saccharide units as surface group. This reaction can result in
the simultaneous coupling of at least one (or two) saccharide units for one amino surface group with
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minimized synthetic effort [43]. This synthetic approach has also been described by several authors in
immobilizing oligosaccharide onto poly(lysine) and poly- (ornithine) monodendrons and dendrimers,
PPI dendrimers [42] and PEI [44] based hyperbranched system. In our case, polyglycerolamine (13,
fully functionalized, i.e., all hydroxyl groups of PG have been converted to primary amines) was
synthesized by previously published procedure from PG by subsequent steps of mesylation, azidation
and Staudinger reduction. The reductive amination of the polyglycerolamine with a large excess of
maltose or N-acetylglucosamine was carried out with a borane-pyridine complex as a strong reducing
agent in a sodium borate buffer, yielding N-acetyl-glucosamine linked polyglycerolamine (PG10-GLNC,
14) and maltose-modified polyglycerolamine (PG10-Mlt, 15). The 1H-NMR spectrum of 14 showed
signals in two characteristic regions: from 2.5 to 4.4 ppm (PG protons overlapped with those from
sugar) and from 5.0 to 5.3 ppm (anomeric proton from maltose). On the other hand, 1H-NMR spectrum
of 15 displayed a broad signal in the range of 1.9–2.2 ppm (CH3 group of the N-acetylgluocosamine)
followed by highly overlapping signals broadened from 2.5 to 4.5 ppm (proton from PG backbone
overlapping with those from sugar units). The reductive amination reaction of the reducing unit of the
parent (oligo-) saccharide yields a noncyclic unit partly restricted in mobility by its neighborhood to
the PG scaffold and, therefore, generating signals with different extents of broadening. Additional
broadening and splitting should be caused by different stereochemistry and by the substitution pattern
of the neighboring amine nitrogen. Nevertheless, for compound 15, signal at 22 ppm and for 14, at
100 ppm in 13C spectra after dialysis indicated the immobilization of the saccharide residue onto the
PG scaffold. It was difficult to conclude whether one or two units of sugar residues have been added
per amino group, however from 1H-NMR, the degree of functionalization was calculated which was
typically within the range of 48% for 14 and 54% for 15.

2.5. Attaching N-α-BOC-Histidine to Polyglycerolamine: BBB Targeted Nanocarriers

Brain microvascular endothelial cells (BMEC) are the major structural and functional components
of the BBB that maintain the homeostasis of the central nervous system. The plasma membrane of
BMEC has been shown to be the site of several carrier-mediated transport systems including those for
glucose, monocarboxylic acids and amino acids [45,46]. Xiang et al., provided evidence for there being
at least two pathways for L-histidine uptake into isolated choroids plexus, an Na+-independent and
an Na+-dependent process. Hikichi et al., studied the stereoselective BBB transport of histidine using
rat brain BMEC and reported the process to be saturable [47]. Their results suggested that L-histidine
is actively taken up by a carrier-mediated mechanism into the BMEC with energy supplied by Na+.
Considering these earlier data, we have immobilized a histidine analogue, N-α-BOC-Histidine was
immobilized onto polyglycerolamine (50% amino functionalized) to yield compound 16 (PG10-His)
in an attempt to utilize the Cu complexing capability of both polyglycerolamine and imidazole ring
system of the histidine moiety while exploiting the affinity of histidine nucleus towards System-L and
System-N transporters in the BBB. In this system, N-α-BOC-Histidine serves as the targeting modality
to target histidine transport receptors. The reaction chemistry is presented in Scheme 4.

 
Scheme 4. Coupling of N-α-BOC-histidine to polyglycerolamine.
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N-α-BOC-histidine was coupled to polyglycerolamine by using EDCI as the coupling agent in
the presence of catalytic amount of DMAP in DMF-water (1:1) mixture. An overnight dialysis in
methanol yielded pure compounds in 78% yield. 1H-NMR conclusively proves the immobilization of
the derivatives onto PG scaffold where the nine protons from BOC signals resonate at 1.09 ppm while
two protons from the imidazole rings of histidine nucleus appear at 6.52 and 7.84 ppm. The degree of
functionalization was adjusted to 20%, which resulted in water-soluble product.

2.6. Synthesis of FITC-Labelled PG10-TMEDA System

Compound 3f (approximately 70% level of functionalization) was tagged with FITC in the
presence of dibutyl tindilaurate as catalyst. Extensive dialysis in MeOH yielded the desired FITC
labeled 3f (FITC-PG10-TMEDA) for cellular uptake studies. UV-Vis spectrophotometric methods and
1H-NMR were used to characterize the labeled product.

2.7. Cu-Encapsulation by Synthesized hPG-Derived Nanocarriers: UV-Visible Spectroscopic Investigation

The primary objective of designing these synthetic constructs was to use them for complexing
and delivering Cu ion across cell membranes. To this end, the hPG-based architectures were first
tested for their Cu-complexing ability. UV/Vis spectroscopy is a method that is extensively used to
investigate qualitative as well as quantitative changes in the coordination sphere of transition-metal
complexes [48–51]. In the case of dendrimers, it was shown that dendritic structures can only
encapsulate a maximum number of metal ions per molecule [52]. The maximum metal loading
of the dendrimer and the value of the [metal ions]/[dendrimer] ratio determines the size of the formed
nanoparticles [53]. In our case, a similar approach to investigate the metal loading capacity by PG
based Cu encapsulating nanostructures was undertaken. Cu2+ encapsulated systems were prepared
by mixing equal volume of aqueous CuSO4 solution with respective polymer solution. An incubation
time for metal uptake was standardized to be 24 h. The encapsulated Cu2+ ion was not reduced
after complexation to form true nanoparticles since the therapeutic efficacy needs the Cu2+ ion to
be delivered in ionic form. The evidence for Cu2+ encapsulation by the respective PG based Cu2+

encapsulating constructs resides in the fact that, in pure aqueous solution copper sulfate forms a light
blue (aqua) copper complex, [Cu (H2O)6]2+, which has a wide absorbance maximum at 810 nm region.
On the formation of a complex between the amine moieties of polymer scaffold, this absorbance
maximum will be shifted to shorter wavelength. At this wavelength, a continuous variation plot of Cu
to polymer ratio will provide the maximum number of Cu ions that can be encapsulated per mole of
nanocarrier [54,55]. As a general procedure, to assess maximum metal-cargo capacity of dendrimers
and hyperbranched polymers, an aqueous solution of the individual nanotransporter (at various
concentrations calculated according to the Mn value) was mixed with an aqueous solution of Cu2+ to
obtain a distinct molar [Cu2+ ions/nanotransporter] ratio within the range of 0–100. As a representative
example, Figure 2a illustrates the complexation of copper ions with PG10-TMEDA1.0 system. A more
detailed biophysical and biochemical evaluation of Cu-complexing capacity of this candidate and
related molecular species has been communicated in our earlier publications [12–14]. In the absence
of a polymer with complexation capabilities, Cu2+ exists primarily as [Cu (H2O) 6]2+ in aqueous
solutions, which gave rise to a broad, weak absorption band at 810 nm associated with a d-d transition
(ε ~10). In the presence of 3f, λmax for the Cu2+ d-d transition was shifted to 735 nm. In addition,
a strong ligand-to-metal-charge-transfer (LMCT) transition appeared at 280–300 nm regions (Figure 2a).
With higher ratio of Cu2+ to polymer, the spectrum shows a tendency to shift towards the longer
wavelength. This change in UV-Vis spectrum allows following the Cu2+ ion binding with different
hyperbranched polymer systems bearing nitrogen atoms. In this experiment, the absorbance at λmax

at 735 nm increased with increasing [Cu2+]/[nanotransporter] ratio until a critical value is reached,
above which the absorbance increased only slowly. The shift in the absorption maximum at 735 nm
is mainly due to the complexed Cu ion co-ordinated within the four nitrogen system of TMEDA
structure across the polymeric scaffold. Figure 2b represents the general architecture of such TMEDA
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complexes with Cu2+, where the metal ion is bound between the four nitrogen atoms of TMEDA moiety
of compound 3f. A different UV-Vis absorbance pattern was observed when compound PG10-Mlt
14 or PG10-GLNC 15 was titrated with Cu2+. Figure 2c,d shows the absorption spectra of 14 in the
presence of increasing amount of Cu2+. The nanocarriers themselves do not absorb light significantly
above 250 nm. In the presence of Cu2+, a new peak at appears at 273 nm (Figure 2c for PG10-Mlt
system). This can be attributed to the ligand-to-metal charge-transfer (LMCT) transition of the Cu2+

encapsulated complexes [54,55]. This LMCT band were obtained when increasing amount of Cu2+ was
added to PG10-Mlt system in water.

 

Figure 2. (a) Complexation of Cu2+ion by PG10-TMEDA1.0 system 3f as indicated by shift of absorbance
band at shorter wavelengths compared to that for free CuSO4 (b) Idealized structure of compound
3f, and the possible structurea of the complex (c) Complexation of Cu2+ ion by PG10-Mlt 14 can be
followed by gradual increase of absorbance at 273 nm. Cu/Polymer ratio of 10–70 is presented (d) Two
distinct region is present before and after maximum Cu loading by the PG10-Mlt 14 system which
diverges at [Cu]/[Polymer] = 50.

Comparative studies have been undertaken which revealed no interaction between maltose with
Cu2+. Therefore it can be assumed that the amino groups within the polymeric scaffold are responsible
for complexing Cu2+. Because of the low absorbance of d-d transitions (less than 0.12) at about 700 nm,
which is also associated with high signal-to-noise ratio, the LMCT transition at 290 nm was used for
quantitative evaluation of Cu2+/polymer complex. Figure 2d shows the absorbances of PG10-Maltose
system as a function of Cu2+ concentration. At low Cu2+ concentration, a linear increase in absorbance
at 274 nm was observed. In this region, an effective complexation takes place between Cu2+ ions and
hPGs. This gradual increase of absorbance eventually diminishes into an approximately linear region.
Here practically no complexation between Cu2+ and polymers takes place. The intersection point of
these two regions can be estimated as the maximum molar capacity of these carbohydrate modified
polyglycerolamine systems to load Cu2+ ions.

198



Molecules 2018, 23, 1281

For PG10-His system 16, a shoulder band at 290 nm, which gradually increases with increasing
Cu2+ concentration, was assigned as LMCT transition signals and similar procedures as mentioned
above was followed to determine the Cu2+-loading capacity of these nanocarriers. The high
signal-to-noise ratio of Cu2+/carrier complexes from 650 to 700 nm, associated with the problem
of overlapping of the LMCT region by the structural features of the carriers themselves restricted the
UV-Vis spectroscopic application to determine maximum metal-encapsulating capacity of PG10-NF135
11 and PG10-KR 455 12 systems. For these carriers, isothermal titration calorimetry (ITC) was used as
a method of choice to investigate their encapsulation/complexation behaviour.

2.8. Thermodynamics of Cu-Ion Encapsulation by hPG Nanoconstructs: Isothermal Titration Calorimetry (ITC)

Isothermal titration calorimetry (ITC) has proven its efficiency for studying thermodynamic
and kinetic properties of macromolecular interactions due to its ease of application and high level
of accuracy. ITC technique was used to follow the enthalpic interactions between hPG-derived
nanotransporter and Cu2+ ions, which in turn reflect the strength and extent of metal encapsulation
properties of the selected species. The energetics of encapsulation is critically important for designing
Cu-ion delivery systems as it governs the stability of the complex in fluctuating in vivo environment
before it reaches the target tissue. Encapsulation of all nanotransporters was analysed by measuring the
heat change during the titration of Cu2+ to nanotransporter solutions. The heat released or absorbed
during the titration process is in direct proportion to the amount of binding between the macromolecule
and the metal ion. In this experiment, isothermal titration calorimetry was performed in both orders,
i.e., nanotransporters added to Cu2+ ion solution and vice-versa to investigate the encapsulation event
quantitatively. It was found that, adding Cu2+ ion solution from the syringe to the nanotransporter
solution in the cell gives a better representation of the saturation process of the polymers by Cu2+

ions. A series of concentration experiments has been done for each of the nanotransporters to fix the
experiment parameters including the concentration of the hPG derivatives and the metal ion.

Figure 3 illustrates the isothermal titration calorimetric trace for PG-cNH2 architecture 8.
Encapsulation stoichiometry of Cu2+ ions by these nanocarriers was found to be a function of the
molecular weight of the PG core. Resulting binding isotherm representing the interaction of Cu2+ ions
to this nanotransporter was hyperbolic in nature with an initial rapid release of heat in the negative
side of titration baseline indicating exothermic interaction between Cu2+ ions and the nanocarriers.

Figure 3. Binding isotherm of Cu2+ interaction with PG5-cNH2 8a and PG10-cNH2 8b systems. X-axis
shows the amount of heat (kcal mol−1) released upon encapsulation of Cu by the nanocarriers.

199



Molecules 2018, 23, 1281

The enthalpic values, as illustrated in the figure, finally reached a plateau, which indicated
the end-point of titration confirming that all or at least most of the accessible binding sites of the
macromolecules have been saturated with the ligand. The negative value of apparent change in
enthalpy (ΔHapp) indicated the predominant effect of charge-interaction in binding event. Different
statistical and qualitative approaches were undertaken to analyse the binding isotherm resulting from
calorimetric titration. In principle, the difference between the amount of energy liberated/absorbed at
the onset of titration and that at the end of the saturation process, generally gives the first approximation
of binding energy of interaction. Stoichiometry of binding can be calculated from the inflection point
of the titration curve. The stoichiometry can also be evaluated from the intersection points of different
kinetic regions within the binding isotherm before the saturation/plateau level of interaction is
reached. From exothermic heat release profile, it can be concluded that both core-functionalized
polyglycerolamines PG-cNH2 8 was complexing Cu2+ ions. PG10-cNH2 architecture was able to
complex 26 mole of Cu ion per mol of polymer, whereas PG5-cNH2 was encapsulating only 10 mole
of metal ion per mole of the nanocarrier. The heat of complex stabilization was almost of similar
order for both variants, which is within the range of −6.5 to −7 kcal mol−1 indicating considerably
stable complexes between Cu2+ ions and the polymers. The binding isotherms of these two polymeric
systems however showed that PG5-cNH2 is saturated with Cu2+ ions at a faster rate than that of its high
molecular weight counterpart. The observation might be due to easier accessibility of the metal ions
towards the linear amino groups for low molecular weight core. The change of complexation enthalpy
as a function of [Cu2+] to [nanocarrier] ratio followed a similar pattern for other nanocarrier systems.
The exothermic isotherms can be mainly attributed to the charge transfer based complexation between
the amine groups of the molecule and Cu2+ ions. Of the two carbohydrate-coupled polyglycerolamines,
PG10-Mlt 14 showed different energetic behavior on its interaction with Cu2+. At the onset of titration,
endothermic signals were generated which were gradually converted to exothermic heat flow (data
not shown). The observed facts could be due to two separate energetic processes occurring during
complexation. Similar effect was also reported previously where introducing larger oligosaccharide
units onto the host polymer changes the binding mechanism of guest molecule [56].

PG10-NF 135, 11 and PG10-KR 455, 12 systems were analyzed micro-calorimetrically in the same
manner to evaluate their Cu-complexing ability. Figure 4 shows the binding isotherms of these systems
with Cu2+ ions. As observed from Figure 4a, approximately 13 kcal/mol of energy has been liberated
on interaction of Cu2+ with PG10-NF 135 system, which indicates the formation of considerably strong
complex. On the other hand, Cu2+-PG10-KR 455 complex stabilization energy was only within the
range of 5 kcal/mol (Figure 4b). Intersection of the linear regions of binding isotherms affords the
maximum Cu2+-loading efficiency of the nanocarriers. The figure also shows that PG10-NF 135 (11)
can encapsulate ~45 mol of Cu/mol of carrier, while PG10-KR 455 (12) was able to bind ~55 mol of
Cu/mol of carrier.

Figure 4. Binding isotherm for Cu2+ interaction with (a) PG10-NF 135, 11 and (b) PG10-KR 455, 12.
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Depending on the variation of molecular architecture, Cu2+ saturation level and complex
stabilization energy varied with individual Cu2+ encapsulating systems. The binding isotherms of the
different nanocarriers with Cu2+ ion allowed the determination of maximum [Cu2+]/[nanocarrier]
ratio using the inflection method as per earlier published procedure [56]. Saturation stoichiometry
of the nanotransporters towards Cu2+ generated by analysing the titration curves is presented in
Table 3. The Cu-complexing capacity of compound 3f (i.e., PG10-TMEDA1.0, fully functionalized)
has been published in an earlier report [13]. Here we show that, compound 3f, functionalized with
TMEDA moiety at 50% and 10% functionalization level, also showed similar trend of Cu-encapsulation
characteristics as per ITC and UV-Vis measurements.

Table 3. Cu2+ complexing stoichiometry as determined by ITC and UV-Vis spectroscopy.

Compound No. Nanocarriers Mole of Cu2+/mol of Nanotransporter

ITC UV-Vis
3f (50%) * PG10-TMEDA0.5 31 36
3f (10%) * PG10-TMEDA0.1 14 15

8a PG10-cNH2 26 31
8b PG5-cNH2 10 17
11 PG10-NF 135 45 40
12 PG10-KR 455 55 48
14 PG10-Mlt N/D 40
15 PG10-GLNC N/D 42
16 PG10-His 35 N/D

N/D: not determined; It was not possible to accurately determine the saturation stoichiometry of Cu2+ by PG10-Mlt
or PG10-GLNC system by ITC (inadequate model fitting), and PG10-His by UV-Vis spectroscopic techniques (very
week LMCT signal). * % value inside parenthesis indicates the degree of functionalization of total number of
hydroxyl groups/mol of hPG.

2.9. Surface Charge Characteristics of Cu-Loaded hPG Nanocarriers

The surface charge, or zeta potential of nanocarriers governs a wide array of their biological
activity, including cellular permeability, biocompatibility, systemic stability, enzyme interaction,
metabolic degradation and toxicity. Hence, we have investigated the surface charge of the synthesized
Cu-nanocarriers either alone or in Cu-encapsulated form. Zeta potentials of the PG10-TMEDA
nanocarrier solution in PBS of pH 7.4 were measured for different degree of functionalization of
the construct. To assess the effect of Cu2+ on surface charge of PG10-TMEDA systems, the nanocarriers
were loaded with maximum stoichiometric amount of Cu (estimated from ITC and UV-Vis titration).
For optimal loading of Cu, after incubation, free metal ion was removed from the polymer-encapsulated
species by dialysis until a stabilized value of absorbance at 735 nm is obtained for the retentate
solution. The freeze-dried, PBS resuspended solution of nanocarriers was subjected to zeta potential
measurement. In case of PG10-TMEDA systems protonation may occur at all nitrogen atoms and
like amine terminated PAMAM dendrimers, the surface of the polyglycerolamines will be positively
charged and zeta potentials will gradually increase with increased percentage of cationic groups.
Typical results from the zeta potential measurements are illustrated in Figure 5a for PG10-TMEDA
system 3f in buffered aqueous solution. It is clearly observed that at pH 7.4, these systems were
positively charged and surface charge increases with increasing degree of functionalization of PG
scaffold with TMEDA moiety from +10.4 mV to as high as +18.2 mV. Loading PG10-TMEDA systems
with saturating concentration of Cu load (as measured from ITC/UV calculations) decreases the zeta
potential of the Cu-encapsulated complex. For example, PG10-TMEDA1.0 3f system exhibits surface
charge of +18.2 mV, which is decreased to 12.1 mV upon encapsulation of Cu2+ (Figure 5a). This charge
neutralization of the carrier system by Cu2+ proves the location of the metal ion adjacent to TMEDA
shell systems of the carrier molecule with probable involvement of the charge transfer mechanism.
The higher the degree of functionalization, the stronger is the charge neutralization, most likely due
to higher stoichiometric load of Cu ion within the polymer scaffold. Also considering the fact that,
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CuSO4 does not have any surface charge, the colloidal electrostatic charges of the resulting solution
over entire [Cu2+]/[PG10-TMEDA] functionalization range is essentially being contributed from the
Cu-encapsulated PG10-TMEDA system. Surface charge properties of PG-cNH2 8 system were found
to be a function of molecular weight of the PG core. PG10-cNH2 derived from 10 kDa PG scaffold
exhibit higher zeta potential (16.4 mV) than PG5-cNH2 species with 5 kDa PG core (10.4 mV). For
carbohydrate-modified carriers, surface charge was substantially low.

Figure 5. (a) Comparative zeta potential of PG10-TMEDA system alone and in the absence and presence
of Cu2+. Gradual decrease of zeta potential is observed with decreasing functionalization level of PG
core by TMEDA moiety (b) Fluorescence spectra of BSA (emission maximum at 341 nm) in the presence
of increasing concentration of PG10-TMEDA0.5 (c) Stern-Volmer constant (KSV) of the nanocarriers with
respect to PG (PG10-OH).

Table 4 summarizes the zeta potential values of the studied nanocarriers:

Table 4. Zeta potential of PG based Cu-encapsulating systems.

Compound No. Nanocarriers Zeta Potential (mV)

11 PG10-NF 135 (+) 36.0 ± 1.0
12 PG10-KR 455 (+) 38.5 ± 0.5
3a PG10-DMA (+) 28.0 ± 0.5
14 PG10-Mlt (−) 1.5 ± 1.0
15 PG10-GLNC (+) 5.0 ± 0.5
16 PG10-His (+) 8.5 ± 1.0

2.10. Interaction of Cu-Ion Encapsulating Systems with Plasma Albumin

The effectiveness of drug or delivery system candidates depends heavily on their interaction
with naturally occurring plasma proteins within the systemic circulation. This is particularly critical
when the polymeric architectures possess high surface charge, molecular weight, and have tendency
to interact with biomacromolecules in blood due to their surface properties. In general, the extent
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of interactions between bioactive molecules and serum is quantified by Stern-Volmer constants,
reflecting tryptophan fluorescence quenching efficiency of the ligands, where the amino acid being
the integral part of BSA construct. Furthermore, these interactions are measured in terms of binding
constants or binding associations. Reported studies have been directed to realize the interactions of
polyamidoamine (PAMAM) dendrimers (fatty acid free and loaded with fatty acids) with serum
albumins (SA), for their physiological significance in developing nano-carrier systemic delivery
system [57]. In our case, fluorescence spectroscopic studies were carried out in phosphate buffered
saline solution. Emission spectra were recorded from 300 to 440 nm after excitation at 295 nm.
In buffered aqueous solution, BSA exhibits a characteristic emission spectrum of the tryptophan
fluorophore, with a distinct peak maximum at around 340 nm. In order to investigate the interaction
between dendritic polyglycerols and BSA, changes in the intensity of the emission spectra of BSA upon
addition of hPG-constructs were monitored. As can be seen from the spectra in Figure 5b, addition
of PG10-TMEDA0.5 3f–b to BSA in buffer led to a significant decrease in the intensity. When the
PG10-TMEDA0.1 3f–c carrier was added to the solution of BSA, the spectra showed only a slight
decrease in the fluorescence intensity; therefore suggesting much weaker binding interactions to BSA
indicating the interaction is operating mainly through the TMEDA groups coupled to PG. On the
contrary, in the experiment with PG10-Mlt, emission spectra of BSA were less affected by the presence of
the attached maltose units onto PG scaffold (data not shown). The distinct decrease in the fluorescence
intensity, as in Figure 5b, upon addition of polymers can be utilized in studying the interaction of PG
based carriers with BSA quantitatively by using classical Stern–Volmer equation [58–60]:

F0/F = 1 + kq × τ0 × [Q] = 1 + KSV × [Q] (1)

where F0 and F are, respectively, BSA fluorescence intensities in the absence and presence of polymer,
KSV is the Stern–Volmer quenching constant, [Q] is the concentration of polymer, kq is the bimolecular
quenching constant, and τ0 is the lifetime of the fluorophore in the absence of quencher. If diffusion
controlled, collisional quenching process is assumed, Equation (1) can be applied to properly fit the
experimental data.

The slope of Stern-Volmer equation equals to KSV and usually reveals the accessibility of the
polymers to the albumin fluorophore, hence the interaction and potential protein binding capacity of
the quencher [59]. More precisely, a linear plot is generally indicative of a single class of fluorophores,
all equally accessible to the quencher molecules. Typical results of Stern-Volmer constants of other
carriers are presented in Figure 5c. Spectroscopic results imply that the electrostatic interaction is the
main driving force for binding of these nanocarriers to negatively charged BSA. For example, if the
PG10-TMEDA 3f systems (light blue colour bars) are considered, it is clearly apparent that the extent of
interaction which is quantified by Stern-Volmer constant, decreases with decreasing functionalization
level of PG hydroxyl groups by TMEDA moiety. Similar trend can be observed with PG-cNH2 system,
where the KSV value clearly depends on molecular weight of the PG core. Attachment of sugar residue
onto PG scaffold essentially reduces the interaction with BSA. On the contrary, PG10-NF 135 11 and
PG10-KR 455 12 system exhibited substantially high interaction with BSA probably due to the presence
of heterocyclic ring, which facilitates non-specific attachment with BSA in addition to hydrophobic
mediated interactions.

2.11. Cellular Toxicity and Uptake of Representative hPG-Derived Nanocarriers

Cellular toxicity studies of the architectures in human hematopoietic cell line U-937 are shown
in Figure 6. A set of four parameters were considered for the evaluation of the Cu2+ nanocarrier
systems: (a) Cell number; (b) MTT-test for metabolic activity (c) Cell viability and (d) Apoptosis in
terms of cell diameter with respect to dexamethasone control. In all the cases, PG10-His 16, PG10-Mlt
14 and PG10-GLNC 15 showed substantial cell viability, unaltered cell diameter, normal metabolic
activity and significant cellular biocompatibility than PG10-DMA 3a, PG10-NF135 11 and KR455 12,
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and architectures. Figure 6 illustrates the representative cell-toxicity study obtained with PG10-GLNC
system 15. In addition to control, we have added dexamethasone to evaluate the effect of a known
cytotoxic agent within the same concentration as that for our test samples. As evident from the figure,
the number of viable cells, metabolic status and cell viability in general were virtually unaffected by
PG10-GLNC (15) or by PG10-His systems (compound 16). This might be due tohe biocompatibility of
N-acetylglucosamine or histidine analogue that has been attached onto polyglycerolamine scaffold.
On the other hand, PG10-KR 455 12 system was found to be highly toxic to the U-937 cell line as
illustrated in supporting information, and so was dimethylamine-substituted hPG (compound 3a).
Cytotoxicity data of compound 3f has been published in our earlier report [13]. This observation might
be attributed to extremely strong Cu-binding efficiency of these systems, which possibly depleted
essential metal ions from cellular microenvironment. We have also studied a short-term incubation
of PG10-TMEDA 3f system with 90% level of functionalization and PG10-cNH2 with living neuronal
SY5Y cell lines. When the cell lines were subjected to Cu loaded and FITC-labelled PG10-TMEDA
system, green fluorescence of FITC was observed around the DAPI stained nucleus on superimposing
image, confirming the cellular uptake of the carrier system within the cytoplasm (Figure 6d) starts
taking place within 30 min as observed in confocal microscopy based experiments. We have also
reported a more extensive cellular and biochemical property of this system, which showed that, not
only PG10-TMEDA systems were capable of internalization inside cytosol, they were also able to
engage with cytoplasmic metal processing machinery [13,14]. In a similar way, core-functionalized
polyglycerolamine, PG10-cNH2 8a tagged with FITC was investigated for cellular uptake in SH-SY5Y
cell-line, and the dye-labelled nanoparticles were found to be associated to the nuclear membrane
after 30 min of incubation period (data not shown). Since these cationic constructs do not contain
any receptor-specific ligand, the observed cellular uptake of is most likely triggered by non-specific
endocytosis, followed by endosomal escape through proton-sponge effect.

Figure 6. Cellular studies with U-937 cell-line treated with different hPG derivative Clock-wise: (a) Cell
number (b) metabolic activity; and (c) Cell viability (d) Presence of FITC-labelled compound 3f in
cytosol after 30 min incubation with SY5Y cell lines.
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3. Discussion

We found that, bare hPGs do not encapsulate Cu ion to a significant extent. Modification of PG
core is required to introduce Cu-encapsulating modalities within the molecule. This has been achieved
either by activating the PG hydroxyl group to an efficient leaving group, following nucleophilic
substitution with different dialkylamine moieties or, by step-wise conversion of PG hydroxyl groups
to primary amines. Cu-encapsulating moiety can be strategically localized either within the core,
or introduced statistically throughout the molecule. The complex formation of hPG-derivatives
with the metal is believed to take place through the displacement of water molecules surrounding
Cu2+ ion in aqueous solution. Along with typical mechanism of charge transfer from N-atom of the
polymer towards Cu2+ ion, it is also assumable that there is an enthalpic-entropic compensation in the
formation of such complexes. The role of entropic part in addition to enthalpic component in host-guest
interaction [61–63] is a well-documented phenomena particularly in case of charge-interactions [64].
Encapsulation of a guest species, Cu in this case, resulted in reduced rotation of bonds and higher
ordered structures applicable to all tested candidates. The partial/total loss of hydrate shell around Cu
ion set water molecules free which increased entropy and might compensate for the loss of rotational
freedom after encapsulation [65]. We have reported earlier, that compound 3f, at full functionalization
level, not only showed high affinity encapsulation of Cu2+, but also a pH-dependent release in aqueous
environment [13]. The stability of all tested complexes at pH 7.4 is important to retain the integrity of
the complex in the blood stream before accumulation into target tissues. On the other hand, gradual
release of Cu in acidic environment will be of critical importance in the liberation of Cu ion within the
cytosol after endocytosis.

hPG-derivatives with primary amine groups at the core (compounds 8a and 8b), showed
Cu-encapsulation efficiency as a function of the MW of the core. Heat of complex stabilization
was almost similar for both molecular weight variants, however, the rate of saturation of nanocarriers
were much faster in case of high MW PG-species 8 than their low MW counterparts (Figure 3). This
can be attributed to the higher accessibility Cu towards the linear amino groups in case of low
MW polyglycerolamine. Similarly, hPG-derived compounds, particularly those conjugated with
bioactive ligands such as maltose, N-acetylglucosamine and histidine showed increased toxicity
tolerance for free Cu (Figure 6) in the cell. Attaching carbohydrate functionalities to the core, i.e.,
maltose and N-acetylglucosamine, as in compounds 14 and 15 respectively, is a well-documented
approach to increase compartmentalization of guest molecules and to exert biocompatibility. In this
project, addition of carbohydrate fragments was envisioned to stabilize the Cu2+ complex formed
within the polyglycerolamine scaffold. These architectures were found to be the most non-toxic of all
the synthesized architectures in U-937 cell-line in terms of cell-viability, metabolism and apoptosis.
Improvement of biocompatibility scenario through incorporation of carbohydrate shell has been
reported before [56]. Attachment of bispicolylamide derivatives to PG improved the Cu2+ binding
ability of PG based nanocarriers to a considerable extent (Figure 4). PG10-NF135 11 was found to
be the strongest Cu2+ complexing nano-architectures among the synthesized candidates in terms of
binding energy. Compound 11 was found to accommodate ~55 moles of Cu/mol of polymer with
an energy range of 13 kcal mol−1. Unfortunately, the bispicolylamide derivative immobilized PG
nanocarriers exhibited substantial level of toxicity compared to control. This could be attributed
to strong chelating ability of bispicolylamide towards Cu, and also to other metals that might have
damaged normal metal homeostasis within cellular environment. Similar results were also reflected
in binding experiments of nanocarriers with serum albumin. Stern-Volmer constant (KSV), which is
considered as a quantitative extent of interaction with BSA with a given quencher molecule, decreased
gradually in the following order: PG10-DMA, 3a > PG10-NF135, 11, PG10-KR 455, 12 > PG10-TMEDA1.0,
3f > PG10-His, 16, PG10-TMEDA0.5 3f-b > PG10-Mlt, 14, and PG10-GLNC, 15. When neuronal cells,
such as SY5Y, were treated with FITC-tagged 3f derivatives, FITC fluorescence from the nanocarriers
were visualized near the DAPI stained nucleus indicating that the systems were uptaken by the
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cells through non-specific endocytosis followed by endosomal escape. In case of core-functionalized
polyglycerolamine, accumulation of the nanocarriers on or near nuclear membrane was evident.

The experimental significance of this work principally indicates that, it is possible to construct
multivalent hPG-based ligand for spontaneous encapsulation of Cu ion to generate biocompatible
Cu-complexing macromolecular constructs. The strength and complexation property can be optimized
by selective functionalization of the hydroxyl groups of hPG scaffold by different structural modalities,
which in turn also governs cellular uptake and toxicity of the nanocarriers. The optimized hPG-derived
architectures can find potential application in addressing disease and nutritional deficiency conditions
where exogenous administration of Cu is required.

4. Experimental Section

4.1. Materials

PG (Mn = 10,000 g/mol) synthesized from TMP starter, MWD = 1.7) was prepared by the Haag
group according to a previously published procedure. All PG samples were concentrated and dried
under vacuum (50 ◦C, 1 × 10−2 mbar) until loss of weight was lower than 0.025 g per 1.0 g of the
dried sample in 5 h drying periods. This process was accepted as a standard procedure followed
also in previous works. Commercially available chemicals from standardized sources have been
used and used as delivered. Solvents were purchased as reagent grade and distilled if necessary.
Anhydrous solvents were either purchased as ultra dry solvent from Acros Organics® (Fisher Scientific,
Im Heiligen Feld, Schwerte, Germany) or received from solvent purification system. The following
spectrometers were used for recording 1H-NMR and 13C-NMR spectra: DRX 500 and AMX 500
spectrometers, (Bruker, Billerica, MA, USA). Typically, 10–30 mg of compound was used for recording
1H-NMR while 50–100 mg of compounds were required for 13C-NMR. Deuterated solvents were used
as standardized procedure. All spectra were recorded at r.t. and were analyzed with Win NMR®

software (Bruker, Billerica, MA, USA). Benzoylated cellulose membrane purchased from Sigma-Aldrich
(Munich, Germany), MWCO = 1000 was used to perform dialysis. Typically, dialysis was carried out for
24 h with 1 L of solvent that was exchanged after first 6 h of the process. Size exclusion chromatography
(SEC) was performed with Sephadex LH 20 or Sephadex G 25 from GE Healthcare (Little Chalfont, UK).
The material was activated by swelling in the respective eluent prior to performing chromatography.
In case of using CHCl3, the beads were activated in the presence of 10% ethanol. TLC was performed
on aluminium sheets with silica (corn size 60) and fluorescence marker (F254) (Merck, Darmstadt,
Germany). Flash column chromatography was performed on Merck silica (corn size 60).

4.2. UV-Vis Spectroscopy

UV/Vis spectra were recorded with a S-3150 instrument (Scinco, Seuol, Korea) range: 190–1100 nm,
resolution 1024 points) in fast mode. Calibration was performed at 360.85 and 453.55 nm with holmium
oxide glass. The spectra were recorded at r.t. and were evaluated with Labpro® Plus from Scinco
Co., Ltd., Microsoft® Excel 2000 (Microsoft Inc., USA), and Origin® 7.0 from Origin Lab Corporation
(Redwood City, MA, USA).

4.3. Isothermal Titration Calorimetry (ITC)

A Microcal VP-ITC microcalorimeter (MicroCal, LLC, Northampton, MA, USA) was used to carry
out the calorimetric experiments. Experimental parameters for titration experiments were: number of
injections 34, cell temperature 30 ◦C, stirring speed 290 rpm, cell volume 1.43 mL, injection volume
8 μL, injection duration 16 s, spacing 300 s and filter speed 2 s and reference power 10 μcal s−1.

4.4. Zeta Potential Measurement

Zeta potential measurement were carried out on a Zetasizer Nano ZS analyzer with integrated
4 mW He-Ne laser, λ = 633 nm (Malvern Instruments Ltd., Malvern, UK). Doppler anemometry
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technique was used whereby electric field was applied across the sample solution. All measurements
were carried out at 25 ◦C using folded capillary cells (DTS 1060). The medium was PBS (pH 7.4) and
particle concentration used was 2 mg/mL.

4.5. Fluorescence Spectroscopic Studies

Fluorescence emission spectra were taken with a FP—6500 spectrofluorometer (Jasco, Deutschland,
Pfungstadt, Germany) equipped with a thermostated cell holder, a DC-powered 150 W xenon lamp, a R
928 photomultiplier and a versatile slit system. For polymer-BSA interaction studies, emission spectra
were recorded in from 300 nm to 440 nm after excitation at 295 nm. Both excitation and emission slits
were set at 5 nm. The sample solutions used for fluorescence measurement were stirred thoroughly by
using a laboratory vortex shaker and incubated for at least half an hour at 25 ◦C before measuring the
fluorescence. All measurements were carried out at 25 ◦C.

4.6. Synthesis of Core-Functionalized Polyglycerolamine; Ketalization of PG: Protection of Terminal Diols 4

Ketalization of PG has been done following the already published procedure [22]. To a mixture
of PG (10.0 g, 40.54 mmol of diol units, 1.0 eq.) and 0.4 mol (10.0 eq.) of acetone dimethyl acetal,
0.77 g (10 mol%) of PTSA was added. The reaction was allowed to run overnight under r.t. The crude
product was diluted in chloroform and then extracted three times with saturated Na2CO3 solution to
remove the remaining PTSA. The organic phase was dried over MgSO4. Dialysis in chloroform for
48 h was carried out to remove the traces of dimethylacetal and PTSA. The purified product was dried
under vacuum to yield the polyketal as viscous, yellowish, transparent oil in 93% yield. Conversion:
quant. (all hPG diols, 30% of total hydroxyl groups were converted). 1H-NMR (500 MHz, CDCl3):
δ (ppm) = 1.17 (s, CCH3, ketal), 1.20 (s, CCH3, ketal), 3.28–4.06 (PG-backbone); 13C-NMR: (CDCl3):
δ (ppm) = 26.1 (C-CH3, ketal), 27.6 (C-CH3, ketal), 64.2–80.1 (m, PG-backbone), 109 (C-CH3, ketal);

IR (KBr)
−
υ = 3440, 2980 (ketal; CH3), 2920, 2865, 1210 cm−1.

4.7. Mesylation of Ketal Protected PG 5

This reaction was carried out under an inert gas atmosphere and exclusion of water. Ketal
protected PG (7.0 g, 32.7 mmol OH-groups, 1.0 eq.) in a three-necked 250 mL flask equipped with
a drop funnel, thermometer and magnetic stirrer was dissolved in abs. pyridine (50 mL). The solution
was cooled down to 0 ◦C by means of ice/NaCl bath and a solution of MsCl (3.0 mL, 4.5 g, 39.26 mmol,
1.2 eq.) in abs. pyridine (20 mL) was added drop-wise so that the temperature did not exceed 5 ◦C.
The brown mixture was stirred for 16 h in the thawing ice bath. In case of full functionalization,
after the reaction period, ice was added to the reaction mixture on which a dark brown solid
precipitated, which was, after decantation of the liquid phase, washed with H2O, dissolved and
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dialyzed in chloroform to give a brown honey-like product in 87% yield. Conversion: quant. 1H-NMR
(500 MHz, CDCl3): δ (ppm) = 1.19 (s, CCH3, ketal), 1.22 (s, CCH3, ketal), 3.13 (bs, -CH3), 3.28–4.26
(PG-backbone); 13C-NMR: (CDCl3): δ (ppm) = 27.1 (C-CH3, ketal), 29.6 (C-CH3, ketal), 35.3 (CH3),

64.2–82.1 (m, PG-backbone), 105 (C-CH3, ketal); IR (KBr)
−
υ = 3040, 2980 (ketal; CH3), 2932, 2918, 2869,

2350, 1709, 1450, 1201) cm−1.

4.8. Procedure for the Synthesis of Ketal Protected Polyglycerolazide 6

In a 250 mL one-necked flask with reflux condenser and magnetic stirrer was dissolved ketal
protected O-mesylpolyglycerol (6.0 g, 18.06 mmol OMs-group, 1.0 eq.) in p.a. DMF. After complete
dissolution of the mesylated derivative, NaN3 (5.87 g, 90.32 mmol, 5.0 eq.) was added to the
flask and the resulting suspension was heated at 60 ◦C for 3 days behind a transparent security
wall. After cooling, filtration delivered a bright yellow filtrate and a white residue of excess NaN3.
The filtrate was concentrated in vacuo at temperature below 40 ◦C and only handled with plastic
spatula to avoid explosive degradation of polyazide. In case of complete functionalization, the residue
was dissolved in CHCl3 and extracted four times with water. The organic phase was dried over
MgSO4 and concentrated in vacuo. Further dialysis in CHCl3 was carried out for 24 h to remove
traces of DMF from the crude product. Extensive dialysis in CHCl3 for 24–48 h was carried out to
yield polyglycerolazide as brown-paste like compound. Yield: 75%; Conversion: quant. 1H-NMR
(500 MHz, CDCl3): δ (ppm) = 1.18 (s, CCH3, ketal), 1.20 (s, CCH3, ketal), 3.41–4.26 (PG-backbone);
13C-NMR: (CDCl3): δ (ppm) = 25.1 (C-CH3, ketal), 26.6 (C-CH3, ketal), 65.5–80.1 (m, PG-backbone),

107 (C-CH3, ketal); IR (KBr)
−
υ = 2976 (ketal; CH3), 2870, 2350, 2101 (N3), 1465, 1234 cm−1.

4.9. Deprotection of Ketal Protected Polyglycerol Azide 7

To a solution of ketal protected polyglycerolazide (1.77 g) in 25 mL MeOH, 2.0 g of Dowex-500
resin was added after activation. The mixture was stirred and heated at reflux for 18 h. The crude
product was filtered, and the filtrate was concentrated, dried under vacuum and subjected to MeOH
dialysis overnight. Yield: 70%; Conversion: quant. 1H-NMR (500 MHz, CDCl3): δ (ppm) = 1.81
(PG-starter), 3.41–4.26 (PG-backbone); 13C-NMR: (CDCl3): 50.1 (functionalized primary PG-groups)

65.5–80.1 (m, PG-backbone); IR (KBr)
−
υ = 3300, 2802, 2365, 2101 (N3), 1234 cm−1.
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4.10. Synthesis of Core-Functionalized Polyglycerolamine 8

Deprotected polyglycerolazide (1.89 g, 7.79 mmol N3 group, 1.0 eq.) was dissolved in p.a THF
(40 mL) in 250 mL one-necked flask. H2O (10 mL) and PPh3 (2.04 g, 7.79 mmol, 1.0 eq.) were added and
N2 formation was observed. Volume of water was increased gradually by dropwise addition of water
(30 mL) through a drop funnel to avoid precipitation of the partially reduced product. The reaction was
continued until the azide signal at 2100 cm−1 is completely diminished. In most of the cases, depending
on the level of functionalization of PG core, the complete reduction of N3 to NH2 group required 5 to
7 days. After that, the mixture was concentrated to in vacuo to smaller volume, CHCl3 was added
and the phases were separated using a separation funnel. The aqueous layer was extracted with
CHCl3 four times and then concentrated to dryness to deliver a brown honey-like product, which was
dialyzed in MeOH. The purified product was not completely dried off MeOH, and stored under inert
gas to avoid potential cross-linking. Yield: 65%; Conversion: quant.; 1H-NMR (500 MHz, CD3OD):
δ (ppm) = 4.01–3.25 (PG), 2.86–2.73 (m, broad, NH2 functionalized-PG groups), 0.92 (PG-starter);
13C-NMR: (CD3OD): 58.3 (functionalized primary PG-groups) 67.5–76.1 (m, PG-backbone); IR (KBr)
−
υ = 3441, 2872, 1455, 1208, 1104 cm−1.

4.11. Core Functionalization of PG Acetal with N1,N1,N2-Trimethylethane-1,2-Diamine 9

In a sealed tube, mesylated PG acetal (1.0 g, 2.10 mmol OMs group, 1.0 eq.) was dissolved in
10 mL of p.a. DMF. N1,N1,N2-trimethylethane-1,2-diamine (0.858 g, 8.40 mmol, 4.0 eq., 1.1 mL) was
added slowly at RT and the resulting solution was heated at 120 ◦C for 4 days. At the end of the
reaction, the tube was cooled to RT and DMF was removed by cryo-distillation. The residue was
dissolved and dialyzed in MeOH for 48 h to give the dark brown honey-like product. Yield: 64%;
Conversion: quant (all hPG diols, 30% of total hydroxyl groups were converted); 1H-NMR (500 MHz,
CD3OD): δ (ppm) = 4.25–3.54 (PG-groups), 2.41–2.34 (d, broad, -N-(CH3)2), 1.41–1.35 (d, broad, -CH3);
13C-NMR: (CD3OD): δ (ppm) = 112.4 (C-CH3, ketal), 80.1–64.3 (PG-backbone), 48.6–43.3 (-N-CH3),

45.3–40.2 (-N-(CH3)2), 28.2 (C-CH3, ketal), 25.4 (C-CH3, ketal); IR (KBr)
−
υ = 3142, 2975 (ketal; CH3),

2892, 2865, 1680, 1354, 1210 cm−1.
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4.12. Procedure for the Synthesis of PG-cNH2 Containing 6-((tert-butoxycarbonyl(pyridin-2-ylmethyl)-amino)
methyl)nicotinic Acid 11

6-((tert-Butoxycarbonyl(pyridin-2-ylmethyl)amino)methyl)nicotinic acid (NF 135) (0.029 g,
0.087 mmol, 1.0 eq.) was dissolved in 3 mL p.a. DMF in a one necked 10 mL round-bottomed
flask. To the resulting solution, EDCI (0.018 g, 0.096 mmol, 1.1 eq.) and catalytic amount of DMAP
(0.001 mmol, 1 mol%) was added while stirring at 0 ◦C. After 15 min, a solution of PG-cNH2 (0.1 g,
0.43 mmol NH2 group, 20% of which will be functionalized with nicotinic acid moiety) in 1 mL p.a.
DMF was added drop-wise to the reaction mixture for 30 min. The reaction was allowed to run
for 24 h and the temperature was allowed to rise from 0 ◦C to r.t. The solvent was evaporated and
the product was dialyzed in MeOH for 24 h. Yield: 72%; Conversion: quant.; 1H-NMR (500 MHz,
CD3OD): δ (ppm) = 8.41 (1H, aromatic), 7.92–7.70 (3H, aromatic), 7.23–7.51 (3H, aromatic), 4.72–4.51
(functionalized primary PG-groups), 4.20–3.43 (PG-backbone), 2.53–2.22 (4H, -CH2-), 1.37 (3H, CH3)
13C-NMR: (CD3OD): δ (ppm) = 169.2, 150.4, 148.6, 131.8, 119.6, 128.6, 75.1, 29.3; IR (KBr)

−
υ = 3564, 3121,

3002, 1745, 1645, 1599, 1409, 1326, 1089 cm−1.

4.13. Procedure for the Synthesis of PG-cNH2 Containing 6-(((2-(tert-butoxycarbonyl(pyridin-2-ylmethyl)-
amino)ethyl)(propyl)amino)methyl)nicotinic Acid 12

6-(((2-(tert-Butoxycarbonyl(pyridin-2-ylmethyl)amino)ethyl)(propyl)amino)methyl)nicotinic acid
(KR 455), (0.050 g, 0.117 mmol, 1.0 eq.) was dissolved in 3 mL p.a. DMF in a one necked 10 mL
round-bottomed flask. To the resulting solution, EDCI (0.025 g, 0.128 mmol, 1.1 eq.) and catalytic
amount of DMAP (0.001 mmol, 1 mol%) was added while stirring at 0 ◦C. After 15 min, a solution of
PG-cNH2 (0.027 g, 0.117 mmol NH2 group) in 1 mL p.a. DMF was added drop-wise to the reaction
mixture for 30 min. The reaction was allowed to run for 24 h and the temperature was allowed to rise
from 0 ◦C to r.t. The solvent was evaporated and the product was dialyzed in MeOH for 24 h. Yield:
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76%; Conversion: quant.; 1H-NMR (500 MHz, CD3OD): δ (ppm) = 8.77 (bs, 1H, aromatic), 8.43–8.11 (bs,
3H, aromatic), 7.78–7.62 (bs, 4H, aromatic), 7.12–6.91 (bs, 3H, aromatic), 4.51 (-CH2-NHCO-), 4.01–3.34
(PG-backbone), 2.45–2.15 (-CH2-NCH2-CH2-), 1.41–1.45 (bs, -CH2 + CH3-, BOC), 0.84 (-CH3) 13C-NMR:
(CD3OD): δ (ppm) = 167.1, 157.4, 153.5, 139.6, 127.8, 124.3, 79.4, 25.6; IR (KBr)

−
υ = 3363, 3065, 3027,

2878, 1698, 1543, 1435, 1276, 1121, 855 cm−1. [An equivalent of 25% of all PG amino groups in the core
were targeted, the functionalization ended up at ~20% after the reaction].

4.14. Procedure for the Synthesis of Maltose Modified PG Amine 14

PG amine (0.25 g, 3.419 mmol NH2 group), D-(+)-maltose monohydrate (12.319 g, 34.189 mmol,
10.0 eq.), and borane-pyridine complex (4.30 mL, 3.177 g, 34.189 mmol, 10 eq., 8 M solution) were
dissolved in sodium borate buffer (40.0 mL, 0.1 M) solution. The reaction solution was stirred at 50 ◦C
for 7 d. The crude product was transferred directly to dialysis tube and purified by dialysis towards
deionized water for 3 d. Maltose modified PG amine was obtained after freeze drying. Yield: 65%
Conversion: 48% of all glycidol units based on anomeric proton at 5.1 ppm. 1H-NMR (500 MHz, D2O):
δ (ppm) = 5.10–5.33 (bs, 1H, Sugar), 4.42–2.56 (PG-backbone + Sugar); 13C-NMR: (D2O): δ (ppm) = 100.4
(C-1), 81.7 (C-4), 75.8–69.3 (PG-backbone + C-maltose), 62.7–62.2 (6-C), 60.3 (6-C).

4.15. Procedure for the Synthesis of N-Acetylglucosamine Modified PG Amine 15

PG amine (0.25 g, 3.419 mmol NH2 group), N-acetylglucosamine (12.319 g, 34.189 mmol, 10.0 eq.),
and borane-pyridine complex (4.30 mL, 3.177 g, 34.189 mmol, 10 eq., 8 M solution) were dissolved in
sodium borate buffer (40.0 mL, 0.1 M) solution. The reaction solution was stirred at 50 ◦C for 7 days.
The crude yellow colored solution was transferred directly to dialysis tube and purified by dialysis
towards acidified water for 3 days. N-acetylglucosamine modified PG amine was obtained after freeze
drying. Yield: 58%; Conversion 54% of all glycidol units; 1H-NMR (500 MHz, D2O): δ (ppm) = 4.51–3.23
(PG-backbone + hexose unit); 2.23–1.85 (bs, -CH3-); 13C-NMR: (D2O): δ (ppm) = 168.7 (C = O), 74.7–60.8
(PG-groups + Sugar unit), 58.7 (C-5), 53.2 (6-C), 48.7 (-CH2NH-), 21.9 (-CH3).
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4.16. Procedure for the Synthesis of Polyglycerolamine Containing N-α-BOC-Histidine 16

N-α-BOC histidine (0.035 g, 0.136 mmol, 1.0 eq.) was dissolved in 2 mL p.a. DMF in a one necked
10 mL round-bottomed flask. To the resulting solution, EDCI (0.029 g, 0.150 mmol, 1.1 eq.) and catalytic
amount of DMAP (0.001 mmol, 1 mol%) was added while stirring at 0 ◦C. After 15 min, a solution of
PG amine (0.1 g, 0.68 mmol NH2 group, 20% of which will be functionalized with histidine moiety)
in 2 mL p.a DMF:water (3:1) was added drop-wise to the reaction mixture for 30 min. The reaction
was allowed to run for 24 h and the temperature was allowed to rise from 0 ◦C to r.t. The solvent
was evaporated and the product was dialyzed in MeOH for 24 h. Yield: 70%; Conversion: quant.
1H-NMR (500 MHz, CD3OD): δ (ppm) = 7.62 (bs, 1H, imidazole ring), 6.91 (bs, 1H, imidazole ring),
4.42–3.97 (functionalized PG-groups), 3.95–3.41 (PG-backbone), 3.07 (bs, 1H, -CH-), 2.88 (2H, -CH2-),
1.49 (bs, 3H, -CH3); 13C-NMR: (CD3OD): δ (ppm) = 160.8, 154.6, 143.5, 129.8, 124.3, 29.7; IR (KBr)
−
υ = 2982, 2769, 1745, 1612, 1587,1523, 1434, 1369, 1275 cm−1.
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Abstract: An efficient study of carbohydrate-protein interactions was achieved using multivalent
glycodendrimer library. Different dendrimers with varied peripheral sugar densities and linkers
provided an arsenal of potential novel therapeutic agents that could be useful for better specific
action and greater binding affinities against their cognate protein receptors. Highly effective
click chemistry represents the basic method used for the synthesis of mannosylated dendrimers.
To this end, we used propargylated scaffolds of varying sugar densities ranging from 2 to 18 for
the attachment of azido mannopyranoside derivatives using copper catalyzed click cycloaddition.
Mannopyranosides with short and pegylated aglycones were used to evaluate their effects on the
kinetics of binding. The mannosylated dendrons were built using varied scaffolds toward the
accelerated and combined “onion peel” strategy These carbohydrates have been designed to fight
E. coli urinary infections, by inhibiting the formation of bacterial biofilms, thus neutralizing the
adhesion of FimH type 1 lectin present at the tip of their fimbriae against the natural multiantennary
oligomannosides of uroplakin 1a receptors expressed on uroepithelial tissues. Preliminary DLS
studies of the mannosylated dendrimers to cross- link the leguminous lectin Con A used as a model
showed their high potency as candidates to fight the E. coli adhesion and biofilm formation.

Keywords: dendrimers; mannose; click chemistry; E. coli; UTIs; FimH; DLS

1. Introduction

Modern medicine is exploring several alternative strategies to overcome the expending antibiotic
resistance problems. One of these goals is to find new ways to fight bacterial infections. Of particular
interest are the recurrent urinary tract infections (UTIs). Half of women are affected by UTIs at
least once in their lifetime. Hence, UTIs represent an important public health issue because of their
frequent occurrence. UTIs are mostly caused by uropathogenic Escherichia coli strains (UPEC) that
infest urinary epithelium through their type-1 pili (FimH). At the tips of their pili, E. coli possesses
a carbohydrate binding domain called FimH that adhere to mannosylated glycoproteins receptors
on the urinary epithelial cells [1–3]. In addition, through their quorum sensing molecules, E. coli can
infest hosts cell and forms resilient biofilms. Once formed, bacteria become mature and readily acquire
drugs resistance.

Besides, as the first defense mechanism against this infectious agent, the innate immune system
exploits the structures of mannosides [4,5]. On the other hand, fimbriated E. coli receptor-binding site
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(FimH) consists of a specific mannose-binding pocket, with a tyrosine gate (Tyr48, Tyr137) [6–8] that also
recognizes and binds to the mannosides residues of uroplakin-1a, present at the surface of urothelial
cells as a premise for bacterial infections causing cystitis and pyelonephritis. Ever since, considerable
efforts have been devoted toward the development of new synthetic antiadhesive antagonists that
could act as potent competitive inhibitors [9–13]. Since then, synthetic mono-mannopyranosides
carrying various aglycones have been reported and their binding to FimH have been fully characterized.
Amongst these, heptyl α-D-mannopyranoside (HM) as emerged as one of the strongest monovalent
FimH binders described so far [3]. The studies supported that the hydrophobic HM’s aglycone strongly
interacted via van der Waals contacts and aromatic stacking with the tyrosine gates residues Tyr148
and Tyr137 [2,8,13].

However, monomeric carbohydrate residues interacting with proteins often occur with
low-binding affinities [14–16]. Furthermore, multivalent carbohydrate-protein interactions have
unequivocally displayed several advantages over monomeric ones, a process commonly used by
nature to control a wide variety of cellular processes [17–19]. Hence, several glycodendrimers
have been designed to address the issue of low affinity carbohydrate-protein interactions [5,20–27].
Mannosylated glycodendrimers were found to be excellent ligands against the leguminous lectin
from Canavalia ensiformis (Concanavalin A) and to be excellent ligands toward the fimbriated E. coli
K12 with nanomolar affinities [21,26,28,29]. Likewise, the glycoside cluster effect helps to enhance
avidity, selectivity and affinity of a multivalent glycoside toward a protein that possess multiple
carbohydrate recognition domains (CRDs). This phenomenon was characterized by strong stabilization
of carbohydrate-protein interactions through macroscopic cross-linking effects [17,19]. Therefore,
mannosylated glycodendrimers constitute excellent lead candidates for the treatment of E. coli
infectious agents by the inhibition of bacterial adhesion and biofilm formation on cell surfaces [5,12,30].

To these aim, a new variety of mannosylated dendrimers of different sugar densities and linker’s
properties have been developed to prevent infections spreading, by inhibiting E. coli adhesion and
biofilm formations. Thus, we report herein a new class of glycodendrimers [5,20–22,25,28,31,32] that are
built on aromatics, cyclotriphosphazene and pentaerythritol cores using high yielding click chemistry
to anchor mannosylated azides onto the above alkyne-functionalized scaffolds. This synthetic strategy
provides easy access to biodegradability and biocompatibility to the glycodendrimers. In addition,
by using different scaffolds at each layer rather than the identical ones commonly used, we are
providing another application of the so called “onion peel” approach. Hence, pegylated tetraethylene
glycol spacers have been introduced as aglycones, because of the easy availability, water-solubility,
biocompatibility and the variable chain length accessible that should enable good interactions
with the multiple FimH binding pili present at the surface of E. coli. The relative affinities of the
pegylated mannodendrimers were studied using diffraction light scattering measurements (DLS) in
the presence of ConA, toward a better understanding of the multivalent binding interactions and
the effect of the linkers. Although ConA is a leguminous lectin, it also binds natural multiantennary
mannopyranosides that can also be advantageously replaced by synthetic monomeric derivatives
harboring hydrophobic aglycones. Hence, it constitutes an appropriate model to evaluate the relative
propensity of mannosylated dendrimers toward E. coli FimH.

2. Results and Discussion

2.1. Scaffold Syntheses

First, the syntheses of different propargylated aromatic scaffolds with valencies of 2 (7) and 3 (2)
were achieved in moderate to good yields. Scaffolds 2 and 7 were obtained through propargylation
(propargyl bromide, K2CO3, DMF) of polyhydroxylated aromatic cores 1 and 5, respectively.
The trimeric phloroglucinol 1 was commercially available and the dimeric compound 5 was synthesized
after protection of the hydroxyl group of 5-hydroxy dimethyl isophthalate 3 with a MOM-protecting
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group (MOMCl, NaH, DMF, 85%), followed by reduction of the intermediate esters of 4 to afford 5

using LiAlH4 in 86% yield (Scheme 1).

Scheme 1. Synthesis of tris-propagylated 2 and bis-propagylated 7 aromatic scaffolds.

Pentaerythritol 8 was next chosen as template for the synthesis of the desired tris-propargylated
core 9 (propargyl bromide, DMSO/NaOH) (Scheme 2). It was accompanied by smaller quantities
of the fully tetra-propargylated scaffold 10 which was readily separated by flash chromatography.
The reaction mixture gave both 9 and 10 in a 2:1 ratio, respectively. An extended dendron precursor 11

was then obtained from 9 using bis(2-chloroethyl) ether under phase-transfer catalyzed conditions
(PTC) (tetrabutylammonium hydrogensulfate (TBAHS), NaOH, r.t.) in 73% yield (Scheme 2).

Scheme 2. Synthesis of a tripropagylated dendron precursor 11 under PTC conditions.
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For our next scaffold, harboring six propargylated functionalities, we choose the previously
described hexachlorocyclotriphosphazene core 14 (N3P3Cl6) [28,33–35]. The choice for this dense
hexavalent core was based on previous observations by the Majoral’s group who showed that it was
biologically favorable over several other scaffolds and that it can readily form dendrimers of very high
generation [36–40]. Toward this goal, diol 12 was monopropargylated (propargyl bromide, K2CO3,
acetone, r.t., 12 h) to afford 13 (43%) (Scheme 3) which was treated with 14 under basic conditions
(Cs2CO3, THF, 70 ◦C, 17 h) to provide 15 in essentially quantitative yield (98%). The structural integrity
of the fully substituted 15 was compared to its known 1H- and 31P-NMR [28].

 
Scheme 3. Synthesis of a hexa-propargylated cyclotriphosphazene core 15.

2.2. Sugar Precursors

It is well known that the aglyconic moiety of a given carbohydrate can affect the binding affinity
and selectivity with lectins. This effect is achieved by either providing better accessibility of the sugar
itself into the deep binding pocket of the lectin (linker effect) or by increasing the binding interactions
network between neighboring amino acids (pharmacophore effect). Because of the high number of pili
at the surface of E. coli, we figured that the linker effect would be a dominant aspect. For comparison
purposes, we also built our mannoside residues with a short linker. Thus, known peracetylated
mannose 17 was chosen as a starting point after treatment of commercial D-mannose 16 with acetic
anhydride in pyridine (Scheme 4). Lewis acid treatment of 17 with bromoethanol in DCM (BF3-Et2O,
DCM, 40%) provided known 2-bromoethyl α-D-mannopyranoside 18. Nucleophilic substitution of the
bromide by an azide group (NaN3, DMF, 85 ◦C, 12 h) afforded 2-azidoethyl α-D-mannopyranoside
19 in 60% yield. Similarly, using monotosylated tetraethylene glycol as the aglycone (20), analogous
glycosidation of 17 gave tosylate 21 (60%), followed by displacement with azide to give extended
mannoside 22 in 90% yield.
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Scheme 4. Synthesis of azido mannoside precursors having a short (19) and a long spacer (22).

2.3. Glycodendron Syntheses

Having the di-(7) and tri-propargylated (11) scaffolds in hands, together with the two
family of short (19) and long (22) azido mannosides, we were set for the convergent syntheses
of our mannosylated dendrons using the efficacious [1,3]-dipolar copper-catalyzed azide-alkyne
cycloaddition (CuAAC) (click chemistry) (Scheme 5). We first combined bis-propargylated scaffold 7

with elongated azido mannoside 22 under typical CuAAC conditions to obtain dimer 23 in 75% yield.
Alternatively, the tri-mannosylated dendron was accomplished by treating chloride 11 with the short
mannoside 19 under the above click conditions to provide dendron 25 (82%) having an orthogonal
chloride functionality at the focal point. Displacement of the chloride by an azide as above gave 26

in 90% yield. Final sugar deprotection using the Zemplén transesterification procedure (NaOMe,
MeOH) gave the necessary precursors 24 and 27 in quantitative yields. Completion of the reactions
were evidenced by proton NMR spectroscopy, wherein complete disappearance of the propargylic
CH signal at δ 2.40 ppm and the appearance of the newly formed singlet of the triazole moiety at δ
7.65 ppm.

2.4. Glycodendrimer Syntheses

Multivalent binding interactions of glycodendrimers constitute a well-established strategy to
enhanced binding efficacies toward their cognate lectins. We chose to prepare several dendrimers
harboring from 2 to 18 mannopyranoside moieties to be evaluated as inhibitors against E. coli
biofilm formation by using the highly efficient click chemistry. Azide-ending mannoside 22 was
anchored to bis-propargylated aromatic scaffold 7 (Scheme 5), tris-propargylated aromatic scaffold
2, tetrapropargylated scaffold 10 (Scheme 6) and hexa-propargylated phosphorus core 15 (Scheme 7)
using CuAAC click reaction to afford 23, 28, 30 and 37 in good yields (75%, 92%, 82% and 96%,
respectively). Completion of the reaction was evidenced by proton and phosphorus NMR spectroscopy,
wherein complete disappearance of the propargylic CH signal and the appearance of the newly formed
characteristic singlet of the triazole moieties were observed. Additionally, mass spectral analysis
showed the presence of the required molecular ion peak (experimental section). All glycodendrimers
were fully deprotected using Zemplén conditions providing the desired glyco-ligands 24, 29, 31 and
38 quantitatively.
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Scheme 5. Synthesis of dimeric (24) and trimeric (27) mannodendrons using click chemistry.

 

Scheme 6. Synthesis of tri- (29) and tetra-valent (31) pegylated mannosylated clusters using click
chemistry on trimer (2) and tetramer (10) scaffolds, respectively.
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Scheme 7. Synthesis of hexavalent phosphorus glycodendrimers 34, 36 and 38 using click chemistry
on hexapropagylated core 15 and azido sugars 19, 32 and 22 respectively.

Hexameric mannosylated clusters possessing a short (19) and the long pegylated (22) azido
mannosides were anchored onto hexapropargylated phosphorus core 15 using CuAAC click reaction
to afford 34 and 38 in good yields of 91% and 96% respectively (Scheme 7). In order to compare
the role played by the sugar moiety in the subsequent bioassays, the known short 2-azidoehyl
β-D-glucopyranoside 32 [41] was also coupled to the above scaffold 15 under the same reaction
conditions to provide 34 also in an excellent 96% yield. Completion of the reactions was again readily
evidenced through their respective proton and phosphorus NMR spectroscopy, wherein complete
disappearance of the propargylic CH signal and the appearance of the newly formed characteristic
singlet of the triazole moieties are showed. Additionally, mass spectral analysis showed the presence
of the required molecular ion peak (experimental section). All clusters were fully deprotected
using Zemplén reaction (NaOMe, MeOH) to provide the desired glycosylated hexamers 34, 36 and
38 quantitatively.

A G1 glycodendrimer 39 possessing 18 mannoside moieties was synthesized in good yield of
97%, by anchoring the azide-ending tri-valent mannosylated dendron 26 to the hexa-propargylated
phosphorus core 15 using CuAAC click reaction. Completion of the reaction was evidenced by
proton and phosphorus NMR spectroscopy, wherein complete disappearance of the propargylic
CH signal δ 2.52 ppm and the appearance of the newly formed characteristic singlet of the triazole
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moieties δ 7.82 ppm, also the presence of one singlet phosphorus pick at δ 9.54 ppm fully support
the homogeneity of the fully substituted cyclophosphazene core. Additionally, mass spectral analysis
showed the presence of the required molecular ion peak (experimental section). Compound 39

was fully deprotected by using Zemplén reaction providing the desired G1 glycodendrimer 40

quantitatively (Scheme 8).

 

Scheme 8. Synthesis of phosphorus glycodendrimer 40 having 18 α-D-mannopyranoside residues
using click chemistry and built around a cyclotriphosphazene core and a pentaerythritol scaffold at the
next generation level.

2.5. Dynamic Light Scattering (DLS) Studies

The relative ability of the above glycodendrimers to react with a homotetrameric leguminous
lectin such as Concanavalin A (ConA) from Canavalia ensiformis (jack bean) taken as a model
and rapidly forming stable cross-linked lattices was monitored using dynamic light scattering
(DLS). It was anticipated that the multivalent sugars at the peripheries of the dendrimers would
facilitate the multidirectional interactions with its associated tetrameric protein as seen before with
several other mannosylated structures [32,42–47]. Indeed, these multivalent glycodendrimer–protein
complexes were shown to rapidly form large aggregates as a function of time. As seen in Figure 1,
the complex resulting from the mannosylated dendrimers 24, 27, 29, 31, 38, 40 and ConA resulted,
within 1~3 min to nanometer sizes clusters having sizes ranging from 1400 to 4600 nm. When using the
β-D-glucopyranoside dendrimer 36, taken as negative control, no appreciable cross-linked lattice was
observed. Clearly, the more highly dense mannodendrimer 40 (18 Man) reacted faster but also formed
larger size aggregates than their hexameric cluster counterparts 34 and 38. Interestingly, tetrameric
mannoside 31 formed larger aggregates faster than trimer 29 but both smaller clusters plateaued at the
same level of ~3000 nm size. Alternatively, tetramer 31 and hexamer 38 formed cross-linked lattices
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almost equally rapidly but the denser structure 38 formed larger aggregates at the end of the process.
As anticipated, hexamer 34, harboring short mannopyranoside aglycone, formed aggregates of smaller
size (2530 nm) when compared with hexamer 38 containing the tetraethyleneglycol linker (4090 nm)
(see Supplementary Materials). In addition, 38 reached its plateau faster (204 s) in comparison to 34

(230 s), indicating the higher adaptability of the longer spacer to form stable cross-linked lattices.

Figure 1. 3D DLS plots of the cross-linking kinetics of ConA in the presence of mannosylated
dendrimers 24, 27, 29, 31, 34, 38 and 40 and the glucosylated dendrimer 36 taken as negative control.

3. Materials and Methods

All reactions in organic medium were performed in standard oven dried glassware under an
inert atmosphere of nitrogen using freshly distilled solvents stored over molecular sieves. Solvents
were deoxygenated when necessary by bubbling nitrogen through the solution. All reagents were
used as supplied without prior purification and obtained from Sigma-Aldrich Chemical Co. (Toronto,
ON, Canada) Reactions were monitored by analytical thin-layer chromatography (TLC) using silica
gel 60 F254 pre-coated plates (Merck, Darmstadt, Germany) and compounds were visualized by
254 nm light and/or by dipping into a mixture of sulfuric acid and methanol in water or into a
mixture of KMin.O4 and K2CO3 in water followed by gentle warming with a heat-gun. Purifications
were performed by flash column chromatography using silica gel from Canadian Life Science (60 Å,
40–63 μm) (Peterborough, ON, Canada) with the indicated eluent. 1H-NMR, 13C-NMR and 31P-NMR
spectra were recorded at 300 and/or 600 MHz, 75 and/or 150 MHz and 122 and/or 243 MHz,
respectively, on a Bruker spectrometer (300 MHz and 600 MHz) (Milton, ON, Canada) and Varian
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spectrometer (600 MHz) (Milton, ON, Canada). All NMR spectra were measured at 25 ◦C in indicated
deuterated solvents. Proton and carbon chemical shifts (δ) are reported in ppm and coupling constants
(J) are reported in Hertz (Hz). The resonance multiplicity in the 1H-NMR spectra are described as “s”
(singlet), “d” (doublet), “t” (triplet) and “m” (multiplet) and broad resonances are indicated by “broad.”
Residual protic solvent of CDCl3 (1H, 7.27 ppm; 13C, 77.0 ppm (central resonance of the triplet)), D2O
(1H, 4.80 ppm and 30.9 ppm for CH3 of acetone for 13C spectra), MeOD (1H, 3.30 ppm and 13C,
49.0 ppm), 85% H3PO4 was used as an external reference for 31P-NMR. Two-dimensional homonuclear
correlation 1H-1H COSY and 1H-13C HSQC experiments were used to confirm NMR peak assignments.
Letters are used to NMR assignment. Accurate mass measurements (HRMS) were performed on a
LC-MSD-TOF instrument from Agilent Technologies (Santa Clara, CA, USA) in positive electrospray
mode. Either protonated molecular ions [M + nH]n+ or adducts [M + nX]n+ (X = Na, K, NH4) were used
for empirical formula confirmation. Light Scattering-Multiangle Laser Light Scattering (LS-MALLS)
detection with performances verified with polystyrene 100 kDa and 2000 kDa were used to determine
the number-average molecular weight (Min.) and polydispersity index (MW/Min.). Calculations
were performed with Zimm Plot (model). MALDI-TOF MS data were acquired on a Bruker Microflex
LRF system (Bruker Daltonics, Billerica, MA, USA) equipped with a Compass 3.1 software platform.
Acquisitions were performed in positive ion mode. Reflector mode was utilized for samples below
5 kDa and linear mode for samples above 5 kDa. Samples were dissolved in water (1 mg/mL) and
mixed with 10 volumes of α-cyano-4-hydroxycinnamic acid matrix prepared at 10 mg/mL with 50%
ACN/H2O 0.1% TFA. A volume of 2 μL was deposited on the target plate and dried. Representative
acquisition parameters were: ion source 1, 19.5 kV; ion source 2, 18.05 kV; lens, 7.0 V; pulse ion
extraction, 240 ns; detector, 1.905 kV. Approximately 200 laser shot/spectra were obtained with a
60 Hz N2-cartridge-laser set at 337 nm and the laser intensity adjusted according to the signal intensity.
Sugar monomers were synthesized following the typical procedures found in literatures with a slight
modification as describe bellow.

Dynamic Light Scattering

Particle size distribution (DLS) was measured in water with the help of Zetasizer Nano S90 from
Malvern Instruments. Crosslinking studies were carried out in 1 mol/L phosphate buffered saline
(PBS) for the plant lectin Concavalin A (Sigma-Aldrich).

General procedure for the Cu(I) azide-alkyne cycloaddition reaction (I) (CuAAc) [28]. Solutions of alkyne
(1 equiv.) and azide (1.5 equiv. per alkyne site) were prepared in minimum amount of THF.
The resulting solutions were treated with an aqueous solution of CuSO4 (0.3 equiv. per alkyne
site) and sodium ascorbate solution in THF (0.35 equiv. per alkyne site). Biphasic mixture was then
stirred at 50 ◦C for 2 h then left at room temperature until completion of the reaction as judged by the
complete conversion of the limiting regents (alkyne). After completion of the reaction, EtOAc was
added, then Na2SO4 was added to quench the reaction by regenerating the CuSO4·5H2O. The mixture
was allowed to stir for 3 min then filtered before the solvent was removed under reduced pressure
and the resulting viscous oil was subjected to silica gel column chromatography using the appropriate
eluent system (0–10% MeOH in CH2Cl2) to afford the triazole products.

General procedure for the azide substitution (II) [28]. To a solution of the appropriate bromo/tosyl
derivatives (1 equiv.) in DMF was added NaN3 (1.5 equiv. per bromide). The reaction mixtures were
stirred at 80 ◦C until completion of reaction as judged by TLC. The excess solvent was next removed
under reduced pressure with heating at 60 ◦C until dryness. The residues were dissolved in EtOAc
and washed successively with water and brine. The organic layer was separated and dried on Na2SO4.
The residue was subjected to silica gel flash chromatography to afford the desired azido derivative.
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General Procedure for De-O-acetylation (III) (Zemplén reaction) [28]. An acetylated glycocluster (0.1 mmol)
was dissolved in dry MeOH (3 mL) and a solution of sodium methoxide (1 M in MeOH, 0.5 equiv.) was
added. The reaction mixture was stirred at room temperature until the starting material disappeared.
The solution was neutralized by the addition of a cationic ion-exchange resin (H+), filtered and
washed with MeOH and then the solvent was removed in vacuo. The residue was lyophilized to yield
quantitatively the fully deprotected glycoclusters.

Synthesis of 2. Benzene-1,3,5-triol (1) [48] (2 g, 15.86 mmol) was dissolved in DMF (10 mL) followed by
the addition of K2CO3 (3 g, 14.87 mmol). The mixture was reflux for 30 min, propargyl bromide (8.5 mL,
79.3 mmol, 5 equiv.) was added dropwise, then stirred over night at room temperature. The residue
was dissolved in dichloromethane (DCM) and washed with water and brine. The organic layer was
dried over Na2SO4, filtered, then concentered under vacuum. The crude product was purified by silica
gel flash chromatography using 0–20% EtOAc in Hexane as eluents to afford compound 2 as a white
powder (2 g, 53%). Rf = 0.28 (EtOAc/Hexane, 1:4). 1H-NMR (300 MHz, CDCl3) δ 6.27 (s, 3H, k), 4.65 (d,
J = 2.4 Hz, 6H, b), 2.53 (t, J = 2.4 Hz, 3H, c).

Synthesis of compound 9. To a solution of pentaerythritol 8 (2 g, 14.7 mmol) in dimethylsulfoxide (DMSO,
15 mL) were added an aqueous solution of NaOH (40 wt%, 10 mL). The solution was kept under
magnetic stirring at room temperature for 30 min Propargyl bromide (97%, 12 mL, 135.18 mmol) was
then added and the solution was kept at room temperature for an additional 24 h. Ethyl ether
was added to the reaction mixture then washed with water. The organic layer was dried over
Na2SO4. The crude product was purified by silica gel flash chromatography using 0–20% EtOAc in
Hexane as eluents to afford compound 9 as a colorless oil (2.2 g, 60%). Rf = 0.25 (EtOAc/Hexane,
1:4). Compound 10 was obtained as a white powder (1.2 g, 28%). Rf = 0.35 (EtOAc/Hexane, 1:4).
Tetrapropargylpentaerythritol 10 [49]. 1H-NMR (300 MHz, CDCl3) δ 4.08 (d, J = 2.3 Hz, 8H, OCH2CCH),
3.48 (s, 8H, CH2OCH2CCH), 2.42 (d, J = 2.2 Hz, 4H, OCH2CCH).

Tripropargylpentaerythritol 9 [49]. 1H-NMR (300 MHz, CDCl3) δ 4.13 (d, J = 2.4 Hz, 6H, OCH2CCH),
3.69 (s, 2H, CH2OH), 3.56 (s, 6H, CH2OCH2CCH), 2.42 (t, J = 2.4 Hz, 3H, CCH).

Synthesis of compound 11. A solution of pentaerythritol propargyl ether (9) (2 g, 7.9 mmol, 1 equiv.),
Bu3NHSO4 (5 g, 14.7 mmol, 1.8 equiv.), Bis(2-chloroethyl) ether (22 mL, 187.61 mmol) in NaOH 50%
(30 mL), was stirred at room temperature for 24 h. DCM was added to the reaction mixture and the
organic layer was washed successfully with water and brine, then dried over anhydrous sodium
sulfate. The crude product was purified by silica gel flash chromatography using 0–20% EtOAc in
Hexane as eluents to afford compound 11 as a colorless oil (2.1 g, 73%). Rf = 0.25 (EtOAc/Hexane, 1:4).
1H-NMR (300 MHz, CDCl3) δ 4.11 (d, J = 2.4 Hz, 6H, OCH2CCH), 3.76 (dd, J = 8.8, 3.2 Hz, 2H, CH2-Cl),
3.67–3.56 (m, 6H, OCH2-CH2), 3.52 (s, 6H, CH2OCH2CCH), 3.46 (s, 2H, CH2OCH2), 2.40 (t, J = 2.4 Hz,
3H, CCH).

Monopropagyloxyphenol (13) [50]. Hydroquinone (10.28 g, 93.37 mmol) was dissolved in acetone
(150 mL) followed by the addition of K2CO3 (15.42 g, 111.58 mmol). The mixture was reflux for 30 min,
propargyl bromide (10.28 mL, 93.50 mmol, 0.98 equiv.) was added dropwise, then stirred over night at
room temperature. Residue was dissolved in DCM (100 mL) and washed with water (3 × 50 mL) and
brine (3 × 50 mL). The organic layer was dried over Na2SO4, filtered and concentered under vacuum.
The crude product was purified by silica gel flash chromatography using 0–30% EtOAc in Hexane
as eluents to afford the mono substituted propargyl hydroquinone 13 as a brownish powder (3.11 g,
20.96 mmol, 43%). Rf = 0.35 (EtOAc/Hexane, 3:7). 1H-NMR (300 MHz, CDCl3) δ 6.85 (d, J = 9.1 Hz, 2H,
aromatic), 6.78 (d, J = 9.1 Hz, 2H, aromatic), 4.66 (d, J = 1.4 Hz, 2H, CH2), 2.53 (t, J = 2.4 Hz, 1H, ≡CH).
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Synthesis of 15 [50–55]. Cs2CO3 (3.4 g, 10.4 mmol) is added into a reaction mixture of
4-(prop-2-yn-1-yloxy)phenol (13) (6.7 mmol) and N3P3Cl6 (14) (0.6 mmol) in THF (20 mL). The mixture
was heated at 40 ◦C for 17 h, then filtered on Celite and concentrated. The pure 15 was isolated
as a white crystal yielding 98% after crystallization in EtOH. 1H-NMR (300 MHz, CDCl3) δ 6.87 (d,
J = 9.65 Hz, 6H, OC6H4O), δ 6.80 (d, J = 9.65 Hz, 6H, OC6H4O), 4.65 (d, J = 2.4 Hz, 6H, OCH2), 2.52 (t,
J = 2.4 Hz, 3H, CH). 31P-NMR (122 MHz, CDCl3) δ 9.82 (s).

1,2,3,4,6-Penta-O-acetyl-α/β-D-mannopyranose (17). 1,2,3,4,6-penta-O-acetyl-α/β-D-mannopyranose
was prepared according to the procedure reported [52] with a slight modification. D-Mannose 16

(3 g, 16.6 mmol), pyridine (40 mL) and acetic anhydride (32 mL, 333 mmol) were stirred at room
temperature. After stirring for 12 h, the reaction mixture was diluted with ice-water and extracted with
DCM. The combined organic layer was washed with 1 M aqueous HCl, saturated sodium bicarbonate
solution (NaHCO3), H2O and Brine. The organic layer was dried over Na2SO4 and the solvent was
removed under reduced pressure. The product 17 was obtained as colorless syrup (6 g, 15.4 mmol,
90%) which was a mixture of α and β anomers with a ratio of 3:1. This product was used in the next
synthetic step without any further purification. 1H-NMR (300 MHz, CDCl3) δ 6.09 (d, J = 1.8 Hz, 3H,
H-1a), 5.86 (d, J = 1.1 Hz, 1H, H-1b), 5.49 (dd, J = 3.3, 1.1 Hz, 1H), 5.38–5.33 (m, 6H), 5.32 (d, J = 2.8 Hz,
1H), 5.26 (t, J = 2.0 Hz, 3H), 5.13 (dd, J = 10.0, 3.3 Hz, 1H), 4.30 (ddd, J = 12.4, 7.5, 5.1 Hz, 5H), 4.18–4.02
(m, 8H), 3.80 (ddd, J = 9.8, 5.3, 2.4 Hz, 1H), 2.22 (s, 3H), 2.18 (s, 9H), 2.17 (s, 9H), 2.10 (s, 3H), 2.09 (s,
12H), 2.05 (s, 12H), 2.01 (s, 12H).

2-Bromoethyl 2,3,4,6-tetra-O-acetyl-α-D-manno-pyranoside (18) [27,51]. Compound 17 (5.37 g, 13.8 mmol)
and 2-bromoethanol (0.98 mL, 13.8 mmol) were dissolved in DCM (50 mL). Then, boron trifluoride
etherate (5.8 mL, 47.2 mmol) was added to the solution and stirred under a nitrogen atmosphere
for 3 h and monitored by TLC (EtOAc/Hexane, 1:1). After addition of DCM (100 mL), the reaction
mixture was neutralized by adding saturated sodium bicarbonate solution (100 mL) and the resulting
solution was washed with water (2 × 200 mL). The combined organic layers were dried over Na2SO4,
filtered and concentrated to dryness under reduced pressure. The resulting oil was then purified using
silica gel chromatography (EtOAc/Hexane, 1:1). The relevant fractions were collected, combined
and concentrated to dryness under reduced pressure to yield 18 as a colorless powder (2.2 g, 40%).
1H-NMR (300 MHz, CDCl3) δ 5.39–5.18 (m, 4H, H-2, 3 and 4), 4.85 (d, J = 1.6 Hz, 1H, H-1), 4.27 (dd,
J = 12.2, 5.3 Hz, 1H, H-6), 4.16–3.98 (m, 2H, H-6, H-5), 3.85 (ddd, J = 10.6, 6.6, 4.0 Hz, 1H, j), 3.72–3.60
(m, 1H, j′), 3.54–3.34 (m, 2H, CH2Br), 2.12 (s, 3H, COCH3), 2.08 (s, 3H, COCH3), 2.03 (s, 3H, COCH3),
1.97 (s, 3H, COCH3).

2-Azidoethyl 2,3,4,6-tetra-O-acetyl-α-D-manno-pyranoside (19) [27,51]. Compound 18 (1.40 g, 3.0 mmol)
and sodium azide (1.00 g, 15.4 mmol) were dissolved in anhydrous DMF (30 mL) and stirred at 80 ◦C
for 5 h. The reaction mixture was filtered and concentrated to dryness under reduced pressure and
further processed as given in general procedure (II) to afford compound 19 (0.75 g, 60%) as white
powder. 1H-NMR (300 MHz, CDCl3) δ 5.48–5.11 (m, 3H, H-2, 3 and 4), 4.87 (d, J = 1.6 Hz, 1H, H-1),
4.29 (dd, J = 12.3, 5.3 Hz, 1H, H-6), 4.20–3.99 (m, 2H, H-6′ and 5), 3.87 (m, 1H, j), 3.76–3.60 (m, 1H, j′),
3.56–3.36 (m, 2H, CH2N3), 2.16 (s, 3H, COCH3), 2.11 (s, 3H, COCH3), 2.06–2.03 (s, 3H, COCH3), 2.00 (s,
3H, COCH3).

Monotosylated tetraethylene glycol (20) [53]. To a solution of tetraethylene glycol (26.3 g, 135.4 mmol,
10 equiv.) in THF (60 mL) was added a solution of sodium hydroxide (1.79 g, 44.7 mmol, 3.3 equiv.)
dissolved in water (5 mL). The mixture was cooled to 0 ◦C and toluensulfonyl chloride (2.57 g,
16.54 mmol, 1 equiv.) in THF (5 mL) was added dropwise. The reaction was stirred at 0 ◦C for 2 h.
The solution was poured into water and the aqueous layer was extracted with dichloromethane.
The organic layers were washed with water, dried over Na2SO4, filtered and concentrated under
reduced pressure to yield 20 as a colorless oil (4.69 g, 97%) yield based on the p-toluenesulfomyl
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chloride. Rf = 0.25 (in 100% EtOAc). 1H-NMR (300 MHz, CDCl3) δ 7.79 (d, J = 8.0 Hz, 2H, b), 7.33 (d,
J = 8.0 Hz, 2H, d), 4.16 (t, J = 4.7 Hz, 2H, a), 3.75–3.55 (m, 14H, e), 2.44 (s, 3H, c).

2-(2-{2-[2-(2-Tosyloxy-ethoxy)-ethoxy]-ethoxy}-ethyl) 2,3,4,6-tetra-O-acetyl-α-D-mannopyranoside (21) [53].
Into a solution of pentaacetate mannose 17 (1.68 g, 4.31 mmol, 1 equiv.) in anhydrous CH2Cl2 (20 mL)
was added boron trifluoride etherate (1.23 mL, 9.93 mmol, 2.3 equiv.) at room temperature under
nitrogen atmosphere. The solution was stirred for 4 h before compound 20 (3.76 g, 10.79 mmol,
2.5 equiv.) was added. Glycosylation was completed after stirring at 40 ◦C overnight. The crude
product was washed with NaHCO3 sat, dried over Na2SO4 and concentrated under reduced pressure.
Further purification was processed on silica gel flash chromatography using 0–20% EtOAc in Hexane as
eluents to afford compound 21 as a colorless oil (1.8 g, 60%). Rf = 0.35 (EtOAc/Hexane, 1:4). 1H-NMR
(300 MHz, CDCl3) δ 7.80 (d, J = 8.3 Hz, 2H, aromatic), 7.34 (d, J = 8.0 Hz, 2H, aromatic), 5.38–5.25 (m,
3H, H-3, 4 and 2), 4.87 (d, J = 1.6 Hz, 1H, H-1), 4.36–4.19 (m, 2H, H-6), 4.18–4.01 (m, 3H, c and H-5),
3.85–3.75 (m, 1H, j’), 3.73–3.56 (m, 13H, j, i, d, g, f, e), 2.45 (s, 3H, CH3), 2.16 (d, 3H, COCH3), 2.09 (s,
3H, COCH3), 2.03 (s, 3H, COCH3), 1.99 (s, 3H, COCH3).

2-(2-{2-[2-(2-Azido-ethoxy)-ethoxy]-ethoxy}-ethyl) 2,3,4,6-tetra-O-acetyl-α-D-mannopyranoside (22) [53]. To a
solution of 21 (520 mg, 0.766 mmol, 1 equiv.) in dry DMF (15 mL) under a nitrogen atmosphere were
added sodium azide (996 mg, 15.3 mmol, 20 equiv.). After stirring at 80 ◦C for 2 h, the solution was
diluted in EtOAc and further processed as given in general procedure (II) to afford compound 22 as a
colorless oil (380 mg, 90%), Rf = 0.4 (EtOAc/Hexane, 1:4). 1H-NMR (300 MHz, CDCl3) δ 5.43–5.24 (m,
3H, H-3, 4 and 2), 4.87 (d, J = 1.6 Hz, 1H, H-1), 4.27 (td, J = 12.6, 5.0 Hz, 1H, H-6), 4.14–4.03 (m, 2H, H-6′

and 5), 3.86–3.76 (m, 1H, j′), 3.71–3.64 (m, 13H, j, i, d, g, e, h, f), 3.39 (t, J = 5.1 Hz, 2H, CH2-N3), 2.15 (s,
3H, COCH3), 2.10 (s, 3H, COCH3), 2.04 (s, 3H, COCH3), 1.99 (s, 3H, COCH3).

Synthesis of 23. Into a solution of bispropargylated core (7) (30 mg, 0.13 mmol, 1.0 equiv.) in a
mixture of THF/H2O (4 mL, 3:1, v/v), was added 2-(2-{2-[2-(2-Azido-ethoxy)-ethoxy]-ethoxy}-ethyl)
2,3,4,6-tetra-O-acetyl-α-D-mannopyranoside (22) (220 mg, 0.39 mmol, 3 equiv.), Na-ascorbate (18 mg,
0.09 mmol, 0.7 equiv.) and CuSO4·5H2O (19 mg, 0.08 mmol, 0.6 equiv.). The mixture was stirred at
50 ◦C for 2 h, then at room temperature for 5 h. Upon completion of the reaction, EtOAc was added
to the reaction mixture and further processed as given in general procedure (I) to afford compound
23 (136 mg, 75%) as a white powder; Rf = 0.35 (with 5% MeOH in CH2Cl2 as eluents). 1H-NMR
(600 MHz, CDCl3) δ 7.74 (s, 2H, H-triazole), 6.77 (s, 1H, HP-aromatic), 6.74 (s, 2H, HO-aromatic),
5.30 (dd, J = 10.0, 3.4 Hz, 2H, H-3), 5.25 (d, J = 9.9 Hz, 2H, H-4), 5.23–5.20 (m, 2H, H-2), 4.82 (s,
2H, H-1), 4.61 (s, 4H, b), 4.52–4.49 (m, 4H, c), 4.47 (s, 4H, m), 4.24 (dd, J = 12.2, 4.8 Hz, 2H, H-6),
4.05 (dd, J = 12.3, 4.1 Hz, 2H, H-6′), 4.03–3.99 (m, 2H, H-5), 3.83 (t, J = 4.9 Hz, 4H, d), 3.77–3.73 (m,
2H, j), 3.61 (m, 2H, j′), 3.60 (s, 4H, i), 3.58 (s, 16H, g, f, e, h), 2.11 (s, 6H, COCH3), 2.05 (s, 6H, COCH3,
1.99 (s, 6H, COCH3), 1.94 (s, 6H, COCH3). 13C-NMR (150 MHz, CDCl3) δ 170.6 (C=O), 169.9 (C=O),
169.8 (C=O), 169.6 (C=O), 156.8 (COH), 144.7 (C-triazole), 139.5 (Cm-aromatic), 123.8 (CH-triazole),
118.4 (Cp-aromatic), 113.9 (CO-aromatic), 97.5 (C-1), 71.9 (Cm), 70.5 (Cd), 70.4 (Cg), 70.3 (Cf), 69.8 (Ce),
69.4 (Ch), 69.4 (Cj), 69.3 (C-2), 68.9 (C-3), 68.2 (C-4), 67.2 (C-5), 65.9 (Ci), 63.4 (Cb), 62.2 (C-6), 50.1 (Cc),
20.8 (COCH3), 20.6 (COCH3), 20.6 (COCH3). ESI+-HRMS: [M + Na]+ calcd for C56H86N6NaO29,
1329.5331; found: 1329.5395.

Synthesis of 24. Compound 23 (50 mg, 0.036 mmol) and sodium methoxide (16 μL from 1 M solution in
MeOH) in 3 mL of methanol were stirred for 4 h and the mixture was treated following the general
procedure (III) described above. Deprotected compound 24 (38 mg, quant.) was obtained as a colorless
solid. 1H-NMR (600 MHz, D2O) δ 8.04 (s, 2H), 6.89 (s, 1H), 6.82 (s, 2H), 4.84 (s, 2H), 4.70 (s, 4H),
4.66–4.59 (m, 4H), 4.57 (s, 4H), 3.98–3.94 (m, 4H), 3.93–3.80 (m, 4H), 3.80–3.72 (m, 4H), 3.67–3.60 (m,
12H), 3.60–3.55 (m, 8H), 3.55–3.52 (m, 4H). 13C-NMR (150 MHz, D2O) δ 215.4, 155.9, 143.9, 139.3, 125.5,
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120.1, 114.7, 99.8, 72.7, 71.7, 70.5, 69.9, 69.7, 69.6, 69.5, 69.4, 69.4, 68.7, 66.7, 66.3, 62.4, 60.9, 49.9, 30.2.
ESI+-HRMS: [M + Na] + calcd for C40H70N6NaO21, 993.4486; found: 993.4545.

Synthesis of 25. Into a solution of tripropargyl pentaerythritol core (11) (125 mg, 0.35 mmol,
1.0 equiv.) in a mixture of THF/H2O (4 mL, 3:1, v/v), was added 2-azidoethyl
2,3,4,6-tetra-O-acetyl-α-D-mannopyranoside (19) (745 mg, 1.42 mmol, 5.1 equiv.), Na-ascorbate (70 mg,
0.29 mmol, 1.1 equiv.) and CuSO4·5H2O (78 mg, 0.31 mmol, 0.9 equiv.). The mixture was stirred at
50 ◦C for 2 h, then at room temperature for 5 h. Upon completion of the reaction, EtOAc was added to
the reaction mixture and further processed as given in general procedure (I) to afford compound 25

(480 mg, 82%) as a white powder; Rf = 0.3 (with 5% MeOH in CH2Cl2 as eluents). 1H-NMR (300 MHz,
CDCl3) δ 7.70 (s, 3H, HB-triazole), 5.31–5.19 (m, 9H, H-3, 4 and 2), 4.81 (d, J = 1.3 Hz, 3H, H-1), 4.61
(m, 6 H, i), 4.59 (s, 6H, h), 4.21 (dd, J = 12.3, 5.1 Hz, 3H, H-6), 4.13 (dt, J = 10.4, 4.9 Hz, 3H, j′), 4.04 (dd,
J = 12.3, 2.3 Hz, 3H, H-6′), 3.91 (dt, J = 10.6, 5.2 Hz, 3H, j), 3.74 (m, 2H, d), 3.61 (m, 7 H, H-5, f and
CH2-Cl), 3.57–3.53 (m, 2H, e), 3.49 (s, 6H, g′), 3.44 (s, 2H, g), 2.13 (s, 9H, COCH3), 2.09 (s, 9H, COCH3),
2.04 (s, 9H, COCH3), 1.99 (s, 9H, COCH3).

Synthesis of 26. To a solution of compound 25 (480 mg, 0.29 mmol, 1.0 equiv.) in dry DMF (2 mL) under
a nitrogen atmosphere were added sodium azide (186 mg, 2.9 mmol, 10 equiv.). After stirring at 80 ◦C
for 2 h, the solution was diluted in EtOAc and further processed as given in general procedure (II)
to afford compound 26 as a white powder (430 mg, 90%). 1H-NMR (300 MHz, CDCl3) δ 7.65 (s, 3H,
HB-triazole), 5.28–5.09 (m, 9H, H-3, 4 and 2), 4.76 (d, J = 1.1 Hz, 3H, H-1), 4.6–4.57 (m, 6H, i), 4.53 (s,
6H, h), 4.15 (dd, J = 12.4, 5.1 Hz, 3H, H-6), 4.07 (dt, J = 10.5, 5.7 Hz, 3H, j’), 3.98 (dd, J = 12.3, 2.3 Hz, 3H,
H-6′), 3.86 (dt, J = 10.4, 5.1 Hz, 3H, j), 3.63–3.59 (m, 2H, d), 3.56–3.53 (m, 5H, H-5, f), 3.49 (m, 2H, e),
3.44 (s, 6H, g′), 3.39 (s, 2H, g), 3.33–3.27 (m, 2H, c, CH2-N3), 2.07 (s, 9H, COCH3), 2.03 (s, 9H, COCH3),
1.98 (s, 9H, COCH3), 1.94 (s, 9H, COCH3). 13C-NMR (75 MHz, CDCl3) δ 170.6 (C=O), 170.0 (C=O),
169.6 (C=O), 169.1 (C=O), 145.6 (C-triazole), 123.7 (CHB-triazole), 97.6 (C-1), 77.2 (Cd), 71.0 (Cf), 70.3 (Ce),
70.0 (Cg), 69.2 (C-2), 69.1 (C-3), 68.9 (C-4), 66.3 (C-5), 65.7 (Cj), 64.8 (Ch), 62.2 (C-6), 51.8 (Ci), 50.8 (Cc),
49.5 (Cq), 20.8 (COCH3), 20.7 (COCH3).

Synthesis of 27. Compound 26 (200 mg, 0.02 mmol) and sodium methoxide (16 μL from 1 M solution in
MeOH) in 3 mL of methanol were stirred for 4 h and the mixture was treated following the general
procedure (III) described above. Deprotected compound 27 (150 mg, quant.) was obtained as a white
powder. 1H-NMR (300 MHz, MeOD) δ 8.00 (s, 3H), 4.69–4.60 (m, 9H), 4.55 (s, 6H), 4.11 (dt, J = 10.3,
4.9 Hz, 3H), 3.88 (dt, J = 5.8, 4.6 Hz, 3H), 3.81–3.71 (m, 6H), 3.65 (ddd, J = 18.4, 7.4, 5.7 Hz, 18H),
3.58–3.49 (m, 4H), 3.46 (s, 6H), 3.40 (dd, J = 9.5, 4.3 Hz, 6H), 3.21 (dd, J = 7.6, 5.1 Hz, 4H). 13C-NMR
(75 MHz, MeOD) δ 146.08, 126.31, 101.33, 79.41, 74.58, 72.26, 72.06, 71.69, 71.35, 70.99, 70.1, 68.1, 66.9,
65.2, 62.4, 51.8, 51.4, 50.1, 49.9, 49.6, 49.3, 49.0, 49.0, 48.7, 48.4, 46.5, 31.3, 24.6. ESI+-HRMS: [M + 2H]2+

calcd for C42H72N12O23, 556.2418; found: 556.2470.

Synthesis of 28. Into a solution of trispropargylated core (2) (25 mg, 0.104 mmol, 1.0 equiv.) in a
mixture of THF/H2O (4 mL, 3:1, v/v), was added 2-(2-{2-[2-(2-Azido-ethoxy)-ethoxy]-ethoxy}-ethyl)
2,3,4,6-tetra-O-acetyl-α-D-mannopyranoside (22) (281 mg, 0.5 mmol, 5 equiv.), Na-ascorbate (22 mg,
0.11 mmol, 0.5 equiv.) and CuSO4·5H2O (23 mg, 0.09 mmol, 0.9 equiv.). The mixture was stirred at
50 ◦C for 2 h, then at room temperature for 5 h. Upon completion of the reaction, EtOAc was added
to the reaction mixture and further processed as given in general procedure (I) to afford compound
28 (188 mg, 92%) as a white powder; Rf = 0.32 (with 5% MeOH in CH2Cl2 as eluents). 1H-NMR
(600 MHz, CDCl3) δ 7.83 (s, 3H, H-triazole), 6.28 (s, 3H, k) 5.32 (dd, J = 10.0, 2.8 Hz, 3H, H-3), 5.27
(t, J = 10.0 Hz, 3H, H-4), 5.25 (dd, J = 3.0, 1.7 Hz, 3H, H-2), 5.12 (s, 6H, b), 4.85 (d, J = 1.4 Hz, 3H,
H-1), 4.55 (t, J = 4.9 Hz, 6H, c), 4.27 (dd, J = 12.4, 5.1 Hz, 3H, H-6), 4.07 (d, J = 12.8 Hz, 3H, H-6′), 4.03
(dd, J = 5.7, 3.5 Hz, 3H, H-5), 3.89 (t, J = 4.9 Hz, 6H, d), 3.82–3.73 (m, 3H, j), 3.65 (m, 3H, j′), 3.63 (s,
6H, i), 3.61 (s, 24H, g, e, f, h), 2.13 (s, 9H, COCH3), 2.07 (s, 9H, COCH3), 2.01 (s, 9H, COCH3), 1.96
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(s, 9H, COCH3). 13C-NMR (150 MHz, CDCl3) δ 170.8 (C=O), 170.1 (C=O), 170.0 (C=O), 169.8 (C=O),
160.3 (COCb-aromatic), 143.7 (C-triazole), 124.2 (CH-triazole), 97.8 (C-1), 95.1 (Ck-aromatic), 70.8 (Cd),
70.7 (Cg), 70.6 (Cf), 70.1 (Ce), 69.7 (Ch), 69.6 (Cj), 69.5 (C-2), 69.2 (C-3), 68.5 (C-4), 67.5 (C-5), 66.2 (Ci),
62.5 (Cb), 62.1 (C-6), 50.4 (Cc), 21.0 (COCH3), 20.9 (COCH3), 20.8 (COCH3), 20.8 (COCH3). MALDI-TOF:
[M + H]+ calcd for C81H118N9O42: 1888.737; found, 1888.789.

Synthesis of 29. Compound 28 (100 mg, 0.05 mmol) and sodium methoxide (16 μL from 1 M solution
in MeOH) in 3 mL of methanol were stirred for 4 h and the mixture was treated following the
general procedure (III) described above. Deprotected compound 29 (74 mg, quant.) was obtained as
a white solid. 1H-NMR (600 MHz, MeOD) δ 8.16 (s, 3H), 6.37 (s, 3H), 5.19 (s, 6H), 4.65–4.63 (m, 8H),
3.95–3.92 (m, 4H), 3.88–3.87 (m, 2H), 3.82 (m, 10.0, 3.1 Hz, 4H), 3.77–3.71 (m, 4H), 3.68–3.54 (m, 23H).
13C-NMR (150 MHz, MeOD) δ 159.9, 143.3, 125.4, 100.1, 95.5, 72.9, 70.9, 70.3, 69.9, 69.8, 69.8, 68.9, 66.9,
66.4, 61.1, 50.2, 48.5, 47.9, 47.9, 47.8, 47.8, 47.8. MALDI-TOF: [M]+ calcd for C57H92N9O30: 1382.592;
found, 1382.801.

Synthesis of 30. Into a solution of tetrapropargyl pentaerythritol core (10) (67 mg,
0.23 mmol, 1.0 equiv.) in a mixture of THF/H2O (4 mL, 3:1, v/v), was added
2-(2-{2-[2-(2-Azido-ethoxy)-ethoxy]-ethoxy}-ethyl) 2,3,4,6-tetra-O-acetyl-α-D-mannopyranoside (22)
(790 mg, 1.4 mmol, 6 equiv.), Na-ascorbate (65 mg, 0.32 mmol, 1.4 equiv.) and CuSO4·5H2O (70 mg,
0.28 mmol, 1.2 equiv.). The mixture was stirred at 50 ◦C for 2 h, then at room temperature for 5 h. Upon
completion of the reaction, EtOAc was added to the reaction mixture and further processed as given
in general procedure (I) to afford compound 30 as a white powder (484 mg, 82%). Rf = 0.27 (with 5%
MeOH in CH2Cl2 as eluents). 1H-NMR (600 MHz, CDCl3) δ 7.68 (s, 4H, H-triazole), 5.32 (dd, J = 10.0,
3.4 Hz, 4H, H-3), 5.26 (t, J = 10.0 Hz, 4H, H-2), 5.24 (dd, J = 3.2, 1.6 Hz, 4H, H-4), 4.85 (s, 4H, H-1), 4.52 (s,
8H, b), 4.51 (t, J = 5.5 Hz, 8H, c), 4.27 (dd, J = 12.2, 4.9 Hz, 4H, H-6), 4.07 (dd, J = 12.2, 2.2 Hz, 4H, H-6′),
4.04 (ddd, J = 9.8, 4.8, 2.3 Hz, 4H, H-5), 3.87 (t, J = 5.3 Hz, 8H, d), 3.81–3.75 (m, 4H, j), 3.66 (dd, J = 5.8,
3.7 Hz, 4H, j′), 3.64–3.63 (m, 8H, i), 3.62–3.58 (m, 32H, g, f, e, h), 3.45 (s, 8H, k), 2.13 (s, 12H, COCH3),
2.08 (s, 12H, COCH3), 2.01 (s, 12H, COCH3), 1.96 (s, 12H, COCH3). 13C-NMR (150 MHz, CDCl3) δ 170.7
(C=O), 170.0 (C=O), 169.9 (C=O), 169.7 (C=O), 145.1 (C-triazole), 123.6 (CH-triazole), 97.7 (C-1), 70.7
(Cd), 70.6 (Cg), 70.5 (Cf), 69.9 (Ce), 69.6 (Ch), 69.5 (Cj), 69.5 (C-2), 69.2 (Cq), 69.1 (C-3), 68.4 (C-4), 67.4
(C-5), 66.1 (Ci), 64.9 (Cb), 62.4 (C-6), 50.1 (Cc), 45.3 (Ck), 20.9 (COCH3), 20.8 (COCH3), 20.7 (COCH3),
20.7 (COCH3). ESI+-HRMS: [M + 2H]2+ calcd for C105H162N12O56, 1244.5021; found: 1244.0172.

Synthesis of 31. Compound 30 (100 mg, 0.038 mmol) and sodium methoxide (16 μL from 1 M solution
in MeOH) in 3 mL of methanol were stirred for 4 h and the mixture was treated following the general
procedure (III) described above. Deprotected compound 31 (70 mg, quant.) was obtained as a colorless
solid. 1H-NMR (600 MHz, D2O) δ 8.01 (s, 4H), 4.87 (s, 4H), 4.60 (t, J = 4.9 Hz, 8H), 4.52 (s, 8H), 3.95 (d,
J = 4.8 Hz, 12H), 3.90–3.86 (m, 4H), 3.85 (dd, J = 7.4, 3.7 Hz, 4H), 3.81 (dd, J = 9.1, 3.2 Hz, 4H), 3.75 (dd,
J = 12.2, 5.4 Hz, 4H), 3.72–3.65 (m, 12H), 3.65–3.60 (m, 24H), 3.60–3.57 (m, 16H), 3.40 (s, 8H). 13C-NMR
(150 MHz, D2O) δ 144.1, 125.3, 99.9, 72.7, 70.5, 69.9, 69.9, 69.7, 69.6, 69.5, 69.5, 68.7, 68.1, 66.7, 66.3, 63.5,
60.9, 49.9, 44.6. ESI+-HRMS: [M + 2H]2+ calcd for C73H130N12O40, 907.4248; found: 907.4258.

Synthesis of 33. Into a solution of hexapropargylated core (15) (30 mg, 0.03 mmol, 1.0 equiv.) in a mixture
of THF/H2O (4 mL, 3:1, v/v), was added 19 (152 mg, 0.29 mmol, 9.6 equiv.), Na-ascorbate (12 mg,
0.06 mmol, 1.98 equiv.) and CuSO4·5H2O (14 mg, 0.05 mmol, 1.8 equiv.). The mixture was stirred at
50 ◦C for 2 h, then at room temperature for 5 h. Upon completion of the reaction, EtOAc was added to
the reaction mixture and further processed as given in general procedure (I) to afford compound 33 as
a white powder (97 mg, 91%); Rf = 0.3 (with 5% MeOH in CH2Cl2 as eluents). 1H-NMR (600 MHz,
CDCl3) δ 7.83 (s, 6H, H-triazole), 6.85 (d, J = 9.0 Hz, 12H, aromatic), 6.79 (d, J = 9.1 Hz, 12H, aromatic),
5.31–5.19 (m, 18H, H-2, 3 and 4), 5.16–5.08 (m, 12H, Ar-OCH2), 4.82 (s, 6H, H-1), 4.64–4.54 (m, 12H,
Man-OCH2), 4.21 (dd, J = 12.3, 5.1 Hz, 6H, CHH′N), 4.16–4.09 (m, 6H, H-6), 4.04 (dd, J = 12.3, 2.2 Hz,
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6H, H-6′), 3.90 (dt, J = 10.4, 5.1 Hz, 6H, CHH′N), 3.65–3.58 (m, 6H, H-5), 2.13 (s, 18H, COCH3), 2.09 (s,
18H, COCH3), 1.98 (s, 18H, COCH3), 1.97 (s, 18H, COCH3). 13C-NMR (151 MHz, CDCl3) δ 170.8 (C=O),
170.2 (C=O), 170.2 (C=O), 169.9 (C=O), 155.7 (CO-aromatic), 145.1 (C-triazole), 144.5 (Cp-aromatic),
124.5 (CH-triazole), 122.2 (Cm-aromatic), 115.7 (CO-aromatic), 97.9 (C-1), 77.2 (C-2), 69.6 (C-3), 69.5
(C-4), 69.3 (C-5), 66.6 (Cj), 66.2 (Cb), 62.7 (C-6), 50.0 (Ci), 21.1 (COCH3), 21.0 (COCH3), 20.9 (COCH3).
31P-NMR (243 MHz, CDCl3) δ 9.84. ESI+-HRMS: [M + 3H]3+ calcd for C150H183N21O72P3, 1174.34752;
found: 1174.6753.

Synthesis of 34. Compound 33 (97 mg, 0.03 mmol) and sodium methoxide (16 μL from 1 M solution in
MeOH) in 3 mL of methanol were stirred for 4 h and the mixture was treated following the general
procedure (III) described above. Deprotected compound 34 (69 mg, quant.) was obtained as a white
solid. 1H-NMR (600 MHz, D2O) δ 7.80 (s, 6H), 6.56 (s, 24H), 4.84 (s, 18H), 4.65 (s, 6H), 4.36 (s, 12H),
3.87 (s, 6H), 3.74 (s, 6H), 3.71–3.50 (m, 24H), 3.05 (d, J = 3.2 Hz, 6H). 13C-NMR (151 MHz, D2O) δ 154.9,
143.8, 143.1, 125.1, 121.6, 115.5, 99.5, 72.8, 70.5, 69.9, 66.4, 65.2, 61.3, 60.6, 49.8. 31P-NMR (243 MHz,
CDCl3) δ 10.16. ESI+-HRMS: [M + 3H]3+ calcd for C102H135N21O48P3, 838.26603; found: 838.5901.

Synthesis of 35. Into a solution of hexapropargylated core (15) (50 mg, 0.049 mmol, 1.0 equiv.) in a
mixture of THF/H2O (4 mL, 3:1, v/v), was added 32 (185 mg, 0.44 mmol, 6 equiv.), Na-ascorbate
(20 mg, 0.1 mmol, 0.1 equiv.) and CuSO4·5H2O (22 mg, 0.28 mmol, 0.09 equiv.). The mixture was stirred
at 50 ◦C for 2 h, then at room temperature for 5 h. Upon completion of the reaction, EtOAc was added
to the reaction mixture and further processed as given in general procedure (I) to afford compound 35

as a white powder (171 mg, 96%); Rf = 0.2 (with 5% MeOH in CH2Cl2 as eluents). 1H-NMR (600 MHz,
CDCl3) δ 7.74 (s, 6H, H-triazole), 6.92–6.74 (m, 24H, aromatic), 5.16 (t, J = 9.5 Hz, 6H, H-3), 5.11 (d,
J = 6.3 Hz, 12H, b), 5.05 (t, J = 9.7 Hz, 6H, H-4), 4.98 (dd, J = 9.6, 8.0 Hz, 6H, H-2), 4.60 (dt, J = 14.4,
4.0 Hz, 6H, j), 4.53–4.47 (m, 12H, j′, H-1), 4.24 (dt, J = 8.4, 4.5 Hz, 12H, i, H-6), 4.13 (dd, J = 12.3, 2.2 Hz,
6H, H-6′), 3.93 (ddd, J = 10.6, 8.8, 3.5 Hz, 6H, i′), 3.70 (ddd, J = 10.0, 4.6, 2.4 Hz, 6H, H-5), 2.07 (s, 18H,
COCH3), 2.01 (s, 18H, COCH3), 1.97 (s, 18H, COCH3), 1.92 (s, 18H, COCH3). 13C-NMR (150 MHz,
CDCl3) δ 169.6 (C=O), 169.1 (C=O), 168.4 (C=O), 168.4 (C=O), 154.2 (CO-aromatic), 143.6 (C-triazole),
142.7 (Cp-aromatic), 123.3 (CH-triazole), 120.9 (Cm-aromatic), 114.3 (CO-aromatic), 99.5 (C-1), 71.5 (C-2),
70.9 (C-3), 69.9 (C-4), 67.2 (C-5), 66.7 (Cj), 61.2 (Cb), 60.7 (C-6), 48.9 (Ci), 19.7 (COCH3), 19.7 (COCH3),
19.6 (COCH3), 19.5 (COCH3). 31P-NMR (243 MHz, CDCl3) δ 9.72. MALDI-TOF: [M]+ calcd for
C150H179N21O72P3: 3519.020; found, 3519.489.

Synthesis of 36. Compound 35 (100 mg, 0.03 mmol) and sodium methoxide (16 μL from 1 M solution in
MeOH) in 3 mL of methanol were stirred for 4 h and the mixture was treated following the general
procedure (III) described above. Deprotected compound 36 (78 mg, quant.) was obtained as a white
powder. 1H-NMR (600 MHz, MeOD) δ 8.05 (s, 6H), 6.70 (dd, J = 40.7, 9.1 Hz, 24H), 5.02 (s, 12H), 4.51 (t,
J = 5.0 Hz, 12H), 4.26 (d, J = 7.9 Hz, 6H), 4.17–4.07 (m, 6H), 4.01–3.84 (m, 6H), 3.75 (dd, J = 12.1, 1.9 Hz,
6H), 3.55 (dd, J = 12.1, 5.8 Hz, 6H), 3.31 (t, J = 9.0 Hz, 6H), 3.27–3.22 (m, 6H), 3.18 (d, J = 9.6 Hz, 6H),
3.11 (dd, J = 9.2, 8.0 Hz, 6H). 13C-NMR (150 MHz, MeOD) δ 156.3, 145.2, 144.2, 126.5, 122.7, 116.6,
103.8, 77.3, 77.1, 74.3, 70.9, 68.9, 62.4, 62.1, 51.4, 49.4, 49.0, 24.2. 31P-NMR (243 MHz, MeOD) δ 10.25.
MALDI-TOF: [M + H]+ calcd for C102H132N21O48P3: 2512.778; found, 2512.851.

Synthesis of 37. Into a solution of hexapropargylated core (15) (25 mg, 0.025 mmol, 1.0 equiv.) in
a mixture of THF/H2O (4 mL, 3:1, v/v), was added compound 22 (140 mg, 0.25 mmol, 10 equiv.),
Na-ascorbate (10 mg, 0.05 mmol, 2.1 equiv.) and CuSO4·5H2O (10.8 mg, 0.04 mmol, 1.8 equiv.).
The mixture was stirred at 50 ◦C for 2 h, then at room temperature for 5 h. Upon completion of
the reaction, EtOAc was added to the reaction mixture and further processed as given in general
procedure (I) to afford compound 37 as a white powder (101 mg, 96%); Rf = 0.22 (with 4% MeOH in
CH2Cl2 as eluents). 1H-NMR (600 MHz, CDCl3) δ 7.85 (s, 6H, H-triazole), 6.81 (dd, J = 29.7, 9.0 Hz,
24H, aromatic), 5.33 (dd, J = 10.0, 3.4 Hz, 6H, H-3), 5.28 (t, J = 10.0 Hz, 6H, H-2), 5.25 (dd, J = 3.2,
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1.6 Hz, 6H, H-4), 5.13 (d, J = 7.6 Hz, 12H, b), 4.86 (s, 6H, H-1), 4.54 (t, J = 5.1 Hz, 12H, c), 4.28 (dd,
J = 12.2, 4.9 Hz, 6H, H-6), 4.08 (dd, J = 12.3, 2.2 Hz, 6H, H-6′), 4.05 (ddd, J = 9.7, 4.8, 2.3 Hz, 6H, H-5),
3.88 (t, J = 5.2 Hz, 12H, d), 3.81–3.76 (m, 6H, j), 3.67–3.65 (m, 6H, j′), 3.63 (d, J = 3.7 Hz, 12H, i), 3.61
(d, J = 7.6 Hz, 48H, g, f, e, h), 2.14 (s, 18H, COCH3), 2.09 (s, 18H, COCH3), 2.02 (s, 18H, COCH3), 1.98
(s, 18H, COCH3). 13C-NMR (150 MHz, CDCl3) δ 170.7 (C=O), 170.0 (C=O), 169.9 (C=O), 169.7 (C=O),
155.3 (CO-aromatic), 144.6 (C-triazole), 143.6 (Cp-aromatic), 124.2 (CH-triazole), 121.8 (Cm-aromatic),
115.3 (CO-aromatic), 97.7 (C-1), 70.7 (Cd), 70.6 (Cg), 70.5 (Cf), 69.9 (Ce), 69.6 (Ch), 69.5 (Cj), 69.4 (C-2),
69.1 (C-3), 68.4 (C-4), 67.4 (C-5), 66.1 (Ci), 62.4 (Cb), 62.3 (C-6), 50.2 (Cc), 20.9 (COCH3), 20.8 (COCH3),
20.7 (COCH3), 20.7 (COCH3). 31P-NMR (243 MHz, CDCl3) δ 9.68. ESI+-HRMS: [M + 2H]2+ calcd for
C186H254N21O90P3, 2158.2604; found: 2158.2588.

Synthesis of 38. Compound 37 (100 mg, 0.023 mmol) and sodium methoxide (16 μL from 1 M solution
in MeOH) in 3 mL of methanol were stirred for 4 h and the mixture was treated following the general
procedure (III) described above. Deprotected compound 38 (77 mg, quant.) was obtained as a white
solid. 1H-NMR (300 MHz, D2O) δ 7.96 (s, 6H, H-triazole), 6.71 (s, 24H, aromatic), 4.99 (s, 12H, b),
4.82 (s, 6H, H-1), 4.49 (s, 12H, c), 3.93–3.75 (m, 36H, H-2,3,4,5,6 and 6′), 3.74–3.38 (m, 84H, d, e, f, g, h, i,
j). 31P-NMR (122 MHz, D2O) δ 10.11. ESI+-HRMS: [M + 2H]2+ calcd for C138H206N21O66P3, 1653.6321;
found: 1653.6342.

Synthesis of 39. Into a solution of hexapropargylated core (15) (26 mg, 0.026 mmol, 1.0 equiv.) in a
mixture of THF/H2O (4 mL, 3:1, v/v), was added (26) (400 mg, 0.24 mmol, 9.6 equiv.), Na-ascorbate
(11 mg, 0.06 mmol, 2.1 equiv.) and CuSO4·5H2O (12 mg, 0.05 mmol, 1.8 equiv.). The mixture was
stirred at 50 ◦C for 2 h, then at room temperature for 5 h. Upon completion of the reaction, EtOAc
was added to the reaction mixture and further processed as given in general procedure (I) to afford
compound 39 as a white powder (272 mg, 97%); Rf = 0.2 (with 5% MeOH in CH2Cl2 as eluents).
1H-NMR (600 MHz, CDCl3) δ 7.82 (s, 6H, HA-triazole), 7.69 (s, 18H, HB-triazole), 6.82 (dd, J = 32.8,
8.8 Hz, 24H, aromatic), 5.22 (t, J = 10.0 Hz, 18H, H-3), 5.19 (d, J = 3.2 Hz, 12H, H-4), 5.17 (s, 12H, H-2),
5.09 (s, 12H, b), 4.79 (s, 18H, H-1), 4.59 (dd, J = 10.5, 5.7 Hz, 36H, i), 4.54 (s, 36H, h), 4.49 (t, J = 5.0 Hz,
12H, c), 4.19 (dd, J = 12.3, 5.0 Hz, 18H, H-6), 4.14–4.07 (m, 18H, j′), 4.02 (dd, J = 12.3, 1.8 Hz, 18H, H-6′),
3.89 (m, 18H, j), 3.86 (t, J = 5.2 Hz, 12H, d), 3.62–3.59 (m, 18H, H-5), 3.55–3.48 (m, 24H, e, f), 3.46 (s,
36H, g′), 3.40 (s, 36H, g), 2.11 (s, 54H, COCH3), 2.06 (s, 54H, COCH3), 2.01 (s, 54H, COCH3), 1.96 (s,
54H, COCH3). 13C-NMR (150 MHz, CDCl3) δ 170.6 (C=O), 169.9 (C=O), 169.6 (C=O), 169.1 (C=O),
155.4 (CO-aromatic), 145.5 (CB-triazole), 144.6 (CA-triazole), 143.5 (Cp-aromatic), 124.2 (CAH-triazole),
123.7 (CBH-triazole), 121.8 (Cm-aromatic), 115.3 (CO-aromatic), 97.5 (C-1), 71.0 (Cf), 70.3 (Ce), 69.7 (Cg),
69.4 (Cd), 69.2 (C-2), 69.1 (C-3), 68.9 (C-4), 68.8 (C-5), 66.3 (Cj), 65.7 (Cb), 64.8 (Ch), 62.2 (C-6), 50.3 (Ci),
49.5 (Cc), 45.3 (Cq), 20.8 (COCH3), 20.7 (COCH3), 20.7 (COCH3), 20.7 (COCH3). 31P-NMR (243 MHz,
CDCl3) δ 9.54. MALDI-TOF: [M + H]+ calcd for C450H607N75O222P3: 10705.772; found, 10706.833.

Synthesis of 40. Compound 39 (200 mg, 0.02 mmol) and sodium methoxide (16 μL from 1 M solution in
MeOH) in 3 mL of methanol were stirred for 4 h and the mixture was treated following the general
procedure (III) described above. Deprotected compound 40 (150 mg, quant.) was obtained as a white
solid. 1H-NMR (600 MHz, D2O) δ 8.05 (s, 1H), 7.92 (s, 3H), 6.74 (dd, J = 42.4, 7.8 Hz, 4H), 5.09 (s, 2H),
4.75 (s, 3H), 4.61–4.51 (m, 6H), 4.45 (s, 6H), 4.02 (s, 3H), 3.83 (s, 6H), 3.71 (d, J = 10.8 Hz, 3H), 3.63 (ddd,
J = 25.4, 15.8, 7.5 Hz, 8H), 3.36 (dd, J = 75.3, 44.3 Hz, 12H), 3.11–3.02 (m, 3H). 13C-NMR (150 MHz,
D2O) δ 215.7, 154.9, 144.3, 143.8, 142.9, 125.3, 125.1, 121.7, 115.8, 99.5, 72.8, 70.5, 69.9, 69.7, 68.9, 68.7,
68.3, 66.3, 65.4, 63.6, 61.4, 60.6, 50.1, 49.9, 44.8, 30.2, 29.7, 29.6, 29.4, 29.3, 29.2. 31P-NMR (243 MHz, D2O)
δ 10.06. MALDI-TOF: [M + H]+ calcd for C306H463N75O150P3: 7681.011; found, 7681.383.
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4. Conclusions

The synthesis of a new library of glycodendrimers possessing pegylated sugars in the aglycones
with different valences from 2 to 18, has been achieved in satisfying yields provided by the highly
efficient click chemistry. The above set of assay is relevant in demonstrating the relative binding
abilities of these glycodendrimers for their respective lectins. In DLS measurements, the use of
kinetics of mannodendrimers-protein aggregation in presence of the mannose-specific lectin ConA
gave useful preliminary results. We noticed that, highly substituted glycodendrimers demonstrated a
higher capacity to crosslink ConA by forming insoluble complexes within a short time frame. Hence,
the results obtained herein suggest that dendrimers harboring pegylated mannosides provided gradual
and functional binding interactions with a model mannose-binding protein such as ConA. Perhaps,
more importantly, is the fact that the synthetic strategy that we recently coined “onion peel strategy”
offers advantages over classical ones [32,47,54–57]. Indeed, by choosing the cyclotriphosphazene core
having six functional groups available (an A6 core) together with an AB3 pentaerythritol scaffold at
the next generation, provided a dendrimeric architecture from which, a total of 18 surface groups
can be achieved by a convergent synthesis in a short synthetic sequence leading to a G1 generation.
Ongoing activities, aimed at measuring the inhibition of biofilm formation from uropathogenic E. coli,
are underway.
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Abstract: Herein, we present the first evaluation of cationic dendrimers based on
2,2-bis(methylol)propionic acid (bis-MPA) as nonviral vectors for transfection of short interfering
RNA (siRNA) in cell cultures. The study encompassed dendrimers of generation one to four
(G1–G4), modified to bear 6–48 amino end-groups, where the G2–G4 proved to be capable of siRNA
complexation and protection against RNase-mediated degradation. The dendrimers were nontoxic to
astrocytes, glioma (C6), and glioblastoma (U87), while G3 and G4 exhibited concentration dependent
toxicity towards primary neurons. The G2 showed no toxicity to primary neurons at any of the tested
concentrations. Fluorescence microscopy experiments suggested that the dendrimers are highly
efficient at endo-lysosomal escape since fluorescently labeled dendrimers were localized specifically
in mitochondria, and diffuse cytosolic distribution of fluorescent siRNA complexed by dendrimers
was observed. This is a desired feature for intracellular drug delivery, since the endocytic pathway
otherwise transfers the drugs into lysosomes where they can be degraded without reaching their
intended target. siRNA-transfection was successful in C6 and U87 cell lines using the G3 and G4
dendrimers followed by a decrease of approximately 20% of target protein p42-MAPK expression.

Keywords: dendrimer; siRNA; RNAi; bis-MPA; monodisperse; polycation

1. Introduction

In 1998 researchers found that short sequences of double-stranded RNA could selectively degrade
target mRNA through RNA interference (RNAi) and thus prevent the expression of disease-causing
proteins [1]. This discovery awarded the authors Andrew Z. Fire and Craig C. Mello the Nobel Prize
in 2006. Since nearly any protein-coding gene in the body can theoretically be targeted, the technique
is applicable to a much broader array of diseases than those treatable with conventional drugs.
These short RNA sequences of 21–23 bases were later termed short interfering RNAs (siRNAs), and are
presently being investigated in clinical trials as potential treatments for cancer [2,3] and transthyretin
amyloidosis (ATTR) [4,5], a life-threatening disease with cardiac and peripheral nerve symptoms.

However, some major obstacles have to be overcome to attain a successful treatment using
siRNA. Free siRNA is rapidly degraded by ribonucleases (RNases) [6], and can be recognized by the
immune system to cause inflammatory response [7]. The greatest challenge is perhaps the cellular
uptake due to its large size and negative charge. RNAi can only occur through the formation of the
RNA-induced silencing complex (RISC) [8], which takes place in cytoplasmic bodies called processing

Molecules 2018, 23, 2028; doi:10.3390/molecules23082028 www.mdpi.com/journal/molecules237



Molecules 2018, 23, 2028

bodies (P-bodies) that are located throughout the cytoplasm [9]. Thus, it is necessary for the siRNA
and its carrier to efficiently escape the endocytic pathway. These obstacles and examples of strategies
for overcoming them have been extensively reviewed [10–12].

Viral vectors are generally considered to be the most efficient carriers for nucleic acid delivery.
However, these are still struggling to achieve clinical approval due to problems with immune responses
and other safety concerns, as well as their complexity of preparation [13–15]. This has led the scientific
community towards the development of synthetic alternatives to viral vectors such as liposomes [16],
polymers [17], and other nanoparticles [18].

Transfection of neuronal cells can be especially challenging [19,20]. Neurons are generally sensitive
to alterations in their environment, and in vivo the brain is separated from the blood stream by
the blood–brain barrier (BBB). Successful transfection techniques include the use of liposomes [16],
electroporation [21], and viral vectors [22,23]. However, these techniques suffer from drawbacks such
as immunological concerns, low transfection rates, or complex methodology.

Dendrimers, being highly branched and compact scaffolds, have been proposed as promising
candidates for transporting siRNA inside cells and protecting it from degradation while travelling
through the body or staying in the extracellular medium [24]. Cationic dendrimers of e.g.,
poly(propyleneimine) (PPI) [25], poly(amidoamine) (PAMAM) [26–29], poly(L-Lysine) (PLL) [30] and
carbosilane [31,32] types have been shown to form complexes with siRNA through charge interactions,
shielding it from RNases and successfully silencing gene expression in cells making them promising
nonviral transfection agents. Unfortunately, all the mentioned dendrimers have high solution stability
counteracting an important feature for any carrier i.e., the prerequisite of rapid biodegradation into
smaller benign compounds that are safely cleared from the body.

Polyester dendrimers based on 2,2-bis(methylol)propionic acid (bis-MPA) are known for their
biocompatibility and the biodegradation of their internal esters [33,34]. In a previous publication,
a facile route to postfunctionalization of bis-MPA dendrimers with the amino-acid β-alanine was
presented [35]. These dendrimers, featuring primary amino groups as ammonium-trifluoroacetate
salts, showed lower cytotoxicity in neurons than PAMAM-analogues and exhibited rapid degradation
at physiologically relevant pH and temperature.

In this work, we present the first evaluation of dendrimers based on 2,2-bis(methylol)propionic
acid (bis-MPA) as nonviral vectors for siRNA delivery. Dendrimers of generation 1–4 with
6–48 ammonium-trifluoroacetate end-groups are evaluated with respect to siRNA complexation,
cytotoxicity, and transfection in cell lines and primary neurons in vitro. Knockdown of
mitogen-activated protein kinase 1 (p42-MAPK) is monitored to quantify transfection efficiency.
The synthesis of a rhodamine-labeled generation four amino-functional dendron is presented,
which allows subcellular localization evaluation of these materials using fluorescence microscopy.

2. Results

2.1. Synthesis

The synthesis of amino-functional dendrimers of generation 1–4 has been previously
published [35]. Here, the same technique was applied to a previously synthesized generation four
dendron [36] equipped with a protected tetraethylene glycol linker at its focal point to enable coupling
of e.g., fluorophores with less steric hindrance. The amino end-groups were afforded by attachment of
boc protected β-alanines through the fluoride-promoted esterification (FPE) protocol [37]. The hydroxyl
at the tetraethylene glycol focal point was activated by catalytic hydrogenation, without affecting the
boc protections, and rhodamine B was attached through the FPE route. A hydrophobic byproduct
suspected to be the lactone form of rhodamine B [38] was observed. This byproduct was easily removed
when the boc-protected crude was deprotected with trifluoroacetic acid by extraction from a water
solution. The pure amino-functional dendron was then obtained by lyophilization.
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All relevant dendritic structures explored in this study are shown in Figure 1. The synthesis
of these sophistacted dendritic scaffolds including their analytical data (1H-NMR, 13C-NMR,
MALDI, and fluorescence data for the rhodamine labeled dendron) are presented in detail in the
supporting information.

 

Figure 1. Structures of the generation one to four amino-functional bis-MPA dendrimers that are
included in this study, as well as the rhodamine B-labeled generation 4 dendron synthesized to study
the subcellular localization of these materials. TFA- is an abbreviation for trifluoroacetate.

2.2. siRNA Complexation and RNase Protection

The complexation ability of the dendrimers to fully complexate all of the siRNA was evaluated
by investigating the optimum ratio between the nitrogens on the dendrimer and phosphorous on the
siRNA (N/P ratio). This study was performed by agarose gel retardation as specified in the materials
& methods section.

All four generations (G1–G4) of TMP-cored amino functional bis-MPA dendrimers were able to
complex siRNA, with N/P ratios for complexation ranging from 1.5 to 3 for G2–G4 (data not shown).
However, the G1 required a much higher N/P ratio of 19 to fully complex the siRNA. The high N/P
ratio found for full complexation may be a due to the previously demonstrated autodegradation of
these dendrimers [35] in which loss of amino groups reduces the number of charges on the dendrimer
over time. To explore the solution storage stability and the effects of the degradation on their ability to
complex the siRNA the dendrimers were stored in a stock solution consisting of a pH 5.5 HEPES buffer
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at 4 ◦C and the gel retardations were performed at different time points under the same experimental
conditions. Only the G1 showed a significant loss of complexation ability, which is presented in
Figure S1 in the supporting information.

Due to these drawbacks, the G1 was excluded from additional studies while the ability of G2–G4
to protect siRNA from RNase-mediated degradation was further explored. As shown in Figure 2,
G2–G4 dendrimers were able to protect siRNA from degradation, therefore making them promising
candidates as carriers for siRNA transfection.

Figure 2. RNase protection. siRNA protection studies for G2–G4 dendrimers were performed at
an N/P ratio of 2.5 as indicated in materials & methods. Recovered intact siRNA was measured
by densitometric analysis and quantified using Image J. Data represent mean ± s.e.m. of four
independent experiments.

2.3. Cytotoxicity

The cytotoxicity of the amino functional bis-MPA dendrimers (G2–G4) was explored in different
cell types by monitoring lactate dehydrogenase (LDH) release to the extracellular medium, which is a
marker for late irreversible toxicity that indicates cell death. Neither generation showed any toxicity up
to 10 μM in rat astrocytes, rat glioma (C6), and human glioblastoma (U87) cell lines (data not shown).
The G3 and G4 showed dose dependent toxicity in primary neurons, starting between 1 and 5 μM for
G3 and 0.1–1 μM for G4. The G2 showed no signs of toxicity even at the highest tested concentration
(10 μM). Figure 3 displays the results from the cytotoxicity experiment on neurons.

Figure 3. Cytotoxicity in primary neurons. Neurons were exposed to the indicated dendrimer
concentration for 72 h. Data are expressed as mean ± s.e.m. of four independent experiments for G2
and G3 and 12 for G4. Where no error bars are visible, they were smaller than the symbol size.
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2.4. Subcellular Localization

In order to study the dendrimers ability to enter cells and their localization, C6 and U87 cells
were exposed to the rhodamine-labeled G4 dendron for 4 h and studied in a fluorescence microscope.
Figure 4 details a representative example of these images with C6 cells, in which the fluorophore is
located in mitochondria.

The stability of the aromatic ester bond between the rhodamine and the dendron was studied
using MALDI. No detachment of the rhodamine label was detected for up to 48 h in pH 7.4 and 37 ◦C
even though almost complete loss of β-alanine functional groups and quite extensive loss of internal
bis-MPA units were observed. These results are shown in Figures S2–S4.

Figure 4. Subcellular tracking of the rhodamine-B labeled G4 dendron. Rat glioma C6 cells were
incubated with the G4 dendron (1 μM) for 4 h. Nuclei were labeled with Hoescht 33342. The subcellular
distribution of the signal suggests a mitochondrial localization. The experiment shows a representative
image of seven different experiments recorded from three different cell cultures.

2.5. Transfection

The low toxicity noted for these dendrimers and observed complexation with siRNA make
them ideal candidates as transfecting agents. Unfortunately, neither transfection nor protein
knockdown of significant levels was observed in primary neurons. However, transfection of
carboxyfluorescein(FAM)-labeled siRNA into the cytoplasm was observed in C6 and U87 cells using
the G3 and G4 dendrimers. An example image of U87 cells transfected with siRNA using the G4
dendrimer is shown in Figure 5A. A 20% decrease in p42-MAPK protein levels could be detected in
rat glioma C6 using the G3 and G4 as siRNA carriers. As a comparison, a decrease of around 60%
was observed using the commercially available Interferin® siRNA transfection reagent. The protein
knockdown levels are presented in Figure 5B.
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Figure 5. Dendrimer-mediated siRNA transfection. (A) Human glioblastoma U87 cells were incubated
for 4 h in the presence of complexes (FAM-labeled siRNA (100 nM)/dendrimer (1 μM)) and the
image was recorded as indicated in materials & methods. The fluorophore distribution indicates
that FAM-siRNA reaches cell cytoplasm. The experiment shows a representative image using the
G4 dendrimer from five different experiments recorded from two different cell cultures. (B) C6 rat
glioma cells were incubated with complexes formed by incubating dendrimers with siRNA (100 nM)
designed to degrade p42-MAPK mRNA. Cells were lysed after 72 h and p42-MAPK protein levels
were determined. Interferin® (INT) was used as a reference transfection agent. Interferin®-mediated
scramble siRNA transfection did not show any effect on p42-MAPK protein levels and that data have
been omitted from the figure for the sake of clarity. Data represent mean ± s.e.m. of two experiments.
* p < 0.05; *** p < 0.001.

3. Discussion

3.1. siRNA Complexation and RNase Protection

The dendrimer–siRNA complexes are formed by charge interactions, where the cationic
ammonium groups on the dendrimers interact with the anionic phosphate groups in the siRNA chain,
which is illustrated in Figure 6. The required ratio of amino groups on the dendrimer to phosphate
groups on the siRNA (N/P ratio) in order bind all of the siRNA in a solution is a measurement of
the complexation efficiency. The G1, having only six amino groups able to carry cationic charges as
ammonium ions, was very poor at forming complexes with the siRNA requiring a very high excess
of amines, while G2–G4 with 12, 24, and 48 terminal amino groups proved very efficient at siRNA
complexation with N/P ratios of 1.5:3. This shows the existence of a minimum number of amino
groups per dendrimer and/or a minimum molecular weight for efficient siRNA complexation. Similar
N/P values for full complexation have been obtained using Tomalia’s PAMAM dendrimers [27,29].

242



Molecules 2018, 23, 2028

 

Figure 6. Graphical illustration of the complex formation between amino-functional bis-MPA
dendrimers and siRNA, and the transfection of a cell.

A relevant challenge when using nanoparticles as carriers for therapeutic molecules is the fate of
those particles once they have delivered their payload [39]. This issue can be tackled by designing
nanoparticles that can be degraded into small molecular fragments that are easily cleared by the target
cells [40,41]. Nonetheless, a balance should be maintained between the degradation rate and the
time needed to perform their biological/therapeutic actions, and the carriers should have reasonable
storage stability. This fact is exemplified by the G1 in Figure S1, for which a reduction in siRNA
complexing ability can be observed at different times of storage, caused by the reduction of terminal
amino-groups as the dendrimer degrade, which has been previously demonstrated on dendrimers [35]
and hereby also on a dendron in Figures S2–S4. However, the loss of function was not observed for
higher generation dendrimers, which indicates the existence of a plateau of the complexing capability
at a molecular weight and charge somewhere between the G1 and G2, since the complexing ability of
G2–G4 was not significantly reduced.

The 21 bp double stranded siRNA used in the experiments can be considered as a rigid
stick [42]. This will enable several dendrimers to exist around the rod-like siRNA. The remaining
amino/ammonium groups on the dendrimer are thus able to sterically limit the accessibility of the
RNase to the nucleic acid and so preventing its degradation, as was observed for G2–G4. A slight
degradation of the siRNA of around 20% was observed for the G2, while no significant degradation
could be observed for G3 and G4. As a result, it can be concluded that complete protection against
RNases is obtained by a theoretical dendrimer between the G2 and G3.

3.2. Cytotoxicity

Polycations are known for potential cytotoxicity that is governed by several factors such as the
nature of the cationic charge, the structure, and the size/molecular weight [43]. However, PLL based
dendrimers, also consisting of amino acids, have shown potential as cationic nanoparticles with low
cytotoxicity [44,45]. These dendrimers are composed of amide bonds, which are generally much more
stable than the polyester bonds used to build bis-MPA dendrimers. The herein studied dendrimers
have similarities to PLL dendrimers, but are more easily degraded into smaller constituents taking
advantage of their hydrolytical degradation mechanism. Low cytotoxicity for bis-MPA dendrimers
functionalized with lysine, showing the same rapid solution degradation through loss of its terminal
lysine groups, has also been reported [46].

None of the studied dendrimers (G1–G4) were cytotoxic in astrocytes, rat glioma (C6), or human
glioblastoma (U87) cell lines for up to 10 μM. However, in a previous study [35], the G4 exhibited
dose-dependent toxicity at the same concentrations in U87 cells in an MTT assay. The subcellular
localization experiments suggested that these materials localize in mitochondria, where the reduction of
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3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) takes place [47]. One explanation
to the discrepancy between the two assays is that the dendrimers, somehow, interfere with the
MTT reduction to create false negatives in the assay. Previous studies have shown an increase of
reactive oxygen species (ROS) in mitochondria associated with the uptake of cationic polymers [48,49],
which has been shown to decrease the activity of MTT reducing enzymes [50]. Moreover, the MTT
assay measures early stage reduction in cell viability that eventually leads to cell death, while the
LDH assay measures LDH release to the culture medium caused by severe damage to the cellular
membrane, which is a generally accepted marker for late stage toxicity. It is possible that the reduction
in cell viability, caused by reduction in the mitochondrial functional, is reversible which could be
another explanation for this discrepancy.

The G3–G4 showed dose-dependent cytotoxicity on primary rat cortical neurons, while the
G2 showed no signs of toxicity towards these cells. This absence of toxicity from the G2 is quite
remarkable in itself considering the sensitive nature of primary neurons, and that the G2 possesses
twelve primary amino groups per dendrimer. Very similar levels of cell death were previously
observed with differentiated neuronal cells cultured with the G4 [35]. In that study, the G2 also proved
exceptional biocompatibility in a range of cell lines. The toxicity from the dendrimers most likely arises
from the rupture of the cell membranes caused by their cationic exterior. In contrast to G2, the G3 and
G4 have a greater number of cationic charges on their exterior, thus making them more efficient at
rupturing cell membranes and causing toxicity. The collective results from earlier and current study
further cement the influence of the dendritic generation on the cytotoxicity on primary neurons.

3.3. Subcellular Localization

Studying the subcellular localization of drug carriers is highly relevant. The carriers should be
able to escape the endocytic pathway into relevant organelles and avoid being trapped and destroyed
in lysosomes. As exemplified in Figure 4, the fluorophore distribution resembles mitochondrial rather
than endosomal distribution. Ester derivatives of rhodamine B (rhodamine 123, 6G, and 3B) have
shown to be highly specific fluorescent probes for mitochondria themselves [51]. The uptake of these
rhodamine esters is due to their cationic charge at physiological pH and the potential over the inner
mitochondrial membrane, resulting in a net negative charge on the inside of the mitochondria [52,53].
Similar mitochondrial localization for the polyester dendrimers, without the rhodamine label, cannot
be entirely concluded in this study. However, it is in accordance with the previous reasoning on the
discrepancy between the MTT and LDH assays, and numerous cationic species have been shown to
selectively localize in mitochondria [54–58]. As for most nanoparticles, the probable cell entrance
of the Bis-MPA dendrimers is by endocytosis. This observation is shown in Figure 5A where the
diffuse fluorescent pattern indicates endosomal escape. The punctate structures were observed by the
presence of fluorescent FAM siRNA in endosomes. Consequently, if the cellular uptake is presumed
to be endocytosis, this selective mitochondrial localization suggests a very efficient endo-lysosomal
escape [59] of these dendrimers.

3.4. Transfection

Efficient transfection should result in a very marked decrease in target protein levels.
Unfortunately, the amino functional bis-MPA dendrimers did not cause noticeable transfection of the
siRNA into primary neurons at the tested conditions. However, neuronal cells are known to be hard to
transfect and are generally sensitive to cytotoxicity.

As shown in Figure 5A, transfection was however observed in U87 cell lines with the G3 and G4
dendrimers, since the fluorescent FAM-labeled siRNA could be seen throughout the cytoplasm. Similar
transfection was observed in C6 cells. This transfection resulted in a downregulation of the target
protein expression by around 20%. For comparison, the commercial transfection reagent Interferin®

was included in the study, with which a 60% downregulation was observed.
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A probable reason for this relatively low transfection and protein downregulation could be that
the interaction between the dendrimers and the siRNA is not strong enough for the complex to remain
intact long enough for the transfection process to occur, or that the dendrimers simply degrade too fast
inside the cells, leading to premature release of the siRNA. Another plausible explanation is that the
charge-interactions are too strong, inhibiting siRNA release and the formation of the RISC. The dilemma
of achieving both strong complexation and efficient dissociation of the siRNA/polymer-complex has
been discussed in previous publications [60]. More in-depth studies would be required to determine the
cause for this specific system and take measures to improve the protein knockdown levels. However,
considering that this is a very initial study of the performance of these dendrimers in delivering
siRNA, aspects of the results are promising and give insights into how to construct benign and efficient
dendrimers for siRNA delivery [61].

4. Materials and Methods

4.1. Synthesis Protocols

Amino-functional bis-MPA dendrimers [35], boc-protected β-alanine [35,62], and the tetraethylene
glycol bis-MPA dendron [36] were synthesized according to previously published procedures.
Other synthesis protocols are presented in the supporting information.

4.2. MALDI-ToF-MS

Matrix-assisted laser/desorption ionization time-of-flight mass spectrometry (MALDI-ToF-MS)
was performed on a Bruker Ultraflex-III (KTH, Stockholm, Sweden) calibrated with Spherical
dendritic calibrants (Polymer Factory; Stockholm, Sweden). Samples were prepared using a
mass ratio of 1:1:40 of sample, NaTFA and matrix in tetrahydrofuran (THF). 0.5–1.5 μL of the
THF solution was deposited on a stainless steel sample plate using the dried droplet method.
trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) was used as matrix for
nonpolar samples while 2,5-dihydroxybenzoic acid (DHB) was used for polar samples. The acquired
spectra were analyzed with FlexAnalysis version 2.2 from Bruker Daltonics (KTH, Stockholm, Sweden).

4.3. NMR Spectroscopy

NMR spectroscopy was carried out on a Bruker Avance (KTH, Stockholm, Sweden) III 400 MHz
instrument. 1H-NMR was carried out using 32 scans, a relaxation delay of 1 s, and a spectral window
of 20 ppm. 13C-NMR was carried out using 512 scans, a relaxation delay of 2 s, and a spectral window
of 240 ppm. Samples were dissolved in chloroform-d or methanol-d (Cambride Isotope Laboratories;
Tewksbury, MA, USA). The acquired spectra were analyzed with MestreNova version 9.0.0-12821 from
Mestrelab Research (Santiago de Compostela, Spain).

4.4. Cell Cultures

Primary cultures of rat cortical neurons were prepared as previously described [63].
The frontolateral cortical lobes were dissected out of Sprague–Dawley embryonic day 17 fetuses,
mechanically dissociated and resuspended in serum-free neurobasal medium supplemented
with B27 (Invitrogen, Barcelona, Spain) containing 2 mM L-glutamine, penicillin (20 units/mL),
and streptomycin (5 μg/mL). The cortical neurons were seeded on PLL-coated culture plates.

Astrocytes were isolated from one day old rat pups as previously described [64] and cultured in
Dulbecco’s Modifed Eagle’s Medium (DMEM) (Thermo Fisher; Waltham, MA, USA) supplemented
with 10% heat-inactivated fetal calf serum; 2 mM L-glutamine, 5 μg/mL streptomycin, and 20 units/mL
penicillin at 37 ◦C. All animal experimental studies were conducted in accordance with the
guidelines of the Ethical Committee of Animal Experimentation at University of Castilla-La Mancha
(Albacete, Spain). All studies involving animals are reported in accordance with the guidelines of the
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European Union (2010/63/EU) for the use of laboratory animals and in accordance with the ARRIVE
guidelines for reporting experiments involving animals [65].

C6 rat glioblastoma and U87 human glioblastoma cancer cell lines were obtained from ATCC
(Manassas, VA, USA) and were maintained according to the provider instructions. All cell types were
maintained at 37 ◦C in a humidified atmosphere containing 5% CO2.

4.5. Fluorescence Spectroscopy

Fluorescence spectroscopy of the rhodamine-labeled generation 4 bis-MPA dendron was
performed using a Tecan Safire 2 plate reader. Excitation was set to 500 nm and emission was
recorded from 280 nm to 800 nm with 5 nm increments.

4.6. Fluorescence Microscopy

Fluorescent signals from C6 and U87 cells were recorded as previously described [61]. Cells were
seeded at a concentration of 100,000 cells/mL onto 20 mm diameter glass coverslips (Deckglässer;
Baden-Württemberg, Germany) and cultured in 6 well plates (Sardstedt; Nümbrecht, Germany) for
24 h in DMEM supplemented with 10% heat-inactivated fetal calf serum; 2 mM L-glutamine, 5 μg/mL
streptomycin, and 20 units/mL penicillin maintained at 37 ◦C in a humidified atmosphere containing
5% CO2. Afterwards, cells were treated with the rhodamine-labeled generation 4 bis-MPA dendron
(1 μM) in culture medium for 4 h. The cells were then washed three times with Krebs–Henseleit
solution with the following ionic composition (in mM): NaCl, 140; CaCl2, 2.5; MgCl2, 1; KCl, 5;
HEPES, 5, Glucose, 11; (pH: 7.4) and mounted on the stage of a Nikon Eclipse TE2000-E fluorescence
microscope (Nikon, Tokyo, Japan). The samples containing the cells were stimulated and recorded
at the following wavelenghts (excitation/emission): rhodamine B G4 dendron (530 nm/600 nm),
FAM-siRNA (488 nm/520 nm), and Hoescht (350 nm/450 nm), and observed through a 40x oil
immersion objective. Data was obtained using the NIS Elements AR software (Nikon, Tokyo, Japan).

4.7. Agarose Gel Retardation

Agarose gel electrophoresis was performed as previously described [66]. Nanoparticle/siRNA
complexes were prepared using 100 nM siRNA with increasing dendrimer concentrations in order to
achieve the indicated N/P ratios. The mixture was incubated for 30 min at room temperature and the
samples were loaded onto 1.2% agarose gel containing ethidium bromide (50 μg/mL). Electrophoresis
was carried on at 60 mV for 15 min, and the resulting gels were photographed under UV illumination.
The fluorescent bands were acquired and digitized using a developer (Vilber; Marne La Vallée, France)
and analyzed using Image J [67].

4.8. siRNA Protection against RNases

Dendrimer-mediated siRNA protection from RNase-mediated degradation was studied as
previously described [68]. Nanoparticles, at the indicated concentrations, were incubated for 30 min
with siRNA (100 nM) followed by addition of RNase (0.25% w/v; Sigma, Barcelona; Spain) and
incubation for another 30 min at 37 ◦C. RNase was then inactivated by keeping the samples at 4 ◦C
for 15 min and after which heparin (0.5 USP units) was added. The samples were kept at 4 ◦C for
an additional 20 min to completely release siRNA from the nanoparticles while RNase remained
inactivated as previously described [29]. Samples were then loaded onto a 1.2% agarose gel containing
ethidium bromide (50 μg/mL), and run under the same experimental conditions as indicated above.
Fluorescent bands were acquired and digitized using a developer (Vilber, Marne-la-Vallée, France) and
analyzed using the Image J software [67].
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4.9. siRNA Transfection & Western Blot Analysis

Cells were incubated either with the dendrimer alone or with the dendrimer/siRNA
dendriplexes formed by incubating the corresponding dendrimer (0.5 μM) with either scramble
noncoding siRNA or specific siRNA (100 nM; Sigma, Barcelona, Spain) for rat p42-MAPK (sense:
5′-GUAUAUACAUUCAGCUAAUAU-3′, antisense: 5′-AUAUUAGCUGAAUGUAUAUAC-3′) for
30 min as previously described [61]. Cells were treated for 72 h, the medium was washed twice and
the cells were lysed. Western blots were performed as previously described using 15% SDS-PAGE
gels [69]. Polyclonal anti-p42-MAPK antibody (1:1000) (Cell Signaling Technology; Danvers, MA, USA)
and polyclonal anti-β-actin antibody (1:4000) (Sigma Chemical Co.; St. Louis, MO, USA) were used to
correct for protein loading. Immunocomplexes were visualized using an enhanced chemiluminescence
system (Millipore, Burlington, MA, USA). For comparison, the commercial Interferin® transfection
reagent was included in the study and used according to its specified protocol. Transfection using
FAM-labeled siRNA was performed using previously published protocol [61]. Densitometric analysis
of immunoreactive bands was performed using Image J [67].

4.10. Cytotoxicity Studies

For viability experiments, LDH release to the incubation medium was used as an index of
cellular death as previously described [70]. Cells were cultured in 24-well culture plates at a
concentration of 100,000 cells/mL and treated with different dendrimer concentrations ranging from
0.1 to 10 μM for 72 h in culture medium. The culture medium was collected, the cells were washed with
phosphate-buffered saline, and lysed using 0.9% Triton X-100 (v/v) in saline. The LDH activity present
in the culture media, as well as that present in the lysates, was measured spectrophotometrically at
490 nm on a 96-well plate reader using the Cytotox 96 Kit (Promega; Madrid, Spain). Percentage of
toxicity was calculated as the percentage of LDH released in comparison to the LDH present in the
cells at the beginning of the experiment as previously described [70].

4.11. Degradation

The generation four rhodamine-labeled amino-functional dendron was dissolved in a McIlvaine
buffer of pH 7.4 at a concentration of 0.5 mM. The pH of the solution was reconfirmed after the addition
of the dendron. At set time points, 3 μL aliquots were mixed with 20 μL of a solution with 1 g/L of
NaTFA and 10 g/L of 2,5-DHB. 1 μL of this solution was deposited on a stainless steel MALDI-plate
and analyzed with MALDI-ToF-MS.

5. Conclusions

Amino-functional bis-MPA dendrimers of generation one to four have been investigated as
nonviral vectors for siRNA delivery in primary neurons, astrocytes, glioma, and glioblastoma cell
lines. The G2–G4 dendrimers were efficient at forming charge-interaction complexes with siRNA
at N/P ratios of 1.5:3 for full siRNA complexation, and they were nontoxic to astrocytes, glioma,
and glioblastoma cell lines. G3-G4 showed dose-dependent cytotoxicity towards primary neurons,
while the G2 showed no signs of toxicity at the tested concentrations. Fluorescence microscopy
experiments suggested efficient endo-lysosomal escape by the dendrimers, with distinct mitochondrial
subcellular localization. Transfection and protein downregulation was not observed in primary
neurons. However, transfection was successful into rat glioma and human glioblastoma cells, followed
by a slight reduction in target protein expression of around 20%. This is the first reported evaluation
of bis-MPA dendrimers for the intracellular delivery of siRNA, where the benefits and challenges of
these materials are outlined.

Supplementary Materials: The following are available online, Figure S1: Solution storage influence on the siRNA
complexation of G1. Figures S2–S4: Degradation of the fluorescent G4 dendron. Figure S5: Fluorescence spectrum
of the rhodamine B G4 dendron. Synthesis protocols, NMR- and MALDI-spectra.
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Abstract: Dendrimers are nanoscopic compounds, which are monodispersed, and they are generally
considered as homogeneous. PAMAM (polyamidoamine) was introduced in 1985, by Donald A.
Tomalia, as a new class of polymers, named ‘starburst polymers’. This important contribution of
Professor Tomalia opened a new research field involving nanotechnological approaches. From then on,
many groups have been using PAMAM for diverse applications in many areas, including biomedical
applications. The possibility of either linking drugs and bioactive compounds, or entrapping them
into the dendrimer frame can improve many relevant biological properties, such as bioavailability,
solubility, and selectivity. Directing groups to reach selective delivery in a specific organ is one of the
advanced applications of PAMAM. In this review, structural and safety aspects of PAMAM and its
derivatives are discussed, and some relevant applications are briefly presented. Emphasis has been
given to gene delivery and targeting drugs, as advanced delivery systems using PAMAM and an
incentive for its use on neglected diseases are briefly mentioned.

Keywords: PAMAM; dendrimers; drug delivery; gene delivery; nanotechnology

1. History

The origin of dendrimers dates back to 1978, when Fritz Vögtle, the then professor of the
Kekulé Institut for Organic Chemistry and Biochemistry, reported in his paper “Cascade- and
Nonskid-Chain-Like Syntheses of Molecular Cavity Topologie” [1], the newly developed syntheses
of many innovative, groundbreaking organic structures. Later on, this led to the development of
supramolecular chemistry, including cavitands, cyclophanes, speleands, propeller compounds, and
other structures possessing molecular cavity topologies. These iterative-like molecules were the first
precursors of poly(propylene imine) dendrimers (PPI) [2].

“A New Class of Polymers: Starburst-Dendritic Macromolecules” described by Prof. Dr. Donald A.
Tomalia, in 1985, displays his discussion about the concept, definition, synthesis, and characterization
of the “starburst polymers”, a new class of polymers whose building blocks are nowadays referred
to as dendrimers. For the first time, polyamidoamine (PAMAM) was presented, as well as its first to
seventh synthesized generations [3]. The synthesis from 7 to 11 were also described afterwards, but
dendrimers higher than 11, being energetically unstable, cannot be obtained [4].

In a parallel research, Prof. Dr. George R. Newkome reported in his paper “Micelles.
Part 1. Cascade Molecules—A New Approach to Micelles”. A (27)-arborol [5], the synthesis and
characterization of which he named “unimolecular micelles” or “arborol” (derived from the Latin
word arbor) possessed the same branching, tree-like architecture of dendrimers. Even though arborols
and dendrimers are synonyms, the latter is currently used more often.
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2. Introduction

Dendrimers comprise a class of nanoscopic compounds, with a well-defined monodispersed and
homogeneous molecular structure. Being considered as the fourth and newest class of polymers [6–8],
these dendrimers differ from the classical oligomers/polymers due to their symmetry, high branching,
and maximized terminal functional density [3,9].

These kinds of molecules are composed of three main components: (1) an initiator multifunctional
core, acting as a ‘germination seed’, an anchor point to dendrimer growth; (2) interior layers and inner
branches composing the generations; and (3) an outer layer, the terminal functionalized branch, as
schematized in Figure 1 [3,10]. The terminal functionality can be modified by adding small molecules,
including ions, drugs, and biomolecules. This process can drastically change the physicochemical,
reactivity, dynamics, and biological properties of dendrimers.

Figure 1. Dendrimers: general structure.

Considering the most diverse fields on dendrimer applications, such as drug delivery, vaccines,
antimicrobials, brain ischemia, and dental glue, the main objective of this paper is to discuss the latest
PAMAM advances over the past three years (2016, 2017, and 2018).

3. Structure and Synthesis

PAMAM was the first dendrimer that was synthesized and commercialized, and it is the most
well-studied and well-characterized class of dendrimers [11]. There are many general approaches for
dendrimer synthesis, with convergent [12] and divergent methods [3] being the most commonly used
methods. In the last few years, some new methodologies have been developed, such as combined
convergent–divergent, click synthesis, hypercores, branched monomers, double exponential, and lego
chemistry [7,13–15].

The PAMAM dendrimer core can be composed of linear chain molecules containing primary
amines. The most commonly compounds are ethylenediamine (EDA, four core multiplicity, meaning,
therefore, up to four branches), ammonia (three core multiplicity), or cystamine (four core multiplicity),
as shown in Figure 2 [7].
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Figure 2. Common cores and G0 polyamidoamine (PAMAM) derivatives of each core.

In order to grow further generations, it is necessary to undergo an exhaustive, repetitive,
two-step process consisting of (1) Michael addition reactions with an alkyl acrylate, which creates
half-generations (i.e., G0.5, G1.5, etc.), composed of terminal ester groups [16–19]; and (2) in order to
obtain full dendrimer generation, ester amidation with an excess of ethylenediamine must be applied.
PAMAM-G1, as well as its branching generations, are shown in Figure 3.

The PAMAM molecular weight, the number of atoms, and the terminal primary amine
groups increase exponentially for each generation, while the radius increases roughly linearly,
by approximately 10 Å per generation [5]. This combination of growth patterns results in a
rather interesting property: while low-number generations exhibit almost linear geometries, later
generations show more globular-like shapes. The cavities that are intrinsically present in the globular
shapes of high PAMAM generations make them suitable agents for encapsulating and adsorbing
biomolecules [11,19,20].

The dendritic properties of PAMAM differentiate it from other polymers, since its tree-like
architecture enables exponential growth and terminal functionality density [11]. This feature is
extensively explored to enhance drug delivery properties, to control release agents [10], and to
encapsulate imaging agents [21].

254



Molecules 2018, 23, 2849

 

Figure 3. PAMAM generations.

4. Toxicity and Safety Concerns

Toxicity and safety are usually the main concerns regarding PAMAM dendrimers. The cytotoxicity
is dependent on their concentration, charge, and generation. Cationic derivatives display significant
toxicity compared to their neutrally or negatively-charged counterparts, and the cytotoxicity increases
along with generation and concentration [22–27].

PAMAM-G3.5 and PAMAM-G4 dendrimers were evaluated in zebrafish models, an established
animal model for a nanoparticle toxicity assay [23,28]. PAMAM-G4 with amine terminal groups
showed lethal and sublethal parameters, dose, and exposure time-dependence. PAMAM-G3.5-COOH,
on the other hand, was not toxic or deadly at any concentration. Pryor and colleagues employed
zebrafish models to analyze the toxicity of PAMAM dendrimers of different generations (G3, G4,
G5, and G6) with cationic (–NH2) terminal groups, (G5 and G6) anionic (succinamic acid), and (G6)
neutral terminal groups (amidoethanol) [29]. In this study, neutral or anionic dendrimers did not show
significant morbidity or mortality at the concentrations tested. On the other hand, positively charged
terminal groups induced mortality (lethal effect) and relevant cardiac impacts, as well as pericardial
edema (sublethal effect). According to the authors, the terminal group, the number of generations,
and the size of the molecules are related to their toxicities in zebrafish models [23,28–32]. For cationic
dendrimers, it was verified that more toxicity was present with lower generation and size. These data
contrast with findings in cell culture, in which higher-generation dendrimers are more toxic. It is likely
that this might have happened because the cationic moieties bind to the cell membrane (negatively
charged), and destabilize it, leading to cell lysis [23,33,34].

In Caco-2 models, PAMAM dendrimers showed a decrease in cell viability, with
generation-dependent toxicity, while higher generations such as PAMAM-G3 and
PAMAM-G4 presented lower cell viability than G0, G1, or G2. However, in a similar study
performed with L929 mouse fibroblasts, G3 dendrimers did not exhibit significant cytotoxicity up
to 1 mg/mL, and no hemolytic effects up to 10 mg/mL, being less cytotoxic and hemolytic than
other polycations [24–26]. Moreover, the functionalization of the dendrimer surface was assessed
regarding the toxicity and immune cell activation, suggesting the possible triggering of inflammatory
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reactions [35]. Several studies have demonstrated the decrease of PAMAM toxicity through its
PEGylation [36] (Figure 4), as reported by Wang et al. (2010) [37].

Figure 4. PEGylation of PAMAM is one of the strategies for decreasing its toxicity.

Najlah et al. [38] (2017) described the use of diethylene glycol (DEG) and lauroyl chains as
new surface modifiers to functionalize PAMAM-G0 and PAMAM-G3. The main objective of this
work was to decrease the cytotoxicity of naproxen, as well as to improve the pharmacokinetics of
the drug profile. The study revealed great enhancement in the transport of naproxen conjugates
across Caco-2 cell monolayers, for both lauroyl and DEG derivatives, and for PAMAM-G0 and
PAMAM-G3, while PAMAM-G0 conjugates also presented low cytotoxicities. Pyrrolidone as a new
surface modifier has also been employed [39,40]. Half-generation anionic PAMAM has been proven to
possess very low cytotoxicity, lytic, and hemolytic properties in a broad concentration range. Also, it
presented no toxicity in vivo [26,41], this being noteworthy as a promising dendrimer family for future
biomedical applications.

PAMAM dendrimers can activate the immune response [42]. This is considering that the positively
charged dendrimers may be employed as vaccine carriers, due to their ability to increase cytokine
production [36,43]. Regarding PAMAM immunogenicity, the dendrimer was not immunogenic
by itself, as it did not induce production against dendrimer-specific antibodies [44,45]. However,
the dendrimer conjugation with a protein carrier (albumin to PAMAM-G0 and interleukin-3 to
PAMAM-G5 dendrimers) induced the formation of antibodies for dendrimer surface groups, such
as amine and oxyamine [45]. Therefore, these studies have indicated the need to conjugate PAMAM
dendrimers to a protein carrier for antigenic effect [46].

5. Biomedical Applications

5.1. Odontology

Wu and coworkers reported the properties of carboxyl-terminated poly(amidoamine)
(PAMAM-COOH)-alendronate (ALN) conjugated with (ALN-PAMAM-COOH) on the remineralization
of hydroxyapatite on acid-etched enamel, both in vitro and in vivo [47]. Additionally, Wang and
coworkers [48] also presented the remineralization properties of PAMAM-G3 for the treatment of
dentinal tubule occlusions, which also exhibited great results. Also, Gao and coworkers [49] studied the
biomineralization effects of PAMAM-G4. For comparison, sodium fluoride (NaF), being a desensitizing
agent, was used as a positive control. Dentine permeability, morphology, and surface deposits were
measured, and both samples were submitted to brushing and an acid challenge. The results showed
that both PAMAM and NaF reduced dentine permeabilization to significant levels, at 25.1% and
20.7%, respectively. PAMAM also demonstrated good results with creating precipitates on dentine
surfaces; it was initially slower than NaF, but then had similar results after 28 days. Moreover, PAMAM
induced biomineralization, not only at a superficial level on dentine surfaces, but also on a deeper
level, reaching the dentinal tubules. PAMAM still exhibited a stronger resistance to acid challenge, to
a greater degree than NaF, and it proved to be a more reliable and stable dentinal tubule occlusion
agent. Liang and coworkers [50] also performed similar studies, using a composite with nanoparticles
of amorphous calcium phosphate (NACP) and PAMAM, which provided positive results.
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Yang Ge and coworkers [51] reported a novel dental adhesive comprising PAMAM-G3 and
dimethylaminododecyl methacrylate (DMADDM), which featured not only remineralization, but also
anti-caries, and biofilm-regulating properties. The adhesive showed similar bond strengths compared
to the control group, lower lactic acid production, and the metabolic activity of biofilms, inhibiting
three-species biofilm growth, EPS production, and improved remineralization on dentin, as observed
through scanning electron microscopy. PAMAM is regarded as a promising agent for a wide range of
applications in the odontology area [52–57].

5.2. Anti-Atrophics, Analgesics, and Anti-Inflammatories

PAMAM has also been used as an anti-atrophic agent. Márquez-Miranda and colleagues [58]
have reported the application of PAMAM-G4-OH conjugated to angiotensin (1-7) (Ang-(1-7)) (Figure 5)
in rats to prevent skeletal atrophy associated to disuse by immobilization. The results demonstrated
that PAMAM-Ang (1-7) almost fully recovered muscular fiber diameters and regulated proteins, which
in an atrophic state, would be differentially regulated. Those compounds were the pioneers for an
injectable formulation, improving the stability of Ang-(1-7) in the human body. The potential of
PAMAM for drug delivery was evident, allowing for possibilities for other peptides formulations for
disuse-induced skeletal muscle atrophy treatment in humans [59–61].

 

Figure 5. Structure of the PAMAM-G4-OH-Ang-(1-7) compound [58].

Another use for PAMAM is as an anti-inflammatory and anti-thrombotic agent. Its ability as a
nucleic acid scavenging agent has been explored by Lee and colleagues [62], evaluating the extent of
the capabilities of both PAMAM-G3 and polyethyleneimine (PEI) as a nucleic acid binding-polymers
(NABP). For the experiment, the dendrimer was immobilized on microfiber meshes, as an attempt
to attenuate the cytotoxicity of the free dendrimers. The study demonstrated that both dendrimers
are able to neutralize damage-associated molecular patterns (DAMPS) and pathogen-associated
molecular patterns (PAMP), such as cell-free DNA and RNA. These types of molecules can be
identified by specifics toll-like receptors (TLR), and they are known for triggering the immune system.
The capacity of the dendrimer for scavenging these molecules can prevent an exacerbated immune
response and blood coagulation, which could lead to a thrombotic state. The NABP-immobilized
PSMA/polystyrene microfiber mesh (both PEI and PAMAM) reported no cytotoxicity. Overall, both
immobilized dendrimers demonstrated great potential for ex vivo treatments, and they can potentially
be used in intensive care units, especially on extracorporeal membrane oxygenation, continuous
veno-venous hemofiltration (CVVH), and continuous renal replacement therapy, as anti-inflammatory
and anti-thrombotic filters for patients with traumas or organ acceptance derived from traumatic
injuries. PAMAM-G3 was also applied as a NABP for systemic lupus erythematosus treatment [63]. The
findings showed that PAMAM reduced the circulation of soluble autoantibodies, skin inflammation,
halted platelet depletion and inflammation-associated organ damage, and generally improved the
lupus pathology. This report is believed to be a breakthrough for the application of dendrimers for
autoimmune disease therapy.
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Dexamethasone conjugated with PAMAM-G4-OH (PAMAM-Dex) was used by Soiberman
and colleagues [64] for corneal inflammation treatment, by a cross-linked thiolene click chemistry
system and hyaluronic acid. PAMAM-Dex was injected subconjunctivally. The administration of
dexamethasone had significant results, such as lower central corneal thickness, better corneal clarity,
prevention of high intraocular pressure, and also significant neovascularization reduction, which
could be explained by the decrease of macrophage infiltration and pro-inflammatory cytokines. The
PAMAM-Dex prodrug depicted a 10-fold effectiveness for the inflammation treatment, when compared
to the free drug, and the effects of a single dose remained for two weeks. Therefore, those achievements
not only played an important role for steroid-based therapies, but also provided relief and better
treatment acceptance by the patient, since the administration was far less frequent, causing much
less discomfort.

PAMAM-G4–OH-triamcinolone acetonide (PAMAM-TA) (Figure 6), characterized by selective
uptake towards microglia cells, was synthesized and administered intrathecally into the spinal cords of
mice by Kim et al. [65] to evaluate its effect as an anti-inflammatory and analgesic [65–67]. When tested
upon microglia cells in mice, PAMAM-TA prevented the upregulation of proinflammatory cytokines
upon stimulation with lipoteichoic acid at levels as high as 90%. The compound also relieved nerve
injury-induced neuropathic pain, due to the activation of spinal cord microglia, lowering Nox2, IL-1β,
TNF-α, and IL-6 upregulation by up to 90%, when compared to the control group. This measurement
suggests that PAMAM-TA could also have pain relieving effects, and the hypothesis was addressed
through a van Frey test, which confirmed its strong analgesic effects in mice. The effects of a single
dose lasted for up to three days and showed no cytotoxicity. The PAMAM-conjugated TA can represent
a great improvement to free TA, as it prevents direct injections to the central nervous system (CNS),
considering that these are very risky, and it also prevents the high levels of steroids, which could
cause neurotoxicity. A previous study by Kambhampati [68] also reported on the use of the same
compound for the treatment of retinal epithelial pigment cells, where the PAMAM-TA compound
presented a better inhibition of VEGF production on the hypoxic cells, even with a 100-fold lower
concentration than free TA. Both neuroinflammation and VEGF production are keys to diseases such
as diabetic macular edema, proliferative diabetic retinopathy, and exudative age-related macular
degeneration [69,70].

 

Figure 6. PAMAM-G4 functionalized with 10 molecules of triamcinolone acetonide attached, and
glutaric acid as spacer agent [65,68].

5.3. Targeting Dendrimers

Nucleic acid aptamers have received prominence as drug carriers, due to their high affinity
to specific ligands, their chemical flexibility, and their tissue permeability. Different aptamer–drug
complex or nanoparticles systems were obtained for several applications, such as toxins, peptides,
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chemotherapeutics, oligonucleotides, and aptamer-mediated drug delivery, cancer treatment,
neurological, and immunological diseases. Aptamer-PAMAM dendrimers were developed for
targeting in chemo-immunotherapy using aptamers coupled to PAMAM through CpG-rich
oligonucleotides carrying, also, DOX (doxorrubicin–chemotherapeutic drug) (Figure 7) [71].

Figure 7. Aptamer-PAMAM dendrimers coupled with CpG-rich oligonucleotides loading
doxorrubicin–chemotherapeutic drug (DOX) [71].

PAMAM succinamic acid, in another investigation, was conjugated to oligodeoxynucleotides on
the surface, resulting in single-stranded oligodeoxynucleotide-conjugated dendrimers (sONT-DENs).
Anti-prostate-specific membrane antigen (PSMA) aptamers were functionalized with the sONT-DENs,
resulting double-stranded aptamer-sONT-DEN derivatives, and then DOX was encapsulated. This
complex displayed antitumor activity and in vivo specificity in prostate tumor models [72]. PEGylated
PAMAM has also been hybridized with anti-nucleolin aptamer and 5-fluorouracil (5-FU-anticancer
drug), revealing 5-FU-specific accumulation in target tumor cells [73]. Additionally, three different
aptamers (MUC-1, AS1411, and ATP) were conjugated to dendrimers for targeting delivery of
epirubicin (chemotherapeutic agent). The derivative dendrimers containing AS1411 aptamer is
exhibited in Figure 8 [74]. These compounds were internalized into tumor cells, and presented
acceptable cytotoxicity in vitro, and inhibition of tumor growth in vivo [73].
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Figure 8. Smart AS1411 aptamer-functionalized/PAMAM dendrimers as nanocarriers for targeting
drug delivery for gastric cancer [74].

Folic acid is the directing group of folate receptors, and it is widely used as targeting nanocarriers
for anticancer drugs. PAMAM dendrimers were functionalized with folic acid and isothiocyanate
(fluorescein agent), and DOX was loaded. This compound was planned to act simultaneously as
a drug-targeted and pH-responsive system, therefore carrying DOX into tumor cells. The findings
showed high affinity to folate receptors and a therapeutic efficacy for the dendrimers tested [75,76].

The use of stem cells and PAMAM were also investigated. Dendrimer surfaces were coated with
adhesion molecules that were selectively expressed on the cellular endothelium, aimed at reaching
diseased tissues such as bone marrow cells. In this study, the authors coated the surface of stem
cells with PAMAM, which were previously coupled with adhesion moieties. The latter molecules are
targeting groups for surgically created cutaneous and corneal wounds. These derivatives showed
advantages in relation to ordinary bone marrow cell transplantation in mouse models, especially for
wound healing and neovascularization. Also, they observed the specific delivery of coated stem cells
to cutaneous wound tissues and injured corneas, without uptake in common organs such as the lung,
liver, and spleen. Thus, the planned compounds proved to be specific, and part of a biocompatible
strategy that is used to increase the efficiency of drug targeting for regenerative diseases. This cell
coating technology can mediate cell–cell interactions and tissue-targeted cell delivery for wound
healing, as well as for non-toxicity in vivo (murine models) and in vitro (human cells) [77].

5.4. Gene Delivery

Alternatives to viral-mediated gene delivery for gene therapy have been actively studied
recently [78]. There is a growing concern related to the use of virus for this purpose, since it shows a
lack of specificity, a low transfection rate, immunogenicity, toxicity, or even oncogenicity [79]. In this
context, dendrimers are being largely used as an effective non-viral mediated gene delivery system. The
amine functionalities of PAMAM, as well as the surface groups presented in PEI, can bind effectively
to nucleic acids in physiological pH, due to polycationic nature of these compounds [80]. They
offer advantages over other polymers, such as the control of physicochemical and pharmacokinetic
properties, and the possibility of addition of protecting or directing groups. The transfection efficacy
of PAMAM dendrimers tends to increase with generation, reaching a stable transfection rate in the
eighth generation [81].

Different strategies have been used to improve the properties of PAMAM as a non-viral mediated
gene delivery agent. Conjugation of group II chaperonin thermosome (THS) in PAMAM-G4 was tested
by the group of Nussbaumer [82]. This compound was considered to be a new architecture for gene
delivery, carrying KIF11- and GAPDH-silencing interfering RNAS (siRNAS) to cancer cells with good
results, significantly inhibiting the proliferation of those cells.

Carbon nanotubes (CNT) were used as another platform for binding PAMAM and PEI for
delivering microRNAS (miRNAS) [83]. Different sizes of CNT were used, including biodimensional
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sheets (bucky papers (BP)) and the corresponding molecules, which are effective for transfection in
different ways (BP, for example, can act as a ‘nanoneedle’ to pierce the cell). The CNT strategy [83]
was then be applied by Masotti and coworkers [84], employing PAMAM and PEI coated with CNT,
which was conjugated with miR-503 oligonucleotides, aiming at the regulation of angiogenesis in
endothelial cells. On the other hand, miR-503, whose target is named CDC25A, is overexpressed on
diabetes mellitus, and also the gene that is responsible for endothelial cells proliferation [85]. The study
reported not only 99% of PAMAM-CNT-miR-503 system transfection efficacy, but also highly efficient
miRNA release in endothelial cells, being therefore able to regulate the cell proliferation population.
The stability of mir-503 towards RNAse was also greatly improved. Finally, the number of vessels on a
sponge model subcutaneous implant on mice treated with PAMAM-CNT-miR-503 was significantly
reduced when compared to both the control and free miR-503 (Figure 9).

 

Figure 9. Schematic representation of the proposed binding mode of PAMAM on carbon nanotubes
(CNT) [83].

A study regarding new method of delivering the H5-DNA vaccine against avian influenza was
performed by Bahadoran [86]. Using a complex system with the H5-Green Fluorescent Protein gene
cloned into the expression vector pBud, Bahadoran designed a system composed of pBud-H5-GFP
and the interferon-regulatory factor (IRF)3. This pBud-H5-GFP system was then conjugated into a
transactivator of transcription (TAT) bound with PAMAM (PAMAM-TAT). The results demonstrated
low toxicity and good skin permeation. The cellular uptake of the pBud-H5-GFP-IRF3 was better when
conjugated to PAMAM-TAT, compared to the free dendrimer. The introduction of the IRF3 group
improved the immune response, a common problem faced with some DNA vaccines [87].

The effects of a double suicide gene, cytosine deaminase (CD) in combination with thymidine
kinase (TK)—conjugated with PAMAM-G5, as anti-scarring agents on human Tenon’s capsule
fibroblasts—were studied by Yang and colleagues [88]. In therapy, there are simultaneous
administrations of ganciclovir (GCV) and 5-fluorocytosine (5-FC), aiming at the prevention of infection
in the post-operative period of glaucoma filtering surgery. The TK gene can turn GCV into its
phosphorylated form, and the CD gene can transform 5-FC into 5-fluoruracyl. Both transformed
compounds are highly cytotoxic to the cells that express these genes, with low or no cytotoxicity to
human cells [89,90]. The cell viability was greatly reduced when both 5-FC and GCV were administered
to CV- and TK-transfected cells. Although the low transfection efficiency of PAMAM in the assay, the
“bystander effect” [91] occurred, killing the non-transfected cell population nearby transfected cell
populations, enhancing the efficacy of the treatment.

Kretzmann et al. [92] designed a flexible dendritic polymer to solve the delivery difficulties
related to genomic engineering. Linear dendronized polymers are controllable and they represent
synthetic platforms, providing an efficient and atoxic agent for delivering precise gene editing tools,
such as CRISPR (clustered regularly interspaced short palindromic repeats) systems and TALE
(transcription activator-like effectors) proteins. The authors above reported that redesigned dendrimer
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architecture may solve the packaging ability and toxicity troubles that are related to higher level of
generation (Figure 10).

Gold–PAMAM dendrimers (AuPAMAM) were designed to transfect cells, proving to be quite
efficient in this aspect. The respective compound was analyzed in two cell lines: (1) a “hard to
transfect” CT26 cell line; and (2) an “easy to transfect” SK-BR3 cell line. Many intracellular transport
mechanisms, which affect the gene therapy, unknown, presenting great barriers to the planning of
gene delivery carriers. Figueroa et al. [93] investigated the intracellular processes that may explain
cell-to-cell variations, as well as vector-to-vector distinctions in the gene transfectability of AuPAMAM.
The findings demonstrated higher transfection in the SK-BR3 cell line than in CT26. The latter cells
presented greater hindrance, which impairs the internalization DNA/vector complexes in comparison
to SK-BR3 cells. This investigation was the first step to identifying and designing more effective
application-specific non-viral carriers.

 

Figure 10. PAMAM-G5 functionalized with linear copolymers for gene delivery as CRISPR (clustered
regularly interspaced short palindromic repeats) [92].

In another study, Chen and co-workers [94] developed self-assembling PAMAM dendrimers for
small interfering RNA (siRNA) delivery. These compounds consisted of small amphiphilic dendrons in
dendrimer micelles, showing a structural definition equivalent to common high dendrimer generations.
This research group has been studying PAMAM as nanovectors for siRNA delivery in vitro and
in vivo, and currently, one of them is being tested in clinical trials [95–101]. In this investigation, the
authors synthesized amphiphilic molecules composed of a hydrophilic PAMAM dendron head, and a
hydrophobic portion containing a linear hydrocarbon chain of variable length (Figure 11), and their
performance in siRNA delivery was affected by the equilibrium of the hydrophobic and hydrophilic
components. In addition, these self-assembling dendrons, which presented no toxicity, reached gene
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silencing in highly refractory human hematopoietic CD34 stem cells, which might be explored for
future biomedical applications [94].

Liu and colleagues [102] published a library of surface-engineered dendrimers, which can
be applied as siRNA carriers. Structure–activity relationship (SAR) studies demonstrated that
hydrophobic ligands—such as aliphatic chains, aromatic rings, fluorine, and bromine atoms—are
fundamental for polymers, since they may provide high levels of gene silencing efficacy. Among the
obtained compounds, the intermediate E9-2 (Figure 12) displayed higher transfection in stem cells
than commercial lipid carriers, as Lipo 2000. It is important to highlight that the derivatives were
able to deliver several siRNA into different cell lines, with a minimum level of cytotoxicity. Currently,
SAR findings provided the development of a second-generation library of dendrimers with high gene
transfection activity, contributing to the rational design of further potent siRNA nanocarriers.

 

Figure 11. Amphiphilic promising dendron for small interfering RNA (siRNA) delivery [94].
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Figure 12. Dendrimer E9-2 with a high ability of gene transfection in a stem cell model [102].

The surfaces of baculoviruses was modified with a PAMAM dendrimer, resulting in a kind
of compound that was capable of efficiently loading the VEGF transgene in transduced human
adipose-derived stem cells (hASCs), which can overexpress pro-angiogenic genes. According to the
authors, this derivative presented enhanced transduction efficiency based on dendrimer features.
Furthermore, assays with transduced hASCs into a murine myocardial infarction model showed
vascularization increase and cardiac function improvement, when compared with control therapy
containing unmodified hASCs [103,104]. The same research group developed PAMAM–baculovirus
complexes that were microencapsulated in poly(glycolic-co-lactic acid) (PLGA) to overcome plasma
inactivation and to extend gene delivery. The stent was coated with the respective microcapsules,
and it was implanted in canine femoral arteries. The pro-angiogenic effects of the VEGF-mediated
baculovirus treatment were observed with regard to endothelial regeneration in injured regions four
months after its application [105].

The PAMAM dendrimer was also coated with recombinant baculovirus to stimulate the
overexpression of VEGF (vascular endothelial growth factor—a protein that is responsible for
stimulating of the formation of blood vessels). This approach could be employed to repair damage in
cardiac tissue [106].

Dendrimers as a non-virus mediated gene delivery system have also been used extensively in the
fields of neuroscience [79,107], cancer [108,109], and tissue reparation [110], among others [111].

5.5. Oral Delivery

PAMAM dendrimers have been extensively studied as an oral drug delivery vehicle, since it presents
the ability to cross intestinal epithelial barriers. Several investigations have been published, aiming to
understand and/or improve pharmacokinetic parameters. The major concern is that PAMAM toxicity
and biocompatibility are mainly related to the chemical groups that are present on the surface [112].

Propranolol (a poorly soluble drug) was conjugated to PAMAM-G3 and PAMAM-G3–lauroyl
dendrimers, using a chloroacetyl spacer. The respective prodrug increased their drug water solubilities,
and also enhanced its apical-to-basolateral transport across Caco-2 cell lines [113]. In vivo oral
absorption was similarly analyzed using PAMAM-G3 functionalized with DOX. The findings revealed
a 300-fold increase in the oral bioavailability of the prodrug when compared to the free drug [114].

Kolhatkar and co-workers [115] developed PAMAM derivatives complexed to 7-ethyl-10-hydroxy-
camptothecin (SN-38—an anticancer drug). These compounds presented up to a 10-fold higher
permeability, as well as an increase of 100-fold cellular uptake when compared with free SN-38
(Figure 13). Camptothecin was also formulated and co-delivered with cationic PAMAM-G4 and
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PAMAM-G3.5–COOH. Both dendrimers exhibited an increase of 2- to 3-fold intestinal absorption
of camptothecin in vivo [116]. As a conclusion, PAMAM dendrimers can be applied to enhance the
intestinal permeability of drugs with poor oral bioavailability, as well as targeting drug delivery [112].

 

Figure 13. A PAMAM dendrimer complexed to 7-ethyl-10-hydroxy-camptothecin [115].

5.6. Pulmonary Biodistribution

PAMAM dendrimers have been investigated as pulmonary drug delivery agents through oral
inhalation. PAMAM-G3 and its PEGylated counterpart were evaluated for lung cellular biodistribution.
The compound presents a peak of concentration in systemic circulation within a few hours after
pulmonary delivery in the presence or absence of PEG, presenting positive or negative charges, even
with different sizes. However, highly PEGylated dendrimers demonstrated the highest peak plasma
concentration upon pulmonary delivery. These results can be useful for designing strategies regarding
dendrimer-based pulmonary drug delivery [117].

Anionic PAMAM dendrimers and dextran probes, two polymers containing similar molecular
sizes, were analyzed by endocytic uptake in lung tissues. Both compounds were passively absorbed
in the intact lung. However, the dendrimer compound showed a slower absorption rate when it
was compared to dextran. Moreover, anionic PAMAM presented lung biocompatibility and quick
uptake into the pulmonary epithelium, and this extended the transportation in the lung. These results
therefore support the use of delivery systems of inhaled PAMAM-based drugs for its controlled release
to the lung [118].

5.7. Antimicrobial Activity

Carbon nanodots (CND), obtained from starch and other carbon sources, have been used
for different biomedical applications, as they present low toxicity, as well as fluorescent features.
PAMAM dendrimers (generations greater than three, named as G3) are large polycationic molecules,
demonstrating antibacterial properties, while the lower-numbered generations did not show a degree
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of antimicrobial efficacy. Studies reported that PAMAM can also damage the integrity of microbial
membranes, which possess an overall anionic charge. Moreover, the respective compounds can
improve the cell uptake of antibiotics into the bacterium, consequently showing synergistic effects.
In this context, CNDs could act as a molecular scaffold for grafting small polycationic amines, since they
exhibit high cationic surface density, therefore improving the antimicrobial action. Ngu-Schwemlein
and colleagues [119] conjugated PAMAM-G0 and PAMAM-G1 dendrimers (Figure 14) containing
CNDs as molecular scaffolds, to increase their aminated cationic concentration, and hence, evaluated
their antimicrobial activity. Furthermore, these PAMAM dendrimers conjugated to CNDs were
assessed in association with tetracycline or colistin, presenting antibacterial synergic action.

PAMAM-G7 was assayed against Gram-negative and Gram-positive bacteria. The dendrimer was
potentially able to inhibit the growth of both kinds of microbia, and their cytotoxicity was dependent
on the exposure time and the concentration. Although more studies are required, this investigation
suggested that PAMAM-G7 could be a potential antimicrobial agent. According to the authors, the
antibacterial property of dendrimers is probably mediated through the disruption of the bacterial
membrane by terminal amine groups. These functional groups are taken up onto bacterial cell surfaces,
and then diffused through the cell wall. Thus, dendrimers interact with the cytoplasmic membrane,
resulting in its disruption and disintegration, which results in the release of electrolytes, such as
potassium and phosphate ions—and nucleic acids such as DNA and RNA—from the cell [120].

Similar investigation was developed by Rastegar and co-workers [121]. The authors synthesized
PAMAM-G6 and evaluated its antibacterial properties against Gram-negative bacteria (P. aeruginosa
and E. coli, for example) and Gram-positive bacteria (S. aureus and B. subtilis), which were isolated
from different clinical samples, as well as from microorganisms standard strains. The dendrimer
exhibited a good response regarding removal of microorganisms in both conditions, being an effective
antimicrobial agent. According to the authors, the mechanism of action was the induction of autophagy
and the decrease of P. aeruginosa infection and growth. Moreover, it displayed mucolytic activities,
indicating its potential in recovering P. aeruginosa cystic fibrosis lung disease induction.
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Figure 14. PAMAM dendrimer conjugated to CNDs (carbon nanodots) [119].

Several studies demonstrated the ability of the PAMAM dendrimer to improve antifungal activity
as consequence of increased drug solubility in water [122,123]. Winnicka et al. [124] reported the water
solubility increase of clotrimazole, which, consequently enhanced its antifungal action against different
Candida strains. In another investigation, hydrogels of polyacrylic acid-containing clotrimazole,
PAMAM-G2 and PAMAM-G3 (–NH2 or –OH terminated groups) induced bioadhesive features and
viscosity [125]. The same research group formulated a mixture containing ketoconazole (hydrophobic
drug) and PAMAM-G2 (–NH2 or –OH terminal groups), which was demonstrated to be 16 times more
potent against Candida when compared to the free drug [126].

PAMAM dendrimers from different generations (G1–G3) were explored as agents for improving
amphotericin B water solubility. The findings showed great water solubility regarding the higher
generations and the concentration. Also, the complexed amphotericin–dendrimer showed sustained
release in vitro [127].

In another antimicrobial approach, PAMAM-G5 dendrimers were combined to SIRT-1 (an enzyme
involved in HIV-1 replication) inhibitor (HR-73) for brain HIV-1 infection. The results showed an
increase of SIRT-1 inhibition, which could act in HIV reactivation from latent reservoirs. All findings
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therefore suggested the importance of the association between the drug and the dendrimer, since its
ability to deliver anti-retroviral drugs could improve the drugs’ pharmacokinetics [128].

5.8. Other Applications

Several dendrimers of PAMAM-G2 and PAMAM-G3 containing anionic, neutral, and/or cationic
surfaces were studied by Yamini and coworkers [129] to measure their effects on the protective antigen
(PA) blockage channel of the anthrax toxin. PA, more specifically in an 83 kDa monomer peptide (PA83)
present in the anthrax toxin, which is cleaved to PA63 [130]. The latter peptide can then oligomerize into
a ring-shaped heptamer, facilitating the uptake of lethal and edema factors into the host cells. Also, it is
present in the anthrax toxin, leading ultimately to cell death [131]. PAMAM can inhibit PA63 activity by
blocking the lumen channels that are negatively charged, as illustrated in Figure 15. Cationic PAMAM
compounds performed better, with an IC50 of 7.2 ± 4.7 nM for the best PAMAM-G2–NH2 compound
(in contrast to 14 mM for the anionic derivative). A dendron of cationic PAMAM-G3 was also able to
diminish the toxicity issues, possessing an IC50 of 16.4 ± 4.0 nM. PAMAM-G2, containing 12 hydroxyl
functionalities and four terminal amino groups (PAMAM-G2, 75% OH, 25% NH2) presented an IC50 of
122 ± 35 nM. All cationic PAMAM compounds also performed well in the kinetics studies, presenting
a decent residence time and dissociation constant. The inhibition of PA63 activity can potentially
prevent infected cell death, and its efficacy can be evaluated in further investigations.

 

Figure 15. Blockage of the PA63 channel by PAMAM compounds [129].

Zhao and coworker [132] employed PAMAM–polyvalerolactone–poly(ethylene glycol)
(PAMAM–PVL–PEG) to design a unimolecular micelle (unimNP), aiming to address the problem of
retinal ganglion cell (RGC) loss on glaucoma. This unimNP was conjugated to cholera toxin B (CTB)
domain to make the micelles selective towards the RGC. Dehydroepiandrosterone (DHEA) was used
as agonist for the Sigma-1 receptor (S1R), a protein receptor that proved to be RGC-protective [133,134].
In vitro studies demonstrated sustained release of DHEA for periods of up to two months. On the
other hand, in in vivo studies with mice injected with N-methyl-D-aspartate, which can induce
RGC death, unimNP with CTB were able to protect RGC from cell death for periods of up to
14 days, and attenuate oxidative stress and the activation of microglia/macroglia. S1R has shown
increasing evidence of playing a major role in a plethora of neurological diseases—such as depression,
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anxiety, schizophrenia, Parkinson’s disease, Alzheimer’s disease, amyotrophic lateral sclerosis, stroke,
and others [135,136]—showcasing the importance of a sustained release platform for targeting the
respective receptor.

A liver-cell spheroid shaped, aggregated in a human hematopoietic stem cell culture, was achieved
by Chen and coworkers [137] using PAMAM conjugated with integrin ligand, arginine-glycine-aspartic
acid (RGD), and PEG, resulting in a PAMAM–RGD–PEG compound. PAMAM–RGD–PEG promoted
the hepatocytes growth in 3D spheres, as this condition mimics the cell’s natural microenvironment.
Additionally, it also helped to maintain cells in a healthy and functional state, greatly decreased the
presence of ROS, promoted cell proliferation, and led to higher concentrations of albumin and urea.
Furthermore, it also leads to a higher expression of urea-dependent enzymes Arg1 and OTC, enhancing
the basic functions of the cells. These cells could potentially represent a great advance for bioartificial
liver systems, being extracorporeal detoxification systems that are useful for liver failures [138].

PAMAM dendrimers were applied to control diabetes, since it is one of the leading causes of
death worldwide [139]. Zhang and co-workers [140] then designed an advanced glucose-sensitive
system, consisting of a smart microgel derivative from PAMAM-G1 dendrimers [141,142].

Parkinson’s disease (PD) was assessed using a PAMAM-G4 conjugated to glutathione
(PAMAM–GSH) (Figure 16), aiming to deliver glutathione into PC12 cells [143]. Glutathione is a
tripeptide that plays an important antioxidant and antiapoptotic role in the brain, whose depletion has
already been correlated to PD [144,145]. PAMAM–GSH was able to lower intracellular levels of reactive
oxygen species, and to reduce the levels of cleaved caspase-3 in the assays, achieving 10% of their
original concentrations. Curiously, these antioxidative and antiapoptotic properties were significantly
higher when PAMAM–GSH was at low concentrations. PAMAM–GSH also demonstrated a lower
cytotoxicity than the PAMAM-G4 itself. Other strategies for the treatment of PD with PAMAM were
also explored in the past [146,147]. There are also reports on PAMAM being applied to Alzheimer’s
disease and other prionic diseases [148–150].

 

Figure 16. The PAMAM–poly(ethylene glycol) (PEG)–glutathione (GSH) compound [142].
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Nitric oxide (NO)—an important free radical gas—exhibits actions such as antimicrobial action,
muscle relaxant, vasodilation, and the stimulation of growth factor [151]. However, NO is unstable
under different conditions, especially in biological environments. In this context, Stasko et al. [152]
designed a modified PAMAM dendrimer as a NO delivery carrier. This vehicle can store up to 2 μmol
NO/mg dendrimer, and releases NO when triggered with copper (II) or light. Other examples of
PAMAM dendrimers functionalized with NO donors groups (S-nitrosothiols, N-acetylpenicillamine
and N-acetylcysteine) have been described [153,154].

In a different approach, estradiol was conjugated to a positively charged PAMAM dendrimer
through a hydrolytically stable bond. Also, the dendrimer was coupled to the fluorescent reagent
tetramethylrhodamine, which provides a convenient way to improve intracellular visualization
(Figure 17). This compound was able to bind to the estrogen receptor with a similar affinity as
free estradiol. Even though it cannot be taken up into the nucleus, it can still stimulate gene expression.
According to the authors, this derivative can be applied to mimic the protective effects of estradiol on
the cardiovascular system in mice [155].

Figure 17. A PAMAM dendrimer conjugated to estradiol [151].

Srinageshwar and colleagues [156] evaluated novel mixed surface PAMAM dendrimers that
are able to cross the blood–brain barrier when administered via the carotid artery in mice. In this
investigation, there was a comparison between PAMAM dendrimers composed of neutral (–OH) and
cationic (–NH2) groups on the surface, called the mixed cationic surface (–NH2) (Figure 18). According
to the authors, mixed surface compounds were able to cross the blood–brain barrier (BBB) when
injected systemically. Thus, they could reach the brain cells, indicating that they are a potential CNS
drug delivery system. In addition, these compounds demonstrated reduced toxicities.
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Figure 18. PAMAM-G1 and PAMAM-G4 dendrimers containing mixed surface groups, neutral
(–OH—90%) and cationic (–NH2—10%) moieties [152].

6. Concluding Remarks

After more than three decades of dendrimer discovery and the introduction of PAMAM, this
area has advanced significantly, and newly-derived molecular architectures have arisen from this
starting point. However, PAMAM continues to be the dendrimer basis for many applications, such as
those showcased in this review. It is worth noting the versatility of PAMAM as an important carrier
for drug delivery and biomedical applications. Studies with many therapeutic classes have been
developed over the years. Drugs that are either covalently linked (prodrugs) or adsorbed to PAMAM
branches have been assayed, with most of them being chemotherapeutic agents, such as anticancer
agents and antimicrobials. In the era of gene therapy, the role of PAMAM as a non-viral mediated
gene delivery system must be emphasized. Many examples have been briefly described—such as
dendrimers of silencing RNA and precise gene editing tools, such as CRISPR—whose use deserves
increasing interest. Notwithstanding, some areas should stimulate interest in using dendrimers as
PAMAMs. Neglected diseases, especially those that have been nearly forgotten, need more effort in
studies that are purposed towards better chemotherapeutic agents. The therapeutic arsenal against
most of them is very scarce or non-existent. Imbued with the spirit of contributing to this field, we
have been working on prodrug designs for either drugs or bioactive compounds, using many carriers,
including PAMAM. Antichagasic, leishmanicide, tuberculostatic, and antimalarial PAMAM prodrugs
have been designed and are being synthesized (data not published), with the purpose of improving
either their pharmaceutics and pharmacokinetics, or indirectly improving their pharmacodynamic
properties. As has been aforementioned in this review, the targeting of drugs mediated through
PAMAM is an area that must be further explored, and we have been trying to reach better selectivity
by using directing groups to achieve this. To summarize, the knowledge of all of the properties of
PAMAM as a carrier, as we have briefly exposed in this review, could lead to the increase of compounds
that have been submitted to clinical trials in order to introduce derivatives with better properties
than their drugs/bioactive prototypes. We hope that the examples that herein have been given about
PAMAM applications could incite new ideas for researchers who are involved in the fascinating world
of dendrimers.
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