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ation of PAMAM G1 dendrimer
surface with b-cyclodextrin units by CuAAC: impact
on the water solubility and cytotoxicity†

Kendra Sorroza-Mart́ınez,‡a Israel González-Méndez,‡a Ricardo D. Mart́ınez-
Serrano,a José D. Solano, b Andrea Ruiu, a Javier Illescas,c Xiao Xia Zhu d

and Ernesto Rivera *a

The toxicity of the poly(amidoamine) dendrimers (PAMAM) caused by the peripheral amino groups has been

a limitation for their use as drug carriers in clinical applications. In this work, we completely modified the

periphery of PAMAM dendrimer generation 1 (PAMAM G1) with b-cyclodextrin (b-CD) units through the

Cu(I)-catalyzed azide–alkyne cycloaddition (CuAAC) to obtain the PAMAM G1-b-CD dendrimer with high

yield. The PAMAM G1-b-CD was characterized by 1H- and 13C-NMR and mass spectrometry studies.

Moreover, the PAMAM G1-b-CD dendrimer showed remarkably higher water solubility than native b-CD.

Finally, we studied the toxicity of PAMAM G1-b-CD dendrimer in four different cell lines, human breast

cancer cells (MCF-7 and MDA-MB-231), human cervical adenocarcinoma cancer cells (HeLa) and pig

kidney epithelial cells (LLC-PK1). The PAMAM G1-b-CD dendrimer did not present any cytotoxicity in cell

lines tested which shows the potentiality of this new class of dendrimers.
Introduction

In the last decades, research on the development of new den-
drimers has become more relevant and attracted the attention
of the scientic community, since these compounds have
unique properties that make them ideal carriers for therapeutic
and diagnostic agents in the construction of drug delivery
systems (DDS).1 One advantage of dendrimers is that between
the small molecules and the polymers, dendrimers benet from
the properties of both elds. Given the versatility to modify
them (like polymers), it is possible to guarantee a perfectly
dened and reproducible structure.2 It has been described that
the groups in the periphery are largely responsible for the
physicochemical properties of dendrimers and can be modied
in a controlled manner to yield monodisperse materials.3

One of the most studied dendrimers, is the family of poly(-
amidoamines) (PAMAM), which is constituted by a core of
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México
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ethylenediamine or ammonia, repetitive units of polyamides,
tertiary amines and a periphery containing primary amines.4 It
has been found that low generations (G 0–3) of PAMAM den-
drimers tend to form open and amorphous structures, and
therefore do not exhibit well dened internal characteristics,
while high generations dendrimers (G 4–10) adopt spherical
and rigid structures that allow them to encapsulate drug
molecules in their branches.5,6

At physiological conditions (pH¼ 7.4) the primary amines of
the PAMAM dendrimers are positively charged,7 they exhibit
toxicity, since they interact with the cell membrane, which is
negatively charged, compromising its integrity and ltering
intracellular components, that nally lead to a cell death. This
toxicity is also associated with the increase in generation, due to
the augment in the number of terminal amino groups. For this
reason, the clinical application of PAMAM dendrimers is quite
limited.8,9

In recent years, research has focused on improving the
biocompatibility of PAMAM dendrimers by surface engineering,
that means the modication of the periphery to neutralize the
primary amines that are positively charged on the surface,
thereby preserving the ability to deliver drugs. There are several
strategies to modify the periphery of PAMAM dendrimers, such
as coupling with carbohydrates, amino acids or peptides, acet-
ylations and PEGylations.8 One of the strategies used in surface
engineering of PAMAM dendrimers is the coupling with cyclo-
dextrins because it increases the solubility, stability and
biocompatibility of dendrimers and therefore causes a syner-
gistic improvement in the administration of drugs.10
RSC Adv., 2020, 10, 25557–25566 | 25557
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Chemically, cyclodextrins (CDs) are cyclic oligosaccharides
linked through a-1,4 glucosidic bonds. The nomenclature of the
CDs is based on the number of glucose units contained in their
structure, so that the CDs containing six units are called alpha-
CD (a-CD), seven units, beta-CD (b-CD) and eight units, gamma-
CD (g-CD).11 As a result of the restricted rotation of the bonds in
the glucose units by the chair conformation, CDs molecules
have a truncated cone shape with a cavity of determined
volume. The hydroxyl groups attached to the carbons 3 and 4 are
located on the secondary face, and the hydroxyl groups attached
to carbon 6 are located on the primary face of the CDs; these
hydroxyl groups have a different reactivity, because they are
attached to secondary and primary carbons, respectively. The
surface of the CDs is coated with hydroxyl groups and the inner
part is coated with ether groups of anomeric oxygen atoms.
Therefore, CDs have a relatively hydrophobic internal cavity,
which contains water molecules and a hydrophilic outer
surface. This special conformation allows the inclusion of
hydrophobic molecules or parts of molecules within the CD
cavity, which must have a compatible size with the cavity of CD,
to form a stable inclusion complex.12 b-CD is the most acces-
sible and widely used CD in the design of DDS, due to the
adequate size of its cavity to form inclusion complexes with
drug molecules.13

On the other hand, the 1,3-dipolar cycloaddition reaction
between an azide and a terminal alkyne catalyzed by copper(I)
(CuAAC) which produces 1,4-disubstituted 1,2,3-triazoles was
reported independently in 2001 by Meldal et al.14 and Sharpless
et al.15,16 Meldal used copper iodide and N,N-diisopropylethyl-
amine for the synthesis of peptides, while Sharpless described
the use of copper sulfate pentahydrate and sodium ascorbate in
aqueous systems and designed a practical procedure for the
covalent attachment between any molecule containing an azide
group and another molecule containing a terminal alkyne
group. The reaction of CuAAC is modular, specic and regio-
selective, inert byproducts are obtained and offers high yields.
In addition, this reaction is carried out under simple conditions
and with accessible raw materials.17 During the last decade, the
CuAAC reaction has proven to be a reliable and versatile tech-
nique for the preparation of new functional materials,18,19

including dendrimers as well as the modication of their
periphery.3,20–24

There are several works that describe the conjugation of
PAMAM dendrimers (G 2–4) with different CD molecules.25–32

The incorporation from one to ve CD units is carried out in the
periphery of dendrimers with applications in the delivery of
genetic material for the specic treatment of diseases. On the
other hand, since low generations of PAMAM dendrimers do
not show encapsulating properties of molecules, and particu-
larly b-CD molecules, have a limited water solubility. Therefore,
the clinical applications of low generations of PAMAM and of b-
CD as single molecules are limited. Based on the previously
mentioned properties, we present a novel design and synthesis
of a PAMAM G1 conjugate with b-CD units throughout the
periphery of dendrimer. This conjugation was achieved by
means of a CuAAC reaction with high yields and a simple
purication process. Furthermore, we focused on the study of
25558 | RSC Adv., 2020, 10, 25557–25566
the in vitro cellular behavior of this novel dendrimer as part of
the rational evaluation, since our perspective is based on the
potential use of this PAMAM G1-b-CD conjugate as a possible
carrier of diverse molecules. The advantage of this new modi-
ed dendrimer is that it is able to carry a higher number of drug
units than a single carrier.

Results and discussion
Synthesis

In recent years, numerous reports described the advantages of
PAMAM dendrimers in various areas of science and technology;
however, there are also some disadvantages that limit their use
in clinical applications. Firstly, PAMAM dendrimers are toxic
and this toxicity can be only resolved by modifying the structure
of the periphery of the dendrimer.33 Intense research has
focused on the surface engineering of PAMAM dendrimers with
the aim of reducing or eliminating their toxicity by neutralizing
the amino groups in the periphery by means of coupling of
neutral or anionic groups in order to prevent the electrostatic
interaction of PAMAM dendrimers with biological membranes
to help them to be biocompatible for their use as drug carriers.8

A wide variety of methods have been reported to modify the
surface of PAMAM dendrimers, including modication with
carbohydrates, specically with oligosaccharides such as CDs,
since it has been reported that a synergy of the properties of
PAMAM dendrimers and CDs occurs.34–36 PAMAM and b-CD
dendrimers have been individually investigated as promising
carriers for clinical applications; however, due to the toxicity of
PAMAM dendrimers8,37 and the low water solubility of b-CD,38

their application in the clinical area is limited. In the present
study we present a novel and efficient approach to modify the
periphery of the PAMAMG1 dendrimer with b-CD units through
the CuAAC reaction. All the intermediates and nal compounds
involved in the synthesis have been fully characterized.

Firstly, alkynyl-PAMAM G1 was synthesized (Scheme l) and
was used as alkyne source for the CuAAC reaction. AWilliamson
etherication reaction was carried out between propargyl
bromide and methyl 2-(4-hydroxyphenyl)acetate, to obtain
intermediate I, whose structure was conrmed by 1H-NMR and
13C-NMR and by ESI mass spectrometry (Fig. S1–S3 in the ESI†).
Then, compound I was saponied via a simple hydrolysis with
a yield >90% to obtain intermediate II. The structure of this
compound was also conrmed by NMR and mass spectrometry
(Fig. S4–S6 in ESI†).

Regarding the synthesis of the PAMAM G1-alkyne
compound, we performed a C–N coupling between the amine
groups present in the periphery of the PAMAM G1 dendrimer
and the carboxylic acid of intermediate II, using HOBt and EDC
as coupling agents and DIPEA as acid activator. These coupling
agents are frequently employed for the preparation of amides39

in the biomaterials eld. It was reported that EDC is a very
effective coupling agent for the synthesis of these compounds
and when it is used jointly with HOBt, there is an increase in the
efficiency of the reaction and the by-products can be easily
removed in water.40,41 The modication of the periphery of the
PAMAM G1 dendrimer by introducing alkyne groups was
This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Synthesis of alkynyl-PAMAM G1. Conditions: (i) propargyl bromide, K2CO3, anhydrous acetone, 24 h, reflux; (ii) NaOH/HCl,
EtOH : H2O; (iii) EDC, HOBt, DIPEA, DMF, 35 �C, 5 days.
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View Article Online
conrmed by 1H- and 13C-NMR and by MALDI-TOF mass
spectrometry (Fig. S7–S9 in ESI†).

On the other hand, m-N3-b-CD was synthesized as a source of
azide for the CuAAC reaction (see Scheme 2). Firstly, the inter-
mediary m-Ts-b-CD was obtained by functionalizing a single
hydroxyl group of the primary face of the b-CD via a tosylation
reaction, which was further reacted with b-CD.42 With this
proposed method it was possible to modify a single position of
the primary face of the b-CD with a high yield, compared to the
previously reported procedures.43,44 Tosylation of a single group
of the b-CD was conrmed by 1H-NMR, DEPTQ-NMR and
MALDI-TOF mass spectrometry (Fig. S10–S12 in ESI†). Then
a bimolecular nucleophilic substitution reaction was carried
out to replace the tosyl group of m-Ts-b-CD with the azido group
on the primary face of the b-CD to afford m-N3-b-CD, whose
Scheme 2 Synthesis of m-N3-b-CD. Conditions: (i) TsO2/NaOH, H2O, 2

This journal is © The Royal Society of Chemistry 2020
structure was conrmed by 1H-NMR, DEPTQ-NMR and mass
spectrometry (Fig. S13–S15 in ESI†).

The CuAAC reaction allows a successful functionalization of
biomaterials in a selective way45–53 and has been oen used to
modify the surface of PAMAM dendrimers54–56 because it offers
high yields with a single reaction product obtained with great
purity and harmless by-products easily removable.16,57 In this
work, we used the CuAAC reaction to efficiently functionalize
the entire periphery of the PAMAM G1 dendrimer with b-CD
units to build a novel dendritic structure, which can act as
a potential drug carrier. Once the necessary intermediates for
the reaction of CuAAC (Scheme 3), the alkyne (alkynyl-PAMAM
G1) and the azide (m-N3-b-CD) were obtained, the coupling
was carried out using CuSO4$5H2O and H2Asc to generate in situ
Cu(I), which is the main catalyst in this reaction. To ensure the
functionalization of the 8 alkyne groups of the modied
h, RT; (ii) NaN3, DMF, 80 �C, 48 h.

RSC Adv., 2020, 10, 25557–25566 | 25559
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Scheme 3 Synthesis of PAMAM G1-b-CD. Conditions: “Click” CuSO4$5H2O, H2Asc, DMSO, 80 �C, 48 h.
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periphery of the PAMAM G1 dendrimer, an excess of m-N3-b-CD
was employed. The PAMAM G1-b-CD dendrimer was obtained
with 98% yield and its structure was established by 1H-NMR,
DEPTQ-NMR, elemental analysis by X-ray uorescence
(Fig. S16–S17 in ESI†). Dendrimer purication was performed
by size exclusion chromatography (SEC) using water as eluent.
This technique of purication proved to be highly efficient to
remove the remaining copper and ascorbic acid, and thereby
avoiding the classic method of dialysis.58
Characterization

Full characterization of all the synthetic intermediates and nal
compounds was carried out. Regarding the characterization of
intermediate I, in the 1H- and 13C-NMR spectra, the signals
corresponding to the alkyne group at 2.54 ppm and 75.54 ppm
are observed, respectively. In addition, the disappearance of the
signal corresponding to the proton of the phenol is observed.
The molecular ion at 204.08 m/z, corresponding to the molec-
ular weight of the compound, is observed in the ESI spectrum.
In the 1H-NMR spectrum of intermediate II, we can observe
a signal at 12.25 ppm, due to the proton of the carboxylic acid,
produced by the hydrolysis of intermediate I. The molecular ion
is observed at 191.07 m/z in the ESI spectrum, which corre-
sponds to the molecular weight of this compound. On the other
hand, in the 1H-NMR spectrum of alkynyl-PAMAM G1, the
signals corresponding to the alkyne group at 3.55 ppm are
observed, and the proton signal of the 8 amide groups appear at
8.48 ppm, thereby conrming that the C–N coupling took place.
In addition, the signals due to the protons of the aromatic ring
appear at 7.18 and 6.90 ppm, exhibiting an up-eld shi.
Finally, the signals corresponding to the protons of the PAMAM
G1 dendrimer are observed. In the MALDI-TOF spectrum, the
molecular ion is observed at 2810.819 m/z, which corresponds
to the molecular weight of the multiprotonated species, which
conrms the obtainment of the alkynyl-PAMAM G1 compound.
25560 | RSC Adv., 2020, 10, 25557–25566
On the other hand, m-Ts-b-CD was characterized by 1H-NMR
spectroscopy, the signals corresponding to the aromatic ring
protons at 7.75 and 7.44 ppm and the methyl protons at
2.42 ppm of the tosyl group can be observed. In the MALDI-TOF
spectrum the appearance of the peak at 1311.591 m/z corre-
sponding to the expected molecular weight of the compound
plus a sodium ion conrmed the mono-substitution of the
primary face of the b-CD. Aer the modication of m-Ts-b-CD,
compound m-N3-b-CD was obtained. In the 1H-NMR spectrum,
the disappearance of the signals corresponding to the protons
of the aromatic ring and the methyl protons of the tosyl group
conrms its replacement by the azide group. The signal at
1182.764 m/z in the MALDI-TOF spectrometry corresponds to
the molecular weight of the compound, plus a sodium ion.

Once the CuAAC reaction was achieved, the PAMAMG1-b-CD
dendrimer was obtained and further characterized. In the 1H-
NMR spectrum in DMSO-d6 (Fig. 1), a signal due to the tri-
azole group appears at 8.16 ppm, followed by the signals of the
aromatic ring at 7.17 and 6.97 ppm. The signals corresponding
to the alkynyl-PAMAM G1 and the m-N3-b-CD exhibited a clear
change in the chemical environment due to the conjugation
between both moieties. The PAMAM G1-b-CD dendrimer was
also characterized by MALDI-TOF, using the following condi-
tions: 2,5-dihydroxybenzoic acid (DHB) in relation (2/5) sample/
matrix; ditranol (DIT) in relation (2/5) sample/matrix; DHB and
AgNO3 as a cationizer agent, in ratios (2/5/1) sample/matrix/
cationizer; DHB dissolved in H2O/ACN/TFA in ratios (60/40/
0.1); and 2-acetylphloroglucinol (THAP) dissolved in methanol
in ratios (1/1), (3/4), (1/9) sample/matrix. Only the signals cor-
responding to the matrices were observed in the range 1000 to
20 000 m/z. Result of the foregoing, it was not possible to
characterize PAMAM G1-b-CD dendrimer by MALDI-TOF. It has
been reported in the literature40,59,60 that PAMAM dendrimers
are difficult to ionize and to be detected by mass spectrometry.
This dendrimer was therefore characterized by elemental
analysis and X-ray uorescence, where the following values were
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 1H NMR spectrum of PAMAM G1-b-CD in DMSO-d6.
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found for C¼ 44.62, H¼ 6.65, N¼ 5.28, and O¼ 43.53, which is
related to a molecular formula of C486H744N50O300 + 56H2O
corresponding to the PAMAM G1-b-CD dendrimer with 56
molecules of water, this result is consistent with previous
reports,61 which indicates that in the cavities of the b-CD units
water molecules are trapped.
Determination of the water solubility of the PAMAM G1-b-CD
dendrimer

The solubility of dendrimers is determined by the functional
groups located in the periphery, by the generation of the den-
drimer, by the repetitive units and even by the core. Their high
water solubility guarantees their application as enhancers of the
solubility of drugs with hydrophobic nature, as well as their
application in the clinic area as drug carriers.62 The conjugation
of dendrimers with hydrophilic molecules, such as CDs,
signicantly increases their solubility in water and their
stability, prolonging the blood circulation of these platforms.63

The quantitative solubility in water of the PAMAM G1-b-CD
dendrimer was determined by the method reported by Jozwia-
kowski and Connors64 and a result of 620.5 � 0.0004 mg mL�1

was obtained, which is considerably higher, compared to the
solubility value of the native b-CD (18.5 mg mL�1).65 This result
can be explained by the union of the PAMAM G1 dendrimer
with the b-CD units, which generates a new dendritic structure
with higher number of b-CD groups on the periphery, and is
able to form hydrogen bonds with the aqueous medium.
Another explanation for the enhanced solubility of PAMAM G1-
b-CD is that once the b-CD is linked to the PAMAM G1 den-
drimer the intramolecular hydrogen bonds formed in the b-CD
molecules alone, which are the cause of their low solubility,66

are broken by mono-modication, giving rise to a better solu-
bility in the new dendrimer. If the solubility of our dendrimer is
This journal is © The Royal Society of Chemistry 2020
compared to the solubility values of some commercial b-CD
derivatives, such as sulfobutylether-b-CD (>500 mg mL�1), O-
methyl-b-CD (>500 mg mL�1) and 2-hydroxypropyl-b-CD
(600 mg mL�1),65 our dendrimer was found to have a higher
solubility than all of them.
Cytotoxicity studies

To study the in vitro behavior of PAMAM G1-b-CD dendrimer
and corroborate that the design does not produce an undesir-
able toxic carrier, the cellular cytotoxicity of the PAMAM G1 and
PAMAM G1-b-CD dendrimers was evaluated in three different
cancer cell lines; MCF-7, MDA-MB-231 and HeLa. Furthermore,
and in accordance with our systematic evaluation, we also
analyzed cytotoxic activity in a non-carcinogenic cell line,
therefore LLC-PK1 was selected for this study. It has been re-
ported that low-generation PAMAM dendrimers (G 0–2) do not
present cellular toxicity.67–72 To corroborate this behavior, we
tested the cytotoxic activity of PAMAM G1 dendrimer in the four
cell lines mentioned above. The results presented in Fig. S18†
show that the PAMAM G1 dendrimer does not present any
toxicity in the tested cell lines. Regarding the PAMAM G1-b-CD
dendrimer, in the carcinogenic and non-carcinogenic cell lines,
six different concentrations from 2 mM to 100 mM were tested,
taking a 100% of viability to untreated cells. In Fig. 2, we present
the percentage of cell viability (%) versus the concentration of
the tested PAMAM G1-b-CD dendrimer; it is shown that in
cancer cell lines and kidney cells, the PAMAM G1-b-CD den-
drimer does not show measurable cytotoxicity even at the
highest evaluated concentration 100 mM. This can be due to the
fact that the primary amino groups on the periphery of the
PAMAM G1 dendrimer are neutralized by the conjugation with
the b-CD units and therefore no longer interact with the cell
membrane, preventing it from compromising and eventually
RSC Adv., 2020, 10, 25557–25566 | 25561
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Fig. 2 Cell viability in different cell lines of PAMAM G1-b-CD dendrimer. The treated cells were cultured in six wells by concentration, and the
experiments were performed three times independently. Data are means � S.D.
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causing cellular toxicity. If we compare Fig. 2 and S18,† we can
assert that the complete modication of the periphery of the
PAMAM G1 dendrimer with b-CD molecules produces a new
non-toxic dendrimer.
Conclusions

In this work, the complete modication of the periphery of the
PAMAM G1 dendrimer with monofunctionalized b-CD mole-
cules was successfully carried out. These macromolecules were
coupled by a CuAAC reaction, giving the desired product with
yields higher than 80% and a simple purication. The PAMAM
G1-b-CD dendrimer has been characterized by 1H- and 13C-NMR
and elemental analysis by X-ray uorescence as a complemen-
tary way to characterize the modied PAMAM dendrimers. The
water solubility of the PAMAM G1-b-CD dendrimer was deter-
mined and resulted to be 620.5 mg mL�1, considerably higher
than native b-CD and even than other commercial CDs. Finally,
we demonstrated that our PAMAMG1-b-CD dendrimer does not
present any cytotoxicity in the analyzed cell lines. Thus, this
novel PAMAM G1-b-CD dendrimer is a promising candidate to
25562 | RSC Adv., 2020, 10, 25557–25566
be used in clinical applications as a possible drug carrier, which
has the possibility of carrying larger units of drug molecules per
carrier unit, with the advantage of having the synergy of the
individual properties of the PAMAM dendrimer and the b-CD
units.
Experimental section
Materials

All starting materials were commercially available reagent grade
and were used without any further purication. b-Cyclodextrin
(b-CD), PAMAM dendrimer G1 (PAMAM G1), propargyl bromide
solution (80% by weight in toluene), p-toluenesulfonyl chloride
(Cl-Ts), p-toluenesulfonic acid (OH-Ts), methyl 2-(4-hydrox-
yphenyl)acetate, N,N-dimethylformamide anhydrous (DMF),
anhydrous potassium carbonate (K2CO3), dimethylsulfoxide
(DMSO), ascorbic acid (H2Asc), N-(3-dimethylaminopropyl)-N0-
ethylcarbodiimide hydrochloride (EDC$HCl), Bio-Gel P-10
medium from BIO-RAD, 1-hydroxybenzotriazole hydrochloride
(HOBt$HCl), N,N-diisopropylethylamina (DIPEA), potassium
iodide (KI), sodium azide (NaN3), sodium hydroxide (NaOH),
This journal is © The Royal Society of Chemistry 2020
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copper sulfate pentahydrate (CuSO4$5H2O), dichloromethane
(CH2Cl2), methanol (MeOH), ethanol (EtOH) and acetone
(CH3COCH3) were purchased from Sigma-Aldrich.
Synthetic procedures

Synthesis of methyl 2-(4-propargyloxyphenyl)acetate (I).
According to the method previously reported,73 methyl-4-
hydroxyphenyl acetate (5 g, 30.1 mmol), K2CO3 anh. (5.5 g,
39.71 mmol) and propargyl bromide solution (4 mL, 80% in
toluene, 30.1 mmol) were reuxed for 24 h; then the reaction
mixture was cooled, ltered and the ltrate was evaporated. The
residue was dissolved in CH2Cl2 (50 mL) and the solution was
washed with water (2 � 50 mL). The organic layers were dried
over anhydrous Na2SO4 and the solvent was evaporated under
reduced pressure affording methyl-4-propargyloxyphenyl
acetate as a brown oil (6 g, 29.4 mmol). Yield: 97.7%. 1H-NMR
(400 MHz, CDCl3) d (ppm): 7.23 (d, J ¼ 8.88 Hz, 2H, c), 6.96
(d, J ¼ 8.71, 2H, d), 4.69 (s, 2H, e), 3.71 (s, 3H, a), 3.59 (s, 2H, b),
2.54 (t, 1H, f). 13C-NMR (100 MHz, CDCl3) d (ppm): 172.23,
156.70, 130.32, 127.04, 115.2, 78.57, 75.54, 55.83, 52.02, 40.28.
ESI (m/z): 204.08 [M+].

Synthesis of 2-(4-propargyloxyphenyl)acetic acid (II). Using
a previously reported procedure,73 we obtained 1.75 g (9.2
mmol) of 2-(4-propargyloxyphenyl)acetic acid as a yellow solid.
Yield: 94%. 1H-NMR (400 MHz, DMSO-d6) d (ppm): 12.25 (s, 1H,
a), 7.19 (m, 2H, c), 6.93 (m, 2H, d), 4.77 (d, J ¼ 2.4 Hz, 2H, e),
3.54 (t, J ¼ 2.4 Hz, 1H, f), 3.50 (s, 2H, b). 13C-NMR (100 MHz,
DMSO-d6) d (ppm): 173.38, 156.42, 130.82, 128.21, 115.08, 79.82,
78.58, 55.81, 40.21. ESI (m/z): 191.07 [M + H]+.

Synthesis of alkynyl-PAMAM G1. In a round ask, under
anhydrous conditions, compound C (670.43 mg, 3.523 mmol),
EDC$HCl (945.46 mg, 4.932 mmol), HOBt$HCl (539.44 mg,
3.523 mmol) and DIPEA (0.736 mL, 4.228 mmol) were dissolved
in 12 mL of anhydrous DMF and the mixture was allowed to
activate for 20 minutes. Then, a solution of PAMAM dendrimer
G1 (450 mg/3 mL, 0.315 mmol) in DMF was added to the reac-
tion mixture and stirred at 35 �C for 5 days. Aer this time, the
DMF was evaporated under reduced pressure and the residue
was recrystallized from MeOH, the nal product was dried
under vacuum. A brown oil was obtained (500 mg, 0.178 mmol).
Yield: 57%. 1H-NMR (400 MHz, DMSO-d6) d (ppm): 8.48 (b, 8H,
h), 8.24 (b, 12H, d), 7.18 (dd, J ¼ 8.7, 3 Hz, 2H, j), 6.90 (dd, J ¼
8.7, 3 Hz, 2H, k), 4.76 (b, 16H, l), 4.11 (b, 16H, i), 3.55 (b, 8H,m),
3.17 (b, 32H, g), 3.11 (b, 24H, b), 3.05 (b, 8H, e), 2.98 (b, 8H, f),
2.89 (b, 24H, c), 2.33 (s, 4H, a). 13C-NMR (100 MHz, DMSO-d6)
d (ppm): 173.89, 158.84, 133.32, 117.81, 58.87, 51.49, 44.79,
41.71, 41.52, 39.61, 39.30, 28.48. MALDI-TOF (m/z): 2810 [M +
3H]+.

Synthesis of mono-tosyl-b-CD (m-Ts-b-CD). Following the
procedure previously reported,74 in a round ask, p-toluene-
sulfonic acid (1.918 g, 0.0101 mol) and p-toluenesulfonyl chlo-
ride (7.5 g, 0.039 mol) were dissolved in 50 mL of CH2Cl2 and
stirred at room temperature for 12 h. Then, the reactionmixture
was ltered, and the ltrate was concentrated under reduced
pressure. The residue was recrystallized (3�) with cold hexane
and the product (Ts2O) was ltered and allowed to dry under
This journal is © The Royal Society of Chemistry 2020
vacuum. Aerwards, in a round ask, b-CD (5.75 g, 0.0051 mol)
and Ts2O (2.48 g, 0.0076 mol) were dissolved in 150 mL of H2O.
The reaction mixture was stirred for 2 h at room temperature;
aer this time, a 2.5 M aqueous NaOH solution was added. The
reactions mixture was stirred for 10 minutes. Subsequently, the
mixture was ltered, and the ltrates were adjusted to pH ¼ 8
with a saturated solution of ammonium chloride to give
a precipitate. The mixture was ltered, and the precipitate was
recrystallized (3�) in acetone; a white solid was obtained: yield:
42% (2.7 g, 0.0021 mol). 1H-NMR (400 MHz, DMSO-d6) d (ppm):
7.75 (b, 2H) a, 7.44 (b, 2H) b, 5.83 (d, J ¼ 6.4 Hz, 1H) OH20, 5.78
(b, 6H) OH2, 5.71 (b, 7H) OH3, 4.84 (d, J ¼ 3.9 Hz, 6H) H1, 4.76
(d, J ¼ 3.9 Hz, 1H) H10, 4.50 (m, 6H) OH6, 4.35 (m, 2H) H60ab,
4.19 (m, 1H) H50, 3.65 (m, 12H) H6ab, 3.60 (b, 7H) H3, 3.51 (m,
7H) H5, 3.30 (m, 7H) H2, 3.22 (m, 7H) H4, 2.42 (d, 3H) c. 13C-
NMR (100 MHz, DMSO-d6) d (ppm): 145.25, 133.09, 130.29,
128.03, 102.39, 101.74, 81.95, 81.21, 73.43, 73.16, 72.84, 72.48,
70.17, 69.36, 60.28, 21.62. MALDI-TOF (m/z): 1311.591 [M + Na]+.

Synthesis of mono-azide-b-CD (m-N3-b-CD). In a round ask
m-Ts-b-CD (2.120 g, 0.0016 mol), NaN3 (0.321 g, 0.005 mol), KI
(0.137 g, 0.0008 mol) were dissolved in 8 mL of anhydrous DMF.
The reaction mixture was stirred at 80 �C for 48 h. Aer this
time, DMF was evaporated under reduced pressure and the
residue was recrystallized in a mixture H2O : acetone (1 : 1) and
allowed to dry under vacuum. The yield of this reaction was 88%
(1.7 g, 0.0014 mol) and a white solid was obtained. 1H-NMR (400
MHz, DMSO-d6) d (ppm): 5.74 (m, 7H) OH2, 5.67 (m, 6H) OH3,
5.62 (d, J ¼ 2.4 Hz, 1H) OH30, 4.88 (d, J ¼ 3.5 Hz, 1H) H10, 4.83
(m, 6H) H1, 4.48 (m, 6H) OH6, 3.77 (m, 2H) H60, 3.68 (m, 12H)
H6, 3.60 (m, 7H) H3, 3.55 (m, 7H) H5, 3.39 (m, 7H) H4, 3.29 (m,
7H) H2. 13C-NMR (100 MHz, DMSO-d6) d (ppm): 102.38, 102.04,
83.41, 81.99, 73.50, 73.30, 72.85, 72.67, 72.46, 70.63, 60.30,
51.53. MALDI-TOF (m/z): 1182.764 [M + Na]+.

Synthesis of PAMAM G1-b-CD dendrimer. In a round ask,
alkynyl-PAMAM (460 mg, 0.164 mmol), m-N3-b-CD (1826.7 mg,
1573 mmol) and CuSO4$5H2O (43.37 mg, 0.174 mmol) were
dissolved, under nitrogen atmosphere, in 8 mL of DMSO. Then,
H2Asc (91.77 mg, 0.521 mmol) dissolved in 1 mL of DMSO was
added and the reaction mixture was stirred at 80 �C for 48 h.
Aer this time, the DMSO was removed under reduced pressure
and the residue was precipitated with cold acetone, ltered and
allowed to dry in vacuum. The product was puried by size
exclusion chromatography (SEC), using Bio-Gel P-10, with water
as solvent. A white solid (2.052 g, 0.169 mmol). Yield: 98%. 1H-
NMR (400 MHz, DMSO-d6) d (ppm): 8.16 (m, 8H) triazole, 8.07
(m, 8H) 8, 8.02 (m, 12H) 4, 7.17 (m, 16H) 10, 6.97 (m, 16H) 11,
5.80 (m, 56H) OH2, 5.70 (m, 56H) OH3, 5.14 (m, 8H) H30, 4.88
(m, 16H) 12, 4.83 (m, 48H) H1, 4.75 (m, 8H) H10, 4.61 (m, 8H)
H50, 4.55 (m, 48H) OH6, 4.48 (m, 16H) 9, 4.32 (m, 8H) H600, 3.98
(m, 8H) H60, 3.69 (m, 96H) H6, 3.62 (m, 48H) H3, 3.57 (m, 48H)
H5, 3.39 (m, 56H) H4, 3.29 (m, 56H) H2, 3.26 (m, 32H) 7, 3.10
(m, 24H) 2, 3.02 (m, 16H) 5, 2.88 (m, 16H) 6, 2.67 (m, 32H) 3,
2.34 (m, 4H) 1. 13C-NMR (100 MHz, DMSO-d6) d (ppm): 130.57,
130.51, 115.04, 114.93, 102.38, 102.04, 83.42, 81.99, 73.50,
73.31, 72.88, 72.68, 72.49, 70.64, 60.34, 51.52. Elementary
analysis: calculated for C486H744N50O300 (C ¼ 48.29, H ¼ 6.20, N
RSC Adv., 2020, 10, 25557–25566 | 25563
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¼ 5.79, O ¼ 39.71). Found for C486H744N50O300 + 56H2O (C ¼
44.62, H ¼ 6.65, N ¼ 5.28, O ¼ 43.53).

Determination of solubility in water of PAMAM G1-b-CD
dendrimer

The determination of the solubility of the PAMAM G1-b-CD
dendrimer was carried out according to the method reported by
Jozwiakowski and Connors64,75 with some modications. Excess
amounts of the compound were placed in three amber vials of
5 mL with a screw cap, which were sealed with paralm to avoid
water evaporation. They were stirred in an oil bath at a constant
temperature of 25 � 0.01 �C for 48 h. The supernatant was
separated from the solid phase by ltration through a Milli-Q
membrane (pore size of 0.45 mm) by injection of the mixture
into disposable plastic syringes of 3 mL at 25 �C. The super-
natant of each sample was placed in three different vials. The
samples were lyophilized for 48 h and the obtained solid was
weighed on a scale with an uncertainty of �0.0001 g.

Characterization
1H- and 13C-NMR measurements were carried out on a Bruker
spectrometer (400 MHz), using DMSO-d6 and CDCl3 as solvent.
Chemical shis are reported in ppm (d) and the signals are
described as singlet (s), doublet (d), triplet (t), quartet (q), broad
(br), multiplet (m), and doublet of doublets (dd); coupling
constants (J) are reported in Hz. Mass measurements, ESI-MS
and MALDI-TOF were performed on a JEOL JMS-AX505-HA
instrument and on a Bruker Daltonics Flex Analysis instru-
ment, respectively, matrices of 2,5-dihydroxybenzoic acid
(DHB), dithranol (DIT) and 2-acetylphloroglucinol (THAP),
AgNO3 and TFA as cationizing agents for the case of the PAMAM
G1-b-CD conjugate, were used for MALDI-TOF. The elemental
analyses were recorded in an Ultra High Vacuum (UHV) of
Physical Electronics, scanning XPS microprobe PHI 5000 Ver-
saProbe II, with a MCD detector of 16 channel electron
multipliers.

Biological procedures

Cell culture. The human breast cancer cell lines MCF-7 and
MDA-MB-231, human cervical adenocarcinoma cell line HeLa
and the pig kidney epithelial cell line LLC-PK1 were selected for
this study and purchased from the ATCC® (Manassas, VA USA).
Cell lines were grown in D-MEM medium (Cellgro corning
Manassas, VA USA) with 10 mM of non-essential amino acids,
supplemented with 10% heat inactivated fetal bovine serum.
These four adherent epithelial cell lines were maintained in
proliferation under a humidied atmosphere containing 5%
CO2 at 37 � 1 �C in a thermo scientic incubator model 3110
(Grand Island, NY, USA).

Cytotoxicity studies. To determine the cytotoxic activity of
the PAMAM G1 and PAMAM G1-b-CD dendrimers in the
selected cell lines, the MTT assay was used.76 Cell lines were
briey seeded in a 96-well plate at a density of 6.5� 103 cells per
well and at a volume of 200 mL of medium. Aer 24 h incuba-
tion, the cells formed a monolayer and 50 mL of the medium
with different concentrations of the dendrimer were added. The
25564 | RSC Adv., 2020, 10, 25557–25566
treated cells were grown in six wells per concentration, and the
experiments were performed three times independently. Cell
viability was determined aer 48 h exposure to the dendrimer
by adding 20 mL of 2.5 mg mL�1 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT). Insoluble formazan,
produced during an incubation period of 4 h at 37 �C, was
measured. The supernatant was removed by solubilizing the
formazan crystals formed by adding 250 mL of DMSO. The
absorbance of each well was measured at 550 nm using an
Epoch microplate spectrophotometer (Biotek®, Winooski, VT,
USA). Absorbance was directly related to percentage of cell
viability (%), and control cells without treatment were consid-
ered 100% viability.
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