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Abstract: Background/Objectives: Doxorubicin (Dox) is an anticancer drug used in the treatment of
a wide range of solid tumors; however, Dox causes systemic toxicity and irreversible cardiotoxicity.
The design of a new nanosystem that allows for the control of Dox loading and delivery results
is a powerful tool to control Dox release only in cancer cells. For this reason, supramolecular self-
assembly was performed between a poly(amidoamine) (PAMAM) dendrimer decorated with four
β-cyclodextrin (βCD) units (PAMAM-βCD) and an adamantane–hydrazone–doxorubicin (Ad-h-Dox)
prodrug. Methods: The formation of inclusion complexes (ICs) between the prodrug and all the βCD
cavities present on the surface of the PAMAM-βCD dendrimer was followed by 1H-NMR titration and
corroborated by 2D NOESY experiments. A full characterization of the supramolecular assembly was
performed in the solid state by thermal analysis (DSC/TGA) and scanning electron microscopy (SEM)
and in solution by the DOSY NMR technique in D2O. Furthermore, the Dox release profiles from the
PAMAM-βCD/Ad-h-Dox assembly at different pH values was studied by comparing the efficiency
against a native βCD/Ad-h-Dox IC. Additionally, in vitro cytotoxic activity assays were performed
for the nanocarrier alone and the two supramolecular assemblies in different carcinogenic cell lines.
Results: The PAMAM-βCD/Ad-h-Dox assembly was adequately characterized, and the cytotoxic
activity results demonstrate that the nanocarrier alone and its hydrolysis product are innocuous
compared to the PAMAM-βCD/Ad-h-Dox nanocarrier that showed cytotoxicity equivalent to free
Dox in the tested cancer cell lines. The in vitro drug release assays for the PAMAM-βCD/Ad-h-Dox
system showed an acidic pH-dependent behavior and a prolonged profile of up to more than 72 h.
Conclusions: The design of PAMAM-βCD/Ad-h-Dox consists of a new controlled and prolonged
Dox release system for potential use in cancer treatment.

Keywords: PAMAM dendrimer; doxorubicin; breast cancer; inclusion complex; β-cyclodextrin;
controlled release; drug delivery

1. Introduction

Through the years, cancer continues to be one of the main causes of death worldwide,
and part of this morbidity is due to associated difficulties during its treatment. Currently,
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anticancer therapy relies heavily upon the administration of small molecules, which are
cytotoxic drugs that attack both cancerous and noncancerous cells due to the limited
selectivity of the drugs and widespread distribution of cytotoxic molecules throughout
the body [1–3]. Chemotherapeutics are traditionally administered as slow intravenous
infusions of free drugs; nevertheless, this strategy does not offer any guarantee to reduce
toxicity [4]. Doxorubicin (Dox), a well-known anticancer drug, is a powerful anthracycline
used in the treatment of a wide range of solid tumors, lymphomas, leukemias and breast
cancer [5]. Like the rest of the chemotherapeutics, Dox has a widespread biodistribution
that causes systemic toxicity; however, the main preoccupying drawback is the irreversible
cardiotoxicity caused by cumulative doses after intravascular (IV) administration, leading
to poor therapeutic results [6–9]. So far, the closest strategy to lessen the effects of Dox
cardiotoxicity are the liposomes Doxil/Caelyx and Myocet; however, they have several
drawbacks [10]. Firstly, they are known to release drugs along a concentration gradient,
leading to drug release in plasma and non-target tissues [11]. Also, the liposomes’ com-
position has also been associated with hypersensitivity reactions [12]. Finally, liposome
dispersions are statistical mixtures of particles with different size and composition, and
hence, from a regulatory and manufacturing standpoint, they are not as well defined as
reproducible molecules [13].

In order to improve the antitumor efficacy and systemic toxicity of existing chemother-
apeutic drugs, the targeted delivery of drugs can be performed by incorporating them into
an appropriate carrier system. Thus, drug delivery systems can improve the deficiencies
of chemotherapeutic treatment by modifying the biodistribution and pharmacokinetics
of the drug in vivo [3]. Some tumor phenomena can be exploited, like the poor perfusion
of the tumor, arteriovenous shunting, necrotic and hypoxic areas, and high interstitial
fluid pressure, which work against favorable drug uptake. So, targeted drug delivery
systems using long-circulating nanocarriers between 20 and 200 nanometers (nm) in size,
hold immense potential to improve cancer treatment, providing selectively therapeutical
effective drug concentrations at the tumor site, through an enhanced permeability and
retention (EPR) effect, while reducing undesirable side effects [3,14,15].

Dendrimers stand out as hyperbranched nanosystems which can be developed with
high structural monodispersity and precise control over the surface structure [16,17]. With
this concept in mind, PAMAM dendrimers have received lots of attention as an alterna-
tive delivery system to liposomes for the delivery of chemotherapeutics [13]. For many
years, PAMAM dendrimers have been questioned for having no representative clinical
applications in the chemotherapy area [18]. One of the proposed strategies to convert
these dendrimers into successful drug delivery systems is the masking of the primary
amines (expressed as cationic charges) to avoid the strong capacity of binding to non-target
tissues and to avoid their eventual cytotoxicity in in vitro assays [19,20]. In contrast to
unconjugated dendrimers, surface-modified dendrimers show more favorable toxicolog-
ical and biopharmaceutical properties and, hence, are more suitable candidates as drug
delivery vectors [21,22]. In this regard, higher-generation dendrimers have apparently
been the most studied since they have improved the capacity of drug solubilization when
compared to lower-generation dendrimers, due to the larger void volume available for
drug encapsulation [23]. However, it is important to consider the strict pH conditions of
the solutions to achieve drug loading [24], which in all cases must have long-term stability
to maintain the drug–dendrimer complex and achieve drug delivery to the target. For
this reason, when Dox is encapsulated within a classic dendrimer structure, there is no
precise and reproducible control of the drug loading process, and it is accompanied by a
fast release of the therapeutic agent, and all these disadvantages prevent the therapeutic
applicability of this drug association method.

In this way, another option that can be used to control the therapeutic load in the
dendrimer structure is to associate the chemotherapeutic drug with the dendrimer surface
through a covalent linker; however, this strategy always depends on factors such as the
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stability of the selected linker [25], which can result in a very fast or very slow Dox release
to demonstrate a therapeutic advantage over the administration of free Dox.

As aforementioned, our research group focused on the design of a PAMAM G0 den-
drimer decorated with four βCD units in the periphery (PAMAM-βCD). This modification
allows the low-generation dendrimer to load guests in a controlled manner. In a previous
paper [26], we reported on the physicochemical properties of this dendrimer, which include
its outstanding aqueous solubility and the complete availability of βCD cavities if a suit-
able host is used. Furthermore, the in vitro behavior of an adamantane–hydrazone–Dox
(Ad-h-Dox) prodrug was studied as a powerful tool to control Dox release only with the
adequate pH stimuli [27–29]. Hence, in the present work, we assembled the PAMAM-βCD
dendrimer with the prodrug Ad-h-Dox in order to demonstrate that a low-generation
dendrimer can be effectively employed as a drug nanocarrier (Figure 1).
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Figure 1. Illustration of PAMAM-βCD/Ad-h-Dox assembly formation.

To demonstrate the usefulness of our design for encapsulation at the periphery of
a low-generation dendrimer, we studied the controlled delivery of Dox at different pH
values comparing the efficiency against a native βCD/Ad-h-Dox inclusion complex (IC).
Furthermore, to determine the efficacy of the proposal nanoplatform, we assayed its
in vitro cytotoxic activity for the nanocarrier alone and the PAMAM-βCD/Ad-h-Dox
supramolecular assembly in different carcinogenic cell lines in order to demonstrate the
advantages that this novel proposal of low-generation dendrimers can provide for the
design of drug delivery systems.

2. Materials and Methods
2.1. Materials

All reagents and solvents were purchased from Merck Sigma-Aldrich Mexico and used
as received, including an unmodified PAMAM G0 dendrimer, doxorubicin hydrochloride
(Dox·HCl) and βCD hydrate. The synthesis of the Ad-h-Dox prodrug and PAMAM-βCD
was carried out according to the methods previously published in the literature without
modifications [27–29]. The SpectrumTM Spectra/Por 6 pre-wetted standard RC dialysis
tubing (molecular cut-off of 2 kD) was purchased from Fisher Scientific-Mexico.

2.2. NMR Experiments

Deuterium oxide (D2O) with isotopic purity 99.9% was obtained from Cambridge
Isotope Laboratories, Inc., Mexico. No internal standard was added in order to exclude any
interactions with βCD, if any. 1H and 2D NOESY experiments were conducted at 298 K
on a Bruker Avance 500 MHz spectrophotometer. Chemical shifts are reported in ppm (δ).
Multiplicities are reported by using the following abbreviations: s = singlet; d = doublet;
t = triplet; br = broad and m = multiplet. 1H DOSY (Diffusion-Ordered SpectroscopY)
NMR experiments were performed using a stimulated echo sequence incorporating bipolar
gradient pulses. The gradient strength was linearly increased with 25 points from 25% up
to 95% of the maximum gradient strength.
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2.3. Job Plot Method

The Job plot method was carried out according to the previously reported methodology
with some modifications [26]. Two stock solutions, (Solution Host, Sol. H) of PAMAM-βCD
2.5 mmol/L in βCD cavities and (Solution Guest, Sol. G) of Ad-h-Dox 2.5 mmol/L, were
prepared in D2O. A series of nine samples in NMR tubes containing both PAMAM-βCD and
Ad-h-Dox with a total concentration ([Ad-h-Dox] + [PAMAM-βCD]) fixed at 2.5 mmol/L
were prepared. This was accomplished by introducing increasing portions of 50 µL up to
500 µL of Sol H in the adequate NMR tube, and then in the corresponding tube, decreasing
amounts were added starting from 500 µL up to 50 µL of Sol G. Thus, solutions with
constant volume at various βCD molar fractions (XCD = [PAMAM-βCD]/([PAMAM-βCD]
+ [Ad-h-Dox])) in a complete range (0.1 < r < 0.9) were obtained. The tubes were submitted
to 1H-NMR analysis, with D2O as the internal standard. The continuous variation in the
1H-NMR chemical shift change “∆δ × XCD” (∆δ taken for adamantyl H-γ, see Figure S1 in
Supplementary Information (SI), and for PAMAM-βCD/Ad-h-Dox assembled) was plotted
against “XCD”.

2.4. Formation of Inclusion Complexes (ICs) Between βCD and PAMAM-βCD with Ad-h-Dox
Prodrug

The formation of host–guest ICs between βCD and PAMAM-βCD with Ad-h-Dox was
conducted according to the procedures previously reported [29,30]. A MeOH solution of
Ad-h-Dox was added to the aqueous solution of PAMAM-βCD and βCD with adequate sto-
ichiometry under vigorous stirring. After 24 h in dark conditions, the resulting translucent
solution was filtered using a 0.45 µm membrane and lyophilized to give the corresponding
supramolecular assembly.

In order to corroborate IC formation, the physical mixture of Ad-h-Dox, βCD and the
PAMAM-βCD dendrimer was obtained by mixing the prodrug and hosts at an adequate
proportion in a ceramic mortar until the formation of a uniform mixture.

2.5. Characterization
2.5.1. Dynamic Light Scattering (DLS)

DLS experiments were carried out in water using a Zetasizer NanoS instrument at a
scattering angle of 173◦ with a viscosity value of 0.89 mPa.s at 25 ◦C and a refractive index
of 1.33. All samples for DLS were filtered through Milli-Q membrane filters (0.45 µm pore
size) prior to measurements. Quintuplicate measurements were performed for all samples
in a quartz cell. The experiments were analyzed in Zetasizer Software 7.13 version.

2.5.2. Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA)

DSC analyses were performed on a Universal V4.5A TA Instruments USA. A total of
5.00 ± 0.05 mg of each sample was placed in aluminum crimped pans. The heating rate
was 10 ◦C/min, going from 20 to 350 ◦C under nitrogen atmosphere (N2, 50.0 mL/min). A
TGA was conducted on a TGA Q5000 Instrument Modulated (New Castle, DE, USA) under
nitrogen atmosphere (N2, 10.0 mL/min) from 30 to 600 ◦C on a platinum pan.

2.5.3. Scanning Electron Microscopy (SEM)

The surface morphology of the PAMAM-βCD dendrimer, Ad-h-Dox prodrug, their
supramolecular ICs and the corresponding physical mixtures (PMs) was examined using
a scanning electron microscope (SEM; JSM-7600F, JEOL Ltd., Tokyo, Japan). The samples
were attached onto carbon tabs (double-sided adhesive tape) stuck to aluminum stumps.
Specimens were covered with gold (plasma deposition technique) for 45 s. Pictures were
taken at an excitation voltage of 15 kV.

2.6. In Vitro Release

The in vitro release of Dox from the assemblies PAMAM-βCD/Ad-h-Dox, βCD/Ad-h-
Dox and free Dox was evaluated using a dialysis technique using a Spectra/Por 6 TRUMP-
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LABS membrane in phosphate-buffered saline (PBS) at pH 7.4 and citrate buffer solutions
at pH = 4.5 and 3.5 as release media in order to simulate the cancerous microenvironment
(pH < 6) [27]. The system was stirred at 100 rpm at 37.0 ± 0.5 ◦C and 3 mL; aliquots were
taken at time intervals of 1, 3, 5, 7, 9, 12, 24, 48, 72, 90 and 110 h. After each withdrawal,
the medium was replaced with an equal volume of fresh release medium for analysis. The
content of Dox release was studied by UV-vis spectroscopy at λ = 480 nm. The release
profiles were repeated in triplicate, and the outcomes were the mean value of three samples.

2.7. Biological Procedures
2.7.1. Cell Culture

The human cancer cell lines MCF-7 and MDA-MB-231 (breast), HeLa (cervical adeno-
carcinoma), K-562 (myelogenous leukemia), SW-620 (colon adenocarcinoma) and SK-LU-1
(lung adenocarcinoma) were selected for cytotoxic activity studies and purchased from the
ATCC® (Manassas, VA, USA). Cell lines were grown in DMEM with 10 mM of non-essential
amino acids, supplemented with 10% heat-inactivated fetal bovine serum (BioWest, River-
side, MO, USA). These five adherent epithelial cell lines were maintained in proliferation
in a humidified atmosphere containing 5% CO2 at 37 ◦C.

2.7.2. Cytotoxicity Studies

To determine the cytotoxic activity of Dox, Ad-h-Dox, the PAMAM-βCD dendrimer
and all the supramolecular inclusion complexes in the selected cell lines, a tetrazolium
salt-based colorimetric assay was used. Each of these cell lines was seeded in a 96-well
plate at a density of 6.5 × 103 cells/well at a volume of 200 µL of medium. After 24 h, the
cells formed a monolayer, and 50 µL of medium was added with different concentrations
of Dox, Ad-h-Dox, the PAMAM-βCD dendrimer and the corresponding supramolecular
assembles according to the cell line. The treated cells were cultured in six wells by con-
centration, and the experiments were performed three times independently. Cell viability
was determined after 48 h by adding 10 µL of 2.5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT). Insoluble formazan, produced during an incubation
period of 2 h at 37 ◦C, was measured. The supernatant was removed, and the formazan
crystals were solubilized by adding 150 µL of DMSO. The absorbance of each well was
determined at 540 nm, using an Epoch Microplate reader (BioTek Instrumentals, Inc.,
Winooski, VT, USA). Absorbance was directly related to % cell viability, and control cells
without treatment were considered to have 100% viability. The half-maximal inhibitory
concentration (IC50) for each treatment as a cytotoxicity parameter was determined by
nonlinear curve fitting from a plot of concentration versus inhibition data using Origin 7.0
(OriginLab Corporation, Northampton, MA, USA).

3. Results and Discussion
3.1. Characterization of βCD/Ad-h-Dox as Positive Control for IC Formation

In order to carry out a correct follow-up that would allow us to demonstrate that the
formation of the supramolecular assembly between the PAMAM-βCD nanosystem and the
prodrug Ad-h-Dox was carried out with the four cavities of the βCD present on the surface
of the PAMAM dendrimer, a simple system was started by analysis, so the IC between βCD
and the Ad-h-Dox prodrug was characterized, and this supramolecular assembly was taken
as a positive control. In addition, this native system was previously reported on [29]. Figure
S2 in the SI shows the 1H-NMR spectrum where the signals of the aromatic protons b, a and
c of anthracycline residue are observed (between 7.5 and 7.0 ppm), and at 5.38 ppm, the
signal of the proton h of the residue that links anthracycline with daunosamine (dau) sugar
appears. Then, at 4.92 ppm, the anomeric proton H-1 of βCD and the aliphatic protons n, j,
l, k, d and g (between 5.5 and 2.6 ppm) of dau residue appear, followed by protons H-3 and
H-5 situated in the internal cavity of βCD (between 3.76 and 3.74 ppm) overlapped with
proton H-6 of the primary face of βCD at 3.74 ppm. Between 3.62 and 3.45 ppm, the protons
H-2 and H-4 of the same macrocycle appear. At up-field shift, the appearance of protons
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α–γ for the adamantane (Ad) ring (between 2.3 and 1.6 ppm) stands out. Thus, these α–γ
protons are precisely the ones that interact with the H-3 and H-5 protons located in the
internal βCD cavity to verify the self-assembly process. In fact, these signals overlapped
with the signals of the methylene groups i, e and f present in the native Dox structure. At
1.22 ppm, another important signal appears from the methyl group (d) present in the dau
residue of the Dox structure. To corroborate through-space interactions between the host
and guest, the 2D NOESY NMR spectrum (see Figure S3 in SI) of the IC βCD/Ad-h-Dox
was recorded, and we can observe that the protons of the Ad ring present in the Ad-h-Dox
structure interact in the space with protons H-3 and H-5 present in the internal cavity of
βCD, thus making the formation of the supramolecular assembly evident. Once this system
is identified, the most significant findings for the PAMAM-βCD/Ad-h-Dox nanocarrier
can be obtained and are detailed in the following sections.

3.1.1. Job Plot Method for Dendrimer PAMAM-βCD/Ad-h-Dox

To demonstrate the stoichiometry of IC formation between PAMAM-βCD and the Ad-
h-Dox prodrug, Job’s plot analyses were performed (see Figure 2). Based on our previous
experiences with 1H NMR characterization, we started by identifying the structures of
the PAMAM-βCD nanocarrier in D2O formed by the tumbling process (spectrum 1:0 in
Figure 2), previously described by our research group [26]. Furthermore, even in the
presence of inverted βCD cavities in the starting water solutions, it was possible to make
them available for the inclusion phenomena, thanks to a shift in the tumbling process
by using a strongly related guest [26], in our case, the Ad residue that is linked by the
hydrolysable hydrazone bond at acidic pH to the Dox structure.
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Figure 2. 1H-NMR titration experiment for PAMAM-βCD dendrimer with Ad-h-Dox prodrug. In this
figure, 8.2–5.5 ppm and 2.5–1.0 ppm regions are shown for mixtures of PAMAM-βCD and Ad-h-Dox
in D2O with decreasing molar fraction from top to bottom, expressed with respect to concentra-
tion in βCD cavities for PAMAM-βCD (XCD = [βCD]/([βCD] + [Ad-h-Dox]). Total concentration
[βCD] + [Ad-h-Dox] = 2.5 mM.

Thus, once the 0.5:0.5 molar ratio was reached, it was noticeable that the signal of
the triazole proton appears as a singlet at 7.94 ppm and that of the phenyl protons as
two doublets at 7.06 and 6.82 ppm. This was interpreted as the total disappearance of the
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reported tumbling form of βCD units and consequently the IC formation with the four
βCD cavities present on the PAMAM-βCD surface.

3.1.2. 1H-NMR and 2D NOESY Characterization of IC PAMAM-βCD/Ad-h-Dox

Based on the previous characterization for the positive control of the IC βCD/Ad-h-
Dox, we started with an adequate assignment for the PAMAM-βCD/Ad-h-Dox assembly
(see Figure 3a) in order to identify the signals of the nanocarrier and their guest Ad-h-Dox.
Thus, as described above, a single signal was observed at 7.94 ppm, corresponding to the
proton of the triazole ring (see Figure 3b), which demonstrates that these four rings are
equivalent, and all the βCD cavities present in the PAMAM-βCD nanocarrier form an IC
with the Ad-h-Dox prodrug.
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Figure 3. NMR characterization for nanocarrier PAMAM-βCD/Ad-h-Dox, (a) assignment for
PAMAM-βCD dendrimer and Ad-h-Dox prodrug assemblies, (b) 1H-NMR spectra of PAMAM-
βCD/Ad-h-Dox in D2O, (c) 2D NMR NOESY spectrum of IC PAMAM-βCD/Ad-h-Dox in D2O
(highlighted in blue is interaction between protons from Ad residues with inner cavity in βCD units
and in orange their intramolecular interactions), (d) amplification of aliphatic zones in NMR NOESY
spectrum for IC PAMAM-βCD/Ad-h-Dox.

In agreement with the analysis performed for the IC βCD/Ad-h-Dox, the signals of
aromatic protons b, a and c appear at 7.41–7.13 ppm for the anthracycline residue. Moreover,
to support the fact that the tumbling process completely disappeared after the IC formed
between βCD units and Ad-h-Dox prodrugs, the signals at 7.06 and 6.82 ppm belong
to para-substituted aromatic protons that are part of the PAMAM-βCD nanocarrier. At
6.01 ppm, it is possible to identify a broad signal of the proton of the hydrazone linker that
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is spatially outside the cavity of the βCD units [29]. The rest of the proton signals for βCD
units appear in the order described above with the addition of the signals corresponding to
the protons of the arms of the dendrimer. Finally, between 2.10 ppm and 1.68 ppm, the β, α,
γ classical signals of the Ad ring protons appear, which allow us to track the self-assembly
phenomenon with the βCD cavity. In this regard, in Figure 3c,d, the observed NOE
interactions confirm the assembly with the internal cavity of βCD through the interactions
of protons β, α and γ with the internal protons H-3 and H-5 of βCD.

It is worth mentioning that the orientation of IC formation between the Ad-h-Dox
prodrug with the βCD cavities in the nanocarrier is influenced exclusively by the Ad
residue [29–31], and there is no competition between the latter and the anthracycline ring.
This assumption can be confirmed by a careful analysis of the 2D NOESY spectrum in
Figure 3c, since no interactions of protons b, a or c with protons H-3 and H-5 of the inner
βCD cavity are observed, and only neighboring interactions between themselves can be
perceived (see part highlighted in orange in Figure 3c).

Additionally, 1H DOSY NMR is a powerful and versatile NMR method for the analysis
of supramolecular systems, including host–guest ICs which allow for the tracking of the
formation of a single host–guest system [32–35]. So, we started with the analysis for
nanocarrier PAMAM-βCD (see Figure S4 in SI), and in Table 1, their diffusion coefficient
values are presented compared to the diffusion coefficient of the previously reported
PAMAM-βCD/AdCOOH assembly [26], which shows a small change (0.5 10−10 m2/s) with
respect to the nanocarrier alone and under the premise that guest AdCOOH is completely
included in the βCD cavity [26].

Table 1. Diffusion coefficients in D2O for PAMAM-βCD nanocarrier, PAMAM-βCD/AdCOOH and
PAMAM-βCD/Ad-h-Dox supramolecular assemblies measured by 1H DOSY NMR technique.

Compounds
PAMAM-βCD PAMAM-βCD/Ad-COOH a PAMAM-βCD/Ad-h-Dox

D (10−10 m2/s) 1.3 1.8 2.8
a Data taken from Ref [26].

Then, for the PAMAM-βCD/Ad-h-Dox assembly, the diffusion coefficient was deter-
mined (see Table 1 and Figure S5 in SI), and this value reveals the formation of a single
host–guest system taken as a reference in previous studies for PAMAM-type nanoconju-
gates [36], so we can confirm that no unbound Ad-h-Dox molecules or other dendrimeric
structures (i.e., containing less than four complexed Ad-h-Dox molecules) were found in
the sample.

3.1.3. DLS Analysis

In previous research, it was described that one of the unique properties that character-
izes dendrimers is their nanometric size, a similarity that is shared with proteins [37,38].
Specifically, the PAMAM dendrimer family presents diverse sizes that depend on their
generation [39]. PAMAM dendrimers of large generations (G4–10) possess sizes between 4
and 14 nm, while small generations of dendrimers (G0–3) have a size smaller than 4 nm; for
this reason, the latest dendrimers are not of interest to be studied as drug carriers [40–42].
Additionally, it was reported that the external size of βCD is ~0.78 nm [43,44]. The particle
size distribution for the PAMAM–βCD dendrimer and the IC PAMAM-βCD/Ad-h-Dox is
presented in Figure 4.
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The results show that for the PAMAM–βCD dendrimer, an average particle size of 3.6
± 1.1 nm is obtained (Figure 4a) with a polydispersity index (PDI) of 0.07, which is close
in size to the PAMAM G3 but with the advantage that this new platform does have the
capacity to encapsulate drugs even if it is a low-generation dendrimer. Additionally, the
amine groups were removed from the periphery of the dendrimer because of their cellular
toxicity [45]. Then, when the IC PAMAM-βCD/Ad-h-Dox was evaluated, an average
particle size of 173.5 ± 44.0 nm (Figure 4b) and PDI of 0.325 were obtained. These results
stand out from those obtained for the uncharged dendrimer, since this supramolecular
assembly presents a larger particle size due to the presence of four prodrug molecules
included in the βCD cavities. So, this difference in the particle size can be explained in
function of the orientation in which the prodrug is assembled on the surface of the PAMAM-
βCD dendrimer since the Ad ring completely enters the βCD cavity, causing residual Dox
molecules to orient themselves towards the outside, producing a significant increase in
the hydrodynamic diameter of the IC PAMAM-βCD/Ad-h-Dox [29]. Furthermore, the
increase in the PDI value for the IC PAMAM-βCD/Ad-h-Dox could be related to the
conformation adopted for the anthracycline rings of the Dox structure, which promote π-π
stacking interactions between them, favoring the formation of aggregates that result in a
significative increase in particle size for this supramolecular assembly [29].

3.1.4. DSC and TGA

As a guest molecule is embedded into βCD cavities, a change is observed in the melt-
ing, dehydration and degradation temperatures, or they simply disappear [46]. Therefore,
in the DSC curves (Figure 5a), an endothermic peak centered at 90 ◦C is observed for the
three species, the Ad-h-Dox prodrug, PAMAM-βCD and PM PAMAM-βCD/Ad-h-Dox,
which corresponds to moisture loss. Meanwhile, for the IC PAMAM-βCD/Ad-h-Dox, an
endothermic peak centered at 80 ◦C for moisture loss is observed, which can be related to
the loss of water molecules that surround the IC PAMAM-βCD/Ad-h-Dox which are not
located in the βCD cavity. Regarding the Ad-h-Dox prodrug, an exothermic peak centered
at 180 ◦C is observed, as a result of its crystallization. Moreover, an endothermic peak is
observed at 230 ◦C that belongs to the melting point; the same transition temperatures are
conserved for the PM PAMAM-βCD/Ad-h-Dox. For the PAMAM-βCD platform, another
thermal transition is not observed at the maximum evaluation temperature (300 ◦C). Finally,
in the IC PAMAM-βCD/Ad-h-Dox, an endothermic peak appears at 260 ◦C, corresponding
to thermal degradation, which does not coincide with the degradation temperatures of the
individual entities or their physical mixture.
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PAMAM-βCD/Ad-h-Dox and IC PAMAM-βCD/Ad-h-Dox.

In the TGA curves (Figure 5b), a 6% weight loss is observed for the Ad-h-Dox prodrug
between 50 and 175 ◦C which corresponds to the loss of water. Then, the second stage
goes from 175 to 320 ◦C, and a major weight loss can be observed which corresponds to
the decomposition of this prodrug. For the PAMAM-βCD platform, a 10% weight loss is
perceived between 50 and 295 ◦C, and a significant weight loss of 47% is observed between
295 and 340 ◦C which corresponds to the pyrolysis process of this platform. For the PM
PAMAM-βCD/Ad-h-Dox, the same weight losses are maintained as those in the individual
entities. Finally, for the IC PAMAM-βCD/Ad-h-Dox, a weight loss of 4% is observed
between 50 and 160 ◦C which could be due to the loss of water and light volatile compounds.
Subsequently, the IC PAMAM-βCD/Ad-h-Dox exhibits a 58% weight loss between 160
and 350 ◦C due to the decomposition and finally shows a continuous decomposition at a
very slow rate after 350 ◦C. These results reinforce that the IC PAMAM/Ad-h-Dox was
adequately prepared.

3.1.5. SEM Analysis

For the SEM characterization, we started with the morphological analysis for the
βCD/Ad-h-Dox assembly, and it was considered as a positive control to confirm the
obtention of the PAMAM-βCD/Ad-h-Dox nanocarrier (see Figure S6 in SI). Then, in
the same way, we analyzed the morphological changes presented by the solid form of
the IC PAMAM-βCD/Ad-h-Dox and compared them with the characteristics of all the
components used for the construction of this nanocarrier as follows: Ad-h-Dox (I), the
PAMAM-βCD dendrimer (II), the PM (III) and the IC PAMAM-βCD/Ad-h-Dox (IV) (see
Figure 6).

Firstly, the Ad-h-Dox prodrug (I) presents particles of rather irregular shape and size,
which are typical of a non-crystalline solid, whereas the PAMAM-βCD dendrimer (II) is
present in an amorphous state. The PAMAM-βCD/Ad-h-Dox (IV) assembly shows several
globular morphologies that do not present their individual components, which corroborate
the IC formation between the Ad-h-Dox prodrug with the internal βCD cavities [47].
Unlikely, the PM (III) presented Ad-h-Dox particles surrounding PAMAM-βCD dendrimer
particles, which demonstrate the absence of any morphology related to IC formation. The
different morphological constructions observed for the pure Ad-h-Dox prodrug, native
PAMAM-βCD dendrimer and their IC confirmed that Ad-h-Dox is assembled into a βCD
cavity. These observations confirmed the successful preparation of the PAMAM-βCD/Ad-
h-Dox IC. Regarding the determination of particle size through SEM photographs, we
found a distribution ≥ 200 nm. This increase in size is due to the big cluster aggregation
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between particles in the solid state, and this does not represent the real size of the individual
PAMAM-βCD/Ad-h-Dox conjugates.
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Figure 6. SEM photographs of (I) Ad-h-Dox, (II) PAMAM-βCD dendrimer, (III) PM of Ad-h-Dox
and PAMAM-βCD dendrimer (1:1 molar ratio) and (IV) Ad-h-Dox/PAMAM-βCD IC.

3.1.6. In Vitro Release Study

Release profiles for pure Dox (pH 7.4), Dox from βCD/Ad-h-Dox and the PAMAM-
βCD/Ad-h-Dox nanocarrier at pH = 4.5 and 3.5 are shown in Figure 7.
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nanocarrier in buffer solution (pH 3.5, 4.5 and 7.4) and pure Dox in pH = 7.4 at 37 ◦C during 110 h.
(Mean ± SD; n = 3).

The results show the observed behavior for each studied species by taking the free
Dox as reference (graph in red), where it is noticeable that at pH = 7.4, the drug by itself
diffuses rapidly without any type of control within 5 h. Then, in order to highlight the
PAMAM-βCD/Ad-h-Dox nanocarrier design, the release profile for the native βCD/Ad-h-
Dox assembly was analyzed, and in Figure 7, it is possible to distinguish that the release of
Dox from this assembly is pH-dependent, and after a burst release during the first 10 h, the
system reaches 80% at pH = 3.5 and 73% at pH = 4.5 of Dox release at 24 h (green and purple
lines in the graph, respectively). After this time, a moderate release of Dox is observed,
reaching 90% and 85% of drug release at 72 h at those same pH values. This behavior can
be attributed to the fact that the hydrazone bond cleavable at acidic pH, when assembled
in the internal cavity of βCD, is exposed to hydrolysis without any steric hindrance.
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Additionally, the PAMAM-βCD/Ad-h-Dox nanocarrier maintains a pH-dependent
release and shows a controlled and prolonged release of Dox. For this nanocarrier, an
initial burst release is not observed, and up to 24 h, the system only releases 45% of drugs
loaded at pH = 3.5 (graph blue) and 33% (graph orange) at pH = 4.5, in addition to 75% and
60% at 72 h at the aforementioned pH values. In this way, the PAMAM-βCD/Ad-h-Dox
nanocarrier shows a controlled and prolonged Dox release, which indicates a great advance,
since the Dox concentrations remain in an adequate range for more than 72 h. For this
reason, we decided to explore the Dox release profile up to 110 h to verify that this trend
observed in the initial times is preserved. This release profile behavior for the PAMAM-
βCD/Ad-h-Dox nanocarrier can be attributed to the fact that in this design, the assembly is
formed between the adamantane ring of the Ad-h-Dox prodrug and the βCD inner cavity,
while outside the latter macrocycle and on the surface of the PAMAM-βCD dendrimer,
the four anthracycline rings of the Dox structure are located which are sterically hindered,
which would explain the absence of burst release. In addition, one of the hydrazone
bonds cleavable at acidic pH probably becomes conformationally available for hydrolysis;
thus, once a prodrug entity is cleaved, the other three become spatially more available
for hydrolysis, and this adopted spatial distribution can explain the control in the release
of Dox from the PAMAM-βCD/Ad-h-Dox nanocarrier. These results demonstrate that
the PAMAM-βCD/Ad-h-Dox nanocarrier is a promising candidate as a controlled release
system of Dox for cancer treatment.

3.1.7. Cytotoxic Evaluation

As part of a systematic evaluation of the PAMAM-βCD/Ad-h-Dox nanocarrier, the
in vitro cytotoxic activity was determined in a representative panel of cancer cell lines that
are treated with Dox in the clinical field; the results are shown in Table 2. The obtained
data are transcendental since they confirm the correct design of this novel Dox delivery
system. Firstly, the nanocarrier PAMAM-βCD alone was evaluated, and it was found
that it does not present cytotoxicity in any of the tested cell lines. In addition, the IC
PAMAM-βCD/Ad-COOH was evaluated as a hydrolysis product that is formed after the
delivery of Dox, with the aim of demonstrating that it is only when Dox is loaded in the
nanosystem that it produces the expected biological effect, and neither the carrier nor its
hydrolysis product contributes to cytotoxicity.

Table 2. Values of IC50 (µM) of molecules and their supramolecular assemblies evaluated a.

Cell line
Molecule HeLa K-562 SK-LU-1 SW-620 MCF-7 MDA-MB-231

PAMAM-βCD ND ND ND ND ND ND
PAMAM-βCD/Ad-COOH ND ND ND ND ND ND

Ad-h-Dox 3.7 ± 0.5 17.3 ± 0.8 4.1 ± 0.5 10.3 ± 0.2 4.2 ± 0.7 6.7 ± 1.4
βCD/Ad-h-Dox 1.5 ± 0.6 3.8 ± 1.5 2.6 ± 1.5 2.6 ± 1.0 1.9 ± 0.4 4.2 ± 0.9

PAMAM-βCD/Ad-h-Dox 0.33 ± 0.04 1.0 ± 0.1 0.6 ± 0.1 1.0 ± 0.2 0.31 ± 0.02 1.3 ± 0.4
Dox 0.19 ± 0.02 2.4 ± 0.4 0.24 ± 0.04 0.44 ± 0.04 0.20 ± 0.03 0.5 ± 0.2

a Data represent mean ± SD (n = 3). ND: not determined for concentrations used.

Consequently, as shown in Table 2, the PAMAM-βCD/AdCOOH assembly also does
not present any cytotoxicity. Thus, when the Ad-h-Dox prodrug was tested, it showed
moderate biological activity in all the analyzed cancer cell lines (see Table 2, entry 3). So, we
decided to determine the cytotoxicity for the βCD/Ad-h-Dox supramolecular assembly (see
entry 4 in Table 2), and it was found that the level of cytotoxic activity doubled (represented
as a lower IC50 value), and even in the colorectal cancer cell line (SW-620), the cytotoxic
activity level was four times higher for the βCD/Ad-h-Dox assembly. These first results
demonstrate the importance of the Ad-h-Dox prodrug being loaded onto an appropriate
carrier to show an improvement in cytotoxic activity. Finally, the IC50 values presented by
the PAMAM-βCD/Ad-h-Dox nanocarrier are comparable to those presented by free Dox
in practically all cell lines tested and particularly in breast cancer cell lines. These results
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are encouraging for the potential application of the PAMAM-βCD/Ad-h-Dox nanocarrier,
since we can be assured with the certainty of quantitative evidence that this nanocarrier
will present cytotoxic effects only when it has a loaded therapeutic agent. In addition, this
design not only preserves the cytotoxic activity of Dox but also improves control in the
load and delivery of the drug.

4. Conclusions

The structure of a novel PAMAM-βCD/Ad-h-Dox nanocarrier was characterized and
confirmed by the 1H-NMR, 2D NMR NOESY, DLS, DSC, TGA and SEM techniques. It
was demonstrated by 1H-NMR titration studies that the PAMAM-βCD nanocarrier can
transport up to four units of Ad-h-Dox prodrugs. The cytotoxic activity results demonstrate
that the nanocarrier alone and its hydrolysis product are innocuous compared to the
PAMAM-βCD/Ad-h-Dox nanocarrier that showed cytotoxicity equivalent to that of free
Dox in the tested cancer cell lines. The in vitro drug release assays for the PAMAM-
βCD/Ad-h-Dox system showed an acidic pH-dependent behavior and a prolonged profile
of up to more than 72 h, making this design a controlled and prolonged Dox release system
for potential use in cancer treatment.
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inclusion complex
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