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Abstract: The design of efficient drug-delivery vehicles remains a big challenge in materials science.
Herein, we describe a novel class of amphiphilic hybrid dendrimers that consist of a poly(amidoamine)
(PAMAM) dendritic core functionalized with bisMPA dendrons bearing cholesterol and coumarin
moieties. Their self-assembly behavior both in bulk and in water was investigated. All dendrimers
exhibited smectic A or hexagonal columnar liquid crystal organizations, depending on the generation
of the dendrimer. In water, these dendrimers self-assembled to form stable spherical micelles that
could encapsulate Nile Red, a hydrophobic model compound. The cell viability in vitro of the micelles
was studied in HeLa cell line, and proved to be non-toxic up to 72 h of incubation. Therefore,
these spherical micelles allow the encapsulation of hydrophobic molecules, and at the same time
provided fluorescent traceability due to the presence of coumarin units in their chemical structure,
demonstrating the potential of these dendrimers as nanocarriers for drug-delivery applications.
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1. Introduction

The preparation of polymeric drug nanocarriers is a stimulating topic of research in chemistry,
biology and materials science [1-3]. In aqueous media, amphiphilic block copolymers self-assemble to
minimize energetically unfavorable hydrophobic—water interactions, resulting in a variety of polymeric
nanostructures, such as micelles or vesicles [4,5]. Formation of these various morphologies, as well as
their size, has been demonstrated to be highly dependent on the composition, molecular geometry,
and relative block lengths of the amphiphile. Spherical micelles typically exhibit core-shell architectures
in which the hydrophilic shell enables water solubility, whereas the hydrophobic core provides an
ideal environment for the encapsulation of hydrophobic molecules. Therefore, polymeric micelles
constitute promising instruments to solubilize hydrophobic drugs and release the drug payload at its
therapeutic target, while minimizing side effects to healthy tissues [6-8].

Dendrimers are ideal candidates for biomedical applications due to their flawless macromolecular
structure and exact number of functional groups. For this reason, dendritic amphiphiles have been
thoroughly investigated due to their ability to form well-defined nanostructures in water [9-14].
Amphiphilic Janus dendrimers have demonstrated facile self-assembly in aqueous media to form
stable polymeric nanocarriers [15]. These systems are generally prepared by coupling two antagonistic

Polymers 2020, 12, 2872; d0i:10.3390/polym12122872 www.mdpi.com/journal/polymers


http://www.mdpi.com/journal/polymers
http://www.mdpi.com
https://orcid.org/0000-0002-8932-9085
https://orcid.org/0000-0003-0063-9456
https://orcid.org/0000-0003-3109-4284
https://orcid.org/0000-0003-1378-0571
https://orcid.org/0000-0001-7056-3181
http://dx.doi.org/10.3390/polym12122872
http://www.mdpi.com/journal/polymers
https://www.mdpi.com/2073-4360/12/12/2872?type=check_update&version=3

Polymers 2020, 12, 2872 20of 11
Polymers 2020, 12, x FOR PEER REVIEW 20f11

peapaies, b ydrgphidiaperhataartiydeapdrabingne hidripidizcpaotingdonh vésoribetia seidedof
Jestendenduingetruthaesetftasbentelécs iof Wates doddomletetieapselliateswavibtel Hyidwopdobid doigs,
wepsinlg theivwratdrpdlobilichivithogd, danrpasinisthgitheitthelpdilityastishityul domibr ddtesimgtielis
thethprdematiniappieach codsistsativelyy draypthebicodendiitismoreasth rcormiktd by anhyydopplobic
sheeltiritil ddreseiampirigbilioydendryoerp kélicadsenflg]imMhede ngephiphilg-ulendoienuts solicatkentibié
anviaset hpedwoptinbiwdiugdenndapatentiddly the indennidice dintroptibbitud tagheindnpalieditatistdre
feaebrdll zund Jinto cells due to their small diameters (ca. 5-20 nm).

Although most of tihese aguenissaasseenbbidssweereobbtind d rimnraalelend etetdtiiticysystesn i
Hrhddl dbeansisiclend dlthatlibe feegeentyytiinrecoonsumiigg symttiuttic procedunes might reduce their
practiicall féesiiblilityniconvntied] ddug raleareledbercforaeforeffeti vef fpgpiva chprebidin el bbsaembidl
systenided systembakesradaatdhge ad varprramolesunainoieciterachionis terdutictionel fre ctémabditie
deredritithiresntiexhiswogtexty veparted pordpartgehiphitiapglli{phildopolirentRAdviA e )dEhalMiz g
Hearingnadiphatiarihgink phattkelfrassesniblet! sel frmtsargbhedatingyntice fes d ravielip erivelber dpheetinf 6}
Hanas plserelefi@hitrateslaibo tdbererisinit et tichi thexsefiomie d codnptexesforitie DdoAngricken aapbuilired
pliti depajpsudabad phipldelpisirg migyldfpHdbie eivery (20T Hgwieliareny dyatessliwlylsgsteansphiipthdde
demphipieiticldelettithe ncallaciteld thatundioflbile fetrtuteoéahiliitro traceability.

In tHeeppasssenty ovlrky ehevhpreparedqrety ipetiameariocanieos tinivrw ¢hed esigree dl éoigeridt ras cabie
thaoeeblerflugresgnagebtpsarmy to targy adaggechigolsdhhdboplasiigsdriigds Thiasaasaugolishlishbst
brepaepagity owarfalidsied eiaptphiplidibylytid d ceddirraes S foomHydtogptilic PAMMAM dendrimer
(Scheme 1). PAMAM was surrounded by a hydrophobic bisMPA first generation dendron bearing
cholesterell (({Bhprehdoemariari@o(( ongietiose tidsol Heleb teasichasenciusdo ithdey dojphdbjdebptachér
ahavattarsitsvelandienbsedttantseibhserapby pes pézfien il wchitn avimmvaainselas tedettephtovpdevibe
desirddsfhedrefcametmeiahilatedbhiéry foih dtANMA VAN M et Cotiv edcrdvsist e iovmsidenciriioeis
chsnudtiingefro resihitisigpftamotberdapfanatievalizafion thd kAl bAivh gen ratiicnsnger{ttatdothearing 4o &,
[be3Ping 448et6)Bbg tditpsininhbgras BAMANBas RA VKN dendCh€oucderal fianartheoonw dtent
thactvoaddiza fiomctibtiadisetood einidh é¢xeddngenarh fiour tAJdridvh HondtAdd Ak aeng ritner (deterimgnibd
groéipserasipedtiyelyips, Hespirtivel yppbliir¢heirmsy nipesis, tHeérnaph ihwesper tiesyrand proppiiids gicad
aggrppaliogi shdg drewatienos tindyei ampiép il ithdse dritphipHilicd ¢hehd dens Siners tivese desigriedeas
padsendesiglted asrrietpntbeic diwgozacitiyrs) theirasywathxdsitlyeinabitity te emellpanliheNidbiRiey ao
bydapphlaticNitegRed delhy dioplsolsindiedy fiodHymwhbeetrdsoattilitieth Fitralbyatheotrateataiitt) for bitth
ionscamcbboratedtBAMAModéndridnersalent PAMAM dendrimers.

1) CDI, THF
PAMAM—éNH
pAMAM—éNH/ \F ultrasounds

MW %MW

PAMAM N )/\/\/\/\/\/ PAMAM--NH 290
m M\/\/\/O@O
PAMAMNR-cov-ChCou PAMAMN-ChCou
(n =16 or 64) (n=4,8, 16, 32, or 64)

Scheme 1. Covalent (1eft) and isnie (right) functionalization of BAMAM dendrimer with a hybrid
BisMPBA dendnom raning ARSI A CUURAHMRRIRESS.



Polymers 2020, 12, 2872 3of11

2. Résultgoan d?Digor SSERREVIEW 3of11
2. 2. Resiidsiand A kawsslemzation of Dendrimers

2 1@%%8%@%&&%&5@%}3&1}&%}% dendron (Ac—ChCou) was carried out following a
prev1ously reported method [21]. Ionic dendrimers (PAMAMn—ChCou) were synthes1zed by mixing

a tetrahy&rgf Para(ﬁfﬁlﬂ Iilﬁtfgrrlbof( XIC éflé iR, WGhe Y }‘{%acs:og%glﬁgn fl 9 eonvglra%lon of
g}ﬁx %or ed meth o 21 c den rlmers PAM C Cou werelﬂnt esmid m1x1n
th M;K n @_eﬂ: Cll}l nece%arg nc alize a ina me ps
tu n | [—gl

tetr ran SO ut1 0}.1 wit e COrT: 8\91 ing genera
erig% é r was u trasRnlcat or was 0 Vlé orate at room
A chigmetry necessary to unct1onahze all termina

I&%ﬁrafurﬁ R it S o e e
Fopries dFansformdnirasd (e iRk andausieas magnsic, %@f@ﬂé&?ﬁéﬂ%%@iﬁ A AR EHsiD the
forrgatiep ofderisintarackiongreky san RAMAYLISRATIMSISARARERE®H are consistent with

thelfa¢m £Q¥A sNbnANAlegRednd PANANMReRM hGRMImaresad Adtheeiggd by coupling  of
carbonylehinislageh ChHMagkiva tecbgavbaNIhicaeidion) ofeChzomavithdtensyinabapling grups
of thebemyrspondingl gommaiioty ofe- BAMAMI{Schaing dhpldfeAcIUhepactrathanfinmned dhedfopmatien of
thetthatentedpouldingegendratiorepf EsbMA M Sotaampel ). tHec TR sjpectra ofriica(el Cloerfd2ANMAM16,
andf the covadspiodethidiiraors lena deprdsimtetineceshowie ith&igiliRespeatin ohd StpipleandidviAMAterial.
In aihe thsearienp oAV NEE-dondCiiCoaretblobanidsF igut e 3 aindthieo88 pleneatargdfetedialg to
thdndhig snectoim AnPANANHencew-EhCombboiandert Biflipnefl K- ahCsarrwaentiptatediBy a
baflinsticdeeresnd Her fRyhef stﬁ%t%i{ﬁ{g‘ﬁfctﬁ@daﬁff&é’c%fr%ng;f‘gfﬁh]ﬁ@eﬁﬁﬂlﬁé?debYd%H@é@cﬁt the
forBHHOR of thdLtRmtkistding piotie anvisle SBERRANNY ulPT ﬁm‘iaeg)ﬁev Ifélqaﬁ?rma%géme
of fieceNalent e ?\ﬁqmaﬂf w3sohtsin 8@?@ Wﬁ;@ﬁ Nﬁ%ﬂ(ﬁla Th%aéﬁen 0 B GHr the
apgearzgnce of t%le %@f I&Ha nﬁkzl% H 1) BRd ﬁﬁ?ﬂ—i alﬁﬁwmear%nce OéZt zpm)
sttt s ERL TG o %&fm‘f}alamniﬁ%lﬁé A

N SReSHar éré‘r%%)e“g%’o& ¢ FIUCSH TN W?ﬁ PERES H?/eca 285 ncr%&’ s ﬁrgn &f'o %gé’iédo‘lp

sighal gt theagid (Ge) 8 e %g&%%n%é%ecg% agaé%%sﬁfoarﬁ%%ogln%@ nyi idgccarbonyl
grqupsg é%rﬁ)‘( ]B}?m) (Figure 1b).
(A
m::»?ﬁ
(a) 3
NH
[l JV\
c F g pp
i NH ¢ 9 1 o B.n
CE F B S
1 H 9 1

T T T 1
180 170 160  ppm

Figiigare. 1(aja) FHNWR aaret] () '3C NMIR sypeeat tpaiin(TRG] 922 25€ Gfofi) (A ACKCh G ofi) (ii)vadarlent
dedelrdrioreP RMUNM$4co0uCHCnuand (i) PAMAMGA.



Polymers 2020, 12, 2872 40f 11

Complete functionalization of PAMAMn-cov-ChCou was also confirmed by size-exclusion
chromatography (SEC) and MALDI-TOF mass spectrometry (MS). Effective functionalization of the
PAMAM dendrimers with Ac-ChCou was assessed by SEC traces based on monomodal and narrow
molar mass distributions as well as the shift of the molecular weight distribution peak towards
lower retention times, which indicated PAMAMn-cov—ChCou formation (Figure S1b). MALDI-TOF
mass spectrum of PAMAM16-cov—ChCou revealed the presence of an intense peak at 18,167.1
corresponding to the fully functionalized dendrimer (Figure S1c). The rest of the peaks are associated
with statistical defects present in original PAMAM16 dendrimer [22,23]. On the other hand, the high
molecular weight of PAMAM64-cov—-ChCou (Exact Mass: 73,815.6) precluded its measurement by
MALDI-TOF MS. This behavior has previously been observed in other covalent dendrimers with high
molecular weight [24].

2.2. Synthesis and Characterization of Dendrimers

The thermal stability and liquid crystalline properties of Ac~ChCou and ionic dendrimers
(PAMAMn—-ChCou) were previously reported [21]. For comparative purposes, we include the most
relevant data in Table 1. The thermal stability of covalent dendrimers (PAMAMn-cov—ChCou) was
studied by thermogravimetric analysis (TGA). All the samples showed good thermal stability and in
all cases the 5% weight loss temperature (T5¢,) was detected at temperatures more than 100 °C above
the isotropization point (Table 1).

Table 1. Thermal properties and structural parameters.

o Phase 2 XRD
Tso, * CO) Transitions P dobs © (A) hlid Parameters
PAMAM16-cov-ChCou 244 g25SmA 71¢1 46.5 100 d=468A
235 200
4.5 (br)
PAMAM16-ChCou f 209 g21SmA 63°¢1 46.2 100 d=462A
23.1 200
4.5 (br)
PAMAMG64-cov-ChCou 217 g35Col}, 87°1 53.3 100 a=615A
30.8 110
4.5 (br)
PAMAMG64-ChCou f 198 g29 Coly, 81°1 493 100 a=567 A
28.2 110
4.5 (br)

2 Temperature (°C) at which 5% mass lost is detected in the thermogravimetric curve. b differential scanning
calorimetry (DSC) data of the second heating process at a rate of 10 °C/min. g: glass, SmA: smectic A mesophase,
Coly: hexagonal columnar mesophase, I: isotropic liquid. © d value calculated according to Bragg’s equation. ¢ Miller
indices. © polarized optical microscopy (POM) data. f Data from Reference [21].

Thermal transitions and thermotropic liquid crystal properties were studied by polarized optical
microscopy (POM) and differential scanning calorimetry (DSC). The most relevant data are gathered
in Table 1. Both PAMAM16-cov—ChCou and PAMAM64-cov-ChCou displayed enantiotropic liquid
crystal phases, showing birefringent textures by POM (Figure 2). DSC traces showed only a glass
transition freezing the mesomorphic order at room temperature. The mesophase-to-isotropic temperatures
were taken from POM observations because transition peaks were not detected by DSC.
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2.5. Cytotoxicity and Celullar Uptake of the Self-Assemblies

One essential requirement for these self-assemblies to be used as nanocarriers for biomedical
purposes is biocompatibility. To evaluate the cytotoxicity of the micellar self-assemblies, cell viability
studies were performed using the HeLa cell line from human cervix cancer. After incubating cells
with dendrimers self-assemblies for 24 and 72 h, cell viability was analyzed by the Alamar Blue assay.
Briefly, resazurin molecules (blue color) are reduced to resorufin (red color) upon entering living cells.
Then, the amount of reduced Alamar Blue active component is directly proportional to the number of
metabolically active cells in the culture, which can be spectrophotometrically quantified. In general,
high viability values above 90% were obtained for all the dendrimers tested up to 72 h of cell incubation
in the presence of increasing concentrations of the self-assemblies from 0.05 to 0.75 mg/mL (Figure 6).
However, in the case of PAMAM64-ChCou, the ionic assembly of the highest generation, a cytotoxic
effect begins to appear after 72 h of incubation at the highest concentration observing a viability decay
of up to 70%.

Figure 6. Cell viability in HeLa cell line of: (a) PAMAMB32-ChCou, (b) PAMAMG64-ChCou,
(c) PAMAM16—cov—ChCou and (d) PAMAMG64-cov—ChCou self-assemblies at increasing concentrations
after 24 h (blue bars) and 72 h (red bars) incubation times.

To evaluate the potential cellular internalization capabilities of ionic and covalent dendrimers,
PAMAM32-ChCou and PAMAM16-cov-ChCou were chosen as representative examples of each
synthetic strategy because of their similarities in size and their high viability exhibited. Different
non-toxic concentrations of the dendrimers, i.e., 0.25, 0.50 and 0.75 mg/mL, were incubated with cells
for 4 h at 37 °C and those preparations were later visualized by confocal laser scanning microscopy:.
Staining of nuclei and actin filaments allowed to recognize cellular morphologies at microscope,
and together with the coumarin signal, it was possible to determine the dendrimer location with
respect to the cells in culture. It must be noted that in the corresponding controls DRAQ5 seems to
be entrapped by dendrimers aside from staining nuclei and thus, coumarin signal turns from blue to
purple when channels overlap in the merged images. As no differences were observed among the
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tested concentrations, images of 0.50 mg/mL of dendrimers are shown as representative examples
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