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Reactive oxygen species (ROS) play a critical role in different human pathophysiological processes. ROS,

together with nitrogen reactive species, generated as by-products of cellular metabolism or external

factors, affects intracellular redox homeostasis. Redox-active groups found in proteins and other

compounds such as polyphenols are involved in maintaining intracellular redox homeostasis. In this

work, a new family of heterofunctional first-generation carbosilane dendrons functionalised with
different polyphenols at the focal point and dimethylammonium groups at the periphery has been
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obtained through two synthetic strategies: reductive amination and straightforward amidation reaction.

Their antioxidant activity has been evaluated through two spectrophotometric methods: ferric reducing
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1. Introduction

The presence of reactive oxygen species (ROS) is a consequence
of cellular metabolism and external factors such as exposure to
ionising radiation, tobacco smoke or hyperoxia, among others,
which increase the levels of these reactive species in our
organism. Increasement of intracellular ROS levels due to the
imbalance between ROS generation and antioxidant defence
systems results in the damage of different biomolecules such as
lipids, proteins or DNA. Diseases of notable morbidity and
mortality (atherosclerosis, cancer, central nervous system
diseases, autoimmune diseases, ischaemia-reperfusion injury)
appear to be associated with this redox imbalance.”” On the
other hand, many chemotherapeutic agents currently used in
the fight against cancer raise intracellular ROS levels producing
severe side effects in healthy cells.?

Among all antioxidants reported in the literature, poly-
phenols exhibit unique properties. Structurally, phenolic
compounds cover from simple molecules like phenolic acids to
more complex polymerised compounds.* All of them present

“Universidad de Alcald, Department of Organic and Inorganic Chemistry, Research
Institute in Chemistry “Andrés M. del Rio” (IQAR), Instituto de investigacion
sanitaria Ramon y Cajal (IRyCIS), 28871 Alcala de Henares, Madrid, Spain. E-mail:
paula.ortega@uah.es; Javier.delamata@uah.es

’Networking Research Center on Bioengineering, Biomaterials and Nanomedicine
(CIBER-BBN), Spain and Institute “Ramon y Cajal” for Health Research (IRYCIS),
Spain

“University of Alcala. Department of Biology of Systems, Biochemistry and Molecular
Biology Unit, Madrid, Spain

available. See DOIL

T Electronic  supplementary  information

10.1039/d1ra08224h

(ES)

10280 | RSC Adv, 2022, 12, 10280-10288

antioxidant power (FRAP) assay and 2,2’-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay to
establish a correlation between the number of hydroxyl groups and the antioxidant activity.

aromatic rings with one or more hydroxyl groups in their
structure and can exert their antioxidant activity not only as
“scavengers” of free radicals by hydrogen atom or electron
transfer as a direct mechanism?® but also as indirect activators of
antioxidant enzymes.® In addition to polyphenols of natural
source, it is also possible in the literature to find polyphenolic
systems that have been chemically modified to exhibit radical
chain trapping activity.”*®

However, their low stability, poor solubility and reduced
bioavailability are some of their most significant shortcom-
ings."* To overcome this drawback, nanomedicine arises as
a promising alternative capable of slowing down the drug
metabolism and improving their bioavailability by increasing
their half-life.'> Among all nanocarriers, dendritic systems are
cutting-edge platforms with high structural precision, multiva-
lence, monodispersity, and high surface area. Several strategies
for the functionalisation of dendritic structures with poly-
phenols through hydrophobic/hydrophilic interactions or
covalent bonds have been reported showing engaging antioxi-
dant activities.”**” However, not only the functional groups but
also the nature of the dendritic scaffold plays a crucial role in
their biological activity."® Carbosilane dendrimers present C-C
and C-Si bonds providing a hydrophobic structure and
enhancing their interaction with biological membranes.’>*
Our research group has demonstrated that the inclusion of
different polyphenols in a carbosilane dendritic platform
retains or even increases these polyphenols' antioxidant prop-
erties. Besides, these systems present anticancer activity against
advanced prostate cancer cell line PC-3 when the polyphenol is
vanillin®* and a bacteriostatic effect at concentrations that lack
toxicity in the human skin fibroblast cell line HFF-1 when
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including gallic, ferulic or caffeic moieties.** However, the car-
bosilane skeleton's lipophilicity decreases the solubility in an
aqueous medium, limiting their therapeutic action in other
fields. To overcome these drawbacks, dendritic wedges enable
the design of heterofunctional systems in a controlled process
that increases the bioavailability of polyphenols located at the
focal point through the functionalisation of the dendritic
periphery with ionic groups. However, according to our
knowledge, no examples about the use of polyphenolic den-
drons in biomedicine have been described.

2. Materials and methods

2.1. Synthesis and characterisation of polyphenolic
dendrons

General conditions: all chemical reactions were carried out
under an inert atmosphere and solvents were purified with
appropriate drying agents. NMR spectra were recorded on
a Varian Unity and Varian Mercury 300 MHz, and Varian 500
MHz instruments. Chemical shifts are given in ppm relative to
internal deuterated solvent peaks. When necessary, the
assignment of resonances was done from bidimensional
{'"H-"*C}-HSQC-2D-NMR, {'H-'*C}-HMBC-2D-NMR, {'H-'H}-
COSY-2D-NMR and 'H-DOSY-2D-NMR experiments. Elemental
analyses were performed on a LECO CHNS-932 instrument.
Mass spectra were obtained using an Agilent 6210 TOF-LC/MS
instrument for ESI-TOF in MeOH. Spectra obtained through
the different techniques for the new compounds described in
this work are collected in the ESI (Fig. S1-528).1 All cationic
systems synthesised are soluble ans stable in aqueous media.

2.1.1. Synthesis of [(OH)(OCH;)Ph(C=N)]-G;-(NMe,), (1).
To a dry THF solution of ([NH,-G;-(NMe,),]) (I) (96.9 mg, 0.199
mmol), MgSO, activated in the oven at 60 °C, vanillin (II)
(30.2 mg, 0.199 mmol) was added. The mixture was stirred for
12 hours at room temperature and under an inert atmosphere.
In this way, intermediate 1 was obtained but not isolated. "H-
NMR (CD;0D, 300 MHz): & (ppm) —0.03 (s, 3H, SiCH;), —0.01
(s, 12H, Si(CHj),), 0.39-0.75 (m, overlapping of signals, 14H,
NCH,CH,CH,CH,Si, SiCH,CH,CH,Si and SiCH,CH,CH,-
N(CHj3),), 1.27-1.60 (m, overlapping of signals, 10H, NCH,-
CH,CH,CH,Si, SiCH,CH,CH,Si and SiCH,CH,CH,N(CH;),),
1.75 (m, 2H, NCH,CH,CH,CH,Si), 2.31 (s, 12H, NCH;),, 2.38
(m, 2H, NCH,CH,CH,N(CH3),), 3.60 (m, 2H, NCH,CH,CH,-
CH,Si), 3.91 (s, 3H, OCH3), 6.78 (d, *Jss_m1) = 8.2 Hz, HAT, (ortho-
OH)), 7.18 (d, SJ(H,H) = 8.2 Hz, HAr, meta-OH, ortho-C=N), 7.42
(s, HAr, ortho-OCH3, ortho-C=N), 8.16 (s, 1H, HC=N).

2.1.2. Synthesis of [(OH),Ph(C=N)]-G;-(NMe,), (2).
Compound 2 was obtained by using the same protocol as for
compound 1. Starting from the precursor NH,G;(NMe,), (I)
(118.1 mg, 0.242 mmol) and 3,4-dyhydroxibenzaldehyde (III)
(33.4 mg, 0.242 mmol). In this way, intermediate 2 was obtained
but not isolated. "H-NMR (CDCl;, 300 MHz): 6 (ppm) —0.13 (s,
3H, SiCH;), —0.12 (s, 12H, Si(CH3),), 0.31-0.63 (m, overlapping
of signals, 14H, NCH,CH,CH,CH,Si, SiCH,CH,CH,Si and
SiCH,CH,CH,N(CH3;),), 1.14-1.51 (m, overlapping of signals,
10H, NCH,CH,CH,CH,Si, SiCH,CH,CH,Si and SiCH,CH,CH,-
N(CH3),), 1.67 (m, 2H, NCH,CH,CH,CH,Si), 2.20-2.36 (s,
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overlapping of signals, 14H, N(CH;), and NCH,CH,CH,-
N(CHs),), 3.55 (m, 2H, NCH,CH,CH,CH,Si), 6.74 (d, *Jpu_1) =
8.2 Hz, HAr, ortho-OH), 7.00 (dd, *Juiu) = 8.2 Hz, Jpm) =
1.7 Hz, HAr, meta-OH, ortho-C=N), 7.19 (d, 4](H_H) = 1.7 Hz,

HAr, ortho-OH, ortho-C=N), 8.01 (s, 1H,
HCNCH,CH,CH,CH,Si).
2.1.3. Synthesis of [(OH)(OCH;)PhCH,NH]-G;-(NMe,), (3).

Once compound 1 was obtained, the solution was filtered,
NaBH, (7.53 mg, 0.199 mmol) was added and the mixture was
maintained under stirring and inert atmosphere for 12 hours.
Afterward, an extraction CH,Cl,/NaHCO; was carried out
obtaining compound 3 as a yellow oil (85.2 mg, 70%). "H-NMR
(CD;0D, 300 MHz): 6 (ppm) —0.02 (s, 3H, SiCH,), 0.02 (s, 12H,
Si(CH3),), 0.43-0.70 (m, overlapping of signals, 14H, NHCH,-
CH,CH,CH,Si, SiCH,CH,CH,Si and SiCH,CH,CH,N(CH,),),
1.27-1.64 (m, 12H, overlapping of signals, NHCH,CH,CH,-
CH,Si, SiCH,CH,CH,Si and SiCH,CH,CH,N(CH,),), 2.26 (s,
12H, N(CHj,),), 2.33 (m, 4H, SiCH,CH,CH,N(CH,),), 2.59 (m,
2H, NHCH,CH,CH,CH,Si), 3.66 (s, 2H,CH,NHCH,CH,CH,-
CH,Si), 3.88 (s, 3H, OCHz), 6.76 (s, 2HAr, (meta-OH, ortho-C=N)
and (ortho-OH)), 6.95 (s, HAr, ortho-OCHj, ortho-C=N). *C-
NMR (CD;OD, 126 MHz): ¢ (ppm) —4.8 (SiCHj), —3.2
(Si(CH3),), 13.9-23.0 (NH,CH,CH,CH,CH,Si, SiCH,CH,CH,Si
and SiCH,CH,CH,NH(CH;),), 34.2 (NH,CH,CH,CH,CH,Si),
45.4 (N(CHjs),), 49.0 (overlapped with the solvent, NHCH,CH,-
CH,CH,Si), 54.3 (CH,NH,CH,CH,CH,CH,Si), 56.4 (OCH3),
64.4 (SiCH,CH,CH,N(CHz),), 113.3 (CAr, ortho-OCHj, ortho-C=
N), 116.1 (CAr, ortho-OH), 122.4 (CAr, meta-OH, ortho-C=N),
131.4 (C ipso), 147.1 (C ipso), 149.1 (C ipso). MS: [M + H]" =
624.48 u (calc. 624.47 u). Elemental analysis (%): calc. for
C33HeoN30,8i; (624.19 g mol™): C, 63.50; H, 11.14; N, 6.73.
Exp.: C, 62.96; H, 10.83; N, 6.25.

2.1.4. Synthesis of [(OH),PhCH,NH]-G;-(NMe,), (4).
Compound 4 has been obtained by following the same protocol
as for compound 3, adding NaBH, (9.2 mg, 0.242 mmol) on the
reaction mixture of compound 2 (147.7 mg, 0.242 mmol).
Dendron 4 was isolated as brown oil (110.7 mg, 75%).
C32He,N30,8i; (610.16 gmol™!). "H-NMR (CD;0D, 300 MHz):
6 (ppm) —0.02 (s, 3H, SiCH;), 0.02 (s, 12H, Si(CH,),), 0.43-0.75
(m, overlapping of signals, 14H, NHCH,CH,CH,CH,Si, SiCH,-
CH,CH,Si and SiCH,CH,CH,N(CHj3),), 1.26-1.65 (m, over-
lapping of signals, 12H, NHCH,CH,CH,CH,Si, SiCH,CH,CH,Si
and SiCH,CH,CH,N(CHj,),), 2.27 (s, 12H, (NCHj;),), 2.34 (m, 4H,
SiCH,CH,CH,NH(CH,),), 2.62 (m, 2H, CH,NHCH,CH,CH,-
CH,Si), 3.65 (s, 2H,CH,NHCH,CH,CH,CH,Si), 6.61-6.82 (m,
3H, HAr). MS: [M + H]" = 610.46 u (calc. 610.46 u).

2.1.5. Synthesis of [(OH)(OCH;)PhCH,NH,CI]-G,-(NMe,-
HCI), (5). The synthesis of the compound 5 was carried out by
adding 0.4 mL (0.768 mmol) of HCI (2.0 N, diethyl ether) to
compound 3 (80.0 mg, 0.128 mmol) and through the evapora-
tion of the volatile compounds. Compound 5 was obtained as
a yellow oil (85.4 mg, 91%). 'H-NMR (CD;OD, 500 MHz):
& (ppm) 0.00 (s, 3H, SiCH3), 0.06 (s, 12H, Si(CH3),), 0.50-0.73 (m,
overlapping of signals, 14H, NH,CH,CH,CH,CH,Si, SiCH,-
CH,CH,Si and SiCH,CH,CH,NH(CHj3),), 1.27-1.51 (m, over-
lapping of signals, 6H, NH,CH,CH,CH,CH,Si and
SiCH,CH,CH,Si), 1.65-1.83 (m, overlapping of signals, 6H,
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NH,CH,CH,CH,CH,Si and SiCH,CH,CH,NH(CH3;),), 2.90 (s,
12H, NH(CH,),), 3.04 (m, 2H, NH,CH,CH,CH,CH,Si), 3.14 (m,
4H, SiCH,CH,CH,NH(CH,),), 3.93 (s, 3H, OCH,), 4.14 (s,
2H,CH,NH,CH,CH,CH,CH,Si), 6.87 (d, */qs-n) = 8.0 Hz, HAr,
ortho-OH), 6.99 (dd, *J(s1_s1) = 8.0 Hz, *Js1_n) = 1.6 Hz, HAr, meta-
OH, ortho-C=N), 7.20 (d, HAr, *J4_u) = 1.6 Hz, ortho-OCHj,
ortho-C=N). C-NMR (CD;OD, 126 MHz): 6 (ppm) —5.0
(SiCH;), —3.4 (Si(CHj),), 12.9-22.4 (NH,CH,CH,CH,CH,Si,
SiCH,CH,CH,Si and SiCH,CH,CH,NH(CHj,),), 31.0 (NH,CH,-
CH,CH,CH,Si), 43.4 (NH(CHj),), 49.0 (overlapped with the
solvent, NH,CH,CH,CH,CH,Si), 52.3 (CH,NH,CH,CH,CH,-
CHS,Si), 56.6 (OCH3), 62.0 (SiCH,CH,CH,NH(CHj,),), 114.6 (CAT,
(ortho-OCHj;, ortho-C=N), 116.5 (CAr, ortho-OH), 123.6 (CAr,
meta-OH, ortho-C=N)), 124.2 (C ipso), 148.9 (C ipso), 149.3 (C
ipso). MS: [M — 2CI]" = 330.68 u (calc. 330.73 u). Elemental
analysis (%): calc. for C33H;,Cl3N30,Si; (733.56 gmol '): C,
54.03; H, 9.89; N, 5.73. Exp.: C, 53.76; H, 9.80; N, 5.20.

2.1.6. Synthesis of [(OH),PhCH,NH,CI]-G,-(NMe,HCI), (6).
The synthesis of the compound 6 was carried out following the
same protocol as for compound 3. Starting from [(OH),PhNH]-
G;-(NMe,), (4) (93.9 mg, 0.154 mmol) and 0.5 mL (0.924 mmol)
of HCI (2.0 N, diethyl ether), obtaining compound 6 as a brown
oil (94.2 mg, 85%). "H-NMR (CD;0D, 500 MHz): 6 (ppm) 0.00 (s,
3H, SiCH3), 0.07 (s, 12H, Si(CH3),), 0.50-0.73 (m, overlapping of
signals, 14H, NH,CH,CH,CH,CH,Si, SiCH,CH,CH,Si and
SiCH,CH,CH,NH(CH,),), 1.27-1.51 (m, 6H, CH,NH,CH,CH,-
CH,CH,Si and SiCH,CH,CH,Si), 1.65-1.83 (m, 6H, CH,NH,-
CH,CH,CH,CH,Si and SiCH,CH,CH,NH(CHj,),), 2.90 (s, 12H,
NH(CHj,),), 3.01 (m, 2H, NH,CH,CH,CH,CH,Si), 3.13 (m, 4H,
SiCH,CH,CH,NH(CH;),), 4.05 (s, 2H,CH,NH,CH,CH,CH,-
CH,Si), 6.84 (s, 2HAr), 6.95 (s, HAr). *C-NMR (CD;0D, 126
MHz): 6 (ppm) —4.8 (SiCHj;), —3.2 (Si(CHs),), 12.9-22.5 (NH,-
CH,CH,CH,CH,Si, SiCH,CH,CH,Si and SiCH,CH,CH,-
NH(CH;),), 31.1 (CH,NH,CH,CH,CH,CH,Si), 44.1 (N(CH,),),
49.0 (overlapped with the solvent, NH,CH,CH,CH,CH,Si), 52.6
(CH,NH,CH,CH,CH,CH,Si), 62.2 (SiCH,CH,CH,NH(CH;),),
116.6 (CAr, ortho-OH), 118.1 (CAr, ortho-OH, ortho-C=N), 123.0
(CAr, meta-OH, ortho-C=N), 123.5 (C ipso), 146.8 (C ipso), 147.7
(C ipso). MS: [M — 2CI]" = 323.71 u (calc. 323.72 u). Elemental
analysis (%): calc. for C3;,H,CI3N30,Si; (719.54 gmol™'): C,
53.42; H, 9.81; N, 5.84. Exp.: C,52.62; H, 9.91; N, 6.01.

2.1.7. Synthesis of [(OH),PhCH,CH=CHC(O)NH]-G;-
(NMe,), (7). The caffeic acid (41.5 mg, 0.230 mmol) was dissolved
in dry DMF under stirring. Hydroxybenzotriazole (HOBt)
(31.1 mg, 0.230 mmol) and 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDCI-HCI) (44.1 mg, 0.230 mmol)
were added solved in DMF and the resulting mixture was stirred
for 1 hour at room temperature. Afterwards, the mixture was
added dropwise on a solution of the amine ([NH,]-G;-(NMe,),) (I)
(93.6 mg, 0.192 mmol) at 0 °C. The final solution was stirred for
12 hours at 60 °C. Then, the solvent was vacuum removed and the
final compound was purified by an extraction CH,Cl,/H,O
(NaHCO3), obtaining the compound 7 as a brown oil (87.4 mg,
70%). "H-NMR (CD;0D, 300 MHz): é (ppm) —0.02 (s, 3H, SiCH,),
0.00 (s, 12H, Si(CH3),), 0.40-0.72 (m, overlapping of signals, 14H,
C(O)NHCH,CH,CH,CH,Si, SiCH,CH,CH,Si and SiCH,CH,CH,-
N(CH3),), 1.30-1.67 (m, overlapping of signals, 10H, C(O)
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NHCH,CH,CH,CH,Si, SiCH,CH,CH,Si and SiCH,CH,CH,-
N(CH,),), 2.29 (s, 12H, N(CHj;),), 2.37 (m, 4H, SiCH,CH,CH,-
NH(CHj),), 3.32 (2H, overlapped with the solvent, C(O)
NHCH,CH,CH,CH,Si), 6.38 (d, 1H, PhACH=CHC(O)NH), 6.79
(HAr, ortho-OH, meta-CH=CH), 6.91 (HAr, meta-OH, ortho-CH=
CH), 7.03 (HAr, ortho-OH, ortho-CH=CH), 7.41 (d, 1H, PhCH=
CHC(O)NH). *C-NMR (CD;0D, 126 MHz): 6 (ppm) —4.8 (SiCH,),
—3.1 (Si(CH,),), 12.8-22.5 (C(O)NHCH,CH,CH,CH,Si, SiCH,-
CH,CH,Si and SiCH,CH,CH,N(CH;),), 34.4 (C(O)NHCH,CH,-
CH,CH,Si), 40.1 (C(O)NHCH,CH,CH,CH,Si), 45.2 (N(CH,),),
63.4 (SiCH,CH,CH,NH(CHj;),), 115.0 (CAr, ortho-OH, ortho-CH=
CH), 116.5 (CAr, ortho-OH, meta-CH=CH), 118.3 (PhCH=
CH(CO)NH), 122.1 (CAr, meta-OH, ortho-CH=CH), 128.1 (C ipso),
142.1 (PhCH=CH(CO)NH), 147.0 (C ipso), 149.4 (C ipso)), 169.2
(C(O)NH). MS: [M + H]" = 650.45 u (calc. 650.45 u). Elemental
analysis (%): calc. for C34Hg,N30;Si; (650.18 g mol '): C, 62.81;
H, 10.39; N, 6.46. Exp.: C, 62.36; H, 9.82 N, 6.13.

2.1.8. Synthesis of [(OH),PhCH,CH=CHC(0) NH]-G;-
(NMe,-HCI), (8). Compound 7 (87.4 mg, 134.4 mmol) was dis-
solved in dry THF and 0.3 mL (0.538 mmol) of HCI (2.0 N) was
added and the solution was maintained 2 hours under stirring at
room temperature. Afterwards, the volatile compounds were
evaporated obtaining compound 8 as a brown oil (89.0 mg, 95%).
'H-NMR (CD;0D, 300 MHz): 6 (ppm) —0.01 (s, 3H, SiCH3), 0.05
(s, 12H, Si(CH3)y), 0.47-0.74 (m, overlapping of signals, 14H, C(O)
NHCH,CH,CH,CH,Si, SiCH,CH,CH,Si and SiCH,CH,CH,-
NH(CH3),), 1.32-1.49 (m, overlapping of signals, 6H, C(O)
NHCH,CH,CH,CH,Si and SiCH,CH,CH,Si), 1.62 (m, 2H, C(O)
NHCH,CH,CH,CH,Si), 1.73 (m, 4H, SiCH,CH,CH,NH(CHj),),
2.89 (s, 12H, NH(CH,),), 3.12 (m, 4H, SiCH,CH,CH,NH(CHj,),),
3.31 (2H, overlapped with the solvent, C(O)NHCH,CH,CH,CH,-
Si), 6.41 (d, HAr, (¥Js-m) = 15.7 Hz), PhCH=CHC(O)NH), 6.81 (d,
HAr, ortho-OH, meta-CH=CH), 6.94 (dd, HAr, ¥y = 8.2 Hz,
*J1-m) = 2.1 Hz, meta-OH, ortho-CH=CH), 7.05 (d, HAr, *Js_1z) =
2.1 Hz, ortho-OH, ortho-CH=CH), 7.41 (d, 1H (*Jg_m) = 15.7 Hz,
PhCH=CHC(O)NH). **C-NMR (CD;0D, 126 MHz): § (ppm) —4.8
(SiCH,), —3.4 (Si(CHj),), 12.8-22.4 (C(O)NHCH,CH,CH,CH,Si,
SiCH,CH,CH,Si and SiCH,CH,CH,N(CHj;),)), 34.3 (C(O)
NHCH,CH,CH,CH,Si), 40.0 (C(O)NHCH,CH,CH,CH,Si), 43.4
(NH(CH,),), 62.0 (SiCH,CH,CH,NH(CH,),), 115.1 (CAr, ortho-
OH, ortho-CH=CH), 116.5 (CAr, ortho-OH, meta-CH=CH), 118.6
(CAr, P\CH=CHC(O)NH), 122.1 (CAr, meta-OH, ortho-CH=CH),
128.4 (C ipso), 142.0 (PhCH=CHC(O)NH), 146.7 (C ipso), 148.7 (C
ipso), 169.2 (C(O)NH). MS: [M — 2CI]" = 325.73 u (calc. 325.73 u).
Elemental analysis (%): calc. for C34HgoCl,N305Si3 (723.10 g
mol™): C, 56.48; H, 9.62; N, 9.81. Exp.: C, 57.21; H, 9.12; N, 10.01.

2.2. Determination of the antioxidant activity

The antioxidant capacity of cationic compounds 5, 6 and 8 were
determined through DPPH and FRAP methods following
a previously reported protocol.*

2.2.1. DPPH free radical-scavenging activity. An aliquot of
100 pL of different concentrations of the stock sample in the
range of 0.01 and 100 pM in methanol was added to a 900 pL
DPPH stock solution (0.12 mM) in a DMSO/H,0 (1 :1). The
mixture was stirred, stored in the dark at room temperature and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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registered at 530 nm from 5 min to 30 min. The control con-
sisted on methanol instead of the sample.

2.2.2. FRAP assay. Preparation of the FRAP stock solutions:
mixed in a 1:1:10 ratio in the following solutions (1) TPTZ
(10 mM solution in 40 mM of hydrochloric acid), (2) FeCls
(20 mM solution in ACS water), and (3) acetate buffer (20 mM in
100 mL of ACS water, pH 3.6). Once FRAP solution was
prepared, to 980 pL of a FRAP stock solution in acetate buffer
was added to an aliquot of 20 uL of different concentrations of
the stock sample in the range of 0.01 and 100 uM in methanol.
The mixture was stirred, stored in the dark at room temperature
and registered at 593 nm from 5 min to 30 min. The blank was
constituted by methanol instead of the sample.

The ICs, (the concentration of polyphenolic dendrons
required for scavenging 50% of DPPH radical activity) and ECs,
(the concentration of polyphenolic dendrons that reduce 50%
of the ferric solution) were calculated following similar proto-
cols. For each concentration, it was necessary to calculate the
DPPH remnant (DPPHggy), as well as the Fe(u) formed
(Fe()por), through the following equations:

Fe(Il)por (%) = (AS;‘A°> x 100 (2)

where A; = sample absorbance, and A. = control absorbance.

The graphical representation of the percentage of the
remnant or formed reagent versus the —log[X] (X = sample
concentration) gives the concentration that produces 50%
antioxidant activity. This determination was carried out using
GraphPad Prism version 6.00 for Windows, GraphPad Software
(LaJolla California USA, http://www.graphpad.com). The results
are expressed as mean + SEM, and are representative of at least
three independent experiments.

For the standard Trolox, the linear regression was carried out
in the same way as the samples, with a range of concentrations
between 5 and 40 uM for DPPH and FRAP.*® The concentration
at which each compound reached maximum activity was
calculated through the intersection point with the line of the
equation obtained from the data before and after the steady-
state. The absorbance's interpolation where the maximum
activity was reached in the Trolox standard calibration curve
gave us the corresponding Trolox concentration. Afterwards, to
express the results as micromole of Trolox per micromole of
compound or polyphenol, the Trolox concentration, obtained
through interpolation, was divided by the dendrimer or poly-
phenol concentration corresponding to the maximum activity
(Fig. S297). The results are expressed as mean + SEM and are
representative of at least three independent experiments.

3. Results and discussion

3.1. Synthesis and structural characterisation of
polyphenolic dendritic wedges

The polyphenols selected to carry out this work were vanillin (4-
hydroxy-3-methoxybenzaldehyde), protocatechuic aldehyde

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(3,4-dihydroxibenzaldehyde) and caffeic acid (3,4-dihydroxy-
cinnamic). In case of vanillin and protocatechuic aldehyde,
with one and two hydroxyl groups respectively, the presence of
an aldehyde group in their structure allows anchoring of the
polyphenolic systems to the carbosilane dendritic wedge with
amino groups at the focal point and peripheral dimethylamino
groups [NH,-G;-(NMe,),] (I)** by reductive amination (see
Scheme 1).

Due to the lack of stability of these imines, the reductive
amination was carried out in one pot. The first step of
condensation reaction in anhydrous THF as solvent and
MgSO, as desiccant agent between I and free polyphenols
resulted in the imines [(OH)(OR)Ph(HC=N)]-G;-(NMe,), (R =
CH; (1) R = H (2)). The imine formation was confirmed
through '"H-NMR by the presence of a singlet around 8.00 ppm
attributed to the proton of imine (-HC=N-), and a multiplet
located at 3.60 ppm attributed to the protons of the methylene
group directly bonded to the nitrogen of the imine fragment
(HC=N-CH,-) (Fig. 1A). Secondly, the reduction of the imine
bond with NaBH,, at 0 °C in the same solvent led to the
formation of the corresponding amines [(OH)(OR)Ph(CH,-
NH)]-G;-(NMe,), (R = CH; (3) R = H (4)). The following-up of
the reaction through 'H-NMR and '*C-NMR confirmed the
reduction of the imine bond by the presence of a signal at
3.70 ppm and 54.0 ppm, respectively, corresponding to the
methylene group located between the phenyl ring and the
nitrogen atom (PhCH,NH-). Also, the multiplet attributed to
the protons from the methylene group directly bonded to the
nitrogen atom (PhCH,NHCH,-) appears at 2.60 ppm in 'H-
NMR (Fig. 1B). Finally, after purification, the treatment with
a solution hydrogen chloride resulted in the protonated
systems [(OH)(OR)Ph(CH,NH,Cl])]-G;-(NMe,-HCl), (R = CH;
(5) R = H (6)) as water-soluble oils with good yields. Through
the NMR study, it was possible to observe a deshielding of the
chemical shift of the methylene groups next to the positive
charged nitrogen atom (Fig. 1C).

For the caffeic acid, the attachment was achieved through
covalent amidation reaction using EDCI-HCl and HOBt as
coupling reagents and DMF as a reaction solvent, leading to
the obtention of the derivative [(OH),PhCH,CH=CHC(O)NH]-
G,-(NMe,), (7). The amide formation was confirmed by 'H-
NMR and "*C-NMR, due to the presence of a signal attrib-
uted to the methylene group next to the amide fragment (-C(O)
NHCH,-) at 3.31 ppm and 40.0 ppm, respectively. Moreover, in
3C-NMR it is possible to observe a signal corresponding to the
carbon of the amide fragment at 169.2 ppm. The reaction with
hydrogen chloride resulted in protonated system [(OH),-
PhCH,CH=CHC(O)NH]-G;-(NMe, - HCI), (8) as a water-soluble
brown oil with good yields. Once again, the positive charge
provokes a deshielding of the chemical shift of protons cor-
responding to the methyl groups located in the periphery
(N(CH3)y), as well as the methylene group —-CH,(N(CHj;),), as
previously observed. Fig. 2 shows the corresponding '"H-NMR,
3C-NMR, and "H-DOSY-2D-NMR as an example for the final
compound 8.

The proposed structures were confirmed through mass
spectrometry (ESI-TOF), observing the molecular peaks for
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Scheme 1 Synthetic strategy and proposed structures for the first generation cationic polyphenolic dendrons (5, 6 and 8) and dendron without

polyphenol (V).

neutral precursors (3, 4 and 7). Regarding the cationic deriva-
tives (5, 6 and 8), it was possible to observe the molecular peak
attributed to the loss of two chlorides. Unfortunately, it was not

10284 | RSC Adv, 2022, 12, 10280-10288

possible to characterise through this technique the imine
derivatives due to their lack of stability. Elemental analysis
corroborated the purity of the synthesised systems.
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ammonium [(OH)(OCH=z)Ph(CH,NH,CL)I-G-(NMe,-HCL), (5).

3.2. Antioxidant activity - spectrophotometric methods

The antioxidant activity of new derivates 5, 6 and 8, free poly-
phenols (II, III and IV) and the wedge [NH;CIl-G;-(NMe,-HCI),]
(V) without polyphenol have been studied from two different
points of view: as ICs, (concentration of antioxidant compound

(concentration of antioxidant compound that increases 50% of
FRAP capacity) (Fig. 4A), as well as TEAC (Trolox equivalent
antioxidant capacity) (Fig. 4B).

Dendritic wedge V was obtained by protonation of the
precursor I with hydrogen chloride to use as a control in the
antioxidant assays. Both spectrophotometric assays are based
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Fig.2 NMR spectra in CDsOD of the dendron [(OH),PhCH,CH=CHC(O)NH-G;-(NMe,-HCl),] (8). (A) *H-NMR, (B) **C-NMR and (C) *H-DOSY-

2D-NMR.
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on different mechanisms: FRAP assay consists of a redox reac-
tion based on a single electron transference mechanism (SET)
in which Fe(m) is reduced to Fe(u), while DPPH is a radical
scavenging method that involves the single electron and the
hydrogen atom transference, SET and HAT, respectively. To

A)

carry out these experiments, a wide range of concentrations and
incubation times were tested to check at which conditions the
steady-state is reached (Fig. 3(A) DPPH assay and (B) FRAP
assay). Interestingly, in activity were not as
pronounced as we previously observed for the spherical
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Fig. 4 Antioxidant activity of the polyphenolic dendrons (5, 6 and 8), free polyphenols (Il, Il and 1V) and control wedge (V). (A) ICsqg and ECsg

values for DPPH and FRAP, respectively. (B) Trolox equivalent antioxidant capacity (TEAC) of polyphenolic dendrons expressed as pmol Trolox per
pmol compound. Mean values + SEM representative of at least three independent experiments are shown.
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polyphenolic dendrons.* To compare these results with those
previously obtained for spherical dendrimers, an incubation
time of 30 minutes was selected. According to the previously
reported procedure, the Trolox equivalent activity was also
evaluated through the interpolation of the absorbance equiva-
lent to the maximum activity in the Trolox standard curve for
both methods.*

In both experiments, the results obtained for the two den-
drons belonging to the family of reductive amination derivates
(5 and 6) highlight the importance of the number of hydroxyl
groups in the antioxidant activity to observe that the vanillin
derivative 5 which contains a single hydroxyl group, has the
lowest activity with respect to the derivatives from proto-
catechuic aldehyde 6 and caffeic acid 8, as previously
observed.*

On the other hand, the study of the dendrons 6 and 8 with
the same number of hydroxyl groups enables us to determine
the influence of the different bonds and electronic disposition
on the antioxidant capacity. In this case, the similar activity
observed for the dendritic wedges 6 and 8 reveals that the type
of bond established between polyphenol and dendron does not
affect the electronic disposition. Additionally, the comparison
between the results obtained for polyphenolic dendrons and
free polyphenols point that the anchoring of the polyphenol to
the dendritic skeleton alters the ability of polyphenolic den-
drons to donate electrons to carry out the reduction of the Fe(i)
in FRAP complex compared to free polyphenols and the study of
dendron V without polyphenolic in its structure confirm that
the antioxidant activity is provided by the polyphenol and not by
the dendritic wedge. However, from an electronic point of view,
FRAP's activity was lower for the dendrons than the free poly-
phenols in all cases, probably since the electronic arrangement
is not so favourable to carry out the redox reaction. This
behaviour is in accordance with the results obtained in the
TEAC assay (Fig. 4B). Regarding the analysis of the radical
scavenging capacity by DPPH, it was not possible to observe any
appreciable difference in the ICs, values for dendrons 6 and 8.
Interestingly, the first generation dendron with unique caffeic
acid at the focal point (8) exhibited an ICs, value of 13.7 uM
(Figure 4A), 2.5 higher than that previously observed for the first
generation carbosilane dendrimer functionalised with four
caffeic acids that presented an ICs, of 5.6 uM.>® This fact might
suggest a cooperative effect between the cationic dendritic
wedge and the polyphenol, which probably is due to the pres-
ence of the positive charges in 8 that cause an increase in the
solubility of the system in polar solvents compared with the
spherical derivative thus favouring its antioxidant capacity.
These results, together with the higher solubility in aqueous
media of the new systems and the hydrophobicity provided by
the presence of the carbosilane backbone which would allow
a higher interaction with cell membranes, make these systems
suitable candidates for further in vitro study for use in
biomedical applications in the treatment for pathologies asso-
ciated with oxidative stress or as part of a combined therapy
with other chemotherapeutic agents that generate redox
imbalance as a side-effect.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusions

The generation of reactive oxygen species (ROS) is partly
responsible for the emergence of different diseases with notable
morbidity and mortality. Also, ROS are one of the factors
responsible for several chemotherapeutic drugs' secondary
toxicity. Accordingly, the search for new antioxidants
compounds that balance ROS generation and antioxidant
defence systems are of great interest. In this work, we have
synthesised a family of cationic carbosilane dendrons with
different polyphenols such as vanillin, protocatechuic aldehyde
and caffeic acid (3,4-dihydroxy-cinnamic), at the focal point
where the main structural difference between these poly-
phenols lies in the number of hydroxyl groups and the way that
the polyphenol is anchored to the dendritic platform, allowing
us to determine the influence of these parameters in the anti-
oxidant activity. We improve the water solubility as well as the
bioavailability of these polyphenols by attaching them to car-
bosilane dendrons with dimethylammonium groups on the
surface. Evaluation of the antioxidant activity of these new
systems by two different spectrophotometric methods (FRAP
and DPPH) confirms that conjugation of the free polyphenol's
to the dendritic structure does not modify their antioxidant
activity. In these studies, the number of hydroxyl groups is
determinant for their antioxidant activity, discarding the
derivative functionalised with vanillin (5) from our biological
studies, and placing both the protocatechuic and caffeic deriv-
atives (6 and 8) as promising compounds with similar antioxi-
dant activities regardless of the type of bond that holds the
polyphenol to the dendritic structure. These results make these
systems suitable candidates for further in vitro study to deter-
mine the possible application of carbosilane dendrons func-
tionalised with polyphenols as antioxidants agents in
pathologies associated with oxidative stress.
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