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Abstract
It is well known that antioxidants have protective effects against oxidative stress. Unfortunately, in
the presence of transition metals, antioxidants including polyphenols with potent antioxidant
activities may also exhibit pro-oxidant effects, which may irreversibly damage DNA. Therefore,
antioxidants with strong free radical scavenging abilities and devoid of pro-oxidant effects would
be of immense biological importance. We report two antioxidant dendrimers with a surface rich in
multiple phenolic hydroxyl groups, benzylic hydrogens and electron donating ring substituents
that contribute to their potent free radical quenching property. In order to minimize their pro-
oxidant effects, the dendrimers were designed with a metal chelating tris(2-aminoethyl)amine
(TREN) core. The dendritic antioxidants were prepared by attachment of six syringaldehyde or
vanillin molecules to TREN by reductive amination. They exhibited potent radical scavenging
properties: 5 times stronger than quercetin and 15 times more potent than Trolox according to the
1,1-diphenyl-2-picrylhydrazyl (DPPH) assay. The antioxidant dendrimers also protected low-
density lipoprotein, lysozyme and DNA against 2,2'-azobis(2-amidinopropane) dihydrochloride
(AAPH)-induced free radical damage. More importantly, unlike quercetin and Trolox, the two
TREN antioxidant dendrimers did not damage DNA via their pro-oxidant effects when incubated
with physiological amounts of copper ions. The dendrimers also showed no cytotoxicity towards
Chinese hamster ovary cells.
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Introduction
Oxygen- and nitrogen-based free radicals are produced as a result of metabolism and the
immune response. At low levels, radicals have important physiological roles, such as cell
signal transduction resulting in gene expression and modulation of cell growth
characteristics. However, excessive amounts of radicals can be harmful to biomolecules
including DNA, proteins, and lipid. Persistent overproduction may result in a condition of
oxidative stress to cells, leading to the pathogenesis of many ailments, such as inflammation,
cancer, asthma, cardiovascular and neurological diseases, and in the etiology or progression
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of age-related disorders. Among the myriad of antioxidants, polyphenols have been reported
to possess numerous health benefits. Anti-cancer [1], anti-lipoperoxidation [2], anti-
ischemic [3], anti-allergic and anti-inflammatory [4] properties have been reported for these
compounds. Quercetin, a popular polyphenolic flavonoid has been clinically shown to be a
chemo-preventive agent [5]. Unfortunately, antioxidants including polyphenols with potent
antioxidant activity also exhibit carcinogenic and mutagenic effects [6]. Rats fed with
excessive amounts of quercetin developed renal tubule adenomas, adenocarcinomas,
intestinal and bladder cancer [7]. Although seldom seen clinically, there is substantial
evidence associating high concentrations of flavonoids and other popular antioxidants, such
as vitamin C and E and carotenoids, with mutagenic and DNA damaging ability [8]. It is
well known that chelation of iron by ascorbate can lead to the formation of hydroxyl and
superoxide radicals. Some of the damaging effects on DNA by antioxidants are associated
with their pro-oxidant activity in the presence of transition metals like copper and iron [9].
Other potential mechanisms of the genotoxic effects of antioxidants have been proposed [8].
Identification of natural or synthetic potent antioxidants that have little or no pro-oxidant
effects would clearly be beneficial for biological applications.

A vast number of antioxidants have been synthesized in attempts to develop more potent and
bioavailable compounds. Strong antioxidants share certain common structural features. They
often possess multiple phenolic hydroxyl groups (e.g. flavonoids) or extensively conjugated
π system (e.g. carotenoids). In the case of phenolic antioxidants, stronger antioxidant
capacity is observed with increasing number of phenolic hydroxyl groups [10]. The high
antioxidant efficiency of polyphenols stems from their ability to form stable phenoxyl
radicals that can resonate with the benzene rings after donation of H atoms to free radicals.
If the ring has an extended conjugation ortho or para to the hydroxyl group, the resonance
stabilization of the antioxidant radical increases, resulting in enhanced antioxidation
capacity [11]. Substitution of the phenolic ring also plays an important role in antioxidant
potential. For example, an electron-donating group ortho or para to hydroxyl increases the
hydrogen donating capability by stabilizing phenoxyl radical via electron donation,
increasing antioxidant efficiency [12]. Commonly found electron-donating groups in potent
antioxidants include substituents that do not form intramolecular hydrogen bonds with the
phenolic hydroxyl groups (e.g. methyl groups in α-tocopherol) or that can form nonlinear
intramolecular hydrogen bonds with phenolic hydrogen at the ortho position (such as
methoxy) [13]. Benzylic hydrogens have also been reported to be beneficial toward
enhancing antioxidant potential [14]. These hydrogen atoms are chemically labile and
analogous to phenolic hydrogens in terms of their ability to stabilize the resulting radical by
resonance delocalization with the benzene ring.

The dendritic architecture allows us to incorporate multi-functionality in a molecule.
Dendrimers are “soft” nanomaterials whose size can be systematically increased to provide
precise structures (generations). We recently reported the synthesis and antioxidant
properties of three generation 1 (G1) dendritic polyphenols consisting of syringaldehyde,
vanillin and 5-iodovanillin emanating from a 4-aminomethylbenzylamine core [15]. Among
these three dendritic antioxidants, quercetin and a vitamin E analog (Trolox), the
syringaldehyde-based antioxidant dendrimer showed the strongest antioxidant activity
(measured by the 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical assay), and was the most
effective in protecting LDL, linoleic acid and DNA from free radical attack. Interestingly,
when the pro-oxidant effects of the G1 antioxidants on copper-induced DNA oxidation was
compared with quercetin and Trolox, they were found to be less harmful than the latter two
antioxidants. These promising results led us to prepare similar G1 antioxidants which
possess interior amines that have potential metal chelation property surrounded by a
peripheral layer of phenol rings which are efficient radical scavenging groups. An
antioxidant dendrimer of this design should show beneficial antioxidant potential with
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reduced undesirable pro-oxidant activity towards DNA. Structures of the two newly
synthesized syringaldehyde and vanillin-based dendrimers with a tris(2-aminoethyl)amine
(TREN) core (1 and 2), a previously reported syringaldehyde-based dendrimer with a 4-
aminomethylbenzylamine core (3), and a naturally occurring polyphenol (quercetin) are
shown in Figure 1.

Materials and Methods
Syringaldehyde, vanillin, quercetin, TREN (97%), sodium triacetoxyborohydride
(Na(OAc)3BH), tetra-butylammonium fluoride (n-Bu4NF, 75 wt% solution in water), tert-
butyldimethylsilyl chloride (TBDMS-Cl, 50% in toluene), DPPH, Fat Red 7B, phosphate-
buffered saline (PBS), potassium persulfate, glacial acetic acid, sodium acetate and
methanol were purchased from Sigma Aldrich and were used without further purification.
Lysozyme (egg white) was purchased from Worthington Biochemical Corporation. 2,2'-
Azobis(2-amidinopropane) dihydrochloride (AAPH) was obtained from Cayman Chemical
(Ann Arbor, MI, USA). Human low-density lipoprotein (LDL) was obtained from Kalen
Biomedical (Montgomery Village, MD, USA). The lipoprotein solution (protein = 5 mg/
mL) contained 154 mM NaCl and 0.34 mM EDTA.

1H-NMR spectra were recorded with a Varian Mercury-300 spectrometer operating at 300
MHz with tetramethylsilane (Si(CH3)4) as an internal standard. 13C-NMR spectra were
recorded using a Varian Mercury-300 spectrometer operating at 75 MHz with Si(CH3)4 as
an internal standard. The mass spectra were obtained on Bruker Autoflex MALDI-TOF
using 2,5-dihydroxybenzoic acid as a matrix. All spectrophotometric data were obtained
using Perkin Elmer UV/Vis spectrometer (Lambda 20) and Molecular Devices Corp.
Spectra Max (M2e).

General procedures for the protection of phenolic hydroxyl groups with TBDMS-Cl
Phenolic hydroxyl groups were protected with TBDMS as previously described [15].

TBDMS-protected syringaldehyde
Yield: 98%; Rfvalue: 0.75 (hexane-ethyl acetate = 1:1); 1H-NMR (300 MHz, CDCl3) δ 0.15
(s, 6H, Si(CH3)2C(CH3)3), 1.00 (s, 9H, Si(CH3)2C(CH3)3), 3.86 (s, 6H, 2 × OCH3), 7.09 (s,
2H, C2-H and C6-H), 9.82 (s, 1H, CHO); 13C-NMR (75 MHz, CDCl3) δ −4.3
(Si(CH3)2C(CH3)3), 19.0 (Si(CH3)2C(CH3)3), 25.9 (Si(CH3)2C(CH3)3), 56.0 (OCH3), 106.9
(C2 and C6), 129.5(C1), 140.8(C4), 152.2 (C3 and C5), 191.3 (CHO); MS: m/z 297 [M+H+].

General procedures for the formation of dendrimers 1 and 2
The dendrimers 1 and 2 were synthesized using the previously reported methods [15].

Dendrimer 1
Yield: 63%; Rf: 0.33 (acetone); 1H-NMR(300 MHz, CD3COCD3) δ 2.49 (s, 6H, 3 × core N-
CH2-CH2-N-), 2.63 (s, 6H, 3 × core N-CH2-CH2-N-), 3.41 (s, 12H, 6 × Ph-CH2-N-), 3.77 (s,
36H, 12 × OCH3), 5.4 (s, 6H, 6 × OH), 6.65 (s, 12H, 6 × Ph C2-H and C6-H); 13C-NMR (75
MHz, CD3COCD3) 50.9 (3 × core N-CH2-CH2-N-), 52.7 (3 × core N-CH2-CH2-N-), 56.4
(12 × OCH3), 59.0 (6 × Ph-CH2-N-), 106.5 (6 × Ph C2 and C6-H), 130.5 (6 × Ph C1-CH2-),
135.4 (6 × Ph C4-OH), 148.4 (6 × Ph C3 and C5-OCH3); MS: m/z 1143.5 [M+H+].

Dendrimer 2
Yield: 51%; Rf = 0.21 (acetone); 1H-NMR (300 MHz, CD3COCD3) δ 2.46 (t, J = 5.7 Hz,
6H, 3 × core N-CH2-CH2-N-), 2.57 (t, J = 5.4 Hz, 6H, 3 × core N-CH2-CH2-N-), 3.42 (s,
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12H, 6 × Ph-CH2-N-), 3.79 (s, 18H, 6 × OCH3), 6.75 (s, 12H, 6 × Ph C2-H and C6-H), 6.95
(s, 6H, 6 × Ph C5-H); 13C-NMR (75 MHz, CD3COCD3) δ 51.3 (3 × core N-CH2-CH2-N-),
53.1 (3 × core N-CH2-CH2-N-), 56.1 (6 × OCH3), 58.8 (6 × Ph-CH2-N-), 112.9 (6 × Ph C2-
H), 115.3 (6 × Ph C5-H), 122.1 (6 × Ph C6-H), 131.6 (6 × Ph C1-CH2), 146.3 (6 × Ph C4-
OH), 148.1 (6 × Ph C3-OCH3); MS: m/z 963.2 [M+H]+.

DPPH assay
The reduction of DPPH radical was determined for dendrimers, quercetin, syringaldehyde,
and vanillin as previously reported [16]. The DPPH reagent and antioxidants were dissolved
in methanol. Antioxidant sample (10 µL) was added to 1.0 mL of reagent and the
absorbance was monitored at 515 nm until a plateau was reached. All samples were run in
triplicates at room temperature. The within-run coefficient of variation of the % inhibition
values was less than 6%.

LDL oxidation-electrophoresis
Low-density lipoprotein was incubated with 20 mM AAPH in PBS and increasing
concentration of antioxidant (0–37 µM, made in methanol) at 37 °C for 21 h. The mixture
was then subjected to electrophoresis on 1% agarose gels (Helena Labs, Beaumont, TX)
using the Ciba Corning Clinical Electrophoresis System. The gels were stained with Fat Red
7B.

Enzyme inactivation
Lysozyme (1.8 mg/mL) was incubated with 20 mM AAPH in PBS and 80 µM antioxidant
(made in methanol) at 37 °C for 24 h. Appropriate control with solvent (methanol) instead of
antioxidant was also run. After incubation, the sample was diluted with PBS and assayed for
lysozyme activity. Lysozyme assays were carried out at room temperature (25 °C) by
monitoring the loss of apparent absorbance at 450 nm, which results from the addition of
lysozyme to a suspension of lyophilized Micrococcus lysodeikticus in 67 mM phosphate
buffer (pH 6.2). Coefficient of variation for within-run % enzyme activity was < 8%.

Antioxidant effects on DNA
DNA electrophoresis was performed on pBR 322 after 4 h incubation at 37 °C in the
presence of 10 mM AAPH in PBS and various concentrations (0–45 µM) of antioxidants
(made in methanol).

Pro-oxidant effects on DNA
DNA (pBR 322) was incubated with 10 µM CuCl2 in the presence of 0–45 µM antioxidants
(made in methanol) at 37 °C for 1 h. DNA damage was monitored by agarose
electrophoresis.

Cell culture
Cytotoxic effects of dendrimer 1 and 2 were assessed using 3-(4,5-di-methylthizol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT). Chinese hamster ovary (CHO-K1) cells were cultured
in F-12K medium supplemented with 10% fetal bovine serum. The cells (3 × 105/mL) were
seeded in 100 µL volumes in 96 well culture plates and incubated with the solvent control
(DMSO, 0.3%), dendrimer 1 or 2 at 3.1, 6.2, 12.5, 25, or 50 µM for 1, 3, or 5 days. Two
hours prior to experimental termination, 20 µL of a 5 mg/mL MTT solution in 0.01M PBS
was added to each well. Plates were centrifuged at 450 × g for 10 min and supernatant was
removed. The resultant formazan crystals were dissolved in 100 µL DMSO and mixed.
Absorbance was measured using a Biolog microplate reader (Biotek Instruments) at dual
wavelengths, 590 and 650 nm. Percent control response was calculated as follows:
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(absorbance of treatment/absorbance of control) × 100. All experiments were performed in
triplicate and repeated. The data were analyzed using Systat 12 for windows. Multiple
groups were compared using a one-way analysis of variance (ANOVA) and a Tukey test for
mean separation. A p value <0.05 was considered statistically significant.

Results and Discussion
Since the dendrimer has interior and exterior layers, which can be appropriately manipulated
to produce a nanomolecule with various desirable properties, the dendritic architecture is
ideal for the design of a nanoantioxidant that is able to chelate metal ions as well as
scavenge free radicals. Dendrimers such as poly(amidoamine) (PAMAM) and poly
(propylene imine) (PPI) are known to encapsulate metal ions such as Cu2+ and Fe3+. If the
exterior layer of the dendrimer does not bind metal ions, then most of the bound metal ions
are found in the interior of the dendrimer attached to its tertiary amines [17]. In the case of
our antioxidants 1–3, such a binding can occur with the tertiary amines located in the core
since TREN is well known for its metal ligating abilities and compounds derived from
TREN have been reported to bind cobalt, nickel, copper, lanthanides and actinides [18].
Unlike quercetin with a catechol group that is known to bind metal ions such as Cu2+ [19],
the surface groups of 1 and 2 lacking the catechol moiety is not expected to bind metal ions
favorably. In addition to the metal chelating capability of the TREN core in compounds 1–2,
six phenol rings, either derived from syringaldehyde or vanillin, on the exterior of the
antioxidant dendrimers form a potent radical scavenging layer. The presence of multiple
phenolic hydroxyl groups, benzylic hydrogens, and electron donating substituents (on the
benzene rings) should contribute favorably towards the radical quenching property of these
antioxidants.

Syntheses of compounds 1 and 2 were initiated by protecting building blocks
(syringaldehyde and vanillin) with TBDMS-Cl (Scheme 1). The protected building blocks
were then attached to the amino groups of TREN via their aldehyde groups. The three
resulting unstable imine bonds were subsequently reduced with Na(OAc)3BH to form
secondary amines which further react with additional aldehyde groups, eventually forming
tertiary amines after reduction by Na(OAc)3BH. Unlike other amine alkylation using alkyl
halide (which usually produce a mixture of species ranging from primary amine to
quaternary ammonium), the reaction between amine and aldehyde can only form a tertiary
amine as an end product. Hence, it is an attractive method to form branches in a controlled
manner, producing a well-defined dendritic structure. Although Na(OAc)3BH has been
reported to be an efficient reductant for imine and iminium bonds [20], we found that its
selective reduction of these groups over aldehyde was poor. The arylaldehydes reduced to
their corresponding alcohols fairly rapidly when all reagents were mixed together in one pot.
To avoid this problem, three equivalents of TBDMS-protected building block was first
reacted with one equivalent of TREN core and the reaction was allowed sufficient time (> 5
h) before addition of Na(OAc)3BH. This was to ensure that the aldehyde reacted with three
amino groups first with limited exposure to the reducing agent. After Na(OAc)3BH addition,
the reaction was run for at least 24 h before another three equivalents of building block was
added. Based on our experience, Na(OAc)3BH worked more efficiently in 1,2-
dichloroethane than other solvents like CH2Cl2. Protection of syringaldehyde and vanillin
with TBDMS-Cl enhanced percent yield by increasing solubility of the dendrimers 1 and 2
in 1,2-dichloroethane. Both TBDMS-dendrimer 1 and 2 have much better solubility than the
corresponding dendrimers in the solvent. Although the water by-product cleaved some of the
TBDMS protecting groups, the target compounds with varying number of TBDMS groups
remained soluble during the reaction. Prior to column purification, the protecting groups
were cleaved with n-tetrabutyl ammonium fluoride in ethanol, affording the antioxidant
dendrimers 1 and 2.
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Polyacrylamide gel electrophoresis (PAGE) is a useful tool for characterization of
dendrimers [21]. Like proteins, these low-polydispersity nanoparticles show bands in
polyacrylamide gels. The antioxidant dendrimers 1–3 were run under acidic conditions on a
15% PAGE gel and stained with Coomassie Blue (Figure 2). Each lane contained 10 nmol
of antioxidant. All antioxidants produced well-stained bands. For comparison, a generation 4
PAMAM dendrimer with amine surface is shown in lane 1. Dendrimer 2 (lane 2) showed the
highest mobility towards the cathode followed by 3 (lane 3) and 1 (lane 4). In addition to the
major band, dendrimer 1 also showed a broad minor band with lower mobility while 3
displayed a less intense band with higher mobility. These minor bands probably represent
defective target compounds (e.g., species with missing arms).

The free-radical scavenging ability of the antioxidants was evaluated by the DPPH assay
[16]. The two TREN-based dendrimers, 1 and 2, showed similar potency (IC50 mean of
three experiments = 2 µM; SD = 1 µM at 120 min). Within experimental error, these values
were also similar to the previously reported syringaldehyde-based 4-
aminomethylbenzylamine core dendrimer 3 (IC50 mean = 4 µM; SD = 0.9 µM at 120 min).
Under identical experimental conditions, average IC50 value for quercetin was 10 µM (SD =
0.2 µM) at 120 min, Trolox was 30 µM (SD = 0.2 µM) at 120 min while the starting
materials used for syntheses of the antioxidants displayed negligible DPPH activity (IC50
values of syringaldehyde and vanillin were >100 µM).

The ability of the antioxidant dendrimers to protect lipids, protein, and DNA from free
radical damage was evaluated. For LDL, AAPH was used instead of Cu2+ to induce free
radical damage since the latter may cause pro-oxidant interference [22,23]. Oxidation of
human LDL was used as a model for evaluating the ability of the G1 dendrimers as chain-
breaking antioxidants for lipid. LDL oxidation leads to changes in both the lipid and the
protein moieties of the lipoprotein particle. Lipid peroxidation in LDL has been evaluated by
a variety of methods. Due to the complexity of events that occur in lipoprotein oxidation, the
electrophoretic migration pattern of oxidized LDL is one of the best methods to evaluate the
extent of lipoprotein oxidation [24]. LDL was incubated with 20 mM AAPH and increasing
concentrations of the G1 dendrimers at 37 °C for 21 h. The agarose gel obtained with
dendrimer 1 is shown in Figure 3.

Under these conditions, oxidized LDL (lane 2, Figure 3A), unlike native lipoprotein (lane 1),
showed a smear, characteristic of heterogeneous species formed as a result of lipoprotein
oxidation. The lipoprotein was fully protected against free radical damage at 18.5 µM and
37 µM of dendrimer 1 (lanes 3 and 4, Figure 3A). Lower concentrations of dendrimer 1
(lanes 5–8, Figure 3A) were ineffective. Under similar conditions, dendrimers 2 and 3 were
slightly less effective. They showed a sharp LDL band at 37 µM but not at 18.5 µM (data
not shown). In comparison, quercetin, Trolox and the starting materials were ineffective at
all antioxidant concentrations (1–37 µM) (lanes 3–8, Figure 3B).

Protective effect of the dendritic antioxidants on protein was determined using hen egg
white lysozyme as a model protein. The enzyme was incubated with 20 mM AAPH and 80
µM antioxidant at 37 °C for 24 h. Both dendrimers 1 and 2 completely protected the enzyme
(100% recovery), while dendrimer 3, quercetin and Trolox gave 54%, 34% and 12%
recovery, respectively. All starting materials gave <10% recovery. Enzyme recovery
decreased with lower antioxidant concentrations. At 40 µM antioxidant concentration, both
dendrimers 1 and 2 gave 70% recovery, while dendrimer 3, quercetin and Trolox gave 50%,
19% and 10% recovery, respectively. Lower antioxidant amounts gave even lower
recoveries. For example, dendrimer 1 gave recoveries of 40%, 16%, 13% at antioxidant
concentrations of 20 µM, 10 µM, and 5 µM, respectively (control without antioxidant gave
7% activity).
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Protection of DNA from free radical damage by the antioxidant dendrimers was also
evaluated. Plasmid DNA (pBR 322) samples were incubated with AAPH (final
concentration, 10 mM) at 37 °C for 4 h with antioxidants (final concentrations, 0.35–45 µM)
and subjected to agarose electrophoresis [25]. A gel obtained with dendrimer 1 is shown in
Figure 4. The native DNA was mostly in its supercoiled (S) form (small amount of open
circular, O, form was also visible, lane 1, Figure 4). In the presence of AAPH, the DNA was
transformed almost entirely into its O form (lane 2, Figure 4). In the presence of 11–45 µM
of dendrimer 1, DNA was well protected; the S band intensity was similar to control
containing no AAPH (lanes 3–5, Figure 4). Quercetin as well as dendrimers 2 and 3 also
displayed similar gel patterns to dendrimer 1 (data not shown). Some protection was also
obtained for the three dendrimers at 5 µM as shown by traces of supercoiled DNA (lane 6,
Figure 4) but not with quercetin (data not shown). Negligible DNA protection was afforded
by all dendrimers at < 3 µM (lanes 7–10, Figure 4). Under similar conditions, Trolox as well
as the starting materials for dendrimer synthesis were ineffective at all concentrations.

All of the above antioxidant activity tests clearly indicate that the antioxidant dendrimers are
effective radical scavenging agents. This may be attributed to the presence of multiple
phenolic hydroxyl groups, benzylic hydrogens, and electron donating substituents in these
compounds.

The pro-oxidant property of antioxidants, such as quercetin, in the presence of transition
metals ions (e.g., Cu2+ and Fe3+) has been associated with their mutagenic and carcinogenic
health hazard [7,19]. This is a serious drawback for their potential clinical applications.
Since potent antioxidants often possess strong pro-oxidant activity, it was important for us to
examine the pro-oxidant behaviors of our dendritic antioxidants. This was performed by co-
incubation of DNA (pBR 322), copper (II) ion and antioxidant. It is believed that an
antioxidant such as quercetin which displays strong pro-oxidant activity binds to Cu (II)-
DNA complex through its catechol and forms a DNA-Cu(II)-quercetin complex. This
ultimately forms DNA-Cu(I)OOH, initiating a free radical cascade by which DNA damage
occurs [26]. pBR 322 was incubated with 10 µM Cu2+ in the presence of antioxidants at 37
°C for 1 h. Figure 5 shows an agarose gel obtained with dendrimer 1 (A) and quercetin (B).
No DNA damage was obtained at all concentrations of dendrimer 1 between 0.35–45 µM.
Dendrimer 2 also gave similar gel patterns (data not shown). As previously reported, DNA
damage was clearly observed with dendrimer 3, quercetin (Fig. 5B) and Trolox at
concentrations between 11–45 µM [15]. The starting materials did not show any pro-oxidant
effect on DNA under these conditions. These results suggest that the lack of pro-oxidant
effects displayed by the two TREN-based dendrimers may be due to chelation of copper
ions by the tertiary amines in the core. At high copper concentrations (e.g. 60 µM), the O-
form of DNA was also observed with the TREN dendrimers (data not shown). This suggests
that the metal chelating property of the dendrimers was likely overwhelmed at higher copper
concentrations resulting in pro-oxidative effects and DNA damage. However, it should be
noted that physiological concentrations of copper are less than 10–20 µM in plasma and
approximately 10−18 M for the cation in cells [27]. Therefore, chelation of even low
amounts of cation can markedly affect free radical formation, especially in the chromatin
region where one copper ion is present per kilobase [28].

Pro-oxidant effect of our novel antioxidant dendrimers was also evaluated with Fe3+. DNA
was incubated at 37 °C for 1 h in the presence of physiological concentration of Fe3+ (30
µM) and antioxidant 1 (45 µM) or quercetin (45 µM). Neither the dendritic antioxidant 1 nor
quercetin showed any pro-oxidant behavior (similar to lane 3, Figure 5A, data not shown).
We also wanted to see if there was any deleterious interaction of our dendrimers with non-
transition metal ions, such as Zn2+ that is present in significant amount in plasma (~12 µM),
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under similar conditions. Both dendrimer 1 and quercetin at 45 µM had no effect on DNA in
the presence of 12 µM Zn2+ (similar to lane 3, Figure 5A, data not shown).

Preliminary data on cell toxicity of dendrimers 1 and 2 were obtained with Chinese hamster
ovary (CHO) cells using 3-(4,5-di-methylthizol-2-yl)-2,5 diphenyltetrazolium bromide
(MTT) [29]. Incubation of the CHO cells (3 × 105/mL) in the presence of 3.1 – 50 µM of
antioxidants did not show any reduction in cell viability over 5 days (Figure 7).

Conclusion
We have successfully demonstrated the concept of designing dendrimers with free radical
scavenging as well as metal chelating properties. The antioxidant dendrimers we synthesized
show high radical scavenging activity and strong protective effects on biomolecules (lipid,
protein and DNA). In general, potent antioxidants also possess strong pro-oxidant activity.
The potent TREN-based dendritic antioxidants were however devoid of pro-oxidant activity
thus providing a significant biological benefit. Their strong radical scavenging potential and
lack of pro-oxidant effects as well as cell toxicity make them promising candidates as
therapeutic agents for pathological conditions strongly associated with oxidative stress
including asthma, atherosclerosis and neurodegenerative diseases.
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PAGE Polyacrylamide gel electrophoresis

PAMAM poly(amidoamine) dendrimer

pBR 322 Plasmid DNA

PBS Phosphate-buffered saline
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PPI poly (propylene imine) dendrimer

Si(CH3)4 Tetramethylsilane

TBDMS-Cl Tert-butyldimethylsilyl chloride

TREN Tris(2-aminoethyl)amine
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Figure 1.
Structures of dendrimers 1–3 and quercetin.
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Figure 2.
Electrophoresis of antioxidant dendrimers.
Lane 1 (G4 PAMAM); lane 2 (dendrimer 2); lane 3 (dendrimer 3); lane 4 (dendrimer 1).
Each lane contains 10 nmol dendrimer.
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Figure 3.
Effect of antioxidants on LDL oxidation.
(A) Lane 1 (native LDL); lanes 2–8 (AAPH-oxidized LDL with 0, 37, 18.5, 9, 4.5, 2 and 1
µM dendrimer 1, respectively). (B) Lane 1 (native LDL); lanes 2–8 (AAPH-oxidized LDL
with 0, 37, 18.5, 9, 4.5, 2 and 1 µM quercetin, respectively).
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Figure 4.
Protection against AAPH-induced DNA oxidation by dendrimer 1.
Lane 1 (native DNA); lanes 2–10 (AAPH-oxidized DNA with 0, 45, 23, 11, 5, 3, 1.5, 0.7,
and 0.35 µM antioxidant, respectively).
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Figure 5.
Pro-oxidant effect of dendrimer 1 (A) and quercetin (B) on DNA (pBR 322). Lane 1 (native
DNA); lanes 2–10 (Cu2+ oxidized DNA with 0, 45, 23, 11, 5, 3, 1.5, 0.7, and 0.35 µM
antioxidant, respectively).
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Figure 6.
Comparative effects of dendrimers 1 and 2 on CHO cell viability. CHO cells were incubated
with DMSO control, dendrimer 1 or dendrimer 2 at 50 µM for 1, 3, and 5 days.
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Scheme 1.
Syntheses of dendrimers 1 and 2.
Reagents and conditions: (a) TBDMS-Cl, triethylamine, CH2Cl2, 0 °C (b) TREN,
Na(OAc)3BH, 1,2-dichloroethane (c) n-Bu4NF, ethanol.
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