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ABSTRACT: Off-target side effects are major challenges hindering the clinical success of matrix metalloproteinase (MMP)
inhibitors. Various targeting strategies revitalized MMP research to eliminate this drawback. Herein, we developed s-triazine-based
dendrimeric architecture not only amenable to tumor targeting but also decorated with pharmacophoric entities to endow MMP-9
inhibition for halting cancer progression. The design rationale utilized hydrazide branching chains as well as carboxylic and
hydroxamic acid termini as Zn-binding groups to confer substantial MMP inhibitory potential. The carboxylic acids are tetherable to
tumor targeting ligands and other cargo payloads as synergistic drugs via biodegradable linkages. The synthesized series were
screened for cytotoxicity against normal fibroblasts (Wi-38) and two selected cancers (MDA-MB 231 and Caco-2) via MTT assay.
The most active hexacarboxylic acid dendrimer 8a was more potent and safer than Dox against MDA-MB 231 and Caco-2 cells. It
intrinsically inhibited MMP-9 with selectivity over MMP-2. Docking simulations demonstrated that the extended carboxylic acid
termini of 8a could possibly chelate the active site Zn of MMP-9 and form hydrogen-bonding interactions with the ligand essential
backbone Tyr423. In addition, it suppressed the correlated oncogenic mediators VEGF and cyclin D, upregulated p21 expression,
induced apoptosis (>75%), and inhibited the tumor cell migration (∼84%) in the treated cancer cells. Thus, up to our knowledge, it
is the first triazine-based MMP-9 inhibitor dendrimer endowed with VEGF suppression potential that can be employed as a bioactive
carrier.

1. INTRODUCTION

The tumor microenvironment, especially the extracellular
matrix, has attracted considerable attention in cancer research.
Such a matrix innately fosters various tumor progression events
ranging from cancer cell proliferation to metastasis via a
plethora of proteinases.1−3 Among the released proteinases, a
characteristic family of zinc-dependent endopeptidases named
matrix metalloproteinases (MMPs) has been reported to be
obviously dysregulated in almost all human tumors.4−6 Their
expression levels were found to be directly tied to the tumor
stage.4 The MMP family comprises about 26 members7

classified as collagenases (MMP-1, -8, -13, -18), gelatinases
(MMP-2, -9), stromelysins (MMP-3, -10), matrilysins (MMP-
7, -26), membrane-type MMPs (MMP-14, -15, -16, -17, -24,

-25), and other MMPs.8 Structurally, the catalytic domains of
all of the family members are almost alike, comprising three α-
helixes and five β-sheets. The domain is characterized by the
active-site zinc ion, five calcium ions, and a shallow cleft with
six binding pockets (S1, S2, S3, S1′, S2′ and S3′). The S1′
subsite slightly varies in its composition among various MMPs
and is thus viewed as a selectivity pocket.7,9,10
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Various MMPs promote extracellular matrix turnover, tumor
growth, angiogenesis, and metastasis.11−13 Accordingly, MMPs
are viewed as modulators of the tumor microenvironment and
are major driving factors for carcinogenesis. No surprise, then,
that MMP inhibition has been considered ideal for cancer
treatment. Being validated as attractive druggable targets,
numerous MMPs inhibitors have been introduced over the last
decades.14−17 Early inhibitors were designed as small
peptidomimetics of the endogenous MMP ligands capped
with hydroxamic acid as an efficient zinc binding motif to
render the enzyme inactive.17 Despite their outstanding
inhibition potency and efficiency against cancer progression,
hydroxamate-based peptidomimetics such as batimastat18 and
marimastat failed to achieve clinical success.19 Such un-
expected failure in the clinic has been mainly blamed on the
pharmacokinetic challenges20,21 and the lack of selectivity-
related side effects14,22 associated with the hydroxamate
moiety. These doubts about the hydroxamates’ suitability as
MMPs inhibitors then directed more extensive efforts to
diversify the MMP inhibitors’ zinc binding groups. Hence,
several non-hydroxamate inhibitors utilizing thiols, carbox-
ylates, phosphorus-based groups, hydrazides, sulfonyl hydra-
zides, N-hydroxyurea, or other zinc binding moieties were
introduced23 of which some potent inhibitors found their way
to clinical trials with auspicious start, but eventually failed to
accomplish clinical success due to their nonspecific broad
spectrum activity.20,24 The growing knowledge on MMP
crystal structures, particularly their catalytic domains9,10

together with computer-aided drug design,17 then revitalized
MMP research in a fundamentally opposite strategy relying on
avoiding zinc binding groups (ZBG) to minimize or hopefully
eliminate off-target side effects.25,26 Consequently, numerous
nonzinc binding MMP inhibitors were synthesized and
evaluated.25−28 Although considerable success regarding
selectivity has been achieved, this approach also faced a
major challenge. Actually, this strategy has proven efficacy only
for designing selective inhibitors for deep-pocket MMPs,
particularly MMP-13, where the inhibitor relies on the intrinsic
flexibility of the MMP specificity loop. The selectivity of these
MMP inhibitors against other MMPs thus seems to be
questionable.
The aforementioned problems associated with hydroxamic

acids, non-hydroxamates, and non-zinc binding inhibitors
posed a dilemma for medicinal chemists: “to bind or not to

bind zinc?”.4 A pragmatic solution for optimal compromise
between potency and selectivity may be proposed by targeting
the tumor microenvironment itself. A recent study reported
enhanced activity against MMP-2 and -9 and reduced off-target
effects via targeted delivery of the hydroxamate-based MMP
inhibitor, marimastat to the tumor microenvironment
encapsulated in thermosensitive liposomes.29 Another fruitful
targeting strategy relies on utilizing monoclonal antibodies. To
date, several promising monoclonal antibodies targeting
catalytic domains of specific MMPs without binding the
catalytic zinc were developed.30 A prime example is DX-2400,
a MMP-14 specific inhibitor with a subnanomolar inhibitory
constant (Ki), by Dyax. In preclinical studies, the DX-2400 was
observed to significantly decrease the tumor burden and limit
metastases in liver and lung.31 Furthermore, researchers at
Gilead Sciences produced andecaliximab (GS-5745), a
humanized monoclonal antibody, as a highly potent and
selective MMP-9 inhibitor that spares other MMPs. In mouse
models, GS-5745 reduced the tumor growth and metastases
incidence. Interestingly, the common side effects seen with
broad-spectrum inhibitors were eliminated.32 Besides the
mentioned advances in targeting strategies, the emerging role
of dendrimers in the field has brought new light to MMP
research.33−36 Dendrimers are repetitively branched molecules,
usually adopting spherical structures with symmetry around
the core.37,38 The treelike branched concentric layers of
dendrimers are referred to as “generations”. Basically,
dendrimers were employed as potential carriers for efficient
drug delivery based on their unique properties ranging from
monodispersity and small nanometer size to amenability for
versatile functionalization that allow targeting to different
tissues as well as enhancing bioavailability of the loaded
drugs.39,40 Moreover, dendrimers could be easily decorated to
make them “smart” enough to deliver its payloads to the target
locus with controlled release.41 Such attractive applications
encouraged synthetic chemistry studies to develop various
classes of dendrimers such as poly(amidoamine) (PAMAM)42

and triazine-based ones.43 Pioneering medicinal chemistry
research then introduced an “out of the box” strategy by
derivatizing dendrimers with pharmacophoric entities to
endow certain pharmacological activities, thus rendering
them “druglike”.35,36,43−48 In this regard, some functionalized
PAMAM dendrimers were designed as MMP inhibi-
tors.35,36,43,44 On the other hand, triazine-based dendrimers

Figure 1. Design of the target dendrimers.
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and derivatives have not been popularly utilized so far in MMP
research despite their wide biomedical applications.43,49−53

2. DESIGN RATIONAL

Motivated by recent research progress and in continuation of
our previous work,54 we set out to synthesize a series of
rationally designed star-shaped triazine-based dendrimers
endowed with MMP inhibitory potential. Our research
protocol was focused on targeting MMP-9 in two of the
most widely spreading cancers, namely breast (MDA-MB 231)
and colon (Caco-2) cancers,55 as it is one of the key MMP in
their progression.56,57 The developed 1,3,5-triazine-based
dendrimers were decorated with terminal carboxylic and
hydroxamic acids as well as linker hydrazide moieties as zinc-
binding groups to confer substantial MMP-inhibitory activity
(Figure 1). The carboxylic acid groups will also allow feasible
installation of cargo payloads such as drugs and/or tumor-
targeting ligands via biodegradable linkages. Structure
diversification of the designed scaffold was adopted by
installing various pharmacophoric functionalities of potent
selective MMP-9 as piperidine58 and morpholine59 on the
terminal triazines.
As a proof of concept, the synthesized dendrimers were

subjected to cytotoxicity testing against normal fibroblasts (Wi-
38) and two selected cancer cell lines (MDA-MB 231 and
Caco-2) utilizing the MTT assay60−63 to evaluate their safety
and antiproliferative profiles. Then the most promising
dendrimers were evaluated for in vitro MMP-9 inhibition
compared to the prototype MMP inhibitor N-isobutyl-N-(4-
methoxyphenylsulfonyl)glycyl hydroxamic acid (NNGH) as a
reference. Docking simulations were conducted to explore
their possible binding modes within the MMP catalytic
domain. Their selectivity profiles were evaluated against
other members of the MMPs family namely, MMP-2, -7, -10,
and -13. Mechanistic studies were extended to explore their
apoptotic induction potential and antimetastatic activities as
major MMP inhibition downstream events. Herein, flow
cytometry analysis of the proapoptotic effect and migration

inhibitory potential of the active dendrimers were investigated
in the treated human cancer cell lines. The apoptotic potential
of the prepared dendrimers was investigated after the treated
cancer cells were stained with annexin V, which binds to
phosphatidylserine. The latter is exposed on the outer leaflet of
apoptotic cells to be removed by macrophages.64 The
antimigration activity of the tested dendrimers was evaluated
using a wound healing assay, which is a highly reproducible in
vitro test used to examine the migration potential of monolayer
cancer cells to reestablish cell contact following the develop-
ment of a scratched wound.65 Additionally, their effects on the
expression of correlated oncogenic mediators were inves-
tigated. Most importantly, vascular endothelial growth factor
(VEGF) expression was evaluated in Caco-2 cells treated with
the studied dendrimers given the fact that MMP-9 promotes
cell migration and triggers the angiogenic switch during
carcinogenesis via expression/secretion of VEGF.66,67 p21 and
cyclin D expression was also quantified based on previous
studies reporting that MMP-9 inhibition induces the
expression of the CDK inhibitor p21.68

3. RESULTS AND DISCUSSION

3.1. Chemistry. 3.1.1. Preparation of Monochlorinated s-
Triazine Derivatives 7a−c and Dendrimers 8a−c. As
depicted in Scheme 1, the three Cl atoms of cyanuric chloride
1 were replaced with 4-aminobenzoic acid 2 to give the
tribenzoic acid derivative 3.69 Subsequently, 3 was converted
to the corresponding methyl ester derivative 4 and then to the
corresponding acid hydrazide derivative 5.70 On the other
hand, cyanuric chloride 1 was allowed to react with 1 equiv
glycine 6 at 0−5 °C for 2 h, followed by the reaction with 1
equiv of glycine,71 morpholine,53,72 or piperidine53 at room
temperature to afford the corresponding monochlorinated s-
triazine derivatives 7a−c.
The previously prepared hydrazide derivative 5 was allowed

to react with monochlorinated s-triazine derivatives 7a−c in
aqueous sodium carbonate to afford the corresponding
dendrimers 8a−c. IR spectra of 8a−c confirmed the presence

Scheme 1. Synthesis of Monochlorinated s-Triazine Derivatives 7a−c and Dendrimers 8a−c
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of carboxylic OH, NH, and CO functionalities at wave-
number ranges 3700−2400, 3412−3196, and 1753−1635
cm−1, respectively. The 1H NMR spectra of dendrimers 8a−c
showed the presence of multiplet peaks at 3.75−4.01 and
7.64−8.19 ppm corresponding to glycine’s α-protons and
aromatic protons, respectively. In addition, the 1H NMR
spectrum of dendrimer 8b showed two multiplet peaks at
chemical shifts of 1.55−1.63 and 3.79−4.01 ppm correspond-
ing to the methylene protons of the piperidine moieties. While
the 1H NMR spectrum of 8c showed two multiplet peaks at
chemical shifts of 3.56−3.97 and 3.75−3.86 ppm correspond-
ing to CH2N and CH2O of the morpholine moieties.
Furthermore, 13C NMR spectra of 8a−c show the presence
of signals at 41−42 and 119−130 ppm corresponding to the
glycine α-carbon and aromatic carbons. Additional signals were
observed at 23.27, 25.43, and 44.73 ppm for dendrimer 8b
corresponding to the methylene carbons of the piperidine
moieties. Moreover, the signals at 44.45 and 66.09 ppm of
dendrimer 8c correspond to the CH2N and CH2O carbons,
respectively, confirming the presence of morpholine moieties.
3.1.2. Preparation of Dendrimers 10−12. Similarly, the

hydrazide derivative 5 reacted with 3 equiv of cyanuric chloride
1 to give the hexachlorinated precursor 9. Then dendrimer 9
was allowed to react with 3 equiv of glycine in the presence of
sodium carbonate to give the corresponding trichlorinated s-
triazine dendrimers 10. Furthermore, the trichlorinated s-

triazine dendrimer 10 was converted to the corresponding
trihydroxylated s-triazine dendrimer 11 by stirring with
aqueous sodium hydroxide solution at room temperature for
24 h (Scheme 2). In addition, the hexachlorinated s-triazine
dendrimer 9 was refluxed for 2 h in aqueous NaOH solution to
afford the corresponding hexahydroxylated s-triazine den-
drimer 12. The IR spectra of dendrimers 10−12 showed the
presence of functionalities O-H, N-H, and CO. The 1H
NMR spectra of dendrimers 10 and 11 showed two multiplet
peaks at chemical shift ranges 3.84−4.10 and 7.29−8.53 ppm
corresponding to the methylene and aromatic protons,
respectively. In addition, an increase in peak integration at
chemical shift range 10.86−11.75 ppm by 3 protons in 1H
NMR spectrum of 11, compared to that of 10, indicates the
complete replacement of Cl-atoms in 10 with OH groups in
11. In addition, a carbon signal at about 42 ppm in the 13C
NMR spectra of 10 and 11 confirms the presence of glycine
residues. Furthermore, elemental analysis confirmed the
conversion of dendrimer 10 to 11 as the Cl-atoms are absent
in 11. The 1H NMR spectra of dendrimers 12 showed the
presence of a multiplet peak at chemical shift range 7.37−8.04
ppm corresponding to 12 aromatic and 3 NH protons, while
the remaining 6 NH and 6 OH protons appeared as two, D2O
exchangeable, multiplets at chemical shift ranges 10.46−11.95
ppm. Furthermore, the overlapped, multiplet peaks at the
chemical shift range 10.5−11.9 ppm of the s-triazine

Scheme 2. Synthesis of Dendrimers 10−12
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derivatives 11 and 12 could indicate the presence of keto and
enol tautomers in a similar manner to cyanuric acid as shown
in Scheme 2.73,74

3.1.3. Preparation of Hydroxamic Acid Dendrimers 13
and 14a−e. All previously synthesized dendrimers that
possess periphery carboxyl groups 3, 8a−c, 10, and 11 were
allowed to react with hydroxylamine hydrochloride using DIC
(N,N′-diisopropylcarbodiimide) in the presence of HOAt (1-
hydroxy-7-azabenzotriazole) as coupling agent75,76 to give the
corresponding hydroxamic acid dendrimers 13 and 14a−e,
respectively (Scheme 3). The structure of hydroxamic acid
dendrimers 13 and 14a−e was confirmed by spectroscopic
methods (IR and 1H NMR and 13C NMR) as well as elemental
analysis; see the Supporting Information. In the 1H NMR
spectra of 13 and 14a−e, the NH and OH groups of the
hydroxamic moieties, CONHOH, showed multiplet peaks at
8.20−9.13 and 10.02−12.20 ppm, respectively. In addition,
elemental analysis showed an increase in N/C ratio upon
conversion from dendrimers with carboxylic periphery to those
with hydroxamic periphery.
3.2. Biological Evaluation. 3.2.1. Cytotoxicity Screening.

Cytotoxicity screening of the synthesized dendrimers, 8a−8c,
10−13, and 14a−14e on normal human fibroblasts (Wi-38)
revealed that all the evaluated compounds showed higher
safety profiles compared to doxorubicin except 8b, 8c, 11−13,
14c, and 14e (Table 1). Among the investigated dendrimers,
the carboxyl-terminated dendrimer 10 was the safest, recording
the highest EC100 value (17.121 nM), followed by the
corresponding hydroxamate one 14d (15.591 nM). Promising
safety profiles were also observed for the hexaacetic acid-
terminated dendrimer 8a and the corresponding hydroxamate
derivative 14a as well as the piperidinyl-substituted one 14b.
Following assessment of the safety profiles, all of the studied

compounds were evaluated for their potential antiproliferative
activities against MDA-MB 231 and Caco-2 cells. As shown in
Table 2, the carboxylic acid-terminated dendrimer 8a exhibited

outstanding cytotoxic activities with single-digit nanomolar
IC50 values against MDA-MB 231 and Caco-2 cells being more
potent than doxorubicin as well as all the evaluated dendrimers
in the current study. Besides this observation, its safety profile
was promising. Hydoxamic acid coupling allowed slightly less
potent antiproliferative activities as evidenced by the IC50
values of the respective dendrimer 14a. However, it is still
superior to doxorubicin against Caco-2 cells with slightly lower
potency against MDA-MB 231 cells. Obviously, Caco-2 cells
were more sensitive than MDA-MB 231 to the evaluated
compounds. All of the evaluated dendrimers were more active
than doxorubicin against Caco-2 except 10−12. On the other
hand, only 8a and 14a were superior to doxorubicin against
MDA-MBA 231.

3.2.2. Matrix Metalloproteinas-9 Inhibition. The selected
safe and anticancer carboxylate- and hydroxamate-terminated
dendrimers were in vitro evaluated for matrix metalloprotei-
nase-9 (MMP-9) inhibition, as a possible anticancer

Scheme 3. Synthesis of Hydroxamic Acid Dendrimers 13 and 14a−e

Table 1. Cytotoxicity Evaluation on Normal Human
Fibroblasts (Wi-38)

compd no. EC100
a (nM)

8a 13.8 ± 0.2
8b 1.0 ± 0.1
8c 1.9 ± 0.2
10 17.1 ± 0.1
11 3.0 ± 0.1
12 1.5 ± 0.0
13 5.8 ± 0.277
14a 13.5 ± 0.2
14b 15.0 ± 0.3
14c 1.7 ± 0.1
14d 15.6 ± 0.1
14e 2.9 ± 0.2
DOX 11.5 ± 0.5

aValues are presented as mean ± SEM.
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mechanism, in comparison to NNGH as a reference MMP
inhibitor (Table 3). Considering the close structural similarity

of MMP-9 and MMP-2, the dendrimers were evaluated for
their MMP-2 inhibitory potential as well. Interestingly, the
results showed that 8a, the most active anticancer dendrimer,
was a more potent MMP-9 inhibitor than the other evaluated
dendrimers. Compounds 14b and 14d exhibited higher MMP-
9 inhibition profiles than 14a. Although considerably active, all
dendrimers were less potent than NNGH. Interestingly, 8a
showed more than 2-folds selectivity to MMP-9 over MMP-2.
Further investigation of the 8a selectivity profile revealed that
8a exhibited considerable potency against MMP-7, -10, and
-13, being nearly equipotent against these family members.

Compounds 14a and 14d were nearly 2-fold more active
against MMP-9 than MMP-2, whereas 14b showed selectivity
to MMP-2 over MMP-9. Notably, 14b was comparable to
NNGH against MMP-2.

3.2.3. Morphological Examination of the Induced
Apoptosis. The two cancer cell lines (MDA-MB 231 and
Caco-2) were examined for morphological changes when
treated with the most active dendrimers 8a and 14a in
comparison with the untreated cancer cells and cells treated
with the reference doxorubicin (Figure 2). As illustrated, all of
the treated cells obviously lost their normal shapes. Addition-
ally, their characteristic severe shrinkage indicated potent
antiproliferative activities of the tested compounds, especially
8a, in comparison to doxorubicin.

3.2.4. Flow Cytometric Analysis of Apoptosis. As shown in
Table 4 and Figure 3; the dendrimers 8a and 14a possessed

higher capability to induce apoptosis (>60%) in the tested
human cancer cells than that of doxorubicin (<32%).
Interestingly, the dendrimer 8a showed the highest potential
among the group to induce apoptosis (>75%) in MDA-MB
231 and Caco-2. These results were consistent with the MTT
assay results.

3.2.5. Tumor Cell Migration Inhibition. The antimetastatic
capability of the studied dendrimers 8a and 14a was assessed
utilizing the cell migration (wound healing) assay. The results
(Figure 4) showed that 14a and 8a exhibited promising
antimetastatic potential via inhibiting migration of Caco-2 by
83.95 ± 1.93%

3.2.6. Expression of VEGF, p21, and Cyclin D. Based on the
reports confirming association of MMP-9 with VEGF,65,66 p21,
and cyclin D expression,67 quantitative real-time PCR analyses
were performed to evaluate the regulatory potential of the
studied dendrimers on these oncogenic mediators. Figure 5

Table 2. Antiproliferative Evaluation on MDA-MB 231 and
Caco-2 Cells

IC50
a (nM)

compd no. MDA-MB 231 Caco-2

8a 3.8 ± 0.7 3.3 ± 0.5
8b 81.0 ± 14.3 42.0 ± 1.3
8c 83.7 ± 9.0 26.8 ± 1.3
10 45.0 ± 7.6 54.7 ± 0.5
11 86.6 ± 4.1 64.8 ± 1.3
12 70.9 ± 3.7 52.8 ± 3.8
13 94.4 ± 10.6 38.4 ± 1.6
14a 14.5 ± 1.6 10.2 ± 3.6
14b 79.7 ± 10.2 39.0 ± 1.3
14c 46.7 ± 6.9 39.1 ± 3.1
14d 187.8 ± 8.1 21.5 ± 1.1
14e 72.9 ± 5.3 34.6 ± 0.5
DOX 10.7 ± 0.3 48.3 ± 2.8

aValues are presented as mean ± SEM.

Table 3. MMPs Inhibitory Profiles of the Selected
Dendrimers

IC50 (nM)

compd no. MMP-2 MMP-9 MMP-7 MMP-10 MMP-13

8a 630 156 200 145 124
14a 728 373
14b 98 207
14d 541 243
NNGH 77 73 240 101 360

Figure 2. Morphological alterations of MDA-MB 231 and Caco-2 cells treated with the studied dendrimers 8a and 14a, at 3 nM, compared to the
untreated control cells and doxorubicin (DOX)-treated cancer cells.

Table 4. Total Percentages of the Apoptotic Cell Population
in the Most Active Compounds-Treated Cancer Cells Lines

total % of the apoptotic cell populationa

compd no. MDA-MBA 231 Caco-2

untreated control 0.1 ± 0.02 0.1 ± 0.02
8a 75.4 ± 2.0 76.8 ± 0.8
14a 60.3 ± 2.2 71.3 ± 0.8
DOX 19.9 ± 1.6 31.7 ± 2.7

aValues are presented as mean ± SEM.
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demonstrates that 8a and 14a downregulated VEGF
expression. Notably 14a had a unique ability to suppress
VEGF expression especially in Caco-2 cells. Compound 8a
upregulated p21 expression by ∼3-fold and downregulated the
oncogenic expression of cyclin D by ∼4-fold in the treated

MDA-MB 231 and Caco-2 cells, respectively. Compound 14a
showed lower therapeutic regulatory potential against p21 and
cyclin D. More importantly, the most active anticancer
compounds (8a and 14a) were found to have a greater impact
on the above-mentioned genes expression than DOX.

Figure 3. Flowcharts of annexin-PI analysis of MDA-MB 231 and Caco-2 cells treated with the studied dendrimers 8a and 14a, at 3 nM, compared
to the untreated control cells and doxorubicin-treated cancer cells.

Figure 4. Antimetastatic potency of the studied dendrimers 8a and 14a via wound healing assay at their safest dose (0.1 nM) on cancer cells to
avoid interfering with growth inhibitory effect. (A) Microscopic image of the scratched wounds in the untreated and 8a- and 14a-treated Caco-2
cells at 0 and 24 h and (B) migration impairment (%) in the treated cancer cells.

Figure 5. Relative fold change in VEGF, p21, and cyclin D gene expression in (A) MDA-MB 231 and (B) Caco-2 cells treated with the studied
dendrimers.
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3.3. Molecular Docking Studies. Docking simulations
were conducted to explore the possible binding mode of the
most promising dendrimer 8a into the active site of MMP-9
utilizing MOE 2015.10.77 The MMP-9 catalytic domain,
complexed with a reverse hydroxamate inhibitor, without
fibronectin and prodomains was retrieved from the protein
data bank (PDB ID: 1GKC78) and then subjected to structure
preparation after removal of unwanted residues. The optimized
domain consists of a monomer with three calcium and two zinc
ions. The active dendrimer 8a was built in silico, energy
minimized and docked into the cocrystallized ligand binding
site. Docking simulations were conducted with various fitting
protocols for validation. A rigid docking protocol was adopted
applying the Triangular matcher algorithm and Alpha HB
scoring function for generating the top 10 nonredundant poses
of the lowest binding energy conformers of the studied

dendrimer. Among the lowest binding energy conformers (ΔG
= −9.72 kcal/mol), docking results (Figure 6) showed that
most of the dendrimeric scaffold is likely to be extended
outside the pocket, while the extended termini could reach and
chelate the active site Zn via the carboxylic acid appendages as
roughly expected. Interestingly, hydrogen bond interactions
were also observed between the MMP-9 backbone amide
groups of Tyr423 and two adjacent carboxylic acid termini
posed by 8a resembling the binding mode of the cocrystallized
reverse hydroxamate inhibitor.78 Additional hydrogen bonds
involving the triazine-NH moiety and the backbone Met422 as
well as H−π interactions between the triazine core and Tyr420
reinforced 8a fitting to the MMP-9 catalytic domain.

3.4. Structure−Activity Relationship. In light of the
aforementioned assays, the structure−activity relationship of
the synthesized dendrimers can be deduced. The general

Figure 6. (A) Molecular surface of MMP-9 catalytic domain (cyan) showing active site zinc ion as dark blue ball and the docked hexacarboxylic
acid dendrimer 8a (yellow sticks), (B) 3D binding mode of 8a (yellow sticks), and (C) 2D binding mode of 8a in the catalytic domain of MMP-9
(PDB ID: 1GKC78).
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cytotoxic activity pattern reflects promising antiproliferative
potential displayed by the triazine-based dendrimeric scaffold
(Figure 1). However, the anticancer profile of each derivative
regarding activity as well as selectivity was a function of the
terminal substitution. Obviously, the hexacarboxylic acid-
terminated dendrimer 8a was the most potent one within
the synthesized series. Diversifying the terminal triazine
substitution within the carboxyl-terminated series (8a−c, 10,
and 11) generally decreased the antiproliferative activity,
especially against MDA-MB 231 cells. However, substituting
three terminal glycine residues with morpholine moieties (8c)
or with piperidine ones (8b) still confers more cytotoxic
potency than doxorubicin against Caco-2 cells. The chlorinated
dendrimer 10 was slightly more potent than the hydroxylated
derivative 11, and both were comparable to doxorubicin.
Hydoxamic acid coupling dramatically changed the cytotoxic
activities of the dendrimeric architecture. As observed,
complete coupling of the hexacarboxylic acid-terminated
dendrimer 8a affording 14a decreased the activity by about
3-fold against MDA-MB 231 and Caco-2. However, coupling
of the piperidine-substituted dendrimers yielding 14b almost
conserved the intrinsic activities of its carboxylic acid precursor
8b. On the other hand, enhanced activities were detected
(14c), especially against MDA-MB 231, after hydroxamic acid
coupling of the morpholine-substituted precursor (8c). The
chlorinated dendrimer 10 obviously lost its activity against
MDA-MB 231 cells when hydroxamated (14d) while gaining
considerable potency against Caco-2 cells. The transformation
of dendrimer 11 also enhanced the cytotoxic potential of the
hydroxylated dendrimer (14e) against Caco-2 and MDA-MB
231 cells. Obviously, the terminal chloro and carboxyl moieties
in dendrimer 10, conferred the highest safety profile to the
designed dendrimeric scaffold followed by its hydroxamic acid
coupling product (14d), the hydroxamic acid dendrimer with
terminal piperidine (14b), the hexacarboxylic acid (8a), and its
hydroxamic acid derivative (14a). These notably safe
dendrimers showed promising MMP-9 inhibitory activities.
Fully carboxylated termini (8a) conferred the highest MMP-9
inhibition potency among the group with 2 folds selectivity
over MMP-2, besides considerable potency against MMP-7,
-10, and -13. Unexpectedly, hydroxamic acid coupling (14a)
did not enhance the MMP-9 inhibitory potency but endowed
notable potential to suppress VEGF expression. However, the
hydroxamic acid dendrimer with terminal piperidine (14b) and
the chlorinated derivative (14d) were comparable to 8a against
MMP-9. The piperidine-derivatized hydroxamic acid den-
drimer (14b) exhibited the highest detected activity against
MMP-2 and was slightly less potent than the prototype MMP
inhibitor NNGH.

4. EXPERIMENTAL SECTION
4.1. Material and Methods. Solvents and all reagents

were purchased from Sigma-Aldrich. Unless otherwise stated,
normal workup from organic solvent involved drying over
Na2SO4 and rotary evaporation. TLC was performed using
aluminum-backed Merck silica gel 60 F-254 plates using
suitable solvent systems, with spots being visualized by a
Spectroline UV Lamp (254 or 365 nm) or I2 vapor. Melting
points were obtained in open capillary tubes by using a MEL-
Temp II melting point apparatus and are uncorrected. Infrared
(IR) spectra were recorded on a PerkinElmer 1600 series
Fourier transform instrument as KBr pellets. The absorption
bands (ν ̅max) are given in wave numbers (cm−1). Nuclear

magnetic resonance (NMR) spectra (1H NMR and 13C NMR)
were recorded on JEOL 500 MHz spectrometers at ambient
temperature. Chemical shifts are reported in parts per million
(ppm) and are referenced relative to residual solvent (e.g.,
CHCl3 at δ 7.26 ppm for CDCl3, DMSO at δ 2.50 ppm for
DMSO-d6). Elemental analyses were performed on a
PerkinElmer 2400 elemental analyzer, and the values found
were within ±0.3% of the theoretical ones.

4.2. Chemistry. 4.2.1. General Procedure for Preparation
of 2,2′,2′′-((6,6′,6′′-(2,2′,2′′-(4,4′,4′′-((1,3,5-Triazine-2,4,6-
triyl)tris(azanediyl))tris(benzoyl))tris(hydrazine-2,1-diyl))tris-
(4-(substituted-1-yl)-1,3,5-triazine-6,2-diyl))tris(azanediyl))-
triacetic Acid 8a−c. 4,4′,4′′-((1,3,5-Triazine-2,4,6-triyl)tris-
(azanediyl))tri(benzohydrazide) 5 (0.528 g, 1 mmol) was
dissolved in hot 1 N HCl (30 mL). The appropriate acid, 2-
((4-substituted-6-chloro-1,3,5-triazin-2-yl)amino)acetic acid
7a−c (3 mmol), and sodium carbonate (0.636 g, 6 mmol)
in water (50 mL) were added to the reaction mixture. The
reaction mixture was refluxed for 24 h. During reflux, sodium
carbonate (0.636 g, 6 mmol) was added portionwise to the
reaction mixture after 8 h. Another amount of sodium
carbonate (0.636 g, 6 mmol) was also added after 16 h of
reflux. The clear solution was cooled and neutralized with 1 N
HCl until complete precipitation, filtered off, washed with
water, and then recrystallized from methanol to afford the pure
compounds.

4.2.1.1. 2,2′,2′′,2′′′,2′′′′,2′′′′′-((6,6′,6′′-(2,2′,2′′-(4,4′,4′′-
((1,3,5-Triazine-2,4,6-triyl)tris(azanediyl))tris(benzoyl))tris-
(hydrazine-2,1-diyl))tris(1,3,5-triazine-6,4,2-triyl))hexakis-
(azanediyl))hexaacetic acid (8a): brown solid, 0.75 g (62.3%)
yield; mp >360 °C; IR (KBr) 3600−2400 (br, O-H), 3373 (N-
H), 3106 (sp2 C-H), 1677, 1635 (CO) cm−1; 1H NMR
(500 MHz, DMSO-d6) δ 3.84−4.03 (m, 12H, 6 α-CH2),
7.72−8.11 (m, 21H, 12Ar-H, 9NH), 9.89 (brs, 3H, 3NH-Ar),
11.46 (brs, 3H, 3NH-CO); 13C NMR (125 MHz, DMSO-d6)
δ 41.97, 42.03, 42.63, 119.29, 122.32, 128.64, 128.69, 130.28,
156.55, 163.99, 165.56, 165.72, 165.80, 168.01, 168.24, 169.76,
171.05, 171.16, 171.21, 171.33. Anal. Calcd for C45H45N27O15:
C, 44.89; H, 3.77; N, 31.41. Found: C, 45.01; H, 3.56; N,
31.59.

4.2.1.2. 2,2′,2′′-((6,6′,6′′-(2,2′,2′′-(4,4′,4′′-((1,3,5-Triazine-
2,4,6-triyl)tris(azanediyl))tris(benzoyl))tris(hydrazine-2,1-
diyl))tris(4-(piperidin-1-yl)-1,3,5-triazine-6,2-diyl))tris
(azanediyl))triacetic acid (8b): brown solid, 0.69 g (56%)
yield, mp >360 °C; IR (KBr) 3700−2400 (br, O-H), 3412 (N-
H), 2941 (sp3 C-H), 1668 (CO) cm−1; 1H NMR (500
MHz, DMSO-d6) δ 1.55−1.63 (m, 18H, 9 CH2-Pip), 3.79−
4.01 (m, 18H, 3 α-CH2, 6 CH2N-Pip), 7.88−8.08 (m, 18H,
12Ar-H, 6NH, D2O exchangeable), 9.95−9.97 (m, 3H, 3NH-
Ar, D2O exchangeable), 10.63−11.16 (m, 3H, 3NH-CO, D2O
exchangeable); 13C NMR (125 MHz, DMSO-d6) δ 23.77,
25.43, 42.21, 44.73, 119.47, 119.69, 123.55, 124.12, 124.21,
129.02, 129.09, 130.00, 130.14, 143.78, 143.89, 158.42, 163.12,
166.56, 167.14, 170.23, 170.58. Anal. Calcd for C54H63N27O9:
C, 52.55; H, 5.15; N, 30.64. Found: C, 52.80; H, 5.43; N,
30.54.

4.2.1.3. 2,2′,2′′-((6,6′,6′′-(2,2′,2′′-(4,4′,4′′-((1,3,5-Triazine-
2,4,6-triyl)tris(azanediyl))tris (benzoyl))tris(hydrazine-2,1-
diyl))tris(4-morpholino-1,3,5-triazine-6,2-diyl))tris-
(azanediyl))triacetic acid (8c): brown solid, 0.65 g (52.5%)
yield, mp >360 °C; IR (KBr) 3500−2600 (br, O-H), 3196 (N-
H), 1655 (CO) cm−1; 1H NMR (500 MHz, DMSO-d6) δ
3.56−3.79 (m, 30H, 3α-CH2, 6CH2N-Mor, 6CH2O-Mor),
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7.61−8.14 (m, 18H, 12Ar-H, 6NH, D2O exchangeable),
10.00−10.02 (m, 3H, 3NH-Ar, D2O exchangeable), 10.73−
11.19 (m, 3H, 3NH-CO, D2O exchangeable); 13C NMR (125
MHz, DMSO-d6) δ 42.58, 44.42, 44.54, 66.09, 119.97, 120.02,
124.64, 128.75, 129.51, 130.53, 144.00, 144.03, 150.36, 155.47,
157.07, 160.96, 163.26, 165.91, 166.92, 167.51, 170.55, 171.10.
Anal. Calcd for C51H57N27O12: C, 49.39; H, 4.63; N, 30.49.
Found: C, 49.21; H, 4.76; N, 30.67.
4.2.2. Preparation of 2,2′,2′′-((6,6′,6′′-(2,2′,2′′-(4,4′,4′′-

((1,3,5-Triazine-2,4,6-triyl)tris(azanediyl))tris(benzoyl))tris-
(hydrazine-2,1-diyl))tris(4-chloro-1,3,5-triazine-6,2-diyl))tris-
(azanediyl))triacetic Acid (10). 4,4′,4′′-((1,3,5-Triazine-2,4,6-
triyl)tris(azanediyl))tri(benzohydrazide) 5 (0.528 g, 1 mmol)
was dissolved in 1 N HCl (30 mL) and then added dropwise
for 30 min to a cold solution of 2,4,6-trichloro-1,3,5-triazine 1
(0.552 g, 3 mmol) in acetone (75 mL). The reaction mixture
was stirred for 3 h at 0 °C. Sodium carbonate (0.636 g, 6
mmol) was added portionwise to the reaction mixture after 1
h. Subsequently, a mixture of glycine 6 (0.225 g, 3 mmol) and
sodium carbonate (0.318 g, 3 mmol) dissolved in water (25
mL) was added. The mixture was stirred overnight at room
temperature, cooled, and neutralized with 1 N HCl until
complete precipitation, filtered off, washed with water, and
then recrystallized from methanol to afford the pure
compounds. The product was obtained as a brown solid:
0.91 g (83.6%) yield, mp >360 °C; IR (KBr) 3600−2500 (br,
O-H, acid), 3282 (N-H), 2902 (sp3 C-H), 1659 (CO)
cm−1; 1H NMR (500 MHz, DMSO-d6) δ 3.84−3.93 (m, 6H,
3α-CH2), 7.72−8.25 (m, 18H, 12Ar-H, 6NH), 9.84−10.05 (m,
3H, 3NH-Ar), 10.33−11.11 (m, 3H, 3NH-CO); 13C NMR
(125 MHz, DMSO-d6) δ 42.72, 119.71, 120.35, 124.31,
128.68, 128.85, 130.55, 130.59, 130.86, 132.71, 134.19, 141.66,
143.12, 144.55, 164.41, 166.19, 167.61, 169.43, 170.38, 171.66.
Anal. Calcd for C39H33Cl3N24O9: C, 43.05; H, 3.06; N, 30.89.
Found: C, 42.86; H, 3.24; N, 31.03.
4.2.3. Preparation of 2,2′,2′′-((6,6′,6′′-(2,2′,2′′-(4,4′,4′′-

((1,3,5-Triazine-2,4,6-triyl)tris(azanediyl))tris(benzoyl))tris-
(hydrazine-2,1-diyl))tris(4-hydroxy-1,3,5-triazine-6,2-diyl))-
tris(azanediyl))triacetic Acid (11). A mixture of 2,2′,2′′-
((6,6′,6′′-(2,2′,2′′-(4,4′,4′′-((1,3,5-triazine-2,4,6-triyl)tris-
(azanediyl))tris(benzoyl))tris(hydrazine-2,1-diyl))tris(4-
chloro-1,3,5-triazine-6,2-diyl))tris(azanediyl))triacetic acid
(10) (0.544 g, 0.5 mmol) and sodium hydroxide (0.12 g, 3
mmol) was dissolved in water (25 mL) and stirred for 24 h at
room temperature. The reaction mixture was cooled and
neutralized with 1 N HCl until complete precipitation, filtered
off, washed with water, and then recrystallized from methanol
to afford the pure compound. The product was obtained as
brown solid: 0.39 g (75.5%) yield, mp >360 °C; IR (KBr)
3500−2400 (br, O-H), 3185 (N-H), 3034 (sp2 C-H), 2902
(sp3 C-H), 1720, 1624 (CO) cm−1, 1H NMR (500 MHz,
DMSO-d6) δ 3.89−4.10 (m, 6H, 3α-CH2), 7.29−8.53 (m,
18H, 12Ar-H, 6NH, D2O exchangeable), 9.90 (brs, 3H, 3NH-
Ar, D2O exchangeable), 10.86−11.75 (m, 6H, 3NH-CO, 3OH,
D2O exchangeable); 13C NMR (125 MHz, DMSO-d6) δ 42.87,
119.82, 121.76, 122.24, 124.49, 125.32, 129.18, 130.91, 139.74,
143.91, 150.45, 156.38, 159.86, 163.87, 165.94, 167.15, 170.33.
Anal. Calcd for C39H36N24O12: C, 45.35; H, 3.51; N, 32.55.
Found: C, 45.63; H, 3.79; N, 32.27.
4.2.4. Preparation of 4,4′,4′′-((1,3,5-Triazine-2,4,6-triyl)-

tris(azanediyl))tris(N′-(4,6-dihydroxy-1,3,5-triazin-2-yl)-
benzohydrazide) (12). 4,4′,4′′-((1,3,5-Triazine-2,4,6-triyl)tris-
(azanediyl))tri(benzohydrazide) 5 (0.528 g, 1 mmol) was

dissolved in 1 N HCl (30 mL) and then added dropwise for 30
min to a solution of 2,4,6-trichloro-1,3,5-triazine 1 (0.552 g, 3
mmol) in acetone (75 mL). The reaction mixture was stirred
for 1 h at 0 °C. A solution of sodium hydroxide (0.24 g, 6
mmol) in water (25 mL) was then added dropwise to the
reaction mixture for 2 h, keeping temperature at 0 °C. The
reaction mixture was then removed from the ice-bath.
Subsequently, a solution of sodium hydroxide (0.24 g, 6
mmol) in water (25 mL) was added. The mixture was refluxed
for 2 h, cooled, neutralized with 1 N HCl until complete
precipitation, filtered off, and washed with water and then
recrystallized from acetone to afford the pure compound. The
product was obtained as a brown solid: 0.77 g (89.4%) yield,
mp >360 °C; IR (KBr) 3500−2400 (br, O-H), 3417 (N-H),
3027 (sp2 C-H), 1722 (CO) cm−1; 1H NMR (500 MHz,
DMSO-d6) δ 7.34−8.04 (m, 15H, 12Ar-H, 3NH), 9.98 (brs,
3H, 3 NH-Ar), 10.46−11.95 (m, 9H, 6OH, 3NH-CO); 13C
NMR (125 MHz, DMSO-d6) δ 119.72, 120.04, 121.83, 122.48,
125.91, 129.32, 129.63, 130.89, 139.39, 143.71, 150.61, 156.44,
159.89, 164.10, 166.02, 166.27, 167.76. Anal. Calcd for
C33H27N21O9: C, 46.00; H, 3.16; N, 34.13. Found: C, 45.86;
H, 3.38; N, 34.25.

4.2.5. General Procedure for Preparation of Dendrimers
13, 14a−e. DIC (0.115 mL, 0.75 mmol) and HOAt (0.102 g,
0.75 mmol) were added to a mixture of tricarbxylic acids (3,
8a−c, 10 or 11) (0.25 mmol) and Et3N (0.105 mL, 0.75
mmol) dissolved in 3 mL of DMF with stirring for 10 min at 0
°C. Hydroxyl amine hydrochloride (0.0517 g, 0.75 mmol) and
Et3N (0.105 mL, 0.75 mmol) in 2 mL of DMF were added to
the reaction mixture and allowed to stir overnight at room
temperature. The reaction mixture was diluted with water (70
mL), filtered off, washed with 5% citric acid (10 mL) and then
with water, and then recrystallized from methanol to obtain the
corresponding hydroxamic acid in good yield.

4.2.5.1. 4,4′,4′′-((1,3,5-Triazine-2,4,6-triyl)tris(azanediyl))-
tris(N-hydroxybenzamide) (13): white solid, 0.078 g (58.7%)
yield; mp >360 °C; IR (KBr) 3500−2400 (br, O-H), 3404,
3264, 3201 (N-H), 3071 (sp2 C-H), 1699 (CO) cm−1; 1H
NMR (500 MHz, DMSO-d6) δ 7.04−8.17 (m, 15H, 12Ar-H,
3NH, D2O exchangeable), 9.70−10.39 (m, 3H, 3NH-Ar, D2O
exchangeable), 11.21 (brs, 3H, 3OH, D2O exchangeable); 13C
NMR (125 MHz, DMSO-d6) δ 119.87, 126.12, 127.92, 129.04,
130.90, 136.33, 143.66, 164.42, 164.55, 168.39, 168.46, 168.53.
Anal. Calcd for C24H21N9O6: C, 54.24; H, 3.98; N, 23.72.
Found: C, 54.32; H, 4.14; N, 23.52.

4.2.5.2. 2,2′,2′′,2′′′,2′′′′,2′′′′′-((6,6′,6′′-(2,2′,2′′-(4,4′,4′′-
((1,3,5-Triazine-2,4,6-triyl)tris(azanediyl))tris(benzoyl))tris-
(hydrazine-2,1-diyl))tris(1,3,5-triazine-6,4,2-triyl))hexakis-
(azanediyl))hexakis(N-hydroxyacetamide) (14a): brown
solid, 0.050 g (61.8%) yield, mp >360 °C; IR (KBr) 3500−
2500 (br, O-H), 3389, 3265 (N-H), 1652 (CO) cm−1; 1H
NMR (500 MHz, DMSO-d6) δ 3.36−3.84 (m, 12H, 6α-CH2),
7.31−8.00 (m, 25H, 12Ar-H, 6NH-gly, D2O exchangeable,
3NH, D2O exchangeable, 4NH-hydroxamic, D2O exchange-
able), 8.77−8.95 (m, 2H, 2NH-hydroxamic, D2O exchange-
able), 9.36−9.79 (m, 6H, 3NH-Ar, 3NH-CO, D2O exchange-
able), 10.37 (brs, 4H, 4OH, D2O exchangeable), 11.12 (brs,
2H, 2OH, D2O exchangeable); 13C NMR (125 MHz, DMSO-
d6) δ 45.65, 119.23, 125.83, 127.48, 128.20, 128.59, 130.10,
142.56, 143.25, 163.86, 164.00, 164.15, 165.61. Anal. Calcd for
C45H49N31O15: C, 42.76; H, 3.91; N, 34.35. Found: C, 42.64;
H, 4.03; N, 34.17.
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4.2.5.3. 2,2′,2′′-((6,6′,6′′-(2,2′,2′′-(4,4′,4′′-((1,3,5-Triazine-
2,4,6-triyl)tris(azanediyl))tris(benzoyl))tris(hydrazine-2,1-
diyl))tris(4-(piperidin-1-yl)-1,3,5-triazine-6,2-diyl))tris-
(azanediyl))tris(N-hydroxyacetamide) (14b): brown solid,
0.09 g (58.44%) yield; mp >360 °C; IR (KBr) 3500−2700
(br, O-H), 3420 (N-H), 1626 (CO) cm−1; 1H NMR (500
MHz, DMSO-d6) δ 1.52−1.56 (m, 18H, 9 CH2-Pip), 3.42−
3.71 (m, 12H, 6 CH2N Pip), 4.01−4.05 (m, 6H, 3 α-CH2),
7.92−8.00 (m, 18H, 12 Ar-H, 6 NH), 8.25−8.38 (m, 3H, 3
NH-hydroxamic), 10.70 (br s, 3H, 3 NH-Ar), 11.55 (brs, 6H,
3NH-CO, 3OH); 13C NMR (125 MHz, DMSO-d6) δ 31.05,
40.44, 47.00, 114.29, 115.23, 117.10, 117.90, 118.08, 123.72,
131.31, 158.73, 159.12, 159.51, 159.70, 160.09, 160.48, 168.00.
Anal. Calcd for C54H65N29O9: C, 51.30; H, 5.18; N, 32.13.
Found: C, 51.18; H, 5.30; N, 32.21.
4.2.5.4. 2,2′,2′′-((6,6′,6′′-(2,2′,2′′-(4,4′,4′′-((1,3,5-Triazine-

2,4,6-triyl)tris(azanediyl))tris(benzoyl))tris(hydrazine-2,1-
diyl))tris(4-morpholino-1,3,5-triazine-6,2-diyl))tris-
(azanediyl))tris(N-hydroxyacetamide) (14c): brown solid,
0.107 g (69.03%) yield; mp >360 °C; IR (KBr) 3600−2800
(br, O-H), 3434 (N-H), 1629 (CO) cm−1; 1H NMR (500
MHz, DMSO-d6) δ 3.60−3.75 (m, 24H, 12CH2), 4.03−4.13
(m, 6H, 3 α-CH2), 7.80−8.01 (m, 21H, 12Ar-H, 3NH Gly,
3NH-Ar, 3NH-NH-CO), 10.57 (brs, 6H, 3NH hydroxamic,
3NH-NH-CO), 11.56 (brs, 3H, 3OH); 13C NMR (125 MHz,
DMSO-d6) δ 40.44, 46.80, 61.67, 114.13, 115.13, 116.99,
117.96, 121.85, 131.20, 158.96, 159.35, 159.94, 160.33, 165.04,
167.84, 168.14. Anal. Calcd for C51H59N29O12: C, 48.22; H,
4.68; N, 31.98. Found: C, 48.04; H, 4.84; N, 32.20.
4.2.5.5. 2,2′,2′′-((6,6′,6′′-(2,2′,2′′-(4,4′,4′′-((1,3,5-Triazine-

2,4,6-triyl)tris(azanediyl))tris(benzoyl))tris(hydrazine-2,1-
diyl))tris(4-chloro-1,3,5-triazine-6,2-diyl))tris(azanediyl))tris-
(N-hydroxyacetamide) (14d): brown solid, 0.19 g (67.0%)
yield; mp >360 °C; IR (KBr) 3600−2500 (br, O-H), 3282 (N-
H), 2968 (sp3 CH), 1652 (CO, amide) cm−1; 1H NMR
(500 MHz, DMSO-d6) δ 3.83−4.19 (m, 6H, 3 α-CH2), 7.57−
8.11 (m, 18H, 12Ar-H, 6NH), 8.42−8.72 (m, 3H, 3NH),
9.71−9.80 (m, 3H, 3 NH-Ar), 10.27−10.41 (m, 3H, 3NH-
CO), 11.10 (brs, 3H, 3OH); 13C NMR (125 MHz, DMSO-d6)
δ 41.16, 44.25, 44.26, 119.64, 120.02, 123.53, 127.76, 128.64,
129.09, 130.55, 137.25, 150.43, 154.83, 162.89, 164.25, 164.41,
166.48, 168.16. Anal. Calcd for C39H35Cl3N26O9: C, 41.89; H,
3.15; N, 32.57. Found: C, 41.75; H, 3.40; N, 32.71.
4.2.5.6. 2,2′,2′′-((6,6′,6′′-(2,2′,2′′-(4,4′,4′′-((1,3,5-Triazine-

2,4,6-triyl)tris(azanediyl))tris(benzoyl))tris(hydrazine-2,1-
diyl))tris(4-hydroxy-1,3,5-triazine-6,2-diyl))tris(azanediyl))-
tris(N-hydroxyacetamide) (14e): brown solid, 0.24 g (87.6%)
yield; mp >360 °C; IR (KBr) 3600−2500 (br, O-H), 3411 (N-
H), 2904 (sp3 CH), 1677 (CO, amide) cm−1; 1H NMR
(500 MHz, DMSO-d6) δ 3.60−3.96 (m, 6H, 3α-CH2), 7.35−
7.95 (m, 18H, 12Ar-H, 3NH-Gly, 3NH-Ar), 8.49−8.83 (m,
3H, 3NH-NH-CO), 9.51−9.75 (m, 6H, 3NH 3NH-NH-CO,
3NH-hydroxamic), 10.33−10.66 (m, 6H, 6OH); 13C NMR
(125 MHz, DMSO-d6) δ 42.96, 119.86, 121.85, 122.55,
125.80, 128.37, 129.51, 130.78, 140.15, 144.01, 146.88, 147.96,
148.89, 150.45, 156.49, 159.78, 164.06, 165.94, 167.15, 167.62,
170.27. Anal. Calcd for C39H38N26O12: C, 44.07; H, 3.60; N,
34.26. Found: C, 43.93; H, 3.72; N, 34.44.
4.3. Biological Evaluation. 4.3.1. Cytotoxicity Screening.

Cytotoxicity was performed utilizing MTT assay60−63 as
detailed in the Supporting Information
4.3.2. In Vitro MMPs Inhibition Assay. The assay was

performed utilizing MMP-9 Colorimetric Assay Kit for Drug

Discovery - AK-410a A BIOMOL QuantiZyme, MMP-2
Inhibitor Screening Assay Kit (Fluorometric) 09/19 (K2017-
100), MMP-7 Inhibitor Screening Assay Kit (ab139445),
MMP-10 Assay Kit (ab139457), and MMP-13 Inhibitor
Screening Assay Kit (ab139451), respectively, following the
manufacturers’ instructions.

4.3.3. Apoptosis Studies. Morphological examination and
flow cytometric analysis of apoptosis79 are detailed in the
Supporting Information.

4.3.4. Tumor Cell Migration inhibition. In vitro wound
healing assay80 was performed for evaluating the potential of
the studied dendrimers to inhibit tumor cell migration. The
procedure is detailed in the Supporting Information.

4.3.5. Quantitative Real-Time PCR Analyses of VEGF,
Cyclin D, and p21 Genes. Total RNAs of untreated and MDA-
MB-231 and Caco-2 cells treated with the studied dendrimers
were extracted using Gene JET RNA Purification Kit (Thermo
Scientific, USA). The cDNA was synthesized from mRNA
using cDNA Synthesis Kit (Thermo Scientific, USA). Real
time PCR analyses of VEGF81 cyclin D82 and p2183 genes were
performed as detailed in the Supporting Information.

4.3.6. Docking. MOE 2015.1077 was employed for perform-
ing docking studies. The structural coordinates of MMP-9
catalytic domain complexed with a reverse hydroxamate
inhibitor were downloaded from the protein data bank (PDB
ID: 1GKC78). Unwanted residues were removed. The protein
structure was prepared and refined utilizing the default settings
of the MOE “structure preparation” module. The active
dendrimer 8a was built in silico and energy minimized
employing Amber10:EHT force field with reaction-field
electrostatics (an interior dielectric constant of 1 and an
exterior dielectric of 80) using an 8−10 Å cutoff distance.
Then docking was conducted into the cocrystallized ligand
binding site with various fitting protocols for validation. Rigid
docking protocol was adopted. The ligand placement method
was set to apply the Triangular matcher algorithm and Alpha
HB scoring function as the default scoring function generating
the top 10 nonredundant poses of the lowest binding energy
conformers of the studied dendrimer for investigation.

4.3.7. Statistical Analysis. The statistical analysis through-
out the study was performed as detailed in the Supporting
Information.

5. CONCLUSION
The current study portrays the design, synthesis, and
evaluation of 1,3,5-triazine-based dendrimers as the first-in-
class MMP-9 inhibitorsto the best of our knowledge. The
design rationale relied on decorating 1,3,5-triazine dendrimers
with zinc-binding entities to endow MMP-9 inhibition
potential. MTT assay generally revealed the promising
antiproliferative potential of the dendrimeric scaffold.
Diversification of the dendrimers’ terminal substitutions
enriched the deduced structure−activity relationship within
the synthesized series. Obviously, the hexacarboxylic acid-
terminated dendrimer 8a was the most potent derivative with
single-digit nanomolar IC50 and significant apoptotic induction
(>75%) in MDA-MB 231 and Caco-2 cells, in addition to
promising safety profile. MMP-9 inhibition assay results were
consistent with the MTT assay and flow cytometric analysis
data, where 8a exhibited the most potent MMP-9 inhibitory
activity among the evaluated dendrimers with MMP-9 over
MMP-2 selectivity. Docking simulations demonstrated the
possible Zn-binding mode of the studied dendrimer 8a via its

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c01949
ACS Omega 2022, 7, 21131−21144

21141

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01949/suppl_file/ao2c01949_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01949/suppl_file/ao2c01949_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01949/suppl_file/ao2c01949_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01949/suppl_file/ao2c01949_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01949/suppl_file/ao2c01949_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c01949/suppl_file/ao2c01949_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01949?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


carboxylic acid termini. Compound 8a also showed consid-
erable potency against MMP-7, -10, and -13. Further
mechanistic studies revealed the potential of 8a to suppress
VEGF, upregulate p21, and downregulate cyclin D expression
in the treated tumor cells. Therefore, the antiproliferative
potency of 8a is better judged collectively as the resultant
outcome of all these modulatory activities. With these results,
it could be concluded that the hexacarboxylic acid-terminated
dendrimer 8a may be considered as a lead triazine-based
dendrimer in its class. Furthermore, it could be employed in
further studies as smart bioactive carrier via installation of
tumor targeting ligands as well as other cargo payloads such as
drugs on the amenable carboxylic acid termini via biodegrad-
able linkages.
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