Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

A tailored 4G s-triazine-based dendrimer vehicle
for quercetin endowed with MMP-2/9 inhibition
and VEGF downregulation for targeting breast
cancer progression and liver metastasisy
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Motivated by our recent research progress on the exploitation of s-triazine dendritic platforms as bioactive
carriers for well-known anticancer agents and/or targeting ligands, we set out to synthesize new rationally
designed dendrimers endowed with MMP-2/9 inhibition potential for halting both breast and liver cancer
progression with reduced off-target side effects. New three and four generation s-triazine based
dendrimers were developed to incorporate potential ZBGs (Zinc Binding Groups) and carboxyl terminal
groups to facilitate direct conjugation of anti-cancer drugs (quercetin) and/or targeting ligands
(lactobionic acid) through a biodegradable ester bond. Compared to free quercetin (QUR), MTT assay
revealed that all the quercetin-coupled dendrimers displayed better anticancer potential (IC5q = 12.690—
29.316, 4.137-29.090 pM) against MCF-7 and HepG-2 cancer cells, respectively within their safe doses
(EC100 = 134.35-78.44 uM). Conjugation of lactobionic acid and PEG boosted the anticancer potency

against both treated cells, improved apoptosis and down regulated MMP-9 and VEGF gene expression
Received Sth March 2025 levels in both treated lls. Generally, th branched G4 dendri jugates exhibited
Accepted 24th March 2025 evels in both treated cancer cells. Generally, the more branche endrimer conjugates exhibite
a superior overall anticancer performance compared to their respective G3 analogues, except for their

DOI: 10.1039/d5ra01588} MMP-9 inhibition where G3 conjugate appeared to be more potent and more selective than its G4
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1. Introduction

The GLOBOCAN 2020 statistics released by the International
Agency for Research on Cancer (IARC) have reported the worst
incidence rates of breast cancer in 185 countries. Breast cancer
is considered the leading most diagnosed cancer. It is estimated
that one in 4 women is suffering from breast cancer, and one in
8 women died due to it.* The global breast cancer burden is
estimated to reach 28.4 million cases by 2040, which is
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approximately a 47% raise compared to the 2020 cancer
burden.” Distant metastases are also considered the main
reason for mortalities associated with breast tumors. The liver is
one of the most common sites of breast cancer metastases that
is difficult to prognose with an average survival time of 2-3
years.® Liver metastases develop in about half of patients diag-
nosed with metastatic breast cancer. It is also a common loca-
tion for tumor reoccurrence in about 5-12% of those people.
Insufficiency of an adequate approach for early diagnosis and
effective therapy remains crucial for high mortality especially in
developing countries,® posing the necessity to develop innova-
tive targeted breast cancer therapy that can also limit liver
metastasis. Recently, the breast cancer microenvironment,
particularly the altered extracellular matrix, has been recog-
nized as a critical element that fosters both tumor development
and metastasis® via a plethora of proteinases.”® Most impor-
tantly, matrix metalloproteinases (MMPs) promote extracellular
matrix turnover, cancer cell proliferation, and metastasis, thus
the major modulators of the tumor
microenvironment.'*** Dysregulation of MMPs has been re-
ported in most tumors.”*® The MMPs family includes 26
structurally-related zinc-dependent endopeptidases'® classified

4
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as: collagenases, gelatinases, stromelysins, matrilysins,
membrane-type MMPs, and others."”” Various members of the
MMPs family have been validated as anticancer targets.'®*>
Early studies utilized peptidomimetics of endogenous ligands
capped with the hydroxamate zinc-binding group (ZBG) as
potential inhibitors.** However, the clinical failure** of hydrox-
amates due to off-target side effects'®>* and pharmacokinetic
challenges**® then directed design strategies to ZBG diversifi-
cation. In this regard, carboxylates, hydrazides, N-hydroxyurea,
thiols, sulfonylhydrazides, and others were introduced as MMP
inhibitors.”” However, this approach did not guarantee clinical
success so far due to a lack of selectivity.>**

On the other hand, a fundamentally different strategy was
adopted aided with computational studies for developing
inhibitors lacking ZBGs for avoiding zinc binding-related off-
target side effects.”* Despite being successful, this strategy
was only suitable for developing inhibitors of the deep-pocket
MMPs isoforms, particularly MMP-13, where the inhibitor's
fitting is mainly dependent on the intrinsic flexibility of the
MMP specificity loop. Therefore, such inhibitors selectivity
against other MMPs seems to be questionable. Collectively, the
aforementioned challenges raised a dilemma about the design
strategy; “to bind zinc for potency or not to bind zinc for
selectivity?”."* A pragmatic solution for achieving the optimum
selectivity and potency compromise may be through targeting
the tumor microenvironment itself. A recent study demon-
strated that targeted delivery of the hydroxamate peptidomi-
metic MMP inhibitor marimastat encapsulated in
thermosensitive liposomes to the tumor microenvironment
enhanced MMP-2 and MMP-9 inhibition with reduced off-target
effects.*® Monoclonal antibodies were also utilized for targeting
specific MMPs catalytic domains without zinc binding,* such as
DX-2400 innovated by Dyax that selectively inhibited MMP-14
and limited liver and lung cancers metastases.*® Gilead
Sciences also introduced the humanized monoclonal antibody
Andecaliximab (GS-5745) as selective MMP-9 inhibitor that
hindered tumor progression without side effects.** Dendrimer-
based nanotherapeutics have emerged as a prominent focus
of research,**° largely due to their tree-like structure that can
accommodate different molecules such as drugs, targeting
agents, and even imaging entities. These molecules can be
physically encapsulated within the pores of the dendritic
structure or chemically conjugated to the dendrimer's periph-
eries through a biodegradable bond that responds to a specific
pH, temperature, or enzyme present in the tumor
microenvironment.** In addition, physical aspects of the
dendritic nanoparticles can be meticulously controlled to opti-
mize their pharmacokinetics ensuring higher tumor accumu-
lation of anti-cancer agents.* The use of dendrimers in targeted
drug delivery is often likened to a “Trojan horse” strategy,*
offering a highly tailored approach to efficiently and selectively
transport pharmacophores to targeted tumor cells. Several
strategies have been reported on the use of dendrimers and
other polymeric nanoparticles to efficiently induce anti-cancer
activity through MMPs inhibition.***® Pioneer targeting strate-
gies utilized dendrimers decorated with pharmacophoric enti-
ties, thus rendering them “drug-like”,*”*** besides being
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amenable to functionalization®**” with targeting ligands that
deliver their bioactive payloads to the target locus.*® This “out of
the box” approach directed synthetic protocols to rationally
functionalize some poly(amidoamine) PAMAM dendrimers”*->>
and triazine-based ones to act as MMP inhibitors.**** Driven by
our recent work in exploring s-triazine dendritic platforms as
bioactive carriers for established anticancer agents and target-
ing ligands,**** we embarked on the synthesis of novel, strate-
gically designed dendrimers. These dendrimers are specifically
engineered to exhibit potent inhibition of MMP-2/9, aiming to
effectively halt the progression of both breast and liver cancer
while minimizing off-target side effects.

2. Design rationale

Inspired by the multifaced design approach utilizing den-
drimers in MMP research, the current study portrays engi-
neering breast cancer-targeted triazine-based dendrimers
(Fig. 1) endowed with MMP inhibitory potential, especially
MMP-9 being highly expressed in breast cancer®® and closely
related to liver metastasis and tumor staging.®** Firstly, we
built four generations of s-triazine dendrimers with phenylene
diamine core and glycine branching linkers, decorated with
carboxylic acids warheads as potential ZBGs for guaranteed
significant MMP inhibitory potential. The prepared dendrimers
were screened for their possible cytotoxic activities on normal
human fibroblasts (Wi-38) to evaluate their safety profiles
utilizing MTT assay.*® As a proof of concept, the dendrimers
were subsequently subjected to in vitro MMP-9 inhibition assay
compared to the reference MMP inhibitor N-isobutyl-N-(4-
methoxyphenylsulfonyl)glycyl hydroxamic acid (NNGH). Their
selectivity profiles towards MMP-9 over the closely related MMP-
2 were assigned. The bioactive s-triazine dendritic scaffolds
were then utilized as targeted carriers for rationalized thera-
peutic payloads and targeting ligands. Herein, the free acid-
terminated dendrimers were directly conjugated to quercetin
(QUR), a multitarget anticancer phytochemical flavonoid that
efficiently inhibits MMP-9,%” followed by coupling of lactobionic
acid (LA), a biocompatible®® targeting ligand that can be
recognized by the asialoglycoprotein receptors (ASGPR) over-
expressed on liver and breast tumorous tissues.*”* Further-
more, the chosen targeting ligand exhibits MMP inhibitory
potential,””* offering additional opportunity to synergize with
the MMP inhibitory activities of the free dendrimers and QUR,
potentiating the overall potency of the conjugated system.
Finally, the synthesized dendrimer conjugates were PEGylated
through a biodegradable ester bond to improve their pharma-
cokinetics and safety profiles.” All the synthesized dendritic
conjugates were subjected to MTT assay®® to assess their cyto-
toxicity on normal fibroblasts (Wi-38), breast cancer cells (MCF-
7) and liver cancer cells (HepG-2). Moreover, their apoptotic
induction potential in comparison to QUR based on earlier
studies reporting the apoptotic effects of QUR in breast’ and
liver’® cancers, as well as related studies illustrating the role of
MMP-9 inhibitors in enhancing tumor cell apoptosis.”” The
biological evaluation was extended to investigate the regulatory
effect of the synthesized dendrimeric conjugates on VEGF
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Fig. 1 Design for targeted s-triazine-based dendrimer with phenylene diamine core, branching glycine linkers and customizable carboxyl

termini.

expression being identified as one the most critical signaling
pathways regulating breast cancer liver metastasis.”

3. Results and discussion

3.1. Chemistry

3.1.1. Divergent synthesis of G1-G4 triazine-dendrimers. A
simple synthetic strategy was adapted to grow the generations
of the designed s-triazine dendrimers, where we took advantage
of the temperature-dependent sequential nucleophilic substi-
tution of the tri-functional trichloro s-triazine 1 to build our
targeted dendrimer scaffolds. In fact, two types of nucleophilic
substitution reactions were performed iteratively during the
preparation of these dendrimers: (1) nucleophilic aromatic
substitution of chlorine atoms from s-triazine derivatives and
(2) acyl nucleophilic substitution reactions during functional
group transformation from acid to ester then finally to hydra-
zide derivatives.

3.1.2. Synthesis of repeating units 3 and 4 for the designed
dendrimers. To construct the designed dendritic architecture,
first the repeating units 3 and 4 had to be synthesized following
the same previously reported procedure®’®®* by reaction of
cyanuric chloride 1 with two equivalents of glycine 2 to afford
disubstituted cyanuric chloride 3, then the obtained mono-
chlorinated triazine 3 was reacted with hydrazine hydrate at
room temperature to afford the corresponding hydrazine
derivative 4 (Scheme 1). The spectral data of 3 and 4 were
consistent with the literature.®® These two units will be utilized
later to grow the targeted different generation dendrimers.

3.1.3. Synthesis of 1st generation dendrimer with a phe-
nylene diamine core. The first generation triazine dendrimer

10428 | RSC Adv, 2025, 15, 10426-10441

(TPhyG;-OH) 6 was prepared by nucleophilic aromatic substi-
tution of Cl-atoms in two molecules of the monochlorinated
triazine monomer 3 by the amino groups of p-phenylene
diamine 5.%° The reaction mixture was refluxed for 10 h, to
ensure the substitution of the less reactive third chlorine atom,
in presence of sodium carbonate, to scavenge the liberated HCI.
This reaction afforded the dimer TPhyG;-OH 6 which will be the
core of our targeted dendritic structure (Scheme 2). To build the
next generation of the dendrimer, the terminal carboxyl groups
of the core TPhyG;-OH 6 must be transformed into nucleophilic

[0}

(0]
HN A J\—OH
cl 2 HN
N glycine (2 eq.)

N
c— N c— N
N=( Na,CO3, 0°C, 2 h, N=

Cl r.t., overnight HN‘}OH
1 Acetone/water 3 4

H,N—NH; .H,0
r.t., overnight

0]

Son
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Scheme 1 Synthesis of repeating units 3 and 4.
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Scheme 2 Synthesis of first generation of triazine dendrimer (TPhyG;-OH) 6, their methyl ester (TPhyG;-OMe) 7 and hydrazide derivative

(TPhyG;-NH,) 8.

groups so that it can be connected to another monochlorinated
triazine repeating unit. This is achieved by esterification of the
carboxylic acid end groups of TPhyG;-OH 6 in methanol to give
the corresponding methyl ester TPhyG;-OMe 7 which is subse-
quently reacted with hydrazine hydrate to produce the corre-
sponding hydrazide derivative TPhyG;-NH, 8 with four
nucleophilic NH-NH, end groups (Scheme 2).*° This trans-
formation was confirmed by IR spectra where the broad band of
OH bond in TPhyG;-OH 6 and the NH, absorption in TPhyG;-
NH, 8 were identified. While the IR spectrum of the ester
TPhyG;-OMe 7 showed the C=0 absorption band at 1743 cm ™.
The "H-NMR spectra of both TPhyG,-OH 6 and TPhyG,-NH, 8 in
D,0 showed a multiplet peak at chemical shift 3.80-4.10 ppm
corresponding to the four a-CH, protons of the glycine residue
and another at 7.10-7.30 ppm corresponding to the four
aromatic protons of the phenylene ring, confirming the
formation of the dimer. Whereas the "H-NMR spectrum of the
respective ester TPhyG;-OMe 7 showed an additional multiplet
peak at 3.58-3.72 ppm corresponding to OMe protons. The *C-
NMR spectrum of 7 also confirms the presence of methoxy
groups.

3.1.4. Synthesis of 2nd generation dendrimers. G2 den-
drimer TPhyG,-OH 9 was synthesized following two strategies,
the first one utilizes nucleophilic substitution of 4 equivalents
of the monochlorinated s-traizine derivative 3 by the
tetrahydrazide-terminated G1 dendrimer TPhyG;-NH, 8
(Scheme 3, route i). Thus, growing another generation with four
more repeating units attached to the peripheries of the starting
G1 dendrimer 8. The second strategy involves nucleophilic acyl
substitution of the four ester end groups of TPhyG;-OMe 7 by
NH, functional group of the trisubstituted s-triazine repeating
unit 4 (Scheme 3, route ii) affording the same 2nd generation
dendrimer TPhyG,-OH 9, with eight carboxyl terminal groups.
The first synthetic method appears to be more effective,
affording the desired G2 dendrimer 9 in a higher yield (~81%).
The success of forming the second generation was confirmed by
the "H-NMR of 9, where a notable increase in the integration of
CH, peaks is found as it corresponds to 4 internal a-CH, and 8
external a-CH, of the glycine residues, while no change is
observed in the aromatic region corresponding to 4 protons of
the phenylene diamine core. The corresponding G2 dendrimer
analogues 10 and 11 were achieved by esterification of the acid

N
Oj,NH Oj,OH
H R=|HN H)N\
R_N_N P! NN
g NZN R
jN/\mN/ O\ Jod 4 C|)\\NJ\N/\H/OH oj,o -
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R 3 A OR =OH
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Et;N, dioxane/water, Oy NH l¢] ———————— reflux, 7 h
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Nﬁ’N N)QN)\R 11; TPhyG,-NH, reflux, 6 h
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Scheme 3 Synthesis of G2 triazine dendrimers TPhyG,-OH 9, TPhyG,-OMe 10 and TPhyG,-NH; 11.
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terminated TPhyG,-OH 9 in methanol to give TPhyG,-OMe 10,
which was later reacted with hydrazine hydrate to yield the
respective hydrazide analogue TPhyG,-NH, 11. These analogues
will be employed later to construct the third generation of our
designed architecture. These transformations can be traced in
the IR, "H-NMR and *C-NMR spectral data of 9, 10 and 11
where the same manner, previously explained with the G1
analogues 6, 7 and 8, was identified.

3.1.5. Synthesis of 3rd generation dendrimers. The third
generation was constructed through the same previously
explained methods, either by reacting the nucleophilic NH,
groups of the hydrazide G2 analogue 11 with the chlorine atom
of repeating unit 3 (8 equivalents) (Scheme 4, route i) or via acyl
nucleophilic substitution of ester groups in the respective G2
analogue 10 by the hydrazide functionality in repeating unit 4 (8
equivalents) (Scheme 4, route ii). The former method repeatedly
proves to be more successful, giving the desired G3 dendrimer
TPhyG;-OH 12 in a very good yield (~90%), which is yet again
higher than that obtained with the latter pathway by 16%.
Moreover, the G3 ester terminated analogue 13 and its corre-
sponding hydrazide 14 were prepared in very good yields
following the same transformations explained before with their
respective G2 analogues. Investigation of the spectra of any of
the reported G3 analogues confirms the growth of the den-
drimer into the third generation indicated by the increase in
integration of the characteristic peaks corresponding to glycine
CH, protons as a result of incorporating 8 new repeating units
(16 terminal groups) in the obtained G3 dendrimer.

3.1.7. Synthesis of 4th generation dendrimers. For the final
G4 triazine dendrimer TPhyG,-OH 15, only the more effective
method was employed. The G3 dendrimer 14 possessing 16
nucleophilic hydrazide end groups was allowed to react with 16
equivalents of the monochlorinated triazine repeating unit 3

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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(Scheme 5). The nucleophilic substitution resulted in TPhyG,-
OH 15 in ~ 87% yield which is a relatively very satisfying yield
for such macromolecule with 32 carboxylic end groups. The
carboxyl termini were left unaltered as they will be exploited
later in coupling of quercetin, lactobionic acid and polyethylene
glycol to the dendritic structure. Analysis of the "H-NMR spec-
trum of 15 in DMSO-d, revealed a multiplet peak corresponding
to 120 a-methylene protons arising from 64 external and 56
internal glycine residues. While the integration of the aromatic
peak corresponds to the four protons of the phenylene core.
Therefore, the successful growth of the dendritic structure into
a fourth generation was confirmed.

3.1.8. Coupling of G3 and G4 dendrimers with quercetin,
lactobionic acid and subsequent PEGylation. PEGylated lacto-
bionic acid-targeted quercetin-G3(G4) dendrimer conjugates
(18 and 21) were obtained in three stages involving activation/
coupling steps (Scheme 6). In the first stage, the free acid-
terminated dendrimers TPhyG;4-OH 12 (15) were pre-
activated and coupled with quercetin (QUR) following the
coupling conditions that involve N,N'-diisopropylcarbodiimide
(DIC) as a coupling agent and oxyma as an additive.***** Then
the formed dendrimer-quercetin conjugates (TPhyG;(,)-OH)-
QUR 16 (19) were purified by dialysis and the concentration of
unconjugated quercetin in dialysate was determined by HPLC.
From the "H-NMR spectra of 16 and 19, it can be deduced that
three quercetin molecules were coupled to 16, while the more
branched G4 analogue 19 was able to conjugate five molecules
of quercetin. This was concluded by interpreting the integration
of signals characteristic to the aromatic protons of quercetin, in
addition to its OH signals, as each coupled quercetin molecule
have 5 aromatic protons and 4 free OH's. New 15 aromatic
protons and 12 OH protons were detected in the 'H-NMR
spectrum of 16 at 6 6.13-7.85 and 8.70-9.02 ppm, respectively,
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Scheme 4 Synthesis of G3 triazine dendrimers TPhyGs-OH 12, TPhyGs-OMe 13 and TPhyGs-NH; 14.
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Scheme 5 Synthesis of G4 triazine dendrimer TPhyG4-OH 15.

confirming the conjugation of 3 quercetin molecules into the 12.57 ppm, proving the coupling of five quercetin molecules
G3 structure. On the other hand, the "H-NMR spectrum of 19  with the carboxyl termini of the G4 dendrimer. The second stage
revealed the presence of new 25 aromatic protons at 6 6.16- involves conjugation of the acquired quercetin coupled den-
7.86 ppm as well as new 20 hydroxyl protons at ¢ 9.21- drimers 16 (19) with lactobionic acid (LA) as targeting ligand to

i) DIC/ Oxyma,
dimethyl sulfoxide, r.t., 5 min.

ii) Quercetin (QUR), r.t., 24 h.

TPhyG;-OH 125 x= 16 (TPhyG3-OH)-QUR 16; y=3
TPhyG,-OH 15; x=32 (TPhyG4-OH)-QUR 19; y=5
i) DIC/ Oxyma,

dimethyl sulfoxide, r.t., 5 min.

i) Lactobionic acid (LA), r.t., 24 h.

i) DIC/ Oxyma,
dimethyl sulfoxide, r.t., 5 min.

ii) Polyethylene glycol (PEG),

rt, 24h.
(TPhyG3-OH)-QUR-LA-PEG 18; y=3 and z= 3 (TPhyG3-OH)-QUR-LA 17; y=3 and z=3
(TPhyG,4-OH)-QUR-LA-PEG 21; y=5 and z=7 (TPhyG,-OH)-QUR-LA 20; y=5and z=7
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Scheme 6 Synthesis of PEGylated lactobionic acid-targeted Quercetin-dendrimer conjugates 18-21.
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Table 1 Physicochemical characterization of Quercetin-dendrimer conjugates 16—21: drug content, particle size (PS), polydispersity index (PDI)

and zeta potential

Nanoparticles Dendrimer (mg) Quercetin (mg) Particle size (nm) PDI Zeta potential (mV)
(TPhyG;-OH)-QUR 16 50 12.68 (2.87 equiv.) 258.7 0.723 —52.7
(TPhyG,-OH)-QUR-LA 17 50 10.21 (2.31 equiv.) 196.3 0.655 —56.1
(TPhyG;-OH)-QUR-LA-PEG 18 50 14.58 (3.30 equiv.) 186.7 0.345 —38.9
(TPhyG,-OH)-QUR 19 50 9.78 (4.7 equiv.) 469.0 0.663 —55.1
(TPhyG,4-OH)-QUR-LA 20 50 12.04 (5.8 equiv.) 313.7 0.656 —50.3
(TPhyG,-OH)-QUR-LA-PEG 21 50 11.21 (5.38 equiv.) 174.9 0.249 —33.8

produce (TPhyG;(4)-OH)-QUR-LA 17 (20) using the same adapted
DIC/oxyma approach followed by dialysis work-up. Three
molecules of lactobionic acid were detected in the 'H-NMR
spectrum of 17, indicated by the presence of a multiplet peak
at 5.12-5.15 ppm corresponding to the three lactobionic
anomeric protons and another one at 11.20-11.34 ppm arising
from the three lactobionic carboxylic OH groups which further
confirms the conjugation of 3 LA molecules to the starting G3
conjugate 16. Tracing the integration of the same signals of the
LA residue in the '"H-NMR spectrum of 20 revealed that 7
molecules of lactobionic acid were successfully coupled to the
G4 dendrimer conjugate 19. Thus, the presence of more free
acid end groups in 19 allowed for the coupling of four more LA
molecules compared to its respective G3 analogue 16. The third
and final stage is PEGylation of the targeted conjugates 17 (20),
obtained in stage 2, through their activation with DIC/Oxyma
followed by addition of polyethylene glycol (PEG) which affor-
ded the PEGylated lactobionic acid targeted dendrimer-
quercetin conjugates (TPhyGs4)-OH)-QUR-LA-PEG 18 (21). The
original G3 carboxyl-terminated dendrimer 12 had 16 acid end
groups, three of them were coupled with QUR and another three
were conjugated to LA, leaving behind 10 free COOH terminal
groups. The "H-NMR spectrum of (TPhyG;-OH)-QUR-LA-PEG 18
indicates the presence of only 9 unconjugated OH end groups as
a result of coupling of one carboxyl end group upon PEGylation.
On the other hand, the free acid terminated G4 dendrimer had
32 end groups, 5 of them conjugated with quercetin and 7 with
lactobioinic acid, therefore 20 carboxyl end groups remained
unconjugated in the resulting conjugate 17. The 'H-NMR
spectrum of (TPhyG,-OH)-QUR-LA-PEG 21 depicts the pres-
ence of 19 free OH end groups, indicating the PEGylation of one
COOH. Moreover, the ethylene glycol residue in the final
structure is clearly evident in the spectra of both 18 and 21,
where the characteristic PEG (-O-CH,CH,) protons appeared as
a multiplet peak at ~ 3.40-3.54 ppm, and the free PEG hydroxyl
proton appeared as another multiplet at ~ 4.54-4.74 ppm.
3.1.9. Physicochemical characterization of quercetin-
dendrimer conjugates. An HPLC calibration method was
developed to quantify the amount of unconjugated quercetin
remaining in the dialysate after each dialysis of the QUR-
conjugates 16-21 (for chromatographic conditions see S19 in
ESIT). The drug content in QUR-coupled dendrimers 16-21 re-
flected by the amount of conjugated QUR was determined
indirectly by subtracting the unreacted QUR from the initial

10432 | RSC Adv, 2025, 15, 10426-10441

QUR amount (Table 1). HPLC analysis revealed that the quer-
cetin content was ~ 3 equivalents in the G3 conjugates 16-18
and ~ 5 equivalents in the G4 conjugates 19-21, consistent with
the "H-NMR findings explained before. Particle size, poly-
dispersity index (PDI) and zeta potential of the QUR-conjugates
16-21 nanoparticles are reported in Fig. 2, 3 and Table 1.
Particle size distribution of the G3 triazine dendrimer conju-
gates 16-18 are 258.7, 196.3 and 186.7 nm respectively (Table 1
and Fig. 2a-c), and their zeta potential in the range of (—38.9) to
(—56.1) mV (Table 1 and Fig. 2a’-c’). Particle size of the larger
and more branched G4 conjugates 19-21 are 469.0, 313.7 and
174.9 nm (Table 1 and Fig. 3a—c), and the zeta potential of their
dispersed particles are in the range of (—33.8)-(—55.1) mV
(Table 1 and Fig. 3a’-c/).

PEG coating is known to enhance the biophysical and
chemical properties of nanoparticles.** Conjugation of PEG to
the dendrimers end groups forms a protective layer around the
nanoparticle which increases the steric distance between them
and increases hydrophilicity by forming hydrogen bonds with
the solvent.* Thus, it limits aggregation of particles, resulting
in a smaller particle size distribution and smaller polydispersity
index (PDI) as it can be seen with the PEGylated conjugates 18
and 21 compared to their respective precursors. Zeta potential,
which reflects the degree of electrostatic repulsion between
adjacent charged particles, also decreases upon PEGylation. All
the tested dendrimer conjugates (16-21) exhibited negative zeta
potential, which indicates the stability of the dispersed
nanoparticles.

3.1.10. Morphological analysis (FE-TEM). The Field Emis-
sion Transmission Electron Microscopy (FE-TEM) images of the
PEGylated conjugates (TPhyG;-OH)-QUR-LA-PEG 18 and
(TPhyG,-OH)-QUR-LA-PEG 21 nanoparticles revealed the pres-
ence of spherical to oval particles in the nano size range of
154.28-165.04 and 83.56-164.82, respectively (Fig. 4). Which is
relatively smaller than that measured by the zetasizer through
dynamic light scattering DLS (18 : 186.7 nm, 21 : 174.9 nm), this
could be a result of shrinkage due to dehydration of nano-
particles during preparation for TEM analysis.****

3.2. Biology

3.2.1. Cytotoxicity screening on normal human cells.
Cytotoxicity of the free dendrimers as well as their conjugated
analogues have been assigned by recording their EC,4, values
(M) for the growth of normal human cells (Wi-38) (Table 2).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Particle size distributions (a—c) and zeta potentials (a’—c’) of G3 conjugates 16—-18.

The third-generation dendrimer with free carboxyl end groups
(TPhyG;-OH) 12 showed the highest ECyq, value (147.29 uM)
compared to the evaluated dendrimers as well as QUR (ECy49 =
70.57 uM). Its fourth-generation analogue (TPhyG,-OH) 15
recorded a relatively high EC;q value (104.02 pM) as well. As
indicated by the higher EC;,, values, all the quercetin-coupled
dendrimers: (TPhyG;-OH)-QUR 16, (TPhyG;-OH)-QUR-LA 17,
(TPhyG;-OH)-QUR-LA-PEG 18, (TPhyG,-OH)-QUR 19, (TPhyG,-
OH)-QUR-LA 20, and (TPhyG,-OH)-QUR-LA-PEG 21 showed
better safety profiles compared to QUR. The PEGylated third
and fourth generation dendrimers coupled with QUR and LA,
(TPhyG;-OH)-QUR-LA-PEG 18 and (TPhyG,-OH)-QUR-LA-PEG
21 showed superior safety profiles compared to their precur-
sors with ECyo values of 134.35 uM and 90.64 pM, respectively.

3.2.2. In vitro matrix metalloproteinase-2/9 inhibition
activity. The intrinsic MMP-2/9 inhibitory potential of the
dendritic carriers was evaluated in vitro with reference to N-
isobutyl-N-(4-methoxyphenylsulfonyl)glycyl hydroxamic acid

© 2025 The Author(s). Published by the Royal Society of Chemistry

(NNGH), a broad spectrum hydroxamate-based inhibitor (Table
3). Results revealed that the G3 dendrimer exhibited an excep-
tional potency against MMP-9 with an ICs, of 0.074 pM being
superior to G4 (ICs, = 0.174 uM) and the reference inhibitor
(ICso = 0.277 uM). However, the two studied dendrimers were
nearly equipotent as MMP-2 inhibitors (IC5, = 0.35 uM) and
comparable to NNGH. Interestingly, G3 dendrimer is more
selective towards MMP-9 over MMP-2 (SI = 4.77 folds).

3.2.3. Invitro cytotoxicity evaluation of the dendrimers and
their conjugates on human breast cancer cell line (MCF-7 cells)
and hepatocellular carcinoma (HepG-2). The potential cytotoxic
activities of all the studied dendrimers were assayed against
MCF-7 and HepG-2 cells (Table 4). Apart from the third-
generation carboxyl-terminated dendrimer (TPhyG;-OH) 12,
all the other studied dendrimeric conjugates were superior to
free QUR. Notably, the fourth-generation conjugates exhibited
higher cytotoxic activities against MCF-7 cells than their
respective third generation precursors. The same trend can be

RSC Adv, 2025, 15, 10426-10441 | 10433
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Fig. 3

noticed with HepG-2 cells, except for (TPhyG;-OH)-QUR-LA 17
which exhibit a lower ICs, (~13 uM) than its respective G4
analogue (TPhyG,-OH)-QUR-LA 20 (IC5, = 17.5 uM). Conjuga-
tion of lactobionic acid in (TPhyG;-OH)-QUR-LA 17 and
(TPhyG,-OH)-QUR-LA 20 resulted in a slight enhancement in
the anticancer activity against MCF-7 cell line relative to their
corresponding precursors. On the other hand, a remarkable
increase in activity against HepG-2 cells was recorded upon
introducing lactobionic acid to the dendrimeric scaffold. The
PEGylated dendrimers (TPhyG;-OH)-QUR-LA-PEG 18 and
(TPhyG,-OH)-QUR-LA-PEG 21 were the most potent against
both MCF-7 and HepG-2 cells, with a significantly lower ICs,
values compared to their non-PEGylated analogues and free
QUR. An outstanding potency against HepG-2 cells was
observed upon PEGylation of the dendrimers as indicated by
their single digit pM ICs, values, especially (TPhyG,-OH)-QUR-
LA-PEG 21 that surpassed its G3-analogue (TPhyG;-OH)-QUR-
LA-PEG 18 against MCF-7 and HepG-2 cells. This was expected
since the G4 dendrimer was able to conjugate two more drug

10434 | RSC Adv, 2025, 15, 10426-10441

Particle size distributions (a—c) and zeta potentials (a’—c’) of G4 conjugates 19-21.

(QUR) molecules and four more targeting agent (LA) molecules
(see Scheme 6). Since the G4 dendrimer (32 terminal groups)
was conjugated to 5 molecules of QUR and 7 of LA, while its G3
analogue (16 terminal groups) coupled with 3 molecules of QUR
and 3 of LA. The notable cytotoxic activities of (TPhyG;-OH)-
QUR-LA-PEG 18 and (TPhyG,-OH)-QUR-LA-PEG 21 were also
inspected by the observable morphological collapse in the
treated MCF-7 and HepG-2 cells (Fig. 5).

The dendrimers’ selectivity was assessed towards MCF-7 and
HepG- 2 cancer cells versus normal Wi-38 cells for prioritizing
them.* Herein, all the tested dendrimers and conjugates
showed notably high selectivity index values (SI = 7.610-91.797)
reflecting their safety. All dendrimers were much more selective
than QUR (SI ~ 8.5) except for (TPhyG,-OH)-QUR-LA 20 against
MCF-7 (SI = 7.610). Interestingly, the most potent dendrimeric
conjugates (TPhyG;-OH)-QUR-LA-PEG 18 and (TPhyG,-OH)-
QUR-LA-PEG 21 recorded the highest selectivity values among
the evaluated series against the two screened cancer cell lines.
Obviously, the G4 free dendrimer showed higher selectivity than

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 TEM images showing dendrimers 18 and 21 nanoparticles morphology. (A and B) TEM of G3 conjugate (TPhyGs-OH)-QUR-LA-PEG 18. (C

and D) TEM of G4 conjugate (TPhyG4-OH)-QUR-LA-PEG 21.

Table 2 Cytotoxicity of the tested dendrimers and their conjugates on
normal human fibroblasts (Wi-38)

Table 3 Matrix metalloproteinase-2/9 inhibitory activities of the free
dendrimers 12 and 15

Dendrimer code ECig0 [pM]”

(TPhyG,-OH) 12 147.29 + 0.991

(TPhyG;-OH)-QUR 16 87.95 + 1.163
(TPhyG,-OH)-QUR-LA 17 84.36 + 0.050
(TPhyG;-OH)-QUR-LA-PEG 18 134.35 + 1.86

(TPhyG,-OH) 15 104.02 =+ 3.689
(TPhyG,-OH)-QUR 19 78.44 + 0.502
(TPhyG,-OH)-QUR-LA 20 82.85 + 0.742
(TPhyG,-OH)-QUR-LA-PEG 21 90.64 + 1.614
Qur 70.57 + 0.950

% Values are presented as mean + SEM.

its G3. Their QUR conjugates (TPhyG,-OH)-QUR 19 and TPhyG3;-
OH)-QUR 16 exhibited nearly similar selectivity. Interestingly,
LA and PEGylation led to enhanced selectivity relative to all
precursors.

© 2025 The Author(s). Published by the Royal Society of Chemistry

MMP-2 ICs, MMP-9 ICs, MMP-2/MMP-9
Dendrimer code (uM) (uM) selectivity
(TPhyG,-OH) 12 0.353 0.074 4.77
(TPhyG,-OH) 15 0.359 0.174 2.06
NNGH 0.299 0.277 1.08

3.2.4. Flow cytometric analysis of apoptosis. As depicted in
Table 5 and Fig. 6, all the QUR-conjugated dendrimers sur-
passed the apoptotic induction potential of free QUR in both
MCF-7 and HepG-2 cancer cells recording more than 50%
apoptotic cell population. Coupling of LA to the carboxyl-
terminated dendrimers notably improved the apoptotic induc-
tion performance against MCF-7 and HepG-2 cell populations,
by >16%, ~ 5% in (TPhyG;-OH)-QUR-LA 17 and >20%, ~ 7% in

RSC Adv, 2025, 15, 10426-10441 | 10435
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Table 4 Cytotoxic activities of the dendrimers and their conjugates on MCF-7 and HepG-2 cells
Wi-38 MCF-7 HepG-2

Dendrimer code IC5o [uM]* IC5o [uM]* SI ICso [uM]* SI
(TPhyG3-OH) 12 632.83 + 20.4 36.780 + 0.180%*** 17.205 43.947 + 0.385%** 14.399
(TPhyG;-OH)-QUR 16 310.59 £+ 15.4 29.316 + 0.388*** 10.594 29.090 + 1.516%*** 10.676
(TPhyG3-OH)-QUR-LA 17 367.71 £ 12.5 28.121 + 0.017*** 13.075 13.036 + 1.025%*** 28.207
(TPhyG;-OH)-QUR-LA-PEG 18 487.08 + 4.04 18.809 + 0.260 25.896 5.306 £+ 0.371 91.797
(TPhyG,4-OH) 15 556.79 + 21.8 24.859 + 0.527%* 22.397 23.771 + 1.593** 23.423
(TPhyG4-OH)-QUR 19 264.78 + 13.7 26.147 £ 0.167*** 10.126 21.932 + 0.456*** 12.072
(TPhyG4-OH)-QUR-LA 20 195.29 + 16.6 25.660 + 0.001*** 7.610 17.554 + 1.134%** 11.125
(TPhyG,4-OH)-QUR-LA-PEG 21 341.51 + 9.19 12.690 + 0.226 26.911 4.137 4+ 0.314 82.550
Qur 294.27 + 12.6 35.288 + 0.475%*** 8.339 34.323 + 0.128%** 8.573

% Values are presented as mean + SEM. (TPhyG;-OH)-QUR-LA-PEG 18 was compared with (TPhyG;-OH) 12, (TPhyG;-OH)-QUR 16, (TPhyG;-OH)-
QUR-LA 17, (TPhyG;-OH)-QUR-LA-PEG 18 and Qur while (TPhyG,-OH)-QUR-LA-PEG 21 was compared with (TPhyG,-OH) 15 and (TPhyG,-OH)-
QUR 19, (TPhyG,-OH)-QUR-LA 20, (TPhyG,-OH)-QUR-LA-PEG 21 and Qur. These comparisons were considered significantly different at p <

0.05%, p < 0.005%*, p < 0.0005%**,

(TPhyG,-OTT)-
QUR

(TPhyG;-OH)-
QUR-LA

(TPhyG,-OM)-
QUR-LA-PEG

(TPhyG,-OH)-
QUR

(TPhyG,-OH)-
QUR-LA-PEG
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IlepG-2 cells

a

MCT-7 cells

Fig. 5 Morphological alteration of the dendrimers-treated MCF-7 and HepG-2 cells in comparison with the QUR-treated cancer cells and the

untreated control cells.

(TPhyG,-OH)-QUR-LA 20 treated cells, respectively. Further
PEGylation led to increased apoptotic population compared to
their respective precursors in both treated cancer cells.

Table 5 The total percentage of the apoptotic cell population in
dendrimer-treated MCF-7 and HepG-2 cell lines

Total % of the apoptotic population®

Dendrimer code MCF-7 HepG-2

(TPhyG;-OH)-QUR 16 53.39 £ 2.27%%* 50.29 + 1.065*

(TPhyG,-OH)-QUR-LA 17 69.63 + 1.09 55.22 +1.14
(TPhyG;-OH)-QUR-LA-PEG 18 74.25 + 1.62° 55.00 =+ 1.465”
(TPhyG,-OH)-QUR 19 52.81 + 4.23* 51.84 + 1.36%*
(TPhyG,-OH)-QUR-LA 20 73.24 £ 1.48 58.94 + 1.95*
(TPhyG,-OH)-QUR-LA-PEG 21  74.43 + 2.39” 66.82 + 0.395°

1.995 £ 0.025%**
24.20 £+ 0.895%**

0.530 + 0.03%**
47.00 £ 1.83%**

Untreated control

Qur

“vValues are presented as mean + SEM. ° Highest percentage of
apoptotic population compared to their precursors, untreated control
and free Qur. (TPhyG;-OH)-QUR-LA-PEG 18 was compared with
(TPhyG;-OH)-QUR 16, (TPhyG;-OH)-QUR-LA 17, and Qur while
(TPhyG,-OH)-QUR-LA-PEG 21 was compared with (TPhyG,-OH)-QUR
19, (TPhyG,-OH)-QUR-LA 20, and Qur. These comparisons were
considered significantly different at p < 0.05*, p <0.005%*, p <0.0005***,

10436 | RSC Adv, 2025, 15, 10426-10441

However, this effect is more evident with G3 conjugates-
treated MCF-7 cells, and G4 conjugates-treated HepG-2 cells.
Both third and fourth generation PEGylated dendrimers
(TPhyG;-OH)-QUR-LA-PEG 18 and (TPhyG,-OH)-QUR-LA-PEG
21 exhibited similar potency against MCF-7, inducing
apoptosis in more than 74% of the treated cancer cells. While
a difference of ~ 12% in apoptotic population was recorded
between the two dendrimers in case of HepG-2 cells.

3.2.5. VEGF downregulation. Based on the interplay
between MMP-9 and VEGF,” the regulatory potential of the
studied dendrimers on VEGF expression levels in both MCF-7
and HepG-2 cancer cells was investigated utilizing quantita-
tive real-time PCR analysis (Table 6). Herein, the observed
results of the studied dendrimers were directly correlated to
their cytotoxic profiles (Table 4). Similar trends can be tracked
where generally all the studied dendrimers surpassed the
downregulation potential of free QUR, with G4 conjugates at the
top of the list. Incorporation of lactobionic acid as a targeted
ligand into the dendritic architecture allowed for enhanced
downregulation potential and even further improvement was
achieved upon PEGylation. Among all the studied dendrimers,
the PEGylated conjugates, (TPhyG;-OH)-QUR-LA-PEG 18 and
(TPhyG,-OH)-QUR-LA-PEG 21 exhibited the maximum potential

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Flow charts of annexin-Pl analysis of the dendrimers-treated MCF-7 and HepG-2 cells in comparison with the QUR-treated cancer cells

and the untreated control cells.

Table 6 Relative fold change in gene expression levels of VEGF in
dendrimer-treated MCF-7 and HepG-2 cells

VEGF relative fold change”

Dendrimer code (MCF-7)? (HepG-2)°

0.635 £ 0.068%**
0.238 &+ 0.019%***
0.181 + 0.017***

0.597 £ 0.009%**
0.318 % 0.002%***
0.282 +£0.018***

(TPhyG,-OH)-QUR 16
(TPhyG;-OH)-QUR-LA 17
(TPhyG;-OH)-QUR-LA-PEG
18

(TPhyG,-OH)-QUR 19

0.310 % 0.006*** 0.530 % 0.069***

(TPhyG,4-OH)-QUR-LA 20 0.146 £+ 0.010 0.193 £ 0.009
(TPhyG,-OH)-QUR-LA-PEG 0.112 + 0.011 0.160 & 0.013

21

Qur 0.683 £ 0.029*** 0.708 £ 0.012°%**

“ Compared to the gene expression levels of VEGF in untreated cells.
b values are presented as mean + SEM. (TPhyG,-OH)-QUR-LA-PEG 21
was compared with other compounds. These comparisons were
considered significantly different at p < 0.05%, p <0.005%*, p < 0.0005***,

for suppressing VEGF gene expression in both treated cancer
cells.

3.2.6. Structure-activity relationship. The conducted bio-
logical evaluation showed that all the QUR-coupled den-
drimers demonstrated higher cytotoxic potency against MCF-7
and HepG-2 cancer cells compared to free QUR while being
highly tolerated by normal human cells. Results (Tables 2 and
4) revealed clear correlation between the type of conjugated
decoration on the peripheries of the designed dendrimer and
their cytotoxicity. Conjugation of LA as a targeting ligand to
the carboxyl terminated dendrimer rendered it more cytotoxic
towards both treated cancer cells, with the effect being more
prominent on HepG-2 cells. Further PEGylation of the
dendritic termini lead to a notable increase in potency against
both MCF-7 and HepG-2 cells together with promising selec-
tivity towards cancer cells over normal cells. Incorporation of
LA and polyethylene glycol into the dendritic structure
conferred high apoptosis induction potential and VEGF
suppression in both MCF-7 and HepG-2 cancer cells. In almost
all of the aforementioned evaluations, the fourth-generation

© 2025 The Author(s). Published by the Royal Society of Chemistry

dendrimers G4 displayed a more promising anticancer
performance relative to their respective G3 analogues and free
QUR, regarding cytotoxic activities, apoptotic induction
potential and VEGF gene expression levels in both examined
cancer cells with concentrations that are much below their
safe doses (ECy¢o). This may be attributable to the fact that G4
dendrimer termini carry more molecules of quercetin and
lactobionic acid targeting agent compared to the less
branched G3 analogue. The only deviation from this clear
trend in potency was noted during assessment of the inhibi-
tory potential of the free acid-terminated dendrimers against
MMP-2/9, where both G3 and G4 dendrimers displayed similar
MMP-2 inhibition activity while G3 dendrimer were more
potent and more selective towards MMP-9 than its G4
analogue.

3.2.7. Docking studies. The most active dendrimer
(TPhyG;-OH) 12 was docked into MMP-9 active site to explore
its possible binding mode utilizing MOE 2019.102.°* The
catalytic domain of MMP-9 crystallized with a reverse
hydroxamate inhibitor without prodomains and fibronectin
was retrieved from the protein data bank (PDB ID: 1GKC)*
and prepared according to the default structure preparation
module of MOE after removing unwanted residues. The
optimized MMP-9 domain thus consists of one monomer
containing two zinc and three calcium ions. The energy
minimized dendrimer was docked into the ligand binding
site. Simulations were then conducted applying different
fitting protocols for validation. Rigid docking was adopted
employing the Triangular matcher algorithm and Alpha HB
scoring function for generating the top non-redundant poses
of the lowest binding energy conformers. The best docked
pose (AG = —15.37 kcal mol ") (Fig. 7) showed that the
extended carboxylic acid termini could reach and chelate the
active site Zn as roughly expected. The dendrimeric scaffold
was observed extended along the catalytic domain interact-
ing with His411 that normally coordinates the active site Zn,
the S1’ subpocket Asp185, the backbone Met422 as well as the
catalytic domain residues Gly215 and Gly392.
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Fig. 7 (A) Molecular surface of MMP-9 catalytic domain showing
active site zinc ion and the docked dendrimer 12 (yellow sticks), and (B)
3D binding mode of 12 (yellow sticks) in the catalytic domain of MMP-9
(PDB ID: 1GKC?).

4. Conclusions

The current study portrays tailoring new bioactive G4 s-triazine-
based dendrimers decorated with carboxylic acids termini as
ZBGs to endow MMP inhibitory potential and amenable to
tumor targeting and delivery of conjugated therapeutic
payloads. Herein, a simple and easily applicable synthetic
method was employed, that allowed for the dendrimers to grow
smoothly into different generations in very good yield. The G3
dendrimer exhibited promising potency against MMP-9 (IC5, =
0.074 uM) and selectivity towards MMP-9 over MMP-2 (SI = 4.77
folds) surpassing G4 (IC5, = 0.174 pM) and NNGH (IC5, = 0.277
uM). The customizable termini of the dendritic platforms were
then coupled via biodegradable ester linkages to QUR, a natural
multitarget MMP-9 inhibitor, and LA, a targeting ligand for both
breast and liver cancer. Accordingly, the engineered conjugate
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could be viewed as a targeted bullet that can efficiently target
MMP-9, the tumor microenvironment modulator and meta-
static node, in breast and liver cancerous tissues, not only via
delivering QUR but also via direct enzymatic inhibitory poten-
tial of the free dendrimers. The cytotoxic activities were also
granted via combining the apoptotic induction effects of QUR
with the therapeutic outcome of MMP inhibition for halting
breast cancer and liver metastasis. Finally, the conjugated
dendrimers were PEGylated for enhancing their safety and
pharmacokinetic profiles. All the QUR-coupled dendrimers
displayed an overall superior anticancer performance against
MCF-7 and HepG-2 cancer cells compared to free QUR within
their safe doses on normal human fibroblasts. Further conju-
gation of LA followed by PEGylation boosted the anticancer
activity against both examined cancer cells; TPhyG;-OH)-QUR-
LA-PEG 18 (MCF-7; IC5, = 18.80 uM and HepG-2; IC5o = 5.30
puM). And (TPhyG,-OH)-QUR-LA-PEG 21 (MCF-7; IC5, = 12.69
puM and HepG-2; IC5, = 4.13 uM). Flow cytometric analysis of
apoptosis showed that (TPhyG;-OH)-QUR-LA-PEG 18 and
(TPhyG,-OH)-QUR-LA-PEG 21 induced MCF-7 and HepG-2 cells
apoptosis in more than 74%, 55% of the population, respec-
tively. Further studies revealed that the studied dendrimer
conjugates down regulated VEGF expression levels, the critical
component of liver metastasis. Notably, the more branched
fourth generation dendrimer conjugate appear to function
better as a carrier compared to its relative third generation
analogue. The reported work enriches the emphasis on the role
of dendritic scaffolds as promising drug delivery systems that
can be customized with designated drugs, targeting ligands, in
addition to pharmacophoric features endowed within the
structure of the dendrimer itself, all working in harmony to
tackle and conquer tumorous tissues.

5. Experimental

All the chemicals and instruments used are mentioned in detail
in the ESL.}

5.1. Chemistry

Synthesis and characterization of all the prepared G; and G,
dendrimers are described in detail in the ESL

5.1.1. Physicochemical characterizations of the prepared
dendrimer drug conjugates. All the prepared G; and G,
dendrimer-quercetin conjugate nanoparticles were evaluated
for their physicochemical characteristics manifested as particle
size (PS), polydispersity index (PDI), zeta potential and conju-
gation efficiency (% CE), for details see ESI (S19).}

5.2. Biology
All cell lines: Wi-38 (CCL-75), MCF-7 (HTB-22) and HepG-2 (HB-
8065), were purchased from the American Type Culture
Collection (ATCC, USA).

5.2.1. Cytotoxicity evaluation on normal human lung
fibroblasts (Wi-38). Cytotoxicity was assigned following MTT
assay as detailed in the ESI (see S20).t

© 2025 The Author(s). Published by the Royal Society of Chemistry
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5.2.2. In vitro matrix metalloproteinase-2/9 inhibitory
activity. The dendrimers (TPhyG;-OH) 12 and (TPhyG,-OH) 15
under investigation were evaluated for in vitro MMP-2 and
MMP-9 inhibitory activities utilizing MMP-2 inhibitor screening
assay colorimetric kit (Abcam, Catalog No. ab139446) and MMP-
9 Colorimetric Assay Kit for Drug Discovery- AK-410 A BIO-
MOL® QuantiZyme™ Assay System, following the manufac-
turers' instructions as detailed in the ESI.{ The results were
displayed as mean =+ standard deviation (SD). Selectivity index
(SI) was calculated as ICs, (MMP-2)/IC5, (MMP-9), (see ESI
S217).

5.2.3. In vitro cytotoxicity evaluation on breast cancer cell
line (MCF-7 cells) and hepatocellular carcinoma (HepG-2).
Anticancer activities of the synthesized dendrimers were eval-
uated following procedure detailed in the ESI (see ESI S22).F

5.2.4. Flow cytometric analysis of apoptotic effects of the
most active and safe compounds. Procedure for flow cytometric
analysis of apoptosis for the following dendrimer drug conju-
gates (TPhyG,;-OH)-QUR, (TPhyG;-OH)-QUR-LA, (TPhyG;-OH)-
QUR-LA-PEG,  (TPhyG,-OH)-QUR,  (TPhyG,-OH)-QUR-LA,
(TPhyG,-OH)-QUR-LA-PEG) is detailed in the ESI (see S23).7

5.3. Docking

The adopted structure preparation procedure, settings and
docking protocol were detailed in the ESI (see S24).F

5.4. Statistical analysis

The data are expressed as mean =+ standard error of mean (SEM)
and the significant values were considered at p < 0.05*. One-way
analysis of variance (ANOVA) by Tukey's test used for evaluating
the difference between the mean values of the studied treat-
ments. The analysis was done for three measurements using
SPSS software version 16.
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