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Highlights

New tetrasilylated precursors with molecular recognition
properties were synthesized.

pH-sensitive and loaded non porous bridged silsesquioxane
nanoparticles (nano-BS) were prepared.

Nano-BS were internalized into cancer cells.

Abstract: Two new tetrasilylated precursors based on a triazine
derivative with molecular recognition properties have been
synthesized and are shown to efficiently produce pH-sensitive,
targeting and (one step) loaded non-porous bridged
silsesquioxane nanoparticles (nano-BS). This was achieved by
the sol—gel hydrolysis—condensation of the precursors in the
presence of cyanuric acid (CA) H-bonded through the three
complementary faces and mimicking 5-fluorouracil (5-FU) anti-
cancer drug. The complex in the nano-BS is not affected under
neutral medium and operates under acidic conditions to deliver
the loaded molecule as demonstrated by FTIR spectroscopic
studies. Furthermore, thanks to the presence of the amino
function, the nano-BS could be functionalized with targeting or
fluorescent systems. Indeed the grafting of fluorescein
isothiocyanate revealed the internalization into cancer cells,
confirming that nano-BS are promising materials as carriers to
avoid side effects of anticancer drug due to a controlled and
targeted drug delivery.

Graphical Abstract :

SEM and confocal images of nano-BS

Keywords: Bridged silsesquioxanes nanoparticles / Drug
delivery / pH-sensitive / One step drug loading / Targeting.

1. INTRODUCTION

Since the first reports on bridged silsesquioxanes (BS) [1,2]
such hybrid materials have attracted much attention due to the
complementary properties of the organic and inorganic
components with the incorporation of a high level of organic
groups regularly and covalently linked to the silica matrix [3,4].
Thus a wide range of properties can be introduced through the
organic components, leading to functional BS with applications
such as recoverable and recyclable catalysts [5-8], metal-free
phosphors in solid-state lighting[9], Eu3*-based transparent
luminescent solar concentrators [10] and selective extractants
for the treatment of acidic aqueous wastes produced by the
nuclear industry [11,12]. In addition, the silica matrix is
chemically, thermally and mechanically stable and
biocompatible [13-15]. The porosity of such materials can also
be tailored via selective cleavage of the Si-C bond in the silica
matrix [16,17] or by using surfactants to yield periodic
mesoporous organosilicates (PMOs) [18,19] in which the
bridging organics are located in the walls and can be randomly
dispersed [2,3] or ordered. Recently the synthesis of nano-PMOs
[20-24] has been achieved and similarly to MSN [25], were also
shown to be promising candidates as nano delivery carriers for
medical applications [26-30] . It was also shown that the
morphology of the material (e.g. hollow or dense spheres) [26]
as well as the organic functions within the walls (compared with
functionalized MSN) [27] could improve or affect their drug
release properties. Nevertheless, the use of nano-PMOs in the
medical field is still at a very early stage of development
compared to the facile, wide-spread synthesis of MSN with pure
Si-O composition [31]. In particular, the size [32], wettability,
electrostatic charge and chemical properties of the bridging
organic units of the precursors can affect the cooperative self-
assembly of surfactant species and organosilica source and
disrupt the formation of monodispersed and mesoporous NPs.
Thus, it is necessary to choose the appropriate synthesis strategy
and experimental parameters to control the reaction Kkinetics in
order to prepare NPs with the desired size, porosity and
structures.

We recently reported a new approach for designing BS-
based drug carriers, involving the sol-gel processing of a
triazine-based organosilane precursor in the presence of a non-
silylated 5-FU molecule [33], held by weak H-bonding
interactions in the resulting bulk material. The 5-FU acted both
as the templating agent and also as an active anti-cancer drug.
No release of the drug was observed from the BS at neutral pH
but release was achieved at mildly acidic pH such as that found
in lysosomes. This first study confirmed the strategy of
developing well-designed bridged silsesquioxanes as hybrid
materials for biomedical applications such as drug-delivery,
since they obviously comply with the required conditions for



therapeutic applications, namely a non-premature release and
controlled-release triggered by an environmental stimulus. In
addition , compared to other MSN nanocarriers, they allow a
direct loading of drugs (one step) during the synthesis. However,
one of the key requirements of drug delivery vectors for in vitro
or in vivo applications is the control of their particle size, with
particles smaller than 300 nm required for efficient cellular
uptake. The control of particle size is mainly governed by the
synthesis method and specific experimental parameters
employed, and as mentioned previously, the presence of bulky
organic groups often militates against the formation of
nanoparticles. Indeed, earlier reported attempts to obtain nano-
BS using a bis-silylated triazine-based organosilane precursor
were unsuccessful [34].

To date, only a few reports describing the synthesis of nano-BS
from organosilane precursors containing large bridging organic
unit have appeared. In these recently-published studies,
polysilylated precursors [35-37] alone or co-condensation with
another bridged organosilane [38,39] were used and increasing
the number of trialkoxysilyl groups proved to be beneficial for
producing nanoparticles. Herein we describe the synthesis of a
new nano-BS carrier with an appropriate size for passive
targeting of cancer cells, using a surfactant-free method under
neutral condition and cyanuric acid as a model compound to
mimic the 5-FU drug. To achieve this, a new tetrasilylated
triazine-based precursor (7) was initially designed and studied.
Then an amino function was introduced on the triazine motif to
obtain a new precursor (8). Post-functionalization of the
resulting nanoparticles with a fluorescent probe for imaging was
performed, to enable the internalization of the nano-BS inside
tumor cells to be investigated.

2. EXPERIMENTAL PROCEDURE
2.1 General methods

All reagents were used as received. Solvents were dried by using
a MB SPS-800 apparatus. FTIR spectra were obtained using a
PerkinEImer Spectrum BX spectrophotometer equipped with
GladiaATR. Liquid *H and **C NMR spectra were recorded on
a Bruker AC-400 spectrometer at room temperature with CDCl;
as solvent and tetramethylsilane (TMS) as an internal reference.
High-resolution mass spectra (Q-TOF ES+) were measured on
a JEOL MS-DX 300 mass spectrometer.

2.2 Precursor synthesis

1 [40]: A solution of bis-(2-chloro-ethyl)-amine hydrochloride
(1.8 g, 10 mmol) and sodium azide (3.3 g, 50 mmol) in water
(50 mL) was heated at 80 °C for 24 h. After evaporating most of
the water, the solution was treated with NaOH (1 M, 30 mL) and
then extracted with diethyl ether. The organic layer was washed
with H,O and dried over MgSO,. Finally, the solvent was
removed under reduced pressure to afford 1 as a colorless oil in
70% vyield, which was used without further purification.
'H NMR (CDClg, 400MHz): § = 1.39 (s, 1H); 2.70 (t, 4H); 3.29
(t, 4H). 3C NMR (CDCls, 100MHz): § = 47.68 (s); 50.90 (s).
HRMS (ESI+): m/z: caled for C4HioN; (M+H): 156.0998;
found: 156.1000.

2: 2,4,6-Trichloro-1,3,5-triazine (0.775 g, 3.82 mmol) was
dissolved in THF (15 mL) and the solution was cooled in a
water/ice bath before adding diisopropylethylamine (1 mL, 5.73
mmol). Then, 1 (0.593 g, 3.82 mmol) dissolved in THF (15 mL)
was added dropwise under magnetic stirring which was
continued for 2 h after addition at 0°C. After warming to room

temperature, THF was removed under reduced pressure. The
residue was dissolved in CH,Cl, and washed with 1 M HCI. The
organic layer was washed with H,O and dried over MgSO.. The
solvent was removed under reduced pressure and the resulting
solid was purified by column chromatography (SiO2; CH,Cly) to
afford 2 as a beige solid in 66% yield. '"H NMR (CDCls,
400MHz): & = 3.61 (t, 4H); 3.81 (t, 4H). 3C NMR (CDCls,
100MHz): 6 = 48.45 (s); 48.91 (5); 165.02 (s); 170.39 (5). HRMS
(ESI+): m/z: caled for C7H9CloN1o (M+H): 303.0389; found:
303.0387.

3: Propylamine (2.1 mL, 25.4 mmol) and 2 (0.77 g, 2.54 mmol)
were refluxed in THF (30 mL) overnight. After concentrating
under reduced pressure, the resulting oil was dissolved in
CH.Cl,. The organic layer was washed with H2O and dried over
MgSO.. The solvent was removed under vacuum and the
resulting solid was purified by column chromatography (SiOz;
CH,ClI; then CH,Cl,/MeOH 10/0.25) to afford 3 as a colorless
oil in 90% yield. *H NMR (CDCls, 400MHz): & = 0.93 (t, 6H);
1.55 (m, 4H); 3.28 (t, 4H); 3.52 (t, 4H); 3.70 (t, 4H); 4.84 (s,
2H). 3C NMR (CDCls, 100MHz): § = 11.43 (s); 23.06 (s); 42.50
(s); 47.65 (s); 49.75 (s); 165.07 (s); 165.81 (s). HRMS (ESI+):
m/z: calcd for CizHzsN12 (M+H): 349.2325; found: 349.2319.

4: To a solution of 2 (0.61 g, 2.0 mmol) in THF (75 mL) was
added dropwise successively DIPEA (0.52 mL, 3.0 mmol) and
propylamine (0.164 mL, 2.0 mmol). The resulting solution was
then stirred overnight at 25°C. THF was removed under reduced
pressure. The residue was dissolved in CH,Cl, and washed with
1 M HCI. The organic layer was washed with H,O and dried
over MgSQ,. The solvent was removed under reduced pressure
and the resulting solid was purified by column chromatography
(SiOz; CH:Cly/Cyclohexane 80/20) to afford 4 as a white
powder in 85% yield. *H NMR (CDCls, 400MHz): § = 0.97 (t,
3H); 1.59 (m, 2H); 3.33 (t, 2H); 3.58 (t, 4H); 3.75 (t, 4H). °C
NMR (CDCls, 100MHz): 6 = 11.32 (s); 22.55 (s); 42.78 (5);
49.01 (s); 49.83 (s); 164.99 (s); 165.46 (s); 168.54 (s). HRMS
(ESI+): m/z: calcd for CioH17CIN11 (M+H): 326.1357; found:
326.1347.

5: A solution of 4 (0.282 g, 0.866 mmol) in THF (35 mL) was
heated at 55°C for 10 min before adding dropwise
ethylenediamine (0.56 mL, 8.66 mmol). The solution was then
refluxed overnight. After concentrating under reduced pressure,
the resulting oil was dissolved in CH,Cl,. The organic layer was
washed with H,O and dried over MgSOs.. The solvent was
removed under reduced pressure and the resulting solid was
purified by column chromatography (SiOz; CH2Cl, then
CH,Cl2/MeOH/NH4OH 80/1/0.25) to afford 5 as white powder
in 85% yield. 'H NMR (CDCls, 400MHz): & = 0.93 (t, 3H); 1.55
(m, 2H); 2.86 (m, 2H); 3.27 (t, 2H); 3.40 (t, 2H); 3.51 (t, 4H);
3.70 (t, 4H). 13C NMR (CDCls, 100MHz): § = 11.46 (s); 23.04
(s); 41.64 (s); 42.42 (s); 43.24 (5); 47.59 (s); 49.68 (5); 165.03(s);
166.12 (s). HRMS (ESI+): m/z: calcd for Ci2H22Ni3 (M+H):
350.2278; found: 350.2252.

6: This compound was synthesized according to a previously
reported procedure [41,42]. To a solution of bis(3-
(triethoxysilyl)-propyl)amine (21.4 g, 50.2 mmol) in THF (250
mL) with 1000 ppm of water (250 pL) was added calcium
hydride (5.6 g, 133.0 mmol) and propargyl bromide (80% in
toluene, 8.5 mL, 95.4 mmol). The solution was stirred for 18 h
at room temperature. Solvents were removed under reduced
pressure and the crude product was extracted with pentane
giving a yellow oil. After purification by distillation (130°C /
2x10° mbar), 6 was obtained as a colorless oil with 85% yield.
'H NMR (CDCls, 400 MHz): § = 0.59 (t, 4H); 1.20 (t, 18H);



1.54 (m, 4H); 2.12 (s, 1H); 2.46 (t, 4H); 3.37 (d, 2H); 3.78 (q,
12H). C NMR (CDCl3, 100MHz): § = 7.80 (s); 18.14 (s); 20.69
(s); 41.65 (s); 56.41 (s); 58.16 (s); 72.28 (s); 78.78 (s). HRMS
(ESI+): m/z: calcd for C21HasNOgSi> (M+H): 464.2864; found:
464.2873.

7: A microwave tube was filled under nitrogen with 6 (1.51 g,
3.25 mmol), 3 (0.566 g, 1.62 mmol), [CuBr(PPhs)s] (38 mg,
0.041 mmol), dry triethylamine (1 mL) and dry THF (1 mL) then
sealed. After 20 minutes under microwave irradiation at 100 °C
(maximum power = 200 W), the reaction mixture was cooled,
then the solvents were removed under vacuum. After addition of
dry pentane, the mixture was filtered and the filtrate was
concentrated to afford 7 as a yellow oil with a quantitative yield
and was used without further purification. *H NMR (CDCls,
400MHz): & = 0.55 (t, 8H); 0.95 (t, 6H); 1.20 (t, 36H); 1.58 (m,
12H); 2.39 (t, 8H); 3.28 (q, 4H); 3.66 (m, 8H); 3.79 (q, 24H);
4.49 (t, 4H); 7.32 (s, 2H). 3C NMR (CDCl3, 100MHz): § = 7.86
(5); 11.50 (5); 18.28 (s); 20.26 (s); 23.05 (5); 42.47 (s); 45.90 (3);
48.16 (s); 48.60 (s); 56.46 (s); 58.29 (s); 123.11 (s); 128.51 (s);
132.01 (). HRMS  (ESI+): m/z:  caled  for
C55H115N140125i4 (M+H): 1275.7896; found: 1275.7910.

8: A microwave tube was filled under nitrogen with 6 (1.95 g,
4.22 mmol), 5 (0.736 g, 2.11 mmol), [CuBr(PPhs)s] (49 mg,
0.053 mmol), dry triethylamine (1.5 mL) and dry THF (1.5 mL)
and then sealed. After 20 minutes under microwave irradiation
at 100 °C (maximum power = 200 W), the reaction mixture was
cooled, then the solvents were removed under vacuum. After
addition of dry pentane, the mixture was filtered and the filtrate
was concentrated to afford 8 as a yellow oil with a quantitative
yield and was used without further purification. *H NMR
(CDCls, 400MHz): 6 = 0.55 (t, 8H); 0.91 (t, 3H); 1.13 (t, 36H);
1.45 (m, 10H); 2.26 (t, 8H); 2.39 (t, 2H); 3.15 (g, 2H); 3.62 (m,
10H); 3.72 (q, 24H); 4.45 (t, 4H); 7.85 (s, 2H). *C NMR
(CDCls, 100MHz): & = 7.35; 11.69; 18.12; 20.47; 25.15; 41.83;
45.73; 47.58; 55.51; 57.61; 67.03; 123.69; 128.64; 164.60;
165.56. HRMS (ESH‘)I m/z; calcd for Cs4H114N15012Sis (M+H)Z
1276.7849; found: 1276.7883.

2.3 Materials

MOT series: In a vial, compound 7 or 8 (1eq) was completely
dissolved in DMSO (300 mM or 20 mM) at 50 °C. After 1 h,
water (24 eq) and NH4F (0.04 eq, 0.25 M solution) were added.
For the 300 mM system, a white gel was spontaneously formed,
whereas for the 20 mM system, a precipitate was observed after
a few hours. The vial was left under static conditions at room
temperature for 3 days. After successive washing with water,
ethanol, and acetone, a white powder was obtained. MOT : 7
(300 mM) ; MOTA : 8 (20 mM)

MA1T series: In a vial, compound 7 or 8 (1 eq) and CA (0.33 eq)
were completely dissolved in DMSO (300 mM, 100 mM, 50
mM or 20 mM) at 50 °C. After 1 h, water (24 eq) and NH4F
(0.04 eq, 0.25 M solution) were added. For the 300 mM system,
a white gel was spontaneously formed, whereas for the others
concentrations, a precipitate was observed after a few hours. The
vial was left under static conditions at room temperature for 3
days. After successive washing with water, ethanol, and acetone,
a white powder was obtained. M1T: 7 (300 mM)+CA; M1T2:
7 (100 mM)+CA; M1T3: 7 (50 mM)+CA; M1T4: 7 (20
mM)+CA ; M1TA: 8 (20 mM)+CA

M2T series: M1T or M1TA (50 mg) was suspended in EtOH
(10 mL) with HCI (9 pL, 102 M) and heated under reflux with
stirring for 24 h. The resulting solid was filtered and washed

several times with ethanol, yielding a white powder. Finally, it
was treated with aqueous NEtz (5 mL of water, 0.5 mL of NEt3)
and stirred overnight to neutralize the protonated amine. M2T
materials were obtained as white powders after drying.

M3T series: M1T, M1T4 or M1TA (50 mg) was suspended in
EtOH (20 mL) and heated under reflux with stirring for 24 h.
The resulting solid was filtered and washed several times with
ethanol, yielding a white powder. M3T series were obtained as
white powders after drying.

M1TAF: In a vial, M1TA (5 mg) was suspended in absolute
EtOH (5 mL) before adding FITC (3.5 mg, excess). The
suspension was stirred (600 rpm) in the dark for 24 h at 25°C.
The resulting powders were washed 4 times with absolute EtOH
(20 min, 10000 rpm) to afford M1TAF.

2.4 Biological analyzes

Cell culture. Human breast (MCF-7) and colorectal (HCT-116)
cancer cells were purchased from ATCC (American Type
Culture Collection, Manassas, VA). MCF-7 cells were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM-F12)
supplemented with 10% foetal bovine serum and antibiotics
(100 U.mL™? penicillin and 100 pug.mL? streptomycin). HCT-
116 cells were cultured in McCoy’s SA Medium supplemented
with 10% foetal bovine serum and antibiotics (100 U.mL™
penicillin and 100 pg.mL? streptomycin). These cells were
grown in humidified atmosphere at 37 °C under 5% CO..

Cellular uptake. The cellular uptake experiment was performed
using confocal fluorescence microscopy on living cells. MCF-7
and HCT-116 cells were plated onto Lab-Tek Il Chambered
Coverglass (Nalge Nunc International Ref 155382) in 0.5 mL
culture medium for 24 h. Then, human cancer cells were treated
with 20 ug.mL? of fluorescent nanoparticles conjugated with
FITC (M1TAF) for 24 h. Fifteen minutes before the end of
incubation, cells were loaded with CellMask™ Orange plasma
membrane stain (Invitrogen, Cergy Pontoise, France, C10045)
for membrane staining at a final concentration of 5 pg.mL™. At
the same time, nuclei were stained with Hoechst 33342 at a final
concentration of 5 pg.mL™. Then cells were washed two times
with culture medium. Confocal fluorescence microscopy was
performed on living cells under a 488 nm wavelength excitation
for nanoparticles, 750 nm for nuclei and 561 nm for cell
membranes.

3. RESULTS AND DISCUSSION
3.1. Synthesis of the tetrasilylated triazine precursors

The preparation of the new BS precursors (Fig. 1) involved
reacting the bis-silylated propargylamine 6 [41,42] with
compound A, based on a triazine moiety bearing two azide
functions, with a “donor-acceptor-donor’ (DAD) molecular
recognition motif. The CuAAC "Click" coupling of these
compounds led to the tetrasilylated precursors (7 and 8) with the
desired molecular recognition pattern and R = CHs or NHa,
respectively.



Si(OEt),

N N:N N:N N
(Et0)3Si\J/ V&/N\/\N/\/Nf M

Si(OEt),
A
NN
H H
R=CHj (7) or R=NH, (8)

J

N3~ N3
N)§N + (Et0);Si” ™>"N"""Si(OEt),
‘ ~
N AN R 6 N
H H
A

Fig. 1 Pathway for the new precursors (7 or 8) synthesis.

1 (Fig. 2) was prepared as described in the literature[40] by
mixing sodium azide with bis-(2-chloroethyl) amine in water at
80 ° C for 24 h. Compound 1 was added dropwise to a solution
of cyanuric chloride in THF in the presence of DIPEA at 0 ° C.
Purification on a silica column afforded 2 in 66% yield. Then 2
was dissolved in THF with either 10 equivalents of propylamine
under reflux or 1 equivalent of propylamine at room temperature
to give, after washing and purification, 3 or 4, respectively in
90% and 85% vyield. 4 was then stirred in refluxing THF
overnight in the presence of a very large excess of
ethylenediamine to give, after purification, 5 in 85% yield. This
new compound is di-symmetrically substituted at the level of the
DAD unit with functionalization on one side by a propyl group
and on the other side by a primary amine.

1

H NaN; H
cr~Nw¢ N3/\/N\/\N3
H,0

80°C/24h Cl
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5
o w3
H H H H

Fig. 2 Synthesis of the triazine derivatives 3 and 5.

As mentioned before, fragment 6 (Fig. 3) was synthesized
according to the literature using CaHz, propargyl bromide and
bis (triethoxysilylpropyl) amine in THF with a small quantity of
water under stirring for 18 h at room temperature [41,42]. After
washing with pentane, 6 is obtained with a yield of 85% by
distillation under reduced pressure. The last step to obtain the
tetrasilyl precursors is click coupling between 6 and either 3 or
5. The reagents are introduced into a microwave tube in the
presence of the copper catalyst and NEt; in THF. The tube is
placed in the microwave apparatus at 100 °C for 20 minutes.
After the reaction was complete, the solution was transferred to
a Schlenk tube and the solvents were evaporated under reduced

pressure. 7 and 8 were obtained in quantitative yield without
purification.

(Et0)3$i/\/\u/\/\3i(0Et)3

+ BI‘/\
CaH, | THF/H,0
18h I rt
(Et0);Si” ""N""Si(OEt);  + I 3or5
NN
6 X L
AN \/\N)\N)\N/\/R
H H
CuBr(PPh,);
THF / Et;N
microwave/ 20min/ 100°C Si(OEt);
(EtO)ssi\/\
N N:N N:N N\_\
Et0)ssi_| V&/Nww/\/Nj_/ Si(OEt),

A

NN
‘ —

Iz

Fig. 3 Synthesis of fragment 6 and Click coupling.
3.2 Complex formation in solution

The complex formation between the precursors and cyanuric
acid as template was studied by 'H liquid NMR (Fig. 4),
focusing on the NH proton of cyanuric acid (CA) at around 11

ppm.

Fig 4 shows four spectra all obtained in DMSO-D6 as solvent
corresponding (from bottom to top) respectively to pure CA, a
1:1 molar ratio of CA with 7, a 1:3 molar ratio of CA with 7 and
finally pure 7. For pure CA, the spectrum shows a single narrow
peak at 11.15 ppm while the addition of an equimolar amount of
7 in the same tube results in a broadening of this peak centred at
11.12 ppm. After the subsequent addition of an additional two
equivalents of 7 to reach the ideal stoichiometric proportion of
the complex (1:3 of CA: 7), the intensity of the broad peak
decreases with a slight shift to 11.01 ppm. These data
demonstrate the H-bonds formation confirming the presence of
the complex in solution as already observed with the related bis-
silylated precursor reported earlier[33] .

Precursor 7 ‘

CA/7:1/3 Ah

CA/7:1/1
Cyanuric Acid (CA)

13 12 11 10 9 8 7 6
& (ppm)

Fig. 4 Liquid 'H NMR study of the interaction between 7 and CA
3.3 Nanoparticles preparation

We performed the hydrolysis-condensation reactions from a
mixture of three molar equivalents of 7 and one molar equivalent
of CA in hot DMSO (T =50 °C) to which 24 molar equivalents



of water were added (two equivalents per ethoxy group) and
0.04 molar equivalent of NH4F as nucleophilic catalyst (1 mol%
per atom of silicon). The mixture was then left under static
conditions at room temperature for 3 days. After successive
washing with water, ethanol and acetone, a white powder was
obtained by centrifugation. Finally, the materials were dried
under vacuum at 80 °C to remove traces of solvent. At the same
time, the corresponding "reference" materials without CA were
prepared under the same conditions. In order to determine the
optimal conditions to obtain nanoparticles, several experiments
were performed in parallel at different concentrations of 7 in
DMSO (300 mM, 100 mM, 50 mM and 20 mM).

For the higher concentration (300 mM), a gel formed almost
instantaneously. For the other three concentrations, no gel was
observed after the addition of the catalyst, with precipitation
occurring instead. These materials were then studied by
scanning electron microscopy to investigate their morphologies
(Table 1).

Name

Precursor /
concentration

SEM images AC

Gelation

Precipitation

MOT

7/300 mM

No

*$-4800%1.60k
J

M1T

7/300 mM

Yes

No

Observed after
several hours

M1T4

7/20 mM

Yes

No

Observed after
several hours
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MOTA

8/20 MM

No

M1TA

8/20 mM

Yes

No

Observed after
several hours

Yes

Observed after 10
min

$-4800 x2.50k
No

M1T2

7/100 mM

Yes

No

Observed after
several hours

M1T3

7/50 mM

Table 1 SEM pictures of all materials

MOT, prepared without CA, showed a spherical morphology
with a relatively homogeneous size distribution. The majority of
particles exhibited dimension within the range of 300 to 600 nm,
with small quantities of other spherical particles with diameters
up to 1.5 um. The micrographs of M1T containing CA, revealed
a change in morphology with a fibrous morphology connecting
spherical particles being evident. Agglomerated spherical
particles were also evident in this case, with a size distribution
ranging from 0.5 to 3 um. Diluting the precursor concentration
in DMSO by a factor of two led to spherical particles
corresponding to M1T2. However, these particles are very large
and exhibited a heterogeneous size distribution ranging from
around 1 to 15 pym. A further two-fold decrease in reactant
concentration gave M1T3, with finer particles exhibiting sizes
between 1 and 2 um. Decreasing the concentration of 7 down to
20 mM resulted in M1T4, which exhibited a much narrower size
distribution between 400 and 600 nm, close to the desired size
of 300 nm. Thus dilution favours the formation of nanoparticles.



We next considered the preparation of nanoparticles with 8
under the same conditions as M1T4. SEM images of the
corresponding material, M1TA, showed spherical particles with
a size distribution within the range of 90 to 230 nm. TEM images
confirmed this size range and revealed the dense character of the
spherical nanoparticles (Fig. 5). In parallel, a reference sample
was also prepared without CA (MOTA) and in this case, SEM
images also revealed particles with sizes smaller than 300 nm.

Fig. 5 TEM image of M1TA
3.4 Complex stability and release of CA

The stability of these new systems under neutral condition and
their ability to release the template compound CA were studied
and monitored by IR, first on the bulk material and then on nano-
BS.

The stability of the complex in M1T was investigated by
refluxing a suspension in EtOH for 24 h. The resulting M3T was
then recovered by centrifugation and washed successively with
water, ethanol and acetone before drying. In order to remove CA
from ML1T, the latter was also suspended in a solution of HCI in
ethanol (102 M). After stirring overnight under reflux and after
consecutive washings and centrifugation with water, ethanol and
acetone, a material expected to be free of CA was obtained. In
order to regenerate the complexation sites by deprotonating the
triazine, this material was placed in distilled water in the
presence of EtsN and vigorously stirring for 12 h. The material
M2T was then recovered after washing and centrifugation with
water, ethanol and acetone. Fig. 6 shows the different IR spectra
obtained from this new series of materials. CA exhibits a
characteristic C=0 vibration at 1720 c¢cm? which can be
employed to detect the presence or absence of CA in the
materials. Indeed, this band is absent in 7 and MOT but visible
in the case of M1T. Despite the treatment in refluxing EtOH,
this band is still visible for M3T, confirming the stability of the
complex. Conversely, its disappearance was observed for M2T
after the acidic treatment, demonstrating the efficiency of the
latter in cleaving the hydrogen bonds of the complex, which
results in the release of CA.

From the nano-BS M1T4 and M1TA, the presence of CA after
washing as well as the stability of the complex after refluxing
in ethanol (M3T4 and M3TA)) were also monitored by IR
spectroscopy (Fig. 7 and 8), via the characteristic band of CA in
its complexed form with the precursors at 1720 cm™. The IR
data reveal that cyanuric acid is also released from the nano-BS,
since in M2T4 and M2TA the band at 1720 cm™ completely
disappeared.
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3.5 Nanoparticle functionalization and internalization in
cancer cells

Due to the amino function of 8, the nano-BS M1TA could be
further functionalized with specific targeting molecules or
fluorescent probes. In this study, fluorescein isothiocyanate
(FITC) was grafted onto the nanoparticles, which enabled their
uptake in cancer cells to be monitored. Grafting was achieved
by suspending M1TA in EtOH with an excess of FITC, and
stirring the resulting mixture in the dark for 24 h to afford
M1TAF after washing and drying (Fig. 9A).

The passive targeting and internalization potential of these
nanoparticles were then studied on cancer cells. Two different
human cancer cell lines were used and incubated with



fluorescent nanoparticles (M1ATF) at a concentration of 20
ug.mL* for 24 h. The nuclei of living cells were stained in blue
with Hoechst 33342, cell membranes were stained in red with
orange CellMask™ and M1TAF grafted with FITC appeared in
green. Fig. 9 shows that M1TAF nanoparticles are efficiently
internalized into breast (MCF-7) and colorectal (HCT-116)
cancer cells. This demonstrates the potential of such material to
target and treat cancer.

\ oo
A) o Qo- S=CN o) b P
-0:Si ~Sio o=\ 2. 20
A — - N\ ~0Si Si'o.
N P XL:/ 0 ~ 0~
> AN N
N~ T L )
N HO™ 0"~ ~0H N— o .7
N NH, N ! S—NH
J FITC N
[ r
N_N__NH
NN S dark NNJ No N, O
= NH HN""NH N S
N xN_J/ )/ “o? NS0 - = _NH HT\ NH
Oy Q ~o.) N7 J "0">N"o
0o ) Si g H
si” 0 /
0% M1TA I osi MATAF
7 I 60

Fig. 9 A) Grafting of FITC on M1TA B) Confocal imaging of M1TAF
in living cancer cells. Human breast (MCF-7) and colorectal (HCT-
116) cancer cells are incubated for 24 h with M1TAF at a concentration
of 20 pg.mL2. Cell membranes are stained in red with CellMask™
Orange plasma membrane stain, and nuclei in blue with Hoechst 33342.

4. CONCLUSION

Two new tetraethoxysilyl triazine-based precursors (7 and 8)
bearing a DAD pattern forming H-bonds with CA were
synthesized. In contrast to conventional bis-silylated precursors,
it was possible to synthesize nano-BS from these new
compounds, due to the greater number of hydrolysable
triethoxysilyl groups. No CA release was observed from these
nano-BS at neutral pH, which would be expected to prevent
premature release of the cargo molecule and consequently limit
potential side-effects. A parametric study of key process
variables, such as reactant concentration, demonstrated that
uniform nanoparticles with diameters of ~300 nm could be
readily prepared. Following post-grafting of FITC onto the
surface of the nanoparticles, internalization of the nano-BS was
clearly demonstrated in both human breast and colorectal cancer
cells by fluorescence using confocal microscopy. Work is now
underway to further optimize the size of the nanoparticles and to
replace CA by more efficacious drugs such as Fluorouracil
derivatives, bearing the ADA pattern. In addition to
chemotherapy, imaging and also active cell targeting will be
examined.
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